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Preface

In Indian mythology, the Himalayas is abode of Indian Gods. The Himalayas is 
revered in philosophical and historical literatures and is having spiritual influences. 
Many religious Indian shrines and places of pilgrimages are situated here. Himalayan 
environment has fascinated mankind all through the ages. It attracted and fascinated 
many wonderers, adventurers, and travelers in hue of its majestic nature. 
Geographically, the majestic Himalayas is the highest mountainous region and is 
characterized by variable topography and heterogeneous landuse/landcover. It has a 
huge and significant influence of weather and climate patterns across the world and 
in particular over the South Asian region. The Himalayan massif protruding out of 
the globe influences weather and climate at different spatial and temporal scale. Its 
positioning steers weather and climate with its manifestations on regional hydro-
logical, glaciological, ecological regime, etc. It is water source of important rivers 
of the nations’ surrounding it. Himalayas being a fragile, delicate, and highly sus-
ceptible ecosystem is prone to even minor changes in its complex environmental 
parameters with high degree of dependence on changes in global and local climate 
factors. It is surrounded by nations having largest human populations thus affected 
by these changes and impacts.

Thus, an effort is made to synthesize available knowledge in an integrated edited 
book volume Himalayan Weather, Climate and Its Manifestations. Various 
researchers have tried understanding associated complexities and manifestations 
from various angles to answer respective scientific questions. It will provide a syn-
thesis document for researchers and students interested in understanding complexi-
ties, thus so far understood, over the Himalayas. It discusses the science, causes, and 
impacts in view of latest understanding of weather and climate change with specific 
focus on associated impacts on glaciers, ecology, forest, habitat, disasters, extremes, 
floods, etc. The present volume provides extensive and excellent details on its cli-
matic history; Himalayan weather systems in past, present, and future; and corre-
sponding changes over the region. The volume begins with an overview of 
Himalayan weather and climate analysis based on data trends and international ini-
tiatives. Weather and climate systems over the Himalayas are analyzed and detailed 
through climate models, seasonal observations, and overviews of various climate 
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scenarios. Then the volume segues into paleoclimate changes over the Himalayas 
based on proxy records through tree ring, sediment analysis, isotopes analysis, etc. 
Further signature of these changes seen over the snow, glaciers, and associated 
Himalayan hydrology is discussed extensively. The book then finally discusses cli-
mate change impacts and signatures specific to the issues of sustainability, chal-
lenges, and risks.

The book is particularly useful for environmental and disaster managers, 
researchers, and graduate students, as well as policymakers. This book will appeal 
to researchers studying climate science, climatology, environmental scientists, and 
policymakers.

Many scientific studies and particularly the IPCC reports on Himalayas have 
highlighted the irreversible nature of the impact of climate change on the mountain 
regions, especially the melting of snow and an accelerated pace of retreating gla-
ciers. The global and regional climate changes over the last century in the form of 
increase in air and sea surface temperatures, glaciers recession/advancement, chang-
ing/shifting of climate regimes, increased extreme events, and sea level changes are 
reported. These changes have posed threat to resilience, lives, and livelihoods at 
global, regional, and local levels. Recently, major ecosystems of the world have 
experienced several climate-induced disasters. This volume provides latest insights 
on relevant aspects of weather and climate, paleoclimate, snow, glacier and hydrol-
ogy, and ecology/forestry among other topics associated with the Himalayas. It 
includes studies on rainfall and temperature trends, floods and drought disasters, 
weather- and climatic-related disasters in mountains, changes in plant activities, 
risk assessment, and responses in different ecosystems of the world. The modern 
scientific pursuit to understand its natural processes has led to gather knowledge to 
understand its evolution and future changes. Though the Himalayas has paucity of 
observations, with possible monitoring and generation of global data sets, enhance-
ments in the basic theoretical understanding of complex orographic processes have 
provided important inputs in the role of human interference in climate change. In 
addition, anthropogenic influences in the last few decades due to unprecedented 
activity led to understand issues of climate change impacts, mitigation, adaptability, 
and remedial measures at the forefront with a focus on conserving the Himalayan 
environment and the sustainability of natural resources. The Belmont Forum of 
Collaborative Research Action (2015) quote “Mountains are the sentinels of change” 
indicates crucial role of Himalayas as sensitive recorders of climate-driven and tec-
tonic impacts on environment. As a result, permafrost thawing, snow cover changes, 
and glacial retreat/glacial advance need scrutiny. Earthquakes and associated effects 
(e.g., mass movements, natural dam breaks, and floods) laying over extreme events 
are difficult to forewarn. These changes will seriously impact downstream hydro-
logical regime and sediment delivery and thus forcing of landuse/landcover changes. 
In view of this, communities living in downstream region thus will be increasingly 
impacted and challenged by a rapidly evolving Earth surface.

Himalayan environment is of paramount importance for physical, chemical, and 
biological processes despite of its low areal coverage. Sediments eroded and deliv-
ered to forelands and oceans provide nutrients for downstream farming, generate 
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high weathering fluxes, collect the majority of precipitation, and support an 
 exceptionally high biodiversity. The Himalayas, the tectonically active mountain, is 
characterized by pronounced gradients in climate and surface processes. Minor 
changes in this sensitive system (e.g., changes in the amount and frequency of rain-
fall, recurrent earthquakes, or a combination thereof) will likely lead to long-lasting 
perturbations that cause major changes of natural environments, where recovery 
will be difficult. These aspects may be exacerbated, and the vulnerability for popu-
lations in these areas may increase through multiple socioeconomic trends: the 
effects of population increase and expansion of settlements into high-risk areas, the 
extraction of natural resources and hydropower generation, or the construction of 
critical infrastructure (power lines, pipelines) and recreational facilities.

We sincerely wish that the researchers interested on the Himalayas will find this 
book useful and informative. It is just a humble beginning as far as the Himalayas 
are concerned. The next generation of researchers will enlarge and add on the 
aspects and information provided here with higher resolution of data, methods, and 
models. And their commands, efforts, and contributions will continue.

New Delhi, India  A. P. Dimri
Potsdam, Germany  B. Bookhagen
Carouge, Switzerland  Markus Stoffel
Kyoto, Japan  T. Yasunari
November 2019
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Chapter 1
Inter-Comparison of High Resolution 
Satellite Estimates for Cloudburst Events 
in the Northwest Himalaya

Garima Dahiya, Pravat Jena, Sourabh Garg, and Sarita Azad

Abstract The Tropical Rainfall Measuring Mission (TRMM) 3B42 version 7 pre-
cipitation data has been extensively used for inter-comparison with observations 
and model validation. The rain distribution over the Northwest Himalaya (NWH) 
were found to be accurate with a strong positive correlation of 0.88 between TRMM 
and India Meteorological Department (IMD) station data, supporting the use of 
3B42 V7 for the study of extreme rainfall events (ERE’s) over the region. However, 
many high resolution satellite data sets were made available in the recent past and 
their potential have not been evaluated for ERE’s like cloudbursts in the NWH. The 
present endeavor aims to provide guidance to the choice of global precipitation data 
sets (GPDs). In particular, this study is conducted to evaluate three recent satellite- 
based rainfall products, i.e. Global Precipitation Measurements (GPM), Indian 
National Satellite System (INSAT 3D), and CPC Morphing Technique (CMORPH), 
against the highly used TRMM-RT 3B42 V7 precipitation data for the estimation of 
rainfall episodes in the recent years (2014–2016). Our results reveal that the magni-
tude of precipitation and location of peak rainfall are biased in INSAT 3D, whereas 
CMORPH and the high resolution GPM product capture it with relatively higher 
values of the employed statistical metrics. Also, the rainfall estimates from GPM 
and CMORPH are in good agreement with TRMM for cloudbursts events. 
Particularly, high resolution GPM is useful for monitoring the extreme rainfall event 
in the region.

G. Dahiya · P. Jena · S. Garg · S. Azad (*) 
School of Basic Sciences, Indian Institute of Technology Mandi,  
Kamand, Himachal Pradesh, India
e-mail: sarita@iitmandi.ac.in
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1.1  Introduction

Heavy rainfall and associated flash floods cause tremendous damage to life and 
property across most of the mountainous regions of the world, including the 
Himalaya. The Himalayan ranges are prone to heavy and prolonged rainfall events 
and associated flooding, particularly during the summer rainy months of June to 
September (monsoon season). The NWH is a mountainous region highly prone to 
ERE’s and cloudbursts due to its extremely intricate topography and altitude- 
dependent climate (Bharti 2015). There are sharp weather fluctuations in different 
sectors of mountains which can be both unpredictable and harsh leading to sudden 
occurrences of heavy rainfall events of short to long duration (Nandargi and Dhar 
2011). Cloudbursts and associated flash floods are one of the most potent disasters 
in NWH (Thayyen et al. 2013). Colloquially defined as a sudden copious downpour 
with a vehement force usually for a very short duration over a restricted region, the 
NWH has witnessed many colossal disasters initiated by cloudbursts in the recent 
times causing immense human and economic losses.

The cloudbursts at Dharampur (2015), Srinagar (2014), Pithoragarh (2016), 
Banjar, Kullu (2015), Marchula, Pauri (2016), Mendhar Belt, Poonch (2015) and 
Purala (2014) are only a few of the catastrophic disasters occurred in the recent 
times. Several past studies attempting to study ERE’s over Indian subcontinent 
largely excluded Himalayan region due to non-availability of data or have been 
done on a very coarser resolution (Bharti 2015). The remoteness of the area and a 
very sparse coverage of rain gauges and automatic weather stations across the 
mountainous terrain are the major factors responsible for making the prediction and 
observation of precipitation incredibly difficult in the region.

Remote sensing has emerged as an attractive approach to study precipitation, 
offering high spatial and temporal sampling density unattainable through any other 
means over complex terrains (McCabe and Wood 2006). The latest advancements in 
meteorological satellites and improved precipitation estimation algorithms have 
facilitated the research on extreme weather events.

The TRMM, a joint mission between the National Aeronautics and Space 
Administration (NASA) and the Japan Aerospace Exploration Agency (JAXA), was 
the first satellite primarily dedicated to study rain structure and monitor precipita-
tion distribution over tropics and sub-tropics. The TRMM has been the only satellite 
providing inter-calibrated precipitation data routinely since December 1997 at such 
fine spatial and temporal resolution compared to any other space-borne precipita-
tion products (Bharti et al. 2016). Moreover, the latest released version 7 data offer 
improved precipitation estimations with significantly lower bias over complex ter-
rain and outperform previous versions (Huffman et  al. 2010; Qiao et  al. 2014; 
Zulkafli et al. 2014; Prakash et al. 2015). Various past studies were conducted to 
assess the capability of TRMM 3B42 V7  in precipitation studies. According to 

G. Dahiya et al.
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Zulkafli et al. (2014) 3B42 V7 correlates better with rain gauge data than version 6. 
Similar results were also reported in Mantas et  al. (2014). Rahman et  al. (2009) 
studied the spatial distribution of rainfall over India including Himalaya using 
TRMM 3B42V6 and IMD gridded data and reported that TRMM well captures the 
orographic rainfall over Himalayan region. However, no study has assessed the 
recently available high resolution satellite data over this region. Therefore, this 
study is an attempt to examine the potential of high resolution GPM and INSAT 3D 
against TRMM-RT 3B42 V7 which is highly correlated with IMD station data 
(Bharti et al. 2016).

1.2  Study Area

The Himalayan mountain range is divided into three major fold axes: the outer 
Himalaya, the Lesser Himalaya, and the Greater Himalaya (Pant and Kumar 1997). 
The study area includes North-western part of the Himalayan mountain range 
extending from 28°–37°N and 72°–82°E encompassing the three states of India – 
Uttarakhand (UK), Himachal Pradesh (H.P.), and Jammu and Kashmir (J&K). 
Various reports on the cloudbursts in NWH lead to the inclusion of seven events in 
this study as listed in Table 1.1.

1.3  Data

The following satellite products are used in the present study which is listed in 
Table 1.2.

Table 1.1 List of cloudburst events occurred in the NWH region during 2014–2016 taken for the 
analysis

S.no. Year Days Location State Latitude Longitude
Altitude 
(m)

1. 2014 1–7 Sept Srinagar J&K 34.084 74.797 1585
2. 2014 14–15 Aug Purala Bairagarh Village, 

Pauri
UK 30.147 78.775 1524

3. 2015 7–9 Aug Dharampur, Mandi H.P. 31.803 76.760 1189
4. 2015 25 July Jibhi village, Banjar, 

Kullu
H.P. 31.63 77.34 1356

5. 2015 23 July Mendhar Belt, Poonch J&K 33.60 74.11 1580
6. 2016 30 June–2 

July
Pithoragarh UK 30.081 80.365 1514

7. 2016 20 Aug Marchula Village, Pauri UK 29.606 79.092 1814

1 Inter-Comparison of High Resolution Satellite Estimates for Cloudburst Events…
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1.3.1  TRMM TMPA-RT

The TRMM Multi-Satellite Precipitation Analysis (TMPA) (Huffman et al. 2007) is 
daily derived precipitation and 3 hourly rain rate data. The TRMM multi-satellite 
precipitation analyses have a spatial resolution of 0.25° × 0.25° available from 1998 
onwards. TRMM data sets focus on tropical region precipitation and thus have a 
horizontal coverage of 180°W–180°E and 50°S–50°N and are downloaded from 
ftp://disc2.nascom.nasa.gov/data/TRMM/Gridded/.

1.3.2  CMORPH

CMORPH (Joyce et  al. 2004) is generated precipitation dataset. This provides 
global precipitation estimated from passive microwave and infrared satellite data 
available from 2002 onwards. CMORPH data is giving daily precipitation estimates 
at 0.25° × 0.25° spatial resolution with a temporal resolution of 3 h. This is the 
reprocessed data denoted CMORPH version 1.0 with gauge and satellite blended 
precipitation estimates and is downloaded from ftp://ftp.cpc.ncep.noaa.gov/precip/
CMORPH_V1.0/CRT/.

1.3.3  GPM

The GPM provides global precipitation data at a spatial resolution of 0.10° × 0.10° 
available from 2014 onwards. It uses gauge analysis from distinct sources for bias 
correction in their respective research version products. The capability of the 
Integrated Multi-satellite Retrievals for GPM (IMERG) product in heavy rainfall 

Table 1.2 Summary of satellite rainfall products used for the study

S.No Satellite Product
Spatial 
resolution

Temporal 
resolution Availability Range

1. TRMM TMPA, 
3B42-RT

0.25° × 0.25° 3 hourly February 
2000-present

(60°, −180°, 
−60°, 180°)

2. CMORPH 0.25° × 0.25° 3 hourly December 
2002-Present

(60°, −180°, 
−60°, 180°)

3. GPM, IMERG 0.10° × 0.10° Half hourly March 
2014-Present

(90°, −180°, 
−90°, 180°)

4. INSAT 3D, HEM 0.10° × 0.10° Half hourly October 
2013-Present

(81°, 0.8°, 
−81°, 163°)

G. Dahiya et al.
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detection was recently assessed against gauge-based observations over India 
(Prakash et al. 2016b). A preliminary analysis for the southwest monsoon season of 
2014 showed a notable improvement in IMERG over TMPA-3B42 for heavy rain-
fall detection. The missed and false precipitation biases were also noticeably 
reduced in the GPM-based satellite precipitation products (SPPs) (Prakash et  al. 
2016a). Even though the errors in the GPM-based SPPs were reduced overall, the 
SPPs still have rather larger uncertainty over the orographic regions. The dataset is 
downloadable from NASA website https://earthdata.nasa.gov/.

1.3.4  INSAT 3D

INSAT is a series of multipurpose geo-stationary satellites launched by ISRO to 
satisfy the telecommunications, broadcasting, meteorology, and search and rescue 
needs of India. Commissioned in 1983, INSAT is the largest domestic communica-
tion system in the Asia Pacific region. INSAT-3D is an advanced meteorological 
geostationary satellite which was launched on 26 July 2013 and located at 
82°E  degrees east. From this satellite 3 types of rainfall estimation, namely, 
Quantitative Precipitation Estimation (QPE), INSAT Multi-Spectral Rainfall 
Algorithm (IMSRA) & Hydro Estimator (HE) are obtained. Hydro Estimator (HE) 
rain rate at pixel level are estimated at half hourly basis using different algorithms. 
It is a high spatial and temporal scale rain estimation technique which was initially 
developed by NOAA/STAR for GOES (Kumar and Varma 2017). The dataset is 
downloadable from Meteorological and Oceanographic Satellite Data Archival 
Centre, Space Application Centre, ISRO websitehttp://www.mosdac.gov.in/.

1.4  Methodology

The main purpose of the present work is to evaluate the performance of high resolu-
tion satellite products, namely, GPM, INSAT 3D, and CMORPH against TRMM. 
The precipitation data for GPM, INSAT 3D, CMORPH and TRMM, from HDF5 
files and NetCDF files is extracted at particular latitude and longitude of a station. 
Thereafter, the rainfall value is obtained by finding the sum at nearby grid points in 
which the desired latitude and longitude lies. A validation study of GPM, INSAT3D, 
and CMORPH against TRMM data has been performed to analyze the potentiality 
of satellite data sets in capturing the precipitation events. The data validation meth-
odology uses the following statistical measures (Tawde and Singh 2015).

1 Inter-Comparison of High Resolution Satellite Estimates for Cloudburst Events…
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1.4.1  Correlation Coefficient (CC)

The correlation analysis has been performed to determine the bias in satellite data-
sets with respect to TRMM data using Karl Pearson’s coefficient of correlation and 
scatter plot. The Pearson’s coefficient of correlation denoted as r, can be calculated 
using the following mathematical expression:

 
r

N X Y

=
å xy

s s  
(1.1)

Where x X X y Y Y= - = -;

σX=Standard deviation of series X
σY=Standard deviation of series Y
N=Number of pairs of observations
Where X represents the time series of the satellites and Y is taken as observed data. 

Here, TRMM is considered as the reference dataset.

1.4.2  Root Mean Square Error (RMSE)

It is routinely used as the measure of the distances between model values (satellite 
data) and actually observed values (TRMM data), and it generally called as residual 
or error of the model. The RMSE serves to aggregate the magnitudes of the errors 
in model for various times into a single measure of estimating power. The RMSE 
computed as:

 
RMSE
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(1.2)

Where Xi is the ith time estimated value of (satellite data) and Oi is the ith time value 
of the observed data (TRMM).

1.4.3  Mean Bias (MB)

Mean Bias indicates that the method is overestimated or underestimated or exactly 
matched with the actual observed climatology. It is computed as:

 MB = -X O  (1.3)
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Where X  indicates the climatologic mean value of the method (satellite data) and 
O  indicates the climatologic mean value of reference method (TRMM data).

1.4.4  Index of Agreement (IOA)

It is a standardized measure of the degree of model (satellite data) error with obser-
vations (TRMM data). Value “1” indicates a perfect agreement between estimated 
values of model and actual observation. The IOA represents the ratio between the 
mean square error and potential error. The potential error is the sum of the squared 
absolute values of the distances from the estimated values to the mean of the actual 
observed values and distances from actual observed values to the mean actual 
observed values. The IOA detects additive and proportional differences in the 
observed and estimated means and variances. It is computed as:
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Where Xi and Oi indicate the ith time value of the satellite and the observed data 
respectively. And also O  represents climatologically mean of the observed data for 
the given time period.

1.4.5  Nash-Sutcliffe Efficiency Coefficient (NSEC)

It is generally used to assess the estimation power of the model (Nash and Sutcliffe 
1970). In addition, it can be used to describe quantitatively the accuracy of the 
model. It is defined as:
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(1.5)

The skill score ranges from −∞ to 1, where value 1 indicates a perfect match 
between estimated values of model and actual observations. The NSEC less than 
zero (− ∞  < NSEC < 0) occurs when the actual observed mean is a better predictor 
than the models.

Where Xi and Oi indicate the ith time value of the satellite and the observed data 
respectively. And also O  represents climatologically mean of the observed data for 
the given time period.
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1.5  Results and Discussions

The seven reported cloudburst events are shown in Fig. 1.1. It is seen that all the 
events belong to the Southern belt of lower Himalaya and they have occurred within 
the range of 1382.50–2765.0 meters.

Rainfall estimates from all the satellite products under study is obtained. Out of 
seven, the event occurred on 30th June to 2nd July, 2016 at Pithoragarh is spatially 
depicted in Fig. 1.2. It is seen from the figure that the satellite TRMM estimates 
around 120 mm rainfall at the location of the event. In comparison to this, GPM is 
closest, whereas, CMORPH underestimates the rainfall amount and INSAT 3D 
overestimates.

Further, the amount of rainfall recorded during cloudbursts event occurred at 
Dharampur, Pithoragarh, Srinagar, Banjar, Purala (Pauri District), Mendhar Belt 
(Poonch District), and Marchula (Pauri District) is plotted in Fig. 1.3. The Fig. 1.3a 
shows daily accumulated rainfall of each event. The maximum rainfall during the 
seven events of all satellites is shown in the Fig. 1.3b. For all the seven cloudburst 
events, the accumulated rainfall for total duration of the events recorded by GPM is 
in close match with TRMM as compared to CMORPH and INSAT 3D. It is seen in 
Fig. 1.3a that the lowest accumulated rainfall is captured by the satellite INSAT 3D 
in comparison with others. Moreover, for all the events, INSAT 3D has more bias, 
whereas GPM has comparatively less bias in capturing the accumulated rainfall.

Figure 1.4a–g shows the time series of hourly rainfall for all the seven cloudburst 
events. It is shown that all the satellites except INSAT 3D are able to capture the 
timings of the events and amount of accumulated rainfall with some errors. 

Fig. 1.1 Location of seven cloudburst events occurred in the NWH region during 2014–2016 
taken for the analysis

G. Dahiya et al.
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Fig. 1.2 Spatially distribution of rainfall obtained from: (a) TRMM; (b) GPM; (c) INSAT 3D; and 
(d) CMORPH, for the event at Pithoragarh marked with ∗)

Fig. 1.3 (a) Accumulated precipitation captured during the seven cloudburst event by satellites; 
(b) the maximum rainfall occurred during the seven events

1 Inter-Comparison of High Resolution Satellite Estimates for Cloudburst Events…
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Fig. 1.4 Time series plot of seven cloudburst events

G. Dahiya et al.
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Moreover, the pattern of the graph of GPM and CMORPH match with TRMM, but 
unable to capture the exact amount of rainfall at the peaks.

In particular, GPM overestimated the amount of rainfall at the peak at Pithoragarh 
(30th June, 2016), Purala (15th August, 2014) and Marchula (12:00 on 20th August, 
2016) whereas, CMORPH at Dharampur (7th August, 2015) and Srinagar (3rd and 
4th Sept. 2014).

In order to quantify the behavior of satellites in capturing the ERE’s, five statisti-
cal tests have been employed. The CC of the GPM, CMORPH and INSAT 3D with 
TRMM for the seven extreme events is listed in the Fig. 1.5. The correlation coef-
ficient of the GPM is observed to be relatively higher than the other satellites at 
Srinagar, Dharampur, Banjar and Mendhar. Relatively higher value of the statistical 
score is seen for CMORPH at the event Pithoragarh and Purala cloudburst.

The Nash-Sutcliffe efficiency coefficient of GPM, CMORPH, and INSAT 3D is 
shown in the Fig. 1.6a which shows that the GPM performs better at each of the 
event except for Srinagar. In the case of the cloudburst at Srinagar, the satellite 
CMORPH has relatively higher NSEC value against the other satellites. Similarly, 
Fig. 1.6b shows the degree of closeness of the results obtained by TRMM and with 
the other satellites. It is observed that GPM has highest IOA value implying the 
highest agreement with TRMM.

Further, the mean bias and root mean square error is least for GPM as compared 
to CMORPH and INSAT 3D, against TRMM, as shown in Fig. 1.6c and d, respec-
tively. Using the above statistical measure the satellite GPM positioned as rank 1 
followed by CMORPH.

The summary of the statistical measures are shown in Table 1.3 for each indi-
vidual event. The statistics show that the GPM has a high CC of 0.90 and low RMSE 
(2.9%) for Banjar, Kullu event. In fact CC of GPM with TRMM is higher for all the 
events, except for Pithoragarh cloudburst, where CC of CMORPH with TRMM is 
high as 0.91 and low RMSE (3.7%), while CMORPH had a slightly lower CC (0.90) 
and RMSE (1.6%) for Marchula, Pauri cloudburst. Further, MB is low in case of 
GPM and TRMM for most of the events.

Fig. 1.5 Correlation Coefficient between the three satellite precipitation data and TRMM

1 Inter-Comparison of High Resolution Satellite Estimates for Cloudburst Events…
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Table 1.3 Comparison of satellite products against TRMM using various statistical tests

S.N Metric TRMM Vs. CMORPH TRMM Vs. GPM TRMM Vs. INSAT 3D

Srinagar cloudburst
1. CC 0.66618 0.79265 0.5149
2. RMSE 3.7221 2.0209 3.0142
3. MB −1.2427 0.5996 1.0805
4. NSEC 0.3738 0.5173 −0.3634
5. IOA −1.2333 −0.0640 −1.8700
Dharampur cloudburst
1. CC 0.8334 0.8368 0.6937
2. RMSE 11.5561 9.6728 13.3917
3. MB −1.6236 0.4382 5.5419
4. NSEC 0.6873 0.6840 −1.2598
5. IOA −3.9617 −2.7127 −10.6244
Pithoragarh cloudburst
1. CC 0.9166 0.7279 −0.2035
2. RMSE 3.7253 6.6781 11.5657

Fig. 1.6 (a) Nash-Sutcliffe Efficiency Coefficient, (b) Index of Agreement, (c) Mean Bias and (d) 
Root Mean Square Error between the three satellite precipitation data and TRMM

(continued)
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S.N Metric TRMM Vs. CMORPH TRMM Vs. GPM TRMM Vs. INSAT 3D

3. MB 1.0374 1.0826 2.0329
4. NSEC 0.7962 0.4396 −3.4941
5. IOA −0.2496 −2.8731 −13.4814
Banjar, Kullu cloudburst
1. CC 0.7785 0.9097 0.5606
2. RMSE 4.9371 2.9186 5.2046
3. MB 1.6948 1.0127 1.2714
4. NSEC −4.5872 0.5720 −0.8544
5. IOA −3.0085 −0.1118 −2.6465
Marchula, Pauri cloudburst
1. CC 0.9049 0.8506 0.9493
2. RMSE 1.6075 1.5282 2.5169
3. MB 0.5432 0.2669 1.1179
4. NSEC −0.3465 0.7070 −35.4418
5. IOA 0.1287 0.3811 −2.3526
Mendhar, Poonch cloudburst
1. CC 0.5176 0.5716 −0.1918
2. RMSE 4.0229 3.6951 6.1299
3. MB 1.2116 0.3762 1.0220
4. NSEC −2.6184 −1.3156 −2.4683
5. IOA −2.8448 −1.5271 −6.6410
Purala, Pauri cloudburst
1. CC 0.7734 0.7717 0.6694
2. RMSE 9.4814 10.5679 19.1140
3. MB 4.1995 1.7361 2.0797
4. NSEC 0.0939 0.5819 0.4226
5. IOA −3.7673 3.8353 −12.4150

Taking GPM, of higher resolution of 10 km, into consideration the drawn-out 
conclusion reflects the usability of GPM for various climatologically studies in 
NWH where weather station network isn’t dense and high resolution observational 
data is needed.

1.6  Conclusions

Reliable estimate of the precipitation is crucial for several applications ranging from 
hydrometeorology to climatology. After the launch of the TRMM satellite, precipi-
tation estimation techniques got rapid boost and several high resolution satellite 
products were developed to study the tropical and subtropical precipitation charac-
teristics. Recently, several studies were performed to characterize the errors in the 

Table. 1.3 (continued)
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different TRMM-era high-resolution global or quasi global SPPs over the Indian 
subcontinent. In this study, evaluations of high resolution SPPs over NWH region 
are performed. In general, the TMPA-3B42 product is proven to be superior to other 
TRMM-era SPPs. Two finer resolution SPPs, GPM IMERG and INSAT 3D are 
analyzed in this study. Both SPPs were compared to TMPA-3B42 observations for 
seven ERE’s across NWH.

The results showed that the GPM-based estimates of higher resolution 
(0.10° × 0.10°) are closely related to TRMM over the INSAT 3D of higher resolu-
tion, and CMORPH of the same resolution as TRMM.  The correlation between 
TRMM and GPM seems to be reducing with altitude. A more comprehensive evalu-
ation of GPM-based multi-satellite precipitation estimates for longer period is fur-
ther required for its wide usage and applications in various sectors. Hence, 
continuous evaluation of the updated SPPs is essential.
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Chapter 2
Impact of Nino Phases on the Summer 
Monsoon of Northwestern and Eastern 
Himalaya

Sandipan Mukherjee, Vaibhav Gosavi, Ranjan Joshi, and Kireet Kumar

Abstract Summer monsoon rainfall (SMR) and it’s ENSO linkages over Indian 
Himalayan Region (IHR) is investigated assuming that local effects of complex 
Himalayan terrain can substantially attenuate the coupling effect of SMR and 
ENSO. Hence, relationships between the SMR of northwestern (NWH) and eastern 
Himalayan (EH) region and nino indices (Nino 3.0 and Nino 3.4 indicating tropical 
Pacific Ocean sea surface temperature) are investigated using six cases of El-Nino 
(EN), La-Nina (LN) and normal (NN) events during 1981–2005. Particular objec-
tives of this study are: (i) to compare impact of three nino phases (i.e. EN, LN and 
NN) on the monthly average rainfall of NWH and EH region and (ii) to assess rela-
tionships between dominant modes of two nino phases (i.e. EN and LN) and rainfall 
of NWH and EH region. The relationships are further investigated with respect to 
latitudinal transacts representing changes in the terrain characteristics. Results of 
this study indicate existence of an inverse relationship between monthly rainfall and 
nino indices for NWH and EH region. Over the NWH region, the area averaged 
monthly rainfall index is found to have statistically significant (p-value <0.05) cor-
relation coefficients of −0.48 and −0.49 for EN cases of Nino 3.0 and Nino 3.4; 
similarly, over the EH region, statistically significant (p-value <0.05) correlation 
coefficients of 0.46 and 0.57 for LN cases of Nino 3.0 and Nino 3.4 are observed. It 
is noted that the rainfall modes of NWH, obtained from the Empirical Orthogonal 
Function analysis, associated to LN events have higher spread of heavy rainfall 
towards higher latitudes in Uttarakhand than the rainfall modes associated to EN 
events. Generically, the dominant modes of EN events are found to negatively 
impact rainfall distribution of mountainous regions of Himachal Pradesh and 
Uttarakhand states of India, whereas, marginally positive impact on the rainfall dis-
tribution of Khasi-Garo hills and Brahmaputra river basin area of EH region is 
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observed. The transect-wise analysis of correlation coefficients indicated that the 
EN events having negative impacts on rainfall distribution of NWH, whereas, the 
LN events had positive impacts on rainfall distribution of EH region.

2.1  Introduction

The early studies of Walker (1923, 1924) indicated a relationship between tropical 
Pacific Ocean sea surface temperature (SST) and Asian monsoon. Subsequently, 
correlation between the summer monsoon rainfall (SMR) of Indian subcontinent 
and El-Nino-Southern Oscillation (ENSO) events, associated to irregular SST and 
wind variation over Pacific Ocean on an inter annual time scale, was well elaborated 
by Walker and Bliss (1932). They had noted a weak SMR under the influence of low 
southern oscillation index, i.e. increase in the drought events over Indian subconti-
nent during warm phases of ENSO (i.e. El-nino event) and excess rainfall during the 
opposite phase (i.e. La-nina event). This coupling between atmospheric Walker cir-
culation and SST of tropical Pacific Ocean was further studied by Bjerknes (1969). 
Henceforth, the connections and dynamics of ENSO-monsoon, particularly ENSO- 
SMR, were studied by many researchers using observed and model simulated data 
(Sikka 1980; Rasmusson and Carpenter 1983; Shukla and Paolina 1983; Mooley 
and Parthasarathy 1984; Webster and Yang 1992; Kirtman and Shukla 1997; Krishna 
Kumar et al. 1999; Yadav 2009a, b; Yadav et al. 2010). The generic outcome of these 
studies indicate that SMR is weaker before the peak of an El-Nino winter and, vice- 
versa for La-nina, and summer monsoon circulations over south Asia is weaker than 
normal periods during El-nino summers. However, the coupling of SMR and ENSO 
is not always found to be consistent as it weakened during the second decade of 
nineteenth century, strengthening during 1960s and, for consecutive 14 years since 
1988 no droughts were noted in India despite of El-nino events (Gadgil et al. 2004; 
Maraun and Kurths 2005). Moreover, during the strongest El-nino event of the last 
century in 1997–1998, no significant depreciation in total SMR was noted over 
India (Krishna Kumar et al. 1999). Subsequently, a detail Indian SMR-ENSO feed-
back analysis by Kumar et al. (2002) revealed that there were only 11(8) cases dur-
ing 1871–2001 resulting significant deficit/excess of monsoon rain-fall concurrent 
with ENSO events.

Although the scientific understanding of SMR-ENSO interaction has improved 
significantly during last couple of decades, studies related to summer monsoon rain- 
fall over ‘Indian Himalayan region (IHR)’ and its association to ENSO events are 
substantially low. Here, particular emphasis to ‘Indian Himalayan region’ is pro-
vided to accentuate that summer monsoon rainfall within IHR is significantly mod-
ulated by local effects. The complex terrain of IHR significantly modulates rainfall 
process by locally modulating altitudinal variation of vapour flux, cloud water con-
tent and wind distribution, subsequently, influence the actual amount of precipita-
tion (Barry 2008). Moreover, Himalaya also acts as a northern most barrier to the 
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low level monsoon circulation of Indian sub- continent, and during peak of the 
summer monsoon season, monsoon trough resides at the Himalayan foothill. Large 
horizontal extent of the Himalayan region also impacts the rainfall climatology and 
dynamics resulting total rainfall of monsoon period over east (EH) and northwest-
ern Himalaya (NWH) to be around 1115 and 274  mm, respectively (Mukherjee 
et  al. 2015), and prevalence of 30–60 and 10–20  day monsoon intra-seasonal 
 oscillation modes over NWH and EH region, respectively (Mukherjee et al. 2016). 
In view of dominance of the local terrain induced effect on SMR over IHR which 
can attenuate an existing SMR-ENSO coupling, role of regional scale circulations 
on monsoon rainfall over IHR, particularly the coupling effect of SMR and ENSO, 
needs to be quantified. This study, therefore, is an attempt to quantify role of tropi-
cal Pacific Ocean sea surface temperature variation on SMR over IHR. Here varia-
tion in the tropical Pacific Ocean SST through usages of Nino 3.0 and 3.4 indices 
are considered as the signal of ENSO.

Hence, particular objectives of this study are (i) to compare impact of three nino 
phases (i.e. El-Nino (EN), La Nina (LN) and neutral (NN)) on the monthly average 
rainfall of northwestern and eastern Himalaya and (ii) to assess relationships 
between dominant modes of two nino phases (i.e. EN and LN) and rainfall of NWH 
and EH using empirical orthogonal function (EOF) analysis. The relation-ships are 
further investigated with respect to latitudinal transacts roughly representing 
changes in the elevation.

2.2  Data Description

Six monsoon season months of June to September (JJAS) of EN, LN and NN were 
selected during 1981–2005. The El-nino years were 1983, 87, 92, 95, 98, and 2003; 
similarly, La-Nina years were 1984, 86, 91, 94, 97 and 2002; and neutral years were 
1985, 88, 89, 90, 99 and 2000. Daily JJAS sea surface temperature (SST) stan-
dardised anomaly, estimated from NOAA-OI SST-V2 high resolution data, for the 
selected years of EN, LN and NN, area averaged over 150°W–90°W and 5°N–5°S 
and 170°W–120°W and 5°N–5°S, were used to produce Nino 3.0 and 3.4 indices, 
respectively, and these areas were further termed as ‘Nino 3.0 and Nino 3.4 region’. 
Daily SSTs were also used for EOF analysis. The rainfall data was the daily gridded 
product of the Asian Precipitation Highly Resolved Observational Data Integration 
Towards the Evaluation of Water Resources (APHRODITE) project (Yatagai et al. 
2009, 2012). The APHRO MA V1101R2 data were used for the selected seasons of 
1981–2005, each season having 122 days of 1st June to 30th September of indi-
vidual year. The area averaged data were produced using gridded data over the 
region (i) 72.0°E–82.325°E and 27.525°N–37.125°N, and (ii) 88.0°E–98°E and 
22.0°N–30°N to represent Northwestern Himalayan region (NWH) and Eastern 
Himalayan region (EH), respectively (Fig. 2.1).
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2.3  Methods

Before addressing objective one of this study, impact of different nino phases on the 
seasonal rainfall of NWH and EH region was assessed using area averaged seasonal 
rainfall anomalies. The long-term seasonal mean was computed using seasonal rain-
fall data of 1981–2005. In order to assess significant change in the area averaged 
seasonal rainfall anomalies associated to EN, LN and NN years, two sample t-test 
was carried out between EN-LN, EN-NN and LN-NN cases. The null hypothesis for 
the analysis was: both samples come from independent random samples from nor-
mal distributions with equal but unknown variance and tested against a p-value of 
0.05. The test result having any p-value equal to or less than 0.05 is considered 
statistically significant and subsequent changes in seasonal rainfall anomalies were 
highlighted in the result section. To address objective one of this study, monthly 
area averaged standardized indices of Nino 3.0 and 3.4 were produced for EN, LN 
and NN phases. Similarly, monthly area averaged standardized indices of rainfall 
were produced for NWH and EH regions and correlation coefficients were esti-
mated. Before addressing the second objective, dominant modes of daily rainfall of 
each season associated to EN and LN years were computed using empirical orthog-
onal functions (EOF) for identifying spatial differences in rainfall pattern. 
Subsequently, to address the second objective of this study, dominant modes of 
tropical Pacific Ocean SST over Nino 3.0 and 3.4 region and EN and LN years were 
computed using EOF analysis. Next, the first principal components (PC) of the daily 
SST of Nino 3.0 and 3.4 regions for six selected years of EN and LN were used to 
compute spatial correlation. The spatial correlations were further investigated with 
respect to 7 (74°N–80°N with 1°interval) and 8 (89°N–96°N with 1°interval) latitu-
dinal transects of NWH and EH region, respectively. These transects were assumed 
to be the proxies for change in terrain characteristics of the IHR.

Fig. 2.1 Subplots (a) and (b) represent elevation of the study area of northwestern and eastern 
Himalayan region, respectively
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2.4  Results and Discussion

In order to assess impact of EN, LN and NN events on the total seasonal rainfall of 
NWH and EH, area averaged seasonal rainfall anomalies were produced (Fig. 2.2). 
The average total seasonal rainfall, produced as averages of gridded total rainfall of 
monsoon seasons, during 1981–2005 for the NWH and EH regions were found to 
be 308.1 (51.2) mm and 1059.6 (111.1) mm, whereas the same were found to be 
274.2 (56.6) mm and 1115.8 (110.6) mm, respectively, for the long-term period of 
1951–2005 by Mukherjee et al. (2015). One can see from Fig. 2.2 that out of six EN 
events, only 1987 and 1992 experienced negative seasonal anomaly over NWH, and 
1983, 1992 and 2003 experienced negative seasonal anomaly over EH. Similarly, 
three (1984, 1993, 1996) and four (1984, 1991, 1997, 2002) positive seasonal anom-
alies were observed over NWH and EH, respectively, associated to LN. The average 
total seasonal rainfall for NWH region associated to six EN, LN and NN events 
were found to be 298.5 (41.4), 318.6 (72.0) and 330.8 (47.6) mm. Although the EN 
years were found to receive ~ 20.1 and ~ 32.3 mm less rainfall than the LN and NN 
years, in terms of total seasonal rainfall variation between LN and NN years, no 
significant impact of forced Walker circulation on SMR was noted for NWH region. 
Similarly, the average total seasonal rainfall for EH region associated to six EN, LN 
and NN events were found to be 1067.3 (156.8), 1092.4 (116.7) and 1090.8 (42.6) 
mm. Similar to the NWH region, the EN years were found to receive ~ 25.1 and ~ 
23.5 mm less rainfall than the LN and NN years, however, marginally higher aver-
age total seasonal rainfall was observed over EH for LN years than NN years. When 
the total seasonal rainfall for the EN, LN and NN years of NWH and EH regions 
were used for two sample t-test, it was found that the null hypothesis, i.e. both 
samples came from independent random samples from normal distributions with 
equal but unknown variance, was accepted for both regions but not at the 5% signifi-
cance level.

To compare impact of EN, LN and NN events on the monthly average rainfall of 
NWH and EH region, monthly area averaged standardized indices of Nino 3.0 and 

Fig. 2.2 Area averaged seasonal rainfall anomaly is represented for (a) northwestern and (b) east-
ern Himalaya
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3.4 were compared with the monthly area averaged standardized indices of rainfall 
of NWH and EH regions, and correlation coefficients were estimated (Fig. 2.3). It 
can be noted from Fig. 2.3 that irrespective of nino indices, area averaged monthly 
rainfall indices of NWH and EH region have inverse relationship with tropical 
Pacific Ocean SST anomaly for the selected cases of EN, LN and NN events as area 

Fig. 2.3 Relationships between area averaged monthly rainfall and (i) Nino 3 & (ii) Nino 3.4 
indices of selected (a) El-nino (1983, 1987, 1992, 1995, 1998, 2003) (b) La-nina (1984, 1986, 
1991, 1994, 1997, 2002) and (c) normal years (1985, 1988, 1989, 1990, 1999, 2000). Values 
marked with asterisks are statistically significant at p-value <0.05
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averaged monthly rainfall index of NWH was always negatively correlated to Nino 
3.0 and 3.4 indices, whereas, the same of EH was always positively correlated to 
Nino 3.0 and 3.4 indices. Such inverse relationship between monthly rainfall and 
nino indices for NWH and EH region indicates dominance of two different nonlin-
ear forcings controlling monsoon rainfall. Over the NWH region, the area averaged 
monthly rainfall index was found to have statistically significant (p-value <0.05) 
correlation coefficients of −0.48 and −0.49 for EN cases of Nino 3.0 and Nino 3.4; 
similarly, over the EH region, the area averaged monthly rainfall index was found to 
have statistically significant (p-value <0.05) correlation coefficients of 0.46 and 
0.57 for LN cases of Nino 3.0 and Nino 3.4. However, no such statistically signifi-
cant relationship between the area averaged monthly rainfall index and nino indices 
were observed for the NN cases.

To identify any spatial differences in rainfall pattern, composite results of the 
EOF – 1 of NWH region daily rainfall associated to six cases of EN and LN events 
are presented in Fig. 2.4a and b. One can note from Fig. 2.4a and b, representing 
dominant modes of rainfall associated to EN and LN events over NWH region, 

Fig. 2.4 EOF-1 of daily rainfall for (a, c) El Nino and (b, d) La Nina years of (a, b) NWH and (c, 
d) EH are represented
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irrespective of occurrence of EN and LN events, two heavy rainfall regions are con-
centrated near the foothills of Uttarakhand and surrounding Dharmashala, Chamba 
and Dalhousie region of Himachal Pradesh. Only significant difference between the 
rainfall modes associated to EN and LN events over NWH was the higher spread of 
heavy rainfall zone towards higher latitudes in Uttarakhand during LN years. 
Similar to the NWH region, composite results of the EOF – 1 of EH region daily 
rainfall associated to six cases of EN and LN events are presented in Fig. 2.4 c and 
d. Irrespective of occurrence of EN and LN events, three dominant rainfall regions 
were found to be present near the foothills of Sikkim and Bhutan, region surround-
ing the Garo-Khasi hills of Meghalaya and a region east of Mizoram. Only signifi-
cant difference between the rainfall modes associated to EN and LN events over EH 
was the spread of heavy rainfall zone to upper Brahmaputra river valley in Assam 
and to the Dooars region of West Bengal during LN years.

To assess relationships between dominant modes of nino phases and rainfall of 
NWH and EH region, PC-1s of tropical Pacific Ocean SST over Nino 3.0 and 3.4 
regions associated to EN and LN years were produced. Subsequently, these PC-1s 
were correlated to spatial rainfall distribution of NWH and EH region for EN and 
LN years (Fig. 2.5) to assess significant relationships between dominant modes of 
nino phases and rainfall of NWH and EH region. It can be noted from Fig. 2.5a, b, 
e and f that irrespective of EN and LN years rainfall over the complex terrains of 
Himachal Pradesh and Uttarakhand was negatively correlated with PC-1 of both 
tropical Pacific Ocean SST of Nino 3.0 and 3.4 regions having statistically signifi-
cant (p-value <0.05) correlation coefficient  >  −0.25 near Chamba region of 
Himachal Pradesh for EN years. Surprisingly, the same region was found have a 
positive correlation with PC-1 for LN years. Such a localized disparity in correla-
tion coefficient cannot be directly linked to regional scale circulations rather hetero-
geneity in the surface characteristics, such as terrain orientation, moisture 
convergence etc., might play a role. Irrespective of EN and LN years, statistically 
insignificant correlation coefficients between PC-1 of tropical Pacific Ocean SST of 
Nino 3.0 and 3.4 region and rainfall were found to change from negative to positive 
in the higher latitudes of Jammu and Kashmir state of India. Similar to NWH region, 
it can be noted from Fig. 2.5c, d, g and h that irrespective of EN and LN years, sta-
tistically insignificant positive correlation coefficients between PC-1 of tropical 
Pacific Ocean SST over Nino 3.0 and 3.4 region and rainfall exist for the entire EH 
region. However, no dominant spatial characteristic was identified. Overall, albeit 
any statistical significance, the EN events were found to negatively impact the rain-
fall distribution of mountainous regions of Himachal Pradesh and Uttarakhand 
states of India, whereas, marginally positive impact on the rainfall distribution of 
Khasi-Garo hills and Brahmaputra river basin area of EH region was observed. 
Moreover, except for minor localized alteration, no significant change in the corre-
lation coefficient patterns between the dominant modes of nino indices and rainfall 
for EN and LN events were noted.

To further assess the relationships between dominant modes of nino phases and 
rainfall of NWH and EH region, latitudinal transact-wise variation in the correlation 
coefficients between PC-1s of tropical Pacific Ocean SST over Nino 3.0 and 3.4 
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Fig. 2.5 Subplots (a–d) and (e–h) represent correlation coefficients between PC-1 of tropical 
Pacific Ocean SST over Nino 3.0 and Nino 3.4 region and rainfall, respectively. Subplots (a, c, e, 
g) and (b, d, f, h) are for EN and LN years, respectively
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regions and rainfall on NWH and EH regions were estimated. These transects, as 
indicated in the method section, represent changes in the terrain characteristics. The 
transect-wise distribution of correlation coefficients, irrespective of the nino regions, 
were found to indicate that the entire NWH region had received lower rainfall dur-
ing EN years (Fig. 2.6a, b) whereas, the EH region had mixed responses as median 
correlation coefficients were found to change from negative to positive for west to 
east progression of transects (Fig. 2.6c, d), however, the median correlation coeffi-
cients for EH were small and median values varied between −0.05 and 0.05. 
Similarly, irrespective of the nino regions, correlation coefficients were found to 
indicate that the entire NWH region had not received higher rainfall during LN 
years (Fig. 2.6e, f) whereas, the EH region had positive impacts of LN events on 
rainfall distribution as correlation coefficients were greater than zero (Fig. 2.6g, h), 
however, the median correlation coefficients for EH were small and varied between 
0.0 and 0.09. Generically, it was noted that the EN events having negative impacts 
on rainfall distribution of NWH, whereas, the LN events had positive impacts on 
rainfall distribution of EH region.

2.5  Conclusion

In spite a plethora of studies on the linkages between SMR and ENSO, focused 
research on the monsoon rainfall variability over IHR and its linkages to regional 
scale circulation, such as variation in the tropical Pacific Ocean SST generally rep-
resented by Nino indices, remained largely unaddressed except for the study by 
Dimri (2013) and Yadav et al. (2013) who have quantified role of ENSO on control-
ling winter rainfall of NWH region. SMR over IHR and its linkages to ENSO is 
specially emphasized here as significant modulation of monsoon rainfall process 
within IHR by local terrain induced effects can attenuate an existing SMR-ENSO 
coupling mechanism. Hence, role of regional scale circulations on monsoon rainfall 
over IHR, particularly the coupling effect of SMR and ENSO, are quantified. This 
study, therefore, is an attempt to assess relationship between the SMR and ENSO 
over IHR using six respective cases of El-nino (EN), La-nina (LN) and normal (NN) 
years during 1981–2005. Standardized tropical Pacific Ocean SST anomalies over 
Nino 3.0 and 3.4 regions were considered as representative of ENSO events.

Analysis of six cases of EN, LN and NN events with the rainfall distribution of 
NWH and EH region indicated existence of an inverse relationship between monthly 
rainfall and nino indices for NWH and EH region. Irrespective of NWH and EH, the 
EN years were found to receive approx. < 21.8 and 28.7 mm rainfall than the LN 
and NN years, in terms of total seasonal rainfall variation between LN and NN 
years, having no significant impact of thermally forced Walker circulation on SMR 
over NWH region. Moreover, it was noted that the rainfall modes of NWH, obtained 
from the EOF analysis, associated to LN events had higher spread of heavy rainfall 
towards higher latitudes in Uttarakhand than the rainfall modes associated to EN 
events; similarly for EH region, larger spatial extent of heavy rainfall to upper 
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Fig. 2.6 Transact-wise distribution of correlation coefficients between PC-1 of tropical Pacific 
Ocean SST over Nino 3.0 and Nino 3.4 region and rainfall are presented. Subplots (a–d) and (e–h) 
are respectively for EN and LN years. Subplots (a–b), (e–f) are for NWH region; (c–d), (g–h) are 
for EH region. Subplots (a, c, e, g) and (b, d, f, h) are for Nino 3.0 and 3.4 regions, respectively
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Brahmaputra river valley in Assam and to the Dooars region of West Bengal was 
noted during LN years. Overall, the dominant modes of EN events were found to 
negatively impact the rainfall distribution of mountainous regions of Himachal 
Pradesh and Uttarakhand states of India, whereas, marginally positive impact on the 
rainfall distribution of Khasi-Garo hills and Brahmaputra river basin area of EH 
region was observed. The dynamics of contradictory signatures of EN and LN 
events on the SMR over IHR is not discussed in this article. However, this is to be 
noted that one of the shortcomings of this study is the small number of ENSO cases 
considered for analysis. Results of this study can be improved in a further study 
including comprehensive ENSO cases from last six to seven decades.
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Chapter 3
Changes in the Large-Scale Circulations 
Over North-West India

Ramesh Kumar Yadav

Abstract The northwestern part of India occupies a vast landmass which roughly 
lies in the area bounded by 70.5°E–80.5°E longitudes and 27°N–37°N latitudes of 
South Asia. This is an important region of food-grain production in the country. The 
summer season (June to September) contributes about 75% of annual precipitation 
and the winter season from December to March 15–20%. These precipitations are 
very important for the crops and maintaining the western Himalayas Glaciers. The 
interannual variability of summer and winter precipitation are examined using 
observed and reanalysis datasets for the period of 1948–2015. The analysis shows 
changes in teleconnection pattern around the late-1970s, when the major ‘climate 
shift’ was observed in the Indo-Pacific Oceans. The summer precipitation telecon-
nection change is related to the change in the shape and position of the equatorial 
Pacific warming. And, the winter precipitation is mostly influenced by the two 
major weather phenomenon Arctic Oscillation/North Atlantic Oscillation (AO/
NAO) and El-Niño–Southern Oscillation (ENSO), which exert strong control on the 
weather/climate of the Northern Hemisphere particularly in the boreal winter. The 
AO/NAO phenomenon were more influencing in the earlier decades, while the 
ENSO in the recent decades.
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3.1  Introduction

India gets 80% of rainfall during the summer season. The large landmasses of Asia 
and the Indian subcontinent heat up, generating a low-pressure area elongated along 
North India, called as Monsoon Trough. The wind blows from south-west across the 
India Ocean, accumulating considerable moisture which is deposited as heavy pre-
cipitation during the season. In contrast, during winter season, the temperatures are 
at their lowest, the pressure decreases from north and are generally higher than sum-
mer over central India. Airflow reverses and wind blows northeasterly across the 
Indian Ocean. Clear skies, fine weather, light winds, low humidity, and large day- 
time variations of temperature are the normal features of the winter season in India. 
This is the driest season for the country as a whole, except in the extreme south-east 
of Peninsular India experience large rainfall, called the Indian north-east monsoon. 
Another area of experiencing large precipitation during winter is the north-west 
India from the mid-latitude cyclones, known in Indian meteorological parlance as 
‘western disturbances’ (WDs).

The rainfall distribution over different regions of India during summer is, how-
ever, inhomogeneous due to influence of several local and remote factors. For exam-
ple, the central Indian plain is influenced by the north south movement of the 
monsoon trough, the northwestern part is influenced by the extreme west-northwest 
ward movement of the lows and depressions and mid-tropospheric cyclones (MTCs) 
over west India (Miller and Keshavamurthy 1968; Mak 1975). MTC has a unique 
vertical structure as it is hardly detectable at the lower and upper troposphere. Its 
largest intensity is observed at 600-hPa level. It is one of the most important rain- 
producing systems in the west India. While the north India comprising, western 
Himalayas are influenced by the interaction between mid-latitude troughs and mon-
soon circulations, and also the local and external factors play a dominant role in the 
rainfall variability. While, during winter the north-western part of India and the 
extreme south-eastern part of Peninsular India experience precipitation due to WDs 
and Indian north-east monsoon, respectively. The rest of the country remains dry 
during this season.

The seasonal and intra-seasonal variability of north-west India is influenced by 
large-scale mid-latitude circulation. The intrusion of an anomalous high-amplitude 
mid-latitude westerly trough into the north-west India, with the interaction with the 
monsoonal flow, produces very heavy precipitation over north-west India during 
summer season (Dairaku and Emori 2006). The pioneering works by Ramaswamy 
(1956, 1962) on the dynamical aspects of monsoon breaks highlighted the impor-
tance of anomalous southward intruding large-amplitude westerly troughs, from the 
mid-latitudes into the Indo-Pakistan region, in causing the break situations over 
India. Raman and Rao (1981) noted that prolonged monsoon-break situations are 
typically associated with upper tropospheric blocking ridges over West and East 
Asia. Apart from the remote forcing from the El-Niño/Southern Oscillation (ENSO) 
phenomenon (Yadav 2009a, b), Atlantic Niño has shown its influence on north-west 
India rainfall (Yadav 2017a; Yadav et al. 2018). Also, the temperature and pressure 
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of Middle-East region have shown their association with north-west India rainfall 
(Yadav 2016, 2017b).

During winter season, the precipitation is mainly associated with the sequence of 
mid-latitude synoptic systems, called ‘western disturbances’ (WDs). The WDs 
which move across India appear to have a life-history similar to that of the extra- 
tropical cyclones (Petterssen 1956). They originate over the Mediterranean and 
sometimes over the Atlantic, get modified over the Persian Gulf and Caspian Sea 
(Agnihotri and Singh 1982), and arrive over the Indian longitudes more or less in an 
occluded stage, cause inflow of moist and warm air from Arabian Sea ahead of the 
depressions. They converge at lower levels and contribute to convection and precipi-
tation, while cold and dry air from northern latitudes sweeps in the rear of the dis-
turbances resulting in cold waves affecting north of 20°N over northwest India 
(Pisharoty and Desai 1956; Mooley 1957).

3.2  Results and Discussion

3.2.1  North-West India Time Series Analyses

The northwestern parts of India occupy a vast landmass which lies in the area 
bounded by 70.5°E–80.5°E longitudes and 27°N–37°N latitudes of South Asia as 
shown in Fig. 3.1a. The area compromises the western Himalayas to the north and 
Thar Desert to the south-west, Indo-Gangetic plain in the middle, and the Aravalli 
Range to the south-east. The mean (averaged over the period 1948–2015) annual 
cycle of precipitation (India Meteorological Department 0.25° × 0.25° data) aver-
aged over the box (70.5°E–80.5°E, 27°N–37°N) for north-west India shows two 
peaks: (1) primarily during the summer season, June through September, and (2) a 
secondary peak during winter season, December through March (Fig. 3.2a). These 
are the two rainy seasons, summer and winter, when it receives considerable amount 
of precipitation, separated by the two dry transitional seasons of spring (April and 
May) and autumn (October and November). Both summer and winter seasons span 
4 months from June to September (JJAS) and December of current year to January, 
February and March of next year (DJFM), respectively. The precipitation climatol-
ogy for summer and winter are shown in Fig. 3.1b and c, respectively. The north- west 
India summer rainfall (NWISR) and north-west India winter precipitation (NWIWP) 
time series, averaged over the box (70.5°E–80.5°E, 27°N–37°N) for the summer 
(JJAS) and winter (DJFM) seasons, have been plotted in the Fig. 3.2b and c, respec-
tively. The NWISR has a long-term average of 119.3 mm/day, with a standard devia-
tion (SD) of 24.6 mm and coefficient of variation (CV) of 20.6%, while NWIWP has 
long-term average of 45.1 mm/day, with SD of 15.7 mm and CV of 34.9%. The 
NWIWP mean is less, while variability is more when compared to the NWISR.

The NWISR and NWIWP display considerable inter-annual variability (Fig. 3.2b 
and c, respectively) and affect the summer and winter crops production over 
 northwest India and water resources. Since, the major ‘climate shift’ in the distribu-
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tion of tropical Indo-Pacific sea surface temperature (SST) was observed in the 
late- seventies (Graham 1994; Trenberth and Hurrell 1994). Therefore, to study the 
influence of this ‘climate shift’ on the NWISR and NWIWP time-series, the linear 
trend analysis has been done for the period 1948–1978 (31-year), named hereafter 
as S1 and for 1979–2015 (37-year), named hereafter S2 for NWISR (Fig. 3.2b). 
Similarly, for NWIWP the trend analysis has been done for the period 1948–1978 
(31-year), named hereafter W1 and for 1979–2014 (36-year), named hereafter W2 
for the NWIWP. The trend analysis shows decreasing trend (0.006 mm/year) in S1 
and increasing trend (0.016 mm/year) in S2, while decreasing trend in W1 (0.02 mm/
year) and W2 (0.044 mm/year; significant at 95% level). The mean was more and 
SD was less than normal for S1, while for S2 the mean was less and S.D. was more 
than normal. On the contrary, the mean and S.D. were less than normal for W1, 
while for W2 the mean and S.D. were more than normal (Table 3.1). This suggests 
that after the major ‘climate shift’ of the late-seventies the variability in the summer 
and winter had increased. The trend in precipitation had increased during summer, 
while the winter precipitation had decreased.

3.2.2  NWISR Teleconnections During 1948–1978: S1

The simultaneous spatial correlation pattern between NWISR for the period 1948–
1978 (S1) and surface temperature (SST over the Ocean basins (ERSST v4 data) 
and 2-metre surface temperature (2mST) over land regions (NCEP/NCAR reanaly-
sis data); Fig. 3.3c) shows significant negative correlation over central to eastern 
equatorial Pacific, Somalia coast and north equatorial Atlantic, and significant posi-
tive correlation over south-west tropical Pacific, west of Australia and south-east of 
South Africa. Significant negative correlation over north-west India is obvious as 
the rainfall decreases the surface temperature. The negative anomaly over equatorial 
central and eastern Pacific and positive SST anomaly over south-west tropical 
Pacific depicts the La-Niña pattern. The mean sea level pressure (MSLP; NCEP/
NCAR reanalysis data) correlation (Fig. 3.3d) shows dipole structure with signifi-
cant negative correlation over tropical western Pacific and positive correlation over 
eastern Pacific, suggesting the positive phase of southern Oscillation. Significant 
negative correlation is observed over Indian landmass and tropical Indian Ocean. 
The negative correlation over Indian landmass infers the low-pressure areas and 

Table 3.1 Trend, Mean and Standard Deviation (S.D.) for S1, S2, W1 and W2. The bold value 
represents the significant at 95% level. The values in bracket is the for the full data length (i.e. 
1948–2015 for JJAS and 1948–2014 for DJFM). Significant value at 95% level is represented in 
bold

Period/Season Trend (mm/year) Mean (mm/day) S.D. (mm)

S1 (1948–1978) JJAS −0.006 121 (119.3) 21.9 (24.6)
S2 (1979–2015) JJAS +0.016 117.9 (119.3) 26.55 (24.6)
W1 (1948–1978) DJFM −0.02 40.05 (45) 13 (15.72)
W2 (1948–1978) DJFM −0.044 49.48 (45) 16.45 (15.72)
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over north Indian Ocean low pressure systems. The regression of 850-hPa wind 
(NCEP/NCAR reanalysis data) onto S1 shows strong cross-equatorial flow along 
the East African coast originating from the Mascarene High in the south Indian 
Ocean. A study by Krishnamurti and Bhalme (1976) highlighted the role of this 
cross-equatorial flow as an important feature in the monsoon circulation. The nega-
tive SST correlation over Somali coast is due to upwelling caused by strong cross- 
equatorial flow.

Figure 3.3a shows correlation pattern for the 200-hPa level geopotential height 
(GPH; NCEP/NCAR reanalysis data) and regression of 200-hPa wind (NCEP/
NCAR reanalysis data) onto S1. The 200-hPa GPH patterns shows significant posi-
tive correlation over north-west of India, east Asia, North Pacific, North Atlantic and 
western Europe, suggesting a circum-global teleconnection (CGT) pattern as first 
noted by Hoskins and Ambrizzi (1993); Ambrizzi et al. (1995); and later defined by 
Ding and Wang (2005), with approximately structure of zonal wave number 5. The 
significant positive anomaly over north-west of India represents the anomalous 
Tibetan High due to extreme Indian summer monsoon (ISM). The relationships with 
west Europe and east Asia have also been shown by Yadav (2009a, b, 2016, 2017a, 
b), Kripalani and Kulkarni (1997, 1999), Kripalani et al. (1997). Ding and Wang 
(2005) have shown that when the interaction between the Indian summer monsoon 
(ISM) and ENSO is active, ENSO may influence northern China via the ISM and the 
CGT. Also, positive correlations are observed over southeast of Madagascar, south-
west and east Australia, subtropical south Pacific, and south-east Atlantic, suggest-
ing another CGT pattern in the Southern Hemisphere also observed by Ambrizzi 
et al. (1995), Yadav (2009b). 200-hPa wind anomalies shows associated anti-cyclonic 
circulation anomalies related to positive GPH anomalies of CGT. The anomalous 
north-easterlies over Peninsular India and west Indian Ocean suggests the cross 
equatorial flow from the anticyclone centered over north-west of India to the anticy-
clone centered over south-east of Madagascar. The significant cross equatorial flow 
across the west Indian Ocean excite the anti-cyclonic anomaly south-east of 
Madagascar. Also, the Southern Hemisphere subtropical westerly jet stream intensi-
fied during ENSO years (Yadav 2009b), acts as Rossby waveguide, have enhanced 
the geographical amplitude of low-frequency fluctuations downstream to the south 
Pacific and south Atlantic (Hoskins and Ambrizzi 1993; Ambrizzi et al. 1995).

The 200-hPa velocity potential (Fig. 3.3b; NCEP/NCAR reanalysis data) shows 
significant negative correlation core over south-west tropical Indian Ocean and 
south Indian Ocean and positive correlation core over equatorial central-east Pacific 
and south Pacific. This suggests the stronger southern oscillation associated with 
southward shift in the stronger Walker circulation from its normal position. The 
warming of the tropical south-western Pacific must have shifted and intensified the 
Walker circulation southwards. In summary, during La-Niña years, the SST over 
tropical south-west Pacific rises and the Southern Hemisphere subtropical westerly 
jet stream over south Indian Ocean, south-west Australia, and south-east Atlantic 
intensifies due to the consequence of thermal wind balance. The intensification of 
jet stream forms anti-cyclonic circulation anomaly which intensifies the Mascarene 
High at the lower level as the atmospheric response over the region is equivalent 
barotropic in nature. The Mascarene High intensifies the cross-equatorial flow and 
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hence ISM circulation. This intensifies the Tibetan High, which excite downstream 
Rossby wave train extending to the North Pacific. The interaction between the ISM 
and La-Niña influence northern China via the ISM and the strong CGT is formed in 
the Northern Hemisphere. The intense Tibetan High also intensifies the anticyclone 
south-east of Madagascar through strong Hadley Cell. The intensified Southern 
Hemisphere jet, acts as Rossby waveguide and enhances the CGT in the Southern 
Hemisphere and vice-versa for El-Niño years (Yadav 2009b).

3.2.3  NWISR Teleconnections During 1979–2015: S2

Similar correlation and regression analysis have been done for NWISR for the 
period 1979–2015 (S2). Figure 3.4c shows the spatial correlation pattern between 
S2 and surface temperature. The surface temperature shows significant negative 
correlation over central equatorial Pacific and significant positive correlation over 
north-west equatorial Pacific and Iran. The significant negative correlation over 
north-west India is obvious as the rainfall decreases the surface temperature. The 
MSLP correlation (Fig. 3.4d) shows dipole structure with significant negative cor-
relation over tropical Indian Ocean, western India, Middle-East and north Africa 
and positive correlation over eastern and south Pacific. The regression of 850-hPa 
wind onto S2 shows cyclonic circulation anomaly over Arabian Sea with anomalous 
south-easterly over north-west India. In S2, the significant relationship with the 
cross-equatorial flow was missing. Instead, a cyclonic circulation is observed over 
north Arabian Sea with convergence towards north-west India with abundant of 
moisture supply, favoring deep convection. This cyclonic circulation anomaly with 
northerly over Arab, westerly over north Arabian Sea and southerly over north-west 
India and Pakistan. As these winds are coming from the warm desert land of Arabian 
Peninsula, they can hold more moisture after blowing through the Persian Gulf and 
the Arabian Sea (Yadav 2009a, 2016, 2017a). The anomalous southerly observed 
over north Pakistan hinders the intrusion of mid-latitude cold and dry air towards 
Indian subcontinent favoring excess precipitation over north-west India. This anom-
alous cyclonic circulation also increases the frequency and intensity of mid- 
tropospheric cyclones (MTCs) over west India. These MTCs are one of the main 
systems for producing heavy rainfall over north-west India.

The 200-hPa GPH (Fig. 3.4a) shows significant positive correlation over north- 
west India, East Asia, south-west USA and North Africa. The pattern shows shorter 
wavelength with approximate structure of zonal wave number 7. The associated 
200-hPa level wind flow shows anti-cyclonic circulation over significant positive 
GPH anomalies. The positive surface temperature over Iran modulates the Indian 
summer monsoon circulation during June–September (Yadav 2016, 2017a, 2009a). 
The surface temperature variability over Iran is perturbed by the passage of the mid- 
latitude wave train that propagates from north-west Europe and traverses through 
the Eurasian region to Iran. In some years, these waves split into two branches: one 
propagates eastwards towards the western Siberian plains troposphere (Ding and 
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Wang 2005, 2007, 2009) and another propagates equator wards towards the 
Mediterranean and follows the Asian subtropical westerly jet stream, known as the 
‘Silk Road’ pattern (Enomoto et al. 2003; Yadav 2017a). Both the branches con-
verge over Iran and increase the GPH anomaly in the upper to middle. This increases 
the tropospheric temperature along the vertical cross-section of atmospheric col-
umn over Iran with maximum warming in the lower troposphere. The anomalous 
cyclonic circulation associated with the lower-level warming helps the convergence 
of winds toward north-west India (Yadav 2016, 2017a). Also, the strong upper- 
tropospheric GPH anomalies over Iran intensify the Tibetan High westward, which 
dynamically weakens the Tibetan High in the middle. This allows an anomalous 
high amplitude mid-latitude trough intrusion into the northern parts of the Indo- 
Pakistan region favoring very heavy rainfall events over north-west India (Yadav 
2016).

The 200-hPa velocity potential (Fig. 3.4b) shows significant negative correlation 
core over south Asia and positive correlation core over the equatorial central Pacific. 
This suggests stronger Walker circulation with rising motion over Indian subconti-
nent and subsidence over the central Pacific. The shift in the La-Niña cooling 
towards the equatorial central Pacific are associated with warm SST anomaly over 
the tropical north-western Pacific owing to stronger rising motion over Cambodia 
and subsidence over the equatorial central Pacific. The warming of the tropical 
north-western Pacific during S2 must have shifted and intensified the inter-tropical 
convergence zone to the Cambodian latitude, which in turn intensifies the Walker 
circulation during the La-Niña years and vice versa during the El-Niño years. The 
upper-level divergence (velocity potential minimum) anomaly over south Asia rein-
forces the convective activity over Indian subcontinent including north-west India 
and vice versa for the El-Nino years (Yadav and Singh 2017).

3.2.4  Secular Variations of Simultaneous Relationships

Since, ENSO and Arctic Oscillation/North Atlantic Oscillation (AO/NAO) exert 
strong control on the climate of the Northern Hemisphere particularly in the boreal 
winter. The correlation of Niño-3.4 (representing the ENSO index averaged over 
SST over the equatorial central Pacific, commonly referred to as Niño-3.4 region 
obtained from ERSST.v4 data) and NAO (index taken as the difference in normal-
ized sea level pressure between southwest Iceland and Gibraltar, obtained from the 
Climatic Research Unit, University of East Anglia) with NWIWP are 0.25 and 0.35 
for the period 1948–2014, which are statistically significant at 95% and 99% level, 
respectively. The correlation between ENSO and NAO indices for the period 1902–
2008 is very poor (0.03) and insignificant (Yadav et al. 2009a). This shows that both 
these indices are independent of each other, but they significantly exert their influ-
ence on NWIWP variability. Further, the secular variation of the relationship of 
these indices with NWIWP is shown by sliding correlations on a 21-year moving 
window (Fig. 3.5). The Niño-3.4 index shows significant correlation in the recent 
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decades after 1979. Prior to 1978 the correlations are insignificant. On the other 
hand, the NAO index shows significant correlation prior to 1979. It is interesting to 
see that when the relationship with NAO was significant i.e. prior to 1979, the rela-
tionship with Niño-3.4 SST was insignificant. In the recent decades, when the rela-
tionship with Niño3.4 SST became significant, NAO relationship has dropped to 
insignificant level. While in the last decade both Niño-3.4 and NAO correlations are 
almost equal. The relationship suggests that ENSO and NAO are the two major 
modes of variability of NWIWP. The major climate shifts observed in Indo-Pacific 
Ocean in the late-1970s have connection with these observed changes.

3.2.5  NWIWP Teleconnections During 1948–1978: W1

Similar correlation and regression analyses, as done for NWISR (S1 & S2) have 
been done for NWIWP (W1 & W2) for the season DJFM.  The correlation with 
MSLP for the period 1948–1978 i.e. W1 (Fig. 3.6d) shows significant strong posi-
tive correlation over the subtropical North Atlantic and west Africa and significant 
negative correlation over polar North Atlantic, Arctic, Greenland and north Asia. 
The negative and positive MSLP anomalies over polar and subtropical North 
Atlantic, respectively, show the relationship with positive phase of AO/NAO phe-
nomena. The regression of 850-hPa wind onto W1 shows trough over north-west 
India. The correlation with surface temperature (Fig. 3.6c) shows significant positive 
correlation over east-central Asia and negative correlation over east Mediterranean. 
The 200-hPa zonal wind correlation patterns for W1 (Fig. 3.6a) shows patches of 
significant positive correlations north of 45°N over east Canada, north Atlantic, 
north-east Asia and north of Alaska. These positive zonal wind anomalies represent 

1952 1960 1968 1976 1984

Year

C
or
re
la
tio

n

1992 2000 2008

NAO
Nino-3.4

2016

–0.2

–0.1

0

0.1

0.2

0.3

0.4

0.5

Fig. 3.5 Sliding correlations on a 21-year moving window among NWIWP and NAO and Nino- 
3.4 region SST indices for the period 1948–2014 for the simultaneous season of DJFM. Values are 
plotted at the center of 21-year period. The dashed line indicates 95% significance level, and zero 
correlation is indicated by dotted line

R. K. Yadav



100°W 0° 100°E 160°W

40°S

20°S

0°

20°N

40°N

60°N

80°N

–1

–0.8

–0.6

–0.4

–0.2

0

0.2

0.4

0.6

0.8

1
a

40°W 0° 40°E 80°E 120°E
0°

10°N

20°N

30°N

40°N

50°N

0° 100°E 160°W 60°W
40°S

20°S

0°

20°N

40°N

60°N

80°N

0° 100°E
60.0

160°W 60°W
40°S

20°S

0°

20°N

40°N

60°N

80°N

0.75

0.95

0.55

0.35

0.15

–0.05

–0.25

–0.45

–0.65

–0.85

–1.05

b

c

d

W1 CC : NWI vs 200–hPa zonal wind

W1 CC : NWI vs 300–hPa Stream Function

W1 CC : NWI vs SST & ST

W1 CC : NWI vs MSLP & 850 wind

Fig. 3.6 Simultaneous CC of W1 with (a) MSLP, (b) SST, (a) 200-hPa zonal wind, (b) 300-hPa 
stream function, (c) surface temperature and (d) MSLP (color shade), regression of (d) 850-hPa 
wind (blue arrows) onto W1. Contour interval is 0.1 and greater than and equal to 0.33 and less 
than and equal to −0.33



46

the strong circumpolar zonal westerly arising due to a steep pressure gradient anom-
aly between extra-tropic and pole (Raman and Maliekal 1985). The strong circum-
polar zonal westerlies are the indication of positive phase of AO/NAO phenomena. 
The strong circumpolar westerly does not allow the frigid winter air to spill into 
northern Eurasia keeping the surface temperature warmer than normal. Also, signifi-
cant positive correlation is observed extending from north equatorial Atlantic to 
north Africa and from Middle-East to Myanmar. Significant negative correlation is 
observed over west Mediterranean and north-east of India. The upper-troposphere 
high-pressure anomaly over subtropical north Atlantic and low-pressure anomaly 
over north Africa during positive NAO phase, produces easterly anomaly over west 
Mediterranean and westerly anomaly over north Africa to Middle East, respectively. 
This indicates that the secondary maxima of the Asian subtropical jet stream cen-
tered over north Africa to Middle East strengthen (Yadav et al. 2009a).

Stream-function enhances signal in the low latitudes, where the subtropical west-
erly jet stream largely resides. The upper troposphere is the most important region 
for Rossby-wave propagation in the tropical and subtropical regions but, equivalent 
barotropic mid-latitude waves are probably best represented using the flow from a 
slightly lower level (Held et  al. 1985). Therefore, 300-hPa stream-function have 
been analyzed (Fig. 3.6b; NCEP/NCAR reanalysis data) for searching the western 
disturbances (WDs) pattern. The negative (positive) anomalies over Northern 
(Southern) Hemisphere reveals cyclonic circulation and vice versa. W1 (Fig. 3.6d) 
shows negative correlation extending from tropical North Atlantic to north India 
along North Africa and Caspian Sea (Yadav et al. 2009a). This suggest that during 
the W1 when AO/NAO was more influencing NWIWP the WDs were originating 
over tropical North Atlantic, at the origin of the Asian jet, and traveling through 
Mediterranean Sea and Caspian Sea, picking moisture from there, to north-west 
India as documented by the earlier studies before the 1980s (Pisharoty and Desai 
1956; Mooley 1957; Bhaskara Rao and Morey 1971; Dutta and Gupta 1967; Singh 
1963, 1979; Singh and Kumar 1977).

3.2.6  NWIWP Teleconnections During 1979–2014: W2

During W2 i.e. for the period 1979–2014, the simultaneous MSLP correlation 
(Fig. 3.7d) shows strong significant positive correlation over eastern tropical hemi-
sphere and east Asia (Yadav et al. 2009b) and significant negative correlation over 
tropical north central Pacific and Arctic. The large seesaw of MSLP anomaly 
between the Indo-Pacific Ocean shows the negative phase of Southern Oscillation 
relationship. The negative anomaly over Arctic suggests positive phase of AO. Also, 
the significant negative correlation north-west of India suggests frequency of deeper 
low-pressure systems of WDs during excess years of NWIWP during recent 
decades. The correlation with surface temperature (Fig. 3.7c) shows significant cor-
relation over central equatorial Pacific and north Asia, and significant negative cor-
relation over north-west and south Pacific. The negative correlation pattern over 
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tropical Pacific resembles the “Horse Shoe” pattern indicating relationship with 
positive phase of ENSO.

For 200-hPa zonal wind correlation pattern (Fig. 3.7a) shows strong significant 
positive correlations over Arabian Sea, Arabian landmass, eastern Indian Ocean and 
along 80°N latitude over north Asia and Europe, and significant negative correlation 
over equatorial central Pacific and Black Sea extending zonally up to south Japan. 
The negative and positive correlations over east Asia indicates that the westerly jet 
stream strengthens and penetrates to lower latitudes from its normal position during 
excess years of W2. The easterly anomaly over equatorial central Pacific is indica-
tion of weak Walker Circulation related to warm phase of ENSO. The big zonal 
patch of positive zonal wind anomalies at 80°N represent the strong circumpolar 
zonal westerly arising of positive phase of AO phenomena. The strong circumpolar 
westerly does not allow the frigid winter air to spill into northern Eurasia keeping 
the surface temperature warmer than normal over north Asia.

300-hPa stream-function correlation pattern (Fig. 3.7b) shows strong significant 
negative correlation over northwest of India and north-west Pacific. In W2, when 
ENSO is more influencing NWIWP, WDs are originating over Iran, picking mois-
ture from Caspian Sea and north Arabian Sea, moving to NW Pacific. A stronger 
westerly jet associated with the upper tropospheric cyclonic anomaly is increasing 
WDs (Hoskins and Ambrizzi 1993; Branstator 2002; Yadav et al. 2009a, b).
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Chapter 4
Projected Climate Change 
in the Himalayas during the Twenty-First 
Century

Imtiaz Rangwala, Elisa Palazzi, and James R. Miller

Abstract In this chapter we synthesize our current understanding of projected cli-
mate change in the greater Himalayan region during the twenty-first century. This 
understanding has been constrained by the sparsity of climate observations and rela-
tively greater limitations of our current modeling framework to represent the com-
plex topographical influence of this vast high elevation region. Here, we examine 
studies that have analyzed global and regional climate model experiments for the 
greater Himalayan region to assess and quantify (a) future increases in temperature 
and how this warming trend varies with elevation, (b) climate feedbacks that amplify 
the warming in these high mountain regions, (c) changes in large-scale circulation 
that transport moisture and energy into the region, and (d) the implications from all 
of the above on the nature of precipitation, i.e., phase, amount and extremes, and the 
fate of its cryosphere. Wherever plausible, we compare these model projections 
with observations from recent decades to better constrain, as well as further improve, 
our understanding of the perceived hydroclimatic changes in this region during the 
twenty-first century.

4.1  Introduction

The greater Himalayan region encompasses the Indian Himalayas, the Hindu Kush, 
the Karakoram, the Pamir and the Tibetan Plateau (see Fig. 4.1) – also referred to as 
the Hindu Kush-Himalaya (HKH) region by the International Centre for Integrated 
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Mountain Development (ICIMOD). This region is a vast expanse of high elevation 
terrain and permanent ice cover with a varying degree of topographic complexity, 
orientation and exposure to the large-scale atmospheric flows of energy and mois-
ture. The HKH region is the source of several large Asian rivers, identified in 
Fig. 4.1, that provide water, ecosystem services and basis for the livelihood of more 
than 200 million people directly. When including their downstream basins, these 
rivers support about a fifth of the world’s population (Schild 2008).

Global and regional climate model (GCM and RCM) simulations have been ana-
lyzed for the HKH region to reproduce specific aspects of the current and past cli-
mate, perform process-oriented evaluations, and make projections of future climate 
evolution. GCMs provide useful insights on physical processes driving changes in 
temperature and other hydroclimatic variables including precipitation, snow, soil 
moisture and atmospheric water vapor from the anthropogenic climate forcings. 
The use of GCMs allows different processes occurring in the HKH region to be 
examined in relation to large-scale patterns of atmospheric variability and telecon-
nections, such as El Niño-Southern Oscillation (ENSO) and North Atlantic 
Oscillation (NAO), occurring elsewhere in the world. The large extent of high eleva-
tion terrain of the HKH region also helps in evaluating these changes and the 

Fig. 4.1 The Hindu Kush-Himalaya (HKH) region and the major river basins originating from it. 
Reproduced from Schild 2008. © Copyright 2008 International Mountain Society and United 
Nations University
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 mechanisms driving them as a function of elevation, even in coarse resolution cli-
mate models (Rangwala et al. 2016).

Because of the coarse vertical and horizontal model resolution, GCMs do not 
adequately represent the regional-scale forcing from steep topography (Palazzi 
et al. 2015) that influences processes such as orographic lifting and moisture entrain-
ment. Such processes ultimately shape the observed precipitation climatology and 
its spatial variability in the HKH region. One study performed with GCMs from the 
latest Climate Model Intercomparison Project phase 5 (CMIP5), for example, 
showed that the GCMs have different performances in simulating the precipitation 
climatology (e.g., the climatological annual cycle) in different sub-regions of the 
HKH (Palazzi et al. 2015). In particular, the models more coherently simulate the 
precipitation annual cycle in the monsoon-dominated eastern Himalayan region. 
However, the model spread is considerably greater in the western areas where the 
precipitation cycle is influenced by both the westerly winds and the Indian Monsoon. 
Sperber and Annamalai (2014) and Sperber et  al. (2013) investigated how well 
GCMs were able to represent monsoon behavior in the HKH region. They found 
that it is difficult to determine, within a given ensemble, the “best performing” 
GCM, i.e., the ability of one single model to represent best all different aspects of 
the monsoon, such as the annual cycle climatology, the interannual and intrasea-
sonal variability, time of onset and other characteristics. Since no individual model 
can be labelled as the best, results from the whole ensemble are usually taken into 
account and summarized through the multi-model ensemble mean (or median) and 
the inter-model standard deviation. Even so, the multi-model mean should be 
regarded with caution when the ensemble is characterized by large spread and 
noticeable differences are found in the individual model outputs (Tebaldi and Knutti 
2007; Palazzi et al. 2015). More recently, there are also several studies that have 
used RCMs to examine climate change in the HKH region; typically employing 
resolutions in the range of 10–50 km for hydrostatic RCMs (see also Chap. 6 in Part 
I). In most cases, these regional models are still too coarse to capture finer-scale 
topographic forcings. Mostly owing to the large computation effort required, the use 
of non-hydrostatic RCMs with resolutions up to 1 km is still in its infancy for cli-
matic applications, while being common for shorter timescales, from days to years, 
or to simulate particular meteorological extreme events (e.g. Norris et al. 2015).

In the following sections, we discuss results from studies that have examined 
projections from both global and regional models for the HKH region, or sub- 
regions within it. We synthesize the emerging understanding on this topic over the 
last two decades, and specifically bring in insights gained from the analyses of the 
latest generation of GCMs (CMIP5 experiments) and regional modeling experi-
ments focused on the HKH region. Section 4.2 discusses projections for tempera-
ture change, Sect. 4.3 examines selective feedbacks that amplify the greenhouse 
forced warming response in the HKH region, Sect. 4.4 discusses projected changes 
in the large-scale circulations relevant to the HKH region and Sect. 4.5 reviews 
implications of projected climate change on precipitation, snow and streamflow.

4 Projected Climate Change in the Himalayas during the Twenty-First Century
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4.2  Projected Warming

Since the latter half of the twentieth century, high rates of warming have been 
reported for different parts of the HKH region (Shrestha et al. 1999; Liu and Chen 
2000; Kothawale et al. 2010; Ohmura 2012; Yan and Liu 2014) which are signifi-
cantly greater than the global average warming rates, particularly in the colder sea-
sons, suggesting increased sensitivities for this region to the anthropogenic 
greenhouse warming. Climate model experiments have also corroborated such rela-
tively higher warming rates in the HKH region (Liu et al. 2009; Rangwala et al. 
2013; Palazzi et al. 2017).

Based on various studies examining global (Shrestha et al. 1999; Liu et al. 2009; 
Kang et al. 2010; Rangwala et al. 2010) and regional (Kulkarni et al. 2013; Sanjay 
et al. 2017) climate model projections for the HKH region, mean annual tempera-
ture is projected to increase in the range of 1–4 °C by mid-twenty-first century and 
2–6  °C by late-twenty-first century relative to the late-twentieth century (see 
Fig.  4.2). These projections are based on modeling experiments that consider 
increasing atmospheric greenhouse gas concentration during the twenty-first cen-
tury from moderate or high-end emission scenarios. Although the trajectory of the 
anthropogenic greenhouse gas emissions scenario during the twenty-first century 
will largely control the warming response by the end of the twenty-first century, 

Fig. 4.2 Projected increases in surface air temperature in the HKH region by mid (2036–2065) 
and late (2066–2095) twenty-first century relative to the 1976–2005 period for the RCP4.5 (left) 
and RCP8.5 (right) emissions scenarios. The lighter boundary on the map demarcates the HKH 
region. Results are based on the ensemble mean of 21 CMIP5 models. Reproduced from Wu et al. 
2017. Copyright © 2017, National Climate Center (China Meteorological Administration)
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large uncertainties in the warming trends during the twenty-first century also arise 
from the differences in the climate models, i.e., their climate sensitivities and biases 
in representing the region’s climate (Hawkins and Sutton 2009). Overall for the 
HKH region, the projected increases in the daily minimum temperatures are greater 
than in the daily maximum temperatures on an annual basis (Rangwala et al. 2013; 
Panday et al. 2015; Wu et al. 2017). Seasonally, the projected increases in the daily 
minimum temperatures are greater during winter and spring, while the opposite is 
true during summer and autumn (Rangwala et al. 2013).

There has also been significant research into examining the phenomenon of ele-
vation dependent warming (EDW) in the HKH region. In general, observations (Liu 
and Chen 2000; Qin et al. 2009; Rangwala et al. 2009; Ohmura 2012; Wang et al. 
2014) and models (Liu et al. 2009; Rangwala et al. 2013, 2016; Palazzi et al. 2017) 
suggest an amplified warming response at higher elevations (Fig. 4.3). Models also 
suggest that such an amplification of warming at higher elevations will further 
increase during the twenty-first century and is proportional to the amplitude of 
anthropogenic greenhouse radiative forcing (Rangwala et al. 2013). Chapter 9 in 
Part I examines projections of EDW in the Indian Himalayan region from a high- 
resolution model.

The relationship between projected warming rates and elevation is not necessar-
ily linear. Enhanced warming rates can occur at intermediate elevations that are in 
the vicinity of the 0 °C isotherm, therefore influenced by strong positive feedbacks 
from snow and ice cover changes (Pepin and Lundquist 2008; Ceppi et al. 2012; 
Palazzi et al. 2017). When examining seasonally, the increasing trends in the daily 
minimum and maximum temperatures with elevation also vary significantly owing 

Fig. 4.3 Observed (1961–1990; from Liu and Chen 2000) and modeled (1961–1990 and 2000–
2090; from the GISS AOM model analyzed in Rangwala et al. 2010) trends in surface temperature 
(oC/decade) in the Tibetan Plateau as related to the elevation of the observing station and the model 
grid, respectively. Reproduced from Rangwala and Miller 2012. © Springer Science+Business 
Media B.V. 2012. Part of Springer Nature

4 Projected Climate Change in the Himalayas during the Twenty-First Century
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to their relationship to the components of the surface energy balance. This has moti-
vated several studies to examine them separately and relate their response to specific 
physical processes and feedbacks as discussed in the next section (e.g., Rangwala 
et al. 2016; Palazzi et al. 2017).

4.3  Important Feedbacks Influencing Projected Warming

The high elevation regions such at the HKH are expected to have higher sensitivities 
to the anthropogenic greenhouse gas forcing, i.e. experience greater warming rela-
tive to other land areas particularly at comparable latitudes (e.g., Rangwala et al. 
2016). These higher sensitivities occur largely because of various climate feedbacks 
that exist in high elevation regions and/or are relatively stronger there. Pepin et al. 
(2015) comprehensively explores these various feedbacks. In this section, we dis-
cuss two of them – (i) Snow/Ice Albedo Feedback and (ii) Downward Longwave 
Radiation-Water Vapor Feedback – which are discussed more extensively in the lit-
erature, and arguably contribute more strongly to the high sensitivities of high ele-
vation regions to global climate change, particularly during the colder seasons.

4.3.1  Snow/Ice Albedo Feedback

The snow/ice albedo feedback loop is one of the strongest feedbacks in the climate 
system and works as follows: increasing temperatures melt snow, which reduces the 
surface albedo, thus leading to the absorption of more solar radiation which enhances 
the initial temperature increase. This positive feedback is strongest during the tran-
sition seasons in regions where snow does not persist year-round but that are cold 
enough to experience subzero temperatures for a significant period of time. 
Reviewing our current state of understanding into surface albedo feedback (SAF), 
Thackeray and Fletcher (2016) point out that although the SAF appears to be small 
on a global scale (amplitude ~ 0.1 Wm−2 K−1), it is regionally important in the north-
ern hemisphere over land where observation-based estimates suggest a peak feed-
back of about 1% decrease in surface albedo per degree of warming in the spring. 
They also suggest that the current generation of climate models do SAF well 
although some still use outdated parameterizations, and new regional models and 
large ensembles open up new insights into SAF.

Analysis of high elevation station data indicates that maximum warming rates 
tend to occur near the annual 0 °C isotherm. This is where snow cover decreases 
most rapidly, and studies suggest that snow/ice albedo feedbacks have a role in these 
enhanced warming rates often found there (Pepin and Lundquist 2008; Ceppi et al. 
2012; Ohmura 2012). The specific temperature response from these feedbacks (i.e. 
increases in the daily minimum vs. maximum temperature) will depend on soil 
moisture conditions and how the excess sunlight absorption is balanced by the 
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 surface energy fluxes. Although minimum temperatures have generally increased 
and are projected to increase at a faster rate than maximum temperatures over most 
of the Tibetan Plateau (e.g., You et al. 2008; Liu et al. 2009; Wu et al. 2017), maxi-
mum temperatures appear to be increasing faster at some of the highest elevation 
sites on the edges of the Plateau. Kothawale et al. (2010) found that maximum tem-
peratures were increasing at a faster rate than minimum temperatures in the western 
Himalayas between 1971 and 2007. Shrestha et al. (1999) suggested that the faster 
increase in maximum temperatures than minimum temperatures in the Nepal 
Himalayas was related to the combined effects of the snow/albedo effect and 
changes in the monsoonal circulation. Kattel and Yao (2013) also found that maxi-
mum temperatures have been increasing faster than minimum temperatures on the 
southern slopes of the central Himalayas during the last three decades. A recent 
model study by Yan et al. (2016) quadrupled atmospheric carbon dioxide concentra-
tions and showed that the snow/albedo effect was, in part, responsible for EDW at 
higher elevations in the Tibetan Plateau. These studies are consistent with others 
that have found that the snow cover season has become shorter and that more pre-
cipitation is now falling as rain (Rikiishi and Nakasato 2006; Archer and Fowler 
2004; Bhutiyani et al. 2010). Multidecadal observations of temperature and snow 
cover from satellite retrievals show that the warming rates tend to increase with 
elevation between 3000 and 4800  m, but tend to stabilize above that (Qin et  al. 
2009) suggesting an influence of snow/ice albedo feedbacks.

Climate models consistently elucidate the significant role played by snow/ice 
albedo feedbacks in driving warming trends in mountain regions (Giorgi et al. 1997; 
Rangwala et al. 2013; Minder et al. 2016). However, one concern related to GCMs 
is that they have used significantly different parameterizations of the albedo of 
snow-covered surfaces. The strength of snow/ice albedo feedbacks depends on the 
difference between the albedo of snow and that of the land surface beneath the 
snow. Models with larger differences have stronger feedbacks. Qu and Hall (2007) 
examined a suite of global models and found that this feedback strength could vary 
by a factor of three among the different models. Thackeray and Fletcher (2016) sug-
gest that recent models do include improved parameterizations of snow albedo.

Ghatak et al. (2014) examined two CMIP5 GCM projections for the Himalayas 
and found the greatest increases in temperature during the twenty-first century occur 
at the highest elevations in the southwestern Tibetan Plateau associated with 
decreases in snow cover and corresponding increases in the absorption of incoming 
radiation. They also found the largest warming near the freezing line as it moves 
upward during the twenty-first century. A more recent study by Palazzi et al. (2017) 
which examined 27 global climate models for both historical and future climate 
trends showed enhanced rates of warming of both maximum and minimum tem-
peratures at higher elevations in the Tibetan Plateau/Himalayan region. They also 
investigated several potential feedbacks and concluded that the snow/ice albedo 
feedback was the dominant mechanism causing enhanced warming at higher eleva-
tions with secondary effects from water vapor and cloud feedbacks.

Another factor that affects the snow/ice albedo effect in these mountains is the 
presence of aerosols. During the boreal spring, dust from deserts and 
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 regionally- emitted black carbon can be found in the atmosphere against the foothills 
of the Himalayas and Tibetan Plateau. Ramanathan and Carmichael (2008) sug-
gested that this black carbon could be responsible for half the total warming there 
during the last several decades. Lau et  al. (2010) investigated this effect with a 
global climate model and found that the black carbon layer absorbs solar radiation 
and warms the mid-troposphere which in turn causes snow to melt faster and 
enhances surface warming. Xu et al. (2009) suggested that atmospherically depos-
ited black carbon can increase the absorption of visible radiation by 10–100% in the 
Tibetan glaciers. This is consistent with Ming et al. (2015) who used MODIS satel-
lite retrievals and found that glaciers in the Hindu Kush, Karakoram, and Himalayas 
have been darkening since 2000, with the most rapid darkening above 6000  m. 
Black carbon can also cause decreases in cloud cover and affect the radiation budget 
at the surface (Hansen et al. 1997).

4.3.2  Downward Longwave Radiation-Water Vapor Feedback

Of all the atmospheric greenhouse gases that contribute to surface warming, water 
vapor is the most significant. The water vapor feedback works as follows: an initial 
increase in surface temperature leads to increases in atmospheric water vapor which 
increases the absorption of longwave radiation emitted from the Earth’s surface and, 
thereby, increases the downward longwave radiation (DLR) back to the surface thus 
enhancing the initial temperature perturbation. Although increases in DLR occur in 
conjunction with globally increasing specific humidity, the sensitivity of DLR to 
changes in water vapor is non-linear with the sensitivity being relatively higher 
when the initial water vapor concentration is very low as found in the polar regions 
and at high elevations during the cold season.

There is evidence that increasing water vapor is partially responsible for higher 
winter warming rates in upland areas globally in both observations (e.g., Ruckstuhl 
et  al. 2007, 2009) and climate models (e.g., Rangwala et  al. 2010, 2013, 2016). 
Research suggests that increases in surface specific humidity (q) are partly respon-
sible for an increase in surface warming across central Europe (Philipona et  al. 
2005) and the Tibetan Plateau (Rangwala et al. 2010; Ghatak et al. 2014; Palazzi 
et al. 2017) in the late twentieth century. These studies indicate that increases in 
specific humidity are linked with increases in DLR and lead to surface warming. 
Using observations from four different elevations in the Swiss Alps, Ruckstuhl et al. 
(2007) found that the sensitivity of DLR to changes in q is particularly high when q 
is below 5 g/kg, conditions which occurred more often at the higher elevations in 
winter. Rangwala et al. (2010) did a similar analysis using a global climate model 
simulation for the Tibetan Plateau and found a relationship similar to that of 
Ruckstuhl et al. (2007), namely greater sensitivities at higher elevations, particularly 
during the cold season. Similar relationships between DLR and specific humidity, 
under both clear and cloudy sky conditions, have also been found when examining 
high-elevation observations from the Colorado Rocky Mountains (Naud et al. 2013).
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59

4.4  Changes in Large-Scale Circulation

The central and south-eastern sections of the HKH region receive their moisture 
primarily from the Indian Monsoon between May and September, the eastern sec-
tion from the East Asian monsoon between June and August, while the northwestern 
and northern sections get a large proportion of their moisture from the mid-latitude 
westerly extratropical storms during winter and spring (Yao et al. 2012; Maussion 
et al. 2014; Rangwala et al. 2015). These different circulation patterns and associ-
ated moisture flows influence many aspects of the hydrological cycle in the area, 
such as the amount and distribution of precipitation, snow cover, the dynamics of 
glaciers and, as a consequence, the hydrological regimes, thus having an impact 
downstream. For example, glaciers in the Karakoram receive their input mainly in 
winter and early spring as snow, carried by moisture-laden westerly winds and melt 
in summer, while the dynamics of eastern Himalayan glaciers is controlled by the 
summer monsoon and there is almost no water input in winter.

4.4.1  Asian Monsoons

The Asian summer monsoons are the primary source of moisture and precipitation 
to much of the central, southern and eastern part of the HKH region. The Indian 
summer monsoon, part of the broader Asian-Australian monsoon system, also con-
tributes to precipitation in the western part of the HKH even though about two- 
thirds of snowfall accumulation in this area occurs in winter and spring when 
mid-latitude westerlies dominate (e.g., Hewitt 2007).

There is evidence that GCMs have become better at simulating the Asian- 
Australian monsoon system, however they are still poor at modeling effects of 
large-scale teleconnections (e.g., El Niño-Southern Oscillation or ENSO) on the 
monsoons (Kitoh et al. 2013; Christensen et al. 2013; see also Chap. 2 in Part I that 
discusses impacts of ENSO phases on the summer monsoon precipitation in the 
Himalayas). They also have significant difficulty in reproducing the observed pre-
cipitation climatology, including the HKH region and in particular its westernmost 
part where the interaction of the monsoon with westerly winds occurs (Palazzi et al. 
2015), and there is a large scatter across the models for projected change (Kitoh 
et  al. 2013). Simulating the mean summer monsoon precipitation in the western 
HKH, such as in the upper Indus Basin and its vicinity, with state-of-the-art global 
climate models, still represents a major challenge (Palazzi et  al. 2015; Hasson 
et al. 2016).

CMIP5 projections show that the strength of monsoon circulation weakens dur-
ing the twenty-first century because of an increase in the condensational heating of 
the upper troposphere over the tropics such that the upper troposphere over the 
Indian Ocean warms more than that over the Tibetan Plateau thereby reducing the 
meridional thermal gradient between the land and ocean (e.g., Christensen et  al. 
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2013). However, the overall precipitation from the monsoon increases because of 
the enhancement of moisture convergence from increased column water vapor and 
surface evaporation which offsets the weakening of the monsoon circulation (Kitoh 
et  al. 2013; Christensen et  al. 2013). As a consequence, CMIP5 models show 
increases in summer precipitation in the Himalayas during the twenty-first century 
(e.g., Palazzi et al. 2015). CMIP5 models project an increase in mean precipitation 
and in its interannual variability and extremes. Further analyses performed with one 
state-of-the-art GCM (EC-Earth, Hazeleger et  al. 2012) showed that the positive 
trend in summer precipitation projected for the Himalayas through the twenty-first 
century is associated with a negative trend in the number of wet days and a positive 
trend in precipitation intensity, indicating a likely transition toward more episodic 
and intense monsoonal precipitation in the future (Palazzi et al. 2013). Overall, the 
monsoon season is expected to become longer than in the current climate, and with 
larger interannual variability in monsoon intensity (e.g. Sharmila et  al. 2015). 
Regional model experiments, forced with boundary conditions from a selection of 
CMIP5 GCMs, show similar results for increases in the summer precipitation over 
much of the Himalayas and the Tibetan Plateau (Kulkarni et al. 2013; Sanjay et al. 
2017). One recent study based on 13 regional model simulations found, on average, 
a 22% increase in the summer monsoon precipitation over the southeastern 
Himalayas and much of the Tibetan Plateau by the end of the twenty-first century 
under RCP8.5 scenario, with a large consensus among the models on this direction 
of change (Sanjay et al. 2017; see also Fig. 4.4).

4.4.2  Mid-Latitude Westerlies

The mid-latitude extratropical storms during winter and spring are a primary source 
of moisture to the northwestern and northern parts of the HKH region. The strength 
of these westerlies, which is correlated to the phase of the North Atlantic Oscillation 
(NAO) (e.g., Thompson and Wallace 2001; Filippi et  al. 2014), determines the 
amount of winter precipitation and snowfall accumulation in the Karakoram gla-
ciers. In particular, several observational studies have shown that above normal pre-
cipitation in winter in the western HKH is typically recorded during the positive 
NAO phase (Archer and Fowler 2004; Yadav et al. 2009; Syed et al. 2006). During 
this phase westerly winds are intensified in the region of the Middle East jet stream, 
from North Africa to southeastern Asia, in particular at longitudes between 40° and 
70°E where most of the moisture transport to the western HKH takes place. In addi-
tion to this, during positive NAO phases, enhanced evaporation occurs from the 
Persian Gulf, the northern Arabian Sea, and the Red Sea (the main moisture sources 
for precipitation in the western HKH) owing to higher surface wind speed. Enhanced 
moisture and stronger westerlies result in enhanced moisture transport to the west-
ern HKH region (Filippi et al. 2014).
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As compared to the summer monsoons, GCMs show less agreement on the sign 
of the projected change for winter precipitation (Palazzi et al. 2015; see Fig. 4.4). 
Moreover, simulating the changes in precipitation over the Karakoram and north-
western Himalayas, where precipitation is associated with both summer monsoon 
and winter-early spring westerly storms, is more challenging than for the eastern 
HKH, both using GCMs and RCMs.

During the latter half of the twentieth century, there is some evidence that winter 
precipitation has a small upward trend in the Upper Indus Basin (Archer and Fowler 
2004), but no trend in the HKH region southeast of it (Bhutiyani et al. 2010). This 
could be part of a precipitation trend more broadly observed in the central Asian 
region, where the northern parts are experiencing an increase in precipitation while 
the southern regions are seeing a decrease as shown by Chen et al. (2011), who 
 suggest this pattern of change is likely caused by a northward shift of the subtropical 
high and westerly jet. Huang et al. (2014) also found increases in precipitation in the 

Fig. 4.4 (Top Row) Projected change in summer (left) and winter (right) precipitation (%) by 
2071–2100 (RCP 8.5 scenario) relative to 1971–2100 for the multi-model mean of the CMIP5 
ensemble. (Bottom Row) For each 2° × 2° pixel, number of models (out of 32) showing increases 
in future precipitation. Reproduced from Palazzi et al. 2015. © Springer-Verlag Berlin Heidelberg 
2014. Part of Springer Nature. Disclaimer: The boundaries shown in the figure do not necessarily 
correspond to the actual political boundaries
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northern parts of the HKH region (i.e., northern Central Asia, Tian Shan Mountains, 
and northern Tibet) from a selective analysis of CMIP5 projections caused by 
strengthened water vapor transport and enhanced precipitable water.

4.5  Changes in Precipitation Extremes, Cryosphere 
and Surface Hydrology

Precipitation is affected by strong intermittency at all scales and has strong oro-
graphic dependence, which makes it hard to model and to measure. The HKH region 
poses additional challenges because different sub-regions are exposed to different 
large-scale circulation patterns and associated moisture convergence which can trig-
ger, through convection, the occurrence of extreme rainfall events. Further, increased 
warming is expected to affect the phase of precipitation, size and duration of annual 
snowpack and snow quality, and glacial mass loss, all of which will impact the tim-
ing of streamflow and ecosystem response.

4.5.1  Extreme Precipitation

Driven by heavy rainfall during the summer monsoon, a number of catastrophic 
flooding events have occurred in recent years (i.e., since 2010) in different parts of 
the Himalayan region – in particular over northern Pakistan, the Indus basin, and 
along the western flank of the South Asian Monsoon. Among them, the devastating 
flood in Pakistan in 2010 and the Uttarakhand flood in India in 2013 have become 
exemplary cases for the research on extreme rainfall (rainfall exceeding 
100 mm day−1) in the Himalayas and its possible causes. The different studies that 
have analyzed storms that have occurred in the western HKH in recent decades, for 
example, point toward a common primary cause of such events: the formation of 
anomalous moisture supply over the area (e.g., Rasmussen et al. 2015; Houze et al. 
2011; Krishnamurti et al. 2017; Kumar et al. 2014). The study by Priya et al. (2017), 
who analyzed extreme precipitation events in historical rainfall records since the 
1950s in the western Himalayas, suggests that the changes in the background circu-
lations have likely facilitated increased activity of cyclonic troughs over the western 
Himalayas and enhanced input of moisture from the Arabian sea (one of the main 
moisture sources for the western HKH, see e.g., Filippi et al. 2014). In another study 
analyzing precipitation data measured during the period 1961–2012, Zhan et  al. 
(2017) found that the amount and frequency of intense precipitation (precipitation 
above the 90th percentile) significantly increased over the Tibetan Plateau, while a 
more heterogeneous signal of change is found over the remainder of the HKH. The 
maximum 1-day, 3-day, and 5-day precipitation amounts averaged over the entire 
HKH, as well as consecutive wet-days in most parts of the region, all showed sig-
nificant positive trends since the 1960s.
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Global climate models indicate that precipitation patterns are likely to change in 
the HKH in the future, with changes of different magnitude across the whole area. 
Several studies indicate that the frequency and intensity of extreme rainfall events 
are generally projected to increase across the region. For example, Wu et al. (2017) 
found a future increase of extreme precipitation in the HKH, particularly in the 
central and northern Tibetan Plateau, with greater intensification in the RCP8.5 sce-
nario than in the RCP4.5 scenario, corroborating other studies (e.g., Panday et al. 
2015; Yang et al. 2012; Li et al. 2015; see Fig. 4.5). By analyzing extreme precipita-
tion indices (5-day precipitation, precipitation greater than the 95th percentile, pre-
cipitation intensity) in CMIP3 and CMIP5 GCMs, Panday et al. (2015) suggest that 
more frequent extreme rainfall is expected during the summer monsoon throughout 
the twenty-first century, which confirms the behavior already observed in the recent 
decades in some portions of the area (e.g., Zhan et al. 2017). Sanjay et al. (2017) 
analyzed climate change projections for the HKH region using regional climate 
models from the Coordinated Regional Climate Downscaling Experiment 
(CORDEX) and also found an intensification of about 22% of the precipitation 
associated with the summer monsoon in the southeastern Himalayas and in the 
Tibetan Plateau.

Fig. 4.5 Projected changes in the percent of annual precipitation received from daily precipitation 
exceeding the historical (1976–2005) 95th percentile value for daily precipitation (R95p) in the 
HKH region by mid (2036–2065) and late (2066–2095) twenty-first century for the RCP4.5 (left) 
and RCP8.5 (right) emissions scenarios. The lighter boundary on the map demarcates the HKH 
region. Results are based on the ensemble mean of 21 CMIP5 models, and only the changes signifi-
cant at 95% level are shown. Reproduced from Wu et al. 2017. Copyright © 2017, National Climate 
Center (China Meteorological Administration)
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4.5.2  Changes to Snow Processes and Glacial Mass

The ongoing and projected warming will influence the depth, quality and timing of 
mountain snowpack, although this response will be complex across the HKH region 
because of the presence of large elevation gradients. The atmospheric warming will 
increase the freezing level height which means that, all else being equal, more pre-
cipitation will fall as rain rather than snow. Lower elevations are particularly vulner-
able to this phenomenon where we are likely to see a shrinking of the snowfall 
season. Bradley et al. (2009) find that freezing level height in the tropics has been 
increasing at the rate of ~2 m/year between 1948 and 2007. Bhutiyani et al. (2010) 
suggest that in recent decades a large proportion of winter precipitation has been 
falling as rain instead of snow on the windward side of the northwestern Indian 
Himalayas. Other studies have also noted this shift from snow to rain in the HKH 
region (Rikiishi and Nakasato 2006; Archer and Fowler 2004). More precipitation 
occurring as rain will reduce the snowpack thickness in wide sections of the HKH 
region, except those that are situated above the atmospheric freezing level and expe-
rience an increase in precipitation. Shallow snowpack will tend to melt earlier, and 
this melting will be further augmented by warming temperatures and atmospheric 
deposition of absorbing aerosols. Chapter 16 in Part III discusses observed changes 
in the cryosphere for northwest and central Himalayan regions.

Another important implication of climate change is the reduced snow cover 
extent and shortening of the season with ground snow cover for much of the HKH 
region which will influence both the regional hydrological cycle (see also Chaps. 19 
and 20 in Part III) and ecosystem (see Chap. 19 in Part III) response. In recent years, 
satellite retrievals have begun to provide a multi-decadal record of albedo and snow 
cover changes in high elevations. Ming et al. (2015) used the Moderate Resolution 
Imaging Spectrometer (MODIS) to examine albedo changes over glaciers in the 
greater Himalayan region (Himalayas, Karakoram and Hindu Kush) between 2000 
and 2011. They found that albedo has generally been decreasing (largest decrease 
above 6000 m) with a corresponding increase in surface shortwave absorption. They 
also found a mass loss for Himalayan glaciers estimated to be 10.4 GT/year that 
may contribute to about 1% of recent sea level rise. Other studies using MODIS 
over the Tibetan Plateau have found that the duration for snow persistence varies 
with elevation and tends to be longer at high elevations (Pu et al. 2007). Future pro-
jections performed using CMIP5 GCMs with spatial resolution in the range of 
0.75°–1.25° indicate a significant decrease in winter snow depth in the HKH region 
by the end of the twenty-first century. In the most extreme emission scenario, the 
western part of the area is expected to undergo a reduction of about 40% with 
respect to current conditions, while toward the east, the Himalayas will face an even 
stronger decrease of up to 50% and a shift in the snow depth maximum from March 
to February, as reported by Terzago et al. (2014) (see Fig. 4.6).

Climate warming is also generally expected to decrease glacial mass across the 
HKH region during the twenty-first century (Barnett et al. 2005). Recent observa-
tions suggest that most HKH glaciers are losing mass at rates similar to those found 
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elsewhere globally, with the exception of the Karakoram where there is evidence for 
mass gain and expansion (Bolch et al. 2012; Fowler and Archer 2006). Given the 
projected increase in temperatures, continued and possibly accelerated mass loss 
from glaciers in the HKH is likely. For example, the study by Kraaijenbrink et al. 
(2017) found projected HKH’s ice mass losses of 49 ± 7%, 51 ± 6% and 64 ± 5% 
by the end of the twenty-first century for the RCP4.5, RCP6.0 and RCP8.5 emission 
scenarios, respectively. Chapters 17 and 18 in Part III further examine impacts of 
climate change on Himalayan glaciers.

4.6  Conclusions

The greater Himalayan region is expected to have relatively higher sensitivities to a 
changing climate during the twenty-first century. Because of its vast extent, com-
plex topography and elevation gradients, and varied interactions with different 
large-scale atmospheric circulations, the projected changes in temperature and pre-
cipitation, and their response on the cryosphere and surface hydrology will vary 
spatially. The region is projected to warm between 2 and 6 °C by the end of this 
century. The monsoonal precipitation in the region is generally expected to increase, 
although the penetration of monsoonal flow into the region may become somewhat 
attenuated. There is relatively less agreement on how the westerly storm-tracks will 
change, although there is some indication from both observations and models that 
they could shift northward, and create a north-south gradient in precipitation such 
that the northern part of the HKH region will see excess moisture while the southern 
part will experience a deficit. The warming trend will generally enhance precipita-
tion extremes and the ratio of rainfall-to-snowfall, reduce glacial mass, snowpack 

Fig. 4.6 Monthly mean values of snow depth, SND (m), in the Hindu Kush & Karakoram (left) 
and Himalayas (right) region above 1000 m mean sea level, for 50-year time slices in the historical 
and future periods. These results are based on the average of five high resolution (0.75°–1.25° 
zonal resolution) CMIP5 GCMs (CMCC-CM, EC-EARTH, BCC_CSM1.1(m), MRI-CGCM3, 
and CESM1-BGC), which include both RCP4.5 and RCP8.5 emission scenarios for the twenty- 
first century projections. Reproduced from Terzago et  al. 2014. © Copyright 2014 American 
Meteorological Society
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depth and extent and duration of ground snow cover, and consequently influence 
stream and subsurface flow.

Simulating future hydroclimatic conditions in orographically complex regions 
such as the HKH has proven to be a challenging task, with uncertainties arising 
from multiple sources. One source is the use of empirical parameterizations through 
which the processes occurring at scales below the model grid size – such as radia-
tion, heat transfer, cloud microphysics, convection, land surface processes  – are 
incorporated in the models. Parameterizations approximate the reality and inevita-
bly lead to uncertainty. Therefore, while enhancing the spatial model resolution of 
both GCMs and RCMs would allow to capture finer-scale details, improving model 
parameterizations, particularly those involving convection, surface processes and 
feedbacks in high-altitude regions will improve simulations of hydroclimate condi-
tions in HKH. Another important source of uncertainty is the representation of land- 
use and aerosol loading at regional to local scales. Uncertainty in how and to what 
degree important large-scale circulations affecting the region (i.e., the monsoons 
and the westerly storm tracks) will change is significant enough to better constrain 
the projections of changes in the region’s hydrologic cycle, and its spatial variation. 
Lastly but crucially, improved observational networks, both ground based and 
remotely sensed (e.g., see Chaps. 1 and 8 in Part I), are needed to better constrain 
our models and enhance our process level understanding of the region’s changing 
hydroclimate.

HKH vs. Polar Regions: Sensitivities to Global Warming
The cryosphere is among the components of the climate system most affected 
by global warming. One reason for this is that there are positive feedbacks in 
the cryosphere, such as the ice-albedo feedback, that amplify existing warm-
ing trends. The HKH region is often called “The Third Pole” because it has 
the largest extent of permanent ice outside the two poles (Yao et al. 2012). In 
addition, it has cold and dry conditions similar to those found in the Arctic and 
the Antarctic. As such, scientists expect the sensitivities of the HKH region to 
anthropogenic climate change to have similarities with those in polar regions. 
A recent study by Wang et  al. (2016) examines about 3000 global station 
observations to investigate whether high-elevation temperature amplification 
has similarities to Arctic amplification. Between 1961 and 2000, they found 
that warming rates in regions below 60°N increase with elevation and are 
significantly higher at higher elevations than the global average. For eleva-
tions below 500 m, they found that warming rates increase with increasing 
latitude and are significantly higher at higher latitudes than the global aver-
age, particularly in the Arctic. They suggest that the Arctic amplification is an 
integrated part of this latitudinal amplification trend. These similarities 
between altitudinal and latitudinal warming rates likely arise, in part, because 
some of the same positive feedbacks are found at high elevations and high 
latitudes, including those related to reduced snow and ice cover, to increases 

(continued)
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Chapter 5
Diurnal Cycle of Precipitation 
in the Himalayan Foothills – Observations 
and Model Results

Bodo Ahrens, Thomas Meier, and Erwan Brisson

Abstract The interplay of the Indian Monsoon and the Himalayas is vital to many 
climatological aspects of the Himalayan foothill and foreland regions. A unique 
climate feature in the Himalayan foothill and foreland regions is a bi-modal diurnal 
cycle of precipitation with high rainfall amounts in the afternoon and around mid-
night. The reason for this night-time precipitation maximum is not yet fully under-
stood, and current climate models do not well represent the regions’ diurnal cycle of 
precipitation. Nevertheless, estimation of realistic spatiotemporal precipitation pat-
terns is crucial for the climate community (e.g., for impact modeling). This study 
reviews discussions in literature, available observational findings, and simulation 
results with the regional climate model (RCM) COSMO-CLM. Our COSMO-CLM 
simulations indicate that the model is not able to recover the nighttime’s precipita-
tion behavior with currently typical horizontal RCM grid-spacings (e.g., 20 or 
50 km), but it can do so with convection-permitting grid-spacing (~3 km) which 
sufficiently resolves the relevant orographic thermal wind together with the moist 
monsoonal flow characteristics in the area.

5.1  Introduction

The diurnal cycle of precipitation is a primary climatological and society-relevant 
parameter. For example, biting activities of mosquitoes including disease vectors 
are different for nights with or without rainfall. Diurnal variation of precipitation 
varies in space and seasonally in dependence on the varying importance of the 
 different precipitation triggering processes which are still not understood in full 
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today. Therefore, representing realistically the diurnal cycle of precipitation is still 
challenging in weather forecasting and climate projection.

Kikuchi and Wang (2008) analyzed tropical rainfall observed by TRMM satellite 
observations, and they showed that precipitation with a day-time maximum (which 
occurs around 15:00 LT) explains the largest portion of the variance over most land 
areas. Thus, the maximum variation of precipitation often links with the peak in 
daytime heating which leads to sufficient and necessary buoyancy for convection to 
occur. However, and this is of interest in this study, their analysis also points to early 
morning precipitation maxima close to or downstream of major mountain ranges.

Such variations in precipitation’s diurnal cycle are investigated in more detail by 
Sahany et al. (2010) for monsoon rainfall over the Indian region. Their analysis sug-
gests that the timing of maximum rainfall is highly location dependent with peaks 
at 1430 IST over the Gangetic plains, at 1430–1730 IST over the Burmese moun-
tains and the Western Ghats (west coast of India), and at about 0230 IST over the 
Himalayan foothills. The existence of the nocturnal/early morning maximum of 
rainfall at the foot of the Himalayas during the summer monsoon has been noted in 
a variety of studies (Barros and Lang 2003; Barros et al. 2000, 2004; Romatschke 
and Houze 2011; Romatschke et al. 2010), as well as during winter season (Sen Roy 
2008). Also, Rüthrich et al. (2013) detected an increase of cloud frequencies until 
the early morning, and Albrecht et al. (2016) reported a late night/early morning 
maximum in lightning activity above the southern foothills of the Himalayas.

A bi-modal behavior of precipitation with a late afternoon and a nocturnal maxi-
mum over the southern Himalayan slopes based on TRMM remote sensing data is 
discussed in Bhatt and Nakamura (2006) and Sahany et al. (2010). Climate simula-
tions done in earlier studies with horizontal grid-spacings of 50 km (Dobler and 
Ahrens 2008) or experimentally with 25  km showed the afternoon precipitation 
maximum, but a lack of precipitation along the southern Himalayan slopes. Missing 
nocturnal precipitation in the coarse-grid climate simulations explains the lack of 
precipitation in the simulations.

The literature discusses a variety of explanations for nocturnal precipitation over 
land. These studies show the broad range of processes which may be possible 
sources for nocturnal precipitation. For example, the summer U.S. precipitation is 
characterized by late afternoon maximum precipitation over the Southwest and the 
Rocky Mountains but by midnight maximum precipitation in the region east of 
the Rockies. Different studies explain this nocturnal maximum precipitation east of 
the Rockies by different mechanisms: (a) eastward propagation of mesoscale con-
vective complexes (MCCs) and mesoscale convective systems (MCSs) starting in 
the afternoon over the Rockies and lasting until the early morning (Maddox 1980), 
(b) a diurnal cycle of low-level large-scale convergence enhanced by eastward prop-
agation of late afternoon thunderstorms generated over the Rockies (Dai et al. 1999, 
Geerts et al. 2017), and/or (c) advection of evaporation-cooled layers from after-
noon showers. The nocturnal precipitation maximum in the northeastern foothills of 
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the central Andes is explained by Romatschke and Houze (2010) with moisture 
transport and wind shear by the nocturnal South American low-level jet. Trachte and 
Bendix (2012) discuss the hypothesis of the formation of convective clouds at the 
eastern Andes mountains because of a katabatic cold front. Their idealized model-
ing experiments supported this hypothesis. Pfeifroth et al. (2015) discuss a bi-modal 
diurnal cycle in central Benin, West Africa, with a locally initiated convective rain-
fall evening peak and a peak after midnight caused by westward-propagating, orga-
nized convective systems that originate from the Jos Plateau, Nigeria, and reach 
central Benin toward the ends of their lifetimes. Ethiopia’s nocturnal convection is 
explained by cold air drainage flow which builds from 0200 to 0800 CAT over the 
Ethiopian mountains (Jury 2016).

Similar processes were hypothesized to trigger the nocturnal precipitation along 
the southern Himalayan slopes during monsoon season. This paragraph describes 
two hypotheses in more detail. More, less likely hypotheses were summarized in 
Houze (2012). The first hypothesis is that during the night, the prevailing low-level 
monsoon southwesterlies and the northern downslope katabatic flow converge at the 
base of the mountains and trigger convection (e.g., Sahany et al. 2010; Rüthrich 
et  al. 2013). While downslope/drainage flow during the night observed in field 
experiments conducted at the Himalayan foothills (e.g., Egger et al. 2000; Barros 
and Lang 2003) support this hypothesis, the occurrence of nighttime maximum pre-
cipitation during winter (Sen Roy 2008) suggests that the southwesterly winds may 
not be an essential condition for nocturnal precipitation to occur. The second 
hypothesis assumes propagation of isolated convective cells generated over the 
Tibetan Plateau to the south-west, which develop into MCSs energized by moist air 
advected from the Arabian Sea and the Bay of Bengal rising from the south-western 
foothills of the Himalayas (Rasmussen and Houze 2012). While the cell propaga-
tion has been found in other orographic environments (see above) and may be con-
sidered as a straightforward process, Barros et al. (2004) reported strong nighttime 
activity over the foothills characterized by the development of short-lived convec-
tion (lifetimes of 1–3 h).

The question arises which of these hypotheses can be confirmed? Is the propaga-
tion of large convective systems responsible for nighttime precipitation for the full 
Himalayan arc or is the nocturnal downslope flow an equally valid trigger?

This paper will investigate remote satellite datasets with the goal to investigate 
hot-spots of nocturnal precipitation in the Himalayan foothill area. In addition, the 
diurnal precipitation cycle in coarse-grid and convection-permitting simulations 
with RCM COSMO-CLM will be investigated (with COSMO-CLM in convection 
permitting set-up well representing the diurnal cycle in Europe and Africa, Brisson 
et al. 2016; Prein et al. 2015; Thiery et al. 2016). With former coarse-grid simula-
tions underestimating nocturnal rainfall, the simulations of the convection- 
permitting model will be evaluated and used for studying the diurnal precipitation 
processes.
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5.2  Data and Methods

5.2.1  CMORPH Observational Data

In a former study (Pfeifroth et  al. 2015), we compared and evaluated several 
satellite- based precipitation datasets and found the NOAA Climate Prediction 
Centre’s satellite-based data-set CMORPH (Joyce et al. 2004) useful in investigat-
ing the diurnal cycle of precipitation. The data-set is available with a very high reso-
lution of 30 min in time and 8 km in space online (http://rda.ucar.edu). The very 
high temporal resolution is an advantage over often used TRMM satellite data 
(Houze et al. 2015). In the following, we use data in the monsoonal period (June to 
September, JJAS) for the years 2011–2015. The five investigated years proved to be 
sufficient to detect the diurnal cycle of precipitation robustly.

5.2.2  COSMO-CLM Modelling

For this study, we applied the non-hydrostatic regional climate model COSMO- 
CLM as in previous studies in the area (e.g., Dobler and Ahrens 2008, 2011; Asharaf 
and Ahrens 2015), but here in an updated version 5.00clm7 (see http://www.clm-
community.eu). Here, we discuss results of two set-ups. The first set-up used is a 
large-domain set-up with horizontal grid-spacing of 0.22° (~25 km) driven by the 
ERA-Interim reanalysis (Simmons et al. 2007). In this coarse-grid set-up the con-
vection parameterization, a modified Tiedtke (1989)-scheme is switched on. The 
second fine-grid set-up is a convection-permitting set-up with 0.025° (~2.8  km) 
grid-spacing with deep convection parameterization switched off and improved 
description of orography compared to the coarse-grid set-up. Details of the setting 
can be found in Brisson et al. (2018) and Meier (2017). Meier (2017) showed that 
the details of the microphysics scheme and of switching on or off the shallow con-
vection scheme do not change the results as discussed below significantly. The fine- 
grid convection-permitting simulations are nested without feedback into the 
coarse-grid simulations. The quite large resolution jump between coarse- and fine- 
grid nest was tested not to impact the results to be shown below.

Figure 5.1 shows the simulation domain and the orography as represented in the 
0.22° coarse-grid COSMO-CLM set-up. The coarse-grid set-up does not define well 
even the major valleys in the Himalayas. The representation of the orography, esp. 
the deep valleys cutting into the Himalayas in about north-south direction, is 
improved in the fine-grid domains (Fig. 5.2). Observed interesting features in the 
CMORPH data-set (see the next section) motivated the locations of the fine-grid 
domains (called domains BT – Bhutan and UT-Uttarakhand).
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5.3  Results and Discussion

First, findings on the diurnal cycle of precipitation based on the satellite-based 
CMORPH observations will be shown and discussed in this section. Afterward, the 
limitations and added information by the COSMO-CLM simulations will be 
investigated.

Fig. 5.1 COSMO-CLM domain and orography used in the coarse-grid (0.22°) simulation. The 
locations of the fine-grid domains are indicated with UT (Uttarakhand) and BT (Bhutan)

Fig. 5.2 Orographies used in the fine-grid simulations in the computing domain UT (Uttarakhand, 
left panel) and in BT (Bhutan, right panel). The color coding is the same as in Fig. 5.1
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5.3.1  Observations

Figure 5.3 shows the mean CMORPH precipitation in the area of interest for August. 
It illustrates clearly that the Himalayas build up a natural rainfall barrier. The area 
of maximum rainfall follows the Himalayan southern foothills nicely. Two regions 
with precipitation hotspots (BT-Bhutan, UT-Uttarakhand) are indicated and will be 
discussed in more detail below. The CMORPH precipitation pattern was similar in 
July, more heterogeneous in June, and precipitation was already vanishing in 
September along the foothills (not shown).

The time of daily maximum precipitation intensity is shown in Fig. 5.4. In large 
parts of the Indian subcontinent, the daily maximum was in the late afternoon, 
which is explained by delayed convective precipitation following the maximum of 
daily heating. However, in large parts of the Himalayan foothills, the maximum was 
around or after midnight. There were also large areas with no distinct diurnal cycle 
in the satellite-based CMORPH data. In the other monsoonal months, the patterns 
were similar.

The width of the area along the foothills with around midnight precipitation 
maximum was small with roughly 100 km. This band of midnight precipitation was 
broadened, for example, in the area of Nepal (cf. Fig.  5.4). Figure  5.5 shows a 
Hovmöller diagram for precipitation intensity at 90° longitude through the focus 
region BT.  It shows a pronounced midnight maximum at about 26.5° latitude. 
Interestingly the diagram shows a weak secondary maximum at 1400 IST, which 
was somewhat earlier than the late afternoon maximum in Central India but is 
consistent with observations discussed in Sahany et al. (2010), who found an early 
afternoon maximum (around 1430 IST) over the Gangetic plains with TRMM satel-
lite data.

Fig. 5.3 Mean August precipitation as derived from CMORPH data. Only mean daily precipita-
tion with values above 10 mm/d is shown. The regions marked UT and BT will be discussed in 
more detail later on
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5.3.2  Simulations

With all years showing a very similar pattern of diurnal precipitation behavior, we 
focus on the presentation of results in the year 2011. All discussed simulations were 
initialized on April the 1st and continuously ran until the end of September. The 
precipitation patterns and amounts of the coarse-grid simulation (grid-spacing 
~25 km) were similar to the results of coarse-grid simulations with COSMO-CLM 

Fig. 5.4 Timing of maximum of diurnal precipitation intensity. Areas with no distinct maximum 
are in white shading

Fig. 5.5 Diurnal cycle of rainfall intensity along a cross-section at 90° longitude (i.e., cutting 
through the BT region)
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discussed in Lucas-Picher et al. (2011) or Kumar et al. (2013). Figure 5.6 shows the 
simulated timing of daily maximum coarse-grid intensity in July and August 2011. 
The pattern over the Bay of Bengal was reasonable (and as described in the litera-
ture, Kraus 1963) and the pattern over Central India shows the often detected (see 
Bechthold et al. 2004) too early precipitation maximum in simulations with param-
eterized deep convection. However, the early afternoon maximum of simulated pre-
cipitation in major parts of the Himalayan foothills is in contradiction to the observed 
maximum at about midnight (Fig. 5.4).

In the following, we discuss the ability of the fine-grid convection-permitting 
(i.e., without parameterization of deep convection) simulations to better represent 
the mean precipitation pattern and the diurnal cycle in the two sub-regions BT and 
UT. As an example, Fig. 5.7 compares the mean precipitation fields of the coarse- 
grid and fine-grid simulations in the BT area. The fine-grid pattern is closer to the 
CMORPH pattern (Fig. 5.3) than the coarse-grid pattern, although there exists sub-
stantial difference too. Since the CMORPH remote-sensed pattern also has some 
uncertainty, esp. in the mountainous areas, the deviation of the fine-grid pattern to 
the CMORPH pattern should not be over-interpreted here.

The timing of the maximum precipitation intensity for coarse- and fine-grid sim-
ulations in the area BT is compared in Fig. 5.8. The coarse-grid simulations showed 
a few pixels with early morning maximum along the edge of the foothills. However, 
the maximum pattern of the fine-grid simulation fits much better to the observed 
pattern in the region (Fig. 5.4). Figure 5.9 shows that in the UT area the diurnal 
cycle as simulated with coarse-grid did not fit at all. The fine-grid simulation showed 

Fig. 5.6 Timing of maximum of simulated coarse-grid diurnal precipitation intensity
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Fig. 5.7 Mean coarse- (top) and fine- (bottom) grid precipitation (in mm/day) in the domain 
BT. Green lines indicate orography in the simulations
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a late evening maximum deep in the mountain range which moved southwards dur-
ing the night. This general pattern fits well with the observed maximum pattern.

In the following, we discuss in more detail the diurnal cycle as simulated with the 
fine-grid set-up along two cross-sections (one in region BT and one in region UT, 

Fig. 5.8 Timing of maximum of simulated coarse- (top) and the fine-grid (bottom) simulated 
diurnal precipitation intensity in the area BT
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Fig. 5.9 Timing of maximum of simulated coarse- (top) and the fine-grid (bottom) simulated 
diurnal precipitation intensity in the area UT
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see Fig. 5.10) for one typical rainfall event in each region. The length of the cross- 
section in BT is 40 simulation grid-lengths or 112  km and covers an altitudinal 
range of almost 4000 m. In region BT the event of 5th to 6th July 2011 with maxi-
mum precipitation intensity after midnight was chosen as a typical representative 
event.

In Fig. 5.11, the cloud cover, wind field, and precipitation in BT are shown for 
three different times for these days. At midday, there were only a few shallow clouds 

Fig. 5.10 Cross-sections (red) discussed in the region BT (longitude: 89.72°, left panel) and UT 
(longitude: 80.30°, right panel)

Fig. 5.11 Cloud cover, wind speed, and precipitation diurnal cycle for July 5th–6th along the 
cross-section in region BT at 1330, 2130, and 0130 IST
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in the Himalayan foreland. Over higher ridges, the clouds produced no precipitation 
but were a hint to moist air advected from the south and lifted by an anabatic flow. 
The CAPE values were highest (up to 1400 J/kg) at 1830 IST during this event. At 
2130 IST the clouds over the higher mountains disappeared, and the wind vectors 
show a low-level katabatic flow (with 2–3 K lower potential temperature over the 
slopes compared to flatland temperature at same height levels) into the foreland. In 
the area of convergence of the northerly katabatic and the southerly monsoonal flow, 
convection was initiated yielding precipitation (about 10 mm/h). Later in the night, 
a stronger monsoonal flow pushed the convergence area to the north yielding pre-
cipitation at the foot of the mountains (at ~0130 IST) and further uphill later on. 
This diurnal cycle as simulated with the fine-grid model fits well, although not 
entirely, to the diurnal cycle observed in the area (Fig. 5.5), while it cannot be rep-
resented at all in the coarse-grid model. Indeed, the coarse-grid does not represent 
well enough the mountain-valley wind systems and thus cannot represent well 
enough the nighttime katabatic flows and their interaction with the monsoonal flow.

The triggering of convection by a nocturnal low-level jet is often-discussed in 
literature. But here, the simulated low-level zonal wind component of 2–4 m/s from 
the east showed only small changes of 1 m/s or less just before the onset of precipi-
tation in the convergence area. The onset of a nocturnal low-level jet would imply 
more substantial wind changes. Following the northward-moving area of deep con-
vection in the simulation, the easterly zonal wind flipped to a westerly zonal com-
ponent. Overall, there is no indication that nocturnal low-level jets were triggering 
night-time maximum precipitation in the simulations.

It is interesting to note that during rainless nights a katabatic outflow also estab-
lished but was diverted from the monsoonal flow by a robust zonal wind component 
(~10 m/s) from the east over the flatlands. This strong zonal wind also blocked the 
moisture transport from the south. Together this prevented nighttime rain in the 
flatland and the foothills.

Next, we discuss the precipitation along the cross-section in region UT.  The 
length of cross-section UT is 55 simulation grid-lengths or 150 km and covers an 
altitudinal range of almost 4000  m with several small ridges along the section 
(Fig. 5.12). We discuss the rainy event of the 2nd to the 3rd of August as a typical 
example.

Moisture was transported along the cross-section and hindered the establishment 
of a stronger katabatic flow after sunset. Convection was triggered already in the 
late afternoon near the highest ridge in the section with a maximum intensity of 
above 10 mm/h. Therefore, precipitation built up earlier than in the BT region. The 
simulated evening precipitation over the central ridge and the Tibetan plateau was 
not observed in the CMORPH data-set but documented in the literature (e.g., 
Rasmussen and Houze 2012). Later in the night northerly wind was dominant in all 
height levels in the northern parts of the sections. Relatively dry air is flowing down 
from the Tibetan plateau. This together with katabatic and downdraft density cur-
rents pushed the precipitation maximum to the South during the night and longer- 
living self-organized systems developed leading to a precipitation maximum early 
morning in the foothills (as hypothesized by Rasmussen and Houze 2012).
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5.4  Conclusions

The investigation of the satellite-based CMORPH data confirmed previous findings 
about the diurnal cycle of precipitation with maximum rainfall during the night 
along the whole Himalayan foothill chain. Further south, for example in Central 
India, the rainfall maximum is in the late afternoon. The regional climate model 
COSMO-CLM with grid-spacing of 25 km, i.e., a model unable to resolve deep 
convection and thus needs parameterization of deep convection, simulated a midday 
rainfall maximum in the Himalayan foothills and in the flatlands further in the 
South. This too early midday maximum is an often-discussed challenge of models 
with parameterized convection (e.g., Bechtold et al. 2004) which improves in simu-
lations with convection-permitting grid-spacing (e.g., Prein et  al. 2015; Kendon 
et al. 2017).

Here, we focused on the observed nighttime precipitation maximum in the 
Himalayan foothills, which was not simulated in the 25-km COSMO-CLM simula-
tion. Convection-permitting simulations (grid-spacing of 2.8 km) with COSMO- 
CLM were done in two regions of the Himalayan forelands and foothills: in a region 
called Bhutan (BT) and in a region called Uttarakhand (UT) (east and west of Nepal, 
respectively).

Fig. 5.12 Cloud cover, wind speed, and precipitation diurnal cycle for August 2nd–3rd along the 
cross-section in region UT (snapshots at Aug. 2nd, 1720 IST (left) and Aug. 3rd, 0330 IST (right)). 
Color coding is the same as in Fig. 5.11

B. Ahrens et al.



87

Our simulations with a convection-permitting set-up of COSMO-CLM with 
grid-spacing of 2.8 km improved the diurnal cycle of precipitation substantially in 
both regions. This improvement was partly due to the no longer necessary 
 parameterization of deep convection in the simulations. However, in the Himalayan 
foothills, our results suggest that the improved description of orography allows for 
an importantly more realistic representation of precipitation forcing through 
mountain- valley wind systems and orographic lifting than in the 25 km grid-spacing 
simulation. Indeed, the fine-grid simulations showed that the interplay of mountain-
ous wind systems and monsoonal flow is controlling the diurnal cycle of simulated 
precipitation in this area.

In addition, we further investigated some hypotheses formulated in previous 
studies to explain nighttime maximum precipitation. Triggering of convection via 
nocturnal low-level jet (as in the foothills of the Central Andes, Romatschke and 
Houze 2010) was not observed in our simulations. Long-living organized convec-
tion as hypothesized in Romatschke and Houze (2011) was of importance for the 
diurnal cycle in the UT region, but of less importance in the BT region with convec-
tion along the convergence of prevailing low-level monsoon southwesterlies and 
downslope katabatic flow (as previously discussed in Sahany et al. 2010, Rüthrich 
et al. 2013).

High-resolution convection-permitting atmospheric simulations are computa-
tionally expensive and challenging (e.g., for climate projections). However, they are 
necessary for providing realistic representations of precipitation regimes in com-
plex areas and for improving our understanding of atmospheric processes. In the 
near future, convection-permitting-model-based climate projections may be feasi-
ble and more often used given the ongoing developments in computing (Fuhrer 
et al. 2018).
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Chapter 6
Impact of Cloud Microphysical Processes 
on the Dynamic Downscaling for Western 
Himalayas Using the WRF Model

S. C. Kar and Sarita Tiwari

Abstract Dynamic downscaling of climate is a useful procedure to downscale the 
climate especially over the data sparse regions of the Himalayas. The global reanal-
ysis data are too coarse to represent the hydroclimate over the regions with sharp 
orography gradient in the western Himalayas. The present study attempts to carry 
out dynamic downscaling of ERA-Interim dataset (January to May) over the west-
ern Himalayas using the weather research and forecasting (WRF) model. Sensitivity 
studies have been carried out using four microphysics parameterization schemes 
(namely WSM3, WSM6, Morrison and Thompson schemes). It is seen that the 
model is able to simulate large scale patterns of precipitation, temperature and 
winds reasonably well. The impact of the Morrison and Thompson schemes is to 
shift the zone of maximum precipitation more downwind as compared to WSM6 
during winter. The WSM6 favors precipitation on the slopes of the terrain, Morrison 
and Thompson schemes simulate more precipitation on the mountain top (more 
snow) as the snow particles get advected more downwind. The Morrison scheme 
simulates less amount of graupels over the region than the WSM6. The narrow zone 
of sharply rising orography is the area where the WSM6 scheme simulates more 
rain than the Morrison scheme. This study emphasizes that a correct representation 
of the microphysical processes in the models is crucial for long-term climate simu-
lations for correct representation of partitioning atmospheric water into vapor, cloud 
liquid water, cloud ice etc. leading either to solid or liquid precipitation.
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6.1  Introduction

Dynamic downscaling studies are mostly carried out using either Regional Climate 
Model (RegCM) or the Weather Research and Forecast (WRF) model. Several sen-
sitivity studies using the WRF model with different microphysics options, land sur-
face schemes and convection schemes have been performed over many regions 
including over India (Flaounas et al. 2010; Kim and Wang 2011; Raju et al. 2011; 
Crâetat et al. 2012). However, most of the sensitivity studies using high-resolution 
regional models are to simulate the extreme events over the Indian region. Patil and 
Kumar (2016) examined the sensitivity of the WRF model to different physical 
parameterization schemes to identify a combination of the best physics options 
suited during the passage of a western disturbance (WD) over northwest India. 
Rajeevan et al. (2010) found that there are major differences in the simulations of a 
severe thunderstorm in southwest India among the cloud microphysics schemes, in 
spite of using the same initial and boundary conditions and model configuration. 
Kar and Tiwari et al. (2016) have simulated the extreme rainfall events of September 
2014 over Jammu and Kashmir; India using the WRF model. Dimri and Chevuturi 
(2014) have studied the model sensitivity with five microphysics options during 
western disturbance over northwest India. The above studies refer to model simu-
lation in the scale of days and pertain only to the specific events considered.

Climate of the Himalayan region has large spatial variations based on its altitude. 
While the southern part is predominantly wet due to monsoon rains, the northern 
part is relatively dry as the high mountain range obstructs the passage of the monsoon 
systems to the northern part. The western Himalayas region receives substantial 
amount of precipitation in the form of snow during winter months. The precipitation 
over this region is vital for several sectors such as agriculture/horticulture, transpor-
tation, tourism, hydropower projects and water resource management. Due to the 
complex orography, nonlinear interaction of land-atmosphere process and insuffi-
cient observed datasets, seasonal-scale prediction of precipitation over Himalayan 
region is quite challenging. Precipitation over this region is mainly associated with 
western disturbances, which bring heavy bursts of rain and snow. Dimri et al. (2015) 
have provided an excellent review of the western disturbances. The frequency and 
amplitude of these westerly disturbances (WDs) in a given month or season decide 
if the winter season will experience above normal or below normal precipitation 
(Kar and Rana 2014). Systematic improvement in physical parameterization 
schemes have been made to utilize the WRF model for climate simulation (e.g. 
Givati et al. (2012); Liang et al. 2012). Lo et al. (2008) have proposed few strategies 
for dynamic downscaling using the WRF model which include (i) long- term con-
tinuous integration and (ii) consecutive integration with frequent re- initialization. 
Cossu and Hocke (2014) have examined the impact of different microphysical 
parameterization schemes in the WRF model on orography induced precipitation 
and the distributions of hydrometeors and water vapour. Tiwari et al. (2015) used a 
regional climate model and examined the influence of land surface processes on the 
simulated climate of the western Himalayas. Sinha et al. (2013) and Sinha et al. 
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(2015) have carried out sensitivity studies of convective schemes in simulations of 
summer and wintertime precipitation over western Himalayas respectively using 
RegCM.  Dimri (2009) used a mosaic type parameterization of sub-grid scale 
topography and land use within a framework of a regional climate model (RegCM3) 
and studied the inter-seasonal variability of surface climate during a winter season 
over western Himalayas.

There is a need to make systematic dynamic downscaling studies of the 
Himalayan hydroclimate using high-resolution regional models. Tiwari et al. (2018) 
have studied he impacts of convection and cloud microphysics schemes on the pre-
cipitation simulation over the western Himalayas using the WRF model. However, 
the simulations were carried out as short-term forecasts such that the WRF model 
was run for 7-days each starting from initial conditions spaced every 5 days. The 
first 2-days of simulation outputs from every run are not used in the analysis as 
initial 48-h period is considered as a spin-up time of the model. Such simulations 
are not able to provide strength and weaknesses of the model for climate downscal-
ing at seasonal scale. Therefore, the main objectives of the study is to carry out the 
WRF model simulations from January to May as single long-term integration and 
examine the skill of the model. Sensitivity experiments have been carried out using 
several microphysics options available in the WRF model. Section 6.2 of the paper 
explains data used, the model configuration and sensitivity experiments. Simulations 
of hydroclimate and the results of the sensitivity experiments are described in Sect. 
6.3. The study is concluded in Sect. 6.4.

6.2  Data, Model and Methodology

6.2.1  Data

Six hourly high resolutions (0.75° × 0.75°) European Centre for Medium Range 
Weather Forecast (ECMWF) Reanalysis-Interim (ERA-I) data (Dee et  al. 2011) 
have been used as initial and boundary conditions of the WRF model as well as for 
model diagnostics. The ERA–I data used in the present study are from January 01 
2003 to June 01 2003 covering winter and spring periods in the western Himalayan 
region. This study also utilizes gridded temperature data (1°  ×  1°) from IMD 
(Srivastava et al. 2009) over the Indian region.

6.2.2  WRF Model Configuration

The model used for the present study is the WRF model version 3.7.1 (Skamaraock 
et al. 2005). The microphysics scheme of the model controls the formation of cloud 
droplets and ice crystals, their growth and fall down as precipitation. Out of many 
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microphysics schemes available with the WRF model, four schemes have been 
used in the present study. These are WSM6-class scheme (Hong and Lim 2006), 
WSM3- class scheme (Hong et al. 2004), Morrison 2-moment scheme (Hong et al. 
2004) and Thompson 6-class microphysics scheme with graupel (Thompson et al. 
2008). WSM 3-class scheme deals with ice water content and rain/snow. The 
WSM-6 class microphysics scheme involves the development of graupel. Similar 
to WSM-6 class scheme, Morrison 2-moment scheme involves the development of 
graupel in generation of precipitation. In this scheme number concentrations are 
also predicted for ice, snow, rain and graupel. Thompson scheme deals with mixed 
phase processes similar to the WSM6 and Morrison schemes. This scheme explic-
itly predicts the mixing ratios of cloud water, rain, cloud ice, snow, and graupel. 
This scheme has the double-moment cloud ice variable and predicts the number 
concentration of cloud ice. The cloud droplet size distribution assumed in the 
scheme has a variable gamma shape distribution that shifts according to the 
assumed droplet number concentration. It may be noted that the WSM3 is a simple 
ice scheme and doesn’t support mixed-phase processes like other schemes men-
tioned above. However, the simulations with WSM3 scheme were included in the 
present study for the sake of completeness.

All the experiments in the present study used the unified NOAH land-surface 
model (Chen and Dudhia 2001) with 4-layer soil and Yonsei University (YSU) plan-
etary boundary layer (PBL) parameterization schemes (Hong and Pan 1996). The 
Grell-Devenyi convection scheme (Grell and Devenyi 2002) has been used in the 
present work in which the convective trigger function is based on grid-resolved 
vertical velocity. Grell-Devenyi (GD) scheme is formulated as a multi-closure (16 
mass flux closure) and it considers ensemble average of more than 100 types 
of clouds.

6.2.3  Design of Experiments

Four sensitivity experiments have been carried out using different microphysics 
while keeping the other scheme same. The experiments are

 (i) CNTL: uses WSM6 scheme
 (ii) WSM3: uses WSM3 scheme
 (iii) Morrison: uses Morrison scheme
 (iv) Thompson: uses Thompson scheme

In the present study, two nested domains of resolution 24 and 8 Km as shown in 
Fig. 6.1 have been used. For every experiment, the WRF model has been run using 
initial conditions of 00 UTC of 1 January 2003. All the runs were made till June 
01 2003.
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6.3  Results and Discussion

6.3.1  CNTL Simulation

Large scale circulation, precipitation patterns including hydroclimate features are 
first analysed for the bigger domain i.e. Domain-1. The simulations are compared 
with ERA-I data for mean of January and February (JF) and March, April and May 
(MAM). Figure 6.2 shows the mean precipitation from WRF model (CNTL) simu-
lations and ERA-I for the Domain-1. During January and February precipitation 
occurs mostly over Jammu and Kashmir (J&K), Pir Panjal range and Hindu Kush 
region as seen in ERA-I (Fig. 6.2c). There is a northwestsoutheast oriented precipi-
tation patch extending from northern parts of Pakistan, Afghanistan up to some 
parts of Jammu and Kashmir (J&K), Himachal Pradesh (HP) and Uttarakhand 
(UK). It is noticed that while the precipitation pattern remains the same in MAM as 
in JF, mean precipitation in MAM is less than that in JF (Fig. 6.2d). The precipita-
tion patch extends more to the east in MAM as seen in Tiwari et al. (2016) including 
snowfall that continues in March and April. Precipitation from gridded observed 
data from IMD has also been examined over the Indian part of the domain (figure 
not shown). It is seen from the IMD and reanalysis (ERA–I) datasets that precipita-
tion is mostly received over the western parts of J&K and the precipitation band 

Fig. 6.1 Two nested domains (Domain-1 and Domain-2) of the WRF model used in the present 
study
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orients south-eastwards towards Himachal with reduced magnitude. Some amount 
of precipitation is received over the slope of mountains in HP and UK. However, 
eastern parts of J&K (the Ladakh region) as well as Tibet receives very less or no 
precipitation. The model simulated (CNTL) precipitation for JF and MAM are 
shown in Fig. 6.2a, b respectively. It is seen that the high-resolution model simula-
tions have sharp features in precipitation in JF as well as in MAM.  The ERA-I 
precipitation is from a coarse resolution model as compared to the WRF (24 km 
resolution for Domain-1). The model simulated precipitation over J&K and 
Hindukush regions does not spread horizontally over to other regions as in ERA- 
I. In JF (Fig. 6.2a), the precipitation amount is more (about 10–15 mm/day) along 
the mountain range of J&K while it is only 5–8 mm/day in ERA-I. Moreover, the 
amount of precipitation over HP is more in JF in the WRF model as compared to 
ERA-I. In MAM, the model simulates less precipitation as compared to reanalysis 
data (Fig. 6.2b). The region with precipitation between 6 and 8 mm/day is confined 
to smaller regions in J&K as compared to a broad region in reanalysis. Therefore, it 
is found that spatial distribution of precipitation over western Himalayas in the 
WRF model CNTL simulation is similar to the reanalysis products in JF and 
MAM. Therefore this model product can be used for further study for the region.
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Fig. 6.2 Mean WRF model (CNTL) simulated precipitation (mm/day) for 2003 (a) January and 
February (JF); (b) March to May (MAM);). Mean of ERA-I total precipitation (mm/day) for (c) 
JF; (d) MAM for the same year
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The mean winds at 500 hpa for JF and MAM have been examined from reanaly-
sis and WRF model CNTL simulation to establish the consistencies between 
 circulation and precipitation. During winter and spring seasons (JF and MAM), 
westerly flow dominates the study region and a large number of cyclonic systems 
(western disturbances) travel across the Himalayan region from west to east. In 
ERA-I, in JF and MAM a trough is seen in the westerlies around 70°E–80°E and 
30°N to 36°N (Fig. 6.3a, b). The westerly trough is oriented northwest-southeast-
ward. In the model simulations (Fig. 6.3c, d), all the essential features of the circula-
tion are seen indicating that the model is able to simulate consistent circulation and 
precipitation over the Domain-1 of the present study. However, the westerly strength 
of the WRF model in JF and MAM is stronger (by about 5 m/s) over region extend-
ing from 60°E to 75°E and 33°N to 36°N.

Surface air temperature (T2m, °K) is a key parameter in the western Himalayas 
as important hydrological process such as snowmelt and evapotranspiration are 
functions of surface temperature. In order to examine the model simulated tempera-
ture over the area of interest, T2m from ERA-I has been compared with T2m from 
the CNTL run of the model during JF and MAM as shown in Fig. 6.4. Seasonal 
averages have been computed using daily mean data (average of 06, 12, 18 and 00 h) 
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Fig. 6.3 Mean ERA-I winds (m/s) at 500 hPa for (a) January and February (JF); (b) March, April 
and May (MAM) for 2003. Mean of WRF model (CNTL) winds (m/s) at 500 hPa for (c) JF; (d) 
MAM for the same year
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for both ERA-I and model simulations. It is found that the model simulated tem-
perature values are comparable to the reanalysis temperatures. Sharp gradient in 
surface air temperature in the foothills of Himalayas is clearly brought out by the 
model, especially over the northwest India. During winter and spring, the model 
temperature values are less as compared to the reanalysis over higher elevation 
areas that covers western Himalayas and Tibet. It may be noted that observations of 
T2m available for assimilation in ERA-I are too few over the data sparse region 
such as the Himalayas. In order to examine the bias in model simulated tempera-
tures, these values over an area over the plains of north India (75°E–80°E, 
27°N–31°N) have been compared against IMD daily mean gridded temperatures 
(Srivastava et al. 2009). During JF and MAM, all the data have similar values as 
shown in Fig. 6.5.

In order to further downscale the ERA-I data to a smaller domain, the WRF 
model was configured for the domain-2 as shown in Fig. 6.1. The horizontal resolu-
tion of the model for this nested domain is set at 8 km as compared to 24 km set for 
domain-1. All other dynamics and physics options were set same as the runs for 
domain-1. Figure  6.6a shows the mean of accumulated snow water equivalent 
(SWE, mm) simulated using WRF model (CNTL run) at the end of February 2003. 
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SWE describes the amount of water stored within the snow-pack that would be 
available upon melting and is a major driver of local snowmelt release and 
 hydrological cycles (Derksen et al. 1998). The availability of spatially and tempo-
rally extensive SWE data enables a better understanding of space-time trends in 
snow cover. In situ observations of SWE are made by measuring the snow depth and 
its density. Observations of microwave sensors are also used to estimate SWE mag-
nitude in large-scale. Tiwari et al. (2016) have examined the large-scale characteris-
tics of SWE using satellite remote sensing data over the western Himalayan region. 
In the WRF model, precipitation amount is partitioned in to liquid precipitation 
(rainfall) and solid precipitation (snowfall). Accumulation and ablation of the snow-
fall occurs based on surface temperature and other meteorological conditions. The 
model then provides an estimate of accumulated SWE. In the WRF model simula-
tions in the present study, the SWE pattern is characterized by a northwest-southeast 
band across the Satluj basin. In the Domain-2 region (Satluj basin), maximum 
snowfall occurs in March and April. Figure 6.6b shows the difference of SWE (mm) 
between that at the end of May and February 2003. The SWE accumulated on the 
surface in model simulations at the end of May is more than about 400 mm over 
most parts of the Satluj basin. The zone of Satluj basin where maximum snowfall 
and accumulation occurs is the major catchment area of the Satluj river. This area 
has maximum elevation (> 6000 m) and the Spiti river originating from this area 
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Fig. 6.5 Daily mean T2m (°K) from IMD observations, WRF model and ERA-I over the (75–
80°E, 27–31°N) for January to May 2003
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contribute most of the snowmelt water to Satluj River. The accumulated snow at the 
end of May becomes available for snowmelt runoff in the months of June, July 
and august.

6.3.2  Sensitivity Studies

As mentioned earlier, a set of sensitivity experiments were carried out using various 
cloud microphysics schemes in the WRF model and the precipitation simulations 
over the western Himalayas from these experiments were compared among each 
other. A composite analysis was made by considering the peak precipitation period 
during winter (for 18 days in February 2003) over Satluj basin and adjoining areas.

Figure 6.7a shows total precipitation from CNTL experiment for the study 
period. It is seen that the higher elevation region receive >20 mm/day of precipita-
tion. In contrast, the plain regions in the Satluj basin get about 5 mm/day. The pre-
cipitation amount received over J&K is more than 20 mm/day in these 18 days of 
composite analysis. On the slope of higher elevation areas of Satluj basin, it is seen 
that WSM6 produces more precipitation than other microphysics schemes (Fig. 6.7b, 
c). Moreover, the WSM6 scheme has more precipitation than the Morrison scheme 
over the region of SE to NW precipitation band. Very less difference (between 1 and 
2 mm/day) of precipitation is found between WSM6 and WSM3 schemes (Fig. 6.7d)

Differences in non-convective precipitation in WRF model simulations come 
from the differences in the treatment of phase change of water in the cloud micro-
physics schemes. Accumulated solid precipitation (snow) and liquid precipitation 
(rain) obtained from the composite analysis of the study period in February 2003 are 
shown respectively in Fig. 6.8a, b. It may be noted that during this 18-day period, 
>500 mm of snowfall was simulated over the over the higher reaches of the Satluj 
basin. Rainfall occurred mostly over the plain areas and lower reaches (Fig. 6.8b). 
The differences in total solid and liquid precipitation between CNTL and Morrison 
scheme are shown in Fig. 6.8c, d respectively. From the difference plot, it can be 
seen that the WSM6 (CNTL) scheme simulates more snowfall (> 100 mm/day) than 
Morrison in the northern part of the domain. However, the Morrison scheme simu-
lates about 100 mm more rain over western and northern region than that in the 
WSM6 scheme. The differences are similar between CNTL and Thompson scheme 
as seen in Fig. 6.8e, f as the Thompson scheme also simulates more snow on the 
mountain top than CNTL (Tiwari et al. 2018). No large differences are seen between 
simulated snow or liquid rainfall in WSM3 and CNTL simulations (Fig. 6.8g, h). It 
may be noted here that in the double moment schemes (e.g. Morrison scheme) par-
ticle type vary as a function of the time and the ice mixing ratio is diagnosed sepa-
rately. As a result of additional moment computation, the double moment scheme 
(Morrison scheme here) has greater flexibility in representing size distributions 
impacting simulation of ice, snow, graupels or hails in the present study.

In the WRF model simulations, the hydrometeors are separated into non- 
precipitating particles and precipitating particles. The mass mixing ratios of cloud 
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and ice (in kg/kg) are referred to as QCLOUD and QICE respectively in the present 
study. The mass mixing ratios of precipitating particles such as rain, snow and grau-
pels are referred to as QRAIN, QSNOW and QGRAUP respectively. Spatial pattern 
of QSNOW at 500 hPa from CNTL simulation and its difference from the Morrison 
scheme are depicted in Fig. 6.9a, b respectively. Magnitude of QSNOW (> 12 kg/
kg) is seen over the region of maximum precipitation. The orientation of QSNOW 
band is same as the precipitation band seen earlier. QSNOW has noticeable magni-
tude between 700 hPa and 300 hPa (not shown in figure). Difference between single 
moment scheme (WSM6) and double moment scheme (Morrison) indicates that the 
WSM6 scheme simulates less snow (about 3–4 kg/kg) over the peak mountainous 
region as compared to Morrison which has more QSNOW to the downwind. Similar 
to QSNOW, QICE also forms only above 700 hPa with a maximum (3–4 kg/kg) 
reaching at about 400 hPa (figure not shown). Figure 6.9c, d has the plots of QICE 
at 500 hPa in the study domain from CNTL and its difference between the Morrison 
scheme. The single moment scheme (WSM6) simulates more amount of ice parti-
cles at this altitude than the double moment Morrison scheme. Graupel particle 
(QGRAUPEL) forms only on the windward side of the high mountain at 600 hPa 
with a maximum of about 6–8 kg/kg in CNTL simulations (Fig. 6.9e). It is also seen 
that in WSM6 scheme, preferred locations of snow and graupel formation is on the 
upwind side on the mountain slope with the Morrison scheme simulating less grau-
pel The WSM6 (CNTL) has more rain over the narrow zone of sharply rising orog-
raphy. However, the Morrison scheme has more precipitation downstream at higher 
elevations.

6.4  Conclusion

The climate system over the Himalayas is vulnerable to global warming and climate 
change. The inhomogeneous terrain and high altitude of the Himalayas has restricted 
observational data of the climate system in the region. Therefore, detailed climate 
of Himalayas is still unknown. Moreover the western Himalayan region has sharp 
orography gradient, therefore, the global reanalysis data are too coarse to represent 
the hydroclimate over the region. As a result, in order to have a high resolution 
dataset for the region, it is necessary to employ dynamic downscaling method. In 
this study, the ERA-Interim dataset (January to May) over the western Himalayas 
has been downscaled using the high-resolution (8 km) WRF model and several sen-
sitivity studies have been carried out using microphysics schemes.

Examination of the WRF model simulated surface temperature over the western 
Himalayas indicate that the model has been successful in bringing out the sharp 
temperature gradient between plains of northwest India and the Himalayas. The 
downscaled precipitation pattern has sharp features unlike that of ERA-Interim. The 
WRF model simulated precipitation from various sensitivity experiments have been 
compared. It is found that there is a shift in the location of maximum precipitation 
zone in Morrison and Thompson schemes as compared to WSM6 during winter. 
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The WSM6 scheme has maximum precipitation more upwind as compared to other 
schemes as the WSM6 favors precipitation on the slopes of the terrain whereas the 
Morrison and Thompson schemes produce more snow on the mountain top.

This study emphasizes that a correct representation of the microphysical 
processes in the models is crucial for long-term climate simulations as these micro-
physical schemes are responsible for partitioning atmospheric water into vapor, 
cloud liquid water, cloud ice etc. leading either to solid or liquid precipitation. One 
of the limiting factor of such studies is the lack of observational data over the 
Himalayan region to carry out proper verification studies. Moreover, this study has 
been carried out using simulations of 1 year only. Further simulations are being 
 carried out for other years for developing a regional forecasting system for the 
region using dynamic downscaling strategy.

Acknowledgements This work has been carried out as a part the project “Dynamics of Himalayan 
ecosystem and its impact under changing climate scenario in Western Himalaya” under the 
National Mission on Himalayan Studies (NMHS) of the Ministry of Environment, Forest & 
Climate Change, Government of India.

References

Chen F, Dudhia J (2001) Coupling an advanced land-surface/hydrology model with the Penn State/
NCAR MM5 modeling system. Part I: model description and implementation. Mon Weather 
Rev 129:569–585

Cossu F, Hocke K (2014) Influence of microphysical schemes on atmospheric water in the Weather 
Research and Forecasting model. Geosci Model Dev 7:147–160

Crâetat J, Pohl B, Richard Y, Drobinski P (2012) Uncertainties in simulating regional climate of 
Southern Africa: sensitivity to physical parameterizations using WRF. Clim Dyn 38:613–634

Dee DP, Uppala SM, Simmons AJ, Berrisford P, Poli P, Kobayashi S, Andrae U, Balmaseda MA, 
Balsamo G, Bauer P, Bechtold P, Beljaars ACM, van de Berg L, Bidlot J, Bormann N, Delsol 
C, Dragani R, Fuentes M, Geer AJ, Haimberger L, Healy SB, Hersbach H, Hólm EV, Isaksen L, 
Kållberg P, Köhler M, Matricardi M, McNally AP, Monge-Sanz BM, Morcrette J-J, Park B-K, 
Peubey C, de Rosnay P, Tavolato C, Thépaut J-N, Vitart F (2011) The ERA-Interim reanaly-
sis: configuration and performance of the data assimilation system. Q J  Roy Meteorol Soc 
137:553–597

Derksen C, LeDrew E, Goodison B (1998) SSM/I derived snow water equivalent data: the poten-
tial for investigating linkages between snow cover and atmospheric circulation. Atmosphere- 
Ocean 36(2):95–117

Dimri AP (2009) Impact of subgrid scale scheme on topography and landuse for better regional 
scale simulation of meteorological variables over the western Himalayas. Clim Dyn 
32(4):565–574

Dimri AP, Chevuturi A (2014) Model sensitivity analysis study for western disturbances over the 
Himalayas. Meteorog Atmos Phys 123:155–180

Dimri AP, Niyogi D, Barros AP, Ridley J, Mohanty UC, Yasunari T, Sikka DR (2015) Western 
disturbances: a review. Rev Geophys 53(2):225–246

Flaounas F, Bastin S, Janicot S (2010) Regional climate modelling of the 2006 West African mon-
soon: sensitivity to Cumulus and planetary boundary layer parameterisation using WRF. Clim 
Dyn 36:1083–1105

Givati A, Lynn B, Liu Y, Rimmer A (2012) Using the WRF model in an operational streamflow 
forecast system for the Jordan River. J  Appl Meteorol Climatol 51:285–299. https://doi.
org/10.1175/JAMC-D-11-082.1

S. C. Kar and S. Tiwari

https://doi.org/10.1175/JAMC-D-11-082.1
https://doi.org/10.1175/JAMC-D-11-082.1


107

Grell G, Devenyi D (2002) A generalized approach to parameterizing convection combining 
ensemble and data assimilation techniques. Geophys Res Lett 29(14):38–31

Hong SY, Lim J (2006) The WRF single-moment 6-class microphysics scheme (WSM6). J Korean 
Meteorol Soc 42:129–151

Hong SY, Pan HL (1996) Nonlocal boundary layer vertical diffusion in a medium range forecast 
model. Mon Weather Rev 124(10):2322–2339

Hong SY, Dudhia J, Chen SH (2004) A revised approach to ice microphysical processes for the 
bulk parameterization of clouds and precipitation. Mon Weather Rev 132:103–120

Kar SC, Rana S (2014) Interannual variability of winter precipitation over northwest India and 
adjoining region: impact of global forcings. Theor Appl Climatol 116(3–4):609–623

Kar SC, Tiwari S (2016) Model simulations of heavy precipitation in Kashmir, India, in September 
2014. Nat Hazards 81:167–188. https://doi.org/10.1007/s11069-015-2073-3

Kim HJ, Wang B (2011) Sensitivity of the WRF model simulation of the East Asian summer 
monsoon in 1993 to shortwave radiation schemes and ozone absorption. Asia-Pac J Atmos Sci 
47:167–180

Liang X-Z, Xu M, Yuan X, Ling T, Choi HI, Zhang F, Chen L, Liu S, Su S, Qiao F, He Y, Wang 
JL, Kunkel KE, Gao W, Joseph E, Morris V, Yu T-W, Dudhia J, Michalakes J (2012) Regional 
climate–weather research and forecasting model. B Am Meteorol Soc 93:1363–1387. https://
doi.org/10.1175/BAMS-D-11-00180.1

Lo JC-F, Yang Z-L, Pielke RA Sr (2008) Assessment of three dynamical climate downscaling meth-
ods using the Weather Research and Forecasting (WRF) model. J Geophys Res 113:D09112. 
https://doi.org/10.1029/2007JD009216

Patil R, Kumar PP (2016) WRF model sensitivity for simulating intense western disturbances over 
North West India. Model Earth Syst Environ 2:82. https://doi.org/10.1007/s40808-016-0137-3

Rajeevan M, Kesarkar A, Thampi SB, Rao TN, Radhakrishna B, Rajasekhar M (2010) Sensitivity 
of WRF cloud microphysics to simulations of a severe thunderstorm event over Southeast 
India. Ann Geophys 28:603–619

Raju PV, Potty J, Mohanty UC (2011) Sensitivity of physical parameterizations on prediction 
of tropical cyclone Nargis over the Bay of Bengal using WRF model. Meteorog Atmos Phys 
113:125–137

Sinha P, Mohanty UC, Kar SC, Dash SK, Kumari S (2013) Sensitivity of the GCM driven summer 
monsoon simulations to cumulus parameterization schemes in nested RegCM3. Theor Appl 
Climatol 112(1–2):285–306

Sinha P, Tiwari PR, Kar SC, Mohanty UC, Raju PVS, Dey S, Shekhar MS (2015) Sensitivity stud-
ies of convective schemes and model resolutions in simulations of wintertime circulation and 
precipitation over the Western Himalayas. Pure Appl Geophys 172(2):503–530

Skamaraock WC, Klemp JB, Dudhia J, Gill DO, Barker DM, Wang W, Powers JG (2005) A 
description of the advanced research WRF version 2, NCAR Technical Note. www.wrf-model.
org

Srivastava AK, Rajeevan M, Kshirsagar SR (2009) Development of a high resolution daily grid-
ded temperature data set (1969–2005) for the Indian region. Atmos Sci Lett. https://doi.
org/10.1002/asl.232

Thompson G, Field PR, Rasmussen RM, Hall WD (2008) Explicit forecasts of winter precipitation 
using an improved bulk microphysics scheme. Part II: implementation of a new snow param-
eterization. Mon Weather Rev 136(12):5095–5115

Tiwari PR, Kar SC, Mohanty UC, Dey S, Sinha P, Raju PVS (2015) The role of land surface 
schemes in the regional climate model (RegCM) for seasonal scale simulations over Western 
Himalaya. Atmosfera 28(2):129–142

Tiwari S, Kar SC, Bhatla R (2016) Interannual variability of snow water equivalent (SWE) over 
Western Himalayas. Pure Appl Geophys 173(4):1317–1335

Tiwari S, Kar SC, Bhatla R (2018) Dynamic downscaling over western Himalayas: Impact of cloud 
microphysics schemes. Atmos Res 201:1–16. https://doi.org/10.1016/j.atmosres.2017.10.007

6 Impact of Cloud Microphysical Processes on the Dynamic Downscaling for Western…

https://doi.org/10.1007/s11069-015-2073-3
https://doi.org/10.1175/BAMS-D-11-00180.1
https://doi.org/10.1175/BAMS-D-11-00180.1
https://doi.org/10.1029/2007JD009216
https://doi.org/10.1007/s40808-016-0137-3
http://www.wrf-model.org
http://www.wrf-model.org
https://doi.org/10.1002/asl.232
https://doi.org/10.1002/asl.232
https://doi.org/10.1016/j.atmosres.2017.10.007


109© Springer Nature Switzerland AG 2020 
A. P. Dimri et al. (eds.), Himalayan Weather and Climate and their Impact on 
the Environment, https://doi.org/10.1007/978-3-030-29684-1_7

Chapter 7
Climate Variability and Extreme Weather 
in High Mountain Asia: Observation 
and Modelling

Leila M. V. Carvalho, Jesse Norris, Forest Cannon, and Charles Jones

Abstract The hydrological cycle in High Mountain Asia is of critical importance 
for water security, agriculture and power generation for one of the most densely 
populated regions in the world. Glaciers over the central Himalaya have retreated at 
particularly rapid rates in recent decades, while glacier mass in the Karakoram 
appears stable. This chapter focuses on the climate of recent decades and discusses 
how the unique orography and complex terrain of this area of the planet influence 
weather patterns and the climate of the region and implications of these interactions 
for the future of high-elevation freshwater reservoirs.

7.1  High Mountain Asia Climate

High Mountain Asia (HMA) is the definition of the area that extends from the Hindu 
Kush and Tien Shan in the west to the Eastern Himalaya in the east. The Lesser 
Himalayas (average height 1200–3000 m) and the Great Himalayas (snow-covered 
mountains having an average height of 3000–7000 m above Mean Sea Level) are 
also part of HMA (Joshi 2004).

The regional climate of the HMA is influenced by two predominant systems: the 
Indian Summer Monsoon that extends approximately from June to September and 
winter western disturbances (WWD) from December to March. The interaction 
between these systems results in two distinct climatic regimes with different pre-
cipitation and water storage characteristics (Bookhagen and Burbank 2010; Cannon 
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et al. 2016). Consequently, there is an east-west gradient in monsoonal influence 
across the HMA (Fig. 7.1) with the Central Himalaya (CH) receiving up to 80% of 
its annual precipitation during the monsoon months. In contrast, the Karakoram- 
Hidu Kush region (KH) receives more than 50% of its precipitation during the win-
ter months by fewer than ten WWD (Lang and Barros 2004). This chapter discusses 
the influence of both systems and their variability in the hydrology of HMA and 
ends showing recent climatic trends affecting the region.

Synoptic scale systems associated with significant snowstorms in the Himalaya 
and KH during winter have been associated with the propagation of midlatitude 
wave trains and respective extratropical cyclones that disturb circulation in the 
lower and upper atmosphere (Singh et al. 1995; Lang and Barros 2004; Barlow et al. 
2005; Dimri et  al. 2015). These systems affect weather in the KH and adjacent 
regions (Ridley et al. 2013; Cannon et al. 2015) and although they are more com-
mon during winter (December–February) they are often observed during Spring 
(March–April) (Cannon et al. 2015, 2016; Norris et al. 2015). When cyclones asso-
ciated with WWD are terrain-locked, they often result in extreme precipitation and 
snowfall caused by topographic uplift (Dimri 2006; Norris et al. 2015). Snowfall 
generated by WWD maintains regional snowpack and glaciers (Anders et al. 2006; 
Tahir et al. 2011; Ridley et al. 2013; Cannon et al. 2015), and is essential to water 
resources for hundreds of millions of people (Hewitt 2005; Immerzeel and Bierkens 
2010; Miller et al. 2012). Nonetheless, while precipitation is primarily orographi-
cally forced during intense WWD with strong cross-barrier winds (Braun et  al. 
1997; Medina et al. 2005; Norris et al. 2017), weaker WWD with similar precipita-
tion totals may occur when enhanced instability and high moisture content are 
observed at low levels in late winter and spring (Cannon et al. 2016).

Fig. 7.1 Total seasonal mean precipitation over HMA, Subcontinental India, Southwestern China, 
Pakistan, Afghanistan, Kyrgyzstan, Uzbekistan, Kazakhstan, Burma, Thailand and Malaysia dur-
ing December-to-February (left) and July-August (right). Note the difference in scale ranges. Data 
source: CHIRPS. (Funk et al. 2015)
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Cannon et al. (2015) examined variations and changes in the WWD and relation-
ships with extreme precipitation in the KH and central Himalaya (CH) regions from 
1979 to 2010 using multiple data sets. They showed that extreme events occurring 
in these two regions are often independent. Additionally, they used the wavelet- 
power spectrum of 200 hPa geopotential anomalies on synoptic time-scales as an 
index for WWD and investigated trends in the amplitude of the signal affecting KH 
and CH separately. They showed evidence that the frequency and strength of WWD 
affecting KH have increased, possibly increasing local extreme events. Contrasting 
trends were observed for the CH domain. Although teleconnections with known 
modes of climate variability that affect central Asia (e.g., Arctic Oscillation, 
Eurasian/Polar Pattern, the El Niño Southern Oscillation, and the Siberian High) 
may influence the interannual variability of WWD, they do not explain the 
observed trends.

Central Himalaya (CH) is also deeply affected by the Indian Summer Monsoon 
(Fig. 7.1) (Parthasarathy et al. 1994; Bookhagen and Burbank 2006; Guhathakurta 
and Rajeevan 2008; Ueno et al. 2008; Mukherjee et al. 2015; Carvalho et al. 2016). 
In Nepal, the onset of precipitation occurs in the middle of June. Monsoon precipi-
tation generally accounts for 80% of annual precipitation (Ueno et al. 2008), but this 
amount vary during the season depending on intraseasonal variations of the Indian 
Summer Monsoon (Carvalho et al. 2016). The El Nino/Southern Oscillation (ENSO) 
plays a primary role in modulating the interannual variability of precipitation in the 
CH. Numerous studies have shown that precipitation in the CH exhibits a strong 
diurnal cycle, with prevalence of daytime precipitation on ridges and night time 
precipitation in valleys, with the main mechanism being the development of oro-
graphic convection (Higuchi 1977; Bhatt and Nakamura 2005). Nonetheless, pre-
cipitation patterns are heterogeneous in this region and depend on the steepness and 
orientation of the slopes relative to the monsoon circulation (Yasunari and Inoue 
1978; Lang and Barros 2004).

7.2  Intraseasonal to Interannual Variability

The WWD activity over southwest Asia (25–40°N; 40–80°E) is influenced by global 
modes of climate variability including the Madden-Julian Oscillation (MJO) (Jones 
et al. 2004b; Barlow et al. 2005; Dimri 2013b; Hoell et al. 2014), El Niño Southern 
Oscillation (ENSO) (Syed et al. 2006; Yadav et al. 2010, 2013; Dimri 2013a; Hoell 
et al. 2013), Arctic Oscillation/North Atlantic Oscillation (NAO) (Gong et al. 2001; 
Syed et al. 2006; Yadav et al. 2010; Filippi et al. 2014), and the Polar Eurasia Pattern 
(Lang and Barros 2004).

During the boreal winter, southwest Asia, and particularly the KH, are under 
influence of upper-level westerlies (Krishnamurti 1961). Variability in the upper- 
level jet over southwest Asia (i.e, shear, maximum wind speed, and deformation) 
has a complex relationship with WWD activity (Barlow et al. 2005). Teleconnections 
with ENSO (Rasmusson and Carpenter 1982) and NAO (Barnston and Livezey 

7 Climate Variability and Extreme Weather in High Mountain Asia: Observation…



112

1987) on interannual time-scales and the MJO (Madden and Julian 1971, 1972, 
1994; Jones et al. 2004a) on intraseasonal timescales modify circulation in the lower 
and upper troposphere and the characteristics of the subtropical jet, significantly 
influencing the frequency and intensity of WWD with implications to the seasonal 
precipitation totals in HMA (Yadav et  al. 2010; Filippi et  al. 2014; Dimri et  al. 
2015). However, Cannon et al. (2015) showed that the characteristics and develop-
ment of WWD and orographic precipitation affecting KH depend on how these 
global modes of variability interact and modify the atmospheric dynamic and ther-
modynamic conditions.

Cannon et al. (2017) examined the influence of ENSO and the MJO on the char-
acteristics and frequency of WWD. They showed that on interannual time-scales, El 
Niño related changes in tropical diabatic heating induce a Rossby wave response 
over southwest Asia that enhances the dynamical forcing of WWD and increases 
available moisture. This combined effect enhances the frequency of extreme oro-
graphic precipitation in the KH during El Niño compared to La Niña or neutral 
conditions. Nonetheless, the Rossby wave response associated with the MJO activ-
ity is less spatially uniform over southwest Asia and varies on intraseasonal times-
cales. Therefore, the relationships between MJO activity and WWD, and how the 
MJO phases affect KH precipitation, are more complex and depend on numerous 
factors. For instance, some phases of the MJO favor the dynamical enhancement of 
WWD and at the same time suppress available moisture over southwest Asia, 
whereas other phases favor exactly opposite conditions. Because moisture avail-
ability and convective instability (thermodynamic factors) and strong cross-barrier 
winds (dynamical enhancement) may equally influence orographic precipitation 
(Cannon et al. 2015; Norris et al. 2015), most MJO phases can induce extreme pre-
cipitation in the KH as the oscillation evolves. Therefore, understanding and pre-
dicting independent and combined effects in tropical forcing by ENSO and MJO 
must be considered for long-term evaluations of the KH hydrology.

7.3  Recent Climatic Trends Affecting Glaciers in HMA

Most of Earth’s Alpine glaciers have generally retreated in recent decades in 
response to global warming. However, evidence exists that in some areas increasing 
glacier melt may be offset by regional snowfall and/or temperature trends. This 
intriguing behavior seems particularly evident in glaciers over HMA (Hewitt 2005; 
Scherler et al. 2011; Bolch et al. 2012; Kaab et al. 2012). While glaciers in the CH 
exhibit some of the fastest retreat rates on Earth, many glaciers in the Karakoram 
appear to be stable or even advancing (Scherler et  al. 2011; Bolch et  al. 2012; 
Gardelle et al. 2012). Glaciers are reservoirs of moisture from precipitation for pop-
ulations and ecosystems. Therefore, understanding how recent changes in atmo-
sphere conditions may have contributed to the observed glacial melting rates in 
recent decades and whether these changes will remain, cease, or intensify is crucial 
in predicting the future of freshwater reservoirs for millions of people as the 
planet warms.
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Since precipitation over the CH predominantly occur during summer (Fig. 7.1), 
the rapid retreat of central Himalayan glaciers has been attributed to increasing 
summer temperatures at high elevations (Shrestha et al. 1999). Therefore, changes 
to the Indian summer monsoon (ISM) precipitation are particularly relevant for CH 
glaciers. In fact, many studies have shown that precipitation associated with the 
ISM has decreased over the twentieth century because of the weakening of the over-
turning monsoonal circulation caused by the great warming of the Indian Ocean 
(Krishnan et al. 2013; Zhao et al. 2014; Roxy et al. 2015). To investigate the influ-
ence of these circulations on the CH, Duan et al. (2006) analyzed ice cores from a 
central-Himalayan glacier and found significant decreases in orographic monsoonal 
precipitation during the twentieth century. Therefore, there is mounting evidence 
that increasing temperatures and decreasing precipitation in summer have both con-
tributed to glacier retreat over the CH. Contrastingly, the advance of some glaciers 
over the KH has been attributed to increasing precipitation in winter and summer 
(Archer and Fowler 2004), as well as decreasing summer temperature (Fowler and 
Archer 2006; Forsythe et  al. 2017). These observations are consistent with the 
increase in the frequency and intensity of synoptic-scale activity in the KH together 
with the decrease of troughs affecting CH in the winter shown in Cannon et al. (2015).

Forsythe et  al. (2017) proposed an index to quantify large-scale variations in 
circulation affecting the Karakoram (Karakoram Zonal Index – KZI). When KZI is 
positive (negative) there is an anticyclonic (cyclonic) anomaly in the Karakoram. 
They found a significant negative trend in the KZI over recent decades in summer 
months correlated with a cooling trend in the upper Indus basin, near the Karakoram. 
They attributed the negative trend to adiabatic cooling associated with a cyclonic 
trend, increased cloudiness, and decreased insolation. Contrastingly, they found that 
CH is under the influence of a vortex over the Indian subcontinent associated with 
the monsoon that is anomalously anticyclonic when the KZI is anomalously 
cyclonic. Therefore, these results provide additional evidence that the Karakoram 
and central Himalayan glaciers appear to have been under the influence of contrast-
ing climatic trends in both winter and summer over the last few decades.

Norris et al. (2018) deciphered some of the regional mechanisms explaining the 
observed dichotomy between climatic regimes affecting the KH and the CH. They 
analyzed 36 years (1979–2015) of the Climate Forecast System Reanalysis (CFSR) 
(Saha et  al. 2010) dynamically downscaled with the Weather Research and 
Forecasting (WRF) model over High Mountain Asia at 6.7  km resolution. They 
showed that an anticyclonic warming trend is observed over the majority of High 
Mountain Asia in all seasons, with distinctive differences observed between the CH 
and KH in winter and summer (Fig. 7.2).

Although the CH has been under the influence of an anticyclonic trend in winter 
and summer, the WRF simulations show reduced cloud cover in the summer leading 
to significant warming and reduced snowfall in recent years. Contrastingly, the KH 
is at the boundary between large-scale cyclonic and anticyclonic trends (Fig. 7.2). 
WRF downscaling shows that the KH has not experienced significant snowfall or 
temperature changes in the winter or summer, despite significant positive trends in 
cloud cover and consequent negative trends in shortwave radiation. The downscal-
ing at 6.7 km resolution did not identify any significant trends over glaciers or in 
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neighboring regions to the KH or Spiti Lahaul, where glaciers have retreated as over 
the CH (Gardelle et al. 2012; Kaab et al. 2012). Although the reasons for the KH 
anomaly and the fast melting rate of the CH cannot be totally explained by atmo-
spheric mechanisms, this study showed the complexity of the problem and the need 
of assessing variations in local circulations in regions with complex terrain such as 
HMA under conditions of a changing climate.

7.4  Conclusions

HMA is an important reservoir of fresh water for millions of people in the form of 
perennial glaciers and snow. The hydrological cycle in HMA is influenced by the 
Summer Indian Monsoon and the WWD.  These two systems distinctly affect 
 circulation and diurnal cycles of precipitation across the steep terrain and complex 
network of mountains and valleys that characterize HMA. Both the Summer Indian 
Monsoon and the WWD exhibit variations on multiple time-scales that modulate 

Fig. 7.2 Seasonal trends over Asia (1979/80 to 2014/15) obtained with CFSR of 200 hPa geopo-
tential heights (colours, m/year) and winds (ms−1/year). Only statistically significant trends (at 5% 
significance level) are plotted. Blue contour indicates the 3-km elevation to locate HMA. Reproduced 
from Norris et al. (2017)
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circulation and precipitation in HMA. These distinct systems and respective driving 
mechanisms play significant role in glacial growth rates and in the observed dichot-
omy between glaciers in the western HMA (mostly stable or growing) and central 
HMA (where glaciers exhibit fast melting rates) in recent decades. This apparent 
paradox appears to be associated with an anomalous cyclonic trend affecting the 
upper Indus basin near the Karakoram, whereas an anomalous anticyclonic trend is 
influencing Central Himalaya. These trends have contributed to variations in cloudi-
ness, temperature, radiation and circulation across HMA that are relevant to the 
regional hydrological cycle. Additional observational and modeling studies are nec-
essary to investigate the impacts of these trends, how they have contributed to gla-
cial balance in these distinct regions and whether these conditions will persist in 
the future.
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Chapter 8
Remotely Sensed Rain and Snowfall 
in the Himalaya

Taylor Smith and Bodo Bookhagen

Abstract Waters sourced in the Himalaya flow through the Ganges and Indus 
basins, which are some of the most densely populated regions of the world. Both 
communities in the mountains and those downstream are highly dependent on the 
volume and consistency of runoff. A growing body of research has pointed towards 
changes in the timing, volume, and spatial distribution of precipitation in the region 
over the past decades, but our understanding of the magnitude and direction of these 
trends is limited by lack of in-situ data availability, complex terrain, and poor pro-
cess understanding.

Remote sensing provides long-term and spatially-extensive climate data over the 
entire Himalayan region, and allows for detailed analysis of large-scale environ-
mental change. Here we use several complimentary datasets to explore recent 
changes in both liquid and solid precipitation, and the knock-on impacts on the 
Himalayan cryosphere. We find that the spatial and temporal distribution of water 
resources has shifted, with potentially significant consequences for downstream 
water provision. In particular, we find that there has been less water stored in snow-
pack over the past decades, and that the timing of the snowmelt season has shifted 
earlier in the year. The length of the snowmelt season has also been compressed in 
much of the region. Rainfall trends can also be detected in the time series; however, 
multi-annual oscillations and intra-seasonal variations make it difficult to obtain 
statistically significant trends. Continued exploration of these time series and their 
associated trends will be essential for understanding hydro-meteorologic processes 
and improving future regional water planning.
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8.1  Introduction

More than a billion people rely on water sourced in the Himalayan region for hydro-
power, agriculture, and household water resources (Bolch et al. 2012; Immerzeel 
et al. 2010). Both small and large communities are often highly dependent on the 
consistency of precipitation; many lack the resources to respond to rapid changes in 
water availability. Over the past decades, significant changes in the hydrological 
cycle of the Himalaya have been observed.

The study region runs from 25–40 N to 65–95 E, covering several large and gla-
ciated watersheds (Fig. 8.1a). There exists a distinct precipitation gradient from east 
to west and north to south, which generally follows the track of the Indian Summer 
Monsoon (ISM) along the front of the Himalaya (Fig.  8.1b, cf. Bookhagen and 
Burbank 2012). Large regions of the Himalaya, particularly those above 4000 m asl, 
also receive significant amounts of precipitation in the form of snow throughout the 
year (Fig. 8.2).

In the eastern regions of the Himalaya, there is significantly more rainfall than 
snowfall. The western reaches of the Himalaya, however, receive a large percentage 
of their water budget in the form of snow, particularly in the coldest regions of the 
Himalaya (Fig. 8.3). The western parts of the Himalaya are generally colder than the 
eastern regions, and maintain much larger concentrations of glaciers (cf. Figure 8.1a, 
blue regions). However, there exists a very high elevation band – along the highest 
peaks of the world – that is well below freezing for much of the year and receives 
significant snowfall.

Throughout the region, and in particular in the very cold parts of the study area, 
snow remains on the ground through a large portion of the year (Fig. 8.4). These 
snow-covered regions are not confined to areas surrounding glaciers, but also extend 
into the high Tibetan Plateau – although this snow-cover is often quite shallow.

8.1.1  Recent Climate Changes in the Himalaya

There have been substantial changes in the regional climate, including increased 
temperatures (Vaughan et al. 2013), increased storm intensity (Singh et al. 2014; 
Yao et al. 2012; Bookhagen and Burbank 2012; Malik et al. 2016; Fu 2003; Palazzi 
et al. 2013), changes in the ISM (Gautam et al. 2009; Menon et al. 2013; Kitoh et al. 
2013), intensification of the Winter Westerly Disturbances (WWD) (Cannon et al. 
2014, 2015), and substantial changes in glaciers throughout the region (Bolch et al. 
2012; Kääb et al. 2012, 2015; Kapnick et al. 2014; Gardner et al. 2013; Yao et al. 
2012; Gardelle et al. 2012; Scherler et al. 2011; Frey et al. 2014).

The shrinking of Himalayan glaciers over the past decades is a highly visible 
sign of regional climate change (Bolch et al. 2012). As water stored in these glaciers 
is an important part of the hydrological budget of many Himalayan catchments, any 
changes in glacier water storage capacity will have significant downstream impacts 
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(Vaughan et al. 2013). Historically, water has been slowly released from snow and 
glaciers throughout the spring and summer, providing year-round water to both 
high-elevation and downstream communities. However, recent climate changes 
have reduced the dependability of the yearly hydrological cycle. Many regions have 
seen increases in early season runoff alongside drastic decreases in late season run-
off  – particularly in those regions where glaciers have substantially retreated or 
disappeared (Lutz et  al. 2014). The Intergovernmental Panel on Climate Change 
(IPCC) forecasts that runoff in major river basins of the Himalaya will increase 

Fig. 8.1 (a) Topography of the Himalaya region, showing major watershed boundaries and glacier 
outlines in blue based on the Randolph Glacier Inventory (V6) (RGI Consortium 2017). (b) Mean 
annual Tropical Rainfall Measurement Mission (TRMM) 3B43 rainfall (Huffman et  al. 2007), 
showing distinctive precipitation gradient along and across strike. (cf. Bookhagen and Burbank 
2012)
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through 2100 due to both changes in glaciers and large-scale precipitation patterns, 
and then decrease after the end of the century (Vaughan et al. 2013). However, these 
large-scale changes conceal regional, small-scale, and seasonal variation in climate 
change impacts which are already being felt in the region.

Recent work has noted that the spatial and temporal patterns of snow-water stor-
age have shifted over the past decades (Smith et al. 2017; Smith and Bookhagen 
2018). In many regions, snow-water storage has peaked earlier in the year, and 

Fig. 8.2 (a) Moderate Resolution Imaging Spectroradiometer (MODIS) average annual snow 
covered area (Hall et al. 2006), showing distinctly higher snow cover in the west and at high eleva-
tions. (b) Average annual Snow-Water Equivalent (SWE) from Special Sensor Microwave/Imager 
(SSMI) data (1987–2009), showing similar but not identical spatial patterns (for data processing 
information see Smith and Bookhagen 2018). The largest snow-water volumes are stored in the 
western regions of the Himalaya
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melted more rapidly during the spring (Smith et al. 2017). Annual trends in snow- 
water storage throughout the region are also majority negative, implying that 
changes in temperature and precipitation patterns have already had strong impacts 
on the cryosphere (Immerzeel et al. 2010, 2012; Smith and Bookhagen 2018). As 
snow meltwaters account for a large portion of many hydrological budgets, any 

Fig. 8.3 MODIS average annual land-surface temperature (LST, product MOD11A2 V006, Wan 
et al. 2015). Significant regions of the Himalaya maintain average annual temperatures well below 
zero

Fig. 8.4 Average annual snowmelt period based on passive microwave data (modified after Smith 
et al. 2017). Cold regions, particularly around the highest peaks and through the central Tibetan 
Plateau, maintain at least sparse snow cover for large portions of the year

8 Remotely Sensed Rain and Snowfall in the Himalaya



124

changes in the magnitude and timing of snowmelt will have significant downstream 
impacts.

Large-scale climate patterns – such as the ISM and WWD – have changed in 
strength and timing (e.g., Cannon et al. 2014, 2015; Gautam et al. 2009; Menon 
et al. 2013; Kitoh et al. 2013; Fu 2003; Palazzi et al. 2013; Ramanathan et al. 2005; 
Lau et al. 2010). For example, the ISM has increased in strength since the 1950s due 
to increases in moisture availability (Menon et  al. 2013; Kitoh et  al. 2013) and 
increased regional heat-trapping potential due to air pollution (Ramanathan et al. 
2005; Lau et  al. 2010). In addition to climate change, shifts in Southeast Asia’s 
landcover (i.e., deforestation, extensive irrigation and agriculture, urbanization) 
have modified regional weather and climate patterns (Fu 2003; Gautam et al., 2009; 
Bookhagen and Burbank 2012). Large-scale changes in ENSO patterns due to 
warming oceans have also impacted precipitation patterns in the Himalaya 
(Bookhagen et al. 2005).

Satellite datasets, such as the Tropical Rainfall Measurement Mission (TRMM) 
(Huffman et al. 2007) and modeling efforts, such as High Asia Refined Analysis 
(Maussion et al. 2014) and Asian Precipitation – Highly-Resolved Observational 
Data Integration Towards Evaluation (APHRODITE) (Yatagai et al. 2012), rarely 
agree on the magnitude and direction of changes in temperature and precipitation 
(Malik et al. 2016), and have trouble correctly quantifying high-elevation precipita-
tion (Li et  al. 2017; Immerzeel et  al. 2015). A lack of long-term and spatially 
 extensive in-situ empirical observations (Fig. 8.5) limits our process understanding 
(Bookhagen and Burbank 2012; Sorg et al. 2012), and leads to large disagreements 

Fig. 8.5 APHRODITE climate station density (1961–2007) (Yatagai et al. 2012, figure modified 
after Smith and Bookhagen 2018). While parts of the Himalayan foreland are well monitored, 
much of the Tibetan interior lacks in-situ climate measurements. The majority of these stations 
measure rainfall and temperature, and very few measure snow depth or snow-water equivalent
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in climate projections in global and regional models (Kapnick et al. 2014; Vaughan 
et al. 2013).

While satellite datasets each have their own strengths and weaknesses, they pro-
vide the only long-term, spatially continuous, empirical set of observations of the 
remote and rugged Himalayan region. Several different satellite platforms have 
been used to great effect in the Himalaya, and provide optical, active radar, passive 
microwave, gravimetry, and precipitation measurements across the entire region 
with high temporal frequency. This chapter explores changes in rain and snowfall in 
the Himalaya using a set of complimentary remote sensing datasets.

8.2  Data and Methods

Rainfall data are derived from the TRMM product 3B42 (Huffman et al. 2007), at a 
3-hour temporal resolution. The spatial resolution of this data is 0.25°  ×  0.25° 
(~25 × 25 km2), with data available from 1998 to 2014. As short-duration storms 
may be missed during satellite overpasses, we aggregate data here to daily and 
monthly means before performing precipitation analyses.

The Moderate Resolution Imaging Spectroradiometer (MODIS) land-surface 
temperature (LST) product MOD11A2 (V006) dataset was used to explore regional 
temperature (Wan et  al. 2015). The data has an 8-day temporal frequency and a 
1-km spatial resolution. In this study, we use data from 2000 until 2017. We also 
leverage MODIS maximum mean monthly snow cover (product MOD10C1, V005) 
at 0.05° × 0.05° (~5 × 5 km2) spatial resolution over the same study period (Hall 
et al. 2006).

We use reprocessed Satellite Pour l’Observation de la Terre (SPOT) data from 
1998 to 2014 (product VGT-S10, Deronde et al. 2014) to generate long-term aver-
age normalized difference vegetation index (NDVI) values. This data has a 10-day 
temporal and 1-km spatial resolution.

Several passive microwave sensors were used to examine changes in snow-water 
storage and snowmelt timing. The five sensors used are the Special Sensor 
Microwave/Imager (SSMI, 1987–2009) (Wentz 2013), Special Sensor Microwave 
Imager/Sounder (SSMIS, 2003–2017) (Sun and Weng 2008), Advanced Microwave 
Scanning Radiometer – Earth Observing System (AMSR-E, 2002–2011) (Ashcroft 
and Wentz 2013), AMSR2 (2012–2017) (Imaoka et  al. 2010) and the Global 
Precipitation Measurement Core Observatory (GPM, 2014–2017) (GPM Science 
Team 2014). These satellites each carry slightly different microwave frequencies, 
but can each be used to derive snow properties.

Snow-water equivalent (SWE) is derived from the passive microwave data using 
the Chang equation (Chang et al. 1987), with modifications for non-SSMI platforms 
as proposed by Armstrong and Brodzik (2001), and a constant snow density of 
0.24 g/cm3 as proposed by Takala et  al. (2011). This data is used to both derive 
annual and seasonal trends (after Smith and Bookhagen 2018) and to assess changes 
in the timing and length of the snowmelt season (after Smith et al. 2017). For a more 
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detailed discussion of passive microwave data processing methodologies, please see 
Smith and Bookhagen (2018), Smith et  al. (2017), and Smith and Bookhagen 
(2016).

8.3  Results

8.3.1  Along and Across-Strike Rainfall Gradients

There exists a clear rainfall gradient running from east to west along the front of the 
Himalaya (cf. Fig. 8.1). This precipitation gradient also engenders a vegetation gra-
dient (Fig. 8.6). In particular, the interior of the Tibetan Plateau is sparsely vege-
tated, especially at high elevations and in the west. In addition to the along-strike 
gradients, there exist clear differences in the across-strike topographic and precipi-
tation patterns throughout the Himalaya.

In the eastern and western reaches of the Himalaya, along the syntaxes (cf. 
Fig. 8.7a), topography rises smoothly towards 5000 m asl. Precipitation mirrors this 
smooth rise with a single precipitation maximum along the topographic break. In 
the central portion of the Himalaya, however, there are two topographic steps, along 
the lesser and greater Himalaya (cf. Fig. 8.7b). These correspond to two distinct 
rainfall peaks – one at each topographic break.

Fig. 8.6 Annual average NDVI values (1998–2014), from the SPOT (VGT-S10) dataset (Deronde 
et al. 2014). There exists a gradient running from denser vegetation in the east to sparse vegetation 
in the west and in the Tibetan interior (cf. Olen et al. 2016)
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8.3.2  Along-Strike Snow and Glacier Distribution

The distribution of snow-water resources also follows a similar east-west pattern 
(cf. Fig. 8.2). In particular, there is more extensive snow cover in the western regions 
of the Himalaya, and higher SWE storage. There is also significantly more glaciated 
area in the west (cf. Fig. 8.1). This can be easily seen when examining the aggre-
gated snow, glacier, and topographic profiles of three catchments moving from west 
to east (Fig. 8.8). Both the spatial and elevation distributions of snow change along 
this east-west gradient. While the general topographic distribution of the three 
examined catchments (Upper Indus, Central Himalaya, Tsangpo) remains similar, 
snow and glaciers occur at distinctly higher elevations moving towards the east.

8.3.3  Along-Strike Climate Analysis

In order to examine east-west climate and glacier coverage gradients, we construct 
a swath profile running along the length of the Himalaya from the Indus catchment 
through to the Tsangpo (Fig. 8.9). We focus on areas along the main Himalayan arc, 
above 500  m asl. We find that maximal elevations along strike of the Himalaya 
remain roughly equivalent, at around 6000 to 8000 m asl, but that the area above 
5000 m asl varies significantly. There exist clear opposing east-west trends in frozen 
and liquid precipitation, where the eastern regions receive more rainfall and the 
western regions maintain higher SWE and snow-covered area. This is also reflected 
in the atmospheric lapse rate, which increases from (negative) 5–6 °C/km in the east 
to (negative) 3.5–4.5 °C/km in the west. We measure the lapse rate here not verti-
cally in the atmosphere but along a N-S swath from the low-elevation foreland to the 
high-elevation Himalaya. The eastern Himalaya have a lower lapse rate than the 
western regions – particularly during the monsoon season – due to the relatively 
smaller temperature difference between the foreland and high-elevation areas. 

Fig. 8.7 Rainfall and elevation profiles perpendicular to the strike of the Himalaya in the (a) west-
ern and eastern ends and (b) central portion of the study area. The edges have a single topographic 
step and rainfall peak, whereas the central Himalaya has two topographic breaks and rainfall 
peaks. Modified from Bookhagen and Burbank (2012)
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Further west, however, there exist much larger temperature gradients between the 
warmer foreland and extremely cold high-elevation zones. This effect is particularly 
strong during the winter months.

8.4  Discussion

8.4.1  Spatial and Temporal Patterns of Rainfall Changes 
in the Himalaya

The spatial east-west rainfall gradient has been used in previous research to explain 
differences in sediment fluxes and erosion (Olen et al. 2016; Thiede et al. 2009; Dey 
et al. 2016; Hirschmiller et al. 2014). Similarly, the north-south rainfall gradient and 
the strike-parallel bands of orographic rainfall (cf. Fig.  8.7) have been used to 
explain spatially-focused erosion and landslide activity (e.g., Bookhagen et  al. 
2005). Recent research also has investigated the differences in rainfall dynamics 
between areas of high annual precipitation (orographic rainfall) and regions in the 
luv and lee of the rainfall bands (e.g., Wulf et al. 2016). Time series analysis shows 
that rainfall magnitude-frequency distributions differ significantly on short spatial 
distances.

Fig. 8.8 (a) Upper Indus, (b) Central Himalaya, and (c) Tsangpo catchment hypsometries (grey), 
percentage glaciated area (blue) and normalized SWE distribution (red). All three values displayed 
as percentage of dataset maximum. While all three catchments have similar elevation distributions, 
SWE is stored at generally higher elevations moving from west to east. Modified after Smith and 
Bookhagen (2018)
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Fig. 8.9 West-to-east swaths with averaged profiles showing topography, climate, and atmo-
spheric lapse rates (modified from Bookhagen 2017), with values averaged north-to-south perpen-
dicular to the strike of the Himalaya. (a) Maximal (black dashed) and mean (black solid) elevation, 
and area above 5000  m asl. Blue crosses represent mean glacier elevation. (b) TRMM 3B42- 
derived precipitation (blue), SSMI SWE (purple) and MODIS snow-covered area (black). These 
profiles show strong west-east gradients, with more snow in the western reaches of the Himalaya. 
(c) Atmospheric lapse rates (summer, gold; winter, black; annual, shaded). Lapse rates in the east-
ern Himalaya have higher negative values during the summer due to the heating of the Tibetan 
Plateau and the increase of the temperature gradient
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Rainfall during the monsoon season is the main driver of hydrological processes 
in the central Himalaya and contributes significantly to the annual precipitation bud-
get. In most parts of the central Himalaya, rainfall during the monsoon season – 
between June and September – contributes on average more than 80% of the annual 
rainfall (Bookhagen and Burbank 2012). The eastern and western parts of the 
Himalaya (syntaxes) receive about half of their annual precipitation during the mon-
soon season; high-elevation regions of the Himalaya, especially in the syntaxes, 
receive significant precipitation in the form of snow. While this general spatiotem-
poral pattern is well established (Bookhagen 2016, 2017), patterns of rainfall trends 
are less well-studied and generally less reliable due to the short time series and large 
rainfall heterogeneities in mountainous terrain. Reliable and high-spatial resolution 
rainfall measurements from satellites started with the TRMM mission (Kummerow 
et al. 1998) and continue today with the Global Precipitation Measurement Mission 
(Hou et al. 2014). The ISM exhibits strong decadal and longer-timescale oscilla-
tions; trends determined from short timescales do not provide meaningful results for 
multi-decadal or centennial studies. In order to study multi-decadal trends, research-
ers often rely on gridded and aggregated rain-gauge data (e.g. APHRODITE). In a 
recent study, Malik et al. (2016) provide a comprehensive analysis of trends in the 
extremes during the ISM season. Their analysis, based on quantile regression and 
gridded rainfall-station data, shows that different regions in India and the Himalaya 
have divergent and partially opposing rainfall trends. These trends show intensified 
droughts in Northwest India, parts of Peninsular India, and Myanmar; in contrast, 
parts of Pakistan, Northwest Himalaya, and Central India show increased extreme 
daily rain intensity leading to higher flood vulnerability.

8.4.2  Spatial Patterns of Changes in the Himalayan 
Cryosphere

Spatially and temporally extensive passive microwave SWE estimates can be used 
to examine decadal trends in snow-water storage throughout the Himalaya. As can 
be seen in Fig. 8.10, the majority of annual SWE trends are negative throughout the 
Himalaya, with the exception of parts of the Pamir, the eastern edge of the Tibetan 
Plateau, and a region along the edge of the Tarim Basin. This implies that over the 
period 1987 to 2009, less water was stored (on average) in snowpack throughout the 
Himalaya. To assess the impact of these changes at a watershed scale, we aggregate 
both SWE volumes and SWE trends across elevations within selected Himalayan 
catchments to identify regions where changes in SWE will have the strongest down-
stream effects (Fig. 8.11).

Across all catchments, there is a strong and non-linear elevation-SWE relation-
ship. In the majority of catchments examined here, the highest-SWE elevation slice 
occurs below the maximum catchment elevation. The majority of SWE in these 
catchments is stored in their mid-to-high elevation regions (above 3500  m asl). 
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These mid-elevation, high-SWE zones also have some of the most negative SWE 
trends, implying that the negative trends in SWE will likely have a strong impact on 
downstream water provision. This is in line with increased temperatures in low- 
precipitation, high-elevation zones of the Himalaya (Bolch et al. 2012; Pepin et al. 
2015), and observed changes in Himalayan runoff (Lau et al. 2010; Panday et al. 
2011; Lutz et al. 2014).

In addition to changes in the volume of water stored in snowpack, there have 
been measurable changes in the timing of the snowmelt season (Smith et al. 2017; 
Xiong et al. 2017; Panday et al. 2011). In particular, the length of the snowmelt 
season (time from the onset of the main melt phase until the clearance of snow), has 
been shrinking over the period 1987 to 2016 (Fig. 8.12). The snowmelt season has 
also tended to both start and end earlier in the year.

8.4.3  Dynamics of Snow-Water Storage and Snowmelt

Temperatures in the Himalaya are increasing faster than the global average (Vaughan 
et al. 2013; Lau et al. 2010). These temperature increases are likely the driver of 
changes in snow-water storage and snowmelt, due to changes in the timing of snow-
fall, precipitation phase, and the spatial distribution of precipitation.

There has been an overall decrease in SWE storage in the Himalaya, as well as 
shifts in the seasonality of SWE buildup and melt (Lau et al. 2010; Panday et al. 
2011; Smith and Bookhagen 2018; Smith et al. 2017). The mechanism behind these 

Fig. 8.10 Annual trends in SWE volume (data derived from SSMI, 1987–2009). While the major-
ity of SWE trends are negative, there exist positive SWE storage trends in the Pamir, parts of the 
Kunlun Shan, and in parts of Eastern Tibet. Modified from Smith and Bookhagen (2018)
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SWE changes is not well defined, but likely includes contributions from aerosol 
contamination (Lau et al. 2010), changes in precipitation phase (Lutz et al. 2014), 
changes in the strengths of the WWD (Cannon et al. 2014, 2015) and ISM (Singh 
et al. 2014; Palazzi et al. 2013), and increases in regional temperatures which lead 
to both more atmospheric water storage and decreased SWE persistence (Vaughan 
et al. 2013; Yao et al. 2012; Trenberth 2011). Changes in snowmelt seasonality has 
been shown to modify downstream water availability (Barnett et al. 2005; Berghuijs 
et al. 2014).

Fig. 8.11 Elevation SWE relationships. (a) Elevation distribution of SWE in each catchment, at 
each fifth percentile elevation slice. (b) Average SWE trend at the same fifth percentile elevation 
slices. SWE trends tend to be the most negative where the highest SWE volumes are stored. This 
indicates that SWE changes are not only impacting low-elevation, shallow-snow areas, but have 
also impacted medium-elevation zones where there is high SWE storage. See Fig. 8.1 for water-
shed boundaries. Modified from Smith and Bookhagen (2018)
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Glaciers in the Himalaya are generally retreating (Bolch et  al. 2012; Gardner 
et al. 2013; Kääb et al. 2012, 2015); in many cases, retreat is accelerating and small 
glaciers are disappearing (Armstrong et al. 2010). The reasons behind these changes 
are multi-faceted and poorly constrained, although debris cover, topography, and 
precipitation seasonality are factors known to impact glacier stability.

While much of the Himalaya’s water budget is monsoon-driven, there exists a 
precipitation gradient moving west along the front of the Himalaya, where the west-
ern reaches of the Himalaya region have a much higher snowmelt and glacier con-
tribution to their water budgets (cf. Fig. 8.9) (Bookhagen and Burbank 2012). Even 
in those regions where rainfall is primary, seasonal snowmelt is an important water 
source for mountain communities and local ecologies.

Snow and glacier melt are primary sources of water at different times of the year; 
snowmelt generally peaks in the spring before the monsoon, and glacier melt is 
primary in the post-monsoon season. Both of these segments of the hydrosphere are 
essential for maintaining consistent and reliable water flow in both natural areas, 
such as wetlands, and in developed areas, such as hydropower, irrigation, and 
municipal water systems. Any changes in the temporal distribution of these water 
resources can increase the frequency of short-term water surpluses and droughts, 
particularly in the western and northwestern Himalaya where snow-water resources 
form a large part of the yearly hydrological budget (Vaughan et al. 2013).

Fig. 8.12 Trends in snowmelt period (length of time between onset and end of snowmelt), 1987–
2016. The majority of the study region has experienced compressed snowmelt seasons over the 
past decades. Modified from Smith et al. (2017)
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8.4.4  Limitations and Caveats of Remote-Sensing Datasets

While remote sensing datasets provide a quasi-continuous and long-term record of 
earth surface processes, there are several important caveats to consider when inter-
preting these data records. Each satellite dataset has its own set of strengths and 
weaknesses that impact the reliability of derived environmental analyses.

TRMM data is limited by its temporal resolution with respect to the often-short 
duration of precipitation events. In particular, intense monsoonal rainstorms, which 
account for a significant portion of the regional water budget, are often missed in the 
gaps between satellite overpasses. In this analysis, we average our high-temporal 
resolution data to monthly averages to limit the impacts of gaps in the TRMM data 
record. A second caveat of the TRMM dataset is the well-documented elevation- 
dependent error, where high-elevation precipitation is underestimated in the region 
(Bharti and Singh 2015; Wulf et al. 2016). Thus, precipitation estimates in some of 
the poorly-monitored, high-elevation regions of the study area should be considered 
with caution. Furthermore, the low spatial resolution of the TRMM 3B42 datasets 
(and similar datasets, e.g., APHRODITE) do not capture distinctive orographic rain-
fall peaks, but provide average measurements for ~25 × 25 km areas. Importantly, 
the previously identified orographic rainfall peak (cf. Fig.  8.7, Bookhagen and 
Burbank 2006; Bookhagen and Burbank 2012) is not well captured in lower- 
resolution TRMM data.

Both MODIS and SPOT data are limited by both the temporal and radiometric 
resolution of data collection. In much of the study area, long-duration cloud cover 
and storm systems can prevent optical measurement of earth-surface characteristics 
for several days at a time. We thus rely on lower temporal resolution products in this 
study. A second caveat of the MODIS products is the poor performance of LST 
estimates over snow-covered terrain (Wan 2008). The MODIS LST algorithm is 
based on radiation balances, and is adversely impacted by high reflectivity values in 
the visible and near-infrared spectra over snow.

While passive microwave data provides the most globally extensive means of 
measuring snow buildup and melt, there are several important sources of error in 
SWE estimation. The most commonly used SWE estimation algorithms assume that 
the snowpack is comprised of dry, evenly sized, snow crystals at a constant density. 
While fresh snow in cold regions often satisfies these conditions, in complex and 
mountainous terrain, snowpack undergoes progressive metamorphism throughout a 
given snow season. This changes both the size and density distribution of snowpack, 
and leads to errors in SWE estimation (Kelly et al. 2003).

There is a well-documented signal saturation in passive microwave data over 
glaciers and in deep snowpacks (Takala et al. 2011; Tedesco and Narvekar 2010). 
As the estimated SWE in a passive microwave pixel is sensitive to the depth of snow 
throughout the pixel, this saturation can occur even in regions where only a small 
portion of the pixel overlaps with deep snow (Vander Jagt et al. 2013). In our study 
area, this mostly impacts glaciated regions, and thus SWE estimates close to gla-
ciers (cf. Fig. 8.1) should be considered more error-prone. A final caveat of passive 
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microwave data is that SWE estimates in the presence of liquid water are highly 
biased, due to large differences in microwave signal strength between liquid and 
frozen water. Thus, SWE cannot be estimated near large bodies of water, and SWE 
estimates during the spring snowmelt season are less reliable than those earlier in 
the season.

Despite these caveats, passive microwave data remains the only empirical method 
to estimate SWE over large areas of complex and inhospitable terrain (Chang et al. 
1982, 1987; Kelly et  al. 2003; Abdalati and Steffen 1995; Drobot and Anderson 
2001; Takala et al. 2011). The lack of an extensive in-situ sensor network in the 
region (cf. Fig. 8.5), as well as the difficulties associated with ground-data collec-
tion, mean that passive microwave SWE estimates remain the best option for moni-
toring large-scale snow patterns.

8.5  Conclusions

Remote sensing provides the only long-term and spatially-extensive climatic datas-
ets across the diverse terrain of the Himalaya. These data are essential for improving 
our understanding of environmental changes and our continued prediction of their 
future magnitudes and impacts. They also provide the basis for calibrating large- 
scale climate models, which are important tools in predicting the future impacts of 
climate change.

While remotely sensed data provides valuable insight into large-scale environ-
mental change, the uncertainties in the data must be carefully considered in combi-
nation with calibration and field observations  – especially when high-resolution 
datasets are used.

There have already been significant changes to the precipitation regime across 
the Himalaya, which have impacted not only liquid precipitation but also the buildup 
and melt of frozen water. Long-term trends indicate a shift towards a shorter and 
earlier snowmelt season. This has already had, and will continue to have, strong 
impacts upon both the natural environment and communities which rely on consis-
tency in the volume and timing of snowmelt for year-round water provision. 
Information on the magnitude and direction of changes will be essential for future 
water planning.

References

Abdalati W, Steffen K (1995) Passive microwave-derived snow melt regions on the Greenland Ice 
Sheet. Geophys Res Lett 22:787–790

Armstrong R, Brodzik M (2001) Recent Northern Hemisphere snow extent: a comparison of data 
derived from visible and microwave satellite sensors. Geophys Res Lett 28:3673–3676

Armstrong RL et  al (2010) The glaciers of the Hindu Kush-Himalayan region: a summary of 
the science regarding glacier melt/retreat in the Himalayan, Hindu Kush, Karakoram, Pamir, 

8 Remotely Sensed Rain and Snowfall in the Himalaya



136

and Tien Shan mountain ranges. International Centre for Integrated Mountain Development 
(ICIMOD)

Ashcroft P, Wentz F(2013) AMSR-E/aqua L2A global swath spatially-resampled brightness tem-
peratures V003 [2002–2010]. National Snow and Ice Data Center, Boulder, Colorado, USA

Barnett TP, Adam JC, Lettenmaier DP (2005) Potential impacts of a warming climate on water 
availability in snow-dominated regions. Nature 438:303–309

Berghuijs W, Woods R, Hrachowitz M (2014) A precipitation shift from snow towards rain leads 
to a decrease in stream-ow. Nat Clim Chang 4:583–586

Bharti V, Singh C (2015) Evaluation of error in TRMM 3B42V7 precipitation estimates over the 
Himalayan region. J Geophys Res Atmos 120:12458–12473

Bolch T, Kulkarni A, Kääb A, Huggel C, Paul F, Cogley J, Frey H, Kargel J, Fujita K, Scheel M 
et al (2012) The state and fate of Himalayan glaciers. Science 336:310–314

Bookhagen B (2016) Chapter 11: Glaciers and monsoon systems. In: Carvalho L, Jones C (eds) 
The monsoons and climate change: observations and modeling. Springer Climate, Cham

Bookhagen B (2017) Chapter 11: The influence of hydrology and glaciology on wetlands in the 
Himalaya. In: Prins H, Namgail T (eds) Bird migration across the Himalayas: wetland func-
tioning amidst mountains and glaciers. Cambridge University Press, Cambridge

Bookhagen B, Burbank DW (2006) Topography, relief, and TRMM-derived rainfall variations 
along the Himalaya. Geophys Res Lett 33(8)

Bookhagen B, Burbank DW (2003–2012) Toward a complete Himalayan hydrological budget: 
Spatiotemporal distribution of snowmelt and rainfall and their impact on river discharge, 
J Geophys Res Earth 115: 2010

Bookhagen B, Thiede RC, Strecker MR (2005) Abnormal monsoon years and their control on ero-
sion and sediment flux in the high, arid northwest Himalaya. Earth Planet Sci Lett 231:131–146

Cannon F, Carvalho L, Jones C, Bookhagen B (2014) Multi-annual variations in winter westerly 
disturbance activity affecting the Himalaya. Clim Dyn:1–15

Cannon F, Carvalho LM, Jones C, Norris J  (2015) Winter westerly disturbance dynamics and 
precipitation in the western Himalaya and Karakoram: a wave-tracking approach. Theor Appl 
Climatol:1–18

Chang A, Foster J, Hall D, Rango A, Hartline B (1982) Snow water equivalent estimation by 
microwave radiometry. Cold Reg Sci Technol 5:259–267

Chang A, Foster J, Hall D (1987) Nimbus-7 SMMR derived global snow cover parameters. Ann 
Glaciol 9:39–44

Deronde B, Debruyn W, Gontier E, Goor E, Jacobs T, Verbeiren S, Vereecken J (2014) 15 years 
of processing and dissemination of SPOT-VEGETATION products. Int J  Remote Sens 
35(7):2402–2420

Dey S, Thiede RC, Schildgen TF, Wittmann H, Bookhagen B, Scherler D, Vikrant J, Strecker MR 
(2016) Climate-driven sediment aggradation and incision phases since the Late Pleistocene in 
the NW Himalaya, India. Earth Planet Sci Lett 449:321–331

Drobot SD, Anderson MR (2001) An improved method for determining snowmelt onset dates 
over Arctic sea ice using scanning multichannel microwave radiometer and Special Sensor 
Microwave/Imager data. J Geophys Res 106:24033–24049

Frey H, Machguth H, Huss M, Huggel C, Bajracharya S, Bolch T, Kulkarni A, Linsbauer A, 
Salzmann N, Stoffel M (2014) Estimating the volume of glaciers in the Himalayan–Karakoram 
region using different methods. Cryosphere 8:2313–2333

Fu C (2003) Potential impacts of human-induced land cover change on East Asia monsoon. Glob 
Planet Chang 37:219–229

Gardelle J, Berthier E, Arnaud Y (2012) Slight mass gain of Karakoram glaciers in the early 
twenty-first century. Nat Geosci 5:322–325

Gardner AS, Moholdt G, Cogley JG, Wouters B, Arendt AA, Wahr J, Berthier E, Hock R, Pfeffer 
WT, Kaser G et al (2013) A reconciled estimate of glacier contributions to sea level rise: 2003 
to 2009. Science 340:852–857

T. Smith and B. Bookhagen



137

Gautam R, Hsu N, Lau K-M, Kafatos M (2009) Aerosol and rainfall variability over the Indian 
monsoon region: distributions, trends and coupling. Ann Geophys 27:3691–3703

GPM Science Team (2014) GPMGMI Level 1B Brightness Temperatures, version 03. NASA 
Goddard Earth Science Data and Information Services Center (GES DISC), Greenbelt, MD, 
USA

Hall DK, Salomonson VV, Riggs GA (2006) MODIS/Terra Snow Cover Daily L3 Global 0.05Deg 
CMG, Version 5. NASA National Snow and Ice Data Center Distributed Active Archive Center, 
Boulder, Colorado USA. https://doi.org/10.5067/EI5HGLM2NNHN

Hirschmiller J, Grujic D, Bookhagen B, Coutand I, Huyghe P, Mugnier J-L, Ojha T (2014) What 
controls the growth of the Himalayan foreland fold-and-thrust belt? Geology 42(3):247–250

Hou AY, Kakar RK, Neeck S, Azarbarzin AA, Kummerow CD, Kojima M, Oki R, Nakamura 
K, Iguchi T (2014) The Global Precipitation Measurement Mission. Bull Am Meteorol Soc 
95:701–722

Huffman GJ, Bolvin DT, Nelkin EJ, Wolff DB, Adler RF, Gu G, Hong Y, Bowman KP, Stocker 
EF (2007) The TRMM multisatellite precipitation analysis (TMPA): Quasi-global, multiyear, 
combined-sensor precipitation estimates at fine scales. J Hydrometeorol 8:38–55

Imaoka K, Kachi M, Kasahara M, Ito N, Nakagawa K, Oki T (2010) Instrument performance and 
calibration of AMSR-E and AMSR2. Int Arch Photogramm Remote Sens Spat Inf Sci 38:13–18

Immerzeel WW, Van Beek LP, Bierkens MF (2010) Climate change will affect the Asian water 
towers. Science 328:1382–1385

Immerzeel WW, van Beek LPH, Konz M et al (2012) Clim Chang 110:721. https://doi.org/10.1007/
s10584-011-0143-4

Immerzeel W, Wanders N, Lutz A, Shea J, Bierkens M (2015) Reconciling high-altitude precipi-
tation in the upper Indus basin with glacier mass balances and runoff. Hydrol Earth Syst Sci 
19:4673

Kääb A, Berthier E, Nuth C, Gardelle J, Arnaud Y (2012) Contrasting patterns of early twenty- 
first- century glacier mass change in the Himalayas. Nature 488:495–498

Kääb A, Treichler D, Nuth C, Berthier E (2015) Brief communication: contending estimates of 
2003–2008 glacier mass balance over the Pamir–Karakoram–Himalaya. Cryosphere 9:557–564

Kapnick SB, Delworth TL, Ashfaq M, Malyshev S, Milly P (2014) Snowfall less sensitive to warm-
ing in Karakoram than in Himalayas due to a unique seasonal cycle. Nat Geosci 7:834–840

Kelly RE, Chang AT, Tsang L, Foster JL (2003) A prototype AMSR-E global snow area and snow 
depth algorithm. IEEE Trans Geosci Remote Sens 41:230–242

Kitoh A, Endo H, Krishna Kumar K, Cavalcanti IF, Goswami P, Zhou T (2013) Monsoons 
in a changing world: a regional perspective in a global context. J  Geophys Res Atmos 
118:3053–3065

Kummerow C, Barnes W, Kozu T, Shiue J, Simpson J (1998) The tropical rainfall measuring mis-
sion (TRMM) sensor package. J Atmos Ocean Technol 15(3):809–817

Lau WK, Kim M-K, Kim K-M, Lee W-S (2010) Enhanced surface warming and accelerated snow 
melt in the Himalayas and Tibetan Plateau induced by absorbing aerosols. Environ Res Lett 
5:025–204

Li L, Gochis DJ, Sobolowksi S, Mesquita M d S (2017) Evaluating the present annual water budget 
of a Himalayan headwater river basin using a high-resolution atmosphere-hydrology model. 
J Geophys Res Atmos

Lutz A, Immerzeel W, Shrestha A, Bierkens M (2014) Consistent increase in High Asia’s runoff 
due to increasing glacier melt and precipitation. Nat Clim Chang 4:587–592

Malik N, Bookhagen B, Mucha PJ (2016) Spatiotemporal patterns and trends of Indian monsoonal 
rainfall extremes. Geophys Res Lett 43:1710–1717

Maussion F, Scherer D, Mölg T, Collier E, Curio J, Finkelnburg R (2014) Precipitation seasonal-
ity and variability over the Tibetan Plateau as resolved by the high Asia reanalysis. J Clim 
27:1910–1927

Menon A, Levermann A, Schewe J (2013) Enhanced future variability during India’s rainy season. 
Geophys Res Lett 40:3242–3247

8 Remotely Sensed Rain and Snowfall in the Himalaya

https://doi.org/10.5067/EI5HGLM2NNHN
https://doi.org/10.1007/s10584-011-0143-4
https://doi.org/10.1007/s10584-011-0143-4


138

Olen SM, Bookhagen B, Strecker MR (2016) Role of climate and vegetation density in modulating 
denudation rates in the Himalaya. Earth Planet Sci Lett 445:57–67

Palazzi E, Hardenberg J, Provenzale A (2013) Precipitation in the Hindu-Kush Karakoram 
Himalaya: observations and future scenarios. J Geophys Res Atmos 118:85–100

Panday PK, Frey KE, Ghimire B (2011) Detection of the timing and duration of snowmelt in the 
Hindu Kush-Himalaya using QuikSCAT, 2000–2008. Environ Res Lett 6:024007

Pepin N, Bradley RS, Diaz HF, Baraer M, Caceres EB, Forsythe N, Fowler H, Greenwood 
G, Hashmi MZ, Liu XD, Miller JR, Ning L, Ohmura A, Palazzi E, Rangwala I, Schöner 
W, Severskiy I, Shahgedanova M, Wang MB, Williamson SN, Yang DQ (2015) Elevation- 
dependent warming in mountain regions of the world. Nat Clim Chang 5:424–430

Ramanathan V, Chung C, Kim D, Bettge T, Buja L, Kiehl J, Washington W, Fu Q, Sikka D, Wild 
M (2005) Atmospheric brown clouds: Impacts on South Asian climate and hydrological cycle. 
Proc Natl Acad Sci USA 102:5326–5333

RGI Consortium (2017) Randolph glacier inventory – a dataset of global glacier outlines: ver-
sion 6.0: technical report. Global Land Ice Measurements from Space, Colorado, USA. Digital 
Media. https://doi.org/10.7265/N5-RGI-60

Scherler D, Bookhagen B, Strecker MR (2011) Spatially variable response of Himalayan glaciers 
to climate change affected by debris cover. Nat Geosci 4:156–159

Singh D, Tsiang M, Rajaratnam B, Diffenbaugh NS (2014) Observed changes in extreme wet and 
dry spells during the South Asian summer monsoon season. Nat Clim Chang 4:456–461

Smith T, Bookhagen B (2016) Assessing uncertainty and sensor biases in passive microwave data 
across High Mountain Asia. Remote Sens Environ 181:174–185

Smith T, Bookhagen B (2018) Changes in seasonal snow- water equivalent distribution in High 
Mountain Asia (1987 to 2009). Sci Adv 4(1)

Smith T, Bookhagen B, Rheinwalt A (2017) Spatiotemporal patterns of High Mountain Asia’s 
snowmelt season identified with an automated snowmelt detection algorithm, 1987–2016. 
Cryosphere

Sorg A, Bolch T, Stoffel M, Solomina O, Beniston M (2012) Climate change impacts on glaciers 
and runoff in Tien Shan (Central Asia). Nat Clim Chang 2:725–731

Sun N, Weng F (2008) Evaluation of special sensor microwave imager/sounder (SSMIS) environ-
mental data records. IEEE Trans Geosci Remote Sens 46:1006–1016

Takala M, Luojus K, Pulliainen J, Derksen C, Lemmetyinen J, Kärnä J-P, Koskinen J, Bojkov B 
(2011) Estimating northern hemisphere snow water equivalent for climate research through 
assimilation of space-borne radiometer data and ground-based measurements. Remote Sens 
Environ 115:3517–3529

Tedesco M, Narvekar PS (2010) Assessment of the NASA AMSR-E SWE product. IEEE J Sel Top 
Appl Earth Obs Remote Sens 3:141–159

Thiede RC, Ehlers TA, Bookhagen B, Strecker MR (2009) Erosional variability along the north-
west Himalaya. J Geophys Res 114:F01015. https://doi.org/10.1029/2008JF001010

Trenberth KE (2011) Changes in precipitation with climate change. Clim Res 47:123–138
Vander Jagt BJ, Durand MT, Margulis SA, Kim EJ, Molotch NP (2013) The effect of spatial 

variability on the sensitivity of passive microwave measurements to snow water equivalent. 
Remote Sens Environ 136:163–179

Vaughan D, Comiso J, Allison I, Carrasco J, Kaser G, Kwok R, Mote P, Murray T, Paul F, Ren J, 
Rignot E, Solomina O, Steffen K, Zhang T (2013) Observations: cryosphere. In: Climate change 
2013: the physical science basis. Contribution of working group I to the Fifth Assessment 
Report of the IPCC

Wan Z (2008) New refinements and validation of the MODIS land-surface temperature/emissivity 
products. Remote Sens Environ 112(1):59–74

Wan Z, Hook S, Hulley G (2015) MOD11A2 MODIS/Terra Land Surface Temperature/Emissivity 
8-Day L3 Global 1km SIN Grid V006

Wentz FJ (2013) SSM/I version-7 calibration report. Remote Sensing Systems Rep 11012:46

T. Smith and B. Bookhagen

https://doi.org/10.7265/N5-RGI-60
https://doi.org/10.1029/2008JF001010


139

Wulf H, Bookhagen B, Scherler D (2016) Differentiating between rain, snow, and glacier contri-
butions to river discharge in the western Himalaya using remote-sensing data and distributed 
hydrological modeling. Adv Water Resour 88:152–169

Xiong C, Shi J, Cui Y, Peng B (2017) Snowmelt pattern over High-Mountain Asia detected from 
active and passive microwave remote sensing. IEEE Geosci Remote Sens Lett

Yao T, Thompson L, Yang W, Yu W, Gao Y, Guo X, Yang X, Duan K, Zhao H, Xu B et al (2012) 
Different glacier status with atmospheric circulations in Tibetan Plateau and surroundings. Nat 
Clim Chang 2:663–667

Yatagai A, Kamiguchi K, Arakawa O, Hamada A, Yasutomi N, Kitoh A (2012) APHRODITE: 
constructing a long-term daily gridded precipitation dataset for Asia based on a dense network 
of rain gauges. Bull Am Meteorol Soc 93:1401–1415

8 Remotely Sensed Rain and Snowfall in the Himalaya



141© Springer Nature Switzerland AG 2020 
A. P. Dimri et al. (eds.), Himalayan Weather and Climate and their Impact on 
the Environment, https://doi.org/10.1007/978-3-030-29684-1_9

Chapter 9
Elevation Dependent Warming over Indian 
Himalayan Region

A. P. Dimri, A. Choudhary, and D. Kumar

Abstract Recent studies reported an elevation dependent signal of warming in 
mountainous regions of the world including the Himalayas. Various mechanisms 
are proposed to link this phenomenon with other atmospheric variables. In the pres-
ent study, long-term (1970–2099) trend of near-surface air temperature at different 
elevations in the Indian Himalayan region (IHR) is assessed from Regional Climate 
Model (REMO) simulations. This is done for four different seasons- winter, pre- 
monsoon, monsoon and post-monsoon – to detect any signal of elevation depen-
dency in the rate of warming and its seasonal response. Our results show enhanced 
trends in temperature during post-monsoon and winter season at higher elevations, 
which is concurrent with increased trends in surface downwelling longwave radia-
tion (DLR) at higher elevations. Further, the elevation dependency of other climatic 
variables like – soil moisture, surface snow amount, cloud fraction etc. are studied 
to understand the possible factors behind higher DLR trend at higher altitudes in 
specific seasons.

9.1  Introduction

Under various geographical situations climate change signals are more evident in 
regions where they are emphasized or occur at a rapid pace and thus act like senti-
nels of climate and associated environmental changes. Mountains and highland 
regions are among the most vulnerable areas to climate change and to its impacts 
over their surroundings (Xu et al. 2009). In this regard, Messerli and Ives (1997) 
highlighted the major problems related with changing climate in mountains on sus-
tainable development with an interdisciplinary approach where questions concern-
ing mountain cultures, water, energy, biodiversity, environment and socio-economic 
issues are documented. Barry (1992) discussed on pronounced amplitude of climate 
variability and change at various scales in several mountainous regions across the 
globe and the study limitations that exist therein which are associated with scarcity 

A. P. Dimri (*) · A. Choudhary · D. Kumar 
School of Environmental Sciences, Jawaharlal Nehru University, New Delhi, India

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-29684-1_9&domain=pdf


142

of observations and lack of theoretical understanding of physical processes related 
with mountain climate. Using station observations over various mountain ranges, 
Diaz and Bradley (1997) provided a comprehensive survey of differential tempera-
ture changes with altitude and found strong evidences of high altitude warming in 
parts of Asia and Europe. Liu and Chen (2000) illustrated elevation dependent 
warming, i.e., significant amplification of warming rates with elevation, analysing 
temporal trends of temperature measured at 197  in situ stations over the Tibetan 
Plateau. Thompson et al. (2003) showed elevation dependency in millennium scale 
temperature trend record from Tibet. Similar studies over the Alps (Giorgi et  al. 
1997) and the Rocky mountains (Fyfe and Flato 1999; Snyder et al. 2002) were car-
ried out. Nogues-Bravo et al. (2007) using 5 AOGCMs to simulate future climate 
under IPCC scenarios for major mountain regions did not find any consistent differ-
ence in warming between the high elevations and low-lying areas at the same cor-
responding latitudinal belt. In a study based on 1000 high elevation stations across 
the globe, Pepin and Lundquist (2008) found no globally concurrent relationships 
between warming rates and elevation. However, they found strongest warming 
trends near 0° isotherm due to snow-ice feedback and also concluded that mountain 
summits and free draining slopes are better indicators of global warming as they are 
more exposed to free-air advection. Rangwala et al. (2009) studied the influence of 
changes in surface specific humidity on downwelling longwave radiation (DLR) 
which is responsible for pronounced warming during winter season over higher 
altitudes in Tibetan Plateau. In their study over high altitude stations in Alps, 
Ruckstuhl et al. (2007) noted elevation dependent warming and found it to be related 
with enhanced DLR at high elevations due to its increased sensitivity to surface 
water vapour. Liu et al. (2009) reported elevation dependent changes over most of 
the mountain ranges across the globe, including Tibetan plateau. They have shown 
it in the instrumentation records and NCAR CCSM3 based future projections in 
different elevation zones. During winter and spring, warming is more pronounced at 
higher elevation ranges than over lower elevation ranges with similar tendency in 
future. Qin et al. (2009) have shown higher warming over 2000 to 4800 m asl in 
Tibetan Plateau using satellite information of Moderate Resolution Imaging 
Spectrometer (MODIS). In a study carried out over 10 major mountain ranges 
across the world, Ohmura (2012) found temperature variability and trend to increase 
with elevation. He linked this elevation dependent warming to enhanced diabatic 
processes in the middle to high troposphere as a result of the cloud condensation. 
Rangwala and Miller (2012) have given a comprehensive review over the global 
mountain ranges and provided corresponding four mechanisms of warming in 
details due to (1) snow/ice albedo feedback, (2) cloud cover, (3) water vapour mod-
ulation of longwave heating and (4) aerosol impact. Further, using a 1-D radiative 
transfer model, Rangwala (2013) has shown the possibility of strong modulation of 
surface DLR caused by increase in atmospheric moisture in high altitudes (>3000 m) 
during winter which is responsible for winter warming. A review of studies from 
different mountain regions of the world by Pepin et  al. (2015) finds strong and 
emerging evidence of higher rate of warming over elevated regions, thus leading to 
impact on the adjacent environment. Based on global climate simulations from 
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CMIP5, Rangwala et al. (2016) have shown that amplified warming during winter 
season in higher elevation regions of boreal midlatitudes is strongly correlated with 
elevation dependent increase in water vapour. In another model based study, carried 
out by Palazzi et al. (2018), where the GCM- EC-EARTH is applied at different 
resolutions, it is found that the most significant drivers of elevation dependent 
warming in different mountain regions across the globe are changes in surface 
albedo and DLR. However, the same study shows that over Himalayan region an 
additional key driver is the change in surface specific humidity with elevation. In 
view of such findings, altitude dependent warming/cooling or climate signal thereof 
is one of the prime research interests for mountain researchers.

The Himalayas are identified as a climate and climate change hot-spot, espe-
cially since they host numerous glaciers representing a water source for northern 
Indian rivers, as well as a hotspot of biodiversity. The progress and interpretation on 
this subject was limited due to the paucity of the observations. Most of the studies 
discussed above and others have shown warming over the Tibetan Plateau in the 
recent decades. There are very few studies which are focused on Indian Himalayan 
regions (IHR, Fig. 9.1). This region of the Himalayas is much less monitored and 
plays a crucial role in defining hydro-climatic regime of the Indian sub-continent. 
Debate on disappearing glacier (Bolch et al. 2012), snow pack and cover, perma-
frost, acceding snowline, receding treeline etc. in this region is looming large as it 
can have significant consequences for the hundreds of millions of people living in 
Indian sub-continent.

Keeping these in mind and with few available researches over IHR, this study 
examines mechanism for elevation dependent warming over the IHR using recently 

Fig. 9.1 Topography (metres) over (a) Himalayan and Tibetan region (grey shaded) and over (b) 
study area (color shaded). (Reproduced from Ghimire et al. 2015)
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available regional model simulations (1970–2099). The primary objective of this 
study is to understand the mechanism behind elevation dependent warming in future 
climatic projections over Himalayan region and to investigate its seasonal response.

9.2  Study Area, Data and Methods

9.2.1  Study Area

The study region considered here is the great Himalayan range along with Hindu- 
Kush and Karakoram region (Fig. 9.1). Considering the resolution of the model and 
the high spatial variability of climate in this region, the domain of study is selected 
wide enough in order to include the entire stretch of Himalayan orography. This also 
ensures a sampling of a large number of grid cells for a comprehensive assessment 
of the elevation based response of climate in the region. The other reason to select 
this area is to maintain coherency with the recent model based studies over 
Himalayan region where the same region is considered (see Ghimire et al. 2015; 
Nengker et al. 2017; Choudhary and Dimri 2017).

9.2.2  Data and Methods

The required climatic information for the study area is obtained from the regional 
climate model (RCM) REMO (Teichmann et  al. 2013). REMO regional climate 
simulations considered here are performed within the framework of Coordinated 
Regional Climate Downscaling Experiment-South Asia (CORDEX-SA) where the 
necessary forcings are provided by global climate simulations from- MPI-ESM-LR 
(Giorgetta et al. 2013). CORDEX-SA is a part of larger regional climate modeling 
initiative called CORDEX (Giorgi et al. 2009; Lake et al. 2017) which is coordi-
nated by World Climate Research Programme. The horizontal resolution of the 
model simulation in the present study is 0.44° (approximately 50 km). The REMO 
model output is provided by Climate Service Center (CSC), Germany, and is 
retrieved from CORDEX-SA portal of CCCR, IITM, India. For further information 
on the model configuration and experimental design, the readers can refer to 
Teichmann et al. (2013). For information on assessment and validation of REMO 
over the present study region the readers are referred to work by Nengker et  al. 
(2017) where the inherent cold bias in the model and the skill in capturing the spa-
tial distribution of temperature is thoroughly discussed. For elevation of the 
Himalayan region based on the present REMO grid at 50 km, the readers can refer 
to Fig. 9.1 in Kumar et al. (2013). The study period considered here is 1970–2099 
to assess the long-term changes in climate over the study region beginning from the 
recent past. Here, the regional climate data for the period 1970–2005 is obtained by 
GCM forcings under historical emissions whereas that for the period 2006–2099 is 
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obtained by GCM forcings under projected emissions based on the representative 
concentration pathway RCP2.6 scenario. The RCP2.6 was formulated by the mod-
eling team- IMAGE from Environmental Assessment Agency of Netherlands. This 
emission pathway represents the trajectory of achieving the least greenhouse gas 
concentration levels in future through a stringent climate policy (Van Vuuren et al. 
2011). Under this mitigation scenario, the radiative forcing level first rises up to a 
value of around 3.1 W/m2 by mid-century, and then comes down to 2.6 W/m2 by 
2100 (Van Vuuren et al. 2006). A single pathway RCP2.6 is chosen here to see spe-
cifically how Himalayan region, which is considered to be sensitive to even a small 
scale change in the global climate, responds to the most conservative of all emission 
scenarios.

First, the long-term linear trend (1970–2099) of near surface mean air tempera-
ture and its altitudinal distribution over Himalayan region is examined for identify-
ing signals of elevation dependency of warming rate. This is done for four 
seasons- December–January–February (DJF), March–April–May (MAM), June–
July–August–September (JJAS) and October–November (ON) to assess the sea-
sonal response of elevation dependent warming. Next, to understand the importance 
of different climatic drivers in contributing to this elevation dependent warming, 
long-term trends in other variables for the same period and RCP scenario is studied 
with respect to its elevation dependent response. These variables are- DLR, total 
cloud fraction, total soil moisture, near surface specific humidity and surface snow 
melt along with surface albedo as an indirect measure of snow cover. The surface 
albedo is calculated here as the ratio (in %) of reflected to incident shortwave radia-
tion. Further, the elevation dependency of the sensitivity of warming rate to that of 
moisture is examined. For this purpose, the ratio of the trend of temperature with 
that of near-surface specific humidity is studied with respect to its altitudinal 
distribution.

9.3  Results and Discussion

In the following sections, evaluation of seasonal (winter: DJF; pre-monsoon: MAM; 
monsoon: JJAS and post-monsoon: ON) response is provided. Distribution of dis-
cussed variables are depicted in vertical elevations ranges averaged over the number 
grids in that particular elevation range.

9.3.1  DJF

Figure 9.2 shows the altitudinal distribution of trend of various climatic variables 
over the study region during winter season. The increase in the rate of warming with 
elevation beyond a certain altitude is clearly reflected in Fig. 9.2a. In case of DLR, 
Fig.  9.2b, similar increasing trend is seen in higher elevation, i.e., beyond 4000 
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Fig. 9.2 Trends of (a) mean near surface air temperature (°C) (b) downwelling longwave radiation 
(DLR) (W/m 2/year), (c) total cloud fraction (%/year), (d) total soil moisture (kg/m 2/year), (e) 
near surface specific humidity (g/kg/year), (f) surface snow melt (kg/m 2/year), (g) surface albedo 
(%/year) and (h) ratio of the trend of DLR and near-surface specific humidity (×10 4 W/m 2/g/kg) 
during DJF under RCP2.6 scenario from REMO at every grid point over the Himalayan region 
plotted against surface elevation (metres) for the period (1970–2099) including present (1970–
2005) and future climate (2006–2100). The scatter plot of respective trends from REMO has been 
shown as background dots representing grid points; the curves in same color as their corresponding 
dots represent the mean in 100 m- thick elevational bins smoothed by LOWESS method (Cleveland 
1979). The error bar in red shows the spatial variability within each 100 m class. The rectangular 
bars with numbers indicate the number of grid points falling within each 1000 m altitude range
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meters, while trend decreases with elevation in lower elevation areas. A reversal of 
the trend is noticed near 3500 m. Total cloud fraction trend (Fig. 9.2c) shows an 
increase with elevation between 3000 m and 5000 m with elevation (although the 
trend values themselves are negative). In case of total soil moisture, Fig.  9.2d, 
increasing trends from the surface up to 2000 m dominates, which becomes almost 
constant beyond this elevation. Near-surface specific humidity (Fig.  9.2e), shows 
decreasing trends with elevation. The increase in DLR with elevation leading to 
enhanced surface heat storage is one of the primary mechanisms responsible for high 
altitude warming (e.g. Rangwala et al. 2009, 2010, 2016; Rangwala 2013; Ruckstuhl 
2007) and could be explained by the decrease of humidity/water-vapor with eleva-
tion and its feedback to the DLR. During winter, there is a large change in DLR 
which is associated with a greater sensitivity of DLR to absorption by water vapor at 
lower levels of atmospheric moisture content (typically <2.5 g/kg; Rangwala et al. 
2009)  – conditions which exist during the cold season at high altitudes. Further, 
decreasing value of humidity trends with altitude also indicate higher convective loss 
of moisture further leading to a higher sensible heat flux and amplification of near 
surface temperature. Altitudinal variation of the trend of surface snow melt 
(Fig. 9.2f), appears to regulate surface albedo (Fig. 9.2g), where the former seems to 
be clearly imprinted as a mirror image on that of latter. The decrease in the rate of 
change of snow melt and dependent increase in that of surface albedo beyond 3000 m 
could subdue the DLR-moisture positive feedback effect on surface heating. 
However, latter feedback plays a much larger dominating role in elevation dependent 
warming as the ratio of the rate of change of DLR and that of near-surface specific 
humidity (Fig. 9.2h) increases with elevation. This implies that at a higher elevation 
there is an enhanced increase in DLR with a certain increase in moisture compared 
with lower elevation where the sensitivity of DLR on moisture content is less. This 
case is typical to winter season as the moisture is within a threshold In addition to 
this, the total cloud fraction change will also control the DLR which, thus, is increas-
ing over higher elevation. An increase in daytime cloud cover could reduce surface 
insolation which could lead to decrease in temperature thus counteracting the DLR-
moisture feedback and subduing the elevation dependent rise in warming rate. In 
winter, a distinct kink partitioning the trend reversal at ~3500 m is seen in most of 
the variables. It suggests the existence of an altitude threshold, beyond which the 
mechanisms associated with elevation dependent warming changes.

9.3.2  MAM

The variation of the trend of different climatic variables with elevation during MAM 
is shown in Fig. 9.3. The entire elevations, during MAM Fig. 9.3a, show warming 
trends. However, DLR trend, Fig. 9.3b, decreases throughout with elevation, unlike 
during DJF, which corresponds to reduced increase in temperature trend values with 
elevation (Fig. 9.3a). It could be due to atmospheric dryness and stability at high 
altitudes in this season. A distinct and peculiar trend – first with steady reduction till 
4000  m, followed by sudden reduction up to 5000  m and then again steady 
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Fig. 9.3 Same as Fig. 9.2, but for MAM
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reduction above – is seen in total cloud fraction with elevation, Fig. 9.3c. However 
up to mid elevation trends of total cloud fraction remained positive and there after 
negative. It indicates stable atmosphere in mid elevation ranges which in upper ele-
vation becomes more stable by bring the lifting condensation level down. The 
reduction in cloud fraction trend values above 3000 m could favor the enhancement 
in net solar radiation received at the surface, with further increase in snow melt thus 
allowing for increased absorption of solar radiation at higher elevations, implying 
more storage of heat at the higher elevation surface and thereby amplifying the 
temperature (Yan et al. 2016). No significant change in total soil moisture trend with 
elevation is depicted, Fig. 9.3d. However, in case of near-surface specific humidity 
decreasing trend with elevation is seen, Fig. 9.3e. In case of trend of surface snow 
melt, Fig.  9.3f, decreasing negative trend up to 3000  m, followed by increasing 
snow melt trend thereafter is depicted which could be linked with the trend pattern 
of cloud fraction as explained earlier. Further, it is found that at lower elevations 
there will be more snow conserved as compared to that in higher elevations. This is 
distinctly different from results found for DJF. It could be attributed to the fact that 
more snow is deposited over higher elevations due to winter time conditions. Clear 
impact of the snow melt, Fig. 9.3f, is seen in associated trends of surface albedo, 
Fig. 9.3g, where snowmelt trends show higher (lower) values over the lower and 
higher (mid) elevations. A decreased surface albedo/snow could lead to increase in 
surface absorption of insolation which primarily occurs in summer season at high 
altitudes in association with 0 °C isotherm (Pepin and Lundquist 2008). This may 
be responsible for enhanced temperature trends. Trends in DLR to near-surface spe-
cific humidity ratio, Fig.  9.3h, shows increasing trends from lower elevations to 
higher elevations with stable trend in mid-elevation.

9.3.3  JJAS

The distribution of trend of seasonal mean values of different variables is depicted 
in Fig. 9.4. In case of near surface temperature during JJAS, slight reduction in trend 
values with elevation is visible, Fig. 9.4a. Whereas, DLR trend values decreases 
with elevation up to 3000  m, increases beyond till 4000  m and again decreases 
above it, Fig. 9.4b. Corresponding total cloud fraction trends show almost reverse 
mirror image of DLR, Fig. 9.4c, with increase in trend values along the elevation. It 
is important to mention here that JJAS is monsoonal season with increased moisture 
in the free atmosphere and hence play controlling role due to cloud formation. An 
increased daytime cloud cover decreases surface insolation which has a profound 
influence on near-surface temperature during this time of the year and could explain 
the reduced trend values during JJAS. Trend of cloud-fraction increases with eleva-
tion indicative of an increased availability of moisture which enhances the DLR but 
possibly the moisture level is beyond the threshold limit (2.5 g/kg; Rangwala et al. 
2009) unlike the case in DJF season when the atmosphere is relatively drier. Further, 
trend of total soil moisture as well does not show changes with elevations, Fig. 9.4d. 
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Trends of near-surface specific humidity decreases with elevation, Fig. 9.4e. This is 
always the case in other seasons as well. It suggests that lower elevation ranges have 
higher moisture which decreases as we move to higher elevations. Higher elevations 
will retain more snow as snow melt trends over these regions are decreasing as com-
pared to lower elevation regions, Fig. 9.4f. At around 5000 m, trends show distinctly 
decreasing trends. Corresponding trends in surface albedo distinctly show these 

Fig. 9.4 Same as Fig. 9.2, but for JJAS
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changes in their trends as well, Fig. 9.4g. The increased surface absorption of inso-
lation is important mechanism as higher elevations show lesser trends than lower 
elevations. Trends of ratio of DLR to the near-surface specific humidity show vari-
able trends but with a general increase with elevation.

9.3.4  ON

The altitudinal distribution of trend of different variables during ON is presented in 
Fig. 9.5. In regions below 2000 m, temperature trend remains almost unchanged 
with elevation, while in mid elevations (2000–3500 m) it follows a curvilinear path 
with first increase and then decrease and further beyond 4000 m it increases all 
along (Fig. 9.5a). In general, after DJF, the most significant dependency of warming 
rate with elevation with an increase in the trend with altitude is clearly seen during 
this season. Previous studies have also reported that autumn season show strongest 
signal of elevation dependent warming after winter (e.g. Liu et al. 2006; Rangwala 
et al. 2009). DLR reflects the altitudinal distribution of temperature (Fig. 9.5b) with 
a sharp increase in trend beyond 3500 m. In mid elevation region, there is cascading 
increased and decrease dominates. In lower elevation, no significant change in 
trends exist. The trend of cloud fraction increases with elevation between 3500 m 
and 5000 m explaining the increased DLR on surface, Fig. 9.5c. Trends in total soil 
moisture show decrease in lower elevations than that in the upper elevations, 
Fig. 9.5d. A decrease in soil moisture implies a reduction (increase) in latent (sen-
sible) heat fluxes which strongly affects the snowmelt activities at the surface. Near- 
surface humidity shows consistent decrease in trend values with elevation 
corresponding to convective loss of moisture due to near surface heating leading to 
a higher sensible heat flux, Fig. 9.5e. In case of surface snow melt, upper elevations 
indicate higher snow melt then the lower elevations, Fig.  9.5f. It corresponds to 
similar mirror image in trends of surface albedo, Fig.  9.5g. Upper elevation has 
lower albedo than the lower elevations. In case of ratio of trend DLR to the trend of 
near-specific humidity, it increases with elevations, Fig. 9.5h.

9.4  Summary and Conclusions

Previous studies showed that among the possible mechanisms behind amplified 
warming at higher elevations are several feedbacks acting in the climate system, like 
snow-albedo (Giorgi et al. 1997; Fyfe and Flato 1999; Rangwala et al. 2010); cloud- 
radiation (Liu et al. 2009); humidity-DLR (Rangwala et al. 2009; Rangwala 2013; 
Naud et al. 2013) feedbacks. These are associated with changes in a number of rel-
evant variables such as- soil moisture (Liu et al. 2009; Naud et al. 2013), aerosols 
(Lau et al. 2010), clouds and their coverage (Sun et al. 2000) all of them contribut-
ing to variations in the energy balance at the surface at various scales. In the present 
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study, a high resolution long-term climate simulation of climate over IHR was ana-
lyzed to study elevation-dependent warming and its mechanisms over the area. 
Results indicate that enhanced increase in DLR flux at the higher elevation surface 
during winter is primarily responsible for high altitude warming amplification. 
Possible coupling between multiple land-atmosphere feedbacks could explain the 
magnitude and peculiar pattern of DLR variation during this season characterized 

Fig. 9.5 Same as Fig. 9.2, but for ON
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by trend amplification above a certain altitude. The primary feedback which is 
responsible for higher trend of DLR beyond a certain altitude is the humidity- sur-
face DLR feedback which is a significant player during winter season. However, the 
decrease in the rate of change of snow melt and dependent increase in that of surface 
albedo beyond 3000 m could subdue the DLR-moisture positive feedback effect on 
surface heating. On the other hand, there are counter acting mechanisms existing to 
this process. The reduction in cloud fraction trend values above 3000 m favors the 
enhancement in net solar radiation received at the surface, with further increase in 
snow melt/decrease in snow depth thus leading to the reduced surface albedo. This 
further allows the absorption of solar radiation at higher elevations implying more 
storage of heat at the higher elevation surface and thereby amplifying the tempera-
ture (Yan et al. 2016).

Although the increase in DLR with increase in specific humidity occurs globally, 
the sensitivity of former to latter follows a non-linear relationship (Ruckstuhl et al. 
2007; Rangwala and Miller 2012) and is particularly high when the humidity levels 
are low which exists typically at high elevations during winter. In other words, the 
drier the atmosphere, magnified will be the impact of even smaller changes in 
humidity on the DLR (Ruckstuhl et  al. 2007; Rangwala et  al. 2010; Naud et  al. 
2013). Changes in DLR are more sensitive to changes in humidity when the latter is 
less than 2.5 g/kg i.e. when the atmosphere is dry (Rangwala et al. 2009) a condition 
which is more prevalent during winter in the elevated regions. Instead, this phenom-
enon does not occur during summer season since, as background humidity values 
are already very high, the sensitivity of surface DLR to any further increase of 
atmospheric moisture is much less (e.g. Ruckstuhl et al. 2007). Also, as shown in 
the present study the sensitivity of longwave radiation to surface air humidity 
increases with altitude above a certain threshold (3000 m) corroborating the results 
found by Ruckstuhl et al. (2007). This means that, the same amount of changes in 
the surface air humidity will cause higher amount of changes in DLR at higher 
elevation sites in comparison to the lower elevation locations (Rangwala 2013). 
Increased DLR at the surface in higher elevations or above a critical altitude plays 
significant role in elevation dependent warming during winter through coupled 
feedbacks of moisture, cloud and snow cover with radiation.

Since the simulation used in this study did not include any aerosol component, 
the role of this variable in influencing high elevation temperature changes could not 
be assessed. Incorporating aerosol feedbacks in climate model would imply nesting 
an aerosol component through parametrization of the related forcings or processes. 
Further, to properly represent the relevant mechanisms and provide a more realistic 
simulation of the changes in the cryosphere system of high elevation regions an 
interactive snow/glacier model feedback into a high resolution regional climate 
model is required. There is also a need for increasing climate monitoring pro-
grammes at high elevation regions with greater number of climatic variables. This 
will aid in better understanding of present trends and processes that are affecting the 
state of climate in IHR as well as for validating the model generated information.
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Chapter 10
Geomorphological Changes During 
Quaternary Period Vis a Vis Role 
of Climate and Tectonics in Ladakh, 
Trans-Himalaya

Anupam Sharma and Binita Phartiyal

Abstract The Ladakh region of NW India is relatively unexplored as compared to 
its counterpart, the Tibetan Plateau. The region provides ample opportunity to 
understand the dynamic relationship of the Indian and Eurasian plates, role in gov-
erning the global climate and controlling the earth surface temperature by carbon 
sequestration through weathering of rocks. The differential uplift along several 
thrust planes and associated climatic conditions are primarily governing the geo-
morphic evolution of the Ladakh, and amongst several agents of material move-
ment, glaciers are the most effective agent. Overall ten glacial stages (~430–0.4 ka) 
are recognized from Ladakh. Additionally, the major sources of moisture to the 
Ladakh region are the Indian Summer monsoon (ISM) and the Central Asian west-
erlies contributing in subequal amounts. Several morphometric parameters suggest 
that tectonics is governing the topography. It was most pronounced at 27 ka, 23 ka, 
17–19 ka, 11–10 ka and 6 ka along the Karakorum Fault and Indus Suture Zone. 
The climate studies suggest that during around 35–25 ka, the climate was cold and 
humid followed by the relatively dry at the Last Glacial Maximum (LGM). A rise in 
lakes during ~17–5 ka was observed. However, major fluctuations in limiting the 
lake levels during the Older Dryas, Younger Dryas and 8.2 ka were also noticeable. 
The variation in different chronological technique, however, poses a serious chal-
lenge in determining the geomorphic evolution of the landscape in the region.

10.1  Introduction

The rifting in Gondwanaland resulted in the birth of several continents distributed 
across the globe (Miashita and Yamamoto 1996; Li et al. 2008; Seton et al. 2012; 
Torsvik and Cocks 2013). Among all landmasses, the Indian subcontinent not only 
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traveled very fast but also covered maximum distance before colliding with the 
Eurasian plate (Klootwijk et al. 1992; Gaina et al. 2007). The collision of the Indian 
plate with the Eurasian plate is responsible for the uplift of the mighty and young 
Himalayan mountain range (Heim and Gansser 1939; Besse et al. 1984; Klootwijk 
et al. 1985; Yin 2006; https://pubs.usgs.gov/publications/text/himalaya.html). The 
structural and tectonic history of the Himalaya reveals that differential uplift along 
several thrust planes and associated climatic conditions are primarily governing the 
geomorphic evolution of the region. The higher Himalayan ranges, comprised 
largely of mechanically resistant, massive and hard crystalline rocks, differentiate 
the Indian landmass into two climatically contrasting regions. The region lying to 
the south of the higher Himalaya receives significant rainfall from SW Monsoon; 
however, the northern region that lies in the rain shadow of SW Monsoon remains 
more or less dry (Pande et al. 2000; Thompson et al. 2000; Dalai et al. 2002a; Karim 
and Veizer 2002; Bookhagen and Burbank 2006; Sharma et al. 2017).

The region lying north to the higher Himalaya and Tethyan Himalaya is also 
named as Trans Himalaya (Fig. 10.1a). Since the larger part of the Trans Himalaya 
lies in the Tibet, it is often called as Tibetan Himalaya. Spatially, the Trans Himalayan 
region is extended to ~1000 km in the east-west direction having an average eleva-
tion of 3000 m above mean sea level. However, its width varies from 40 km in the 
eastern and western extremities to ~250 km in the central part (Kumar et al. 2010). 
Ladakh sector of the Tibetan Himalaya is the most important center in the Indian 
Territory and known for its rugged topography with almost barren mountain ranges.

Ladakh, literary means land of High passes, also called little Tibet, is one of the 
three administrative divisions of Jammu and Kashmir State of India. Among the 
three divisions, Ladakh is the largest division having an area of 59,146 km2 (58.33%) 
and most of its region is lying 3000 m above mean sea level. Because of its general 

Fig. 10.1 (a) Gelogical map of Ladakh showing major geological formations. The location of the 
study area is marked by red rectangle in the sketch map of india (inset); (b) Google Earth Pro- 
image of Ladakh region showing snow cover and glacier distribution
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elevation and being in the rain shadow for monsoon clouds, having very sparse 
vegetation and an extremely cold climate, Ladakh is also known as the cold desert. 
Earlier workers largely believed that the major source of moisture in Ladakh is mid- 
latitude westerlies, which brings the moisture in the form of snow during the winter 
months (Benn and Owen 1998; Bookhagen and Burbank 2010; Bolch et al. 2012). 
However, the recent study of Sharma et al. (2017) adequately described, using mass 
balance of Indus and its tributary river water isotopic composition, that the major 
(~74%) source of moisture is supplied from the Bay of Bengal, Arabian Sea and the 
Indian Ocean and remaining ~26% is supplied through the Central Asian region to 
the Indus catchment in Ladakh.

In Ladakh, the Indus and its tributary rivers are the backbone of the agriculture, 
livelihood as well as the socio-economic fabric of the region (Fig. 10.2). In a larger 
perspective, the Indus River System comprises of several west-flowing rivers of the 
Indian subcontinent and also forms one of the world’s largest freshwater systems. 
All along the Indus and its tributary river basins in Ladakh, a variety of collision 
related rock types, weathering and erosion linked glacial, fluvial, lacustrine and 
aeolian sediments and landforms are ubiquitous. These characteristics make it an 
open laboratory, particularly for the geologists, to understand the effects of earth 
surface and subsurface processes in geomorphic evolution of the region.

Ever since (>50  Ma) the northward-moving Indian plate collided with the 
Eurasian plate, there has been a continuous horizontal push, which not only closed 
the Tethys basin but also uplifted and exhumed its sediment to greater heights. The 
processes, which were associated with magmatism and crustal deformation initially, 
shaped the geological framework (Gansser 1964; Yin 2006). Soon as the material 
attained topographic relief, the earth surface processes such as weathering and ero-
sion started acting upon. The present landscape of the Ladakh region is an outcome 
of Quaternary processes that includes several glacial and interglacial intervals and 
an on-going tectonics associated with the build-up of Himalaya. In all large and 
small river valleys, the signatures of these in the form of various landforms (glacial, 

Fig. 10.2 SRTM maps showing (a) Basin boundary of Indus and its major tributary rivers with 
elevation; (b) Slope map of different rivers catchment area. It is interesting to note that in a short 
distance the elevation gradient varies significantly indicating tectonic control in generating the 
observed relief variation in the Ladakh region; (c) Map showing the seven different stream orders 
in the Indus River catchment
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fluvial, lacustrine and aeolian) (Fig. 10.3) are easily noticeable. These landforms 
include moraines ridges, cirques, drumlin, Roche montonnees, glacial troughs, 
amphitheater valleys (glacial); alluvial fans, channel bars, outwash plains, gorges, 
valley fill and strath terraces (fluvial); clay-silt-sand intercalated and usually hori-
zontal with occasional varve deposits (lacustrine) and sand dunes, barchans, sand 
ramps (aeolian) etc. Macro to microscale faults, fault gouge, sand dykes, broken 
clasts and multiple types of deformation structures are easily noticeable in these 
sediments, which are the examples of seismic/tectonic activity in the region 
(Phartiyal et al. 2013, 2015; Juyal 2014; Nag and Phartiyal 2015).

a b

c d

e f

Fig. 10.3 Field photographs showing general geomorphological characteristics including major 
agencies responsible for generation and distribution of sediments, (a) Palaeo-lacustrine sediments 
exposed at Spituk-Leh (Indus River Valley); (b) Meandering Indus River with fluvial terrace on its 
left bank; (c) Glacial features at the Khardungla Pass northern slope (Ladakh Range); (d) View of 
Zanskar River near Sani village; (e–f) Aeolian Deposits (e) Sand ramp near Leh; (f) Sand dunes at 
Hunder in Shyok River Valley, a tributary of the Indus River
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10.2  Important Features of the Study Area

10.2.1  Indus and Its Tributary Rivers

The Indus and its tributary rivers are the lifeline of Ladakh. The Indus River origi-
nates at an elevation of 6714 m in the vicinity of Mansarovar Lake and Mount 
Kailash in Tibet. In it’s ~422 km northwest-southeast long course in Ladakh, the 
Indus flows in a well-defined valley parallel to the Indus Suture Zone (ISZ) and 
forms one of the world’s largest freshwater systems. During its journey the Indus 
follows a narrow, constricted, and meandering path except in Chumathang and 
Leh where the valley becomes ~2–3 km wide and flows in a braided pattern. In a 
recent study based on several river parameters such as channel gradient, channel 
pattern, valley width, and knick points, Nag and Phartiyal (2015) divided the Indus 
River into four segments where the valley width varies from 100 to 6000 m and the 
channel gradient range from 0.75 to 7.5 m/km. Further, these authors also calcu-
lated the stream length gradient index (SL) and the steepness index (Ks) suggest-
ing that tectonics is the major governing factor in deciding the valley width and 
channel flow.

Three tributary rivers namely the Tangtse, Zanskar and Nubra-Shyok and their 
watershed basins are the major contributor to the Indus (Phartiyal et al. 2013, 2018). 
The slope and drainage distribution (Fig. 10.2) indicate that the Indus attains 7th 
stream order, whereas its major tributary rivers (Tangtse, Zanskar, Shyok) are either 
of 5th or 6th stream order (Fig. 10.2) (Nag et al. 2016; Phartiyal et al. 2018; Sharma 
et al. 2017).

The Shyok River, the biggest tributary of Indus, largely flows in a wide valley, 
which becomes even wider at the confluence with the Nubra River. Shyok and Nubra 
have an unusual course, originating from the Rimo and the Siachen glaciers respec-
tively: initially they flow in an SE direction but subsequently take an NW trend and 
join the Indus near Skardu in Pakistan (Sharma et al. 2017; Phartiyal et al. 2018).

10.2.2  Mountain Ranges

As mentioned above that the higher Himalaya limits the monsoon winds to enter 
into Ladakh, there are several other mountain ranges in Trans-Himalaya making the 
entire topography very rugged and in parts inaccessible too. As such the mountain 
ranges in the Ladakh Range are outcome of collision of Indian plate with the 
Eurasian plate ~50–55 Ma. The Himalayas were primarily formed by the basement 
rocks and overlying (Neo) Proterozoic meta-sedimentaries of the Indian plate, 
whereas the Zanskar range largely consists of Cambro-Ordovician sediments depos-
ited in the Tethys sea (Fig. 10.1c). Another important mountain range is the Ladakh 
range, mostly comprised of magmatic rocks (granites with substantial mafic 
enclaves). The Indus Suture Zone comprised of Indus molasses and Ladakh 
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Batholith basically marks the collision that runs almost parallel to little south of the 
Ladakh range and also hosts the Indus River. The average height of the Ladakh 
range is ~6000 m with no major peaks, though few passes are ~5000 m or little less 
in height.

In the eastern sector near Pangong Lake, the Pangong range (highest peak ~6700 
m) runs parallel to the Ladakh range. Further north of the Tangtse River lies the 
mighty Karakoram Range. The Karakoram Range has several very high massifs of 
over 7200 m such as the Apsarasas group, the Rimo group, the Teram Kangri group, 
etc. The Karakoram Range in Ladakh is not as mighty as in the Baltistan, besides the 
Kun Lun Mountains also lie in the north of the Karakoram Range (Nakata 1972; 
Molnar et al. 1987; Nakata et al. 1990; Chevalier et al. 2005; Dortch et al. 2009; 
Hintersberger et al. 2011). Interestingly, all these mountain ranges are the storehouse 
of numerous large and small glaciers, which not only ensure the fresh water supply 
to the entire Ladakh region but also the source of perennial Indus river system.

10.2.3  Glaciers

In the entire Ladakh region, numerous small or big glaciers and snow/ice fields are 
distributed atop every mountain hill and even high-altitude plains with Siachin 
being the most important and the largest (Fig. 10.1b). The meltwater from these 
glaciers/snowfields gives birth to streams (called Tokpo in the local dialect) that 
cater the need of agriculture as well as domestic usages of the villages, invariably 
situated along these streams. All these streams directly or through tributary rivers 
ultimately join the Indus River, which is considered as the backbone of socio- 
economic fabric of Ladakh.

The unique landscape of the Ladakh region points towards the important role of 
glaciers in defining the physiographic and the geomorphic architecture. The ero-
sional and depositional glacial landforms distributed in the entire Ladakh region 
testify it further when we see that these glacial signatures are providing the history 
of glacier advance and retreat occurred during the Quaternary period. Quaternary 
Period, as we know is known for Ice Ages has witnessed several glacial and inter-
glacial phases. During glacial phase glaciers usually, advance and in the process 
bring enormous amounts of glacial debris to relatively lower reaches of valleys and 
usually deposit them as moraines. Many other landforms form during the glacial 
advance. However, moraines are commonly used to establish the chronology of dif-
ferent stages of glaciation in a valley.

Glaciers as such are also very sensitive to climate (Kaab et al. 2007; Schaefer 
et al. 2008) because they effectively respond to both precipitation and temperature 
(Pratt-Sitaula et al. 2011). Several workers have used glaciers as effective probes to 
understand local as well as the past climate (Owen et al. 1997, 2008; Owen 2009; 
Owen and Dortch 2014; Benn et al. 2005; Ali and Juyal 2013). Compared to high 
latitude temperate regions, the glacial history of tropical/monsoonal regions of 
Himalaya (Schafer et al. 2002) is rather complex because of two major reasons (1) 
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The number of governing factors controlling the glacier dynamics is relatively more, 
and (2) The interplay/behavior of these factors is not well understood. Therefore, 
palaeoclimatic inferences based on past glaciations timing and patterns from moun-
tainous regions, like the one in Ladakh, pose serious challenge, however, could be 
utilized as an opportunity not only to understand the glacial/climatic history but also 
to predict the role of glaciers in determining the future climate (Watson 1997; 
Dyurgerov and Meier 2000; Hughton et al. 2001; Owen 2009). It has become increas-
ingly important in the context of contemporary global warming scenario wherein the 
anthropogenic factors also driving and modifying the climate responsible for glacier 
retreat (Hughton et al. 2001; Arendt 2002; Corell 2004).

10.2.4  Geology

The collision of the Indian and Asian plate was a major geological event of global 
significance. The collision also resulted into obliteration of Neotethys Ocean and 
formation of Himalaya. Both these activities (collision and obliteration) occurred 
during 50–60  Ma all along the Indus-Tsangpo Suture zone (ITSZ; extending 
~2500 km in east-west direction), however, for Ladakh the use of Indian Suture 
Zine (ISZ) is more precise (Molnar and Tapponnier 1975; Gansser 1977; Klootwijk 
et  al. 1992; Rowley 1996). It is interesting to note that prior to these activities, 
another suture zone referred as Shyok Suture Zone (SSZ; 75–85 Ma) is present, 
where the island arc system of Kohistan-Ladakh collided with the southern margin 
of Asian plate comprised of the Karakoram Mountains and Lhasa block (Rai 1982; 
Searle 1991; Robertson and Collins 2002; Jain 2014; Upadhyay 2014). The subduc-
tion of Indian plate continued, which resulted into the formation of Ladakh Batholith 
comprised of Jurassic to early Cenozoic calc-alkaline granitoids and associated vol-
canic rocks (Sinclair and Jaffey 2001; Steck 2003; Henderson et al. 2011; Jain and 
Singh 2008; Jain 2014).

The lithology of ISZ is highly complex where rocks of Cretaceous to Miocene 
age or younger formed under different conditions such as forearc, island arc, ocean 
basin setting. The major rocks present are continental slope forearc sediments, post- 
collision terrigenous clastic sedimentaries and calc-alkaline volcanic (Wadia 1937; 
Srikantia and Razdan 1980; Thakur and Misra 1984; Searle et al. 1987; Garzanti 
and Vanhaver 1988; Ahmad et al. 1998; Steck 2003; Henderson et al. 2011; Singh 
et al. 2015). Towards the south of ISZ lies Lamayuru-Karamba Complex represent-
ing slope to deep marine passive margin sedimentary rocks of the Indian plate 
including the remnant of a carbonate platform (Frank et al. 1977; Searle et al. 1987; 
Robertson 2000; Singh et al. 2015). In the western part of the ISZ, well-developed 
rock successions are observed and represented by Nindam Formation, Ophiolitic 
melange, Dras Formation, and Lamayuru Formation. Further, in the north the Indus 
Basin Sedimentary Rocks (ISBR) divided into Tar and Indus Group largely com-
prised of terrigenous clastic sediments derived both from Indian and Asian plates 
are exposed (Henderson et al. 2011; Singh et al. 2015). In the eastern part of the 
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Ladakh, some of the rock units belonging to ISZ are absent. However, the Nidar 
ophiolite along with the Indus Group sediments locally forming the Liyan Formation 
and correlated with Kargil formation (Indus Group) are present (Shanker et  al. 
1976; Thakur and Virdi 1979).

10.2.5  Geomorphology

Geomorphologically, the Ladakh region has the highest altitude region in India. The 
geomorphological evolution is governed by two sets of geological processes (1) 
Continental-scale geological processes, which includes the collision of Indian plate 
with Eurasian plate. The collision provided the basic framework for the landscape 
evolution of the Ladakh and, (2) Regional/local scale geological processes in which 
the role of climate and neo-tectonics is significant in defining the earth surface pro-
cesses such as weathering and erosion through glacial, fluvial and aeolian agencies.

The present landscape of Ladakh has various landforms linked to the glacial, 
fluvial, lacustrine and aeolian origin (Fig. 10.3) of the Quaternary period. Throughout 
the Quaternary period, the earth surface processes that are sensitive to tectonocli-
matic setup have modified the landscape and currently in operation as well. In a 
recent study Kumar and Srivastava (2018) reviewed the earlier works of several 
authors (Fort 1983; Burbank and Fort 1985; Brown et al. 2002; Damm 2006; Owen 
et al. 2006; Dortch et al. 2010, 2013) and summarized that moraines are the most 
extensively studied glacial landform in the Ladakh Himalaya suggesting ten glacial 
stages starting from the Indus Valley (~430 ka) to Pangong Cirque (0.4 ka). The 
sediment derived from these glacial events along with the sediments generated by 
other agencies aggraded in the river valleys of this region. Several workers have 
reported late Quaternary river valley infilling and incision in the Indus and Zanskar 
rivers (Burbank et al. 1996; Leland et al. 1998; Phartiyal et al. 2013, 2015; Blӧthe 
et al. 2014). The strath terraces studied in the Indus and Zanskar rivers indicate that 
the valley infilling initiated ~83 and 50–20  ka (Blöthe et  al. 2014; Kumar and 
Srivastava 2017) and also till recently (Nag and Phartiyal 2015), however, the inci-
sion occurred at differential rate depending on the spatiotemporal conditions expe-
rienced in different valleys (Burbank et al. 1996; Leland et al. 1998; Kumar and 
Srivastava 2018).

Palaeolake deposits can be seen distributed in all river valleys of Ladakh indicat-
ing an increase in temperature resulting into excessive melting of glaciers or 
increased runoff because of stronger monsoon in Ladakh Himalaya (Kotlia et al. 
1997; Phartiyal et  al. 2005; Nag and Phartiyal 2015; Phartiyal et  al. 2015). The 
elaborated account of palaeolake deposits is dealt in the discussion section. Sand 
ramps are also studied recently by Kumar et al. (2017) and the authors suggested 
that the valley width and availability of material are two important factors in deter-
mining their distribution in Ladakh. Interestingly, the aeolian activity was pro-
nounced between 25 and 17 ka, however, the studied ramps are >44 ka to ~8 ka old 
(Kumar et al. 2017) (Fig. 10.4a–c).
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Fig. 10.4 Field photographs showing evidences of tectonic activities and restricted vegetation 
observed in the Ladakh region (a–c). Soft-sediment deformation structures observed at Tangtse, 
Spituk and Hanuthang palaeolake deposits respectively. (d–f) cropping pattern followed in the 
immediate vicinity of streams in Ladakh, also showing trees and herbs growing in this valley

10.3  Contemporary Climatic and Tectonic Scenario

10.3.1  Present Day Climate (Westerlies, ISM) and Extreme 
Hydrological Events)

Ladakh is characterized by arid to semi-arid continental climate. The region experi-
ences prolonged winters extending from October to May and remains under snow 
cover for 3–4 months (November to February). The climate in this region is mainly 
governed by the Indian summer monsoon (from mid-June to mid-September). 
Besides, the region receives more rain/snow during Abnormal Monsoon Years 
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(AMYs) due to a northward shift of the Inter-Tropical Convergence Zone (ITCZ) 
(Bookhagen et al. 2005). The major sources of moisture in form of snow/ice are 
received from the Indian Ocean and the central Asian regions during the months of 
November to March (Benn and Owen 1998; Bookhagen and Burbank 2010; Bolch 
et al. 2012, Dimri et al. 2016, Sharma et al. 2017). In general, the average annual 
rainfall varies from ~50 mm to ~150 mm as one move from west to east direction in 
the Ladakh Himalaya. It is to be noted that the region seldom experiences extreme 
hydrological events, e.g. in the year 2010 the Leh city and adjoining areas were 
devastated by the cloudburst wherein 210 mm precipitation occurred only in 3 h 
period causing a destructive flash flood (Juyal 2010; Rasmussen and Houze 2012). 
Due to its high altitude, the intensity of solar radiation is significant resulting into 
large diurnal temperature variation. The large difference in diurnal temperature 
facilitates intense frost action (physical/mechanical weathering) responsible for the 
abundant supply of unconsolidated sediments, which are blanketing the mountain 
ranges and forming debris cones and piles in the valleys (Fig. 10.4). Overall, the 
cold and arid environment, >3000 m relief, large variation in seasonal temperature 
(varying from −20 °C in winter to 35 °C in summer), and extremely low rainfall, all 
these attributes qualifies to make Ladakh a high altitude cold desert.

10.3.2  Present Day Seismicity (Neotectonics)

Signatures of plate movement and associated intra-continental deformation features 
can be noticed all along the major faults and thrusts belts (Gansser 1964; Nakata 
1972; Nakata et al. 1990; Aitchison et al. 2007). Therefore, these thrust and fault 
planes and their subsidiary faults are very prone to seismic activities. In a recent 
study, Hazarika et al. (2017) reconstructed the seismotectonic scenario of the north- 
western part of the India-Asia collision zone by studying the local earthquake data 
(M ~ 1.4–4.3). According to this study, the most pronounced cluster of seismic 
activity was observed in the Karakoram Fault (KF) zone at a depth of ~65  km, 
whereas two microseismicity clusters were found at the northwestern and southeast-
ern fringes of the Tso Morari gneiss dome at a depth range 5–20 km, which can be 
correlated to the Zildat and Karzok fault activities, respectively.

Similarly, the palaeoseismic records preserved in the fluvial and lacustrine 
Quaternary deposits indicate that the region must have experienced seismic activity. 
It is observed that in the Indus as well as all tributary river valleys fluvio-lacustrine 
facies sediments contain a series of seismically triggered soft-sediment deformation 
structures (SSDS). These SSDS’s often have a continuous lateral extent and sepa-
rated by undeformed beds commonly formed by an allogenic trigger mechanism. 
The SSDS is varied in nature such as sand dykes, pseudonodules, complex wavy 
laminations, flame structures, sand sills, clay diapirs, folding and micro-faulting. 
(Fig. 10.4a–c) (Phartiyal and Sharma 2009). Few of these structures are chrono-
logically constrained in our earlier studies indicating that there were periods/time 
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intervals when the seismic activity was pronounced, e.g. around 27  ka, 23  ka, 
17–19 ka, 11–10 ka and 6 ka along the Karakorum Fault and Indus Suture Zone.

10.4  Discussion

The Ladakh region of NW India is relatively unexplored both by the geologists and 
the climatologist as compared to its counterpart Tibetan Plateau. However, the 
region provides ample opportunity to scientists to understand the dynamic relation-
ship of the Indian and Eurasian plates, role in governing the global climate and 
controlling the earth surface temperature by carbon sequestration through silicate 
weathering of rocks (Walker et al. 1981; France-Lanord and Derry 1997; Bookhagen 
et al. 2005; Clift et al. 2008; Dosseto et al. 2015). The studies conducted earlier by 
the geologists were primarily inclined to resolve problems related to geodynamic 
evolution and their implications in understanding the structural setup, exhumation 
history and so on. It is indeed very important that these processes have provided the 
basic geomorphic setup over which the landscape of the Ladakh is evolved. In the 
contemporary geomorphic evolution of Ladakh region, the role of Quaternary gla-
ciations is paramount.

The landscape evolution in the Indus River along with its all major tributary riv-
ers, it is very well evident that in the entire Ladakh region glacial processes of the 
Quaternary period have played a major role. A variety of landforms such as U-shaped 
valleys, extensive outwash plains, lateral and terminal moraines, cirque valleys indi-
cate that the region has experienced multiple glacial stages (Hewitt 1999; Pant et al. 
2005; Dortch et al. 2010, 2011; Demske et al. 2009; Hedrick et al. 2011). Several 
workers based on field and remote sensing studies, carbon and optical chronology 
and other geomorphic parameters have shown three major events of glaciation 
(Sharma et al. 2016 and references therein). The oldest event predates Last Glacial 
Maxima (LGM) episode and corresponds to a relatively cold and wet Marine 
Isotopic Stage-IV (MIS-4), and it is corroborated with other studies as well (Benn 
and Owen 1998; Phillips et al. 2000). The second and third glacial advances were 
recorded ~20 and ~9  ka corresponding with LGM and 8.2  ka cooling events 
 respectively. These later glacial phases were linked with enhanced winter precipita-
tion coming from the Mediterranean region and accord well with the modern meteo-
rological data (Dortch et al. 2013; Nagar et al. 2013). Further, some of the recent 
studies indicate that the Ladakh glaciers respond directly with mid-latitude wester-
lies and therefore the relatively recent glacial phases are in accordance with the 
northern latitude glaciations (Dortch et al. 2013; Nagar et al. 2013).

The glacial phases are punctuated by interglacial phases, and during these time 
intervals, fluvial and lacustrine regime modify and sometimes completely subdued 
the features developed by other environments. The earth surface processes, mainly 
the weathering and erosion, greatly help in obscuring the signatures of earlier activi-
ties. Lakes were formed by blockading of the channel by terminal moraines, or a 
river path is closed due to the debris avalanche triggered by higher precipitation or 
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seismic activity. Compared to glacial deposits, the fluvial and particularly the lacus-
trine deposits are considered ideal archives for recoding the climatic signals of ter-
restrial origin (Gasse and Van Campo 1994; Gasse et al. 1996; Owen et al. 2001; 
Bookhagen et al. 2006; Herzschuh et al. 2006; Trivedi and Chauhan 2009; Demske 
et al. 2009; Wünnemann et al. 2010; Mischke and Zhang 2010; Dixit and Bera 2012; 
Nag and Phartiyal 2015; Phartiyal et al. 2015). In India as well as across the globe, 
multiproxy studies conducted over lake sediments have enhanced our understanding 
of palaeoclimate (Telford et al. 1999; Smith et al. 2002; Cohen 2003; Digerfeldt 
et al. 1993; Stone and Fritz 2004; Stevens et al. 2006; Fritz 2008; Nag et al. 2016 
and many more). Keeping this in mind, we have studied the fluvial and fluvio- 
lacustrine sediments of different river valleys in greater detail to understand the role 
of climate and tectonics in the geomorphic evolution of the Ladakh sector as dis-
cussed in the following sections.

10.4.1  Fluvio-Lacustrine Deposits of Tangtse River Valley 
in Eastern Ladakh

Records from the Tangtse Valley in the Trans-Himalaya reveal depositional history 
since 48 ka, with fluvial aggradation followed by incision, lacustrine sediment fill, 
and later incision (Phartiyal et al. 2015). Varied sedimentary architecture with flu-
vial episodes intervened by lacustrine pulses, flood events, colluvial and glacial 
activity are well preserved. The valley that is located west of the Pangong Tso/
Bangong Co which is one of the largest lakes in Tibet, which has served as a spill-
way, flooding and damming the entire Tangtse Valley, resulting in the formation of 
a lake. Documentation based on 14C and OSL chronologies of the sediment sections 
throughout the valley reveals evidence of a sixth basin of Pangong Tso towards 
west, occupying the present day Tangtse Valley between 9.6 and 5.1 ka (Phartiyal 
et al. 2015). This event coincides with periods of high lake levels in Tibet, China as 
well as intensified monsoon periods over the Indian subcontinent. A fluvial regime 
around 48 ka and 30–21 ka with comparatively arid conditions and dry phases inter-
spersed by flooding at ~3.5 ka are also recorded by these researchers (Fig. 10.5). 
The valley has been incised to depths of 40–50 m in the upper part and 130 m in the 
lower part. The incision rate ranges from 0.3 to 1.2 mm year−1 in the upper part and 
reaches as high as 10.8 mm year−1 in the lower valley. Much of the incision took 
place between 22 and 9.6 ka although repeated sediment fill-incision cycles in the 
valley from 30 to 22 ka, 22–9.6 ka, 9.6–5.1 ka, and even to present time are observed 
by Phartiyal et al. (2015).
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10.4.2  Fluvio-Lacustrine Deposits of Shyok-Nubra River 
Valleys in the North and Northwest Ladakh

The Nubra-Shyok valley lies in the vicinity of the KF which is a right lateral, strike- 
slip fault with a bifurcation in two strands viz., the SW Tangtse Strand (Loi-Yogma 
Valley) and NE Pangong Strand (Lukhung-Muglib Valley). The neotectonic fea-
tures are reflected in the form of deep incision of rivers, stream offsets, strath ter-
races, fossilized river valleys and truncation of alluvial fans; all indicate active 
nature of the KF in recent times. The U-shaped river valleys are filled with colluvial 
debris, alluvial fans, lacustrine, glacial and fluvial sediments. The width of the river 
at the confluence of the Nubra and Shyok rivers is around 10 km. Five main sedi-
ment facies types identified. Out of these five facies, lacustrine facies (buff and grey 
colored beds ranging from thin laminations to cm scale of massive clay, silty-clay 
and intermittent fine to medium sand) are the most important. To trace the lake 
towards the west from Tangtse into the Shyok river valley, either overlying the older 
glacial or fluvial deposit or the country rock (which are metamorphic rocks of the 
Pangong Tso Range, volcanics of Khardung formation, the Shyok group rocks or 
the Ladakh and Karakorum batholiths) (Fig.  10.6). The lacustrine sediments are 
exposed between 3986 and 4100 m altitudes along the entire stretch. A remnant lake 
between this range is reconstructed, which occupied the Shyok and the Nubra 

Fig. 10.5 (a) Drainage of the Tangtse River Valley; (b) Longitudinal profile of the River with 
Stream Length Index (very high at the confluence with Shyok River); (c). T1 and T2 River terraces 
along Tangtse; (d) Alluvial fans; (e–f) Fluvial terraces with chronology; (g) Schematic sketch of 
the sedimentation and fluvial scenario since past 35 ka in the Tangtse valley (Phartiyal et al. 2015)
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valleys during the Holocene times (Fig.  10.7). The lake existed downstream till 
Biagdangdo, occupying the Shyok, Nubra, and Tangtse river valleys.

10.4.2.1  Fluvio-Lacustrine Deposits of Zanskar River Valley in Southern 
Ladakh

The east-west trending Zanskar valley (32° 52′ 30″ N to 33° 52′ 30″ N latitudes and 
76° 14′ 5″ E to 77° 32′ 4″ E longitude), a high altitude semi-desert, covering an area 
of ~7000 km2 and situated between an altitudinal range of ~3500 to 7000 m asl is a 
sub-district of Kargil, Ladakh, Jammu and Kashmir (Raina and Koul 2011; Kumar 
et al. 2014; Quamar et al. 2016) (Fig. 10.8). The valley experiences a severe climate 
and remains cut off from rest of the region during November to June. The climate of 
Zanskar valley is extremely dry and cold with annual precipitation of around 
239 mm/year (1987–2006), and humidity is very low (Raina and Koul 2011). The 
average January temperature of the valley is ~−20  °C, which drops to ~−40  °C 
(Kumar et al. 2014). Being a harsh terrain, the valley has limited vegetation because 
the diversity and distribution of flora is strongly influenced by environmental factors 
like altitude, topography, humidity, temperature, precipitation, exposure to radiation 
and nutrient supply (John and Dale 1990; Eldridge and Tozer 1997; Belnap and 

Fig. 10.6 (a) Panoramic view of the Shyok-Nubra valley; (b) Drainage of Nubra valley with a 
cross section near the confluence; (c) Moraine deposit observed along the right bank of the Nubra 
River
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Fig. 10.7 (a) River Shyok is showing braiding due to very low gradient even in the upper reaches; 
(b) View of Nubra River originating from Siachen Glacier and meeting the Shyok River near the 
Tirit Village; (c) Lacustrine sediments exposed in the left bank of Shyok River upstream Khalsar 
village; (d) Palaeo-strand lines showing gully erosion on the lacustrine sediments near Hunder 
village

Fig. 10.8 (a) DEM of the Zanskar region; (b) Confluence of the Zanskar and Indus Rivers; (c) 
Drum-Drum Glacier; (d) Padum fluvio-lacustrine section; (e) Fluvial terrace along Zanskar River
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Gillette 1998; Ponzetti and McCune 2001; Körner 2003). Among various environ-
mental variables, elevation gradient is among the most influencing factor, which 
effects atmospheric temperature, humidity, pressure, and precipitation and thereby 
determine the distribution dynamics of plant and animals (Vetaas and Grytnes 2002; 
Bhattarai et al. 2004; Baniya et al. 2012). Similarly, the area has a limited settle-
ment, and that too is restricted to the banks of two main tributaries of Zanskar River. 
i.e., the Stot originating near the Pensi-La (4400 m asl) and the second tributary 
originating near the Baralacha-La. The Zanskar River passes through a deep and 
narrow gorge where the river freezes during winter months and provide a route to 
Leh district called the Chader route/track (Tandup 2014).

Geologically, the Zanskar valley has two different units, i.e., the Great Himalayan 
Range to the south-west and the Zanskar range to the northeast. The Zanskar lies on 
the leeward side of the Great Himalayan Range. The Central Crystalline rocks con-
sisting of crystalline schist, stratified migmatites, porphyritic granites, gneisses, and 
feldspathic quartz-muscovite-biotite schist often garnetiferous are very commonly 
found in the southern parts (Koul 2017). The most prominent features present in the 
valley are glaciers and glaciated valleys. Survey of India Topographical maps based 
glacier inventory revealed ~268 glaciers in Zanskar valley basin confined between 
altitudes 3600 m to 6478 m (Koul 2017) and out of them, 131 glaciers are housed in 
Higher Himalaya and 137 glaciers in Zanskar Mountains.

Glacial and para-glacial landforms manifest multiple events of glaciation in the 
valley. The most prominent geomorphological landforms present in the area are (1) 
moraines, (2) glacio-fluvial terraces, (3) scree and alluvial fans, and (4) pro-glacial 
lake deposits. Besides these, occurrences of thin sheets of loess are found over 
moraines and alluvial fans (Pye 1995; Pant et al. 2005). Stratigraphy of the moraine 
using the conventional criteria such as morphology, sedimentary texture, relative 
elevation, the degree of weathering, and extent of vegetation cover helps us to 
understand the different stages of glaciation experienced in the river valley.

Stratigraphically, the oldest moraines are preserved along the flanks of the main 
Zanskar valley, while the younger stage moraines are restricted to the tributary val-
leys. The lateral moraines stratigraphically representing the oldest stage of glacia-
tion are well preserved on the right flank of the Zanskar valley near Padum. However, 
their counterparts are faintly visible on the opposite flank of the valley. The oldest 
stage of glaciation in the valley is manifested by these moraines and from lateral 
ridges that can be traced up to a distance of ~4.5 km and terminates into a latero 
frontal moraine near the lower limit of Padum village. We have sampled this phase 
of moraines at three different locations for establishing the chronology. It is expected 
that the dates will help us in bracketing this phase of glaciation and understanding 
the forcing factors that might have led to such a huge event of glaciation. The sec-
ond major phase of glaciation in the region is represented by unstable morainic 
ridges that are present at the mouth of the hanging valley that might have earlier 
been tributaries to the main trunk glacier.

Similarly, outwash gravel terraces are present, both in the main as well as the 
trunk valley. These gravel terraces present along the main valley. At places, lake 
deposits are exposed as discrete patches along the banks of the Zanskar River indi-
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cating that the lake must have existed at some point in time. These deposits are buff 
coloured, laminated with silty-clay layers. Alluvial fans and scree deposits are pres-
ent all along the valley including the tributaries. Alluvial fans are differentiated from 
scree fans being associated with distinct catchments with streams and having finer 
grain size at the distal end (Blair and McPherson 1994; Hales and Roering 2005).

10.4.2.2  Fluvio-Lacustrine Deposits of Indus River Valley Across the 
Ladakh Region

The Indus river valley is tectonically unstable, exhibiting a complex topography, 
landscape relief and varied Quaternary sedimentation (Nag and Phartiyal 2015). 
The major geomorphic landforms are alluvial fans, debris cones, fluvio-lacustrine 
deposits, scree, and talus cone are present throughout the study area. During the 
Quaternary, a ubiquitous mass movements and catastrophic land sliding transported 
material from steep slopes to valley bottoms is seen, which was responsible for 
forming lakes (preserved as thick piles of fine sediment), while the outburst floods 
redistributed sediment down the valley. Three phases of lake formation are recorded-
 at ~35–26  ka (Lamayuru palaeolake) 17–13  ka (Rizong); 14–5  ka (Khalsi and 
Saspol) and 10–~1.5 (Spituk-Leh) (Fig. 10.9a–d). The seismic activity in the valley 

Fig. 10.9 (a) Drainage of the Indus river (b) Wide river valley in the upper course near Loma (c) 
Narrow Indus river valley downstream Khalsi (d) Khalsi palaeolake sequence (e) Four phases of 
depositional and climatic history after Phartiyal et al. (2013) and Nag and Phartiyal (2015)
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is concentrated at 10 ka and 6 ka. The lake formation can be attributed jointly to the 
tectonic activity as well as the deglaciation after the Last Glacial Maximum (LGM) 
and Holocene warming and previous records show that Indian Summer Monsoon 
(ISM) intensity was more during the lake phases. Nag and Phartiyal (2015), 
described the following four prominent climatic phases from the 136 km transect of 
the Indus valley between Nimo and Batalik (Fig. 10.9e):

Phase I – 35,000–25,000 BP, Cold and Humid phase followed by the LGM.
Phase II – 17000–14,000 BP, a phase with deglaciation and rising lake levels form-

ing the Rizong palaeolake (~35 km in length), due to rising temperatures and 
monsoonal activity.

Phase III – ~14,000–5000 BP with highest lake levels in the valley and the expan-
sion of the lake to ~55 km occupying the valley length, due to high temperatures 
and monsoon contribution.

Phase IV – outburst and redistribution of the sediment downstream and change to 
the fluvial regime.

10.5  Conclusions

• The differential uplift along several thrust planes and associated climatic condi-
tions are primarily governing the geomorphic evolution of the Ladakh.

• Among several agents of material movement, glaciers are the most effective fac-
tor and study of moraines suggests ten glacial stages (~430–0.4 ka) in Ladakh 
Himalaya.

• Ladakh glaciers respond directly with mid-latitude westerly winds and therefore 
the relatively recent glacial phases are in accordance with the northern latitude 
glaciations.

• The major source of moisture to Ladakh is supplied by monsoon and Central 
Asian westerlies but in subequal amounts (~76% and ~24% respectively).

• The region receives more rain/snow during Abnormal Monsoon Years (AMYs) 
due to a northward shift of the Inter-Tropical Convergence Zone (ITCZ).

• Several river parameters of the Indus River suggest that tectonics is governing 
the valley width and channel flow.

• The evidence of the most pronounced seismic activity recorded at 27 ka, 23 ka, 
17–19 ka, 11–10 ka and 6 ka along the Karakorum Fault and ISZ.

• The fluviolacustrine deposits observed along the Indus and its tributary rivers are 
ideal archives for recoding the climatic signals of terrestrial origin. Our study 
suggests that ~35–25 ka the climate was cold and humid followed by the rela-
tively dry LGM. Subsequently, a rise in lakes occurred during ~17–5 ka with 
major fluctuations in lake levels during the Older Dryas, Younger Dryas and 
8.2 ka.

• The chronology is rather disturbing and detailed work is needed  in this 
direction.
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Chapter 11
Climate, C/N Ratio and Organic Matter 
Accumulation: An Overview of Examples 
from Kashmir Himalayan Lakes

Hema Achyuthan, Aasif Mohmad Lone, Rayees Ahmad Shah, 
and A. A. Fousiya

Abstract This present study provides an overview of the C/N ratio and organic 
matter (OM) contents in surface sediments of four lakes that occur in the Kashmir 
Valley. Valleys are depressed areas of land that influence climate and weather at 
both global and local scales. The oval-shaped intermontane valley is dotted with 
numerous freshwater lakes of various shapes and depths. These lakes represent the 
remnants of a substantial Karewa Lake body that extended across the valley floor 
currently occupied by the modern lakes. The study presented is based on analysis of 
the organic material deposited on the lake basin floors, transported via both natural 
and anthropogenic sources. The present deposition of terrestrial organic material in 
the lake sediments has apparently altered the trophic status of these lakes from 
oligo- to eutrophic conditions. Analysis of the C/N ratio in the Holocene lake sedi-
ments suggests that these lakes are dynamic ecosystems the accumulation of organic 
material being sources and depositional processes occurring within these lake 
basins. The report reviews the accumulation of organic material and the C/N ratio of 
the surface sediments, and discusses their potential value in palaeoclimatic interpre-
tation of fossil sediments in these lake basins to serve as an analogue with older 
materials. The organic material deposited in these lakes is predominantly a function 
of climatic conditions in the valley. The organic and isotopic composition of the 
lake sediments can potentially provide important information of past lake nutrient 
dynamics, palaeoenvironmental changes and depositional sources influencing the 
basins through time.

H. Achyuthan (*) · A. M. Lone · R. A. Shah · A. A. Fousiya 
Department of Geology, Anna University, Chennai, India

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-29684-1_11&domain=pdf


186

11.1  Introduction

Fresh water bodies constitute only 3% of the total volume of water on earth. These 
water bodies have a bearing on the economy as they provide potable water, fish and 
fodder for the people. The fresh water lakes are however, the most vulnerable habi-
tats as they act as sinks for sewage and waste disposal. Limnological study has now 
firmly entrenched itself as an important branch of geo-environmental study. Physical 
and chemical characteristics of lake sediments are potential proxies, which offer 
important information on the long-term climate variability of the past. The lakes 
being relatively small bodies of water in comparison with the ocean, can respond 
relatively quickly to an external forcing variable. Changes in air temperature or 
regional landuse can be reflected within months to decades in the inputs to the lake’s 
sedimentary record. The rapidity of this response varies both within a lake, for 
example from near shore to offshore environments, and between the lakes.

The organic content of the sediments reflects the amount of living organisms in 
and around the lake, i.e. the level of productivity and leaching from humus-rich 
catchment soils (Meyers and Teranes 2001). The lakes also have properties that 
allow us to use them as sentinels of stress in the terrestrial and wetland ecosystems 
that are found in their catchments. Changes to watersheds caused by climate warm-
ing can in turn affect the properties of lakes to which they drain. Examples include 
changes to nutrient inputs, the balance between base cations and strong acid anions, 
carbon cycles, and mercury, in some cases associated with insect outbreaks and for-
est fires.

Sedimentary organic matter (OM) is one of the most important components of 
terrestrial and marine lake sediments generally derived from in situ (autochthonous) 
and/or terrestrial (allochthonous) sources (Meyers and Ishiwatari 1993). Lake sedi-
ments play an important role as an efficient natural trap for organic rich sediments 
and hence act as a natural regulator of the various processes that occur inside the 
lake ecosystems (Burone et al. 2003). The particulate detritus of plants that grow in 
and around the lake catchment areas comprises the primary source of OM to the 
lake deposits. The relative contribution of OM from these two sources is strongly 
controlled by lake morphology, watershed topography and the relative abundances 
of lake and watershed plants (Meyers and Ishiwatari 1993). However, lake sedi-
ments are strongly influenced by the natural and human settlement characteristics 
around the catchments. While human induced changes in nutrient loads have had a 
marked effect on Kashmir Himalayan lakes, changes in climate also play a vital 
role. The key processes of climate variability are solar radiation and water balance 
(water level, retention time, stratification) and related factors (snow, wind). Thus, 
natural proxy signals preserved in lake sediments can be used for reconstruction of 
high-resolution Late-Quaternary-Holocene climatic variabilities.
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11.2  Climate and Geology of Kashmir Himalayan Region

The Kashmir Himalayas (Fig. 11.1) are extremely important because of their posi-
tion and for the role; they play in the climate and weather phenomena and economy 
of the state. It is believed that the valley originated from the draining of the Karewa 
Lake, which was formed as a result of tectonic upheaval and subsequent tectonic 
uplift of the Pir Panjal and Zanskar Ranges. It is an intermountain valley fill, com-
prising of unconsolidated gravel, pebble, boulder and mud. A succession of pla-
teaux is present above the plains of Jhelum and its tributaries. These plateaux-like 
terraces are called ‘Karewas’ or ‘Vudr’ in the local language. Due to the rise of the 
Pir-Panjal, the drainage was impounded, a lake of about 5000 km2 area was devel-
oped, and thus a basin was formed.

The climate of the study area is characterized by warm summers and cold win-
ters and varies between −5 and > 30 °C. According to Bagnolus and Meher-Homji 
(1959), the climate of Kashmir falls under Sub-Mediterranean type with four sea-
sons based on mean temperature and precipitation. The precipitation is highly vari-
able round the year with more rains occurring during the summer and snowfall 

Fig. 11.1 DEM map of the Kashmir Valley along with location of four lakes (1) Wular, (2) 
Manasbal, (3) Anchar and (4) Dal Lake. Different colours indicate elevation in meters (Ganjoo 
2014)
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during winter. Western disturbances are mainly responsible for causing rainfall and 
snowfall from January to May. Both the daily minimum and maximum  temperatures 
start rising and falling by April and September respectively, and are at their peak in 
July and January.

Kashmir Valley encompasses a very important place in the geo-tectonic frame-
work of Kashmir Himalaya (Fig. 11.2). The geology of the Kashmir region displays 
a chronological record of the Great Alpine Orogeny, including sedimentation, tec-
tonics and volcanic activity, that followed the Himalayan Orogeny. The valley is 
bounded on the southwest by the Pir Panjal and by the Greater Himalayas on the 
northeast. The bowl-shaped basin is represented by the Precambrian basement over-
lain by a thick succession of fossiliferous Palaeozoic and Triassic rocks with 
thrusted contacts in the north with the Great Himalayan Range and in the south with 
Pir Panjal Range (Ganjoo 2014). Panjal Volcanic Complex and the Triassic 
Limestone form the two main geological formations, underlain by the Archean 
metasedimentary rocks (Salkhala Formation). Salkhala formation constitutes carbo-
naceous slate, graphitic phyllite and schist associated with carbonaceous grey or 
white limestone, marble, calcareous slate and calcareous schist (Alam et al. 2015). 
Plio-Pleistocene glacio-fluvio-lacustrine sediments (approximately 1300 m thick) 
in turn overlie the Precambrian to Mesozoic basement rocks and constitute the 
Karewa Group. The Karewa Group of sediments is mostly composed of sand, silt, 
clay, shale, mud, lignite, gravel and loessic sediments (Alam et al. 2015; Babeesh 
et al. 2017). The landuse and land cover of the area may be divided into agricultural 
land with various types of crops and trees, forests, Karewa deposits, built-up, barren 
land and horticulture areas. The landuse and land cover classes along the lake catch-

Fig. 11.2 Diagrammatic cross sections across the Kashmir Himalaya, showing broad tectonic 
features along with the Kashmir Nappe zone. (After Wadia 1976)
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ment areas has been substantially modified by human population over the past few 
decades (Lone et al. 2017; Lone et al. 2018a, b, c).

11.3  The Karewa Lakes

One of the unique geomorphic features present in the Kashmir valley are the thick 
Quaternary Karewa deposits. These deposits are dominantly lacustrine, fluvial, gla-
cial and aeolian in origin. The past existence of Karewa Lake, is thought to be an 
intermittent one attaining maximum extent during warmer interglacial periods and 
succeeded by periods of minimum extent. Nearly half of the present Kashmir Valley 
is covered by deposits of Karewa sediments and contain detailed systematic records 
of ice ages over western Himalayas (Wadia 1941). The important freshwater lakes 
(Anchar, Dal, Manasbal and Wular Lakes) found in the Kashmir Valley (Fig. 11.3) 
are the remnants of the great Karewa Lake and thus represent the present day geo-
morphic landscape of the region.

In this chapter we present an overview of OM accumulation and C/N ratio from 
four Kashmir Himalayan lakes. This study was carried out to understand the accu-
mulation and source of OM in surface sediments and the controlling factors that 
modulate the deposition of OM in recent surface sediments. The four lakes although 
located in the same climatic conditions prevailing in the valley display changes in 
the sources and depositional pattern of allochthonous and terrestrial OM contents. 

Fig. 11.3 Google earth map (2017) showing location of important lakes in Kashmir Valley
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This study was also aimed to understand the factors such as type of the lake (open 
or closed), catchment area changes and further, the paleoclimatic potential of the 
above two proxy records were also discussed for future references. The water in 
these lakes is added from in situ springs, drainage inlets from the upland catchment 
such as Jhelum river, Sindh river besides other small tributaries which bring in 
diverse type of sediments rich in OM (Sarkar et al. 2016). This study investigates 
the distribution and sources of organic matter within four Kashmir Himalayan lake 
basins and illustrates the usefulness of C/N ratio as a biomarker approach in dis-
criminating organic matter sources within lacustrine environments.

11.3.1  Wular Lake

The Wular Lake (34°22′10.56″N and 74°33′28.8″E) located in the Bandipora district 
of north Kashmir is an oxbow type mono-basined lake (Fig. 11.4). The lake is situ-
ated nearly 34 km to the northwest of Srinagar city at an altitude of 1530 m a.s.l. 
The average surface area of the Wular lake is 189 km2 and the water remains alka-
line throughout the year and pH changes from 7.5 in summer to 8.8 in winter season 
(Shah et al. 2017). The average depth of the lake is 5 m. Based on its high biologi-
cal, hydrological and socioeconomic value, the lake was declared as a wetland of 
National importance under the wetlands programme of the Ministry of Environment 
and Forests, Government of India, in 1986 and has been subsequently declared as a 
Ramsar Site in 1990 to give it the status of wetland of International importance. 

Fig. 11.4 A view of the Wular lake, Bandipora Kashmir
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Wular Lake, the largest freshwater lake in Asia within the Jhelum river basin, plays 
an important role in the hydrographic system of the Kashmir valley by acting as 
predominant absorption basin during the flood events besides playing a vital role in 
sustaining agriculture. The shrinkage in lake area is mainly because of a continuous 
siltation brought by the various tributaries besides River Jhelum. The lake is an open 
drainage type and hence experiences moderate eutrophication (Pandit 2002).

11.3.2  Manasbal Lake

The Manasbal Lake 34°14′47.66″ N and 74°41′20″ E is one of the deepest, meso-
trophic freshwater lake, located in the Safapora area (Ganderbal district), at an alti-
tude of about 1585 m a.s.l (Fig. 11.5). The lake is semi-drainage type, oblong in 
outline and covers an area of 2.80 km2 with a maximum depth of 12.5 m (Maqbool 
and Khan 2013; Rashid et al. 2013; Lone et al. 2017; Lone et al. 2018a, b, c). The 
lake is surrounded by the Karewa deposits of Plio-Pleistocene age on the northeast 
and northwestern side. On the eastern side are the Panjal traps of Permian age over-
lain by the Triassic limestone extending to the southeast. The lake inflow is chiefly 
derived from the underground springs, local precipitation in addition to which a 
small irrigation stream (Laar Kul) on the eastern side also drains water into the lake 
during the rainy season from the higher catchment areas. The Laar-kul stream brings 
in diverse types of terrestrial organic and inorganic material into the lake, including 
major and minor nutrients and other materials. An outflow channel called Nunnyar 
Nalla drains excess water from the western side of the lake into the Jhelum River.

Fig. 11.5 Panoramic view of the Manasbal Lake with the Ahtung hills in the background
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11.3.3  Anchar Lake

Anchar Lake (34°08′37.58″N and 74°47′10.89″ E) located in the urban area, is a 
fresh water lake, situated about 25 km northwest of Srinagar city at an average ele-
vation of ~1583 m a.s.l. with an average depth of about 4 m (Fig. 11.6). Presently, 
the lake occupies an area of 6.80 km2 of which about 1.69 km2 correspond to open- 
water and the remaining portion has been transformed into a marshland because of 
increased human impact on the lake ecosystem. The lake catchment covers a surface 
area of about 5.8 km2. The lake surface is a single basined, open drainage type water 
body fed by a network of channels including local catchment watersheds, open 
springs and Sindh River (Ganaie et al. 2015). The Sindh River constituting one of 
the largest basins in the Kashmir Himalayas drains major part of its water into the 
Anchar Lake. Further, a number of channels from agricultural fields, effluents from 
the settlements around the Anchar Lake and surface runoff from the catchment area 
directly drain into the lake throughout the year (Lone et al. 2017; Lone et al. 2018a, 
b, c). Much of the excess water from the Anchar Lake drains through the Shalabugh 
wetland into the Jhelum River (Khanday et al. 2016).

Fig. 11.6 A view of the Anchar Lake, Srinagar Kashmir Valley
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11.3.4  Dal Lake

Dal Lake (Fig. 11.7), situated in Kashmir Himalaya, is a multi-basin drainage lake 
covering an area of 24 km2 with the open water spread of about 10.5 km2 and a water 
holding capacity of 15.45  ×  106  m3. The lake lies between 34°5′–34°9′N and 
74°49′–74°53′E at a mean altitude of 1585 m a.s.l. The average depth of the Dal 
Lake is 1.42  m. Being a major tourist attraction in Kashmir, the lake is socio- 
economically important as the livelihood of a large section of population of Srinagar 
city is dependent on the services and products provided by the lake. The lake is an 
important source of vegetables, fisheries, recreation and drinking water to the peo-
ple of Srinagar city. The catchment area, spread over 337 km2, is geologically com-
posed of Panjal Traps, agglomeratic slates, alluvium and Karewa deposits (Wadia 
1976). As per Bagnolus and Meher-Homji (1959), climate of the area is sub- 
Mediterranean with four seasons. The total annual precipitation and average tem-
perature recorded at the nearest metrological station (Srinagar) is 870 mm and 11 °C 
respectively.

11.4  Organic Matter Accumulation, C/N Ratio 
and Paleoclimate Inferences

Understanding the OM accumulation and diagenesis is one of the important param-
eters to distinguish between various depositional environments of the past as well as 
recent lake sediments. Terrestrial run off and organisms present within the water 
column generally contribute OM and calcium carbonate to the lake basins. The 

Fig. 11.7 A view of the Dal Lake Srinagar, Kashmir Valley
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concentration of OM and CaCO3 varies within the lake basins (Dean 2006). This 
variation is owing to the changes in water chemistry, catchment geology, climate, 
lake-flora and fauna, anthropogenic influences along the catchments etc.

The sediment grain size variations, its sorting under hydraulic conditions and its 
distribution both spatially and temporally largely controls the distribution pattern 
and behaviour of organic matter in the lakes (Xiao et al. 2013). The modern surface 
sediment samples were collected from all the four lakes (Fig. 11.8). The sampling 
stations were carefully selected and these sampling sites represent the modern sedi-
ments that accumulate within these lake basins. Sediment texture of these lakes is 
dominantly fine fractions such as clay and silt reflecting that the source area catch-
ment is contributing finer fractions into these lake basins (Lone et al. 2017). This 
also reflects the weathering conditions prevailing in the catchment area. Generally, 
coarser components such as sand fractions are higher along the lake margins sup-
porting shallow water column and along the sites influenced by inlet streams. 
Further, it is noted that the small and large watershed drainage inlets also carry large 

Fig. 11.8 Location map of the study area and the site location of the four freshwater lakes with 
sampling stations
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volumes of coarser sediment from the upper catchment areas and deposit them 
along the lake margins. Higher clay contents reflect the deeper bathymetry of the 
lake-basin and the relatively stagnant depositional environment, which allows finer 
fractions to settle down.

The lakes in Kashmir Valley are the potable sources of freshwater for the region 
but unfortunately, due to their exploitation for various purposes like drinking, 
domestic, agriculture, hydropower, these freshwater ecosystems are getting eutro-
phicated and subsequently shrinking in area. These lakes are located within the 
intermountain settings and receive large amounts of weathered sediments from the 
nearby surrounding catchment areas, which consist of diverse lithological forma-
tions suggesting a variety of provenance with variable geological settings. Panjal 
traps and the Agglomeratic slates, granites and metamorphic schists, Quartzites, 
Triassic limestone and recent Alluvium represent the exposed lithology. These rock 
types form the important source of weathered sediments that are redeposited into 
these lakes. The unique climate of the valley (cold winters) and the steep slopes 
enhance the physical weathering of the exposed surfaces resulting in increased ero-
sion and subsequent deposition of sediments into these lake basins. The sedimenta-
tion rate and pattern in these lakes vary spatially and temporally. The sedimentation 
rate in each Himalayan lake differs due to catchment lithology, slope, vegetation 
cover and energy of transporting media (inlet stream, rainfall and wind) causing 
differential erosion. The sedimentation rate reported from few of the Himalayan 
lakes reveals contribution of sediments due to both natural and human interference. 
Sarkar et al. (2016) reported sediment rates from the Kashmir Himalayan lakes and 
revealed that the Manasbal Lake shows a sedimentation rate of 0.44 cm/year while 
the average sedimentation rates of the Dal and Mansar lakes were measured and 
observed to be 0.93 and 0.23 cm/year, respectively.

The lake basins in the Kashmir Valley lie in the temperate zone, characterized by 
wet and cold winters driven by westerlies and relatively dry and moderate hot sum-
mers (subdued SW monsoon). Most of the precipitation falling in the area is owing 
to the western disturbances (westerlies) during the winter and early spring seasons. 
Additionally water from the local catchment streams, melting glaciers and insitu 
springs also add water to these lakes. The water and the sediment chemistry of these 
lake basins are comparable to catchment rock lithology as such the geochemical 
characteristics of the lake water is mostly influenced by the weathering of the catch-
ment (carbonate and silicates) (Jeelani and Shah 2006; Rashid et al. 2013).

The C/N ratio and OM contents displayed a distinct spatial variation in all the 
four lakes (Fig. 11.9; Table 11.1). The C/N ratio of the Manasbal Lake sediments 
(Fig. 11.9a) showed a wide variation in the C/N ratio with an average value of 15, 
minimum of 7.73 and maximum value of 33.83. The OM in the lake sediments 
ranges between 3.2 and 29.6% with an average value of 16.89%. Wular Lake sedi-
ments (Fig. 11.9b) exhibited an average C/N value of 11.86 with a minimum and 
maximum value of 9.04 and 22.03. The OM percentage of the lake bottom samples 
showed a minimum value of 1.42% and maximum value of 14.89%. A lowest C/N 
value of 5.49 and a highest value of 27.27 were observed for Anchar Lake sediments 
(Fig.  11.9c). The overall concentration of OM varies along different sampling 
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 stations. The OM content ranges between 3.88 and 17.22% with an average value of 
9.95%. Further, Dal Lake a hotspot centre for tourism reveals low C/N ratio indicat-
ing high N input due to anthropogenic contributions into the lake (Fig. 11.9d). The 
OM was determined by titration method and it was observed that 19 samples yielded 
more than 20% of OM contents. The OM in Dal lake sediments exhibited an aver-
age concentration of 24.70%, which is highest among all the four lakes. The overall 
the higher content of OM is concentrated in the lake towards western sampling sites, 
compared to the eastern and it could be the result of high household output due to 
large urbanization towards western fringe and addition of untreated municipal 
wastes directly drained into the lake. The highest value of C/N ratio was recorded to 
be 17.44 in the station DL-28 and the lowest value was recorded as 2.37 in station 
DL-6. Most of the sampling station shows C/N value of less than 4 pointing towards 
the secondary deposition of nitrogen to the lake sediments in addition by the lake 
vegetation. It is often noted that higher OM content and lower C/N ratio indicate 
higher productivity of algae and intense wetter conditions associated with high lake 
bathymetry.

The present-day landscape of the Kashmir Valley came into existence through 
various tectonic and climatic events. These changing climate conditions and tec-
tonic pulsations have been instrumental in changing sediment transportation and 
accumulation rates in the Kashmir Himalayan lakes. Thus, the sediment and OM 
dynamics in Kashmir Himalayan lakes are governed by the presence of riverine and 
other terrestrial sources and later are accumulated towards the shallow margins of 
the lake. The amount of OM found in lake sediments is a function of the input of 
various sources reaching the sediment-water interface and the rate at which OM is 
degraded by microbial processes during burial (Hedges and Keil 1995). Aquatic 
flora and fauna, weeds growing within the lake, terrestrial vegetation growing along 

Fig. 11.9 An overview of C/N ratio and OM concentration in lake surface sediments from the four 
lakes
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Table 11.1 Concentration of OM (%) and C/N ratio in surface sediments of the (a) Manasbal, (b) 
Wular, (c) Anchar and (d) Dal Lakes

(a) Manasbal Lake (b) Wular Lake
(c) Anchar 
Lake (d) Dal Lake

S. no.
OM 
%

C/N 
ratio S. no.

OM 
%

C/N 
ratio S. no. OM%

C/N 
ratio

S. 
no.

OM 
%

C/N 
ratio

ML-1 18.6 7.73 WL-1 7.54 11.5 AN-1 4.98 27.27 DL-1 7.73 10.68
ML-2 11.8 33.83 WL-2 14 9.18 AN-2 4.77 18.2 DL-2 13.64 3.51
ML-3 8.4 11.03 WL-3 9.98 10.18 AN-3 9.16 10.48 DL-3 23.30 5.01
ML-4 24.6 10.49 WL-4 9.09 13.53 AN-4 12.9 15.99 DL-4 25.04 5.40
ML-5 11.8 12.31 WL-5 9.69 10.17 AN-5 6.68 10.11 DL-5 21.95 5.65
ML-6 29.6 12.32 WL-6 5.83 14.15 AN-6 9.92 16.15 DL-6 4.67 2.37
ML-7 17.6 13.75 WL-7 2.55 11.26 AN-7 8.34 10.15 DL-7 36.65 3.60
ML-8 15.6 14.39 WL-8 4.76 15.31 AN-8 13.49 15.11 DL-8 12.92 3.45
ML-9 21.8 14.81 WL-9 4.38 22.03 AN-9 10.12 16.9 DL-9 32.31 3.99
ML- 
10

22.4 14.23 WL- 
10

6.54 10.15 AN- 
10

11.31 16.15 DL- 
10

28.12 4.45

ML- 
11

15.8 14.43 WL- 
11

5.91 11.28 AN- 
11

11.63 6.67 DL- 
11

32.55 3.51

ML- 
12

18.2 16.79 WL- 
12

10.4 9.42 AN- 
12

17.22 6.56 DL- 
12

13.43 7.68

ML- 
13

22.8 16.9 WL- 
13

10.1 10.41 AN- 
13

10.35 5.49 DL- 
13

18.21 11.72

ML- 
14

20 10.61 WL- 
14

5.47 14.01 AN- 
14

13.12 14.92 DL- 
14

29.49 6.11

ML- 
15

23 10.93 WL- 
15

5.78 13.49 AN- 
15

10.91 8.55 DL- 
15

21.94 3.43

ML- 
16

14.4 19.23 WL- 
16

3.47 13.04 AN- 
16

16.45 7.36 DL- 
16

21.35 2.84

ML- 
17

25.2 10.51 WL- 
17

1.42 13.09 AN- 
17

9.46 7.69 DL- 
17

34.76 3.99

ML- 
18

3.2 22.02 WL- 
18

8.48 10.63 AN- 
18

13.82 7.25 DL- 
18

36.18 2.55

ML- 
19

14 14.37 WL- 
19

8.43 9.2 AN- 
19

5.47 13.68 DL- 
19

36.14 2.67

ML- 
20

12.2 12.83 WL- 
20

4.29 15.96 AN- 
20

6.27 17.4 DL- 
20

43.20 2.56

ML- 
21

10.4 17.99 WL- 
21

6.56 9.88 AN- 
21

12.64 8.45 DL- 
21

42.97 2.78

ML- 
22

10.2 18.47 WL- 
22

3.83 9.47 AN- 
22

11.61 10.49 DL- 
22

35.68 2.40

WL- 
23

7.06 13.01 AN- 
23

4.38 13.06 DL- 
23

34.66 4.30

WL- 
24

4.65 10.59 AN- 
24

3.88 11.59 DL- 
24

22.77 2.39

WL- 
25

4.17 12.7 DL- 
25

11.64 2.89

(continued)
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the lake catchments and anthropogenic influences are the primary sources that con-
trol the quantity and purity of organic material delivered to the lakes. The amount 
and type of OM deposited within the lake reflect the ecology and environmental 
conditions of that ecosystem (Meyers and Lallier-Vergès 1999). The low to moder-
ate content of OM in the lake sediments is attributed to the mixed contributions 
from both in situ lake flora and fauna and terrigenous detrital sources available 
along the lake catchment.

The C/N ratio is primarily controlled by the availability of organic material and 
fine fractions accumulating with a sedimentary basin. However, early digenesis can 
lead to both, a decline of C/N ratio inland derived material and an increase of C/N 
ratios in the planktonic OM. Nevertheless, the C/N ratio provides an important idea 
about the relative source contribution of terrestrial plants vs. planktonic OM in the 
sedimentary basins. Algae usually has a C/N ratio ranging from 4 to 10 because 
algae is rich in proteins and devoid of cellulose (Meyers and Teranes 2001; Meyers 
1994). C/N ratios between 10 and 18 suggest that the source of OM was a combina-
tion of algae and vascular land-plants.

The C/N ratio of lake sediments reflects intermediate to moderately value of the 
C/N ratio for all the lake systems which suggest that the primary source of OM is 
governed by the mixing of both autochthonous algal matter and terrestrial 
OM. However, the high C/N ratio along certain sampling stations is attributed to the 
increased particulate matter loads and wastewater discharges from the upper catch-
ments through the ephemeral channels and direct inflow of sewage from the house-
holds near the lake margins. This suggests that the increased utilization of the lake 
catchment for urbanization, tourism, water discharge and agricultural activities in 
recent years is the primary source contributing OM to the lake sediments.

Table 11.1 (continued)

(a) Manasbal Lake (b) Wular Lake
(c) Anchar 
Lake (d) Dal Lake

S. no.
OM 
%

C/N 
ratio S. no.

OM 
%

C/N 
ratio S. no. OM%

C/N 
ratio

S. 
no.

OM 
%

C/N 
ratio

WL- 
26

14.89 9.04 DL- 
26

25.98 2.57

WL- 
27

9.57 10.5 DL- 
27

15.18 4.73

WL- 
28

11.31 11.89 DL- 
28

9.00 17.44

WL- 
29

9.22 11.17

WL- 
30

6.59 13.05

WL- 
31

7.37 11.04

WL- 
32

11.22 9.13
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The small and large watershed drainage inlets carry large volumes of organic 
rich sediment from the upper catchment areas and deposit them along the lake mar-
gins. Further, sediment texture within the lakes also controls the transport and depo-
sition of OM accumulation and that the sediment OM acts as a source of recycled 
nutrients for lake productivity upon degradation and thereby decreasing the biologi-
cal oxygen demand (BOD) and support large algal blooms and other aquatic plants 
in lake waters. Increased catchment soil erosion during the rainy season and the 
steep slopes of the catchment areas support the high influx of catchment derived 
organic rich materials into the lake basins. Further, in situ nutrient sources around 
the lake margins and macrophytes growing in the shallow parts contribute to local 
OM productivity thus augmenting OM sedimentation.

Paleoclimatic inferences based on OM accumulation and C/N can be deduced 
using sediment cores retrieved especially from the lake margins, as these margins 
are dynamic areas and are often subjected to the high and low lake level variations. 
Any change in the paleo-hydrology of the lake is reflected and preserved in sedi-
ments, and thus careful and high-resolution analyses of these sediments using OM 
and C/N ratio can help in reconstructing the paleo-environmental and vegetation 
changes around the lake catchments. Further, any anthropogenic impact such as 
deforestation, over exploitation of lake waters due to unplanned agricultural prac-
tices, application of pesticides around the lake catchment areas can be easily 
detected using these proxy records. A compilation of the C/N ratios in surficial sedi-
ments (Table 11.2) for different lakes over the world suggests that these bulk param-
eters retain source information despite large decreases in the total amount of organic 
matter during sinking. Considerable variation is evident, in the C/N values in the 
surface sediments. These changes in the C/N ratios reflect variations in the sources 
and accumulation of terrestrial and autochthonous organic inputs and prevailing 
climate. These variations also apparently reflect different diagenetic processes 
occurring at different water depths. The changes in C/N ratios is sensitive to collec-
tive input of OM from different sources along with its selective diagenesis within 
the lake basins. The two significant factors governing the amount of organic matter 
in surface sediments of these lake basins are (a) input of OM into the lake basin and 
(b) detrital sedimentation rates. As such, high sedimentation rates tend to dilute the 
OM whereas low sedimentation rates allow the OM to be oxidised (Hyne 1978).

From the above discussion, it is reiterated that the distribution of sediments, OM 
and C/N ratio in lake sediments from Kashmir Valley indicates that the catchment 
processes in context with present climate provides an important preliminary record 
of the factors governing the deposition and distribution of organic and inorganic 
sediments in lakes. Thus, the study suggests that the depositional processes in these 
lakes are controlled by OM influx, catchment geomorphology coupled with anthro-
pogenic impacts. Further, recent eutrophication of these lakes is essentially simulta-
neous with large-scale human settlements and the application of agricultural and 
horticulture fertilizers in the catchment areas.
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Table 11.2 A compilation of the present C/N ratio and OM content with other national and 
international studies

S. 
no Lake Location Sediment type

C/N 
ratio References

1 Bohai Bay China Surface 
sediments

21.3 Gao and Chen (2012)

2 Daihai Lake China Surface 
sediments

8.2–12.1 Hou et al. (2013)

3 Lake Michigan N America Surface 
sediments

9 Meyers and Ishiwatari (1993)

4 Lake Baikal Russia Surface 
sediments

11 Meyers and Ishiwatari (1993)

5 Lake Ohrid Macedonia Surface 
sediments

3–14.5 Vogel et al. (2010)

6 Mangrove Lake Bermuda Surface 
sediments

13 Meyers and Ishiwatari (1993)

7 Naples Harbour Italy Surface 
sediments

0.39– 
68.8

Rumolo et al. (2011)

8 Taapei Basin Taiwan Surface 
sediments

6.1 Ku et al. (2007)

9 Varthur Lake India Surface 
sediments

23–33 Mahapatra et al. (2011)

10 Walker Lake Nevada Surface 
sediments

8 Meyers and Ishiwatari (1993)

11 Welwich Marsh England Surface 
sediments

14.7 Lamb et al. (2007)

12 Lake Biwa Japan Surface 
sediments

6 Meyers and Ishiwatari (1993)

13 Karlad Lake India Surface 
sediments

9 Babeesh et al. (2016)

14 Berijam Lake India Surface 
sediments

10.95 Vijayaraj and Achyuthan 
(2016)

15 Kukkal Lake India Surface 
sediments

6 Vijayaraj and Achyuthan 
(2016)

16 Manasbal Lake India Surface 
sediments

15.0 Present study

17 Wular Lake India Surface 
sediments

11.86 Present study

18 Anchar Lake India Surface 
sediments

12.32 Present study

19 Dal Lake India Surface 
sediments

4.8 Present study

20 Lake Algae – – 4 –10 Meyers and Ishiwatari (1993)
21 Terrestrial 

plants
– – >20 Meyers and Ishiwatari (1993)
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11.5  Conclusions

In this chapter, a detailed overview was carried out on the changes in C/N ratio and 
OM content with paleoclimatic inferences of the modern lake sediments deposited 
in four freshwater lakes. The OM and C/N ratio content reveal that the sediments are 
organically moderate to highly productive (mesotrophic to eutrophic). The variation 
in C/N ratio and OM concentration of the lake sediments from the Manasbal, Wular 
and Anchar and Dal Lakes, revealed that sediment distribution, OM and, the C/N 
ratio in the lake is a function of both in situ and external sources. The C/N ratio 
reveals a mixed source of OM for all the four lakes suggesting both in situ produc-
tion of OM by the lake biota and the allochthonous materials deposited by external 
sources. Anthropogenic impact, aided by landuse pattern changes and prevailing 
environment has resulted in the significant increase in the amount of OM accumula-
tion in these lakes. More detailed and simultaneous analysis C/N and OM results 
from lake core sediments will help to better comprehend the past nutrient dynamics 
and palaeolimnological processes.
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Chapter 12
Deciphering Climate Variability over 
Western Himalaya Using Instrumental 
and Tree-Ring Records

H. P. Borgaonkar, T. P. Sabin, and R. Krishnan

Abstract In this chapter, we discuss climate variability over the Western Himalaya 
based on instrumental records as well as information derived from tree-ring data. 
We focus here on two important climatological elements, namely rainfall and tem-
perature of Western Himalayan region. Trend analyses of rainfall based on 14 sta-
tions covering entire western Himalayan region from Kashmir to Uttarakhanda 
indicate different patterns of rainfall variability. The database does not show any 
coherent patterns among the stations and does not indicate any significant trend dur-
ing the twentieth century. Data on temperature show overall warming mainly con-
tributed by maximum temperature. Most of the stations indicate significant 
increasing trends in maximum temperature for all the seasons. Cooling trend is 
observed mostly in minimum temperature of some stations for different seasons. 
Annual maximum, minimum and mean temperature series of all the stations indi-
cate significant warming except slight cooling in minimum temperature of 
Deheradun, Mukteswar and Mussoorie. Climate projections for twenty-first century 
also indicate warming over the entire Himalayan region with significant warming in 
Tibetan plateau, and increasing trend in summer precipitation over the central 
Himalayan region including Nepal and Tibetan Plateau.

Dendroclimatic reconstructions give some information about summer climate 
conditions since past several centuries. They indicate some cool epochs associated 
with Little Ice Age (LIA). It is also seen that high altitude near glacier tree-ring 
records would be the potential source of information on long-term temperature vari-
ability and glacier fluctuations. Overall warming trends noted in different parts of 
the western Himalaya may be linked partially to global warming trends and rapid 
urbanization of the hill stations were the observatories are located.
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12.1  Introduction

The Himalaya constitutes one of the youngest mountain systems in the world. The 
role of the Himalaya in maintaining and controlling the monsoon system over the 
Asian continent is so vital that it draws the foremost attention of climatologists as 
well as geologists and biologists. It consists of climatologically significant highly 
reflecting snow covered mountains, a vast biomass reserve and network of rivers 
with perennial water source. Vast differentiation in topography, climate, soil struc-
ture and rock along the Himalayan ranges from west to east has resulted in numer-
ous types of vegetation. Himalayan environments are classic areas for the study of 
climate change because they contain a wide range of natural phenomena (e.g. gla-
ciers and tree-line) that are strongly influenced by climate and provide easily detect-
able evidence of climate change. Mountain glaciers, particularly over the Himalayan 
region are much sensitive to climate change.

Over the Himalayan region, most of the climate studies so far dealt with the 
mean precipitation conditions over specific locales like Mount Everest (Dhar and 
Narayanan 1965), Cherrapunji (Ramaswamy 1972; Dhar and Farooqui 1973), 
GarhwalKumaon Himalaya (Dhar et al. 1984a) Uttar Pradesh Himalaya (Dhar et al. 
1987) and Ladakh region (Dhar and Mulye 1987), extreme rainfall events (Dhar 
et al. 1975) and break – monsoon rains over the foothills of north India (Dhar et al. 
1984b) and variation of rainfall with elevation (Dhar and Bhattacharya 1976). There 
are very few studies available on the climate change during the instrumental record 
of the past century, for the Himalayan region. Pant and Borgaonkar (1984) studied 
climate of the hill region of Uttar Pradesh on the basis of annual rainfall data of six 
stations and temperature data at one station, for a period of about a century. They 
did not find any long-term trend in the rainfall series. A marked increase in winter 
maximum and winter mean temperature is also observed after the year 1935. 
Bhutiyani et al. (2007) observed significant warming over northwest Himalaya dur-
ing the last century at a rate, which is higher than the global average. Pant et al. 
(2003) also indicated overall warming trend since last few decades as observed in 
many other parts of the globe (Böhm et al. 2001; Jones and Moberg 2003; PAGES 
2k Consortium 2013). Basistha et al. (2009) pointed out that rainfall has decreased 
in the Indian Himalayas lying in Uttarakhand State during last century as a sudden 
shift around 1964  CE, rather than gradual trend, whereas, over northwestern 
Himalaya, winter rainfall showed increasing trend while, monsoon and annual rain-
fall has decreased since last 100 years (Bhutiyani et al. 2010). It is likely that some 
of the climate changes that have taken place are the result of global scale events. 
However, it is obvious that the net change in the climate is due to a number of inter-
active physical mechanisms at global, regional and local scales.

Preliminary attempts on dendroclimatic analysis for the Indian region were made 
by Pant (1979, 1983). He suggested that the trees of the Himalayan zone are most 
appropriate for identifying well defined growth rings, which generally display a 
very prominent response to temperature. As a preliminary survey, few species of 
Alpine, temperature, subtropical and tropical regions of Himalayan zones were 
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identified by Pant (1979). Bhattacharyya and Yadav (1989) also discussed the den-
droclimatic potential and dating problems associated with the tropical and subtropi-
cal tree-rings form the Indian subcontinent. Pant (1979) also suggested two climatic 
zones in India for extensive sampling and tree-ring analysis, which are the forests of 
the mountains adjacent to Himalayan snow-line including the sub-Himalayan forest 
belts, and the semi-arid regions of the country.

The tree-ring based summer temperature reconstructions indicate cooling effect 
in recent decades over Western Himalaya (Yadav 2004), Kashmir (Hughes 2001) 
and Nepal (Cook et al. 2003). While tree-ring reconstructions of mean temperature 
over Karakoram Himalaya (Esper et  al. 2002) and winter temperature of Nepal 
(Cook et al. 2003) follow warming trend in recent decade. However, few regional 
tree-ring summer temperature estimates did not find any warming or cooling trend 
during past 250 years (Borgaonkar et al. 1994, 1996). Recent study (Yadav et al. 
2017) indicates increasing precipitation pattern and glacier expansion associated 
with cooling over northwest Himalaya. In general, all these reconstructions show 
some cool epochs related to Little Ice Age associated with intermittent warm 
episodes.

The geological, palaeobotanical and archaeological studies from this region 
point towards its palaeological history of glacial and interglacial phases in a broader 
sense; however, corroborative signals of climatic significance need careful examina-
tion (Borgaonkar 1996). In the recent past, with about a century of recorded data, 
the region shows the most varied climate throughout the year. Large variations in 
topography, elevation and location result in great contrasting climates within short 
distances. Besides these local and regional variations in climate, the entire Himalaya 
experience a general weather and climate pattern dictated by the monsoon systems 
of Asia and the chain of mid latitude extra-tropical systems. In addition to an over-
view of the overall climatological setting of the region this article summarizes the 
changes and fluctuations in temporal and spatial scales over the region for the period 
of observed meteorological data. Special mention is made of the recent studies in 
the detection of proxy signals of changing climate recorded in the annual growth 
rings of trees from the vast coniferous forests of the region.

12.2  Climatic Change over the Western Himalaya: 
The Twentieth Century Setting

Though the climatic effects of man-made changes in the Himalayan environment 
are not clearly known, it is causing serious concern because of the implications of 
possible chain reactions towards a deteriorated climatic regime. In view of this, we 
made an attempt to look at the available climate records on rainfall and temperature 
at some observatories in an around the Western Himalaya, for possible evidence of 
long-term changes. The data have been taken from the monthly weather Reports of 
the India Meteorological Department and other published reports. The data of most 
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of the stations cover the long period of the twentieth century. The stations identified 
by their geographical locations and the periods of data for different climatic param-
eters are listed in Table 12.1 and locations of the stations are presented in Fig. 12.1. 
Total 14 stations covering entire western Himalaya including Jammu & Kashmir, 
Himachal Pradesh and Uttarakhand have been considered for the analysis.

These stations have long and continuous data. Out of 14 stations, 9 have both 
temperature and rainfall monthly records available. Rests of the stations have only 
rainfall data. The rainfall includes snowfall also, converted to rainwater terms, 
wherever applicable. The results have been discussed below. It may however, be 
noted that the study does not intend to be comprehensive for the whole Himalaya, 
as the data network available is meager. The results can only be an indicator of the 
broad signal of climatic change over the Himalaya. Of course, the complex terrain 
of the Himalaya makes generalizations extremely difficult, if not impossible. The 
study is mainly done for the western Himalaya.

12.2.1  Commonality in Climatological Patterns

The average monthly variations in rainfall and temperature based on the available 
data period for 14 stations over the western Himalaya are presented in Fig. 12.2. 
Lowest rainfall is recorded at the station in Leh. Rainfall values of Leh range from 
minimum 0.3 cm in November to maximum 1.3 cm in July and 1.4 cm in August. 
Average monthly temperature range of Leh is also lowest compare to all other sta-
tions in virtue of its higher elevation (3506 M amsl). Amount of rainfall received 
during any month of the year is very less. Therefore, Leh (Ladakh) region is known 
as cold desert. Climatological patterns of four northern latitude stations of Jammu 

Table 12.1 Details of Meteorological station data used in the analysis

Sr. no. Station State Latitude Longitude Altitude (M) Temperature Rainfall

1 Srinagar J&K 34° 05′ 74° 50′ 1587 1901–2016 1892–2016
2 Quazigund J&K 33° 30′ 75° 10′ 1630 1962–2016 1962–2016
3 Banihal J&K 33° 35′ 75° 05′ 1690 1962–2016 1962–2016
4 Leh J&K 34° 09′ 77° 34′ 3506 1901–1990 1876–1990
5 Shimla H.P. 31° 06′ 77° 10′ 2202 1901–2007 1863–2007
6 Bhunter H.P. 31° 50′ 77° 10′ 1067 1964–2014 1964–2014
7 Dehra Dun U.K. 30° 19′ 78° 02′ 682 1901–2015 1861–2015
8 Mukteswar U.K 29° 28′ 79° 39′ 2311 1901–2014 1897–2016
9 Mussoorie U.K. 30° 27′ 78° 05′ 2042 1901–1990 1869–1986
10 Joshimath U.K. 30° 33′ 79° 34′ 2045 – 1871–1987
11 Almora U.K. 29° 30′ 79° 35′ 1642 – 1856–1978
12 Nainital U.K. 29° 25′ 79° 27′ 2084 – 1849–1978
13 Pauri U.K. 30° 07′ 78° 44′ 1824 – 1871–1978
14 Pithoragarh U.K. 30° 01′ 80° 14′ 1514 – 1864–1978
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and Kashmir (Srinagar, Banihal, Quazugund and Leh) are different than the nine 
lower latitude stations of Himachal Pradesh and Uttarakhand (Shimla, Mukteswar, 
Mussoorie, Dehradun, Almora, Joshimath, Nainital, Pauri, Pithoragarh). 
Temperature data is not available for five stations Almora, Joshimath, Nainital, 
Pauri, Pithoragarh. Amount of rainfall received during winter (DJF) and pre- 
monsoon (spring; MAM) is more than the rainfall amount received during monsoon 
(JJAS) and post-monsoon (ON) in the Kashmir region (Srinagar, Banihal, 
Quazugund). Temperature reaches its maximum during July and August. Unlike 
Kashmir region, lower latitude stations of Himachal Pradesh and Uttarakhand 
receive more than 70% of annual total rainfall during monsoon season (Fig. 12.2). 
Temperature attains its highest value in May and June. These rainfall and tempera-
ture patterns are similar to what is observed in stations located in the plains of India. 
The Kashmir region is out of the influence of monsoon currents. More rainfall 
(snowfall) is received in winter and spring due to western disturbances. Two stations 
Leh and Bhunter show very similar pattern of temperature and rainfall variations. 
Because of their more eastward longitude compared to the other Kashmir stations 
and more northward latitude compare to the stations of Himachal Pradesh and 
Uttarakhand, both the stations receive some rainfall in winter and monsoon 
seasons.

Fig. 12.1 Location map of meteorological station network in western Himalaya considered for the 
analysis.(1 Srinagar, 2 Quazigund, 3 Banihal, 4 Leh, 5 Shimla, 6 Bhunter, 7 Dehra Dun, 8 
Mukteswar, 9 Mussoorie, 10 Joshimath, 11 Almora, 12 Nainital, 13 Pauri, 14 Pithoragarh)
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Fig. 12.2 Monthly variations of rainfall and temperature of western Himalayan stations based on 
long-term averages. Station numbers as per the Table 12.1
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12.2.2  Trends in Rainfall

Mean standard deviation (s.d.) and linear trend during the available period for all the 
stations are presented in Table 12.2. The linear trends are expressed in cm/100 years 
to have an idea of the long-term trend. These statistics are given for the four sea-
sonal totals as well as the annual total of rainfall. Among the stations, Leh located 
NE of Kashmir valley receives lowest annual rainfall (9 cm), whereas, Nainital in 
Uttarakhand gets highest annual rainfall (251.8  cm). Kashmir stations Srinagar, 
Banihal and Quazigund are well beyond the monsoon reach, show conspicuously 
different rainfall regime both in terms of mean and s.d. The means and s.d’s of sea-
sonal rainfall show the gradual transition of the rainfall regime from north to south 
and east to west. Shimla and Mussoorie located at nearly same elevation show sig-
nificant decreasing trend in monsoon and annual rainfall since last 150  years. 
However; only Pithoragarh monsoon rainfall shows significant increasing trend. 
During post-monsoon season, most of the southward stations show increasing rain-
fall pattern with significant increasing trend for Shimla, Mussoorie, Almora, 
Joshimath and Pithoragarh, while, significant negative trend has been observed for 
Quazigund station since past five decades (Table 12.2). Significant negative trend 
has also been noted in pre-monsoon season for Quazigund. Table 12.2 reveals that 
during twentieth century western Himalaya did not experience significant increase 
or decrease in winter rainfall. Monsoon and annual rainfall patterns of Shimla and 
Mussoorie show significant decreasing trend. Deheradun station experienced 
increasing rainfall pattern in all the seasons with significant increase in pre- monsoon 
rainfall. Out of 14, three stations of Kashmir viz. Srinagar, Banihal, Leh and four 
stations viz. Bhunter, Mukteswar, Nainital and Pauri of Himachal and Uttarakhand 
do not register any significant trend throughout the year. Figure 12.3 shows annual 
rainfall time series of all the stations. Mussoorie shows decreasing tendency in most 
of the seasons, but the neighboring Dehradun which is located foot hills of Mussoorie 
mountain indicates opposite trend, particularly in monsoon and annual rainfall data. 
Thus, it can be concluded that there is no long-term trend in the annual rainfall over 
the Western Himalayan stations.

We also present mean precipitation patterns for different seasons over the 
Himalaya (Fig.  12.4a) based on APHRODITE 0.25  ×  0.25 gridded data for the 
period 1951–2007 C.E. (Yatagai et al. 2012). It clearly depicts the same pattern as 
shown in observed data (Fig. 12.2). Winter (DJF) and pre-monsoon (MAM) seasons 
receive more rainfall over the Kashmir region than the lower latitude regions of 
Himachal Pradesh and Uttarakhand, whereas, Kashmir region gets much lower 
rainfall than Himachal Pradesh and Uttarakhand in Monsoon season. Lowest rain-
fall is received in post-monsoon (ON) season over the entire western Himalayan 
region. Figure 12.4b gives spatial pattern of trends in precipitation for different sea-
sons. It does not indicate any significant coherent patterns of dry or wet conditions, 
however, more decreasing (dry) tendency is observed in monsoon season over the 
Himachal and Uttarakhand than Kashmir region. Figure 12.5 shows EOF1 of sea-
sonal mean anomaly of precipitation for five seasons and their respective time series 
of PC1. The patterns simply demonstrate the dominant mode of variability in inter- 
annual time scale.
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Table 12.2 Mean, standard deviation and long-term trends of rainfall over the Western Himalaya

Station
Data 
period Parameter Winter

Pre-
monsoon Monsoon

Post-
monsoon Annual

Srinagar 1893–2016 Mean 17.9 25.9 19.7 5.0 68.4
s.d. 7.5 9.3 7.3 4.3 15.4
Trend −0.6 2.9 1.1 1.5 4.4

Banihal 1962–2016 Mean 57.2 43.6 31.6 8.8 129.1
s.d. 90.8 18.3 16.7 6.3 97.3
Trend −115.8 −2.1 8.7 −5.0 −125.0

Quazigund 1962–2016 Mean 38.4 42.1 31.9 11.1 123.1
s.d. 13.9 14.5 15.1 21.6 36.0
Trend 8.0 −32.9∗∗ 10.3 −36.6∗ −59.4

Leh 1876–1990 Mean 2.3 2.2 3.8 0.7 9.0
s.d. 1.4 2.2 2.5 1.2 4.2
Trend 0.1 0.0 −1.4 0.7 −0.8

Shimla 1863–2007 Mean 16.6 19.1 114.7 4.8 155.3
s.d. 9.5 10.4 27.7 5.6 30.5
Trend −2.7 −1.0 −21.9∗∗ 1.6∗ −24.0∗∗

Bhunter 1964–2014 Mean 23.1 25.9 37.6 4.4 91.1
s.d. 9.4 10.1 12.5 4.6 18.0
Trend 3.4 −3.2 12.5 −1.9 8.9

Dehradun 1861–2015 Mean 14.0 10.9 189.9 4.9 219.6
s.d. 8.4 8.2 47.8 6.2 48.7
Trend 0.8 4.2∗ 12.7 2.3 19.7

Mukteswar 1897–2015 Mean 13.4 14.7 96.2 5.7 129.9
s.d. 7.1 7.2 27.2 8.5 29.9
Trend −1.1 2.1 −9.9 −1.2 −10.6

Massoorie 1869–1986 Mean 15.2 15.0 190.2 5.3 225.8
s.d. 8.1 8.1 44.5 7.3 46.6
Trend −4.1 0.6 −35.2∗∗ 4.2∗ −34.4∗

Almora 1856–1980 Mean 11.3 12.1 78.3 4.4 106.1
s.d. 6.0 6.3 20.6 6.5 23.4
Trend −1.1 −1.9 6.3 2.9∗ 6.2

Joshimath 1871–1980 Mean 18.2 19.6 58.2 4.4 100.4
s.d. 10.9 10.7 23.1 5.0 31.1
Trend −3.8 1.0 −9.9 1.8∗ −11.0

Nainital 1849–1980 Mean 17.1 16.5 210.2 8.0 251.8
s.d. 10.9 10..5 56.4 13.3 61.1
Trend −3.0 −0.4 12.7 5.1 14.3

Pauri 1871–1980 Mean 15.0 13.6 97.2 4.3 130.0
s.d. 7.9 7.6 23.5 6.5 26.9
Trend −1.5 −1.9 5.2 2.2 3.8

Pithoragarh 1864–1980 Mean 12.4 15.0 97.8 4.9 130.2
s.d. 7.0 7.8 25.0 6.9 28.2
Trend −1.0 −0.6 13.0∗ 3.4∗ 14.7

Trend values indicate Trend/100 years; ∗p < 0.05; ∗∗p < 0.01

H. P. Borgaonkar et al.
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Fig. 12.3 Annual rainfall variations of 14 western Himalayan stations with linear trend in red dot-
ted lines. Mean line is in green colour
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12.2.3  Trends in Temperature

Mean, standard deviation and trend value per 100 years of maximum, minimum and 
mean temperature series of nine stations for four different seasons and annual series 
are presented in Table 12.3. The annual mean temperature series during the avail-
able data period for the stations along with trend line are presented in Fig. 12.6. 
Main feature of the trend analysis is, most of the stations show significant increasing 
trend in maximum and mean temperature series. Within the maximum temperature 
series of all the station only Quazigund maximum temperature of monsoon season 
indicates non-significant negative trend. Analysis also indicates warming trend of 
maximum, minimum and mean temperatures of Srinagar, Banihal, Shimla, Bhunter. 
All the stations except Leh indicates significant increasing trend in maximum and 

Fig. 12.4a Mean precipitation patterns for different seasons over the Himalaya based on 
APHRODITE data for the period 1951–2007 CE

H. P. Borgaonkar et al.



215

mean winter temperature. Similar pattern is also noted in annual series of maximum 
and mean temperature. Pre-monsoon and monsoon minimum temperatures of 
Dehradun, Mukteswar and Mussoorie indicate cooling trend while winter and 
annual minimum temperature of Deheradun also shows cooling tendency. Most of 
the stations (Fig. 12.6) show a conspicuous increase in the temperature during a 
major part of the data period. However, the temperature appears to be on a slight 
downward trend after about 1960 till around 1980 followed by moderately sharp 
increase till recent. Borgaonkar et al. (2011) also noted significant warming trend in 
regional mean temperature of western Himalaya for different seasons. They showed 
prominent increasing trend in the time series of annual highest values of daily maxi-
mum and minimum temperatures for the period 1970–2003 for three stations viz. 
Srinagar, Shimla and Mukteswar.

Fig. 12.4b The observed trend in precipitation over the Himalaya for different seasons based on 
APHRODITE data for the period 1951–2007 CE

12 Deciphering Climate Variability over Western Himalaya Using Instrumental…
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Fig. 12.5 EOF 1 and respective PC of seasonal mean anomaly of precipitation from APHRODITE 
data for the period 1951–2007 CE

H. P. Borgaonkar et al.
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Fig. 12.6 Annual mean surface temperature variations of western Himalayan stations with linear 
trend in red dotted line. Mean line is in green colour
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Figure 12.7a shows special patterns of surface mean temperature derived from 
CRU TS3.10 data (Harris et al. 2014) for different seasons. The data length used is 
from 1951–2017 C.E.  Monsoon (JJAS) season is the warmest period; however, 
higher latitudes of western Himalaya including Kashmir and Tibetan plateau are 
comparatively less warm than the low latitude regions. Lower latitude regions are 
also warmer in pre-monsoon (MAM) season. Special maps of trend analysis of 
surface temperature (Fig. 12.7b) indicate overall warming trend in all the seasons. 
Warming is lowest in monsoon season with negative trend in some part of northwest 
India. Warming during post-monsoon and winter is comparatively higher.

Fig. 12.7a Surface mean temperature patterns for different seasons over the Himalaya based on 
CRU data for the period 1951–2017 CE

H. P. Borgaonkar et al.
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12.2.4  Future Projections of Precipitation and Temperature

Climate models participated in the IPCC-CMIP5 (Coupled Model Inter-comparison 
Project phase-5) are the primary tools to understand the historical and projected 
climate change information. Here, we used the 28 models (Table 12.4) participated 
in the IPCC-CMIP5 assessment to understand the projected climate change signals 
over the Himalaya. The projected trends in precipitation for different seasons from 
the RCP4.5 and RCP8.5 scenario are shown in Fig.  12.8a. There is a moderate 
decrease in precipitation over the western Himalaya in winter and spring, which is 
in line with the present day climate signal, but during the summer season, the central 
Himalayan precipitation seems to significantly increase during the twenty-first cen-
tury. Wu et al. (2017) noted that the precipitation seems to be increasing by 16% in 

Fig. 12.7b The observed trend in temperature over the Himalaya for different seasons based on 
CRU data for the period 1951–2007 CE

12 Deciphering Climate Variability over Western Himalaya Using Instrumental…
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RCP4.5 and 24% in RCP8.5 scenario over the eastern Himalaya, while the western 
Himalaya undergoing a moderate decline in precipitation. However, the wide inter- 
model spread in the simulated precipitation changes over the Himalaya (Fig. 12.8b) 
makes the assessments of the hydroclimatic response even complex in reality. This 
highlights the requirement of a new high-resolution modeling approach which may 
possibly provide a better regional assessment over such a complicated terrain.

The spatial distributions of the trend in surface air temperature for 2006–2099 
C.E. are provided in Fig. 12.9a. Significant warming is projected over the Himalayan 
region in future. Comparing to the present day climate (1961 to 1990 C.E.) Himalaya 
is projected to be warmer by 2 °C in RCP4.5 and 5 °C in RCP8.5 scenarios by the 
end of the twenty-first century which is consistent with the studies of Wu et  al. 
(2017). The largest values of temperature increase are found in the Tibetan Plateau 
in accordance with the elevation dependent warming, which is one of the significant 

Table 12.4 List of 28 CMIP5 models used in this study, their sponsor, country and name

Sponsor and country Model name

Commonwealth Scientific and Industrial Research Organization (CSIRO) 
and Bureau of Meteorology (BOM), Australia

ACCESS1-3

Beijing Climate Centre Climate System Model, China BCC-CSM1-1
BCC-CSM1

Beijing Normal University Earth System Model, China BNU-ESM
Canadian Centre for Climate Modelling and Analysis, Canada CAN-ESM
National Center for Atmospheric Research, USA CESM-BGC

CESM-CAM5
CCSM4

Meteo-France/Centre National de Recherches Meteorologiques, France CNRM-CM5
Centro Euro-Mediterraneo sui Cambiamenti Climatici, Italy CMCC-CM

CMCC-CM5
Commonwealth Scientific and Industrial Research Organisation (CSIRO), 
Australia

CSIRO-Mk3-6-0

Geophysical Fluid Dynamics Laboratory, Oceanic and Atmospheric 
Administration (NOAA), USA

GFDL-CM3
GFDL-ESM2M
GFDL-ESM2G

Met Office Hadley Centre, UK HadGEM2-AO
HadGEM2-ES
HadGEM2-CC

Institute for Numerical Mathematics, Russia INM-CM4
Institute Pierre Simon Laplace, France IPSL-CM5A-LR

IPSL-CM5A-MR
Centre for Climate System Research (University of Tokyo), National 
Institute for Environmental Studies and Frontier Research Center for Global 
Change (JAMSTEC), Japan

MIROC-ESM- 
CHEM
MIROC5
MIROC-ESM

Max-Planck-Institut für Meteorologie (Max Planck Institute for 
Meteorology)

MPI-ESM-LR
MPI-ESM-LR

Meteorological Research Institute, Japan MRI-CGCM3
Norwegian Climate Centre, Norway NorESM1-ME

H. P. Borgaonkar et al.
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Fig. 12.8a Projected trends in precipitation for the period 2006–2099 CE over the Himalaya for 
different seasons from CMIP5 ensemble means from RCP4.5 and RCP8.5 simulations
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global warming signals demonstrated by the significant warming at higher altitudes 
of the mountain environment relative to lower elevations (Beniston and Rebetez 
1996; Diaz and Bradley 1997). This is clear from the spatial trend map, especially 
in winter months. The time series of projected changes with respect to its Historical 
mean (1961–1990 C.E.) for different seasons are given in the Fig.  12.9b. Even 
though there is huge inter-model spread, the projected temperature shows a clear 
rising tendency, both in RCP4.5 and RCP8.5 scenario.
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Fig. 12.8b Mean precipitation series over Himalaya (65°E-90°E, 25°N-40°N) for different sea-
sons from the CMIP5 models. The anomalies are created by removing the Historical climatology 
for the period 1961–1990 CE. Future projection is shown with ensemble mean (solid/dash line) 
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12.2.5  The Palaeoclimatic Setting

The palaeoclimate of the Himalaya and north-west India on different time scales has 
been studied by various workers (Pilgrim 1932, 1944; de Terra and Paterson 1939; 
Morris 1938; Zeuner 1972; Agarwal 1985, Bhattacharyya 1989). The north-west 
Himalaya and Kashmir valley received particular attention and were studied using 
different techniques like lithostratigraphy, magnetostratigraphy, Palaeobotanical 
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data, pollen evidences, diatom studies and stable isotopic ratios. Some clues from 
vertebrates from the sediments were also used to frame the Cenozoic changes of the 
region. The climatic records of Kashmir valley for the past four million years are 
well preserved in the Karewa sediments, having an estimated thickness of 1000 m. 
Most of the exposures of the Karewas in the valley were fully mapped and their 
mutual correlation studied. A reasonable chronological framework is now available, 
showing a satisfactory convergence between different climatic parameters within the 
limitations of the dating resolution (Agarwal et al. 1989). On the whole, the climatic 
pattern of Kashmir and western part of the Himalaya follows a global trend: the 
warming up to the Pliocene, the glacial and interglacial oscillations of the Pleistocene 
etc. But Pleistocene cooling was not abrupt but very gradual (Agarwal 1985).

Lake deposits in the Himalaya are potential source of palaeoclimate information 
and provide a continuous paleoclimate record since the Last Glacial Maximum 
(LGM). Juyal et al. (2009) studied the Goting Lake sediments in the Higher Central 
Himalaya to reconstruct the summer monsoon variability during the Last Glacial to 
early Holocene and presented Magnetic susceptibility and geochemical data which 
indicate a moderate to strong monsoon around 25 ka, 23.5–22.5 ka, 17 ka, 16.5 ka 
and after 14.5–13 ka, whereas around 22 ka the early LGM climate was mainly arid. 
First evidence of cooling during the younger Dryas was provided by mineral mag-
netic susceptibility data and elemental concentrations that reveal a high around 
13 ± 2 ka to 11 ± 1 ka. The biochemical data of the Mansar Lake sediments, Lesser 
Himalaya indicated a hot and wet climate regime during the early Holocene and a 
dry and cold one during the late Holocene period (Das et al. 2010).

Several wet and dry periods were noticed in the lesser Himalaya since the begin-
ning of the Holocene (Phadtare 2000; Kotlia et al. 2010). Monsoon intensity was 
weakened during the cold/dry events, i.e. Last Glacial Maximum (LGM), Older 
Dryas (OD), Younger Dryas (YD), 8.2 ka BP, 4.2 ka BP and Little Ice Age (LIA) 
(Sinha et al. 2005; Kotlia et al. 2010, Gupta et al. 2013). Few speleothem based δ18O 
records also highlighted the role of the WDs along with the Indian summer mon-
soon variability over the northwestern Himalaya during the late Holocene (Kotlia 
et al. 2012, 2015; Duan et al. 2013; Sanwal et al. 2013; Sinha et al. 2015; Liang 
et al. 2015). Joshi et al. (2017) noted major drought event at ~ 3.4 ka BP from their 
speleothem δ18O records from the Central Lesser Himalaya which could be corre-
lated with the collapse of the Indus valley civilization in the NW India. Leipe et al. 
(2017) also presented mean annual precipitation (MAP) history during the last 
12,000 years from the fossil pollen record analysed from Tso Moriri lake, northwest 
Himalaya and suggested that precipitation levels varied significantly during the 
Holocene. Moisture availability was higher at the end of the Younger Dryas, with 
hydrological optimum conditions in the study region occurring between ca. 11 and 
9.6 cal ka BP and pronounced dry spells at ca. 4 and 3.2 cal ka BP, which possibly 
further causing the deurbanisation that occurred from ca. 3.9 cal ka BP and eventual 
collapse of the Harappan Civilisation between ca. 3.5 and 3 cal ka BP. Tso Kar lake 
sediments of northwest Himalaya dated from 15.2 ka to 14 ka reflect dry and cold 
conditions and the pollen studies indicate strengthening of the summer monsoon 
after 14 ka (Demske et al. 2009).

12 Deciphering Climate Variability over Western Himalaya Using Instrumental…



228

Though, the Little Ice Age (LIA) is believed to be a wide spread cooling episode 
in both the hemisphere during the last 1000 years, its intensity and duration was 
uneven in different parts of the globe (Grove 1988; Bradley 1992; Bradley and 
Jones 1993). In Asia, Himalayan foothills, the central Asia Indo-Pacific warm pool 
were wetter (Kotlia et al. 2015; Chen et al. 2006, 2010; Oppo et al. 2009), while 
monsoon regions were drier (Gupta et al. 2003; Zhang et al. 2008).

Continental wise temperature reconstruction during the past two millennia based 
on multi-proxy records indicates long-term cooling trend, which ended late in the 
nineteenth century (PAGES 2k Consortium 2013). They do not observe globally 
synchronous multi-decadal warm or cold intervals that define a worldwide Medieval 
Warm Period or Little Ice Age, but all reconstructions show generally cold condi-
tions between 1580 and 1880 CE, punctuated in some regions by warm decades 
during the eighteenth century.

12.2.6  Dendroclimatic Studies

Climatic information over the Western Himalaya is available for about a century 
based on very sparse network of meteorological stations that too are located at low 
to middle elevations ranging from 500 to 2400  m above mean sea level (amsl). 
Within short distances contrasting features of climate are observed due to large 
variation in topography and vegetation cover. Information on glacier activities over 
high altitude Himalayan region is very limited and for a short period. Therefore, 
knowledge of climate change particularly at high altitude regions is very poor. In the 
context of long-term climate change, recent global warming and subsequent glacier 
activities, past information on climate and glacier activities is important. In view of 
this, tree-ring records from high elevation sites can provide valuable tool to under-
stand the climate vis-à-vis glacier behavior under the present climatic scenario.

Tree-ring studies over the western Himalaya indicated high dendroclimatic 
potential of conifers (Pinus, Abies, Picea, Cedrus) to reconstruct summer and win-
ter temperature and rainfall for a millennium period. Tree-ring based reconstruc-
tions of spring and summer climate (temperature and precipitation) over different 
parts of the Western Himalaya including Kashmir did not show any increasing or 
decreasing trend since last three to four centuries (Bhattacharyya et  al. 1988; 
Borgaonkar et  al. 1994, 1996, 2002; Hughes 1992; Yadav et  al. 1999). It also 
revealed that Little Ice Age (LIA) effect was not prominent over this part of the 
Himalaya; however, some intermittent cool epochs were observed during LIA. Tree- 
ring based summer (May–September) precipitation reconstruction of Srinagar has 
been presented in Fig. 12.10 (Borgaonkar et al. 1994). The reconstructed rainfall 
series did not show any noticeable difference from present precipitation conditions; 
however, few wet and dry epochs are prominent. Bamzai (1962) and Koul (1978) 
reported famine condition (poor crop yield) in the valley due to heavy rainfall in 
1814 and 1832 C.E. Same periods were observed as short wet epochs in the recon-
structed rainfall series. Recent study (Yadav et al. 2017) indicated increasing pre-
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cipitation pattern and glacier expansion associated with cooling over northwest 
Himalaya. Similarly, reconstructed pre-monsoon (March–April–May) temperature 
and rainfall anomalies since 1747 C.E. over the western Himalaya using wide tree- 
ring chronology network did not show any increasing or decreasing trend since past 
three centuries (Fig. 12.11) (Borgaonkar et al. 2002). However; few tree-ring based 
regional temperature reconstructions indicated cooling trend in summer tempera-
ture (Hughes 2001; Cook et  al. 2003; Yadav et  al. 2004) and warming trend in 
annual and winter temperature during recent decades since last 4 centuries (Esper 
et  al. 2002; Cook et  al. 2003). Yadav et  al. (2015) also demonstrated that stan-
dardised precipitation index developed from tree rings could be served as an impor-
tant base line data to quantify the impact of droughts on forest as well as rabbi crop 
productivity in hilly terrains of the Kumaun Himalaya in long-term perspective.

High altitude tree-ring chronologies from western Himalaya provide signals of 
winter temperature variations and glacier fluctuations (Borgaonkar et  al. 2009, 
2011). Master tree-ring chronology prepared using the tree core samples collected 
from high elevation sites of Gangotri of Uttarcanchal and Kinnaur region of 
Himachal Pradesh of Western Himalaya goes back to fifteenth century (1452–2004 
C.E.; 553 years; Fig. 12.12). Dendroclimatological investigation indicated signifi-
cant positive relationship of tree-ring index series with winter (December–January–
February) temperature and summer precipitation and inverse relationship with 
summer temperature (Borgaonkar et al. 2009, 2011). The chronology also indicated 
few decadal and longer epochs of Little Ice Age (LIA) cooling during 1453–1590 
C.E. and 1780–1930 C.E. (Fig. 12.12). Many of these events have been observed to 
be well related to the other proxy records of glacial fluctuations of the region (Duan 
and Yao 2003; Mayewaski et  al. 1980). Higher growth in recent few decades 
detected in the tree-ring chronology has been noticed coinciding with the warming 
trend and rapid retreat of the Himalayan glaciers. Suppressed and released growth 

Fig. 12.10 Tree-ring reconstruction of summer (May–September) precipitation of Srinagar, J&K 
(Borgaonkar et al. 1994)
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Fig. 12.11 Reconstructed pre-monsoon (March–April–May) temperature and rainfall anomalies 
since 1747 C.E. over the western Himalaya using tree-ring chronology network. Smooth lines 
indicate low-frequency variations (Borgaonkar et al. 2002)

Fig. 12.12 553  years (1452–2004 C.E.) long tree-ring index chronology of high altitude 
Himalayan conifer from Western Himalaya. Smooth red line is 30  years cubic spline filter. 
Suppressed (cooling) and released (warming) growth patterns in tree-ring chronology have also 
been observed to be well related to the past glacial fluctuation records of the region. (Borgaonkar 
et al. 2011)



231

patterns in tree-rings have also been observed to be well related to the past glacial 
fluctuation records of the region. The higher tree growth in recent decades may be 
partially attributed to the warming trend over the region, particularly the increasing 
the winter warmth and thus to the regional manifestations of global warming.

The relationship between climate change and the Himalayan cryosphere is not 
understood sufficiently well. There have been few or no detailed investigations of 
snow and ice processes and their relevance to climate in the high mountain ranges. 
The interactions among different climate elements – processes related to freeze- 
thaw of glaciers, snowfall, wind systems, and seasonal or spatial balance between 
snow and rainfall is very complex. These changes will have significant impact on 
the trees growing in the vicinity. Borgaonkar et al. (2009) studied the relationship 
between annual variation in snow mass balance and tree growth (Fig. 12.13). They 
found highly significant inverse relationship (CC = −0.81; P < 0.001) between these 
two parameters during the period 1975–91 C.E. (17  years). The suppressed tree 
growth in 1976, 1982–83, 1989 C.E. are associated with positive mass balance and 
higher growth in 1977, 1984–85, 1987–88 C.E. as a negative mass balance. The 
mass balance data and winter (DJF) temperature has also significant negative rela-
tionship. Increasing temperature and decreasing precipitation particularly in winter 
and pre-monsoon months may result in less amount of snow accumulation during 
winter and more amounts of snow and ice removed by melting in the summer.

Dndroclimatic studies over the central Himalaya (Cook et  al. 2003), eastern 
Himalaya including Sikkim, Arunachal Pradesh and Bhutan (Bhattacharyya and 
Chaudhary 2003; Yadava et al. 2015; Krusic et al. 2015; Borgaonkar et al. 2018), 
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Tibetan Plateau (Li et al. 2015; Wang et al. 2010; Bräuning and Mantwill 2004; Fan 
et al. 2009); east Asia (Cook et al. 2013) have indicated a warming trend in recent 
decades. Some of these reconstructions have provided strong signatures of few 
major volcanic eruptions (e.g. Tambora eruption in 1815 C.E.; Krakatau eruption in 
1883). A noticeable cooling impact due to the Tambora eruption was seen in many 
temperature reconstructions. Post Tambora eruption cooling was sharp in Sikkim 
and Nepal as compared to that in Bhutan and East Asia. A temperature reversal 
started after 1817 C.E. at these two places. The temperature variability in the region 
might have been related to ENSO, Pacific Decadal Oscillation (PDO) and volcanic 
eruptions.

As discussed above, most of the dendroclimatic studies of Himalayan regions are 
mainly concentrated on long-term temperature changes. However, few tree-ring 
based hydroclimatic reconstructions (Treydte et al. 2006; Yadav et al. 2017) indi-
cated wetting in recent decades over some regions of cold semi-arid to arid north-
west (NW) Himalaya including Karakoram. Treydte et  al. (2006) obtained 
millennial-scale precipitation reconstruction from oxygen isotope records of tree- 
rings from Karakoram mountain of northern Pakistan and suggested unprecedented 
wet condition during the twentieth century which could be the impact of industrial-
ization and global warming. Similarly, based on the tree-ring records from semi- 
arid region of Kishtwar, Kashmir, India, Yadav et  al. (2017) suggested wettest 
interval of recent decades (1984–2014 CE) in the past 576 years with prolonged 
drought condition during the fifteenth to early seventeenth centuries They attributed 
this as an impact of glacier expansion in the Kashmir and Karakoram region during 
the past few decades unlike central and eastern Himalaya where general receding 
trends have been observed.

12.3  Discussion and Conclusions

Climatological information based on century-long data of rainfall and temperature 
of 14 stations well spread over the western Himalaya including Kashmir, Himachal 
Pradesh and Uttarakand regions has been evaluated. Many stations’ data are avail-
able up to recent and cover more than 100 years period. The stations are well spread 
over the entire western Himalayan region. The analysis indicates different patterns 
of rainfall variability within a short distance. Trend analyses do not show any coher-
ent patterns among the stations and do not indicate any significant trend during the 
twentieth century except significant decreasing trend in monsoon and annual rain-
fall of Shimla and Mussoorie and significant increasing trend in Pithoragarh mon-
soon series. In a broader sense, long-term decreasing tendency of precipitation 
particularly in monsoon season is noticeable in Himachal and Uttarakand where as 
slight increasing trend in Kashmir and further northwest region.

Temperature analyses indicate increasing trends in maximum temperature for all 
the stations and in all the seasons. Most of these trends have significant values. 
Cooling trend is observed mostly in minimum temperature of some stations for dif-
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ferent seasons. Annual maximum, minimum and mean temperature series of all the 
stations indicate significant warming except slight cooling in minimum temperature 
of Deheradun, Mukteswar and Mussoorie. The similar increasing trend in mean 
temperature was noted by Pant et al. (2003) over western Himalaya based on limited 
number of stations. The diurnal asymmetry of the temperature trends is quite similar 
to that observed over the large region of northwest India by Rupa Kumar et  al. 
(1994).

Future projection scenarios by the end of twenty-first century based on the 
CMIP5 experiments indicated slight decrease in winter and spring precipitation in 
western Himalaya and significant increase in summer precipitation over the central 
Himalayan region including Nepal Himalaya and Tibetan Plateau. However, warm-
ing is projected over the entire Himalayan region with significant warming in 
Tibetan plateau.

Thus, the trend analyses and temperature curves indicate that the air temperature 
has undergone some long-term changes during the twentieth century over the 
Himalaya. The broad tendency is towards an increase, with some local differences. 
The rapid urbanization of the hill stations were the observatories are located may be 
one of the factors responsible for the observed increase. However, to gain a more 
comprehensive and conclusive evidences of the climate change, a better network of 
observatories in remote areas is required so that we can say with certainty whether 
the Himalayan climate has undergone perceptible change. The results can of course 
be used as a pointer towards possible changes if the natural ecosystems over the 
Himalaya are disturbed.

Dendroclimatic reconstructions from various Himalayan regions provide some 
clues and indications of long-term climate changes since last several centuries. 
Most of them give information on summer temperature conditions of the region. 
Few epochs of medieval warming, LIA cooling are the common pattern observed in 
these reconstructions. Significant warming trend since last few decades is also 
observed in most of the reconstructions. However, cooling trends are also observed 
in couple of pockets of western Himalaya. Few precipitation reconstructions indi-
cate wetter conditions in recent years since last millennium particularly over the 
northwest Himalaya including Kashmir and Karakoram ranges. It is also seen that 
high altitude near glaciers tree-ring records would be the potential source of infor-
mation on long-term temperature variability and glacier fluctuations. For better 
understanding of ecosystems and growing concern about the environmental impacts 
of climate change, it is necessary to have adequate knowledge of long-term climatic 
conditions prevailing over the region. Information on long-term climate variability 
based on tree-ring proxy records is important to understand the nature of different 
climate systems over the regions, particularly, when the observational data network 
is sparse.

Mountain systems are more sensitive to climate change. They are the most frag-
ile ecosystem amongst all other ecosystem in the world (Diaz et al. 2003). Mountains 
are experiencing continued warming of more than the global average since late 
nineteenth century (Theurillat and Guisan 2001; Beniston 2003). Several studies 
(Shrestha et al. 1999; Liu and Chen 2000; Cook 2003; Pant et al. 2003; Bhutiyani 

12 Deciphering Climate Variability over Western Himalaya Using Instrumental…



234

et al. 2007) indicated warming trend in recent decades particularly over the western 
and central Himalaya.

Thus, the western Himalayan region has a more general climatological signifi-
cance being the greatest mountain barrier on the earth where polar, tropical and 
Mediterranean influences interact. Climate variability of the region affects the large 
population directly or indirectly. The information on long-term climate change and 
variability based on instrumental records and tree-ring proxies would be useful to 
improve the understanding of climate variability in a much larger area and help to 
make robust policies of forest and water management.
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Chapter 13
Quaternary Glaciation of the Himalaya 
and Adjacent Mountains

Lewis A. Owen

Abstract The Himalaya and adjacent mountains are the most glaciated regions 
outside the polar realms. Abundant field studies, aided by remote sensing, and newly 
developing geochronological methods are aiding in reconstructing the timing and 
extent of Quaternary glaciation throughout the region. Abundant well-preserved 
glacial geologic evidence throughout the region shows that at least nine major 
regionally synchronous glacier advances occurred in the region over the past 
~400 ka. The maximum extent of glaciation has been broadly defined and is charac-
terized by extensive valley glaciers and expanded ice caps. The timing of maximum 
glacier extent is asynchronous throughout the region, with some areas experiencing 
maximum glaciation prior to the last glacial cycle (>100 ka), while in other regions 
it was during the early part of the last glacial (~30–70 ka), and in some regions, was 
possibly coincident with the global last glacial maximum (LGM) at ~18–24  ka. 
Glacier advances have been limited to a few kilometers beyond their present posi-
tion in most regions since the LGM. The maximum glacier advance occurring dur-
ing the Holocene at ~9–8 ka. The higher resolution of the Holocene glacial geologic 
record allows ~5 regional glacier advances to be resolved. All advances were some-
what restricted in extent. Glaciers have retreated in most areas during the last 
100 years. However, in the Karakoram there has been little retreat and many glaciers 
have surged. Himalayan glaciation is forced by multiple drivers, and the timing and 
extent of glaciation is governed by a complex combination of different factors spe-
cific to each locality, including climate and microclimate regimes, topographic con-
trols, and geomorphic and tectonic settings. Study of the Quaternary glacial history 
suggests that nature of future glacier fluctuations in response to human-induced 
climate change will be very complex and variable throughout the Himalaya and 
adjacent mountas.
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13.1  Introduction

The mountain of the Himalaya and the adjacent ranges in the Karakoram, Hindu 
Kush, Pamir and Tibet constitute the most glaciated region outside of the polar 
realms. Ranges such as Karakoram contain some of the world’s longest extra-polar 
valley glaciers including Siachen (76 km long), Biafo (67 km long) and Baltoro 
(63 km long) glaciers (Fig. 13.1).

Glacier extent has varied greatly over throughout the Quaternary (last 2.58 Ma) 
with glaciers fluctuating in response to natural climate change on Milankovitch 
(104–5  years) and sub-Milankovitch (101–3  years) timescales (Owen and Dortch 
2014). Over the past few decades, much evidence has emerged to show that glaciers 
throughout these regions are responding significantly to human-induced climate 
change; mostly the glaciers are retreating (National Academy 2012; Maurer et al. 
2019). The glacial system in this region has a profound influence on the hydrology 
of the great rivers that drain into the forelands of the Himalaya and Tibet, and on the 
regional climate and biota. Understanding the nature of past, present and likely 
future glaciation, therefore, has important environmental, socio-economic and 
political implications (Sen and Kansal 2019). However, the complex and varied 
climatic, topographic and geomorphic settings throughout the Himalaya and its 
adjacent mountains makes the study of Himalayan glaciation challenging. Yet, over 
the past few decades a plethora of studies on the Quaternary glaciation is shedding 
much light on the nature and dynamics of the glacial systems, which in turn has 
important implications for understanding the varied and intricate nature of future 

Fig. 13.1 View down Baltoro glacier from Concordia at 4600 m asl, some 36 km from its snout, 
in the Karakoram of Northern Pakistan
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glaciation and climate in Central Asia. This chapter aims to describe the nature of 
Quaternary glaciation focusing on describing how glaciers have fluctuated through-
out the Himalaya and adjacent mountain ranges.

13.2  Himalayan Glacial Systems

The glaciers of the Himalaya and adjacent regions reside in some of the world’s 
greatest mountain ranges, including the Karakoram and Khumbu Himal, that are 
among the most impressive and contain all the world’s 8000-m-high peaks. The 
Nyaingentanglha Shan, Tanggula Shan, Bayan Har Shan, Kunlun Shan, Altun Shan 
and Qilian Shan are significant mountain ranges that traverse the Tibetan Plateau 
and are also extensively glaciated. The mountain ranges of the Himalaya and adja-
cent regions trend approximately east-west trending stretching some 2000 km with 
the Hindu Kush at the western end and Namcha Barwa at the eastern end, and 
together form a broad belt ~1500 km in a north–south direction. The average eleva-
tion of the region is ~5000 m above sea level (asl; Fielding et al. 1994). Vast tracks 
of the interior of the Tibet, however, that were likely never glaciated. The region is 
still tectonically active as a consequence of the continued northward motion of the 
Indian continental lithospheric plate into the Eurasian continental lithospheric plate. 
As a consequence, earthquakes, some with magnitudes >7, are common and can 
trigger snow and ice avalanches onto glaciers which in turn contribute to the glacier 
mass balances (Van der Woerd et al. 2004; Kargel et al. 2016).

The glaciers throughout the Himalaya and adjacent mountains are influenced of 
the Asian summer monsoon and the mid-latitude westerlies (Benn and Owen 1998). 
Most of the southern and eastern regions experience a pronounced summer precipi-
tation maximum due to moisture advected northwards from the Indian Ocean by the 
Asian summer monsoon. This summer precipitation declines northward across the 
Himalaya and little falls over western and central Tibet (Benn and Owen 1998). The 
mid-latitude westerlies produce a winter precipitation maximum at the western end 
of the Himalaya, Transhimalaya and western Tibet as a consequence of moisture 
advected from the Mediterranean, Black and Caspian seas (Benn and Owen 1998). 
Strong north-south and west-east precipitation gradients are the result of these two 
climate systems. However, there are also strong microclimatic variations within 
individual mountain ranges and valleys (Owen and Dortch 2014). The varied cli-
matic settings and topographic extremes have a profound influence on the glacier 
systems and types of glaciers (Derbyshire 1981; Benn and Owen 2002; Owen and 
Dortch 2014). Derbyshire (1981) highlighted three main glacier types: (1) continen-
tal interior types in the central and western parts of the Tibet Plateau; (2) maritime 
monsoonal types in the Himalaya and in southeastern Tibet; and (3) continental 
monsoonal types in eastern and northeastern Tibet (Fig. 13.2).

The continental valley glaciers or small ice caps of central and western part of 
the Tibet and adjacent Transhimalaya are generally <10 km2 in area and have high 
and cold accumulation areas, basal ice temperature much less than 0 °C. Their sur-

13 Quaternary Glaciation of the Himalaya and Adjacent Mountains



242

face velocities usually between 2 and 10 m/a, and may reach up to several 100 m/a 
(Derbyshire 1981; Benn and Owen 2002; Owen and Dortch 2014). In contrast, the 
maritime and continental monsoonal glaciers of the Himalaya and southeastern and 
eastern Tibet are warm-based and have summer accumulation and ablation. These 
cirque and valley glaciers are avalanche- and snowfall-fed, and many are very steep 
hanging glaciers; their surface velocities up to several hundred meters per year 
(Benn and Owen 2002; Owen and Dortch 2014).

Defining the exact extent of contemporary glaciers throughout the region is chal-
lenging because of the extremely large area to be covered, and because many of the 
glaciers are debris mantled making it difficult to define their limits from morainic 
debris along their margin left by recent retreat. Glaciers extend to the lowest eleva-
tions in the wettest regions with the lowest elevations at ~ 3000 m asl. The snout 
elevation of glaciers can be quite varied even within the same climatic region 
because numerous factors such as the shape and aspect of the valley, and the amount 

Fig. 13.2 Examples of different types of glaciers in the Himalaya and adjacent regions. (a) 
Relatively debris-free continental glacier in semi-arid southern Tibet advancing from the Gurla 
Mandhata at 7694 m asl. The glacier expands at its snout to become an almost piedmont-type glacier. 
(b) Sub-polar type continental glacier descending from the Lato massif in Zanskar, northern India. 
Minor amounts of transported debris contribute to small lateral moraines (seen on either side of the 
ice). (c) Khumbu glacier descending from Mount Everest (peak emerges in the distance most part of 
the photograph). This glacier becomes debris-mantled in its lower reaches. (d) Monsoon-influence 
debris mantled glacier in the Solang valley near Manali on the southern slopes of the Himalaya in 
northern India. This glacier has produced an impressive latero-frontal moraine complex
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of snow blow and/or avalanche contribution to the glacier surface (Benn et al. 2005). 
In addition, glacier types within and across region may have varied throughout the 
Quaternary as a consequence of climate change.

Benn and Owen (2002) describe the range of landforms associated with 
Himalayan glaciers, including impressive latero-frontal moraines, hummocky 
moraines, lateral moraine valley complexes, glacially eroded bedrock surfaces and 
deeply entrenched valleys (Fig. 13.3). Derbyshire and Owen (1997), Hewitt (1999, 
2011), Benn and Owen (2002) and Owen and Dortch (2014) highlight the impor-
tance of understanding the nature and formation of glacial landforms for accurate 
reconstructions of the former extent of glaciation.

Fig. 13.3 Examples of geomorphic evidence for former glaciation. (a) View of the western slope 
of the Lato Massif in Zanskar, Northern India. The moraine in foreground with numerous weath-
ered boulders dates back to ~250 ka, while the hummocky moraines in the middle of the view 
represent the position of a glacier that advance downvalley at between 25–15 ka (see Orr et al. 2018 
for more details). (b) Impressive lateral moraine enclosing the village of Periche in the Khumbu 
Himal of Nepal. This moraine represents the position of Khumbu Glacier when it advanced from 
Mount Everest during the global last glacial maximum at ~22–18 ka (see Richards et al. 2000 and 
Finkel et al. 2003 for more details). (c) Glacial eroded and polished valley sides in the Braldu val-
ley in the Central Karakoram of Northern Pakistan. These slopes were eroded when Baltoro 
Glacier advanced from K2 at ~15 ka (see Seong et al. 2007 for more details). (d) Lateral moraine 
ridges radiating from the mouth of the Bara Shugri valley into the Chandra Valley of Lahul, north-
ern India, and boulder moraine ridges in the foreground. These landforms mark the position of 
Bara Shugri Glacier when it advances across the Chandra valley at the end of the nineteenth cen-
tury (see Owen et al. 1997 for more details)
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13.3  Reconstructing the Extent and Timing of Quaternary 
Glaciation

Reconstructing Quaternary glaciation requires detailed geologic studies involving 
remote sensing, field mapping, analysis of landforms and sediments, and geochronol-
ogy. Over the last few decades, reconstructing of the timing and extent of glaciation 
has been stimulated by the view that the Quaternary glacial record provides an impor-
tant climate archive and that mountain glaciers are good climate proxies. Benn and 
Owen (1998) hypothesized that the two major climatic systems that dominate the 
region, mid-latitude westerlies and the Asian monsoon, would result in asychronouity 
of glaciation across the region. Study of the glacial geologic record would, therefore, 
provide important insights into the nature of Quaternary climate change, especially 
the relative importance the different climate systems throughout the region.

Reconstructing Quaternary glaciation in the region has proved challenging 
because of the logistical and political hurdles. Despite these hurdles, there have 
been numerous field studies that have concentrated on reconstructing the former 
extent of glaciation (most notably Frenzel 1960; Porter 1970; Derbyshire et  al. 
1984; Cronin et al. 1989; Holmes and Street-Perrott 1989; Watanabe et al. 1989; Li 
et  al. 1991; Shiraiwa and Watanabe 1991; Shi 1992; Lehmkuhl and Lui 1994; 
Osmaston 1994; Lehmkuhl 1995, 1997, 1998; Owen et al. 1995, 1996, 1997, 2000; 
Taylor and Mitchell 2000; Lehmkuhl et al. 2004; Dortch et al. 2010; Heyman et al. 
2010, 2011; Hedrick et al. 2017). Moreover, remote sensing studies have aided in 
regional reconstruction in recent years (Duncan et al. 1998; Heyman et al. 2008; 
Morén et  al. 2011). These reconstructions rely on the accurate interpretation of 
landforms and sediments. Misinterpretations of landforms and sediments have in 
some instances led to erroneous reconstructions of former glacier extents (Hewitt 
1999; Hewitt et al. 2011; Owen and Dortch 2014). Extreme misinterpretations led 
to the erroneous view that the Himalaya and Tibet was covered by an ice sheet dur-
ing the last glacial (e.g., Kuhle 1985, 1987, 1988, 1991, 1995). Abundant evidence, 
however, shows that glaciation was limited to expanded ice caps and extended val-
ley glaciers during the last ~500 ka (Derbyshire 1987; Burbank and Kang 1991; 
Derbyshire et al. 1991; Shi et al. 1992; Hövermann et al. 1993a, b; Lehmkuhl 1998; 
Rutter 1995; Lehmkuhl et al. 1998; Zheng and Rutter 1998; Schäfer et al. 2002; 
Owen et al. 2003a, 2008; Seong et al. 2008, 2009; Dortch et al. 2013; Orr et al. 
2018). Shi et al. (1992) provides the most complete reconstruction of the maximum 
extent of glaciation across the Himalaya and Tibet (Fig. 13.4) However, the maxi-
mum extent of glaciation in their reconstruction did not occur at the same time 
across the region.

Once glacial landforms and sediments have been mapped and the former extent 
of glaciers have been reconstructed, the ages of the landforms and/or sediments 
need to be determined to define the timing of glaciation. The standard method to 
date landforms and sediments in most glaciated regions has been radiocarbon dat-
ing. However, this method relies on the presence of organic material, such as trees 
or charcoal, that has been incorporated into the moraine or associated sediments. 
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Unfortunately, organic material is not commonly found in glacial and associated 
landforms and sediments in the Himalaya and adjacent regions because the extreme 
mountain environments are not inductive to its preservation and abundant vegeta-
tion is rare. Fortunately, dating techniques such as terrestrial cosmogenic nuclide 
(TCN) surface exposure and optically stimulated luminescence (OSL) dating that 
have been developed over the past few decades can now be readily employed to date 
moraines and associated landforms devoid of organic material (Benn and Owen 
1998; Owen et al. 2009; Owen and Dortch 2014). These dating methods also allow 
dating of glacial landforms and sediments older than the limit (~50 ka) of radiocar-
bon dating. Both these methods have been applied in a plethora of studies through-
out the Himalaya and adjacent mountains (see Owen and Dortch 2014 and references 
therein). TCN studies, mainly using 10Be, are by far the most common. TCN dating 
is normally used to date glacial boulders on moraines and glacially rock surfaces, 
and generally provide a minimum age for a glacier advance. OSL dating provides a 
means to date the deposition of sediment and can provide a minimum or maximum 
age dependent upon the sample’s context. Both methods have inherent challenges 
and ages have large uncertainties (from a few to >50% of the age) associated with 
them. The various methods applied date different landform or sediments that might 
represent the advantage and/or retreat of a glacier. As such, the different age meth-
ods might give the impression of widely different ages for glaciation if the context 
of what is being dated is not fully described in detail. A comprehensive discussion 
of these dating methods, approaches and associated challenges is provided by Owen 
and Dortch (2014).

The standard method to quantify glaciation is to determine the past equilibrium- 
line attitude (ELA), which is the line on a glacier where accumulation and ablation 

Fig. 13.4 Reconstruction for the maximum extent of glaciation across the Himalaya, Tibet and the 
bordering mountains. (After Shi et al. 1992 and adapted from Owen et al. 2008 and Owen 2010, 
2017)
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of snow and ice are in balance over several years. ELAs vary from <4300 to >6200 m 
asl across the Himalaya and adjacent mountains as a consequence of the different 
climatic zones (Owen and Benn 2005). Past ELAs for former glacier advances can 
be reconstructed using several geomorphic methods on reconstructed former gla-
ciers (Benn et al. 2005), which in turn provide a means to quantify and compare the 
degree of past glaciation. The ELA depression (∆ELA), the difference in altitude 
between the present and past ELA, can be used to help determine temperature and 
precipitation changes (Benn et  al. 2005). ∆ELAs for the Himalaya and adjacent 
region have been in the order of a few tens to few hundred meters for past glacia-
tions (Owen and Benn 2005).

13.4  Quaternary Glaciation

Several reviews have summarized aspects of the nature and characteristics of 
Quaternary glaciation across the Himalaya, including Owen and Dortch (2014), and 
regional syntheses have been provided in Ehlers et  al. (2004, 2011), Kamp and 
Owen (2011), Owen (2011), Zhou et al. (2011), Dortch et al. (2013), Murari et al. 
(2014), Solomina et al. (2015) and Owen (2017). The major characteristics of the 
timing and style of glaciation varies across the range are summarized in Fig. 13.5.

Dortch et al. (2013), Murari et al. (2014), and summarized in Owen and Dortch 
(2014), provide a framework for comparing glacial advances across the semi-arid 
western end of the Himalaya-Tibetan orogen and the monsoon-influenced regions 
of the Himalaya and Tibet. They base their timing of glacier advances on an exten-
sive dataset of 10Be ages, and define local and then regionally significant glacier 

Fig. 13.5 Summary of the dominant style of Quaternary glaciation across the Himalaya and adja-
cent regions
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advances, which for the semi-arid areas they term semi-arid western Himalaya- 
Tibetan glacial stages (SWHTS) and for monsoon-influences areas they term mon-
soon Himalayan-Tibetan glacial stages (MOHITS). These are summarized in 
Fig.  13.6 together with Quaternary marine isotopic stages (MIS) and insolation 
curves, and the Holocene climatostratigraphy (Owen and Dortch 2014). The ages 
presented by Dortch et al. (2013), Murari et al. (2014) and Owen and Dortch (2014) 
may subject to change in the coming years with the refinement of 10Be production 
rates and scaling models.

The major characteristic of glaciation throughout the Himalaya are described 
chronologically in the sections below. Possible forcing factor that help drive gla-
ciation are discussed, which include a combination of changes in Earth’s orbital 
parameters (Milankovitch timescales of 104–5 year), and sub-Milankovitch autocy-
clicity such as changes in ice-sheet movement and oceanic circulation (101–4 
years), solar variability (101–3 years) and volcanic activity (100–2 years), and geo-
morphic factors (102–5 years).

Fig. 13.6 Regional glacial stages for the semi-arid regions at the western end of the Himalaya and 
Tibet (SWHTS semi-arid western Himalaya-Tibetan Stage) defined by Dortch et al. (2013) and for 
the monsoon-influenced Himalayan-Tibetan orogen (MOHITS monsoon Himalayan-Tibetan 
stages) defined by Murari et al. (2014) (after Owen and Dortch 2014). The δ18O curve NGRIP 
(2004) is provided for comparison and the duration of specific climatostratigraphy events are 
marked by black and grey bars in the far-right column. The Monsoon Index is the insolation differ-
ence between 30°N and 30°S for 1 August from Leuschner and Sirocko (2003)
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13.4.1  Glacier Fluctuations Prior to the Last Glacial

There is abundant geologic evidence throughout the semi-arid regions of the 
Himalaya and adjacent mountains for glaciation prior to the last glacial cycle 
(>100 ka; Fig. 13.3a). Amongst the oldest moraines are those of the Indus glacial 
stage in Ladakh that were dated by Owen et al. (2006a) to >430 ka. Other extremely 
old moraines are present on the west side of Gurla Mandata in southernmost central 
Tibet dated by Owen et al. (2010) to >300 ka. Other moraines of great antiquity 
have been dated in the Kunlun Shan, Mustag Ata-Kongur Shan, Tashjurgan valley 
in the Pamir, Ayilari Range, Nyalam, Xainza graben in south central Tibet, and 
Zaskar (Owen et al. 2006b, 2012; Chevalier et al. 2005, 2011; Schäfer et al. 2008; 
Seong et al. 2009; Hedrick et al. 2011) Erratics on slopes along the Rongbuk valley 
on the northern side of Mt Everest date to >330 ka (Owen et al. 2009). In addition 
Orr et al. (2018) dated erratics around the Lato Massif in Ladakh that are to ~250 ka.

In these regions, glaciation have changed in style from expanded ice caps, to 
large piedmont valley glaciers, to cirque and small valley glaciers over the past few 
glacial cycles (Fig. 13.7). Owen et al. (2005, 2008, 2010), Seong et al. (2009) and 
Orr et al. (2018) argue that these shifts in glacial style may be climatically con-
trolled by means of a reduction of precipitation over the interior of the Himalaya 
and Tibet over the last few glacial cycles, which effects the moisture flux necessary 
to maintain positive glacier mass balances. Alternatively, over several glacial cycles, 
these glaciated massifs may have geomorphically evolved from isolated alpine pla-
teaus to a dissected and steep relief mountain range, where deep valleys were calved 
by geomorphic processes including glacial and fluvial erosion. These changes to the 
landscape are argued to be associated with local climatic and environmental condi-
tions that were sufficient to influence the glaciation style over time.

13.4.2  Glacier Fluctuations During the Last Glacial

Evidence of multiple glacier advances throughout the last glacial cycle (~100 to 
11.6 ka) is abundant throughout the Himalaya and adjacent mountains (Owen and 
Dortch 2014) (Figs. 13.3b, c and 13.8). Owen and Dortch (2014) show that glaciers 
in semi-arid regions of the Himalaya and adjacent mountains reached their maxi-
mum extent during the early part of the last glacial, as compared to the maximum 
extent of the northern hemisphere ice sheets that reached their maximum late in the 
last glacial cycle at global last glacial maximum (LGM), the time of maximum 
global ice volume at which is defined by Mix et al. (2001) to between ~24–18 ka, 
Clark et al. (2009) as ~26–19 ka in MIS 2 and Hughes and Gibbard (2015) as ~28-
23 ka. Researchers in other mountain regions of the world, e.g., Gillespie and 
Molnar (1995) and Thackray et al. (2008), have also suggested that mountain gla-
ciers reached their maximum extent earlier in the last glacial, which is often referred 
to a local last glacial maximum (lLGM).
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Owen and Dortch (2014) points out that in the Himalaya and adjacent moun-
tains, the pattern of glaciation during the last glacial cycle is more complex. In the 
more monsoon-influenced Himalaya, e.g., there is increasing evidence to suggest 
that glaciation was more extensive later in the last glacial cycle as compared to most 
other regions. Moreover, Owen and Dortch (2014) illustrates this complexity fur-
ther by highlighting the contrasting timing and extent of the lLGM at the western 
end of the Himalaya and Tibet. At the western end of the Himalaya and Tibet, the 
local last glacial maximum occurring at very different time and climate modeling 
predicting vast differences in snowfall across the regions for different times during 
the last glacial and through the Holocene highlights this complexity (Bishop et al. 
2010; Owen and Dortch 2014). The climate modeling shows that the pattern of 
change is not similar in any of the modelled time slices, and it should not be surpris-
ing that the style and timing of glaciation across the mountains is complex.

Using ice sheet modeling, Yan et al. (2018) showed that glaciers in western and 
southern Himalayan-Tibetan region exhibit high region variability in Glaciation 
across the Himalaya and Tibet. Glaciers in the western and southern regions of the 

Fig. 13.7 Changes of style of glaciation on massifs such as Kongur Shan, Mustag Ata, Gurla 
Mandata and Lato over the last few glacial cycles. Kongur Shan illustrates the typical geomorphol-
ogy of the massifs. In the future, glaciers are likely to retreat and/or melt away (LGM global last 
glacial maximum)
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Himalayan-Tibetan region are the most sensitive to climate change and those in the 
interior are the least sensitive. Their modelling constrained by climatic parameters 
based on geologic proxy data broadly reproduced the restricted glaciation across the 
Himalaya and Tibet during the LGM that geologic data shows. In particular, decreased 
precipitation during the LGM would have hampered glacier growth over northern 
Himalayan-Tibetan region, while insufficient cooling would have hampered glacier 
advance over eastern regions. In addition, both reduced precipitation and insufficient 
cooling during the LGM would have inhibited large-scale glaciation over inner Tibet.

Dortch et al. (2013) recognized 15 SWHTS during the last glacial and suggested 
that SWHTS older than 21 ka are broadly correlated with a greater monsoonal influ-
ence and that the six SWHTS that are 21 ka or younger broadly correlate with global 
ice volume and Northern Hemisphere climatic events (Oldest Dryas, Older Dryas, 
Younger Dryas, Roman Humid Period, and Little Ice Age). Murari et  al. (2014) 
defined 13 MOHITS for the last glacial and Holocene, and suggested strong correla-
tions with both periods of strong monsoons and northern hemisphere climate events.

13.4.3  Holocene Glacier Fluctuations

Summaries of Holocene glacier fluctuations in the Himalaya and adjacent moun-
tains are provided by Yi et al. (2008), Owen (2011), Owen and Dortch (2014) and 
Solomina et al. (2015, 2016). In addition, Saha et al. (2018, b) provides summaries 

Fig. 13.8 View looking across the Chandra valley toward the Kulti valley. The MIS 2 trimline 
marks a change valley form and weathering that indicated the top of a large valley glacier that 
extended down the Chandra valley during marine isotope stage (MIS) 2. The small ridges marked 
by the black dashed lines are latero-frontal end moraines that formed when a glacier advanced 
down the Batal valley into the Chandra valley during the early Holocene. The glacial history of this 
valley is described in Owen et al. (1995, 1997, 2001) and Eugster et al. (2016)
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for the northwestern end of the Himalaya. The radiocarbon dating of moraines in 
Pakistan, India and Nepal by Röthlisberger and Geyh (1985a, b) is noteworthy and 
defined glacier advances to ~ 8.3, 5.4–5.1, 4.2–3.3, and 2.7–2.2 ka with relatively 
small extensions at 2.6–2.4, 1.7–1.4, 1.3–0.9, 0.8–0.55 and 0.5–0.1 ka; however this 
work has yet to be validated/duplicated. Compilations of radiocarbon, TCN and 
OSL ages for the Himalaya and adjacent regions suggested that glaciers were 
responding to periods of Holocene rapid climate change in the North Atlantic, with 
climate teleconnected via the mid-latitude westerlies to Central Asia (Yi et al. 2008; 
Owen and Dortch 2014). Owen and Dortch (2014) highlight at least 4 SWHTS and 
11 MOHITS during the Holocene in the semi-arid and monsoonal areas of the 
Himalaya and Tibet, respectively (Fig.  13.6). Saha et  al. (2018) recognizes ~7 
regional glacier advances during the Holocene at the western end of the Himalaya, 
albeit somewhat restricted in extent. While Saha et al. (2019) extend their study 
across the Himalaya and Tibet to show that 5 regional Himalayan-Tibetan Holocene 
glacial stages (HTHS) at ~11.5–9.5, ~8.8–7.7, ~7.0–3.2, ~2.3–1.0, and <1 ka.

The most extensive glacier advances during the early Holocene occurred between 
~11.5 and ~8.0 ka (Fig. 13.6; Sharma and Owen 1996; Phillips et al. 2000; Richards 
et al. 2000; Owen et al. 2001, 2002a, b, 2003a, b, 2005, 2006a, b, 2009, 2010, 2012; 
Finkel et al. 2003; Zech et al., 2003, 2005; Barnard et al. 2004a, b; Spencer and 
Owen 2004; Abramowski et al. 2006; Gayer et al. 2006; Jiao and Shen 2006; Seong 
et al. 2007, 2009; Meyer et al. 2009; Chevalier et al. 2011; Murari et al. 2014; Orr 
et al. 2018; Saha et al. 2018, 2019). But, there is considerable regional variability in 
the extent of glaciation and ∆ELA between regions (Owen and Benn 2005; Owen 
and Dortch 2014; Saha et al. 2018, 2019).

Glaciers advanced to within a kilometer of the present glacier margins through-
out the region during the mid-Holocene (~8.0–3.0 ka) and late Holocene (Neoglacial, 
<3.0 ka) (Owen 2009; Owen and Dortch 2014; Solomina et al. 2015, 2016; Saha 
et al. 2018, 2019). Five MOHITS and 3 SWHTS are evident for this time, and Owen 
and Dortch (2014) suggested these relate to changes in Northern Hemisphere cli-
mate. Little Ice Age (LIA) glacier advances, although not particularly well defined, 
occurred during the last few hundred years probably responding to Northern 
Hemisphere cooling (Owen and Dortch 2014; Rowan 2017). Glaciers began to 
retreat after the LIA at the beginning of the twentieth Century in monsoon- influenced 
areas of Himalaya (Owen and Dortch 2014).

13.4.4  Recent Glacier Fluctuations

There is much geological and historic evidence for recent glacier retreat (Figs. 13.3d 
and 13.9). Numerous studies are showing that glaciers in the Himalaya and adjacent 
mountains are generally retreating at rates similar to glaciers elsewhere in the world 
due to human-induced climate change, although glaciers in the Himalaya west of 
the Sutlej River have experienced little or no retreat (Bagla 2009; Bolch et al. 2012; 
National Academy 2012). Cogley (2011) suggests that up to about one-fifth of the 
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glaciers present in 1985 may have disappeared by ~2008 and some 3000–13,000 
more glaciers might disappear by 2035. However, Copland et al. (2011) suggests 
that the rate of glacier retreat over the past 30 years in some regions has been less 
than during the earlier part of the twentieth century, and certain glaciers have begun 
to stabilize and/or advance during the past few years. Some glaciers such as Baltoro 
Glacier in northern Pakistan have fluctuated only a few hundred meters from their 
present positions since the 1850s (Mayer et al. 2006). In the Karakoram, some gla-
ciers have advanced during the last century, sometimes surging, which has become 

Fig. 13.9 View of Ngozumpa Glacier in the Khumbu Himal of Nepal. (a) View east looking 
toward Everest from Goyko Ri at 5357 m asl. Note how the glacier is inset into impressive lateral 
moraines, providing unequivocal evident of glacier wasting during the past few hundred years. (b) 
Major ice wasting at near snout of the glacier and development of supraglacial lakes during the last 
few years. (Photographs taken November 2017)
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known as the Karakoram anomaly (Hewitt 2005; Copland et al. 2011; Bolch et al. 
2012). This is likely a consequence of the Karakoram summer vortex proposed by 
Forsythe et al. (2017), which is forced by the interaction of the mid-latitude wester-
lies and South Asian monsoon. Recently Maurer et al. (2019) have observed consis-
tent glacier loss along the Himalaya and find a doubling of the average loss rate 
during 2000–2016 compared to 1975–2000. They suggest that the similar magni-
tude and acceleration of glacier loss across the Himalayas suggests a regionally 
coherent climate forcing, consistent with atmospheric warming and associated 
energy fluxes as the dominant drivers of glacier change.

Predicting how human-induced global climate change may force glaciers to melt, 
retreat and eventually disappear is challenging because of the inherent uncertainties 
of climate modeling and prediction, and the complex nature of Himalayan glacial 
systems as shown from the Quaternary evidence, especially given the large altitudinal 
ranges, and the complex topographic and geomorphic settings, and the microclimatic 
diversity (Owen and Dortch 2014; Owen 2017). Given the complex response of gla-
ciers to climate change in the past, it is highly likely that future glacier changes under 
human-induced climate change will be equally as complex, with contrasting degrees 
of retreat between one glacier and the next, across regions and between regions.

13.5  Conclusion

The glaciers of the Himalaya and adjacent regions range from sub-polar continental 
to maritime types and are influenced by a diverse and complex range of factors 
including climate, topography and geology. Until relatively recently, defining the 
extent and timing of Quaternary glaciation throughout the Himalaya and adjacent 
mountains has been challenging. However, new satellite remote sensing and geo-
chronological methods such as TCN and OSL dating has increased the attention 
being paid to defining the extent and timing of Quaternary glaciation throughout the 
region. Much focus has been placed on the desire to examine the relative roles of the 
Asian summer monsoon and mid-latitude westerlies in driving glaciation for paleo-
climatic/paleoenvironmental studies.

These studies show significant glacier advances over the past several glacial 
cycles, with many valleys preserving glacial geologic evidence for numerous gla-
cier advances during the Quaternary. At least nine major regionally synchronous 
glacier advances are evident throughout the semi-arid and monsoon influenced 
regions of the Himalaya and Tibet over the past ~400 ka. The maximum extent of 
glaciation has been broadly defined, characterized by extensive valley glaciers and 
expanded ice caps. The timing of maximum glacier extent is asynchronous through-
out the region, with some areas experiencing maximum glaciation prior to the last 
glacial (>100 ka), while in other regions it was during the early part of the last gla-
cial (~30–70 ka) and in some regions, it was possibly coincident with the LGM at 
~18–24 ka. Glacier advances since the LGM have been limited to a few kilometers 
beyond their present position in most regions, with the maximum advance occurring 
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during the early Holocene at ~9–8 ka. The higher resolution of the Holocene glacial 
geologic record allows ~5 regional glacier advances to be resolved, albeit somewhat 
restricted in extent. However, complex variations in the timing and extent of late 
Quaternary glaciation are apparent over relatively short distances (10–100  km). 
This is well illustrated at the western end of the Himalaya, where the lLGM occurred 
at different times with vastly different glacier extents. Within semi-arid regions, the 
style of glaciation has changed significantly over the last several glacial cycles, 
from expanded ice caps to entrenched valley glaciation. Throughout the Holocene 
there have been numerous minor glacier advances with the most recent, the Little 
Ice Age, starting several hundred years ago and ending at approximately the begin-
ning of the twentieth Century. During the last 100 years, glaciers have retreated in 
most areas, but in regions such as the Karakoram there has been little retreat and 
numerous glaciers have surged.

These patterns of glaciation suggest future glacier fluctuations in response to 
human-induced climate change will be complex. Rather than a single driver of 
Himalayan glaciation, the timing and extent of glaciation, and the preservation of 
glacial evidence, is likely governed by a complex combination of different factors 
specific to each locality, including climate and microclimate regimes, tectonic set-
ting, topographic controls and geologic setting.
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Chapter 14
Summer Monsoon Variability 
in the Himalaya Over Recent Centuries

Masaki Sano, Chenxi Xu, A. P. Dimri, and R. Ramesh

Abstract Hydroclimatic variations during the summer monsoon season (June–
September) across the Himalaya are examined over the past several hundred years 
using tree-ring oxygen isotope records. Owing to their strong associations with 
hydroclimatic variables including precipitation, relative humidity, and the Palmer 
Drought Severity Index, tree-ring δ18O chronologies from the Himalaya can be used 
to reconstruct summer monsoon intensity precisely. A regional chronology derived 
from five local chronologies across the Himalaya shows a significant correlation 
with Indian summer rainfall data. One of the most noteworthy features of the 
regional chronology is a drying trend over the past 180 years, indicating that sum-
mer monsoon intensity in the Himalayan region has weakened. A declining land–
ocean thermal gradient over South Asia seems to be responsible for the weakened 
summer monsoon. By analyzing spatio-temporal correlations between zonally dis-
tributed tree-ring data over the Himalaya, we also explore possible changes in the 
relative contributions of source water originating in the Arabian Sea and the Bay of 
Bengal.
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14.1  Introduction

Rain, snow, and glacial meltwater generated in mountainous regions such as the 
Himalaya play a critical role in sustaining the water supply to populations in adja-
cent lowlands (Immerzeel et al. 2010; Viviroli et al. 2007). Climatic changes are 
expected to seriously affect hydrological processes (Barnett et  al. 2005). Future 
changes over the Himalaya and the Tibetan Plateau in terms of flood/drought ampli-
tude and frequency, the hydrological cycle, and seasonality should therefore be 
accurately predicted to ensure the welfare of people in South Asia. As instrumental 
weather data available in the Himalaya and on the Tibetan Plateau are fairly limited 
both temporally and spatially, annually or decadally resolved paleoclimatic records 
derived from tree rings, speleothems, lake sediments, and ice cores are essential to 
improve our understanding of the dynamics and causes of the Indian monsoon.

Climate model experiments conducted by Meehl and Washington (1993) and 
May (2002) predicted that the Indian summer monsoon rainfall would increase 
under enhanced greenhouse gas levels. In addition, sediment records derived from 
the Arabian Sea reveal a strengthening of monsoon winds over recent centuries 
(Anderson et al. 2002). However, a significant decrease in summer monsoon rainfall 
over the Himalayan foothills was detected from instrumental data over the past 
56 years (Wang and Ding 2006). This finding contrasts with model experiments, 
indicating the complex dynamics of the Indian monsoon. The spatial coverage of 
annually resolved paleoclimatic records must therefore be improved to allow a bet-
ter understanding of the long-term changes in atmospheric circulation induced by 
the Indian monsoon system.

Tree rings have been widely used to reconstruct past temperatures and precipita-
tion for the Himalayan region (e.g., Borgaonkar et  al. 1994; Cook et  al. 2003; 
Hughes 1992; Sano et al. 2005; Singh et al. 2006; Yadav et al. 2015). Previous stud-
ies have generally focused on ring widths; however, the widths are regulated by 
moisture availability in the hot and dry pre-monsoon season (e.g., Sano et al. 2005; 
Singh et al. 2006). Reconstructions of temperature and precipitation in the monsoon 
season (June–September) are therefore rather limited, owing partly to the reduced 
climatic sensitivity of tree growth associated with abundant summer precipitation. 
In spite of the limitations, Krusic et al. (2015) produced a 638-year summer tem-
perature reconstruction for the Bhutan Himalaya and found a significant correlation 
with major volcanic eruptions, and a possible link between solar variability and 
decadal-scale temperature variability.

Recent progress in isotope dendroclimatology has revealed that oxygen isotope 
ratios (δ18O) recorded in tree-ring cellulose can be utilized to reconstruct hydrocli-
matic variations precisely (precipitation, relative humidity, cloud cover, and drought 
index) during the monsoon season in the Himalaya and on the Tibetan Plateau (e.g., 
Liu et al. 2013; Sano et al. 2012, 2013, 2017; Shi et al. 2012; Wernicke et al. 2015; 
Xu et al. 2012). In this chapter, we review monsoon variability over the past few 
centuries in the Himalaya and on the Tibetan Plateau, focusing on summer monsoon 
dynamics based on tree-ring oxygen isotope records (Sano et al. 2012, 2013, 2017; 
Xu et al. 2018).
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14.2  Past Changes in Summer Monsoon Rainfall

A regional tree-ring δ18O chronology based on five local chronologies distributed 
across the Himalaya (Fig.  14.1) was developed to reconstruct summer monsoon 
rainfall in the northern Indian subcontinent (Xu et al. 2018). The chronologies origi-
nate from five study sites: Wache in Bhutan (Sano et al. 2013), Ganesh (Xu et al. 
2018) and Humla (Sano et al. 2012) in Nepal, and Jageshwar (Xu et al. 2018) and 
Manali (Sano et al. 2017) in India. For each study site, 3–5 trees were selected for 
isotopic analysis. The oxygen isotope ratio (δ18O) of each growth ring in each tree 
sample was individually measured using an isotope ratio mass spectrometer. Thus, 
3–5 δ18O values were obtained for each year at each site. The local δ18O chronology 
was then produced by averaging the 3–5 separate δ18O time series at each site 
(Fig.  14.2a–e). The strength of common variations in tree-ring δ18O between 

70°

70°

80°

80°

90°

90°

100°

100°

10° 10°

20° 20°

30° 30°

40° 40°

0

2

4

6

JJ
A

S
 P

re
ci

p.
 (1

03  m
m

)

Manali

Jageshwar
Sahiya Humla

Ganesh Wache
Reting

Bomi A
Bomi B

Hongyuan

Fig. 14.1 Map of the study region showing the locations of sites with tree-ring δ18O chronologies 
(red triangles) and speleothem δ18O data (orange hexagon). The tree-ring data are from the Manali 
(Sano et al. 2017), Jageshwar (Xu et al. 2018), Humla (Sano et al. 2012), Ganesh (Xu et al. 2018), 
Wache (Sano et al. 2013), Reting (Grießinger et al. 2011), Bomi A (Shi et al. 2012), Bomi B (Liu 
et al. 2013), and Hongyuan sites (Xu et al. 2012). The speleothem δ18O data are from Sahiya Cave 
(Sinha et  al. 2015). Background colors represent the long-term (1951–2010  CE) mean June–
September precipitation, calculated using the GPCC ver.6 datasets (Schneider et al. 2011)
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individual trees was evaluated by calculating the inter-series correlation (Rbar) and 
the expressed population signal (EPS) (Wigley et al. 1984). As the Rbar and EPS 
statistics were significant at all study sites (Fig.  14.2), we were able to develop 
robust local chronologies. For the five trees sampled at the Humla site, the five indi-
vidual growth rings for each calendar year were pooled and homogenized before 
isotopic measurement. We therefore produced only a single δ18O series, which was 
used as the local δ18O chronology for the Humla site (Sano et al. 2012).

We next conducted linear correlation analyses between each local δ18O chronol-
ogy and the monthly climate records (i.e., precipitation, temperature, relative 
humidity, and the drought index) to identify the climatic response of tree-ring 
δ18O. For the drought index, we used the self-calibrating Palmer Drought Severity 
Index or scPDSI (van der Schrier et al. 2013), a drought metric based on soil mois-
ture availability. As we described the climatic responses in previous work (Sano 
et al. 2012, 2013, 2017; Xu et al. 2018), only the responses of local δ18O chronolo-
gies to area-averaged precipitation (CRU TS4.01 dataset, Harris et al. 2014) and 
scPDSI are presented in Fig. 14.3. Overall, all the local chronologies show signifi-
cant negative correlations with precipitation, relative humidity and/or the scPDSI in 
the monsoon season (June–September), indicating that tree-ring δ18O is controlled 
primarily by moisture conditions during the growth season (Sano et al. 2012, 2013, 
2017; Xu et al. 2018). These climatic responses are consistent with the theory of 
tree-ring δ18O, as follows.

The oxygen isotope composition in tree-ring cellulose is controlled mainly by 
two climatic factors: δ18O of the source water and relative humidity, although there 
are several isotopic fractionations before cellulose synthesis (McCarroll and Loader 
2004; Roden et al. 2000; Sternberg 2009). The source water for tree growth is soil 
moisture, supplied mainly by precipitation. The δ18O signal in precipitation is there-
fore preserved in tree-ring δ18O. Negative correlations between precipitation δ18O 
and precipitation amount have been observed in low latitudes, known as the ‘amount 
effect’ (Araguás-Araguás et al. 1998; Dansgaard 1964). The precipitation amount 
signal is therefore preserved in tree-ring δ18O. Soil water, with its preserved precipi-
tation δ18O signal, is taken up by tree roots without isotopic fractionation (White 
et  al. 1985) and is transported to the leaves through xylem. The oxygen isotope 
composition in leaf water is modulated by transpiration through the stomata, lead-
ing to the preferential loss of lighter isotopes (16O) and consequent enrichment of 
heavier isotopes (18O) in the leaf water (Roden et al. 2000; Sternberg 2009). During 
transpiration, lower (higher) relative humidity increases (decreases) the δ18O in the 
leaf water. Consequently, there is an inverse correlation between tree-ring δ18O and 
relative humidity. Further details of climatic responses in the five local δ18O chro-
nologies are given by Sano et al. (2012, 2013, 2017) and Xu et al. (2018).

As listed in Table 14.1, the five δ18O chronologies across the Himalaya are sig-
nificantly correlated, even though the locations are distant from one other (Xu et al. 
2018). This indicates that regional hydroclimate signals related to the Indian mon-
soon are well recorded in the five chronologies. We therefore integrated the five 
δ18O chronologies into a single regional chronology (Fig. 14.2f). A spatial correla-
tion analysis by Xu et al. (2018) revealed that the regional chronology is inversely 
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Fig. 14.3 Correlations between tree-ring δ18O and monthly/seasonal precipitation (left panels) 
and scPDSI (right panels) for the period 1901–2000 CE, at (a) Manali (Sano et  al. 2017), (b) 
Jageshwar (Xu et al. 2018), (c) Humla (Sano et al. 2012), (d) Ganesh (Xu et al. 2018), and (e) 
Wache (Sano et al. 2013). Area-averaged precipitation (for 5° × 5° grids covering each study site) 
and scPDSI derived from gridded datasets were correlated with tree-ring δ18O. A 12-month win-
dow (preceding-year October–September) was used to calculate correlation coefficients. Black 
bars represent significance at the 1% level
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correlated with gridded June–September precipitation in northern India and Nepal. 
The regional chronology also shows a significant correlation (r = −0.50, p < 0.001) 
with the All India Summer (June–September) Monsoon Rainfall (Kothawale and 
Rajeevan 2017; Parthasarathy et  al. 1994) for the period 1871–2011 (Fig.  14.4), 
clearly demonstrating that the synthesized chronology reflects large-scale variations 
in summer monsoon intensity. We further calculated split-period calibration and 
verification statistics, commonly used in dendroclimatology, to scrutinize the reli-
ability of the transfer function used to reconstruct the All India Summer Monsoon 
Rainfall. As listed in Table 14.2, the linear regressions and sign tests are significant 
at the 1% level. In addition, the reduction of error (RE) and the coefficient of effi-
ciency (CE) are positive, passing rigorous tests for verification. Our regional tree- 
ring δ18O chronology is therefore considered a robust proxy of the All India Summer 
Monsoon Rainfall.

Perhaps one of the most noteworthy features in the regional chronology is a sig-
nificant increasing δ18O trend since 1820 CE (Mann–Kendall trend test, p < 0.001), 
indicating a weakening tendency of the summer monsoon in the Himalaya (Xu et al. 
2018). Similar strong trends are also seen in the local δ18O chronologies from 
Jageshwar in India, and Humla and Ganesh in Nepal, whereas the other local chro-
nologies show rather weak trends. Tree-ring δ18O chronologies from the Tibetan 
Plateau (Grießinger et al. 2011; Liu et al. 2013; Shi et al. 2012; Xu et al. 2012) also 
show weakening trends in summer monsoon intensity (Fig. 14.5; see Fig. 14.1 for 
the locations). Furthermore, Liu et al. (2014) identified a shift in the hydroclimatic 
regime from wet/cold to dry/warm conditions since 1860 CE in their regional tree- 
ring δ18O chronology and temperature-sensitive tree-ring data from the Tibetan 
Plateau. These findings indicate that summer monsoon incursion into the Tibetan 
Plateau has weakened over the past 150 years.

Sinha et al. (2015) reported a drying trend since the 1950s in speleothem δ18O 
data from Sahiya Cave, located 200 km southwest of the Manali site (see Fig. 14.1) 
in northern India. Interestingly, the summer rainfall reconstructed from the Sahiya 
Cave data is positively correlated with Northern Hemisphere (NH) temperatures on 
multi-centennial scales over the past two millennia. In contrast, the drying trend 
since the 1950s is opposite to the NH temperature rise, suggesting that anthropo-
genic aerosol release over South Asia has counterbalanced an increase in rainfall 

Table 14.1 Correlation matrix calculated using five tree-ring δ18O chronologies for the common 
period 1801–2000 CE

R (1801–2000 CE)
Manali (WH, 
India)

Jageshwar (WH, 
India)

Humla (W 
Nepal)

Ganesh (C 
Nepal)

Jageshwar (Western 
Himalaya, India)

0.49

Humla (Western Nepal) 0.50 0.53
Ganesh (Central Nepal) 0.47 0.66 0.60
Wache (Bhutan) 0.21 0.33 0.39 0.52
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over the Indian Subcontinent. Sinha et al. (2015) also noted that the current drying 
trend detected in the speleothem δ18O data is not unprecedented in the past 
2000 years.

What mechanisms have contributed to the weakening of the summer monsoon in 
the Himalaya and on the Tibetan Plateau? A significant decreasing trend in summer 
precipitation over the Himalayan foothills during the period 1901–2012 was 
reported by Roxy et  al. (2015). Their analyses, based on observed records and 
model experiments, indicate that a declining land–ocean thermal gradient over 
South Asia was responsible for the weakening summer monsoon. Specifically, a 
rapid warming in the Indian Ocean and a relatively subdued warming over the 
Indian continent have weakened the land–ocean thermal gradient, thereby dampen-
ing the summer monsoon Hadley circulation (Roxy et al. 2015). In this context, Xu 
et al. (2018) explored the dynamics of the land–ocean thermal gradient in the past 
using available proxy records (Cook et al. 2013; Shi et al. 2015; Tierney et al. 2015; 
Wang et al. 2015). As shown in Fig. 14.6, variations in the thermal contrast derived 
from land and ocean temperature records are consistent with those in the regional 
tree-ring δ18O chronology over the past 250 years, supporting the interpretation of a 
link between the weakened thermal contrast and intensified aridity since 1820 CE in 
the Himalaya.
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Fig. 14.4 Comparison of the regional tree-ring δ18O chronology and the All India Summer (June–
September) Monsoon Rainfall (Kothawale and Rajeevan 2017; Parthasarathy et al. 1994) for the 
common period 1871–2011 CE

Table 14.2 Calibration and verification statistics for the June–September All-India Rainfall 
reconstruction

Calibration period R2 Verification period r RE CE sign test

Full (1871–2011) 0.251a – – – –
Early half (1871–1941) 0.248a Late half (1942–2011) 0.565a 0.215b 0.215b 50/20a

Late half (1942–2011) 0.319a Early half (1871–1941) 0.498a 0.059b 0.058b 49/22a

ap < 0.01
bRE, CE > 0
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Whereas climate simulation experiments predict a strengthening of the Indian 
summer monsoon under global warming scenarios (May 2002; Meehl and 
Washington 1993), tree-ring records provide compelling evidence of a weakened 
summer monsoon in the Himalaya (Xu et al. 2018) and on the Tibetan Plateau (Liu 
et al. 2014). Our results also contrast with a tree-ring δ18O chronology from north-
ern Pakistan, in which the twentieth century was the wettest period over the past 
millennium (Treydte et al. 2006). Furthermore, a network of tree-ring-width chro-
nologies from the semi-arid region of the northwest Himalaya reveals a general 
wetting trend since the mid-seventeenth century, with the wettest interval detected 
in recent decades (Yadav et al. 2017). The regions examined in those studies are 
mainly dominated by westerly synoptic fronts throughout the year, with the maxi-
mum precipitation in winter and spring. It is therefore not surprising that their tree- 
ring records show the opposite trend to our monsoon reconstruction. The regional 
wetting trends during winter and spring in Pakistan and the northwest Himalaya 
indicate a strengthening of western disturbances, contrasting with the weakened 
summer monsoon precipitation found in our tree-ring data.

It is widely recognized that the El Niño–Southern Oscillation (ENSO) plays an 
important role in modulating the summer monsoon in South Asia (e.g., Rasmusson 
and Carpenter 1983; Ropelewski and Halpert 1987; Shukla and Paolino 1983). 
Spectral analyses based on the regional δ18O chronology from the Himalaya reveal 

a) Bomi A, SE Tibet (Shi et al., 2012)

d) Reting, S Tibet (Grieβinger et al., 2011)

c) Hongyuan, E Tibet (Xu et al., 2012)

b) Bomi B, SE Tibet (Liu et al., 2013)
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Fig. 14.5 Tree-ring δ18O chronologies from the following study sites: (a) Bomi A (Shi et al. 2012) 
and (b) Bomi B (Liu et al. 2013) on the southeastern Tibetan Plateau, (c) Hongyuan on the eastern 
Tibetan Plateau (Xu et al. 2012), and (d) Reting on the southern Tibetan Plateau (Grießinger et al. 
2011), modified from Sano et al. (2013). The red lines represent 50-year low-pass spline filtered 
values. The locations of sampling sites are shown in Fig. 14.1. Note that the original chronologies 
for (b) and (d) cover the past 409 and 842 years, respectively (data prior to 1700 are not shown)
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Fig. 14.6 (a) Land–ocean temperature anomalies (thermal gradients) calculated using three sum-
mer temperature reconstructions for the Tibetan Plateau (Cook et al. 2013; Shi et al. 2015; Wang 
et al. 2015) and one Indian Ocean SST reconstruction (Tierney et al. 2015). (b) Same as (a) but for 
low-frequency anomalies. (c) Low-frequency variations in the regional tree-ring δ18O chronology, 
modified from Xu et al. (2018). Shading indicates the uncertainty for each time series
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significant peaks over 2–5 year intervals, which fall within the range of ENSO vari-
ability (Xu et al. 2018). In addition, our regional chronology is significantly corre-
lated with sea surface temperatures (SSTs) for central and eastern parts of the 
equatorial Pacific over the period 1871–2011 (Fig. 14.7), indicating that El Niño (La 
Niña) phases have led to decreased (increased) precipitation in the summer mon-
soon season.

However, the relationship between ENSO and the Indian summer monsoon rain-
fall (ISMR) is also known to be temporally unstable (Kumar et al. 1999). Kumar 
et  al. (1999) identified a significant negative correlation between the ISMR and 
NINO3 SSTs for the century prior to the 1980s (drought conditions arising from El 
Niño phases), but no correlation after that decade. They demonstrated that a south-
eastward shift in the location of the descending limb of the Walker circulation con-
tributed to this time-dependent result. Kumar et al. (2006) also pointed out that the 
central Pacific El Niño, characterized by the warmest SSTs prevailing in the central 
equatorial Pacific, is more effective in generating the descending limb over India 
(thereby resulting in drought) than the conventional eastern Pacific El Niño.

Thirty-one-year running correlations between the regional δ18O chronology and 
two reconstructed ENSO indices (Emile-Geay et al. 2013; McGregor et al. 2010) 
also show an unstable relationship between ENSO and summer monsoon rainfall 
over the past 250 years (Xu et al. 2018). As pointed out by Kumar et al. (2006), the 
unstable association might be attributed in part to the two different types of ENSO 
(developed mainly in the eastern or central Pacific). Here, we cannot evaluate the 
influence of different ENSO types on this time dependency, because the two types 
of ENSO have not been reconstructed separately. Continued effort towards a spatial 

Fig. 14.7 Spatial correlations between the regional tree-ring δ18O chronology and global SSTs for 
the period 1871–2011 CE
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reconstruction of SSTs, divided into two distinct chronologies corresponding to the 
two ENSO types, will shed more light on the ENSO–monsoon linkage during the 
pre-instrumental era.

It should also be noted that the ISMR is known to be linked to the equatorial 
Indian Ocean. For example, Ashok et al. (2001) found that whenever the ISMR–
ENSO correlation is high (low), the ISMR–IOD (Indian Ocean Dipole) correlation 
is low (high), indicating that the IOD plays an important role in modulating the 
ISMR. Our regional δ18O data show significant correlations with SSTs in the Indian 
Ocean (Fig. 14.7), although the correlations are rather weak compared with those in 
the tropical Pacific. Thirty-one-year running correlations between the reconstructed 
Indian Ocean SSTs (Tierney et al. 2015) and the two reconstructed ENSO indices 
(Emile-Geay et al. 2013; McGregor et al. 2010) were calculated to evaluate the rela-
tionship between the Indian Ocean and the ENSO over the past 250  years. The 
results indicate that variations in the Indian Ocean SSTs are mostly consistent with 
those of the ENSO indices, but that the association collapsed or was reversed during 
the period 1820–1860 CE (Fig. 14.8b) (Xu et al. 2018). Interestingly, the associa-
tion between Indian Ocean SSTs and ENSO indices (Fig. 14.8b) decoupled when 
the ISMR–ENSO association was weak (Fig. 14.8a). These results suggest that the 
weak ISMR–ENSO correlation seen in Fig. 14.8a may be related to the decoupled 
association between Indian Ocean SSTs and ENSO indices.

14.3  Past Changes in Moisture Flux from the Oceans

Tree-ring oxygen isotopes contain not only local hydroclimate signals, but also 
moisture-source signals originating far from the sampling site. This is because the 
oxygen isotope compositions of precipitation at a given site are governed by vapor 
sources and transport processes (Araguás-Araguás et al. 1998; Midhun and Ramesh 
2016). Therefore, the integrated history of upstream processes, such as evaporation 
of water from the ocean and subsequent condensation of water vapor through atmo-
spheric circulation, is recorded in the precipitation δ18O at the sampling site 
(Araguás-Araguás et al. 1998; Kurita et al. 2009). This is, in turn, preserved in the 
tree-ring δ18O. Summer precipitation over the Himalayan foothills has two moisture 
sources: the Arabian Sea and the Bay of Bengal (Sengupta and Sarkar 2006; Sinha 
et al. 2015). Water vapor supply to the Himalaya originates predominantly in the 
Bay of Bengal. Water vapor originating in the Arabian Sea is another important 
source, especially for the western Himalaya.

Figure 14.9 shows spatial correlations for the period 1951–2000 CE between 
each local chronology and the gridded CRU TS4.01 precipitation dataset (Harris 
et al. 2014). The highest correlations are not observed between tree-ring δ18O and 
precipitation at the sampling site, but with precipitation in the upstream region. 
More specifically, water vapor originating in the Arabian Sea seems to be trans-
ported to the western Himalaya (India) (Fig. 14.9a). On the other hand, moisture- 
source signals for the eastern Himalaya (Bhutan) appear in the Bay of Bengal, 
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although the upstream signal is rather weak (Fig. 14.9c). With its location between 
western and eastern sites, the local δ18O chronology from the Humla site (Nepal) 
indicates moisture supply from both the Arabian Sea and the Bay of Bengal 
(Fig. 14.9b). Although these analyses were limited to the past 50 years, they do 
reveal the mean states of moisture sources at the three sites.

Sano et al. (2017) investigated possible changes in the relative contributions of 
source water originating in the Arabian Sea and the Bay of Bengal at three sampling 
sites across the Himalaya. To examine the patterns over time, they calculated 
31-year running correlations between the local δ18O chronologies (Fig. 14.10d). As 
the sites in India and Nepal are located close to each other, the two δ18O chronolo-
gies are significantly correlated over the entire period, except ca. 1930–1960 CE. In 
contrast, δ18O values of the India chronology are less commonly correlated with the 
Bhutan chronology. Interestingly, the periods showing weak correlations between 
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Fig. 14.8 Thirty-one-year running correlations between two ENSO reconstructions (Emile-Geay 
et al. 2013; McGregor et al. 2010) and (a) the regional tree-ring δ18O chronology and (b) Indian 
Ocean SST reconstruction (Tierney et al. 2015), modified from Xu et al. (2018)
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Fig. 14.9 Spatial correlations between local tree-ring δ18O chronologies generated for (a) Manali 
in India (Sano et al. 2017), (b) Humla in Nepal (Sano et al. 2012), and (c) Wache in Bhutan (Sano 
et  al. 2013), and June–September precipitation (CRU TS4.01 dataset) for the period 1951–
2000 CE. Sites are represented by red triangles
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the India and Bhutan δ18O data correspond to relatively dry conditions for the entire 
Himalaya, as highlighted by the yellow bands in Fig. 14.10a–c. These weakened 
correlations between the India and Bhutan δ18O chronologies probably originate 
from changes in relative contributions of the source water transported from the 
Arabian Sea and the Bay of Bengal to these sampling sites.

A backward moisture trajectory analysis performed by Sinha et  al. (2015) 
revealed that a weak (strong) monsoon circulation enhanced (reduced) the flux of 
18O-enriched Arabian Sea moisture and reduced (enhanced) the flux of 18O-depleted 
Bay of Bengal moisture to their speleothem site in the western Himalaya. Their 
results indicate that the moisture flux from the Arabian Sea (the Bay of Bengal) to 
our India site increased in dry (wet) years. In contrast, the flux of moisture originat-
ing in the Arabian Sea seems to be negligible for the Bhutan site, even in dry years, 
because the moisture at this site originates mainly from the Bay of Bengal 
(Fig. 14.9c).

In general, in dry years with an enhanced flux of Arabian Sea moisture to the 
India site, but with no such flux to the Bhutan site, the correlation between the tree- 
ring δ18O records of India and Bhutan collapses (Fig. 14.10). In wet years, on the 
other hand, an enhanced flux of Bay of Bengal moisture to the India site, with a 
similar flux prevailing at the Bhutan site, can result in significant correlation between 
the two sites (Fig. 14.10).

14.4  Conclusions

We developed a regional tree-ring δ18O chronology based on five local chronologies 
across the Himalaya. The annually resolved chronology precisely records summer 
monsoon rainfall over the past several hundred years. The chronology shows an 
increasing δ18O trend since 1820 CE, clearly indicating a weakening tendency in the 
summer monsoon over the Himalaya. Similarly, a regional tree-ring δ18O chronol-
ogy and temperature-sensitive tree-ring data from the Tibetan Plateau show a shift 
in the hydroclimatic regime from wet/cold to dry/warm conditions since 1860 CE.

These findings indicate that summer monsoon incursion into the Himalaya and 
the Tibetan Plateau has weakened over the past 150 years. A declining land–ocean 
thermal gradient over South Asia is likely to be responsible for the weakening of the 
summer monsoon. In addition to the reconstruction of summer precipitation, tree- 
ring δ18O chronologies across the Himalaya can be used to understand changes in 
the relative contributions of source water originating in the Arabian Sea and the Bay 
of Bengal to the sampling sites. Continued effort towards the development of a 
dense tree-ring δ18O network, combined with other proxies, will improve our under-
standing of the dynamics and causes of monsoon variability over the Himalaya and 
the Tibetan Plateau.
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Chapter 15
The Uplift of the Himalaya-Tibetan 
Plateau and Human Evolution: An 
Overview on the Connection Among the 
Tectonics, Eco-Climate System and Human 
Evolution During the Neogene Through the 
Quaternary Period

Tetsuzo Yasunari

Abstract This paper reviews the recent studies on the uplift of the Tibet-Himalaya 
mountains (TH) and its association with the human origin and evolution through the 
climate and ecosystem changes in Afro-Eurasian continents.

The uplift of TH since the late Tertiary Era gradually formed the Asian monsoon 
system and dry climate in southwest Asia through North Africa. Meanwhile, during 
5–10 Ma the formation of the Rift valley of east Africa brought about drier climate 
and grassland in the equatorial east Africa, which has an important implication to 
the early hominid evolution. The uplift of TH also caused and/or enhanced decrease 
of atmospheric CO2 content through chemical weathering of mountain slopes, 
which has induced colder climate through the late Tertiary to the Quaternary Era. 
The lowering of CO2 content caused expansion of grassland of the C4-plant and 
associated evolution of Ungulata (e.g., antelope), which may have also affected the 
early hominid evolution.

The Quaternary period was characterized with glacial cycles of 40–100k year 
periods. The ice/snow albedo feedback of Tibetan Plateau may have played as an 
amplifier of the climate change of this Era. Large temporal and spatial variability of 
wet/dry zones in east Africa affected by the glacial cycles is very likely to induce 
further evolution and diffusion, including the migration to Eurasia. During this 
period, the cold climate and weakened Asian monsoon formed a broad zone of 
steppe and grassland in central Asia through Europe, and enabled large variety of 
herbivorous mammals there. The codependent relation between these mammals and 
the hominid species was essential for the evolution of the later hominid species 
(Homo erectus) to the modern hominid (Homo sapiens).
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Under the warm and stable climate of the Holocene since 10  ka the modern 
hominid heuristically started agriculture and civilization, which has, however, been 
a new epoch called “the Anthropocene” when the human beings are changing the 
earth system itself.

15.1  Introduction

Recent research into the origins and evolution of humans is making great progress 
with the addition of new methods such as the molecular clock and DNA analysis. 
It is thought that seven million years ago during the latter half of the Neogene 
period of the present Cenozoic Era Hominia, the direct ancestors of humankind, 
branched off from subhuman primates in equatorial Africa. The Quaternary period 
(since approximately 2.6 million years ago up to present) is defined as the period 
when humans started to become active. Due to recent progress in geosciences 
including stable isotope analysis and numerical experiments using climate models, 
we are coming to realize that, during the time from the latter half of the Neogene 
period to the Quaternary period when humans originated and evolved, an uplift of 
the Tibetan and Himalayan massif and tectonic changes in the African region 
started, leading to enormous changes in the climate and environment of the Afro-
Eurasian continent.

This paper attempts a comprehensive view on the global-scale tectonic changes 
centering on the uplift of the Himalayan mountains and the Tibetan Plateau (hereaf-
ter called HTP) and how the resultant changes in climate and the biosphere regu-
lated or encouraged the origins and evolution of humankind, by reviewing the recent 
results of research in geoscience, paleoclimatology and paleoecology, and 
anthropology.

15.2  The Origin and Evolution of Humans 
and Environmental Change – Why Africa?

It was Molnar, famous for his research in the tectonics of Tibet and the Himalayas, 
who first pointed out the possible connection between the uplift of the HTP from the 
Neogene period to the Quaternary period and the origin and evolution of humans 
(Molnar 1990). Figure 15.1 shows the average height evolution of the HTP from the 
start of the Eocene epoch (60Ma: 60 Million Years Ago) to the present and the 
changes in human brain size since the Miocene epoch (40 Ma) (from the ape-man 
Australopithecus to the modern man Homo sapiens). Molnar suggested that both 
these figures show a sudden increase toward modernity, particularly after the Late 
Neogene period, and that rather than mere coincidence, the global scale tectonic 
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changes typified by the uplift of the HTP and human evolution may have a close 
relationship. Of course, the latest findings of both geoscience and anthropology 
indicate, as we shall see later, that the relationship between the Earth’s tectonic 
changes and the associated climatic and environmental changes and human evolu-
tion is not that simple.

The ancestors of humans branched off from the apes several million years ago 
as ape-men (Australopithecus) (DeMenocal 2004). From this start, there emerged 
primitive man, paleanthropic man (Neanderthals), and over a hundred thousand 
years ago, our direct ancestor, modern man (Homo sapiens). Recent anthropol-
ogy has reconsidered these distinctions, but this paper will avoid getting into 
these questions, using designations like primitive man and modern man as they 
are. Rather, what I want to consider here is why Africa was the stage where ape-
man emerged and evolved through primitive man to modern man. If humans 
evolved from the relatives of apes inhabiting tropical rain forests, then humans 
should have originated from South America or Southeast Asia. Here, the distribu-
tion of continents and oceans in the Eocene (50 ma) and the Miocene (20 Ma) 
when the mountains started to rise (Fig. 15.2). At the start of the Eocene, there 
were already tropical rain forests on all the continents around the equator, where 
primates would have inhabited. However, the continent of South America was 
still separated from the North American continent, and the African continent was 
also separated from the Eurasian continent by the Tethys Sea (the ancient 
Mediterranean). The tropical and subtropical forests were extended over a wide 
area from the equator to the subtropical zone of Southeast Asia due to the mon-
soon climate that already existed along the Southeast and East Asian coast. 
During the Miocene era, the Tethys Sea closed, and the African continent were 
joined to the Eurasian continent, and a subtropical arid or semi-arid area were 

Fig. 15.1 Left: The average altitude of the Tibetan and Himalayan massif from the second half of 
the Quaternary (60 Ma) and (right) changes in the capacity of human brains since the end of the 
Late Tertiary (4 Ma). The continuous line shows changes based on various inferences, and the 
broken line divides the Australopithecus and Homo genus. (Modified the figure by Molnar 1990)
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gradually expanding between both continents. This geographical contrast of cli-
mate and ecosystem in the Southeast Asia through African tropics may be very 
important for the issue of human evolution. In the late Neogene era, the uplift of 
the HTP became more pronounced. As will be discussed in the next, the differ-
ences in climate and ecosystems between the African and Southeast Asian trop-
ics was further reinforced. It is likely that these differences have a  profound 
implication for the environmental conditions that enabled the origin and evolu-
tion of humans on the African continent.

Fig. 15.2 Distribution of sea and land around the Paleogene Eocene (50 Ma) and the Neogene 
Miocene (20 Ma). http://en.wikipedia.org/wiki/File:Neogene-MioceneGlobal.jpg
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15.3  Uplift of the HTP and Global Climate Change 
in the Neogene Period

15.3.1  When Did the Uplift of the HTP Occur?

After the Indian subcontinent (the Indian Plate) collided with the Eurasian  
continent at 50 Ma, the uplift of the HTP began, and by 20 Ma, mountains of a 
 certain height had already formed (Fig.  15.2). At this time, the Tethys Sea had 
already disappeared, and the African continent and Eurasian continent were largely 
joined. Not only the HTP but also the world’s main mountains existing today such 
as the Rockies, the Andes, and the Alps, started their upheaval at almost the same 
time.

In the past few decades there has been much discussion on the tectonics of the 
Himalayan uplift and the formation of the Tibetan plateau. Some recent research has 
suggested that uplift proceeded after 50 Ma when the Indian subcontinent (plate) 
collided with the Eurasian continent, and the mountains were already quite high in 
the Neogene period (from 23 Ma). For example, based on tectonic dynamics and 
structural geological research, Molnar et al. (1993) assume that by up to 8 Ma, they 
had reached heights of around 1000–2500 m on average. Other geological surveys 
estimated that a significant portion of the plateau had already reached its current 
height around 11–14 Ma (Sakai 2005; Sakai et al. 2006). From isotopic analysis of 
water in lakes on the Tibetan plateau, Rowley and Currie (2006) estimated that the 
area from the Himalayas to the southern part of the plateau had already reached its 
current height around 35 Ma, and gradually expanded northward. Wang et al. (2008) 
assumed that although the central part of the plateau was already at its current height 
in the period before 30 Ma, the uplift of the northern part of the plateau and the 
southernmost part of the Himalayas was more recent, from 10 Ma onwards. On the 
other hand, from analysis of the teeth of herbivorous animals that inhabited the 
plateau around 7 Ma, Wang et al. (2006),for example, assume that they were eating 
carbon fixing plants (described below) that prefer a warmer climate, so it was at 
most about 3000 m high, and after 7 Ma, it rose considerably to today’s height. For 
this reason, much discussion continues today concerning the characteristics of the 
vast Himalayan region, such as when and how high it reached, and conclusive 
results have yet to emerge. However, when we consider the impact of this massif on 
the global climate, average elevation is an only one of the important indices. To 
evaluate moisture transportation to the plateau and the influence on the atmosphere, 
it is also important whether the Tibetan plateau was widely covered with vegetation, 
and the height of the Himalayas, which act as a barrier of moisture transport to the 
Tibetan plateau.
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15.3.2  Reduction of CO2 Concentration and Cooling 
of the Climate in the Cenozoic Era

Here, we discuss the temperature trend of the Earth as a whole in the whole Cenozoic 
Era. Figure 15.3 shows the change global deep ocean temperature estimated from 
changes in the oxygen isotope ratio (δ18O) (Zachos et al. 2001) from 60 Ma to the 
present. This figure clearly shows global cooling trend after a warm peak around 
50 Ma. The change in temperature from around 40 Ma to 10 Ma appears to be asso-
ciated with the formation of the Antarctic ice sheet, its melting and re-expansion, 
linked to the separation of Antarctica. Then from 10 Ma (Mid Miocene) through the 
Quaternary period, there was significant cooling up to the present, and we are now 
coming to realize that the uplift of the HTP made a significant contribution.

The remarkable uplift of the HTP between subtropical and tropical areas simul-
taneously caused intense weathering and erosion of its slopes by rain and river 
water. As we will explain next, the uplift of this massif strengthened the monsoon, 
and heavy rain intensified the weathering and erosion of its slopes. Silicate, a prin-
cipal constituent of rock, captures atmospheric CO2 in the process of chemical 
weathering, generating calcium carbonate and silicic acid, which are washed away 
by the water. Through this weathering and erosion, the uplift of the mountains 
works to reduce the CO2 concentration in the global atmosphere. The overall global 
cooling from the second half of the Tertiary (around 10  Ma) to the Quaternary 
period seen in Fig. 15.3 is basically due to the reduction in atmospheric CO2 con-
centration from the active weathering and erosion of the HTP, and associated weak-
ening of the greenhouse effect (Molnar and England 1990; Raymo and Ruddiman 
1992). What is notable here is that, as shown in Fig. 15.4, C3 and C4 plants that have 
different photosynthesis and physiological characteristics predominate, according 
to the atmospheric CO2 concentration and growing season temperature. C3 plants 

Fig. 15.3 Changes in the global sea temperature in the past 65 million years from the Tertiary to 
the Quaternary period (today) based on oxygen isotope ratios (Delta-O18) of marine sediment 
cores. Particularly rapid cooling from around the Late Tertiary (5 Ma) is noticeable. (Some changes 
made to the figure by Zachos et al. (2001) found in the report by the IPCC (2007))
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are those with conventional photosynthetic characteristics. C4 plants incorporate a 
cycle called the C4 pathway for further concentrating CO2, for more efficient photo-
synthesis (CO2 absorption) than C3 plants. In addition, C4 plants photosynthesize 
more efficiently than C3 plants in arid climates with harsh moisture conditions, and 
as Fig. 15.4 shows, they are highly adaptable to a low-CO2 atmosphere. In particu-
lar, around 6–8 Ma, there was a change in grasslands in arid areas in all parts of the 
world from C3 plants that prefer high concentrations of CO2 to C4 plants that are 
adapted to low CO2 concentrations. It is inferred that at this time, concentrations of 
atmospheric CO2 were declining on a global level due to weathering and erosion 
(Cerling et al. 1993, 1997). The cooling of the climate due to a decline in CO2 levels 
through the weathering process as a result of the uplift of the HTP is an important 
condition for the emergence of glacial cycles as explained in Fig. 15.4. However, the 
fact that humans evolved at the same time as this cooling of the climate has interest-
ing implications considering current global environmental issues.

15.3.3  The Emergence of the Asian Monsoon and an Arid 
Climate

Since the 1970s, numerical simulations by General Circulation Models (GCMs) 
have already demonstrated that the vast mountain massif of the HTP located in the 
relatively low latitude subtropics generates a vast monsoon climate over a broad 
area of the Eurasian continent from the south to the east of the HTP, and an arid 
climate on its west and northwest side, due to the thermal and dynamical effects 

Fig. 15.4 Prevalence of herbaceous C3 and C4 plants with temperature (daytime temperature in the 
growth phase) and atmospheric CO2 concentration as functions (Cerling et al. 1997)
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induced by the orography of the HTP (Hahn and Manabe 1975; Manabe and 
Broccoli 1990; Ruddiman 1997). The author’s group conducted more quantitative 
research through numerical simulation with a Coupled General Circulation Model 
(CGCM), to determine how different (mean) heights of the HTP affect climate for-
mation, including the interactive processes how change of atmospheric circulation 
affect ocean circulation through atmosphere-ocean interaction, and its feed back to 
the atmosphere (Abe et al. 2003, 2004, 2005). As shown in Fig. 15.5, the results of 
these numerical simulations indicate that the Asian monsoon becomes pronounced 
when the average height of the HTP is about 60% of their current elevation, and the 
arid land extending to the west of the Tibetan plateau also appears in tandem with 
the occurrence of the Asian monsoon, at largely the same time. By combining these 
results by the climate model studies with those inferred from the paleoclimatology 
and paleoecology of the Asian and African regions (e.g., An et al. 2001), we can 
approximately estimate the chronology of tectonic evolution (uplift) of the HTP and 
relevant climate formation. These studies show that as the climate of this region, 
about 7–10  Ma, a monsoon close to today’s Indian monsoon (South Asia) was 
formed, and almost simultaneously, the arid areas of North Africa, Southwest and 
Central Asia also appeared (Sakai 2005). Some paleo-ecological studies also show 
that flora and fauna indicating an arid climate emerged in significant numbers in this 
region from approximately 10 Ma (Cerling et al. 1993; Amer and Kumazawa 2005). 
Through these results we can estimate that at this time, the Tibetan plateau had 
reached about 60% of its average height.

On the other hand, in largely tropical East Africa, around the time when the 
Great Rift Valley stretching 7000 km north to south formed (5–10 Ma), a long pla-
teau with a total height of 1000–2000 m was formed, with a 5000 m volcano at its 
western tip and deep gorges. Increased uplift of the East African plateau since ~15–
10 Ma might be connected to climate change in East Africa and human evolution. 
The uplifting East African plateau intercepted those winds and contributed to the 
increased aridification of East Africa (Ring 2018). The results of the numerical 
simulation of the authors using the CGCM climate model (Abe et al. 2003) indi-
cated that this East African plateau forms a barrier to the damp easterlies over the 
equatorial Indian Ocean, and causes the aridification of equatorial East Africa, 
playing a significant role in the formation of today’s savanna climate as shown in 
Fig. 15.6.

It is noteworthy to state that the formation of this East African plateau (and the 
Great Rift Valley) and the remarkable uplift of the Himalayas and Tibetan plateau 
inferred from the speed of weathering and erosion (with the associated change in 
CO2 concentration) are likely to have occurred nearly simultaneously. These huge 
tectonic event in Afro-Eurasian continents may have caused enhanced South Asian 
summer monsoon, desert climate in central to west Asia (An et al. 2001), and the 
appearance of expansive arid Savanna climate of East Africa (savanna) at almost the 
same time, around 5–10 Ma.
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Fig. 15.5 Changes in the summer monsoon (June to August) precipitation along Northern latitude 
30–45 N when the average height of the Himalayas and Tibetan plateau is changed. When average 
altitude of the massif is (a) 0% of today (M0 no mountains), (b) 20% (M2), (c) 40% (M4), (d) 60% 
(M6), (e) 80% (M8), (f) 100% (current M altitude) (Abe et al. 2005). The unit is mm/day. Dark 
hatching shows regions with 3 mm/day or more, and white space shows regions with 0.5 mm/day 
or less. (Abe et al. 2005)
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15.4  The Quaternary Period Glacial Cycle and the Role 
of the Himalayas and Tibetan plateau

15.4.1  The Start of the Ice Age and a 40,000-Year Glacial 
Cycle

The Quaternary period is defined as the newest epoch in the history of the Earth, 
including the present, when humans appeared and started their explosive evolution. 
Its start has recently been revised from 1.8 Ma to 2.6 Ma (Gibbard et al. 2009). At 
almost the same time, the climate of the entire globe cooled, and in the northern 
hemisphere, ice sheets and glaciers repeatedly expanded and contracted in an ice 
age. The timing of human evolution and the ice age correspond, but as we noted 
earlier, rather than mere coincidence, they have a necessary relationship.

Fig. 15.6 Changes in Northern Hemisphere summer (JJA) precipitation in the CGCM when there 
was no East African plateau (top right) and today (M10) (bottom right). Blue is the real precipita-
tion (P-E). The arrows show the lower atmosphere wind vectors. The left is the terrain elevation 
used for numerical modeling. (Drawn with the simulated data from Abe et al. (2003))
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Figure 15.7 shows the global temperature changes since 5.5 Ma (Lisiecki and 
Raymo 2005). It shows that from around 2.5 to 3  Ma, the trend in declining 
 temperature strengthened, and variations also became larger. In the first half of the 
period from 5.5 to 2.5 Ma, the cycles ranged from 20,000 to 30,000 years with small 
amplitude, but in the first half of the Quaternary period from 2.5 to 1 Ma, 40,000- 
year cycles, and from 1 Ma to the present, 100,000-year cycles become prominent, 
with very large amplitude.

The mechanism behind the modulation of these ice age climate cycles occured is 
still widely debated, but the basic mechanism for this modulation is thought to be 
attributed to long-term seasonal changes in the flux of solar radiation on the Earth’s 
surface and the complex variation in latitude distribution resulting from a combina-
tion of the periodic movement of eccentricity, axial tilt, precession that make up the 
Earth’s orbital elements (the elements that determine the characteristics of its revo-
lutionary movement), caused by the nonlinear interaction of the attraction of the 
Earth, Sun and other planets in the solar system. This variation is called the 
Milankovitch cycle, after Milankovitch who first identified the mechanism. Orbital 
eccentricity has a cycle of about 100,000 years and about 400,000 years, axial tilt 
about 41,000 years, and precession about 20,000 years (Milankovitch 1941). Recent 
studies have suggested that the flux of solar radiation due to the Milankovitch cycle 
has a complex non-linear relationships between the climate, the continental ice 
sheets and the lithosphere–asthenosphere system, combined with changes in atmo-
spheric greenhouse gas composition (e.g., CO2), which are thought to cause these 
changes and modulations (Lisiecki and Raymo 2005; Abe-Ouchi 2013).

What, then, caused initiation of the cold glacial period in the Quaternary period? 
As we explained in Sect. 15.3.2, the decrease in atmospheric CO2 concentration 
(weakening of the greenhouse effect) due to weathering and erosion accompanying 
the uplift of the Himalayas and Tibetan plateau and the cooling trend should have 
been important conditions, but no conclusive answers have been found for the emer-
gence of glacial cycles. Currently the Earth’s tilt is 23.5 °, but it moves in a range 
from 22.5 ° to 24.5 °. In the first half of the Quaternary period (2.6 to 1 Ma), a gla-
cial cycle continued, corresponding to variations in axial tilt on an approximately 

Fig. 15.7 Global temperature change for the past 5.5 million years. Dashed lines show the average 
temperature of today’s Earth. (Lisiecki and Raymo 2005)

15 The Uplift of the Himalaya-Tibetan Plateau and Human Evolution…



292

40,000-year cycle. In periods when the tilt is small, latitudes with enormous insola-
tion come to the low latitude side, so there is a possibility that the south-north tem-
perature gradient increases. However, a change in some sort of mechanism within 
the climate system that reduces south-north heat transport efficiency (the strength of 
heat transport) is necessary for the polar regions to become colder. Tectonic changes 
that occurred at this time (around 3 Ma) included the formation of the Isthmus of 
Panama (the separation of the Atlantic and Pacific oceans), and the northern edge of 
the Australia-New Guinea continent reached the equator. The former reinforced the 
upwelling in the equatorial eastern Pacific Ocean (and increased the east-west water 
temperature difference), establishing the east-west circulation system (Walker cir-
culation) connecting the atmosphere and ocean in the tropics (Maslin and Christensen 
2007). The latter changed the Indonesian throughflow flowing from the Pacific 
Ocean to the Indian Ocean from the warm seawater originating in the southern 
Pacific Ocean to the cold seawater originating in the northern Pacific Ocean, reduc-
ing the water temperature of the whole equatorial Indian Ocean (Cane and Molnar 
2001). These changes are thought to be linked to the start of the glacial period with 
the 40,000 year period.

In the equatorial Africa, climate change was characterized by a decline in rainfall 
and aridification in eastern Africa caused by the lower water temperature of the 
equatorial Indian Ocean (particularly the western Indian Ocean) (Hastenrath et al. 
1993; Goddard and Graham 1999). In the tropical Pacific Ocean, it is inferred that 
the Walker circulation was strengthened about 1.7 Ma, and heat transport to high 
latitudes was weakened, contributing to cooling and expanded glaciers in polar 
regions (Molnar and Cane 2002). In the current climate system, dominant fluctua-
tions of the Walker circulation system are reprented as the ENSO (El Niño Southern 
Oscillation) phenomenon itself, which causes extreme climate events such as 
drought and heavy rain in the tropics including the African region. This implies that 
the ENSO cycle may have started in this period, suggesting that the range of interan-
nual variability of the climate in the tropics increased.

On the other hand, it has been proved that the Walker circulation system span-
ning the Pacific and Indian oceans has a close connection with the Asian monsoon, 
tending to appear the La Niña (El Niño) phenomenon with strong (weak) Asian 
monsoons (Yasunari 1990, 1991). Through the simulation using CGCM conducted 
by the authors (Abe et al. 2003), this coupling of the ENSO and monsoon is shown 
to be strongly apparent at the time when the mean height of the HTP is about 80% 
or more of today’s height. It can be inferred from recent tectonics research that the 
HTP had already reached this height level in this period (from 3 Ma). However, as 
we explain in the next Sect. (15.4.2), the Asian monsoon was generally weak in the 
glacial period, as indicated both in the paleoclimate data and in climate models. 
That being the case, how can we interpret the combination of a strong Walker circu-
lation and a weak Asian monsoon in the glacial period, unlike today? As noted 
above, the east-west gradient of the ocean surface temperature along the equator 
was maintained, possibly by a mechanism that differs from that today. This issue 
remains for the future study.
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15.4.2  Dynamics of the 100,000-Year Glacial Cycle 
and Possible Role of the HTP

Cooling progressed further in the Quaternary period, and about 1 Ma, a glacial cycle 
of about 100,000 years prevailed, with very significant expansion of ice sheets and 
glaciers in the cold periods. The fluctuations of this time scale are well understood 
in considerable detail based on ocean sediment cores and ice cores from Antarctica 
and Greenland. Figure  15.8 shows global temperature fluctuations over the past 
800,000 years revealed in ice cores from Antarctica (Jouzel et al. 2007). It is known 
that not only temperature but also mass of snow and ice (ice sheets, glaciers and 
snowfall) worldwide, seawater temperature, the concentration of CO2 and CH4 
greenhouse gases in the atmosphere, and so on fluctuated in ways that explain cli-
mate warming and cooling. In other words, in this 100,000-year cycle, all elements 

Fig. 15.8 Average temperature of the Earth in the past 810 Kyr reconstructed from Antarctic ice 
sheet Dome C ice cores. From 120 Kyr, the temperature deviation reconstructed from Greenland 
ice cores is shown (Jouzel.et al. 2007)
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of the global climate including the deep-ocean thermohaline circulation have been 
involved in the climate system from the polar regions to the tropics. The fluctuations 
of this cycle have been thought to harmonize with the 100,000-year cycle of the 
Earth’s orbital element (change in eccentricity).

The dynamics of this 100,000 year glacial cycles is still one of the big mysteries 
in the glaciation of the Quaternary Period. However, numerous studies have pointed 
to the importance of the modulatory timing by which insolation of summer in the 
Northern Hemisphere fluctuates significantly due to the nonlinear interaction of the 
40,000-year cycle (axial tilt) and/or 20,000-year cycle (precession), which have sig-
nificant amplitudes. A recent climate model study including ice-sheet dynamics 
(Abe-Ouchi et al. 2013) has proved that the viscoelastic response of the earth’s crust 
to the continental ice-sheet is essential for producing the 100,000 year cycle. This 
study also shows that the fluctuations in summer insolation in the Northern 
Hemisphere plays a key role as a pacemaker of snow-ice sheet cover on the Eurasian 
and North American continents. The extent of the area covered by snow in summer 
on the Eurasian and North American continents, which constitute the greater part of 
the land, significantly affects global-scale surface heat balance, by controlling inso-
lation through the albedo (reflection rate of solar radiation) effect of snow. In cur-
rent summers, accumulated snow largely disappears from the continents. However, 
if it were to remain over a fairly wide area even in the summer, it would trigger 
climate cooling on a global scale, with the expansion of ice sheets and glaciers at 
high latitudes. This particular study (Abe-Ouchi et al. 2013) emphasizes the effect 
of stagnant snow cover in summer on the North American continent, where quasi- 
stationary cold trough can easily be formed due to the orographic effect of the 
Rockies.

However, our previous study by using a GCM (Yasunari et al. 1991) showed that 
a remarkable atmospheric teleconnection pattern over the north Pacific through the 
North American continent is likely to be induced by the anomalous snow cover over 
the Tibetan Plateau and East Asia during spring through late summer. These circula-
tion patterns with anomalous cold trough over Canada are responsible for the con-
siderable decrease of surface temperature particularly over the northeastern part of 
North America. These results are partly supported by the observed circulation 
anomalies associated with the weak Asian monsoon condition (Yasunari and Seki 
1992). These evidences suggest the possible role of the anomalous snow cover over 
Eurasia on the initiation of the glacial period of the 100,000 year cycle. The authors 
also carried out a numerical simulation using the CGCM to investigate the possibil-
ity that the extent of snow on the Tibetan plateau 115 ka when insolation was at its 
lowest in the Northern Hemisphere summer after rapid cooling from the peak of the 
interglacial period about 120 ka shown in Fig. 15.8 may have contributed to global 
scale cooling. The results showed that from 120 ka to 115 ka, the change in solar 
radiation in summer reduced summer temperatures on the continents of the Northern 
Hemisphere by 5–8 °C, the presence of snow on the plateau reduced temperatures 
particularly at mid and low latitudes by a further several degrees, and the extent of 
snow around the North Pole expanded, which persisted from year to year (Yasunari 
et  al. 2006). These studies suggest that the albedo effect of the sufficiently high 
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Tibetan plateau at relatively low latitudes effectively may effectively reduce the 
absorption of solar radiation at the Earth’s surface, and further promoted a tempera-
ture drop on a hemispheric scale, representing an important element causing glacial- 
interglacial cycles.

Under the current climate, the area of snow cover over the Tibetan plateau in 
summer is very small, with the majority bare ground without snow. This absorbs 
large amounts of solar radiation, becoming a strong heat source for the atmosphere, 
as explained in Sect. 15.3.3. However, if snow remained over the entire plateau 
throughout the summer, it might weaken the Asian monsoon, as well as cooling the 
atmosphere of the whole Northern Hemisphere, changing atmospheric circulation 
significantly, even in the north America through the atmospheric teleconnection 
(Yasunari et al. 1991).

15.5  Changes in the Climatic and Environmental Conditions 
Related to the ORIGIN and evolution of Humans

15.5.1  Climatic and Ecological Changes Prompting the Origin 
of Humans (Ape-Men)

The definition of an ape-man, considered as the ancestor of humans, is upright 
bipedal walking, and degeneration (reduction) of the canine teeth (Mitsui 2005). 
According to this definition, ape-men are said to have emerged 5–7 Ma, in equato-
rial East Africa. Around that time, as described in Sect. 15.3.2, the formation of the 
Great Rift Valley in East Africa stretching for several thousand kilometers from 
Ethiopia to South Africa caused the aridification of the regional climate. The shift 
from forests to grasslands caused the primates of the area to start walking on two 
feet, becoming ape-men. This is the so-called “East Side Story”. But when an older 
ape-man (Sahelanthropus tchadensis) was discovered near Lake Chad in the Sahel 
region of West Africa, this theory came into doubt. However, the East-West contrast 
between the humid Asian monsoon in the East, and the dry climate in the West was 
intensified at this time due to the rise of the HTP, and it is possible that the whole 
North African region including Lake Chad entered an arid period.

What needs to be clarified is what necessity for survival drove the first humans to 
walk upright due to the change in climate and ecosystem from forest to grassland. 
In both East Africa and around Lake Chad, there was probably a long period during 
which gradual aridification changed the ecosystem from forest to mixed grasslands 
and lakes. The aridification at this time (6–8 Ma) probably lead to the sudden spread 
of grasslands of C4 plants suited to low CO2 concentrations (Cerling et al. 1993), 
promoting the evolution of today’s herbivorous fauna (and carnivorous animal 
groups as their predators). In this kind of ecological environment, if we assume that 
it became necessary to switch from simply collecting nuts and berries from trees in 
the forest to feeding on the grassland animals, then we can assume that the need to 

15 The Uplift of the Himalaya-Tibetan Plateau and Human Evolution…



296

hold sticks required walking on two legs. Bipedalism was probably a strategy for 
survival among the herbivores living in the grasslands and the carnivores that fed on 
them.

15.5.2  The Evolution of Primitive Man and Climatic 
and Ecological Changes from the Late Neogene 
to the First Half of the Quaternary Period

The evolution from ape-man to primitive man who actively used tools such as stone 
tools began around 3  Ma with Australopithecus, followed by Homo habilis and 
Homo erectus. Evolution continued with the appearance of modern man, Homo 
sapiens, around 0.1–0.2 Ma. We will not review the study of human evolution any 
further here. Figure 15.9 shows the evolution from primitive man from 3 to 4 Ma to 
modern man, with climate change on a global scale and in Africa, and the change  
in vegetation in East Africa on the same timeline, prepared by DeMenocal (2004). 

Fig. 15.9 The evolutionary process from hominins to modern man from the Late Tertiary (4.6 Ma) 
to the present. It also shows variations in the global climate (δ18O) and the process of evolution of 
East African grassland vegetation (δ13C) at the same time. (DeMenocal 2004)
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As this figure makes clear at a glance, from the late Pliocene (5 to 3 Ma) to the first 
half of the Quaternary period (3 to 1  Ma), various species of Australopithecus 
emerged, one of which evolved into modern man via Homo habilis and Homo erec-
tus. Paranthropus, with its strong jaw adapted for eating hard nuts and the like 
diverged at this time, becoming extinct before 1 Ma. This was a time of dramatic 
differentiation and selection for primitive man. As the figure shows, in this period 
global cooling occurred, with a 40,000-year glacial cycle becoming prominent (see 
Sect. 15.4.1). We know that aridification in East Africa progressed around 2.8 Ma, 
around 1.7 Ma and around 1.0 Ma, gradually changing from forest to grassland. The 
Quaternary period glacial period began 2.8 Ma when global cooling began. 1.0 Ma 
roughly corresponds to the period when the 100,000-year glacial cycle began. 
Around 1.7  Ma, cooling of the western Indian Ocean proceeded due to tropical 
East-West circulation (due to upwelling), and aridification in East Africa made 
 further advances. This figure strongly suggests that differentiation proceeded in 
response to these gradual changes in climate and ecosystem, where primitive man 
evolved into modern man (Homo) including evolution of the use of stone tools, 
while hominins such as Paranthropus went extinct.

One of the keys to determining the relationship between the aridification of the 
climate and the evolution (differentiation) of primitive man is the evolution of her-
bivores such as antelope (the generic name of bovine ungulates including gazelles, 
impala etc.) in response to changes in the ecosystem (Vrba 1995; DeMenocal 2004). 
With the shrinking of the forests and expansion of grasslands, these herbivores spe-
ciated explosively in periods corresponding roughly to the three stages mentioned 
above. This probably encouraged the evolution of stone tools and primitive man 
who hunted them with such tools, while on the other hand, hominins who relied on 
the forests for food declined. The primitive man Homo erectus, who shifted his 
focus to hunting, left Africa at this time, and moved to Central Asia, Europe, and 
East Asia. The background to this was no doubt the deteriorating conditions for 
hunting and gathering due to changes in flora and fauna resulting from the increas-
ing aridification of the East African climate. In a vast area from North Africa to the 
Levant region of the Middle East to Central Asia, a dry climate prevailed due to the 
presence of the HTP (see Sect. 15.3.2). It was already a cold glacial period, and the 
Asian monsoon was weak and the dry climate in the west was also weakened, result-
ing in an expansive steppe grassland bordering the desert regions, forming a vast 
corridor between Southwestern Asia and Central Asia. The northern half of Europe 
was already covered in ice sheets, while the southern regions were grassland. You 
can imagine primitive men gradually making their way north in pursuit of the herds 
on the steppe corridor, or pushing to the East and West. Some primitive men such as 
Peking Man, discovered at Zhoukoudian in the suburbs of Beijing, are thought to 
have reached East Asia. Peking Man is said to have used fire, but he was probably 
unable to withstand the cold climate of the glacial period and died out. Much further 
south, Java Man is believed to have reached the island of Java in Indonesia. In the 
glacial period, the level of the South China Sea decreased, and so-called Sundaland 
emerged. Java Man is thought to have moved south to Java at that time.
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15.5.3  The Emergence of Homo sapiens and the Glacial Cycle 
of the Late Quaternary Period

As mentioned in Sect. 15.4.2, the global climate from about 1 Ma became very cold, 
and as far as it has been ascertained to date, from 0.8 Ma, a pronounced 100,000- 
year glacial-interglacial cycle has prevailed. The past 10,000  years until now is 
known as the postglacial age, but this cycle is still continuing, and we should note 
that we are living in a short interglacial period in the middle of a long, ongoing cold 
glacial period.

The direct ancestor of today’s humans, Homo sapiens, is said to have appeared 
in Africa from 150 to 200 ka based on mitochondrial DNA analysis (Cann et al. 
1987). As Fig. 15.8 shows, this period was cooling after two previous inter-glacials 
(around 200 ka) towards a glacial period on a 100,000-year cycle. From this time, 
our ancestors from Africa were moving or dispersing to the Eurasian continent, 
evolving into the present human species, Homo sapiens. During this time, basically 
a cold glacial climate prevailed in the whole globe, though it was interrupted by a 
short interglacial period. A question may be, then, why humans did evolve into 
modern man in this particular period?

Typical savanna grasslands where C4 plants predominate, found in the current 
East African tropics (such as the Serengeti National Park), finally emerged around 
1 Ma (Cerling 1992). At the same time, animals such as ungulates that are linked to 
today’s fauna, which are adapted to grasslands, speciated actively (Vrba 1995). 
From tropical and subtropical East Africa to the Arabian Peninsula and Southwest 
and Central Asia, the glacial period was, if anything, paired with a weakening of the 
Asian monsoon. It is highly likely that the dry climate of this region weakened, 
becoming more humid than today’s, and grassland formed an almost unbroken cor-
ridor. Alternatively, it is highly likely that repeated North-South displacements of 
dry and humid climate zones due to glacial cycles caused North-South displace-
ment or expansion and contraction of the grasslands. For example, in numerical 
simulations reproducing the climate model combined with a vegetation model for 
the climate and vegetation of the last glacial periods (21 ka, 16 ka), as Fig. 15.10 
shows, it is inferred that the Arabian Peninsula, which is a completely desert region 
today, was covered with grassland vegetation in the glacial periods (Kutzbach et al. 
1998). Considering these climatic and ecological environmental conditions, as 
when primitive man left Africa, some modern men would have pursued the 
 ungulates that proliferated on the grasslands, encouraged by the expansion and con-
traction of the grassland, gradually moving to the Eurasian continent. While pursu-
ing a hunting lifestyle, these people would gradually have tamed the grassland 
ungulates such as wild cows and sheep, leading to domestication and nomadism 
(Imanishi 1995).

Although we have developed our thesis based on the currently prevailing African 
single origin hypothesis for Homo sapiens, there are naturally arguments against 
this theory, and the inferences made in this paper are not definitive. However, it can 
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be said that as with the origin and evolution of primitive man, our direct ancestor 
modern man evolved in a cold climate during a glacial period, in a region with a 
relatively dry climate and ecosystem formed due to the presence of the HTP. When 
considering the formation of the Mongoloids of East Asia, the geographical disper-
sion of modern man from Africa as shown in Fig. 15.11 is an interesting problem. 
This figure shows possible main routes by which modern man entered Southeast 
Asia via the Indian subcontinent south of the Himalayas. A question may how he 
could pass through the dense tropical and subtropical forests of the Yunnan and 
Assam regions with their monsoon climate. There is rather, a high possibility that 
his main route was via the steppe grassland between the southern rim of the giant 
Siberian lake (Mangerud et al. 2004) formed in the West Siberian lowland, and the 
Tibetan plateau. Alternatively, the distinctive Mongoloid features may have resulted 
from mixing of the human races that took both routes.

Fig. 15.10 The distribution of vegetation in the interglacial (21 Ka) and glacial period (16 Ka) 
estimated using a vegetation model and temperature, precipitation and insolation based on a cli-
mate model (Kutzbach et al. 1998)
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15.5.4  Human Development in Monsoon Asia and Discovery 
of Paddy Rice Farming on Alluvial Plains

Around 10 ka, the Earth’s most recent glacial period ended, followed temporarily by 
the Younger Dryas period (13 to 12 ka), a short period of recurrence of cold climate. 
After the Younger Dryas period, the Earth entered a postglacial age (interglacial 
period), with a relatively warm and stable climate. This period has continued until 
now (or very recently), which is named as the Holocene period as a geological clas-
sification as shown in Fig. 15.12 (Rockstrom et al. 2009; Alley 2000). The peak of 
warming occurred 8000 to 6000 years ago. In the Holocene, humans, who evolved 
on the grasslands under a dry climate in the glacial period, along with the C4 plants 
and ungulates unique to Quaternary period arid lands, entered the humid forest val-
leys and wetlands of the mountains under a monsoon climate, where malaria was 
rampant and which they had hitherto avoided as the haunt of evil spirits.

However, in this particular humid region called monsoon Asia, humans invented 
(or discovered) paddy-field rice farming. With the uplift of the HTP, the complex 
mountain folds have been created by the rivers that flowed east, southeast and south 
of the HTP. Under these tectonic and climatic situations, numerous deep valleys and 
alluvial plains have been formed due to active erosion and earth/sand deposition 
along the valleys and near the river mouths. These valleys and alluvial plains were 
the habitat of the grasses that were to become rice plants (Sato 1996). Many argu-
ments on the origin place of rice have been made (e.g., Yunnan Province of China or 
delta area of Yangtze river). Whichever it was, the existence of complex valleys and 
alluvial plains formed in the periphery zone of the HTP in southern China and 

Fig. 15.11 Global dispersion of modern man (the period is estimated) (after from Mitsui 2005)
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Southeast Asia or India is thought to be a necessary geographical condition for the 
start of rice farming. Thereafter, for thousands of years rice farming in monsoon 
Asia made big developments so that today, 60% of the world’s population is engaged 
in it. This humid monsoon Asia produced diverse traditional cultures based on rice 
paddy farming, and became one of the centers for world civilization.

Incidentally, the progenitor of wheat, another of the three major crops, was found 
under the dry climate in Southwest Asia. Here, the formation of a wetland ecosys-
tem along the humid valleys arising from the extensive snow melt from the Zagros 
Mountains can be considered important for the formation of many agricultural pro-
genitors. Wheat farming also started in this region about 12,000 years ago in the 
postglacial age, becoming the basis of the Mesopotamian civilization. However, the 
drying of the climate during the Holocene, presumably associated with enhanced 
Asian monsoon climate to the east (refer to Sect. 15.3.3), prompted the development 

Fig. 15.12 (Top) Changes in the Earth’s average temperature from 100,000 years ago to the pres-
ent, estimated from Greenland ice cores, etc. It also shows temperatures rising rapidly in the late 
twentieth century. (Original figure: Rockstrom et al. 2009 original drawing) (Bottom) Expanded 
view of the changes in the period from the end of the glacial period from 15,000 years ago to the 
Holocene. (Original figure: Alley 2000) It also shows temperatures rising based on observation 
since 1950. Note that the vertical axis is shown as δ18O ratio, and the standards for temperature 
conversion differ between top and bottom
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of irrigation agriculture, which finally had caused the salinization of soils and  
loss of sustainability, ultimately leading to the demise of the Mesopotamian 
civilization.

15.6  Summary and Remarks

The association and implication of the uplift of the Himalaya and Tibetan Plateau 
(HTP) during the Neogene period through the Quaternary period to the evolution of 
humans are comprehensively overviewed and discussed, based on the recent scien-
tific results in earth science, paleoclimatology, paleoecology, and anthropology. We 
have focused the earth history in the Neogene (20 Ma ~) to present, when the height 
of the HTP can be thought to have become a pronounced influence on the Earth’s 
climate. There is almost no doubt that aridification of climate and the change of 
ecosystem in East Africa from a forest to a grassland ecosystem, are due to the uplift 
of the HTP, and the terrestrial uplift accompanying the formation of the Great Rift 
Valley that occurred at roughly the same time (around 5–10 Ma), had a major sig-
nificance in the origin of primitive man. Formation of the arid climate was coupled 
with the establishment of the Asian monsoon. The increase in monsoon rainfall on 
the uplifted HTP caused a reduction in CO2 concentration in the atmosphere through 
weathering and erosion along slopes of the HTP, which should have enhanced 
global colder climate from the Neogene to the Quaternary period. In addition, the 
lower CO2 concentration caused expansion of grassland comprising C4 plants, pro-
moting the evolution of diverse ungulates. These factors were important for the 
evolution of hominins.

From the Quaternary period (since 2.6 Ma), the Earth entered a period of climate 
change with expanding and contracting of ice sheets on 20,000- or 40,000- to 
100,000-year glacial cycles. A definitive answer to the role played by the HTP in 
these glacial cycles has yet to be fully understood. However, research using climate 
models suggests the possibility of the albedo effect of snow and ice as an amplifier 
of climate change. Hominid evolution advanced in this glacial cycle. During this 
period, along with these glacial cycles, the climate of East Africa repeatedly varied 
between humid and dry climate, associated with wax and vane in the Asian mon-
soon, which probably should have been important opportunities prompting the evo-
lution of hominins.

In the region from East Africa to the Arabian Peninsula, a humid–dry–humid 
climate and ecosystem was distributed south to north. In the glacial and interglacial 
periods, this distribution was characterized by displacement and variation in the 
strength of the contrast. These variations represented an evolutionary pressure on 
primitive and modern man, and they also became the opportunity for moving to 
Eurasia. In addition, during the Quaternary period, the cold glacial periods of the 
climate change cycles were also long compared to the warmer interglacial periods, 
which in turn could be a demanding climate for the humans even after their migra-
tion to the Eurasian continent. Nevertheless, Central and Southwest Asia was, unlike 
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today’s desert, a vast grassland steppe, and was inhabited by diverse herbivorous 
animals, providing a main stage for the co-evolution of humans and herbivorous 
animals.

In the warm, relatively stable Holocene climate starting after the end of the last 
glacial period about 10 K, humans developed agriculture cultivating rice and wheat 
to the East and West of the HTP respectively. This new settled life-style for human-
kind induced a new era of civilization. It should be noted that based upon the agri-
culture and civilization including urbanization the humans achieved the industrial 
revolution started in Europe in the eighteenth century. Since the industrial revolu-
tion, human activities have significantly been changing the Earth’s surface includ-
ing the atmosphere, the hydrosphere and the biosphere, and this human impact has 
become so enormous particularly since the middle of the twentieth century. The 
recent global warming of climate may be one of the tangible evidences (IPCC 
2013). It is said that the Holocene is over and we are now entering a new era called 
the Anthropocene (Crutzen 2002).

The uplift of the HTP is still continuing due to tectonic mechanisms, and the 
basic mechanism of the glacial cycle can also be operated even today. However, 
there is a big question how the current global warming will change the glacial cycle 
of the Quaternary period. Considering the complex, nonlinear earth (climate) sys-
tem, it is not easy for us to prognose the future state of the earth’s climate.

On the other hand, the changing climate in the Anthropocene is causing serious 
rapid changes of the environment of the HTP region, including the overall retreat of 
glaciers, which are threatening human society of this region. We should not forget 
that traditional human-nature system in various regions of the world have been 
formed and maintained under the relatively stable Holocene climate and ecosystem. 
What should the relationship between the natural environment and humans be like 
in the Anthropocene? This question is also a pressing issue in the HTP region.
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Chapter 16
Climate Change and Cryospheric 
Response Over North-West and Central 
Himalaya, India

H. S. Negi, A. Ganju, Neha Kanda, and H. S. Gusain

Abstract This study summarizes the results of several climate studies conducted 
using field observed data of winter period over the North-West Himalaya (NWH) 
and Central Himalaya (CH). It also summarizes the latest conclusions about winter-
time trends over NWH and its constitutive zones that have been drawn from the 
study conducted by Negi et al. (Curr Sci 114(4):760–770, 2018), which incorpo-
rates the results and inferences of all other studies as well. Wintertime climatic vari-
ability over CH has also been discussed for the first time in this study. The salient 
deductions are as under:

• Overall warming trends in mean and maximum temperature of NWH (1991–
2015) and CH (2001–2012) have been observed. In contrast to the situation at the 
global scale, the data of both NWH and CH reflect higher rate of warming in 
maximum temperature than minimum temperature. Consequently, there has 
been an increase in Diurnal Temperature Range (DTR) over both NWH and CH.

• Regionally, long term (~30  years) warming trends have been observed in all 
zones of NWH except for the minimum temperature over the Lower Himalaya 
(LH) which shows cooling trends.

• The rate of warming (mean temperature) is found to be highest in the Greater 
Himalaya (GH) than the Karakoram Himalaya (KH) and LH, which partly 
explains the higher rate of glacier melt in regions of GH than KH. In addition, no 
conclusive trends in Elevation Dependent Warming (EDW) were observed in 
NWH. 

• Short term trends (2000–2015) depict cooling in maximum temperature of LH 
and GH, which though unexplained, may have some links with rising concentra-
tion of aerosols in atmosphere in recent decades as reported in a study by 
Krishnan and Ramanathan (Geophys Res Lett 29(9):54–1–54–4, 2002).
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• The cryosphere of NWH and CH show heterogeneous behaviour to climate 
change.

• Long term warming trends over LH, GH and CH have manifested in retreat of 
glaciers lying in these areas. Though KH also reports warming but this marginal 
increase in temperature field has not yet made a dent in KH where temperatures 
are still in subfreezing range even during ablation period. This obviously has 
resulted in less ablation indirectly implying marginal gain in mass, which has 
resulted in bringing more stability to the glaciated region of Karakoram 
Himalaya.

16.1  Introduction

The Hindu Kush Himalayan (HKH) region, which encompasses a major part of 
world’s ice and snow cover is often termed as ‘Third Pole of the World’ and is 
spread over 08 countries namely Afghanistan, Pakistan, India, Nepal, Bhutan, 
China, Bangladesh and Myanmar. Being the source of 10 major river systems, it 
sustains almost one-fifth of total world’s population (Schild 2008). As per fifth 
assessment report of IPCC, mean surface temperature has increased by about 
0.84  °C globally since 1880 (Stocker et  al. 2013) and warming is found to be 
predominant over high altitudes (Diaz and Bradley 1997). Since glaciers are 
known as sensitive indicators of climate change (Thompson 2000), many studies 
have been conducted in high altitude snow bound areas of Himalaya to ascertain 
the impact of changing climate over glaciated areas. Rise in temperature and con-
sequent decline in snowfall amount over high altitudes has been reported by many 
studies (Dimri and Dash 2012; Bhutiyani et al. 2007, 2010; Gusain et al. 2014, 
2015; Shekhar et al. 2010). This change has been attributed to rising concentration 
of greenhouse gases (Schneider 1990) and decreased cloud cover (Shekhar et al. 
2010) etc. The cryosphere responds to rising temperature and declining snowfall 
mainly in the form of retreating glaciers (Bolch et al. 2012; Azam et al. 2014; 
Saurabh and Braun 2016). This response is quite spatially heterogeneous since 
stable/advancing glaciers have also been observed at certain locations despite sig-
nificant retreat of glaciers reported at majority of locations (Gardelle et al. 2012; 
Kääb et al. 2012).

During recent decades, the advent of various remote sensing (satellite, aerial and 
terrestrial) and model generated gridded products has facilitated better analysis of 
climate variables of high altitude regions. Simultaneously, a decline in observatory 
setup across the globe has been observed (Strachan et al. 2016). This decline in obser-
vation network has hindered the reliability tests of available gridded modeled products 
especially for high mountain areas where paucity of observations already existed 
(Hasenauer et al. 2003; Pepin and Seidel 2005). In addition, some of these gridded 
products (especially interpolated datasets) utilize very less observations from upper 
Himalayan region e.g. APHRODITE which has no single observation from altitudes 
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above 5000m. This makes it challenging to have a reliable gridded dataset with high 
accuracy for high altitude areas like Karakoram (Kumar et al. 2015). Further, many 
approximations are made while estimating snowfall (solid) contribution from total 
(solid + liquid) precipitation when using satellite based products (Rasmussen et al. 
2012). Conclusively, although the use of gridded products is gaining popularity yet the 
importance of ground based observatories can never be overlooked.

Various studies using field observed data of high altitude have been conducted 
regularly to ascertain the existence as well as impact of global warming in various 
parts of north-west Himalayas (NWH) during different seasons. The major draw-
back, in such studies, is the lack of agreement on the inferences drawn from the 
studies, which could be attributed to many things like selection of different stations, 
period of study, disparity in selection of months for a season, missing data and lack 
of standardized approaches etc. This study summarizes the overall climatic changes 
that prevailed in the NWH and Central Himalaya (CH) along with references of 
various other studies conducted for analysis of climate trends over these regions. 
Our study focuses mainly on winter season since during winter months, the precipi-
tation which is under the influence of westerly winds is critical for avalanche study 
as well as for the growth of glacier in terms of mass gain. The response of cryo-
sphere to observed climate change is also discussed.

16.2  Study Area and Data

Snow and Avalanche Study Establishment (SASE), India has a scanty observational 
network of surface observatories and Automatic Weather Stations (AWS) over 
NWH and CH. The altitude of these stations ranges approx. Between 2000 m and 
6000 m above msl as shown in Fig. 16.1 NWH by virtue of its high spatial variabil-
ity has been divided into three climatic zones viz., lower, middle and upper 
Himalayas (Sharma and Ganju 2000). Pir Panjal (PP) and Shamashavari (SS) range 
constitute Lower Himalaya (LH) whereas the Great Himalayan (GH) range dwells 
in Middle Himalayas. Likewise, Karakoram Range (KH) lies in Upper Himalayan 
zone. Thus NWH comprises LH, GH and KH Himalayan zones. However, most of 
the studies discussed are from the data of Western Himalaya (WH), which com-
prises LH and GH. SASE observatories are present in all zones and the analysis of 
recorded data is conducted at zonal as well as range level. In addition to the above, 
one observatory named ‘Bhojbasa’ (S17), which represents snow met conditions of 
Gangotri glacier in CH has also been included in this study. The data at these obser-
vatories is recorded as per World Meteorological Organization (WMO) guidelines 
twice at 0830 and 1730 (IST) daily. The length of data period varies differently at 
different stations. As explained in preceding sections that divergent results of cli-
mate trends were  reported by different studies despite all having used the same 
source of data for drawing the deductions. Authors feel that the foremost reason for 
it could be the disparity in selection of months for a season. For example, some 
researchers have considered 6  months (Nov–Apr) whereas others have chosen 
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3 month (DJF) period as winter season. Apart from the disparity in month selection, 
stations and period selected for study also vary from one study to another. Since 
topography (e.g. Elevation ranges between 2000 m and 6000 m above m.s.l.) and 
consequently land use is highly variable over NWH, the data is likely to have effects 
of location. Thus, it becomes imperative to standardize the data prior to any analysis 
considering the impact of different locations. Standardization is known to remove 
such biases since standardized anomalies are calculated by dividing the anomalies 
by respective standard deviation (Wilks 1995). But some studies in which standard-
ization approach was not followed, the results may have reflected dominating influ-
ence of some locations than others on overall trends.

The conclusions over NWH have been drawn mainly from the latest study con-
ducted by (Negi et al. 2018) since their study was based on standardized anomalies, 
which were calculated after filling of missing data. Moreover, their study is based 
on latest climatic records as well i.e. 1991–2015. The analysis of wintertime trends 
in CH brings novelty to this study since only annual trends at ‘Bhojbasa’ have been 
published so far by Gusain et al. 2015. Trends in various climatological parameters 
at LH, GH, KH, NWH and CH are shown as stacked figures for each variable under 
consideration.

Fig. 16.1 Location of SASE observatories in different parts of Himalayas
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16.3  Observed Changes in Temperature Over NWH

16.3.1  Average Temperature Values and Overall Trends 
at NWH

Average maximum, minimum, mean temperature and DTR values over NWH and 
CH along with its constituent Himalayan zones have been presented as box charts 
in Fig. 16.2a–d respectively. Table 16.1 summarizes the studies conducted for dif-
ferent durations with their respective reported trends.

Overall temperature trends at NWH depict warming since last century (1901–
1999) by 1.7 °C during winter period (Bhutiyani et al. 2007). This long term warm-
ing trend corroborates well with warming trends reported by other studies (using 
SASE data) conducted for comparatively shorter durations e.g. (Shekhar et al. 2010) 
~24 years, (Dimri and Dash 2012) ~31 years, (Gusain et al. 2014) ~35 years, (Singh 
et al. 2015) ~30 years and (Negi et al. 2018) ~25 years. However, the magnitude of 
warming is found to be higher e.g. ~2.2 °C (1991–2002) and ~2 °C (1984–1985 till 
2007–2008) as reported by (Bhutiyani et al. 2007) and (Shekhar et al. 2010) respec-
tively during recent decades than the century average (i.e. 1.7 °C) as suggested by 
(Bhutiyani et al. 2007). In addition, the warming in NWH is found to be more pro-
nounced in case of maximum temperature than minimum temperature (Bhutiyani 
et al. 2007; Shekhar et al. 2010; Dimri and Dash 2012; Singh et al. 2015; Negi et al. 
2018). Figures 16.3, 16.4, 16.5 and 16.6 depict standardized time series of maxi-
mum, minimum, mean temperature and DTR respectively for LH, GH, KH, NWH 
and CH during 1991–2015.

16.3.2  Regional Long Term Trends at NWH

16.3.2.1  Warming Trends in Various Pockets of NWH

Since Himalaya is a complex region, several cooling as well as warming domains 
could be observed within different mountain ranges. Apart from overall warming 
trends in NWH, warming in mean temperature is also evident over its various zones 
i.e. LH and GH along with their constitutive ranges viz. Pir Panjal and Shamashavari 
range (Shekhar et  al. 2010). In addition, Dimri and Dash  (2012) reported that 
besides the overall warming trend over Pir Panjal and Shamashavari range, some 
part of ranges lying in Himachal Pradesh (HP) have warmed more than that lying in 
Jammu and Kashmir (JK). Similarly, an elevation wise study conducted by Gusain 
et al. (2014) reveals that majority of stations having elevation below 4000 m show 
warming in maximum and minimum temperature. Similar study conducted by 
Singh et al. (2015) reveals warming trends at all ranges of WH during 1979–2009. 
Such regional warming is also depicted by a latest study conducted by Negi et al. 
(2018) which shows warming in maximum, minimum and mean temperature in all 
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zones of NWH as seen in Figs. 16.3, 16.4 and 16.5 respectively with an exceptional 
cooling in minimum temperature over LH.  The exceptional cooling at LH is 
explained in succeeding paragraphs. In addition, Dimri and Dash (2012) found that 
number of days with maximum temperature above 90th percentile i.e. warm days 
have increased and number of days with maximum temperature below 10th percen-
tiles i.e. cold days have decreased in Western Himalaya (WH). Similarly, percent 
number of nights with minimum temperature above 90th percentile i.e. warm nights 
have increased, and percent number of nights with minimum temperature below 
10th percentile i.e. cold nights have decreased during last three decades over 
WH. Conclusively highest and lowest temperatures have increased over WH. All 
studies attributed these warming trends to rising concentration of greenhouse gases 
as a result of anthropogenic activities, within or outside the region. The probability 
attributing this warming trend to anthropogenic activities outside the region stands 
more than within the region.

LH GH KH NWH CH
-20

-15

-10

-5

0

5

10 a b

c d

-20

-15

-10

-5

0

5

10

M
ax

im
um

 T
em

pe
ra

tu
re

 R
an

ge
 (°

C
/s

ea
so

n)
M

ea
n 

Te
m

pe
ra

tu
re

 R
an

ge
 (°

C
/s

ea
so

n)

M
in

im
um

 T
em

pe
ra

tu
re

 R
an

ge
 (°

C
/s

ea
so

n)
D

iu
rn

al
 T

em
pe

ra
tu

re
 R

an
ge

 (°
C

/s
ea

so
n)

LH GH KH NWH CH

-30

-25

-20

-15

-10

-5

0

-30

-25

-20

-15

-10

-5

0

LH GH KH NWH CH
-25

-20

-15

-10

-5

0

5

-25

-20

-15

-10

-5

0

5

LH GH KH NWH CH
6

8

10

12

14

16

18

20

6

8

10

12

14

16

18

20

Fig. 16.2 Box-charts representing values of various parameters during winter (Nov-Apr) of NWH 
(25 years) and CH (12 years). (a) Average maximum temperature at LH, GH, KH, NWH and CH 
(6.8 °C, 3.6 °C, −10.3 °C, 0.05 °C and 6.07 °C respectively). (b) Average minimum temperature 
at LH, GH, KH, NWH and CH (−2.6 °C, −10.3 °C, −24.13 °C, −12.3 °C and − 8.10 °C respec-
tively). (c) Mean temperature at LH, GH, KH, NWH and CH (2.1 °C, −3.3 °C, −17.3 °C, −6.2 °C 
and − 0.86 °C respectively) (d) DTR values at LH, GH, KH,NWH and CH (9.4 °C, 13.85 °C, 
13.82 °C, 12.36 °C and 13.86 °C respectively)

H. S. Negi et al.



315

Table 16.1 Summary of studies depicting change in maximum, minimum and mean temperature 
over different parts of NWH during different durations

Reference Region Time period Parameter
Reported change 
(°C)

Bhutiyani et al. (2007) Western 
Himalaya

1901–1999 Mean 
temp

1.7

1991–2002 Max temp 3.2
Min. temp 0.8
Mean 
temp

2.2

Shekhar et al. (2010) Western 
Himalaya

1984–1985 till 
2007–2008

Max temp 2.8

Min. temp 1.0
Mean 
temp

2.0

PP 1984–1985 till 
2007–2008

Max temp 0.8

Min. temp 0.6
SS 1984–1985 till 

2007–2008
Max temp 2.0

Min. temp 1.0
GH 1984–1985 till 

2007–2008
Max temp 1.0

Min. temp 3.4
KH 1984–1985 till 

2007–2008
Max temp −1.6

Min. temp −3.0
Dimri and Dash (2012) PP(HP) 1975–2006 Max temp 1.4

Min. temp 0.5
Mean 
temp

0.7

PP(JK) 1975–2006 Max temp 1.1
Min. temp 0.3
Mean 
temp

0.6

GH(HP) 1975–2006 Max temp 2.0
Min. Temp 0.2
Mean 
temp

1.3

GH(JK) 1975–2006 Max temp 2.5
Min. temp 0.3
Mean 
temp

0.6

Singh et al. (2015) PP range 1979–2009 Max temp 0.98
Min. temp 0.28

S range 1979–2009 Max temp 0.27

(continued)
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16.3.2.2  Exceptional Long Term Cooling Behavior

A recent study conducted by Negi et al. (2018) reports cooling in minimum tem-
perature over LH by −0.83 °C during 1991–2015 as is seen in Fig. 16.4. Yadav et al. 
(2004) also reported sharp rate of cooling in minimum temperature over Western 
Himalaya during latter part of twentieth century and they attributed it to local forc-
ing factors i.e. large scale deforestation and land degradation which could be seen 
as a direct impact of increased population and industrialization in and nearby areas. 
Negi et al. (2018) also observed cooling in maximum temperature while studying 
short term trends i.e. during 2001–2015 over LH and GH.  A similar cooling in 
maximum temperature during winter season over part of Indian subcontinent 
affected by haze was reported by Krishnan and Ramanathan (2002). They reported 
that due to increased industrialization post 1950s, concentration of aerosols has 
been increasing. These aerosols by virtue of their absorbing nature don’t allow 
much of the incoming solar radiation to reach to the surface of earth leading to sur-
face cooling. Since, industrialization has also made an impact in form of changed 
land use/land cover over the Himalayan foothills and in Indo-Gangetic plains, the 
observed anomalous cooling could be a resultant of rising aerosol concentrations 
from the foothills and Indo-Gangetic plains. The aerosol in Upper Atmosphere 
could also have been brought from outside India from the western regions as wind 
dominates from west to east in this region.

Table 16.1 (continued)

Reference Region Time period Parameter
Reported change 
(°C)

Min. Temp 0.11
GH range 1979–2009 Max temp 1.0

Min. temp 0.75
Negi et al. (2018) LH 1991–2015 Max temp 1.2

Min. temp −0.83
Mean 
temp

0.34

GH 1991–2015 Max temp 0.77
Min. temp 0.98
Mean 
temp

0.87

KH 1991–2015 Max temp 0.72
Min. temp 0.44
Mean 
temp

0.56
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16.3.3  Elevation Dependent Warming (EDW) and NWH

The differential rate of warming along an altitude gradient is often termed as 
‘Elevation Dependent Warming’ (EDW). This rate of warming is usually different 
from global warming rate since many factors like snow albedo feedback, aerosols, 
clouds, water vapor, soil moisture etc. affect the response of any surface towards 
climatological forcing (Tudoroiu et  al. 2016). Many studies have shown positive 
correlation between altitude and warming (Beniston and Rebetez 1996; Liu et al. 
2009; Diaz and Eischeid 2007) while many others have observed negative altitudi-
nal dependence of warming (Beniston and Rebetez 1996; Rangwala et al. 2009) in 
different parts of the world. NWH shows inconclusive trends along the altitude gra-
dient since no clear cut relationship between altitude and rate of warming could 
emerge from the picture so far.
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16.3.3.1  Positive Elevation Dependent Warming Trend

Shekhar et al. (2010) reports higher rate of warming in Shamashavari range (higher 
elevation) than the Pir Panjal range (lower elevation) along with higher warming in 
minimum temperature of GH than PP and SS. Similarly, Dimri and Dash (2012) 
reported higher rate of warming in GH than the PP range. Singh et al. (2015) also 
reports higher rate of warming in GH than LH (PP and SS ranges).

16.3.3.2  Negative Elevation Dependent Warming Trend

A study by Gusain et al. (2014) reports that most of the observatories located at 
elevations beyond 4000 m (which covers most of the observatories in KH) showed 
cooling trends though the observed cooling trends were significant in case of mini-
mum temperature only. Shekhar et al. (2010) also reports cooling at KH, which is 
approx. −1.6 °C in maximum temperature and −3 °C in minimum temperature dur-
ing 1984–1985 till 2007–2008. Whereas the latest study conducted by Negi et al. 
(2018) reports warming at KH (highest elevation amongst all zones) by 0.72 °C, 
0.44 °C and 0.56 °C in maximum, minimum and mean temperature respectively 
during 1991–2015. Even short term trends (2000–2015) studied by Negi et  al. 
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(2018) reveal that warming in maximum, minimum and mean temperature is con-
sistent over KH. It is interesting to note that while the period from 1991 till 2008 in 
KH, as revealed in Fig. 16.7, shows steady cooling trend, the reverse trend is seen 
drastically happening 2008 onwards. As a result, the long and short term trend lines 
have shifted from declining to rising ones. This anomaly needs to be investigated in 
order to establish a robust relationship between rising temperature and other 
parameters.

16.3.3.3  Highest Warming Rates at Intermediate Altitudes

Negi et  al. (2018) reported that the extent of warming in mean temperature was 
highest over GH (0.87  °C) followed by KH (0.56  °C) and LH (0.37  °C) during 
1991–2015 as seen in Fig. 16.5. Similar observance was reported by McGuire et al. 
(2012) in Rocky Mountains, which as per them shows maximum warming along the 
front range at intermediate elevations.

1990 1995 2000 2005 2010 2015

-1

0

1

2

-1

0

1

2

-1

0

1

2

-1

0

1

2

-1

0

1

2

LH

GH

N
or

m
al

iz
ed

 T
m

ea
n 

A
no

m
al

ie
s 

(°
C

)

KH

NWH

CH
Fig. 16.5 Inter annual 
variability of average 
winter mean temperature at 
different climatic zones of 
NWH (1991–2015) and 
CH (2001–2012)

16 Climate Change and Cryospheric Response Over North-West and Central…



320

16.3.4  Trends in DTR Over NWH

Diurnal Temperature Range (DTR) is used as an index of climate change and vari-
ability globally (Braganza et  al. 2004). Unlike, worldwide trends where DTR is 
decreasing due to more pronounced warming minimum temperature than maximum 
temperature, DTR over NWH has increased significantly by 0.94 °C (α = 0.05) dur-
ing 1991–2015 at the rate of +0.037 °C per year as reported by (Negi et al. 2018). 
However, same study reports a declining trend in DTR during short term (2001–
2015) in GH. It is to be noted that in regional context, DTR has increased at all 
zones except GH. The rise in DTR over LH is significant (α = 0.001) which is due 
to significant rise/fall in maximum/minimum temperature at the same time.
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16.4  Observed Changes in Precipitation Over NWH

16.4.1  Average Values and Trends in Winter Precipitation 
at NWH

The average winter precipitation (Snowfall + Rainfall) values at NWH along with 
its constitutive zones and CH are shown in Fig. 16.8. Since WDs encounter the LH 
zone first during their eastward motion, LH receives maximum highest amount of 
winter precipitation primarily in form of wet snow (Dimri and Dash 2012) as can be 
seen in Fig. 16.8. It is clearly discernable that contribution of WDs in fetching win-
tertime precipitation is minimal in case of CH since this part of Himalayas receives 
winter precipitation after NWH had it, leaving little moisture to precipitate as the 
system moves eastwards. Alternatively, occasionally when Westerlies descend to 
lower latitudes moisture incursion from Arabian Sea may precipitate higher amount 
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of snow in CH, but that situation happens very rarely. As such the CH region has its 
share of solid precipitation during summer when it is mainly under the influence of 
Indian Summer Monsoon Rainfall (ISMR).

16.4.2  Overall Precipitation Trends at NWH

The precipitation trends are highly variable owing to high spatial variability of WH 
(Dimri and Dash 2012). No significant trend during 1866–2006 was observed since 
alternate episodes of precipitation above and below normal prevailed over NWH 
(Bhutiyani et al. 2010). Gusain et al. (2014) studied trends of winter precipitation at 
various altitudes and reported a decrease in winter precipitation at majority of sta-
tions lying at altitudes below 4000 m whereas those lying above 4000 m showed 
erratic behavior with some stations showing increase in precipitation while others 
followed declining trends. Recent findings over NWH during 1991–2015 by Negi 
et al. (2018) reveal that an increasing trend in precipitation is observed at all zones 
of NWH i.e. LH, GH and KH, the trends being significant for LH only as can be 
seen in Fig. 16.9.

In addition, the extreme events study conducted by Dimri and Dash (2012) 
reported a decline in heavy precipitation days with increasing consecutive dry days 
and decreasing consecutive wet days during 1975–2006 over WH. Shekhar et al. 
(2017) also reported that low and heavy precipitation events have increased signifi-
cantly but medium precipitation events decreased over Pir Panjal Range of Lower 
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Himalayas. In addition, prolonged dry days (PDD) have increased in all the ranges 
and altitudes of Himalayas.

16.4.3  Snowfall vs. Rainfall Trends

During recent decades, total precipitation showed increasing trend but snowfall con-
tribution towards total precipitation has declined significantly at many locations 
(Bhutiyani et al. 2010; Shekhar et al. 2010; Dimri and Dash 2012; Gusain et al. 
2014; Singh et al. 2015; Negi et al. 2018). This observance of increased liquid pre-
cipitation and decreased solid precipitation has been attributed to rising tempera-
ture, weakening of teleconnections between temperature and precipitation due to, 
perhaps increased aerosol emissions (Bhutiyani et al. 2010). Since winter precipita-
tion in the area is mainly due to WDs, the rising variations in amplitude of WDs 
over the area partly explains the increased contribution of rainfall to total 
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precipitation in the area than snowfall (Madhura et al. 2015). Singh et al. (2015) 
further added that decrease in snowfall amount is more at high altitudes whereas 
increase in rainfall amount is predominant at lower altitudes owing to higher tem-
perature at lower altitudes and overall warming trends over NWH.

Singh et al. (2015) also reported decreased snowfall days and increased rainfall 
days in last three decades over NWH. They also reported that seasonal snow cover 
days and seasonal snow cover depth has also declined over NWH in last three 
decades.

16.5  Observed Changes in Temperature and Precipitation 
Over CH

SASE observatory at ‘Bhojbasa’ is located approx. 5 km northwest to the snout of 
Gangotri glacier which is commonly known as ‘Gaumukh’. Gusain et al. (2015) has 
already reported the mean annual and winter time conditions in the area. He reported 
that average annual maximum temperature over CH is ~11.7 ± 0.7 °C and average 
annual minimum temperature is ~ −2.3 ± 0.4 °C. Similarly, average winter maxi-
mum and minimum temperature is observed ~3.0 ± 1.0 °C and − 10.4 ± 1.3 °C 
respectively. They also found that annual maximum and minimum temperature have 
increased by 0.9 °C and 0.05 °C respectively during 2000–2012. As a consequence 
of warming temperature, perhaps snowfall amount has reduced by ~37 cm during 
same period. 

This study presents inter-annual variability of temperature and precipitation over 
CH during 2001–2012 (winter period : Nov-Apr). It is to be noted that temperature 
and precipitation variability is expressed as Standardized Temperature/Precipitation 
anomaly in this study. As depicted by Figs. 16.3, 16.4, 16.5 and 16.6 maximum 
temperature, mean temperature and DTR have increased, whereas minimum tem-
perature and snowfall amount has reduced over CH during 2001–2012. However, 
the rise in DTR only is significant at α= 0.01. Maximum temperature has increased 
by ~0.6 °C. Conversely, minimum temperature has decreased by ~ −0.5 °C during 
same period. Consequently, mean temperature and DTR increased by ~ 0.2 °C and 
1.2 °C respectively. However, snowfall amount has also reduced. In absolute terms, 
the per year reduction in wintertime precipitation was found to be approx. 8 mm.

16.6  Cryosphere and Climate Change

Western Disturbances (WDs) is the important source of moisture providing maxi-
mum precipitation in the western Himalaya and KH during winter. Hence, WDs are 
the major contributors for nourishment of snow cover and glaciers in NWH. CH on 
the other hand receives maximum precipitation during summers under the influence 
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of Monsoon and thus receives less snowfall during winter compare to NWH 
(Fig. 16.8). The western Himalaya is a transition region receiving precipitation from 
both the summer monsoon and WDs. Therefore, the role of geographical locations 
and regional orography controls climate of the different Himalayan regions and thus 
the changes in cryosphere (Azam et al. 2018).

Snow Cover Area (SCA) SCA is generally considered as a proxy indicator of cli-
mate change owing to its negative relationship with temperature. Changes in tem-
perature greatly affect the occurrence of snowfall patterns, which further manifests 
in changes in SCA and many other factors (Gurung et al. 2017). Thus assessment of 
SCA over different parts of NWH has been investigated by various researchers for 
different periods. But such studies often show disparity among each other owing to 
lack of selection of appropriate scale for study since SCA is highly sensitive to 
micro-climatic effects (Gurung et al. 2017). Also, since assessment of SCA is based 
solely on satellite remote sensing products which have come into picture quite 
lately, the availability of data for study is very short termed and hence wide fluctua-
tions in results are inevitable. We believe that such fluctuations may even out and 
may be transient in nature when studied on long term basis. A recent study by 
Gurung et al. (2017) reported a declining trend in SCA (2003–2012) over all eleva-
tion belts and aspects of Himalayas along with a strong negative correlation (statis-
tically significant) between temperature and SCA.  Thus the impact of rising 
temperature cannot be overlooked especially over western Himalayan region, where 
strongest negative correlation between temperature and SCA during 2000–2007 
was found (Gurung et al. 2017). A significant negative trend in SCA of Upper Indus 
basin (UIB) during 2000–2008 was reported by Immerzeel et al. (2009) and they 
attributed it to rising temperature. A similar decreasing tendency of wintertime SCA 
over UIB during 2001–2012 was reported by Hasson et al. (2014). Our study also 
indicates that mean temperature has increased over all zones of NWH during 1991–
2015, as depicted by Fig. 16.5. However as explained earlier that when studies per-
taining to snow-cover are focused on small areas, microclimatic effects might 
interfere, thereby producing contrary results when compared regional to sub- 
regional scales. For an instance, Singh et al. (2014) analyzed SCA variations over 
three basins of Himalayas i.e. Indus, Ganga and Brahmaputra during 2000–2011 
and found a rising trend in SCA over Indus basin as compared to other basins. It is 
to be noted that Indus basin wholly covers all parts of NWH.  Regional climate 
trends as reported by Negi et al. (2018) depict cooling trends at LH and GH during 
recent decades (2000–2015) which could partly explain the observed increasing 
trends in SCA over such huge area. On the contrary, warming trends during 2000–
2015 over KH were reported by same study, which is in sharp contrast to the obser-
vation of increased SCA in the UIB as reported by Singh et  al. (2014). Despite 
getting warmed in recent decades, KH remains below freezing temperature for most 
of the time even during ablation period (Singh et al. 2014) which could have sus-
tained the snow cover for longer durations. Conclusively, climatic variability is 
manifesting itself in the form of varying snow cover amounts reaffirming the sensi-
tivity of cryosphere to climate change.

16 Climate Change and Cryospheric Response Over North-West and Central…



326

The use of albedo values as a proxy to estimate winter mass balance was sup-
ported by Sirguey et al. 2016 when they found a high positive correlation between 
mass balance and albedo. Long term (1991–2010) albedo trends depict a declining 
trend over GH (Negi et al. 2017) which is in agreement to long term (1991–2015) 
warming trends as shown in Fig. 16.5. This reduced albedo could have resulted in 
higher rate of glacier retreat in GH as reported by many researchers (Kulkarni and 
Karyakarte 2014). However, an increased albedo over GH post year 2000 as reported 
by Negi et al. (2017) is in agreement to short- term temperature trends reported by 
Negi et al. (2018) wherein a cooling trend over GH during 2000–2015 was observed. 
This also explains that most of the glaciers are in a steady state compared to the rate 
of retreat prior to 2001 (Bahugana and Rathore 2014). Thus, we feel that winter 
snow albedo has also an important role in governing the rate of overall glacier 
retreat in NWH.

Apart from SCA and albedo, glaciers also serve as very sensitive indicators of 
climate change. Many glacier features like length, percent glacierized area and mass 
balance are being studied in Indian Himalaya to ascertain the impact of ongoing 
climatic changes. Any change in glacier mass balance affects the hydrological 
cycle of a region (Diaz and Bradley 1997). A positive mass balance may reflect 
reduced run off and negative mass balance depicts increased run off from glacier-
ized catchments (Scherler et al. 2011). The response of Himalayan glaciers is quite 
heterogeneous owing to existent high spatial variability. Some studies report that the 
glaciers lying in zones, which are under the influence of summer monsoons (e.g. 
Eastern Himalaya and Central Himalaya) are retreating at faster pace while those 
lying under the influence of Westerlies (Karakoram Himalaya) are known to gain 
mass or have stable fronts (Scherler et al. 2011). Glaciological assessments of mass 
balance reveal more negative mass balance values for CH than western Himalaya, 
while minimum negative or say slight positive mass balance values are reported for 
Karakoram region (Table S4, Azam et  al. 2018). Temperature and precipitation 
undoubtedly serve as powerful drivers for mass budget of a glacier. Fig.  16.2c 
reveals that lowest wintertime mean temperature is recorded at KH followed by GH 
and highest at CH. At the same time, Fig. 16.8 depicts that minimum wintertime 
precipitation is received at CH followed by KH, GH and LH. Thus due to preva-
lence of highest wintertime temperature along with minimum wintertime precipita-
tion that too when temperature trends depict warming (Fig. 16.5), higher rate of 
mass loss of glaciers in CH is inevitable. Even GH and KH depict long term (1991–
2015) warming with more warming at GH (Table 16.1), its impact is discernible by 
observed more negative mass balance values for GH than KH (Table S8, Azam et al. 
2018). Consequently, glaciers in Western Himalayas are found to be receding at 
faster pace whereas those in KH are reported to have negligible mass loss or sus-
tained stable condition (Scherler et al. 2011). Surprisingly, Gardelle et al. (2012, 
2013) reported slight positive mass balance values for glaciers of KH which are in 
striking contrast to other studies. Despite the observation of warming trends 
(Figs. 16.3, 16.4 and 16.5), slight mass gain by few glaciers can be attributed to the 
fact that the observed mean temperature in KH is very low that is subfreezing tem-
perature (Fig.  16.2c), due to which slight warming does not make a discernible 
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impact in shorter durations. However, if such warming trends are likely to continue 
for few decades, then a striking difference in mass budget of KH glaciers would 
emerge. It is to be noted that glaciers with mass gain were reported in Central 
Karakoram only. Hence we believe that along with very low temperature in 
Karakoram range, effect of  geographical position and local microclimates could 
have contributed towards mass gain phenomenon in Central Karakoram.

Apart from changes in glacier thickness, the impact of climatic change is revealed 
by the spatial variations in glaciated area and length. Kulkarni (2007) has reported 
that the response of a glacier to climate change is a function of glacier size, area- 
altitude distribution, moraine cover and orientation. Thus, the extent of area shrink-
age for small glaciers can reach as high as −1.34% year−1 for CH (Chen et al. 2007) 
to as low as −0.002% year−1 for large glaciers like Siachen in KH (Agarwal et al. 
2017). Kulkarni (2007) also added that differential rate of glaciers retreat is because 
of differences in glacier thickness, mass balance and rate of melting at the terminus. 
Thus, loss of glaciated area is highly dependent on areal extent of glaciers leading 
to more sensitivity of small sized glaciers to climatic changes. Hence, it can be 
inferred that the differential rates of retreat/area shrinkage/mass loss etc. reported 
by different studies (Tables 2, 3, 4 and 8, Azam et al. 2018) are a function of response 
time of a glacier and these rates are found higher in case of small size glaciers.

16.7  Conclusions

This study discussed the importance of ground based observations despite the emer-
gence of modern data sources like gridded satellite/reanalysis products and modeled 
outputs etc. Various studies conducted over high altitude areas of NWH and CH 
using field observed data were analyzed. This study affirms the claim by many stud-
ies that high altitude areas are warming at faster pace than the lower counterparts. 
Alike many parts of the world, NWH and CH are no exception to ravaging impacts 
of ‘Climate Change’ with few exceptions at regional level. But interestingly, NWH 
and CH show more warming in maximum temperature than minimum temperature 
whereas other parts of the world report opposite trends. Warming is evident in mean 
and maximum temperature at NWH and CH with different magnitudes. Minimum 
temperature however anomalously shows a significant dip over LH. Also, short term 
trends i.e. after year 2000, maximum temperature over LH and GH are found to 
experience cooling, which can be attributed to rising concentration of absorbing 
aerosols, which due to their absorbing nature shield the underlying surfaces from 
incoming solar radiation thereby showing a decline in surface temperature. DTR 
trends over NWH and CH show rising trends unlike global trends which depict nar-
rowing DTR due to differential warming rates of maximum and minimum tempera-
ture. Total precipitation (Snowfall+ Rainfall) has increased at all zones of NWH but 
contribution of snowfall towards total precipitation has decreased at NWH and its 
constitutive zones. Similar decline in snowfall amount has been observed over 
CH. However, rainfall contribution towards total precipitation has been increasing 
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consistently at all zones of NWH which is seen as a direct impact of warming tem-
peratures. Factually, the erratic behavior of extreme precipitation events is linked 
with increased variability in amplitudes of WDs and weakening of teleconnections 
over the study area. Climate change is manifesting itself in form of cryospheric 
changes like decreased snow cover area, retreating glaciers, negative mass balance 
of much of the glaciers and decreasing albedo values as well. However, few excep-
tions like mass gain in glaciers of Central Karakoram imply that due to high spatial 
variability of Himalayas, the response of glaciers to climatic forcing is heteroge-
neous. Moreover, comparatively higher rate of warming in mean temperature over 
GH than KH substantially explains the exceptional behavior of glaciers in KH.
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Chapter 17
Impacts of Climate Change on Himalayan 
Glaciers: Processes, Predictions 
and Uncertainties

L. Parry, S. Harrison, R. Betts, S. Shannon, D. B. Jones, and J. Knight

Abstract The glaciers of the Hindu Kush Himalaya region (HKH) produce the 
water for around 40% of the world’s population. Over the past century these glaciers 
have lost mass in response to recent climate change and they are predicted to lose 
more in the future. The precise ways in which glaciers will respond to future climate 
change are still unknown; many will melt entirely, but some will undergo a transi-
tion to debris-covered glaciers which will retard melting, and others will undergo a 
further transition to form rock glaciers whose response to atmospheric warming and 
changes in precipitation is as yet unclear. As a result, this chapter stresses the para-
glacial response of mountain systems to deglaciation to better understand future 
glacier recession in the region.

17.1  Introduction

In recent decades, climate change has impacted severely the mass balance of many 
of the glaciers in the Himalaya and the wider Hindu Kush-Himalaya region (HKH), 
and the status of the seasonal snow pack. Both these elements contribute meltwater 
to local hydrological systems. However, modelling studies of the glaciers, snow 
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packs and hydrology, to inform adaptation and mitigation, are severely limited by 
the extreme spatial and temporal variability of contemporary climate, extreme topo-
graphic variability in the region which affects microclimate regimes, and the 
sparsity of instrumental data on both glacier mass balance and variability of river 
discharge. This chapter discusses the current state of Himalayan glaciers in the 
context of ongoing climate change and the likely future evolution of these glaciers, 
and highlights the issue of paraglaciation, without which regional geomorphological 
responses to future deglaciation cannot be fully understood.

17.2  The Himalayas

The mountain ranges of the Greater Himalayas run in a north-west to south-east arc, 
some 2500 km in length, across the north of the Indian subcontinent, and form the 
location for the largest concentration of glacier ice outside of the poles (Fig. 17.1). 
The region contains glaciers covering an area of ~22,800 km2 (Bolch et al. 2012), 
forming part of the “Asian Water Towers” (Immerzeel et al. 2013). These glaciers 
and associated snowpacks provide much of the runoff which contributes to the flow 
of the Brahmaputra, Yangtze, Indus and Yellow Rivers amongst others, and through 

Fig. 17.1 Glacier inventory of the Himalayas from mapping carried out by ICIMOD, Chinese 
Glacier Inventory (CGI), GlobGlacier and R Bhambri. From Bolch et al. (2012)
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these river systems to approximately 1.3 billion people downstream. In the upper 
catchments within the Himalayas and foothills, approximately 210 million people 
are dependent upon the hydrological regimes of Himalayan rivers for survival.

Recent estimates of the volume of water stored across the Himalayas range from 
3600 to 6500 km3 (Bolch et al. 2012), although Himalayan glaciers are generally 
losing mass, with estimated glacial mass change rates of −26 ± 12 Gt year−1 (2003–
2009) across the wider High Mountain Asia region (Gardner et al. 2013). Substantial 
further long-term glacial mass losses are projected under future climate warming 
(e.g. Bolch et al. 2012; Huss et al. 2014; Kraaijenbrink et al. 2017). Recession and, 
in some locations, the complete loss of high-altitude frozen water stores has poten-
tially significant consequences for downstream water supply (Immerzeel et al. 2010, 
2012; Bolch et al. 2012; Lutz et al. 2014; see Fig. 17.2), particularly following peak 
non-renewable water (Gleick and Palaniappan 2010; Bliss et al. 2014), with long- 

Fig. 17.2 Contribution to total flow by flow components in major streams. (a–c), Contribution 
to total flow by glacier melt (a), snow melt (b) and rainfall runoff (c) for major streams during the 
reference period (1998–2007). Line thickness indicates the average discharge (Q) during the refer-
ence period. From Lutz et al. 2014
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term decreased summer runoff being now projected based upon glacier hydrological 
and climate modelling (e.g., Sorg et al. 2014).

The climate and partly therefore the behavior of the glacial systems of the region 
today is dominated by spatial and temporal variability of the Indian Summer 
Monsoon (ISM) which produces distinct wet (June to September) and dry seasons. 
This seasonal cycle is reflected in the strong seasonality of the associated hydrological 
regimes, and in the mass balance behaviour of Himalayan glaciers. Although the 
glacier and snow coverage and contribution to hydrological regimes vary significantly 
over space, it is during the pre-monsoon period of the annual cycle that the glacier 
and snowmelt components of the hydrological regimes are of particular importance 
in augmenting low river flows. This baseflow also helps smooth  interannual 
variability in streamflow resulting from variations in the onset, strength and duration 
of the monsoon.

In addition to these inter-and intra-annual patterns of precipitation, strong pre-
cipitation gradients also exist over the Himalayan region. In general annual precipi-
tation totals decreases away from the moisture sources of the Bay of Bengal, 
including during the monsoon, as does the length of the monsoon season. 
Precipitation also decreases markedly from south to north across the Himalayas, 
from the Ganges plains and Himalayan foothills to the Tibetan Plateau (TP) (Anders 
et al. 2006; Barry 2008; Bookhagen and Burbank 2006, 2010; Kansakar et al. 2004; 
Nandargi and Dhar 2011). As a result, precipitation totals range from 2000 to 
5000 mm year−1 in the Arunachal Pradesh region of India (south east Himalayas) 
(Dhar and Nandargi 2004) to below 100 mm year−1 in the region of Ladakh (north 
west Himalayas) (Schmidt and Nüsser 2012). These precipitation gradients have 
significant potential impacts on snowpack thickness and duration, and thus river 
response.

Temporal patterns in precipitation also exist. For instance, in eastern Nepal, the 
monsoon accounts for 75–85% of annual precipitation (e.g. Barry 2008), whereas at 
Leh in Ladakh only approximately one third of the annual precipitation occurs dur-
ing the monsoon season (June–August), with another third between December and 
February (Schmidt and Nüsser 2012). The winter precipitation peaks in the western 
Himalayas are due to the occurrence of westerly low pressure systems in the lower 
troposphere bringing moisture from the Mediterranean Sea or Persian Gulf, or even 
the mid-west Atlantic Ocean (Ridley et al. 2013). Overall, Bookhagen and Burbank 
(2010) estimated the spatial trends in annual precipitation to show a ~tenfold 
decrease from south to- north, and ~sixfold decrease from east-to-west. Since the 
mid-twentieth century a slight decreasing trend in monsoon precipitation is evident 
(Turner and Annamalai 2012).

The effect of topography on regional climate is profound, and forms part of the 
reason for the spatial and temporal climate variability experienced across the region, 
and the problems of using sparse data sets to characterise the climatological regimes 
for the purpose of climate modelling and prediction (see Pepin et al. 2015). The 
HKH and TP form a physical topographic barrier to air masses from north to south 
and west to east throughout the year and during monsoon times. The barrier also 
affects the path of the sub-tropical jet stream in the upper atmosphere and creates 
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orographic enhancement of precipitation. As a result, the highest precipitation in the 
Himalayas is found within a few kilometers of the southern side of the highest 
mountains, where the orographic rise in air masses is most rapid, producing the 
steep precipitation gradients found in the region (Anders et al. 2006; Bookhagen 
and Burbank 2006).

Temperature trends over northern India, the HKH and TP show significant vari-
ability. For instance, from 1971 to 2007, the Indian Himalayas warmed more rap-
idly than the rest of the Indian sub-continent, at a rate of 0.46  °C per decade 
(Kothawale et  al. 2010). This trend supports earlier research by Bhutiyani et  al. 
(2007) who reported a lower rate of 0.16 °C per decade for mean annual and winter 
temperature changes over the last century for this region, but a higher rate of change 
of 1.1  °C per decade over the period 1981–2002. Overall temperature trends in 
north western India are driven by changes in annual maximum temperatures (Tmax), 
estimated to be around four times higher than minimum temperature (for Tmin) 
changes (Bhutiyani et al. 2007), but around double those reported by Kothawale and 
Rupa Kumar (2005) which were 0.53 °C per decade (for Tmax) compared to 0.37 °C 
(for Tmin). Most studies show that winter exhibits the greatest rate of warming 
(Kothawale and Rupa Kumar 2005; Fowler and Archer 2006; Bhutiyani et al. 2007; 
Kothawale et al. 2010; Forsythe et al. 2012).

Although there are considerable spatial variations in precipitation and tempera-
ture patterns, detailed analysis of these patterns is restricted by the absence of a 
well-developed instrumental data network. For example, in Nepal with an area of 
over 147,000 km2 and with elevations ranging from approximately 60 m in lowlands 
to the summit of Mount Everest at 8850  m asl, the precipitation gauge network 
consists of around 440 stations, of which 160 have only been established since 
1998. High altitude observations are especially sparse with few stations above 
3000 m elevation (Kansakar et al. 2004). This restricts our understanding of con-
temporary temperature and precipitation trends and variability in high mountains 
and their impacts on glacier mass balance. As a result, satellite data have played a 
major role in understanding precipitation patterns in the region. TRMM (Tropical 
Rainfall Measurement Mission) data show that there are large variations in precipi-
tation across even small spatial scales; for example between valley floors and sur-
rounding ridges (Anders et  al. 2006; Bookhagen and Burbank 2006, 2010), 
invalidating broad generalisations about spatial and temporal climate trends.

This spatial and temporal climate variability, and the topographic variability 
which partly accounts for these trends, also limits the applicability of low-resolution 
General Circulation Models (GCMs) for detailed climate projections in this region, 
unless suitable downscaling methods are applied. It also makes trends difficult to 
detect in the relatively short and spatially-sparse observed time series of meteoro-
logical, glacial and hydrological data which are available for the region. Despite 
these caveats, it is clear that recent climate change has driven glacier recession over 
much of the Himalayas (e.g. Kaab et al. 2012). This is combined with reduction in 
the strength of Indian summer monsoon rainfall (Kumar et al. 2006, 2011) which 
has reduced high altitude snow accumulation.
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Climate projections by 2080s provided by CMIP5 GCMs are highly variable but 
ensemble averages for India range from around 2.0 °C of warming (using RCP2.5) 
to 4.8 °C using RCP8.5, with temperature increases amplified by up to 8 °C over 
higher elevation areas (Chaturvedi et  al. 2012). Using PRECIS (a version of the 
Hadley Centre regional model, HadRM3), the projections for annual all-India mean 
surface air temperature increases by 2100 range from 3.5 to 4.3 °C under a medium 
emissions scenario (A1B), with precipitation projected to rise by 9–16% by 2100 
(Krishna Kumar et al. 2011). The median of an ensemble of 22 GCMs from CMIP3 
(downscaled using HadRM3) project a rise in annual temperatures of 2.5  °C by 
2070–2099 over India and surrounding areas, based on the same emissions scenario. 
Projections of mean precipitation for the summer months JJAS show increases of 
10% (Kumar et al. 2013).

Projections from Regional Climate Models (RCMs) show warming over north-
ern India and the Himalayas (e.g. Rupa Kumar et al. 2006; Mathison et al. 2013, 
2015; Kumar et al. 2013; see Fig. 17.3). Using two RCMs (and four simulations) at 
25  km-resolution Mathison et  al. (2013) reported average annual temperature 
changes between 2.5 and 3.0 °C by 2040–2070 from a 1970 to 2000 baseline for the 
Ganges and Brahmaputra region, but with net changes between 2 and 4 °C across 
seasonal cycles, as warming was greater in the winter than summer. Using three 
common RCMs (HadRM3, REMO and CCLM) Kumar et  al. (2013) reported 
projections of warming between 2.5 and 5.5 °C for a medium emissions scenario, 
but with maxima over the Himalayas, north, central and west India. In addition, 
daily Tmin were found to be rising more rapidly than daily Tmax.

Projections for monsoon precipitation show maximum increases over the west-
ern peninsula of India, including the Western Ghats, and north east India. Summer 
JJAS precipitation increases by approximately 20–40% over peninsula India in an 
ensemble of three RCMs, and by 10–20% over the Western Ghats and north east 
India (Kumar et al. 2013). For both temperature and precipitation, there are marked 
increases in extreme values, and again for precipitation where the greatest increases 
are most pronounced over the Western Ghats and north western peninsula India 
(Rupa Kumar et al. 2006).

17.3  Himalayan Glaciers

Net mass accumulation of glaciers in much of the Himalayas is dominated by the 
monsoon season. Accumulation and ablation occurs in summer and this is typical 
for at least ~75% of glaciers in Nepal and adjacent regions (Barry 2008; Bolch et al. 
2012). However, in the Karakoram sector of the Himalayas, accumulation occurs 
throughout the year associated with winter precipitation (Hewitt 2005, 2011). 
Accumulation is also partly driven by avalanches from surrounding mountain 
slopes, and this process brings rock debris as well as snow and ice to glacier sur-
faces, which serves to retard melting by changing the surface heat balance of gla-
ciers. This process is particularly important in the Karakoram and south of the main 

L. Parry et al.



337

Himalaya crest where glaciers have steep slopes in their accumulation areas, and 
greater debris cover than in other regions (Scherler et al. 2011) which affects the 
spatial patterns and rates of ablation, and dynamics of the glacier terminus.

Mass loss from a glacier occurs in four main areas: from melting of clean ice 
exposed on the surface, melting beneath a surface debris cover, melting of ice cliffs 
and around supraglacial ponds, and calving at an ice terminus located in water (e.g. 

Fig. 17.3 Projections of future climate change from GCMs. Change in precipitation (%) from 
1970–1999 to (i) 2020–2049 (ii) from 2070–2099, over south Asia. Lower panels show the tem-
perature change (°C). From Kumar et al. 2013, who used CMIP3 models and downscaled HadRM3 
driven by SRES A1B
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Sakai et al. 1998, 2000; Benn et al. 2012; Watson et al. 2017). The melt rate around 
and under debris covered areas is sensitive to debris cover thickness and the debris 
thermal properties, that have implications for albedo (Benn et  al. 2012). Melt is 
enhanced when debris cover is thin due to conduction of solar radiation, which is 
absorbed because of the lower albedo of debris compared with ice, but melt is 
reduced once the thickness of debris increases above a thickness of a few centime-
tres, because the debris then insulates the ice from surface heating. For the Rakhiot 
Glacier in the Indian Himalaya, the critical thickness of debris for reducing ablation 
was measured at 30 mm (Mattson et al. 1993). However, debris cover thickness is 
not uniform across glaciers, and the surface of the debris-covered area can generally 
be divided into three categories: ice cliffs, ponds or debris (Sakai et al. 2000), with 
rates of heat absorption, and therefore melt, of areas of ice cliffs and ponds  estimated 
at 7–10 times greater than the rest of the ablation zone (Sakai et al. 1998, 2000; 
Immerzeel et  al. 2014). This means that the spatial variability of surface melt 
dynamics is high within the debris covered area of a glacier, but also between the 
debris covered and clean ice areas of a glacier; and that there are different sensitivities 
of climate variations of debris covered glaciers to clean ice glaciers or debris- free 
zones of the glacier (Figs. 17.4 and 17.5).

17.3.1  Recent Changes in Glacier Dynamics

There is a general consensus that Himalayan glaciers have been receding since 
around the middle of the nineteenth century, which corresponds to the end of the 
regional Little Ice Age. (Brun et al. 2017; Scherler et al. (2011) measured frontal 

Fig. 17.4 The debris covered Khumu glacier, Nepal (right) and its lateral moraine (left)
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changes for 255 glaciers across the Himalayas for the period 2000–2008 and calcu-
lated varying rates of change between −80 and + 40 m year−1. Estimates of recent 
mass balance trends vary, however. For the period 2003–2008, Kaab et al. (2012) 
used remote sensing data from ICESat, and satellite-derived topographical data 
(SRTM, from 2002) to estimate the specific mass balance for the HKH. This pro-
duced a mass loss lower than the global average at −0.21 ± 0.05 m2 year−1 water 
equivalent, which relates to a 2003–2008 mass balance of −12.8 ± 3.5 Gt year−1. 
However, for a similar time period (2003–2010), Jacob et al. (2012) used GRACE 
derived satellite gravity fields and estimated a lower mass loss of around 4 ± 20 Gt 
year−1. More recent studies (e.g. Bolch et al. 2017) based on remote sensing imagery 
from 1973 to 2009 suggest that glaciers in parts of the central Karakoram were in 
balance or showed small amounts of mass loss.

In addition, Bhambri and Bolch (2009) report that the rate of mass balance 
change has not been constant; they suggest that glaciers in the Indian Himalayas are 
retreating at a faster pace than those in Nepal although this has yet to be confirmed. 
They also show that about 60% of the glaciers in the Karakoram are either advanc-
ing or display stable termini. This is termed the ‘Karakoram Anomaly’ (Hewitt 
2005; Scherler et al. 2011; Gardelle et al. 2012).

Terminus change is regularly measured by remote sensing. However, terminus 
position is not always a good metric for glacier behaviour; glaciers with negative 
mass balance may have stable termini particularly if they have extensive supragla-
cial debris cover (Bolch et  al. 2011). Despite the importance of long-term mass 
balance measurements to assess glacier behaviour, in the Himalayas few glaciers 

Fig. 17.5 The Ama Dablam glacier with the north face of Ama Dablam behind it. The glacier is 
currently undergoing a transition from debris covered glacier to rock glacier. The front of the gla-
cier has already made this transition
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have been monitored using field-based measurements, and this restricts our under-
standing of glacier responses to climate trends and variability. In Nepal, Fujita and 
Nuimura (2011) analysed the mass balance of three benchmark glaciers, two located 
in the humid south-eastern part of Nepal and one in the more arid north-west region. 
They found that glacier mass wastage had initially been higher than the global aver-
age until the last decade. At this point, the rate of mass loss accelerated for the two 
glaciers in the humid east, while the glacier in the arid west underwent a reduction 
in the rate of mass loss.

Variations in mass loss are probably caused by a range of climatic and site- 
specific topographic and geomorphological variables. Bhambri and Bolch (2009) 
summarise the latter as variations in valley topography, supraglacial debris cover, 
hypsometry, and contributions from tributary glaciers in the accumulation zone. 
Recently, Azam et al. (2018) have suggested that mass wastage in the region results 
in increasing debris cover, the growth of glacial lakes and probably decreased gla-
cier velocities.

17.3.2  Projections of Changes in Glacier Extents

Wiltshire (2014) used RCM projections for a medium emissions scenario for gla-
ciers across the HKH and concluded that glaciers in the east (Nepal and Bhutan) 
would be most vulnerable to climate change despite projected increases in precipi-
tation. Glaciers in the western Himalayas were expected to melt at a lower rate 
given their higher mean elevations. This spatial pattern was also reported by Viste 
and Sorteberg (2015) using a subset of 16 GCMs from CMIP5, and they estimated 
a 20–40% reduction in annual snowfall over the Upper Indus (UI), with projected 
larger reductions of 50–60% in the Ganges Basin and 50–70% in the Brahmaputra 
basin by 2071–2100.

Using a glacial-hydrological model, Immerzeel et  al. (2013) compared the 
response of two glacierized catchments in climatologically different settings: the 
Baltoro in the Upper Indus (UI) (Karakoram) and the Langtang catchment in central 
Nepal. For both watersheds, glacier area and volume projections showed decreases 
under both low and high emissions scenarios. For the Langtang catchment, glacier 
area projections showed shrinkage of 37% and 54% for these emission scenarios, 
respectively, by 2100, and ice volume reduction of 60% under the high emissions 
scenario by 2100. In the Baltoro catchment where glaciers are larger, glacier volume 
reduction was 50% under this scenario by 2100.

Climate model projections therefore suggest a continued reduction in glacier 
mass balance throughout the remainder of this century and beyond (Collins et al. 
2013). However, the precise evolution of mountain glaciers in the Himalayas is cur-
rently unclear. What is clear, however, is that glacier recession in a range of moun-
tain settings produces a range of linked geomorphological processes, and it is 
important to understand the operation of these processes if we are to provide better 
projections of mountain glacier behavior in response to future climate warming.
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17.4  Paraglacial Processes and Himalayan Glaciers

Current retreat patterns of Himalayan glaciers are relatively well known from 
remote sensing data, discussed above, but less is known about geomorphic responses 
to ice retreat, either now or during lateglacial times. Glaciated valleys contain typi-
cal glacial landforms including terminal and dead-ice moraines, kame terraces and 
limited proglacial outwash spreads (Owen et al. 1995; Barnard et al. 2004). These 
landforms mark successive stages of ice retreat. What is notable however is the pres-
ence throughout different sectors of the Himalayas of landforms that reflect slope 
instability under cold climate regimes following ice retreat, which would be mainly 
during the lateglacial and Holocene. These landforms include alluvial and colluvial 
fans, talus cones, rock glaciers, landslides, rock slope failures (RSFs), and land-
forms associated with the formation and drainage of glacial lakes. The descriptive 
term paraglacial can be used to describe these landform assemblages in this context. 
The term paraglacial is defined as “… nonglacial earth-surface processes, sediment 
accumulations, landforms, landsystems and landscapes that are directly conditioned 
by glaciation and deglaciation” (Ballantyne 2002, p. 1938, following the seminal 
work of Church and Ryder 1972). With continued climate-driven deglaciation, high 
mountain systems such as the Himalayas are in initial stages of transitioning from 
glacial- to paraglacial-dominated process regimes (Harrison 2009; Knight and 
Harrison 2012), and thus the landform assemblages found here provide a useful 
case study of the impacts on the land surface of climate warming and ice retreat. 
Several studies in different Himalayan regions focus on macroscale landform 
assemblages that correspond to this glacial–paraglacial transition (Owen et al. 1995; 
Owen and Sharma 1998). For example, Iturrizaga (2008) describes slope debris 
cascades from upper to lower slope locations within the Hindu Kush and Karakoram 
sectors. Bedrock slopes are covered with scree debris over 1000 m in vertical height 
range. The greatest sediment yield to valley floors comes from reworking of perched 
glacial moraines and kame terraces and RSFs farther up the valley. Iturrizaga (2008) 
notes that such paraglacial slope debris is found below the elevation of glacial trim-
lines. Several studies describe the timing and extent of different glacial phases 
across different Himalayan sectors (e.g. Seong et  al. 2009; Bisht et  al. 2015). 
Importantly, there is no consistent pattern of ice advance or retreat phases, but that 
these vary spatially and temporally largely in response to the strength and penetra-
tion of the summer monsoon, but also due to local-scale factors including aspect and 
thus microclimate. Likewise, paraglacial sediment system responses to these ice 
advance–retreat patterns also vary, related to local geologic structure, tectonic uplift, 
seismic ground shaking, and the interplay between primary sediment production by 
frost shattering and rock falls, and secondary reworking from unstable slopes. Petley 
et al. (2007) showed that from a regional landslide database that there is no consis-
tent spatial pattern of landslides in Nepal in the period 1978–2005, although the 
number of events has tended to increase over time. Within individual valleys, how-
ever, glacial and paraglacial landforms vary in their properties and timing, related to 
the local-scale factors listed above (Seong et al. 2009). It is also notable that talus 
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cones/fans and fluvial terraces are located in different places within mountain val-
leys, related to the direction in which sediment is being reworked by slope 
(downslope) and fluvial (along-valley) processes (Barnard et al. 2006a; Seong et al. 
2009; Bisht et al. 2015). Thus, different paraglacial landforms exist within different 
process domains, which determines where, when and how they are likely to form 
within the context of a retreating valley glacier. Barnard et al. (2006b), based on 
10Be dating, show that only paraglacial fans, landslides and terraces younger than 
5 ka are preserved adjacent to valley floors in the Langtang Himal, Nepal, because 
of the very high denudation rates experienced in the region (~33 mm year−1). It may 
be that older paraglacial landform remnants are buried by younger reworked debris, 
however.

17.4.1  Implications of Paraglacial Processes for Himalayan 
Glaciers

In detail, modification of rock slopes through RSFs dominate the rock slope parag-
lacial system, as high mountain systems respond to deglacial unloading or debut-
tressing following the exposure of glacially steepened rockwalls by glacier 
downwastage and retreat (Ballantyne 2002). Enhanced paraglacial debris produc-
tion driven by deglaciation may increase the accumulation of supraglacial debris 
which, depending on debris cover thickness, can limit ice ablation and increase the 
longevity of the glacier (e.g., Lambrecht et al. 2011; Pellicciotti et al. 2014). Thick 
supraglacial debris cover on the order of decimetres to metres (Bosson and Lambiel 
2016) reverses the mass balance gradient, with comparatively higher ablation rates 
upglacier than at the debris-covered terminus. Furthermore, this significantly influ-
ences glacier dynamics and behaviour of the glacier snout (Benn et al. 2005), and 
can also lead to the development of rock glaciers (Shroder et al. 2000; see Fig. 17.5). 
Large glacier-rock glacier composite landforms represent the most conspicuous 
geomorphological expression of the transition of debris-covered glaciers into rock 
glaciers (e.g., Ribolini et al. 2007; Janke et al. 2015; Monnier and Kinnard 2015; 
Seppi et al. 2015; Monnier and Kinnard 2017). Rock glaciers and debris-covered 
glaciers exhibit distinctive characteristics that can enable them to be distinguished 
(Fig. 17.6). Rock glaciers are cryospheric landforms formed by gravity-driven creep 
of super-saturated accumulations of rock debris (Fig. 17.7), incorporating a peren-
nially frozen mixture of poorly sorted angular rock debris and ground ice (Haeberli 
et al. 2006). Rock glaciers are also covered by a continuous overlying debris blanket 
0.5–5  m thick that seasonally thaws each summer (known as the active layer) 
(Bonnaventure and Lamoureux 2013) (Fig.  17.1). Commonly, rock glaciers are 
characterised by “cohesive flow-evocative features” (Monnier and Kinnard 2017), 
i.e. spatially organized features such as defined furrow-and-ridge topography, steep 
(~ >30–35°) and sharp-crested frontal and lateral slopes, and individual lobes 
(Harrison et al. 2008; Fig. 17.6). These features reflect the viscoplastic flow proper-
ties of the rock glacier as its ice and debris move downslope under gravity.
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Fig. 17.6 Annotated example of rock glacier: the Caquella rock glacier, Bolivia (21°29′S, 
67°55′W). Image data: Google Earth (version 7.1.5.1557, Google Inc., California, USA), 
DigitalGlobe; imagery date: 20 July 2010

Fig. 17.7 Dughla rock glacier, Nepal [27°54′N, 86°47′E] showing characteristic large blocky 
clasts covering the surface. Photograph by Darren Jones

17 Impacts of Climate Change on Himalayan Glaciers: Processes, Predictions…



344

Conversely, debris-covered glaciers characteristically have a discontinuous 
superficial debris layer, typically no more than several decimetres thick, with thick-
ness increasing towards the terminus and towards the lateral margins of the glacier. 
The flow properties of debris-covered glaciers are devoid of viscous flow morphol-
ogy; a chaotic distribution of relatively rapidly appearing and disappearing surficial 
features such as ice-cliffs, supraglacial ponds, hummocks, crevasses, meandering 
furrows, and thermokarst depressions reflect surface instability.

Paraglacial processes can take place in and can affect the dynamic behaviour of 
both glaciers and the land surfaces surrounding glaciers. Moreover, it is also clear 
that important feedback loops can be set up, affecting both heat balance and land 
surface stability. Both these latter elements are not fully understood, either from 
field studies or in numerical models, and thus the workings of paraglacial processes 
are a critical unknown factor in predictions of future environmental change in glaci-
ated mountains generally and in the Himalayas in particular, where debris covered 
glacier snouts appear to be particularly common. Indeed, 14–18% of total glacier-
ized area in the Himalayas is debris-covered (Kaab et al. 2012).

17.5  Future Environmental Changes in the Himalayas 
and Their Wider Implications

Ice is stored within the interstices of rock glaciers and beneath surficial debris in 
debris-covered glaciers. Thermal conduction and cold-air circulation through the 
debris means that ice melt is reduced in both rock and debris-covered glaciers 
(Gruber et al. 2016). Therefore, water storage in rock glaciers occurs at long, inter-
mediate and short time-scales, corresponding to water in the solid phase (snow and 
ice) transitioning towards the liquid phase (water) (Fig. 17.8), and that rock glaciers 
can be considered as important aquifers in otherwise dry continental interiors.

Fig. 17.8 Diagram showing the different forms of rock glacier water storage and their associated 
time-scales.
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Rock glaciers, therefore, form climatically resilient high-altitude frozen water 
stores of potentially significant hydrological value (e.g., Brenning 2005; Azócar and 
Brenning 2010; Rangecroft et al. 2015). Jones et al. (2017) showed that >6000 rock 
glaciers exist within the Nepalese Himalaya, and estimate these cover 1371 km2 and 
contain 20.90 ± 4.18 km3 of water. Across the Nepalese Himalaya, rock glacier to 
glacier water volume equivalent is 1:9. Therefore, in the context of continued 
 climate warming, glacier-rock glacier relationships may enhance the resilience of 
the mountain cryosphere (Bosson and Lambiel 2016). Despite this, whereas much 
has been written on the role of glaciers in maintaining water supplies (e.g. Bradley 
et  al. 2006), that of rock glaciers remains poorly known. Therefore, of critical 
importance is to better understand glacier-rock glacier relationships, particularly 
determining which glaciers will ‘fully transition’ and which will simply downwaste, 
in order to enable effective water resource management and form adaptation strate-
gies in the context of future climate change.

17.6  Conclusions

In conclusion it is clear that the glaciers in most regions of the Himalaya are in long- 
term decline and that this will have enormous implications for the people who rely 
on these ice masses for water supplies. What is less known is the precise ways in 
which these glaciers and snow packs will respond to warming; the assumption that 
they will all melt in a predictable way is likely to be simplistic. Better understanding 
of the evolution of these ice masses is hampered by the uncertainties in climate and 
glacier modeling and the absence of long-term instrumental data sets with which to 
reconstruct climate variability and trends. Many Himalayan glaciers will evolve into 
debris-covered glaciers, and many of these will further evolve to form rock glaciers 
whose response to warming is poorly studied. Glacier recession will also produce a 
range of hazards and these can be seen within the context of paraglaciation. 
Relatively little research has focused on these issues and we argue that this is a 
significant omission.
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Chapter 18
Sensitivity of Glaciers in Part of the Suru 
Basin, Western Himalaya to Ongoing 
Climatic Perturbations

Aparna Shukla, Siddhi Garg, Vinit Kumar, Manish Mehta, 
and Uma Kant Shukla

Abstract Temporal and spatial climate variability acts as the major driving force 
which induces changes in glacier response. However, variation in the glacier behav-
ior could also be introduced due to the influence of non-climatic factors. Therefore, 
in order to assess the influence of these climatic and non-climatic factors on the 
response of 15 major glaciers of the Suru basin, western Himalayas, Jammu and 
Kashmir, a multiparametric study has been carried out involving estimation of 
dimensional (area and length changes) parameters, snowline altitude (SLA)/accu-
mulation area ratio (AAR) and non-climatic factors (debris cover and topographic). 
Satellite data from the Landsat series sensors (MSS/TM/ETM+/OLI) during the 
period 1977–2016 along with the Shuttle Radar Topographic Mission (SRTM) 
Global Digital Elevation Model version-3 (GDEM v-3) constitute the primary data-
sets used. Results indicate towards an overall negative health of the glaciers with 
6.25 ± 0.0012% loss in glacier area and increase in the average retreat rate from 
16 ± 3.4 (1977) to 23 ± 3.4 m/y (2016). This glacier degeneration was accompanied 
by a debris cover increase of ~80% and mean snow line altitude (SLA) upshift of 
116 ± 17 m over the span of 39 years. The observed glacier changes exhibit strong 
correlation with long-term temperature variability (average r2 = 0.481 ± 0.06; maxi-
mum r2  =  0.925), however, sensitivity to precipitation trends (average 
r2 = 0.143 ± 0.07) is not found to be significant. Besides, disparity in glacier response 
can be partly explained by the spatial variability in meteorological parameters, with 
glaciers of the Ladakh Range (LR) shrinking (area loss: 9%) and accumulating 
more debris cover (debris increase: 116%) as compared to those in the Greater 
Himalayan Range (GHR) (6% and 78%, respectively). However, SLA rise was 
more pronounced in the GHR glaciers (average of 141 ± 97 m). The differential 
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behavior of glaciers in both the ranges can be attributed partly to the impact of the 
non-climatic factors such as glacier size, length, maximum elevation and mean 
slope.

18.1  Introduction

Glaciers act sensitively to the climate change and hence their variable response has 
implications on the climatic perturbations and vice versa (Oerlemans 1994). Being 
one of the major freshwater resources, any variation in the glacier parameters as a 
consequence of the climatic warming would directly affect the runoff distribution, 
sea level changes and freshwater availability to the downstream communities 
(Pritchard 2017) that are important for domestic usage, irrigation and hydroelectric 
power production (Bolch et al. 2012; Immerzeel et al. 2010). Glaciers show variable 
response to the climatic warming by change in length (retreat), areal extent (degla-
ciation), annual mass balance (MB), alteration in ice flow velocity (IFV), surface 
elevation change (SEC) (thinning), hydrological parameters (discharge/runoff) or 
change in the extent of glacial lakes (proglacial/moraine-dammed/periglacial/supra-
glacial) (Rabatel et al. 2005; Pandey et al. 2011; Kamp et al. 2011; Sakai 2012; 
Shukla and Qadir 2016). Hence, repeated and continuous monitoring of these gla-
cial parameters is vital to comprehend the glacier response. Also, remote location of 
the Himalayan glaciers, rugged terrain, under-developed road system and harsh cli-
mate makes it difficult to continuously monitor them in the field. Considering these 
issues, remote sensing can be used as a best tool to complement field studies 
spatially.

Glaciological studies concerning the western Himalayas have shown that sizable 
latitudinal variations exist in the glacier response (Scherler et al. 2011; Kääb et al. 
2012), with the glaciers in the Karakoram region exhibiting either advancement or 
stability in last few decades (Hewitt 2005; Kääb et al. 2015; Cogley 2016). In con-
trast to this, glaciers in the Greater Himalayan Range (GHR) have largely degener-
ated, with more than 65% glaciers retreating during 2000–2008 (Scherler et  al. 
2011). However, there are two views regarding the glaciers in the Trans Himalayan 
Range/Ladakh Range (THR/LR), with one view suggesting their affinity either 
towards the Karakoram or the GHR glaciers (Schmidt and Nusser 2017), while the 
other connoting their response in transition between the two (Chudley et al. 2017).

So far, studies pertinent to the glaciers of the GHR have also shown a contrasting 
response to the climate change with their focus either on the dimensional parame-
ters (Pandey et al. 2011; Kamp et al. 2011; Mir and Majeed 2016), mass fluctuations 
(Ghosh and Pandey 2013) or consideration of debris cover to show the differential 
response of the glaciers (Shukla and Qadir 2016). However, multiparametric studies 
of the glaciers on a basin wide scale showing their relation with the variation in 
meteorological (temperature and precipitation data), non-climatic factors are still 
scarce and need to be explored. Therefore, this study is conducted on 15 major gla-
ciers of the Suru basin, western Himalayas, Jammu and Kashmir in order to 
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 understand the sensitivity of the glaciers to the ongoing climatic changes and the 
heterogeneous response of the glaciers due to the non-climatic factors.

18.2  Study Area

This study covers 15 major (>5 km2) glaciers of the Suru basin (Fig. 18.1). The 
basin extends between latitude and longitude range of 33°50′ to 34°40′ N and 
75°40′ to 76°30′E, respectively. Interestingly, this basin cover parts of two main 
ranges, i.e., GHR and LR, with the glaciers G-1 to G-11 lying in the former and the 
G-12 to G-15 in the latter (Fig. 18.1). This demarcation could also be visualized 
from the variation in size and the debris cover extent of the glaciers, with the gla-
ciers present in the GHR to be larger and more debris covered as compared to the 
LR glaciers.

Fig. 18.1 Location map of the study area. 15 major glaciers (G-1 to G-15), situated in the Suru 
basin were studied for their climatic and non-climatic influence during the period 1977–2016. The 
glacier boundaries are demarcated using band combination (SWIR1, NIR, Red) on the Landsat 
ETM+ image with date of acquisition 4 Sep 2000. Suru basin boundary (green outline) encloses the 
glaciers in GHR (yellow outline) and LR (red outline). White boxes (Grid-1, 2, 3 and 4) are the 
Climate Research Unit (CRU)-time series (TS) grids and show the microclimatic variability (dis-
cussed in Sect. 18.5.1) in the basin. Note the percentage distribution of glaciers based on their 
aspect as depicted in the pie chart inset. N-E, N-W and E-W represents the north-east, north-west 
and east-west directions, respectively
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Within the basin, Parkachik (G-6) forms the largest (~53 km2), while G-12 the 
smallest (4.82 km2) glacier. Glaciers G-4, G-8 and G-12 have proglacial lakes at 
their snouts which has implications on the enhanced melting and retreat of these 
glaciers (Sakai 2012). Based on the percentage of glacier area covered by debris, the 
studied glaciers were broadly classified as debris covered (>13%), partially debris 
covered (8–13%) and clean (<8%) glaciers (considering debris cover mapped on the 
Landsat Operational land imager (OLI) imagery of 2016). In this respect, G-5, G-7, 
G-10 and G-12 were characterized as debris covered; G-1, G-2, G-8, G-9 and 
G-11 as partially debris covered and G-3, G-4, G-6, G-13, G-14 and G-15 are clean 
glaciers.

These glaciers contribute their meltwater to the Suru River, which is a tributary 
of the Indus River. The river emerges from Pensilungpa glacier and after flowing for 
nearly 24 kms northward, takes a westward turn from Rangdum. Flowing for about 
54 kms and after crossing the townships of Tangole and Panikhar, it flows further 
north and finally merges with Indus River at Nurla (Negi 2002).

Lying in the western Himalayan region, this basin experiences winter precipita-
tion predominantly as a consequence of Westerlies (Dimri 2013), making the region 
accessible during July, August and September (Kamp et al. 2011). The weather sta-
tion at Leh records an annual precipitation of only 93 mm (Klimes 2003; Archer and 
Fowler 2004) and the mean annual maximum and minimum temperatures being 
23.7 °C in August and −15.6 °C in January, respectively (Singh 1998). Snowfall 
data ranges between 2.05 and 6.84 m at Padum and 7.25–12 m in Durung drung 
glacier valley. The mean maximum temperature fluctuates between 18.23 and 
7.96 °C during summer while mean minimum ranges between 1.32 and −7.8 °C in 
the Durung drung valley (Raina and Koul 2011). Though the meteorological data 
for the adjoining regions were available, the region specific trends are not known. 
Therefore, in order to assess the long term and microclimatic variability within the 
basin, we have used the CRU-TS 4 dataset for past 115 years (1901–2015), which 
will be discussed later in the chapter (Sect. 18.5.1) (Fig. 18.2).

18.3  Datasets and Methods

18.3.1  Datasets Used

Primary dataset utilized in the study involves multi-temporal satellite imageries 
including Landsat series sensors (MSS/TM/ETM+/OLI) for the period 1977–2016 
along with the SRTM GDEM-v3 (Table 18.1).

The pre-requisites i.e., peak ablation months (August/September 1st week), min-
imal snow and cloud cover were taken care off during image acquisition. These 
conditions have assisted in the identification and accurate demarcation of the glacier 
boundaries and in the demarcation of SLA. The SRTM GDEM-v3 was incorporated 
primarily for the extraction of SLA and topographic parameters involving mean 
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slope, maximum elevation, altitudinal range and hypsometry. Besides, long term 
climate data for the duration 1901–2015 was obtained from CRU-TS 4, in which 
station anomalies from 1961 to 1990 were interpolated into 0.5° latitudinal and 
longitudinal grid cells (Harris et al. 2013). It is a gridded climate dataset obtained 
from the monthly meteorological observations done at different meteorological sta-
tions of the World and includes six independent climate variables (mean  temperature, 

Fig. 18.2 Field photographs of the snouts of (a) Pensilungpa glacier, (b) Parkachik glacier, (c) 
Shafat glacier and (d) Chilung glacier, Suru basin, Jammu and Kashmir during the year 2017. The 
photographs depict unique characteristics of their snouts and various depositional features present 
in the glacial environment

Table 18.1 Details of the Landsat series of sensors and other satellite images used along with their 
acquisition date and co-registration error during the study period

Serial 
no.

Satellite 
sensors Product id

Date of 
acquisition

RMSE 
error

Registration 
accuracy

1. MSS LM21590371977213FAK04 1 Aug1977 0.6 48
2. TM LT51480361994239ISP00 27 Aug1994 0.3 9
3. ETM+ LE71480362000248SGS00 4 Sep2000 Base image
4. TM LT51480372011238KHC00 26 Aug2011 0.2 6
5. OLI LC81480362016252LGN00 8 Sep2016 0.15 4.5
6. Sentinel S2A_OPER_MSI_L1C_TL_

MTI
16 Sep2016 0.12 1.2
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diurnal temperature range, precipitation, wet-day frequency, vapour pressure and 
cloud cover). However, in this study only two variables, i.e., (mean annual tempera-
ture and mean annual precipitation) were taken into consideration.

18.3.2  Methodology Adopted

In this study, the satellite images were initially pre-processed and the database thus 
generated was utilized for the extraction of glacier parameters such as area, length, 
SLA, AAR and other non-climatic factors including debris cover, some topographic 
factors such as mean slope, maximum elevation, altitudinal range, aspect, compact-
ness ratio and hypsometry and other factors such as glacier boundary characteristics 
(presence of glacial lake) and glacier size.

In the initial step, the satellite images were co-registered with respect to the base 
image of Landsat ETM+ image at sub-pixel accuracy with the Root Mean Square 
Error (RMSE) to be less than 1 (Table 18.1). The tributary glaciers contributing the 
ice mass to the main trunk were considered as a single glacier entity. The glaciers 
were then mapped manually utilizing varying band combinations Near Infra-red 
(NIR), red, green and Short Wave Infra-red (SWIR), NIR, red. Also, high resolution 
Google Earth™ imagery was referred for the 3-D visualization of the scene under 
study. In addition to this, presence of proglacial lakes at the snout of some of the 
glaciers, emergence of stream, ice wall were also examined for the identification of 
the glacier boundary. Length of individual glacier was measured along the central 
flow line (CFL) drawn from bergschrund to the snout. Snout fluctuations during dif-
ferent time periods were measured using the parallel line method, in which parallel 
strips of 50 m spacing were taken on both sides of the CFL and their average values 
were used to determine the frontal retreat of the glaciers (Shukla and Qadir 2016; 
Garg et al. 2017a, b). Mean SLA was also estimated at the end of the ablation season 
which in turn can be used as a reliable proxy for equilibrium line altitude (ELA) and 
mass balance estimation for the hydrological year (Guo et al. 2014). The maximum 
difference of spectral signature of snow and ice in the SWIR and NIR bands helped 
in delineation of the snow line separating the two facies. Thereafter, in order to yield 
the mean SLA, a buffer of 15 m was created on both sides of the snow line. The 
debris cover boundary was delineated on the previously marked glacier boundary 
using Normalized Difference Snow Index (NDSI). It is an image transformation 
technique, which distinguishes the snow and ice region from the surrounding non- 
glacier features and hence, could be effectively used to separate the debris cover 
polygons from the snow and ice within the glacier boundary.

Aspect is a factor exhibiting the orientation of the glacier and controls the amount 
of solar insolation received by it. The mean aspect is determined based on the direc-
tion of the central flow line of the main trunk of the glacier and was thus, classified 
into 5 major categories, i.e., north, north-east, north-west, east-west and south 
(Fig. 18.1; Table 18.3) in our study. Compactness ratio, which is a measure of the 
ratio of area and perimeter of the glacier body to the ratio of area and perimeter of 
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the circle having the same area as the glacier was also estimated (Allen 1998). Other 
topographic parameters such as hypsometry, mean slope, maximum elevation and 
altitudinal range were extracted with the help of SRTM GDEM v-3. Hypsometry is 
the measure of glacier mass distribution over a range of altitudes. It is largely influ-
enced by Snow line altitude (SLA) because if a large part of glacier has an elevation 
similar to the SLA, a small change in the SLA significantly alters the distribution of 
glacier mass over ACZ and ABZ (Garg et al. 2017a).

These non-climatic factors were subsequently correlated with the change in gla-
cier dimensional parameters, i.e., area change and retreat using some statistical 
tests. In the statistical analysis, the variables were initially tested for normality, 
which involves Shapiro-Wilk’s test (Shapiro and Wilk 1965) and visual inspection 
of the histogram, normal Q-Q plots and box plots. The test revealed normal distribu-
tion for nearly all the variables, however, variables which did not exhibit a normal 
distribution were subsequently log transformed. Thereafter, these parameters were 
regressed with respect to the topographic parameters through a stepwise process. In 
this process, it was observed that with the successive addition of a topographic 
parameter (according to the correlation coefficient (r)), the coefficient of determina-
tion (R2) increased, while root mean square error (RMSE) decreased. Based on this 
analysis, correlation ranks were assigned to the topographic factors in order of their 
influence (Table 18.4) on the area change and retreat (Garg et al. 2017b).

18.3.3  Sources of Errors

The study involves extraction of various glacial parameters utilizing satellite data of 
variable resolutions and specifications. Therefore, estimation of errors and their 
propagation is essential as these glacier parameters are dependent on the quality of 
data used for their derivation. Different levels of error may arise due to variance in 
the remote sensing data such as locational/ positional, pre-processing and process-
ing, data quality and interpretational/conceptual errors (Wu et al. 2014; Shukla and 
Qadir 2016). As a standard procedure of uncertainty estimation, glacier outlines are 
compared directly with the ground truth data such as differential global positioning 
system (DGPS) measurements (Racoviteanu et  al. 2008). However, due to the 
unavailability of the ground control data, high resolution dataset could be used for 
comparing the medium to coarse resolution with the high resolution imagery (Paul 
et al. 2013). In this study, high resolution Sentinel imagery (spatial resolution of 
10 m), was used for validating the glacier mapping results for the year 2016. The 
length and area mapping accuracy for the glacier boundaries delineated during 2016 
was found to be ±6 m and 0.05 km2, respectively. In our study, the locational/posi-
tional or conceptual error may have resulted on account of miss-registration of the 
satellite images or due to the mapping errors, respectively. The locational errors 
were corrected to an extent by estimation of sub-pixel co-registration RMSE (Sect. 
18.3.2). The multi-temporal datasets were assessed for glacier length and area 
change uncertainty as per methods given by Hall et  al. 2003 and Granshaw and 
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Fountain 2006. Following formulations (Hall et al. 2003) were used for estimation 
of the said parameters:

 
Terminusuncertainty UT( ) = + +a b2 2 s

 
(18.1)

where, ‘a’ and ‘b’ are the pixel resolution of image 1 and 2, respectively and ‘σ’ is 
the registration error. The terminus and areal uncertainty estimated are given in 
Table 18.2.

 
Area change uncertainty UA( ) = *2UT x

 
(18.2)

where, ‘x’ is the spatial resolution of the sensor.
In the buffer method of estimating the area mapping uncertainty, a buffer size 

equal the registration error of the satellite image was taken into consideration 
(Granshaw and Fountain 2006; Bolch et al. 2012; Garg et al. 2017a, b) and the error 
was estimated to be 2.08, 7, 4.57 and 3.41 km2 for the 1977 (MSS), 1994 (TM), 
2011 (TM) and 2016 (OLI) imageries. Since the debris extents were delineated 
within the respective glacier boundaries, the proportionate errors are likely to have 
propagated in debris cover estimations which were estimated accordingly (Garg 
et al. 2017b).

Uncertainty in SLA estimation was done in X, Y and Z directions. In this context, 
error in X and Y direction should equal to the distance taken for creating the buffer 
on either side of the snow line demarcating the snow and ice facies. Since, the buffer 
size was taken to be 15 m in this study, therefore, error in X and Y direction was 
considered as ±15 m. However, uncertainty in Z direction would be similar to the 
SRTM GDEM-v3, i.e., ±17 m (Garg et al. 2017b).

Table 18.2 Terminus and Area change uncertainty associated with satellite dataset as defined by 
Hall et al. 2003

Serial no. Satellite sensor

Terminus  
uncertainty  

UT = + +a b2 2 s

Area change 
uncertainty UA = 2 
UT ∗ x

1. Landsat MSS 133.44 m 0.02 km2

2. Landsat TM 51.42 m 0.003 km2

3. Landsat ETM+ 48.43 m 0.002 km2

4. Landsat OLI 46.92 m 0.002 km2

UT terminus uncertainty, UA area change uncertainty, x spatial resolution, σ registration accuracy
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18.4  Results

This study involved investigation of glacier (area, length changes, SLA and debris 
cover) parameters in detail in order to assess the sensitivity of the glaciers to the 
ongoing climatic perturbations.

18.4.1  Area Changes

Results reveal the area change of 15 major glaciers from 288.13 ± 18.78 km2 (1977) 
to 270.12 ± 1.49 km2 (2016), exhibiting a significant loss of 18 ± 0.02 km2 during 
the period 1977–2016. To assess the variability of glacier area loss on decadal scale, 
the total time period was sub-divided into four time frames, i.e., 1977–1994 
(16  years), 1994–2000 (6  years), 2000–2011 (11  years), 2011–2016 (5  years). 
Results show the highest pace of deglaciation during 2000–2011 (8.37 ± 3.5 km2) 
followed by 1977–1994 (6.79 ± 18.78 km2) and a significantly lower deglaciation 
during 1994–2000 (1.43 ± 3.5 km2) and 2011–2016 (1.41 ± 2.28 km2).

The loss in individual glacier area varied from 0.10  ±  1.67  km2 (G-6) to 
4.39 ± 2.43 km2 (G-4) during the period 1977–2016. In contrast to the area loss, 
glacier G-6 have also gained mass (0.07 km2) during 1994–2011 (Fig. 18.3).

18.4.2  Length Changes

Results show that all the studied glaciers have retreated during the entire study 
period, i.e., 1977–2016, however, with a heterogeneous rate varying from 
31.9 ± 3.4 m/y (G-4) to 3.13 ± 3.4 m/y (G-6). Besides, phases of advancement are 
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Fig. 18.3 Annual area changes (km2) of glaciers in the study area during the period 1977–2016
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also observed in glaciers G-6 during 1994–2000 (14.05 ± 8.6 m/y) and 2000–2011 
(0.6 ± 4.4 m/y). Decadal observations show highest rate of retreat during 2011–
2016 (22.85 ± 9.4 m/y), with the maximum and minimum rates shown by glaciers 
48.28 ± 9.4 m/y (G-4) and 5.9 ± 9.4 m/y (G-1), respectively. Relatively lower rate 
of retreat is observed during 1977–1994 (16.13 ± 8.3 m/y), followed by 2000–2011 
(13.82 ± 4.4) and 1994–2000 (12 ± 8.4 m/y) (Fig. 18.4).

18.4.3  SLA and AAR

Temporal variations in SLA during the study period 1977–2016 show an average 
increase by 116 ± 17 m. However, this rise in SLA varies from 18 to 333 m for the 
glaciers G-10 and G-6, respectively. In contrast, a decrease in the SLA by 44 m is 
observed in G-13. Although a significant increase in SLA is seen in the glaciers dur-
ing the time interval of 39  years, a considerable fluctuation is observed on the 
decadal scale. A notably higher average upward shift of SLA is observed during 
1994–2000 (263 m), followed by 1977–1994 (80 m). However, SLA has shown a 
decrease of 197  m and 29  m during 2000–2011 and 2011–2016, respectively 
(Fig. 18.5a).

Further, the derived SLAs were also used for estimating the AAR of the studied 
glaciers for respective years. An overall trend in the AAR values during the period 
1977–2016 reveals an average increase of 0.09. The average values of AAR of the 
glaciers initially decreased from 0.59  in 1977 to 0.25  in 2000 and subsequently 
increased to 0.67 in 2016 (Fig. 18.5b).
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Fig. 18.4 Period wise (1977–1994, 1994–2000, 2000–2011 and 2011–2016) retreat (m) of the 
glaciers in the study area. Note the advancement shown by the Parkachik glacier (G-6) during 
1994–2000 and 2000–2011
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18.4.4  Debris Cover

Results reveal an overall increase in the debris cover extent by 80% during the 
period 1977–2016. Decadal variation for four different time frames, i.e., 1977–1994 
(16 years), 1994–2000 (6 years), 2000–2011 (11 years), 2011–2016 (5 years) reveal 
maximum increase of debris cover by 19% during 2011–2016 followed by an 
increase of 17%, 15% and 12% during 1977–1994, 1994–2000 and 2000–2011, 
respectively. (Fig. 18.6).

18.5  Discussion

Present study involving the multi-parametric approach of assessing the glacier sta-
tus suggests collective deterioration in the health of the major glaciers in the Suru 
basin during the period 1977–2016. However, these glacier parameters show wide 
variance in their rate of change when considered for a particular time frame. 
Therefore, differential behavior of the glaciers in the basin during different time 
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Fig. 18.5 Snow line altitude (SLA) (m) and accumulation area ratio (AAR) variations of studied 
glaciers during the period 1977–2016. (a) Changes in SLA from 1977 to 2016. Note the upward 
shift of SLA during the period 1977–2000 and a decrease thereafter. The error bars reflect the 
elevation range of individual glacier snowlines. (b) Annual variation in AARs of the glaciers from 
1977 to 2016. Note the lowest AAR values in 2000
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periods have been discussed in detail in the following section in order to understand 
the influence of climatic and non-climatic factors on the same.

18.5.1  Climatic Variability in the Region

Station interpolated data obtained from CRU-TS 4 shows long term fluctuation in 
the temperature and precipitation records during the period 1901–2015, with the 
mean annual temperature and precipitation anomaly varying from −1.43 to 1.64 °C 
and − 1.75 to 2.80 mm/day, respectively. The temperature anomaly pattern for the 
entire Suru basin shows an initial decreasing trend till 1937 followed by an increase 
to the maximum in 1941, decreasing thereafter till 1997 and finally tend to increase 
continuously till 2015. However, precipitation anomaly shows a near negative trend 
till 1955, with a minimum in 1946 and finally attaining a positive trend reaching a 
maximum in 2015.

Apart from these generalized climatic variations, grid-wise analysis of the mete-
orological parameters reveals existence of local climate variability within the basin, 
which could be manifested in the differential response of the glaciers. Observations 
show that the glaciers covered in grid 2 have been experiencing a warmer climatic 
regime with the maximum annual mean temperature of 1.39 °C as compared to the 
other glaciers in the region (grid 4 = 0.72 °C, grid 1 = 0.63 °C, grid 3 = 0.44 °C). 
Spatial variability in precipitation data shows that the grid 2 received the maximum 
mean rainfall amounting to 37.39 mm/day followed by grid 1 (36.83 mm/day), grid 
4 (31.95 mm/day) and minimum in grid 3 (31.06 mm/day). These observations sug-
gest that local climatic variability does exist in the basin for the entire duration of 
115 years, with the mean temperature and precipitation data showing that the GHR 
glaciers (2.02 °C/74.22 mm/day) experiencing a warmer and wetter climate as com-
pared to the LR glaciers (1.17 °C/63.02 mm/day).
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Fig. 18.6 Debris cover (DC) area (km2) of the studied glaciers during the period 1977–2016
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In this study, some correlations have been discussed in detail (Sect. 18.5.2) 
between the glacier parameters (area/length/SLA and debris cover) and mean annual 
temperature and precipitation of a particular year in order to understand the influ-
ence of these climatic factors on the response of each glacier. Due to the unavail-
ability of meteorological data for 2016, these climatic relations have been derived 
for 4 years only (1977, 1994, 2000 and 2011) (Fig. 18.7).

Fig. 18.7 CRU-TS 4 temperature (°C) and precipitation (mm/day) anomalies recorded for the 
period 1901–2015 showing long term variability in the micro-climatic data. (a), (b), (c) and (d) are 
the temperature and precipitation anomalies for grid 1, 2, 3 and 4 respectively
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18.5.2  Sensitivity of the Glaciers to Climate Change

Results show an overall deglaciation of ~6.25% (i.e., 18 ± 0.02 km2) during the 
period 1977–2016. This estimate is significantly less when compared to other stud-
ies carried out in the western Himalayas such as Shukla and Qadir 2016, who report 
a deglaciation of 15% during the period 1977–2013, while Pandey et al. 2011 report 
an area loss of 18% in glaciers of Zanskar valley between 1962 and 2001. Decadal 
observations of area loss show that in the entire time duration of 39 years, nearly 
47% area loss occurred during 2000–2011, followed by 37% loss during 1977–
1994. These results differed from the study conducted on glaciers of Zanskar region 
which report a maximum area loss during 1992–2000 (Shukla and Qadir 2016). 
However, our results were synchronous with the meteorological data that show 
maximum mean annual temperature and minimum mean annual precipitation 
(1.55 °C and 31.84 mm/day, respectively) during the period of maximum area loss, 
i.e., 2000–2011. In this study, glaciers in the GHR (G-1 to G-11) constitute 73% of 
the investigated glaciers and cover an area of ~262 km2, with G-6 covering maxi-
mum area of 53.39 km2 as compared to just 26 km2 occupied by LR glaciers, with 
G-14 covering maximum area of 7.76  km2 in 1977. However, the results reveal 
greater area loss of the LR (9%) glaciers as compared to the ones in GHR (6%). 
These results were compatible with that of Bhambri et al. 2011; Basnett et al. 2013, 
who report that the smaller glaciers usually experience greater deglaciation. Also, 
glacier area of LR shows good negative correlation with the average temperature 
(r2 = 0.488 to 0.596) as compared to the GHR glaciers (r2 = 0.257 to 0.582), with 
G-6 exhibiting a fair positive correlation (r2 = 0.222). In contrast, glaciers in LR 
(r2 = 0.029 to 0.295) and GHR (r2 = 0.017 to 0.855) show no significant correlation 
with precipitation. It means that temperature has a stronger control over the area 
shrinkage of glaciers in the region (Fig. 18.8). A significantly higher area loss was 
noted in G-5: Shafat (4.39 ± 2.43 km2) in contrast to other debris covered glaciers. 
This could also be the reason for the disintegration of Shafat into two, i.e., Shafat-1 
& Shafat-2 after 2000 (Fig. 18.9b).

Monitoring the glacier recession for the study period 1977–2016 shows an aver-
age rate of 16 ± 3.4 m/y. However, decadal variations show the highest rate of retreat 
of 23 ± 9.4 m/y during 2011–2016, which is consistent with Shukla and Qadir 2016, 
who report a retreat rate of 16 m/y during 2009–2013. Glaciers in LR and GHR also 
show variability in terms of retreat, with the glaciers in the former retreating more 
(14%) as compared to the latter (8%). These results show that the glaciers in the LR 
have degenerated more irrespective of their smaller average length (4 km) as com-
pared to the GHR (8.3 km). Moreover, length of the glaciers in LR show good nega-
tive correlation with the average temperature (r2 = 0.458 to 0.838), as compared to 
the GHR (r2 = 0.238 to 0.543) glaciers, except G-6, which display a positive correla-
tion (r2 = 0.260) (Fig. 18.10). In contrast, glaciers in LR (r2 = 0.003 to 0.157) and 
GHR (r2 = 0.002 to 0.838) show no significant correlation with precipitation. This 
means that temperature has a strong control over the length changes of the glaciers 
in the LR glaciers. An anomalous advancement was seen in Parkachik glacier (G-6) 
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for a period 1994–2011, similar to the results reported by Kamp et al. 2011 during 
the period 1990–2003 who have attributed it to be due to the high altitudinal range 
of the glacier. Detailed investigation of the debris covered, partially debris covered 
and comparatively clean glaciers show the average rate of retreat was significantly 
high for debris covered glaciers (23  ±  3.4  m/y) followed by clean glaciers 
(15 ± 3.4 m/y) and partially debris covered glaciers (12 ± 3.4 m/y) during the period 
1977–2016. These results are not in line with the previous studies which have 
obtained a higher retreat of clean glaciers as compared to the debris covered ones. 
However, the probable reason of such contradictory results could be the presence of 
patchy debris cover which was not thick enough to have an insulating effect of the 
glacier snout.

Fig. 18.8 Scatter plots displaying the relation between mean annual temperature and glacier area 
during the period 1977–2016. (a–o) represents the relation between glacier area (G-1 to G-15) 
during four different years (1977, 1994, 2000 and 2011) and the mean temperature of the particular 
grid in which that glacier lie. All the relationships were found to be significant at 90% confidence 
level, i.e., α = 0.1
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Besides, the higher retreat of G-12 and G-8, which are debris and partially debris 
covered glaciers, respectively, is probably due to the presence of a proglacial lake at 
their snout. This inference is well in agreement with the fact that the glacial lakes 
(supraglacial or proglacial) associated with the debris covered glaciers can signifi-
cantly alter its response inducing considerable changes in the enhancement of the 
ablation mechanism (Basnett et al. 2013).

Debris cover on the glaciers increased by 80% during the study period, with the 
highest increase noted during 2011–2016. The increment in the debris cover during 
the study period is accompanied with the overall degeneration (area 
loss:18 ± 0.02 km2, retreat rate:16 ± 3.4 m/y) of the glaciers during the same period. 
The pronounced degeneration might lead to the melting of the glaciers which con-
sequently may increase the debris cover over the glaciers as documented in many 
parts of the world (Bolch et al. 2008; Shukla et al. 2009; Schmidt and Nusser 2009). 
However, differential accumulation of debris over was seen in the LR and GHR 
regions, with 116% increase in the former and 78% in the latter during the period 
1977–2016. Also, debris cover extent of the LR glaciers shows a good positive cor-
relation (r2 = 0.479 to 0.713) with the mean temperatureas compared to the GHR 
(r2 = 0.325 to 0.850) in the respective year (Fig. 18.11). However, precipitation does 
not show a significant relation with LR (r2 = 0.004 to 0.037) and GHR (r2 = 0.008 to 
0.220) glaciers. This shows that temperature fluctuations in the basin had a direct 
and strong control over the increase in the debris cover on the glaciers.

Temporal and spatial variations in SLAs are an indicator of ELAs which in turn 
can be used as a reliable proxy for mass balance (Kulkarni et al. 2004; Hanshaw and 
Bookhagen 2014). SLA is a dynamic parameter which changes frequently and 
depends on the prevailing temperature and precipitation received during a particular 
year. In our analysis, it is found that all the glaciers except G-13 experienced a 
steady increase in SLA values during the period 1977–2016, with an overall upward 

Fig. 18.9 Satellite imageries depicting the fragmentation of glacier G-5. (a) The united boundary 
of glacier G5 in 2000 (ETM+ image), while (b) The fragmented boundaries of the glacier G-5 into 
Shafat-1 and Shafat-2 in 2016 (OLI image)

A. Shukla et al.



367

movement of SLA during 1977–2000 and a decrease thereafter. Also, in our results, 
we find a good positive correlation of mean SLA of the glaciers during 4 different 
time periods (1977, 1994, 2000 and 2011) with the mean temperature changes in the 
basin during the respective time periods. Considering these, it appears that a general 
rise in SLA can be attributed to regional climatic warming while that of individual 
SLA variation in glaciers may be related to their unique topography (Shukla and 
Qadir 2016). These results are also in agreement with the fact that the glacier mass 
fluctuations give an immediate response to the climatic changes. SLA rise in the 

Fig. 18.10 Scatter plots displaying the relation between mean annual temperature and glacier 
length during the period 1977–2016. (a–o) represents the relation between glacier area (G-1 to 
G-15) during four different years (1977, 1994, 2000 and 2011) and the mean temperature of the 
particular grid in which that glacier lie. All the relationships were found to be significant at 90% 
confidence level, i.e., α = 0.1

18 Sensitivity of Glaciers in Part of the Suru Basin, Western Himalaya to Ongoing…



368

glaciers of GHR and LR shows discrepancy spatially and temporally, with a greater 
upward shift observed in GHR (141.8 ± 97 m) as compared to the LR (44.8 ± 67 m) 
glaciers. However, SLA of the GHR glaciers shows good positive correlation with 
the mean temperature (r2 = 0.207 to 0.835) as compared to the LR (r2 = 0.095 to 
0.70) in the respective year (Fig.  18.12). On the contrary, precipitation does not 
show a significant relation with LR (r2 = 0.214 to 0.119) and GHR (r2 = 0.566 to 
0.021) glaciers. This shows that temperature fluctuations in the basin had a direct 
control over the SLA increase of the GHR glaciers.

Fig. 18.11 Scatter plots displaying the relation between mean annual temperature and debris 
cover of the glaciers during the period 1977–2016. (a–o) represents the relation between debris 
cover of glaciers (G-1 to G-15) during four different years (1977, 1994, 2000 and 2011) and the 
mean temperature of the particular grid in which that glacier lie. All the relationships were found 
to be significant at 90% confidence level, i.e., α = 0.1
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Results of AAR change during the period 1977–2016 shows that the glaciers 
have suffered maximum loss during 1977–2000 with a gain thereafter (2000–2016). 
AAR variations also show strong negative correlation with mean temperature in the 
GHR (r2 = 0.003 to 0.925) and in LR (r2 = 0.007 to 0.84) glaciers. However, its cor-
relation with precipitation was not so significant in GHR (r2 = 0.007 to 0.85) and LR 
(r2 = 0.007 to 0.027).

Characterized by the contrasting climatic regimes, the glaciers of GHR and LR 
exhibit a differential response, with the LR glaciers shrinking at a greater pace and 
accumulating more debris cover as compared to the GHR glaciers. However, a 

Fig. 18.12 Scatter plots displaying the relation between mean annual temperature and mean SLA 
of studied glaciers during the period 1977–2016. (a–o) represents the relation between SLA of 
glaciers (G-1 to G-15) during four different years (1977, 1994, 2000 and 2011) and the mean tem-
perature in the particular grid in which that glacier lie. All the relationships were found to be sig-
nificant at 90% confidence level, i.e., α = 0.1
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greater rise in SLA was seen in GHR glaciers than their counterparts. In future stud-
ies, more glaciers would be considered in LR in order to have a clear understanding 
of the differential response of the glaciers to the ongoing climate perturbations in 
the two contrasting regions considered in this study.

18.5.3  Influence of Non-climatic Factors

Glaciers under study have shown wide variance temporally as a consequence of 
ongoing climatic fluctuations (Sect. 18.5.2). However, the spatial variation and 
uniqueness in response of the individual glaciers mandate the investigation of non- 
climatic factors, i.e., debris cover, topographic and other snout characteristics as 
well, in order to understand their influence on glacier response. In this regard, debris 
cover, compactness ratio, maximum elevation, altitudinal range, glacier hypsome-
try, mean slope, aspect, glacier size and other snout characteristics (presence of 
glacial lakes) were studied in detail to understand their correlation with the glacier 
parameters, i.e., deglaciation and retreat (Figs. 18.13 and 18.14). These correlations 
show the presence of few outliers (not removed in this study) as could be seen in 
Fig. 18.13a. In this correlation graph between glacier size (km2) and absolute area 
change G-4, G-5 and G-6 are the outliers. The possible reason for G-4 to be one of 
the outliers in this case is the presence of an MDL at its snout which has led to an 
abrupt increase in the area loss of the glacier. On the other hand, G-6 is the largest 
glacier of the Suru-basin, yet has undergone less area loss probably due to the high 
altitudinal range (3578–6115 m) and northerly aspect of the glacier. This causes its 
response to deviate from the general trend of area loss. We also observe that after 
removing these outliers, the correlation improved from r2  =  0.407 to r2  =  0.878 
(Fig. 18.13a).

In our observation, it is found that glacier size, both in terms of length and area 
plays a dominant role influencing the response of glaciers. Glacier length shows a 
fair negative correlation with deglaciation (r = −0.492) and retreat rate (r = −0.366) 
of the glaciers (Table 18.4), which suggests that smaller glaciers have undergone 
more deglaciation and retreat as compared to the larger ones. Also, glacier size 
(km2) has a fair positive correlation with absolute area change (r = 0.661), while a 
negative correlation with the percentage area loss (r = −0.512). Contrary to this, 
glacier size (r  =  0.268) and percentage length change (r  = −0.334) reflected no 
direct correlation with retreat rate (Table 18.4). This indicates that the large sized (in 
terms of area) glaciers lose more area, however, undergo a lesser amount of percent-
age area loss simultaneously. This relationship is similar to the one obtained from 
central Himalayas (Garg et al. 2017b).

Maximum elevation of the glaciers in this region also influences their response 
to a larger extent. It shows a fair negative correlation with deglaciation (r = −0.464) 
and no significant relation with the retreat (r = −0.006). These observations show 
that the glaciers which extend to a higher elevation undergo less deglaciation and 
retreat as compared to the one located at lower elevation. This is so because at 
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higher elevations, glaciers are more likely to receive more precipitation in form of 
snow and have lower air temperature simultaneously. This inference is in line with 
Bhambri et al. 2011 and Pandey and Venkataraman 2013, who found similar nega-
tive association of elevation range with the glacier area changes in the central and 
western Himalaya, respectively. A significant positive correlation is also found 
between mean slope and the deglaciation (r = 0.372) and with retreat rate (r = 0.330). 

Fig. 18.13 Scatter plots displaying the relation between topographic factors with deglaciation 
during the period 1977–2016. All the relationships were found to be significant at 90% confidence 
level, i.e., α = 0.1. Note the presence of outliers depicted in (a)
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This analysis clearly suggests that the glaciers having steeper slope retreat and loose 
area at a faster pace than those having relatively gentle slopes. Glacier hypsometry 
is the measure of its mass distribution over a range of altitudes. Depending upon the 
geometry of the glaciers, even a slight shift in the position of the SLA could result 
into marked alteration in the accumulation or ablation if a large portion lies at an 
elevation similar to the SLA.  In this study, a good positive correlation is found 
between glacier area at SLA and retreat (r = 0.514) and low correlation with the area 
loss (r = 0.141). It is also found that larger glacier have more area at SLA (31%) as 
compared to the medium (25%) and small (28%) sized glaciers. The higher average 
retreat of larger glaciers (20 ± 3.4 m/y) may possibly be due to their larger area simi-
lar to SLA. Further, considering the aspect of the glaciers, it is quite peculiar that 
there are very few south trending glaciers in the basin while the field observations 
reveal existence of many south trending deglaciated valleys (Fig. 18.1). Poor repre-
sentation of glaciers with all the aspects precluded a proper investigation of their 
control on present glacier response. Results show that the maximum length and area 

Fig. 18.14 Scatter plots displaying the relation between topographic factors with retreat during 
the period 1977–2016. All the relationships were found to be significant at 90% confidence level, 
i.e., α = 0.1
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loss was experienced by north trending glaciers followed by north-east and east fac-
ing glaciers. For these reasons, aspect ranks low amongst the non-climatic factor 
with regard to its impact of glacier response in this region (Table 18.3). The com-
pactness ratio shows a positive correlation with area loss (r = 0.197) and a negative 
correlation with the retreat (r = −0.313) (Table 18.4). The positive correlation indi-
cates that more the compactness of the glacier, more will be its deglaciation. 
However, it does not show a clear relationship with retreat of the glaciers as they 
mainly involve frontal changes while compactness ratio is a factor which is defined 
by the entire geometry of the glaciers.

Likewise, the formation and subsequent enlargement of glacial ponds/lakes over 
or at the snout of the glaciers is known to contribute considerably to rapid wasting 
and increasing ablation (Sakai and Fujita 2010; Benn et  al. 2012). Thus, unique 
snout characteristics also contribute to the differential behavior of glaciers in the 
study area. As per our results, relatively higher retreat rates are observed for glaciers 
G-4 (Dulung) followed by G-10, G-5 (Shafat) and G-2 (Lalung). Dulung glacier, 
although a debris free glacier, shows the highest retreat rates. Also, a moraine- 
dammed lake (MDL) is situated at the snout of Dulung and has continuously 
increased its size from 0.15  km2 in 1977 to 0.56  km2 in 2016. This significant 
increase in the size of MDL has possibly influenced the enhanced retreat rate of the 
glacier. These results are in agreement with the previous research works emphasiz-
ing on the fact that the presence of a proglacial lake at the snout of the glacier 
 significantly enhances the rate of retreat by increasing the calving processes (Sakai 
2012; Basnett et al. 2013).

Table 18.3 Glacier area (km2) and retreat rate (m/y) of the glaciers during the period 1977–2016 
and topographic parameters such as area at mean SLA (%), altitudinal ranges (m asl), mean slope 
(°) and aspect of the studied glaciers

Glaciers
Glacier area 
(km2) 1977–2016

Retreat rate 
(m/y) 1977–2016

Area at 
mean SLA 
(%)

Altitudinal 
range (m asl)

Mean 
slope (°) Aspect

G1 0.77 ± 1.36 7 ± 3.4 68 5949–4670 13.32 NE
G2 2.52 ± 3.31 23.43 ± 3.4 45 6301–4228 17.34 NE
G3 1.06 ± 0.83 13.13 ± 3.4 40 5869–4504 18.26 NE
G4 2.21 ± 1.24 31.97 ± 3.4 38 5818–4456 17.21 E
G5 4.39 ± 2.43 25.68 ± 3.4 47 6747–4116 23.05 NE
G6 0.10 ± 1.67 3.13 ± 3.4 37 6115–3578 16.93 N
G7 0.60 ± 0.49 21.9 ± 3.4 38 5629–4254 22.39 NE
G8 1.22 ± 0.81 10.55 ± 3.4 43 5717–4059 16.56 NW
G9 0.42 ± 0.57 7.06 ± 3.4 40 5624–4273 15.58 S
G10 1.81 ± 2.39 29.38 ± 3.4 51 5896–3859 16.49 N
G11 0.59 ± 0.69 11.51 ± 3.4 39 5730–4593 15.30 S
G12 0.49 ± 0.50 16.12 ± 3.4 56 5839–4653 22.08 N
G13 0.66 ± 0.62 17.76 ± 3.4 38 5784–4972 15.77 N
G14 0.85 ± 0.58 14.79 ± 3.4 41 5996–4843 20.62 N
G15 0.33 ± 0.49 10.98 ± 3.4 28 5590–4864 14.33 N
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In order to understand the degree of influence of each factor on deglaciation and 
retreat we have tried to arrange these factors in order of their influence (Table 18.4). 
These ranks have been assigned on the basis of preliminary analysis of the individ-
ual correlations of the non-climatic factors with glacier response followed by a thor-
ough step-wise multi-variate analysis to gauge their cumulative influence on glacier 
changes.

18.6  Conclusions

This study monitored the status of 15 major glaciers of the Suru basin, western 
Himalayas, Jammu and Kashmir and evaluated the changes in different glacier 
parameters with respect to the variability in the climatic and non-climatic factors 
over the time period 1977–2016. The major inferences drawn from the study 
involves:

 1. Trends apparent from the long-term meteorological records show recent increase 
in temperature (after 1997) and precipitation (after 1946) in the study area. 
However, the spatial variability of climate parameters reveals a progressively 
warmer and wetter climatic regime for glaciers hosted in the GHR as compared 
to the LR.

Table 18.4 Correlation coefficient (r) and coefficient of determinations (r2) computed between 
various topographic factors and glacier changes

Influential Factors
Area loss (%) Order of 

influence
Retreat rate (m /y) Order of 

influencer r2 r r2

Glacier size (km2) 0.637 (area 
loss in 
km2)

0.407 (area 
loss in 
km2)

8 0.268 0.072 6

Glacier size (%) −0.398 0.159 – –
Glacier length (km) −0.492 0.242 7 −0.366 0.134 8
Compactness ratio 
(full glacier)

0.179 0.032 3 −0.304 0.093 1

Altitudinal range (m) −0.383 0.147 4 0.045 0.002 3
Maximum elevation 
(m asl)

−0.349 0.122 6 −0.109 0.011 5

Mean slope (°) 0.266 0.071 5 0.574 0.109 7
Glacier area at SLA 
(%)

0.141 0.020 2 0.514 0.264 2

Aspect 1 0.109 0.012 4

These relationship were found to be significant at 90% confidence level i.e. α =0.1
Order of influence (9) has the highest and (1) has least influence of topographic factors on changes 
in glacier parameters
ACZ accumulation zone, SLA snowline altitude, AAR area accumulation ratio, GA glacier area
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 2. The differential climate regimen characterizing the GHR and LR also influences 
the glacier behavior in these regions. The glaciers in the LR are smaller in size 
(~5 to 8 km2) and cleaner (average debris: ~10.13%) as compared to their GHR 
(size:~8 to 53  km2 and maximum debris: ~19%)counterparts. It has been 
observed that LR glaciers have been shrinking faster (area loss: 9%) and accu-
mulating more debris cover (debris increase: 116%) as compared to the GHR 
glaciers (6% and 78%, respectively). The GHR glaciers have, however, experi-
enced greater rise in SLA (141  ±  97  m) in comparison to the LR ones 
(44.8 ± 67 m).

 3. Apart from the long-term and local climate variability, the heterogeneous glacier 
response is also governed by the non-climatic factors. Analysis reveals that the 
glacier size, length, maximum elevation, slope and altitudinal range are impor-
tant non-climatic factors controlling glacier area change. The retreat of the stud-
ied glaciers is majorly influenced by glacier length, size, slope, maximum 
elevation and aspect.
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Chapter 19
Glacio-Hydrological Degree-Day Model 
(GDM) Useful for the Himalayan River 
Basins

Rijan Bhakta Kayastha and Rakesh Kayastha

Abstract This chapter describes a Glacio-hydrological Degree-day Model (GDM) 
which uses degree-day factors for estimating snow and ice melt that calculates total 
discharge from a river. It is a physically based gridded glacio-hydrological model 
which is useful for the Himalayan river basins. The GDM is successfully used in the 
Marsyangdi River basin (MRB) and Trishuli River basin (TRB). The model is first 
calibrated and validated by using observed discharge over the period of 2004–2014. 
A long-term continuous simulation is then carried out for 2020–2100 in both basins. 
Results show that the model simulations are good. The Nash-Sutcliffe Efficiency 
(NSE) are 0.79 and 0.83 for the period of 2004–2007 in MRB and from 2007 to 
2010 in TRB, respectively during the calibration period and 0.81 and 0.76, for the 
period of 2008–2010  in MRB and from 2011 to 2014  in TRB, respectively. The 
snow melt and ice melt contributions to total discharge in MRB are 15% and 13%, 
respectively whereas 12% and 16% in TRB for the calibration period. The 
Representative Concentration Pathways (RCPs) 4.5 W m−2 scenario for the period 
of 2020–2100 shows an average increase of simulated discharge by 1.43 m3 s−1 per 
year and 0.25 m3 s−1 per year for MRB and TRB, respectively. Similarly, in RCP 8.5 
the discharge increases by 0.71 m3/s per year and 0.94 m3 s−1 per year in MRB and 
TRB, respectively. The model can be used as a promising tool for the study of 
hydrological system dynamics and potential impacts of climate change on the 
Himalayan river basins.
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19.1  Introduction

The Himalayas with a length of 2400 km are inhabited by 52.7 million people and 
are spread across five countries: Bhutan, China, India, Nepal and Pakistan (Apollo 
2017). Some of the world’s major rivers, the Indus, the Ganges and the Brahmaputra, 
rise in the Himalayas, and their combined drainage basin is home to roughly 700 
million people. The Himalayas together with Tibetan Plateau have a profound effect 
on the climate of the region, helping to keep the monsoon rains on the Indian plain 
and limiting rainfall on the Tibetan Plateau. The Himalayan range encompasses 
about 15,000 glaciers, which store about 12,000 km3 of fresh water (IPCC 2007). 
Furthermore, the Himalayan river system is supplying water resources for more 
than 700 million people for their drinking, irrigation, navigation, industrial and 
hydropower uses which is ever increasing due to increase in economic activities in 
the region (Eriksson et al. 2009). The hydrology of the Himalayan region is attract-
ing attention of more scientists and general public mainly because of contribution of 
snow and ice melt in the discharge of perennial rivers of the Himalayas in the chang-
ing climate scenarios and its behavior in future. More than 65% of monsoon influ-
ence glaciers are retreating (Scherler et al. 2011), regional variation on mass balance 
of Himalayan glaciers is reported and is less negative after 2000 than the average 
global mass loss till 2000 (Azam et al. 2018; Brun et al. 2018). Many authors have 
suggested that shrinking of glaciers in response to climate change might change the 
hydrological regime in these regions (Bolch et al. 2012; Kääb et al. 2012; Immerzeel 
et al. 2012). Decrease in glacier volume and area tends to influence the intensity of 
the seasons and the inter-annual variation on runoff (Juen et al. 2007). Glacier melt 
contribution is projected to increase until 2050 and then decrease on sub-basins 
(Immerzeel et al. 2013) and regionally, it is expected to increase discharge till 2050 
and then decrease (Lutz et al. 2016). In western Himalaya, glacier melt contribution 
on runoff is projected to increase by 16–50% with 1–3 °C increase in temperature 
(Singh and Kumar 1997; Tahir et al. 2011; Sam et al. 2016).

The variation in discharge and contribution of hydrological components such as 
snow melt, ice melt, ground water and rain to total discharge in many rivers are still 
not well understood due to glacier and snow melts complexities in the high moun-
tains. Therefore, many studies have carried out in the recent past in order to know 
the exact hydrologic regime of the Himalayan river systems. A study by Alford and 
Armstrong (2010) indicated that in Nepal the glacier contribution to sub-basin 
stream flow varies from approximately 20% in the Budhi Gandaki basin to approxi-
mately 2% in the Likhu Khola basin, averaging approximately 10% across nine 
basins. This discharge volume represents approximately 4% of the total mean 
annual estimated volume of 200,000 million cubic meters for the rivers flowing out 
of Nepal.
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19.1.1  Glacio-Hydrological Modeling

Glacio-hydrological models are used because they can be tailored to fit the charac-
teristics of available data. Many studies are carried out in the region using simple to 
complex glacio-hydrological modelling approaches to fill the large data gaps preva-
lent in the Himalayan basins. Generally, two melt modelling approaches: energy 
balance and temperature index model are widely used in most part of the world 
today in order to calculate discharge of glacierized river basins. The energy balance 
approach which explicitly models melt as residual in the surface energy balance 
equation by accounting sums of energy fluxes within the atmosphere and glacier 
boundary (Reid and Brock 2010) and temperature-index-model which derives melt 
from empirical relationship between air temperatures and melt rates (Braithwaite 
1995; Hock 2003). Although the energy balance approach best describes melt totals 
(Hock 1999, 2003), this approach is not always feasible for Himalayan glaciers that 
are located in remote places and input data availability is a major constraint in these 
regions (Kayastha et al. 2000). A number of studies have used temperature index 
models in data daunted Himalayan basins (Takeuchi et  al. 1996; Kayastha et  al. 
2000, 2005) to estimate river discharge at different temporal scales due to four main 
reasons: (1) wide availability of air temperature data; (2) relatively easy interpola-
tion and forecasting possibilities of air temperature; (3) generally good model per-
formance despite their simplicity; and (4) computational simplicity (Hock 2003). 
Several studies on the other hand have modified the simple temperature index model 
by incorporating different parameters such as albedo, shortwave radiation and melt 
factors to improve model performance (Cazorzi and Dalla Fontana 1996; Hock 1999).

Fukushima et al. (1991) used a conceptual runoff model called HYCYMODEL 
in the Langtang River basin to estimate streamflow change by global warming. 
Braun and Renner (1992) used the conceptual precipitation-runoff model in the 
same basin for better understanding of hydrological processes and efficient plan-
ning and operation of water resources. Similarly, Rana et al. (1996) used the same 
HYCYMODEL and empirical relation for melting of snow and ice for modeling 
runoff from the basin with inclusion of effect of debris on melting of underlying ice. 
Hock (1999) used a distributed temperature-index ice- and snowmelt model includ-
ing potential direct solar radiation to estimate hourly melt and discharge of 
Storglaciaren, a small glacier in Sweden. The classical degree-day method yielded 
a good simulation of the seasonal pattern of discharge, but the pronounced melt- 
induced daily discharge cycles were not captured. Rango (1992) used the Snowmelt 
Runoff Model (SRM) for the Rio Grande and Kings River basins to study the 
changes in snowmelt runoff under warmer climate scenarios. HBV Light model 
developed by Uppsala University has been used in many parts of the world for river 
runoff simulation since its development. The degree-day methods have been use in 
many variants for more than a century and perform well in Alps (Braun and Renner 
1992), Greenland (Braithwaite 1995), Scandinavia (Hock 1999), the Himalayas 
(Singh and Kumar 1997; Kayastha et  al. 2005; Pradhananga et  al. 2014), New 
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Zealand (Woo and Fitzharris 1992). Khadka et al. (2016) used SRM in five sub-river 
basins of Koshi River basin in Nepal, in which there was a high possibility of 
increase in mean stream flow for the period of 2041–2060  in comparison to the 
baseline period (2000–2008) in three sub-basins Tamor, Tamakoshi and Sunkoshi 
while decline in the flows in Arun and Dudhkoshi sub-basins in future under the 
impact of climate change.

Many researches have been carried out to investigate the sensitivity of glaciers to 
climate change (Laumann and Reeh 1993; Braithwaite and Zhang 1999; De Woul 
and Hock 2005; Fujita et al. 2006; Pradhananga et al. 2014; Ragettli et al. 2015). For 
the upper Indus Basin, Immerzeel et al. (2009) found that glacier melt contributed 
substantially to stream flow – 32% in a reference situation, peaking in July (with 
snow melt providing 40% of the total with a peak in June, and rain comprising 28% 
with a peak in July). Bookhagen and Burbank (2010) combined the snowmelt model 
with the Tropical Rainfall Measuring Mission (TRMM)  – derived rainfall and 
MODIS-derived evapotranspiration measurements into annual and seasonal river 
flow estimated of the entire Himalayan region. They found that snowmelt accounts 
for ∼50% in the annual runoff budget in the western Himalaya (Indus, Sutlej). In 
contrast, the generally smaller central and eastern Himalaya catchments receive 
more than 80% of their annual runoff from rainfall and less than 20% from snow-
melt (except the large Brahmaputra catchment which receives ∼34% of its annual 
discharge from snowmelt). Despite the eastward decrease in the contribution of 
snowmelt to annual runoff, snowmelt is significant and important for all catchments 
in the pre- and early monsoon months from March to June. During this time, more 
than 40% of the discharge was derived from snowmelt and is vital to agriculture, 
hydropower, and water quality throughout the Himalayan foreland. Immerzeel 
(2010) have applied their modeling approach (Normalized melt index) across the 
greater Himalayan region and concluded that glacier melt water is extremely impor-
tant in the Indus Basin and reasonably important for the Brahmaputra, but only 
plays a modest role for the Ganges, Yangtze, and Yellow rivers. Preliminary results 
indicated that the snow and glacier melt contribution, compared to total runoff gen-
erated below 2000 m, was the following: Indus, 15.1%; Brahmaputra, 27%; Ganges, 
10%; Yangtze, 8% and Yellow, 8%. This showed the much higher contribution of 
glacier melt to the Indus than to other rivers.

Immerzeel et  al. (2013) had studied hydrological regime of the Baltoro and 
Langtang watersheds that drain into the Indus and Ganges Rivers, respectively 
using a high resolution glacio-hydrological model. They showed that the largest 
uncertainty in future runoff was a result of variations in projected precipitation 
between climate models. In both watersheds, strong, but highly variable, increases 
in future runoff were projected and, despite the different characteristics of the 
watersheds, their responses were surprisingly similar. In both cases, glaciers will 
recede but net glacier melt runoff was on a rising limb at least until 2050. In combi-
nation with a positive change in precipitation, water availability during this century 
was not likely to decline. Huss and Hock (2018) computed global glacier runoff 
changes for 56 large-scale glacierized drainage basins to 2100 and analyzed the 
glacial impacts on stream flow. In roughly, half of the investigated basins, the mod-
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elled annual glacier runoff continues to rise until a maximum (‘peak water’) is 
reached, beyond which runoff steadily declines. In the remaining basins, this tip-
ping point has already been passed. Peak water timing in Indus, Ganges and 
Brahmaputra occurs later in basins with larger glaciers and higher ice-cover frac-
tions. Although most of the 56 basins have less than 2% ice coverage, by 2100 one- 
third of them might have experienced runoff decreases greater than 10% due to 
glacier mass loss in at least 1 month of the melt season, with the largest reductions 
in central Asia and the Andes.

As a continuing research on how future climate will impact on hydrologic regime 
of glacierized river basins of the Himalayas, we have developed a Glacio- 
hydrological Degree-day Model (GDM) suitable to use in such river basins. The 
model is used in two river basins in Nepal and future discharge variations are stud-
ied using future predicted climate data.

19.2  Study Area

This study is carried out in two river basins of Central Himalaya, Marsyangdi and 
Trishuli River basins (Fig. 19.1) (hereafter MRB and TRB), sub-basin of Narayani 
River basin in Nepal Himalaya. MRB elevation ranges from 355 to 7819 m above 

Fig. 19.1 Location map of MRB and TRB (map of Nepal in the inset). The map showing the land 
use types with clean and debris covered glaciers
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sea level (a.s.l), covering an area of 4059 km2. About 13.3% (543 km2) of total basin 
area of MRB is glaciated, within that 5.15% (28 km2) is covered by debris. TRB 
covers an area of 4601 km2, 62% (2852 km2) lies in Tibetan Plateau (TP), China and 
38% (1748.65 km2) in Nepal extending from 566 to 7659 m a.s.l. Out of total basin 
area, 13.5% (623 km2) is glaciated including (544 km2) debris free and (79 km2) 
debris-covered. Glacier area in both of the basins lies in the elevation of 4000 to 
6500 m a.s.l, debris covered and clean ice glacier area are comparatively higher in 
TRB at elevation 4500–5000 m a.s.l and 5000–5500 m a.s.l than in MRB (Fig. 19.2).

The climate of both basins is mostly dominated by Indian Summer Monsoon 
(ISM) from June to September and occasionally by the westerly disturbance during 
post- monsoon (October–January). Most of the MRB lies in the southern flanks of 
Central Himalayas and North Western part of this basin lies in the leeward of 
Annapurna Massif. Less than 40% of TRB lies in Nepal and is influenced by ISM 
and orographic effects, and rest of the basin lies in the TP where leeward phenom-
ena prevails.

19.3  Input Data

An input data such as daily air temperature, precipitation and stream flow data are 
obtained from Department of Hydrology and Meteorology (DHM), Government 
of Nepal (Table 19.1). Air temperature and precipitation measured at climatologi-
cal station Khudi Bazar (823 m a.s.l.) and another station at Chame (2680 m a.s.l.) 
are used to derived temperature lapse rate and precipitation gradient in the 
MRB. Similarly, Timure station (1900 m a.s.l.) and Kyangjing climatological sta-
tion (3862 m a.s.l.) are used to derive temperature lapse rate and precipitation gra-
dient in TRB. The derived precipitation gradients in TRB is similar to Immerzeel 
et al. (2014).

For geo-spatial dataset, Advance Spaceborne Thermal Emission and Reflection 
Radiometer (ASTER) Global Digital Elevation Model Version 2 of 30 m spatial 
resolution available from USGS (https://gdex.cr.usgs.gov) is used for the grid eleva-
tion information. The GlobeLand30 of 30-meter resolution (http://www.globalland-
cover.com) is used for land cover. Ten different land cover classes from GlobeLand 
30 dataset are merged with similar topology character and surface runoff behavior 
to create six land classes for similar range of rainfall runoff coefficient as shown in 
Table 19.2. In this study, land use type is classified into six classes i.e. Land use type 
1, 2, 3, 4, debris-covered glacier ice and clean glacier ice. The shape files from the 
ICIMOD Glaciers Inventory (2010) are used for clean and debris-covered glacier 
information.

R. B. Kayastha and R. Kayastha

https://gdex.cr.usgs.gov/
http://www.globallandcover.com
http://www.globallandcover.com


385

0 200 400 600 800 1000

355 - 500
500 - 1000

1000 - 1500
1500 - 2000
2000 - 2500
2500 - 3000
3000 - 3500
3500 - 4000
4000 - 4500
4500 - 5000
5000 - 5500
5500 - 6000
6000 - 6500
6500 - 7000
7000 - 7500
7500 - 8000

a

b

Area (km2)

E
le

va
tio

n 
(m

a.
s.

l)

Debris cover
Clean ice
Land use type 1
Land use type 2
Land use type 3
Land use type 4

0 200 400 600 800 1000

500 - 1000
1000 - 1500
1500 - 2000
2000 - 2500
2500 - 3000
3000 - 3500
3500 - 4000
4000 - 4500
4500 - 5000
5000 - 5500
5500 - 6000
6000 - 6500
6500 - 7000
7000 - 7500

Area (km2)

E
le

va
tio

n 
(m

 a
.s

.l)

Debris cover

Clean ice

Land use type 1

Land use type 2

Land use type 3

Land use type 4

Fig. 19.2 Area – altitude distribution of debris covered and clean ice along with other land use 
types in MRB (a) and TRB (b) based on the ASTER GDEM of 30 m resolution, GlobeLand30 and 
ICIMOD Glacier Inventory (2010)
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19.4  Model Setup

The Glacio-hydrological Degree-day Model (GDM, Version 1.0) is a gridded and 
distributed glacio-hydrological model capable to simulate the contribution of 
 hydrological components in the river discharge. GDM simulates four different run-
off components in total discharge: glacier ice melt, snow melt, rainfall and baseflow 
at daily time step (Fig. 19.3). A melt module is based on degree-day approach, a 
simplification of complex process (Braithwaite and Olesen 1989) to estimate the 
glacier ice and snow melts with minimal data requirements (Kayastha et al. 2005). 
The concept of two reservoir based modelling approach of Soil and Water 
Assessment Tool (SWAT) (Luo et al. 2012) is adopted to simulate the hydrological 
response of baseflow and rainfall runoff contribution in river discharge. The basin is 
divided into 3 × 3 km grids and classified land class information from GlobeLand30 
is extracted to each grid. Daily extrapolated temperature and precipitation from the 
reference station to each grid are used to force the model for the discharge simula-
tion. The threshold temperature (TT) determines whether the precipitation is in the 
form of snow or rain in each grid in the respective time step as:

Table 19.2 Re-classification of land cover classes from GlobeLand30 dataset in MRB and TRB

GlobeLand30
Land classes Land use type MRB TRB

Agriculture land Land use type 1 29.21%
(1186 km2)

34.88%
(1605 km2)Grass land

Shrub land Land use type 2 27.39%
(1112 km2)

27.38%
(1260 km2)Forest

Barren land Land use type 3 29.12%
(1182 km2)

24.10%
(1109 km2)

Artificial surface Land use type 4 0.88%
(36 km2)

0.08%
(4 km2)Water bodies

Permanent snow and ice Clean ice 12.69%
(515 km2)

11.81%
(544 km2)

Debris covered 0.69%
(28 km2)

1.72%
(79 km2)

Table 19.1 List of climatological and hydrological stations in the MRB and TRB

River 
basin Stations (m a.s.l.), type

Hydrological stations 
(m a.s.l.) Year

Reference 
station

MRB Khudi bazar (823), 
climatological

Bimal Nagar (354) 2004–2010 Khudi Bazar

Chame (2680), 
climatological

TRB Timure (1900), 
Climatological

Betrawati (600) 2007–2015 Timure

Kyangjing (3862), 
Climatological
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where, T is extrapolated daily air temperature for grids and TT is threshold tempera-
ture, both in °C.

In each grid, daily ice melt from debris free and debris-covered ice and snow 
melt from glacierized and glacier free areas is calculated as:
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where, M is the ice or snow melt in mm day−1 in each grid, T is daily air temperature 
in °C, Kd, Ks, and Kb are the degree-day factors for debris-covered ice, snow and 
clean glacier ice in mm °C−1 day−1. The model takes an account for the multilayer 
melting of the snow above clean ice and debris-covered ice.

Baseflow is calculated using a baseflow simulation approach as in SWAT. Two 
aquifer system: shallow and deep aquifer system concept is applied to simulate the 

Fig. 19.3 Flow chart of the glacio-hydrological degree-day model (GDM)

19 Glacio-Hydrological Degree-Day Model (GDM) Useful for the Himalayan River…



388

baseflow in glacier and snow melt dominated basin (Luo et al. 2012; Zhang et al. 
2015). The advantage of two reservoir system over single reservoir system is that it 
releases the discharge in recession period and assures the level of discharge much 
more similar to observed discharge during the recession period. Hence, Luo et al. 
(2012) baseflow scheme is adopted for the baseflow simulation in this study. The 
major components accounted on baseflow simulation are the amount of percolation 
of surface water, Wseep, the delay time for the overlying geological formation for 
shallow aquifer percolation, δgw, sh, the recession constant for the shallow aquifer, 
αgw, sh, the seepage constant for deep water percolation, βdp, delay time for the deep 
aquifer percolation, δgw, dp and recession constant for deep aquifer, αgw, dp. The details 
of baseflow approach and parameter values are given in Neitsch et al. (2011) and 
Luo et al. (2012).

The surface runoff, QG consists of runoff from rainfall, snowmelt and ice melt 
runoff from each grid. The surface runoff component is calculated grid-wise based 
on the following equation:

 Q Q C Q C QG r r s s i= * + * +  (19.3)

where, Qr is discharge from rain, Qs is discharge from snowmelt and Qi is discharge 
from clean and debris-covered icemelt in m3 s−1, Cr and Cs are the rain and snow 
coefficients, QG is surface runoff component from each grid in m3 s−1. Then the total 
surface runoff contribution, QR from all grids and the total baseflow contributions, 
QB from all grids are expressed as:

 
Q QR

G

n

G=
=
å

1  
(19.4)
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where Qb is the baseflow contribution from each grid and n is the number of grids. 
Total surface discharge, QR is then routed along with the baseflow contribution, QB 
towards the outlet through the following equation:

 
Q Q k Q k QR R d B= * -( ) + * +-( )1 1  

(19.6)

where, k is recession coefficient, Q is total discharge in m3 s−1 and d is the dth day.
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19.5  Hydrologic Simulation

19.5.1  Simulation Experiment Design

The performance of GDM is first calibrated over a four-year period (2004–2007) 
and evaluated over a period of another 4 years (2007–2010) by comparing the simu-
lated and observed discharges at Betrawati hydrological station in TRB and Bimal 
Nagar hydrologic station in MRB. The melt module parameter such as degree-day 
factors for snow and ice melt are based on field observations in Nepal Himalayas 
carried out by Kayastha et al. (2000, 2003). Degree-day factor for ice melt under a 
debris layer is assumed to be around half of the clean ice melt based on the field 
observation on Khumbu and Lirung Glaciers in Nepal Himalayas.

19.5.2  Performance Indices

An assessment efficiency of model performance is carried out by comparing the 
daily time series observed and simulated discharges. The Nash-Sutcliffe Efficiency 
(NSE) index (Nash and Sutcliffe 1970) is used to assess the model result between 
the simulated and observed discharge as shown in Eq. 19.7.
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where Qobs is the daily observed discharge and Qsim is the daily simulated discharge 
and Qavg is the average observed discharge.

Similarly, volume difference is also used to determine the model accuracy and is 
calculated by using the following equation:

 
VD =

- ¢
´

V V

V
R R

R

100
 

(19.8)

where VR and V’R is the measured and the simulated discharge, respectively.
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19.6  Results and Discussion

19.6.1  Model Calibration and Validation

The main calibrating parameters of the GDM are positive degree-day factors, snow 
and rain coefficients and recession coefficient. The model is calibrated with differ-
ent positive degree-day factors and a set of degree-day factors are adopted for dif-
ferent months which are within the range of estimated degree-day factors on 
different glaciers of Nepal Himalayas. Similarly, the model is also calibrated with 
snow and ice coefficients and recession coefficients. All these calibrated parameters 
and coefficients and used in the study are listed in Table 19.3.

Daily simulated discharge is compared with the observed hydrographs of MRB 
(Fig. 19.4.1) and TRB (Fig. 19.4.2) for the both calibration and validation period. 
Both high and low discharges of the simulated discharge are consistent with the 
observed discharge. The model overestimated slightly in the pre-monsoon or low 
flow period that might have associate with the precipitation distribution. Precipitation 
distribution to higher elevations from the reference station at lower elevation may 
not well representative and precipitation at glacier altitude may be two to ten time 
higher than the valley bottoms (Bocchiola et al. 2011; Immerzeel et al. 2015). Barry 
(2012) also said that the precipitation gradient in the mountainous environment is 
considered to vary vertically and horizontally. The high Himalayan region with 

Table 19.3 Parameter and coefficients used for calibrating the model in MRB and TRB

Parameters MRB TRB

Critical temperature 2 °C 2 °C
Temperature lapse rate 0.6 °C 100 m−1 0.58 °C 100 m−1

Precipitation gradient + 20% (~2680 m)
+ 30% (> 2680 m)

+ 15% (~ 3862 m)
+ 39% (> 3862 m)

Recession coefficient 0.90 and 0.008 0.91 and 0.008
Runoff coefficient Land use type 1 0.5 0.13

Land use type 2 0.3 0.22
Land use type 3 0.3 0.26
Land use type 4 0.95 0.95

Degree day factor Snow melt 7–8.5 mm °C−1 day−1 7.5–9.0 mm °C−1 day−1

Ice melt 6–10.5 mm °C−1 day−1 6–8.5 mm °C−1 day−1

Ice under debris 3 mm °C−1 day−1 3 mm °C−1 day−1

Rain coefficient 0.05–0.1 0.01–0.03
Snow coefficient 0.15–0.3 0.2–0.4
δgw,sh 30 days 10 days
αgw,sh 0.9 0.1
δgw,dp 180 days 125 days
αgw,dp 0.2 0.3
βdp 0.8 0.9
Initial recharge 8 mm 20 mm
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complex topography within the basin also effects on spatial and temporal distribu-
tion of precipitation which might be a constraint to represent the precipitation pat-
tern or distribution. In this study, climatological stations within each respective 
basin are used to derive the precipitation gradient and distributed to higher  elevations. 
Even with such limitations the model simulates the daily discharge with a good 
NSE and R2 values and within 10% volume difference in spite of less input data.

The model performance is evaluated with the best performing parameter for the 
respective basins. Nash-Sutcliffe Efficiency (NSE) values for the calibration and 
validation period for the both river basin is >0.75 where as volume difference is in 
between ±10%. The coefficient of determination (R2) value is also found to be 0.8 
for the both of the cases. Model performance is satisfactory for both calibration and 
validation periods in both basins as listed in Table 19.4.
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Fig. 19.4.1 Precipitation distribution and observed vs. simulated discharges for the calibration 
(2004–2007) and validation (2008–2010) periods for the MRB
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(2007–2010) and validation period (2011–2015) for the TRB
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19.6.2  Contributions of Snow Melt, Ice Melt, Rain 
and Baseflow

The results of the model are then analyzed in detail for different components of 
discharge. Figure  19.5 shows the mean annual contributions of snow, ice melts 
(clean and debris), rain and baseflow for calibration and validation periods for the 
MRB and TRB. In MRB, 15% of total annual discharge is contributed from snow 
melt, where as 13% from clean ice and ice melt under debris, 44% from rain and 
28% from the baseflow during calibration period. Similarly, 12% from snow melt, 
16% from the ice melt from clean and debris covered ice, 36% from the rain and 
remaining from baseflow contributed to the annual discharge in TRB in calibration 
period. Bookhagen and Burbank (2010) found that the contribution of snow melt to 
discharge of MRB with an area or 4805 km2 was 15.1% which was very close to the 
result of the present study. Also Racoviteanu et al. (2013) found that the contribu-
tion of glacier ice melt to measured discharge at Betrawati was 9.5%. The higher 
contribution of ice melt from the present model compared to their result may due to 
different modeling approach and difference in river basin area consideration. They 
used elevation dependent ice ablation model based on glacier mass balance gradient 
and considered only the river basin area within Nepal (3250.6 km2). Rain contribu-
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Fig. 19.5 Contribution of baseflow, rain, snow melt and ice melt for the calibration and validation 
periods in MRB (a) and TRB (b)

Table 19.4 NSE and volume difference for the calibration and validation periods

MRB TRB
Calibration Validation Calibration Validation

NSE 0.79 0.81 0.83 0.76
Vol. diff % −9.22 0.42 4.93 7.11
R2 0.80 0.80
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tion on discharge is dominant on both river basins, during the monsoon period 
(June–Sept), while the baseflow contribute throughout the year with the maximum 
in the late monsoon period. The ice melt contribution on discharge begins from the 
pre-monsoon period with the maximum contribution in June to October in both 
basins which is attributed to the temperature and precipitation. The ice melt contri-
bution on TRB with debris-covered area of ~79 km2 contributes only ~3% more in 
annual discharge than that of MRB having debris cover glacier area of 28 km2. The 
debris cover glacier in TRB lies in the higher elevation extent than that of MRB 
resulting comparatively less ice melt contribution and also attribute by the tempera-
ture and precipitation distributions.

19.6.3  Future Hydrological Regimes Under Different Climate 
Scenarios

In this study, daily temperature and precipitation data for the future climate sce-
narios are obtained from the World Climate Research Program (WCRP) sponsored 
Coordinate Regional Downscaled Experiments (CORDEX) for South Asia, driven 
by CNRM Regional Climate Model (RCMs) from the Commonwealth Scientific 
and Industrial Research Organization (CSIRO) of 50  km resolution, to run the 
model for the future climatic scenarios. The two Representative Concentration 
Pathways (RCPs) for the greenhouse gas concentration trajectories values of 
+4.5 W m−2 and + 8.5 W m−2 up to 2100 is used to simulate future discharges. The 
daily precipitation and temperature series data for each basin are bias corrected 
using the methods given by (Weiland Sperna et al. 2010) for temperature and pre-
cipitation as given below (Eqs. 19.9 and 19.10):

 
T T T Tcorrected MOD MOD MOD_ = ¢ + -( )OBS  

(19.9)

where Tcorrected _ MOD is the value obtained after calibration; TOBS and TMOD are the 
observed and modeled daily temperature, respectively; and T′MOD is the mean daily 
value of modeled temperature.

 
P P
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OBS

 
(19.10)

where PMOD is the daily modeled precipitation, and POBS  and PMOD  are the average 
observed and modeled precipitation used for bias correction.

Temperature and precipitation projection of RCP 4.5 and RCP 8.5 climatic sce-
narios from the CORDEX is used for model simulation to estimate the future hydro-
logical regime. The daily time series temperature and precipitation data from the 
CORDEX for two different scenarios are extracted at the reference station and dis-
tributed to grids in respect to elevation using temperature lapse rate and precipita-
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tion gradient. The daily time series data from RCM dataset is bias corrected with the 
observed data and fitted as forcing dataset for model simulation. The projected dis-
charge till 2100 in MRB are increasing at a rate of 1.4 and 0.71 m3 s−1 and similarly, 
in TRB are also increasing at a rate of 0.25 and 0.94 m3 s−1 in RCP4.5 and 8.5, 
respectively (Fig. 19.6.1). Variations of different components of discharge snow-
melt, icemelt, rain and baseflow are also shown in Fig. 19.6.2. The contribution of 
snow melt in MRB after 2050s is decreasing which may be due to increase in tem-
perature; converting snow to rain and both snowmelt and icemelt in TRB after 2050s 
are increasing which may be due to increase in temperature and precipitation.
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Fig. 19.6.1 Contribution of each component on total discharge for 2020–2099 in projected future 
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19.7  Conclusions

The Glacio-hydrological Degree-day Model (GDM) is successfully setup to esti-
mate discharge from a glacierized Himalayan river basins. As the model provides 
information on snow melt, ice melt, rain and baseflow, it gives insights into the 
hydrological system dynamics of the basin. Although the model is simple, it is able 
to simulate the discharge with a reasonable accuracy in the calibration as well as the 
validation periods. For the calibration and validation periods, NSE in both river 
basins are in between 0.76 and 0.83 and R2 0.8 which are very good. Future water 
scenarios from this model suggest that the discharge will be higher in both river 
basins in both scenarios and the maximum increase in discharge is 1.42 m3 s−1 in 
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Fig. 19.6.2 Monthly variation of hydrological components contribution on discharge in future 
projected scenarios for RCP4.5 and RCP8.5 from 2020 to 2099 in MRB (a) and TRB (b)
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MRB in RCP 4.5 scenario and lowest increase in discharge is 0.25 m3 s−1 in TRB in 
RCP 4.5 scenario. Therefore, the model can be used as a promising tool for the 
study of hydrological system dynamics and potential impacts of climate change on 
the Himalayan river basins.
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Chapter 20
Hydrology of the Cold-Arid Himalaya

Renoj J. Thayyen

Abstract Hydrological characteristics of the Cold-arid trans-Himalayan region is 
least known due to lack of studies in the region. Hydrology of a region having 
around 60 mm of mean annual precipitation can be thought as a paradox. But the 
area have numerous glaciers constituting more than 75% of the Indian glacier 
resource and significant snow cover area mainly constrained over the top of the 
mountain range. These glaciers and snow sustain the livelihood of immediate low-
land of arid valley bottom and contribute to the flow of Indus and its major tributar-
ies like Shyok and Zanskar. These big rivers sustain livelihood of millions further 
downstream. Along with snow and glaciers; large extent of permafrost areas makes 
the hydrology of the cold-arid regions unique as compared to other regions of Indian 
Himalaya. Present study focus on the Ladakh range of the cold-arid system. Small 
glaciers with <1  km2 area is characteristic of the Ladakh and Zanskar ranges. 
Discharge in the stream reach between glacier and foothill is restricted around 43% 
days as the mountain reach of the stream freezes in winter. Summer discharge show 
significant reduction during the lean snow years when ground ice melt component 
probably contributing to the stream flow. Steep precipitation and temperature gradi-
ents are another key feature of the cold-arid system. The temperature gradient dur-
ing summer months surpasses 9.8  K/km and play a key role in sustaining the 
mountain cryospheric system in the region. Water related disasters are also very 
common in the area and have varied genesis such as Cloudburst, Glacial Lake 
Outburst Floods, Landslide Dam Outburst Flood and glacial surge dam outburst 
floods. More studies are imperative to comprehend the hydrology of this area in a 
better way. Mass and Energy balance of bigger glaciers, Permafrost thaw modeling, 
Groundwater dynamics and recharge areas and climate modeling at valley- ridge 
scale are some of the key topic to be pursued in greater details in future.
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20.1  Introduction

Cold-arid region of the Himalaya located beyond the Great Himalayan range is one 
of the three major hydrologic regimes of the Himalaya. Owing to the harsh climate 
and limited water resources, these areas are sparsely populated. Studies on the 
hydrology of these areas are also limited, due to the perceived limited contribution 
of these areas to the downstream discharge of major rivers. However, the limited 
water resources of the area is sustaining the livelihood of the local population and 
gaining better knowledge of the system has become imperative for managing the 
scarce water resources, especially under the changing climate of the Himalaya. 
Better understanding of the hydrology of each of the major climate regimes of the 
Himalaya is also important to develop a holistic understanding of climate change 
impact on Himalayan hydrology. Perceived asynchronous response of the Himalayan 
cryospheric systems and glaciers to the changing climate, espoused by the 
Karakorum anomaly in the west (Hewitt 2005; Gardelle et al. 2012) to the signifi-
cant melting of glaciers in the eastern Himalaya has added an urgency in this regard. 
The role of mountains as water towers and its contribution to sustaining the low land 
population is highly acknowledged (Alford 1985; Viviroli and Weingartner 2004; 
Messerli et al. 2004). It is suggested that the world’s major rivers could be classified 
into four different groups (Viviroli et al. 2007), based on the relative contribution of 
mountain runoff to the low land flows. Therefore, significance of a mountain range 
is determined by assessing the climate and hydrology of the low land regions. The 
low lands experiencing significant precipitation have limited significance of the 
mountain runoff while desert low lands almost completely dependent on the moun-
tain water resources (Messerli et al. 2004). The same approach holds true for local 
mountain- valley system as well. In the cold-arid region, the drier valley bottom is 
almost entirely fed by the melt water from the cryospheric sources along the high 
mountain ranges. Therefore, cryospheric resources of the cold-arid region could 
acquire higher value as compared to the similar resources in the wet monsoon 
regions of the Himalaya. The importance of the Himalayan mountain chain stems 
from the fact that a quarter of the world’s population live in its surrounding plains 
and major rivers originating from the Himalaya support this huge population. 
Glaciers and snow cover of the Himalaya influence the runoff regime of these rivers, 
but the nature of this influence vary significantly across various glacio-climatic 
setup in the Himalayas (Kaser et al. 2010). A large swath of the Himalaya experi-
ence monsoon rains in summer months simultaneously with peak glacier melt and 
significantly reduce the impact of glacier melt at the downstream reaches. However, 
river discharge during April to mid –June in this region is dominated by the snow-
melt and have high impact on the mountain eco-system. Contrary to this, cryo-
spheric resources have year round impact on the cold-arid region eco-system of the 
trans-Himalaya. A large area of the Himalayas north- west of the great Himalayan 
range comes under the climatic classification of cold-arid region (Fig. 20.1). This 
Cold - arid regions in the country spread across the trans- Himalayan mountains and 
constitutes a unique climate regime of the Himalayan orogeny (Thayyen and Gergan 
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2010). Most of this region comes under the administrative unit of Ladakh 
Autonomous Hill Development Council (LAHDC) in the state of Jammu & Kashmir. 
These high altitude plateau regions lie in the rain shadow zones of western distur-
bances and SW Indian monsoon seldom reach in this area. However, high elevation 
region of these mountains experience considerable snowfall and therefore, main 
water resource of this region are snow and glacier melt. Cold-arid regions of the 
country is part of the upper Indus basin and have a glacier cover of about 29,119 km2 
constituting more than 75% of the Indian glacier reserve (Raina and Srivastava 
2008). Paradoxically, this region remain as water scarce and water stressed region 
owing to very little precipitation occurrence over the large part, especially along the 
valley bottom region. Majority of the villages in the Ladakh settled at the foothill 

Fig. 20.1 Study area. Major part of the cold-arid region is in the upper Indus basin and have some 
of the heavily glacierised regions in the HKH region
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zones of the mountains along the small mountain rivulets where water and alluvial 
soil is available for agricultural activities. Rest of the area remain barren and non- 
productive. For example, Ladakh region of Jammu and Kashmir state including 
Zanskar, Indus, Shyok, Nubra and Suru valleys cover an area of 58,000  km2 in 
which potentially cultivable land constitute around 500 km2 and actually cultivated 
land is only around 160 km2 (Osmaston 1990). Water for most of this cultivated land 
comes from the small mountain streams fed by small glacier/snow cover. Even 
though there are big glaciers in the region, especially in the Karakorum Mountains 
and along the northern slopes of the great Himalayan range, population is concen-
trated along the small streams. Effectively huge amount of water from snow and 
glacier melt in the bigger rivers such as Shyok, Indus, Suru and Zanskar are not 
utilised by the hill population. One of the key water resources management chal-
lenge in this region is caused by the topographical constraints. The cultivable allu-
vial land is distributed along the foothills of the mountain ranges away from the 
major rivers flowing in this area which also lie significantly elevated from the river 
valley. Another key factor is the lack of research including weather and discharge 
monitoring in this area, which limit the ability to understand the hydrological pro-
cesses of the area. There are 227 villages settled along both sides of the river Indus 
and spread over southern slopes of the Ladakh and northern slopes of the stok 
(Zanskar) mountain ranges (Census 2011). Majority of these villages sustain on the 
mountain streams, but none of these streams are gauged. Quantifying the available 
water resources, its seasonal distribution and dynamics is imperative for building 
better water management solutions for this area in future. The resource – habitat 
equilibrium built up over a long period is also under challenge recent times. The 
region is witnessing a tourism explosion since 2004 with annual tourist footfall 
crossing 200,000 per annum recently.

Aridity in the Ladakh region is the result of the very low precipitation occurrence 
in this region. Long term mean annual precipitation at Leh station, representing 
most of the valley region is only 60 mm (1978–1990) (Chevuturi et al. 2018) and 
combined with persistent low temperatures driven by comparatively long winter 
season from October to March/April classifies it as a cold arid region (Bhatt et al. 
2015). The arid conditions also reflected in the land use as large area of the region 
is completely barren. The aridity is determined by the moisture index given by 
Thornthwaite and Mather (1955) and modified by the Venkataraman and Krishanan 
(1992) as
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Where Mi is the moisture index, P the average annual rainfall and PE is the average 
annual potential evaporation.

Based on the value derived for the moisture Index (Mi) the climate classification 
has been made as per the criteria of Table 20.1.
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Raju et al. (2013) undertook an exercise to revisit the climatic zones of India by 
using the gridded rainfall data of IMD (Rajeevan et al. 2008) at 0.5° × 0.5° for a 
period of 1971–2005 and suggested that the Ladakh district fall into dry sub-humid 
category. However, IMD gridded data gives an annual precipitation of 300 mm as 
compared to 60  mm from Leh station data (Chevuturi et  al. 2018). Hence, this 
assessment need further evaluation but paucity of data is the major constrain.

20.2  Study Area: Ladakh

Ladakh region account for more than half of the landmass of the Jammu & Kashmir 
state in India and administered under two districts of Leh and Kargil. Leh is the 
largest district in the country in terms of area (45,100 km2) and lies between 32 to 
36° N latitude and 75 to 80°E longitude (Fig.  20.1). The district is bounded by 
Pakistan in the West and China in the north and eastern part and Lahul Spiti of 
Himachal Pradesh in the South East. Leh district comprises of Leh town and 112 
inhabited villages and one un-inhabited village. The total population of Leh district 
is 1.33 lakhs. Kargil district has a population of 1.4 lakhs scattered over an area of 
14,036  km2 (Census 2011). Valley of Indus is situated at a high altitude around 
3300 m a.s.l. and mountain ranges passes through 2750 m a.s.l. high at Kargil to 
7672 m a.s.l. at Saser Kangri, in the Karakoram Range. High altitude and arid cli-
mate resulted into sparse vegetation and reduced level of oxygen, making it a formi-
dable challenge to the visitors. Encircled by the Karakoram in the north and the 
Great Himalayas in the south, it presents a picturesque sight. Even though Ladakh 
is a high-altitude desert, it had number of extensive lake system at one point of time 
and many big lakes are still found on its southeast plateau of Rupshu and Chushul, 
or lakes of Tso-moriri, Tso-Kar and Pangong-Tso. Ladakh’s culture is evolved 
through centuries and highly influenced by its climate. Ladakh’s earliest inhabitants 
consisted of a mixed Indo-Aryan population of Mons and Dards. Buddhism came to 
western Ladakh through Kashmir in the second century when much of eastern 
Ladakh and western Tibet was still practicing the Bon religion. In the past, Ladakh 
gained importance from its strategic location at the crossroads of important trade 
routes. Since 1974 the Indian Government has encouraged tourism in Ladakh and 
fast emerging as a major Himalayan tourist destination.

Table 20.1 Climatic 
classification based on 
Moisture Index (Mi)

Value of Mi Climatic Zone

< −66.7 Arid
−66.6 to −33.3 Semi-arid
−33.3 to 0 Dry sub-humid
0 to +20 Moist sub- humid
+20.1 to +99.9 Humid
100 or more Per- humid
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20.3  Methodology

National Institute of Hydrology, Roorkee has initiated a study focusing on a major 
cold-arid catchment near Leh to build better understanding of the hydrology of the 
system in 2010. The study is carried out in the Upper Ganglass catchment covering 
15.7 km2 area with Phuche glacier in the upper reaches covering an area of 0.62 km2. 
This paper discuss the data collected during 2010–14 period (Fig.  20.2). 
Meteorological forcing including its altitudinal response is studied by installing two 
automatic water stations at 4700 m a.s.l. and 5600 m a.s.l. The valley bottom meteo-
rological data is sourced from India meteorological Department (IMD). Proglacial 
stream gauge is monitored using a Radar water level recorder and velocity by a 
handheld current meter. Discharge at this station is calculated from the rating curve 
established by area- velocity method. Study of winter and summer glacier mass bal-
ance is carried out by glaciological method during the period to generate data on 
glaciers role in the hydrologic system response. Stream originating from the high 
altitude cryospheric systems of the Ladakh range are interrupted streams. As per the 
definition, interrupted streams have perennial discharge in their upper reaches and 
intermittent flow in their reaches at lower elevations. However, small streams origi-
nating from the Ladakh range have intermittent flow at the higher reaches and 
perennial flow at the lower reaches. This clearly indicate that the small cirque gla-
ciers have limited thickness and do not undergo pressure melting at the bottom dur-
ing the winter months as happens in the case of bigger glaciers in the region. From 
its origin at Phuche glacier, the Phuche stream travels around 19 km before it joins 
with the River Indus. The intermittent section of the stream is around 11.5 km long 

Fig. 20.2 Perennial lower reaches below the intermittent flow regime of the Phuche stream
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constituting around 60% of the total stream length from the glacier (Fig. 20.2). The 
perennial stretch of the river starts 1–2  km offset to the foothill zone of the 
catchment.

20.4  Glacier Resources of the Cold-Arid Region

Glaciers are the core water resources in this region covering 9810 km2 (Table 20.2). 
This is far more than the glacier reserve in the Indian part of the Ganga-Brahmaputra 
river systems. Indian part of the Ganga basin cover an area of 2857 km2 mainly in 
the Uttarakhand Himalaya and Himalayan tributaries of the Brahmaputra have gla-
cier cover of 929 km2. (Sangewar et al. 2009). However, characteristics of the gla-
ciers and its distribution vary across the cold-arid region. The northern slopes of the 
great Himalayan range feeding Suru and Zanskar rivers has large number of medium 
(5–7 km) and big (>10 km) sized glaciers (Raina et al. 2008). However, glaciers of 
Zanskar and Ladakh mountain ranges are characteristically small with 79% of the 
glaciers in these region have area less than 0.75 km2 and experienced significant 
area loss during the past five decades (Schmidt and Nüsser 2012, 2017). Further 
north, the Karakoram mountains are home to some of the biggest and largest gla-
ciers in the entire HKH region. Overall, the cold-arid mountain system is endowed 
with huge glacier resources (Fig. 20.1). An area of significant interest is the Ladakh 
and stok range with small glaciers feeding to the small streams sustaining the liveli-
hood of the population. 

20.5  Hydrology of the Cold Arid Regime: A Case Study 
of Ganglass Catchment Ladakh

Climate of Leh (3500 m a.s.l.) is characterized by high annual range of temperature 
between (+) 34.8 °C and (−)28.3 °C during 1951–1980 period (IMD). Contemporary 
weather of the region is assessed during 2010–2012 period show annual tempera-
ture range between (+) 33.8 °C to (−) 23.4 °C. Highest temperatures recorded in the 
months of July and August and mean monthly temperature during these months was 
17.8 and 17.7 °C during 1951–1980 period while it increased to 20.8–23.0 °C dur-
ing the present study period. Minimum mean monthly temperature recorded was 

Table 20.2 Glacier distribution in the Upper Indus basin

Basin Catchment area
Glacier Area (RGI 4.0)
Km2

Shyok 38,545 7658
Indus (Suru, Zanskar and Main Indus) 46,450 2153

RGI Randolph Glacier Inventory
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(−)14.4 °C during 1951–1980 period while during the study period it has risen to 
(−)8.5 °C in January 2011. As compared to this, higher elevation station at South 
Pullu (4700 m a.s.l.) recorded the lowest mean monthly temperature of (−)16.3 °C 
in January 2012 and highest mean monthly temperature of 11.2 °C is recorded in 
July 2011. Annual range of temperature recorded at South Pullu station at 
4700  m  a.s.l. varied from (−)27.3  °C to (+)21.9  °C.  Further higher up over the 
mountain ridge at 5600  m  a.s.l. annual range temperature observed between 
(−)27.4  °C and (+)13.6  °C and the mean monthly temperature ranges between 
(−)21.6 °C and (+)2.8 °C.

In the cold-arid region, dry valley bottom with very little precipitation is fed by 
the water from wet upper mountain zone sustaining the livelihood of the people in 
the region. The discharge regime of the high elevation mountain slopes are mainly 
governed by the snowfall amount and time of occurrence. The stream flow initiates 
at the gauging site at South Pullu (4700 m a.s.l.) during May 1–15 period depending 
on the prevailing weather conditions. Out of five years of observations in the 
Ganglass catchment, 2 years experienced early flow in the first week of May (2011 
& 2013) and other two years (2010 & 2012) experienced late initiation of discharge 
around 15 May. The river ceases to flow at the South Pullu between 1–15 October. 
Hence, on an average stream flow at 4700 m a.s.l. is limited to around 158 days (5th 
May to 10th October) constituting 43% of days during cold-arid system water year 
(1st October to 30th September). In other words, it indicate that the upper mountain 
region remain frozen around 200 days in a year.

Inter annual variation of discharge is high in the region. Discharge from the 
catchment reduced to half during the years experiencing low snowfall (Figs. 20.3 
and 20.4) characterized by the early disappearance of snow. The small glaciers play 
a very important role in sustaining the flows during such years with contribution 
rising up to 34%. Three distinct runoff response were observed during the study 
period, governed by the snow cover and precipitation. Years with early disappear-

Fig. 20.3 Annual discharge flux variations at 4700 m a.s.l. of the cold-arid system catchment
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ance of the snow cover by mid of May produce annual runoff, distributed more or 
less equally through the summer months (M6–8) experiencing 31–23% of runoff in 
each month. Years with normal winter snowfall with persistence of snow in the 
catchment till first week of June experienced more than 50% of the annual discharge 
in the month of July alone. The third category are the years experiencing persistent 
snowfall in the month of May and June which facilitate the extended snow cover in 
the catchment till mid-July and produce higher discharge in the months of July and 
August constituting more than 75% of the annual discharge. July discharge showed 
highest year-to-year variability ranging from 23 to 57% of the annual totals and 
managing this kind of variability is the biggest challenge in this region. Water 
demand is highest during these months due to most favorable conditions for tourists 
as well as for agriculture. Knowledge of seasonal discharge fluctuation based on 
prevailing snow regime will be extremely helpful in managing the scarce water 
resources in the region effectively. During the low snow years, as mentioned before, 
contribution from glacier melt increases to 34% of the annual flow as observed in 
the year 2011 and demonstrate the key role being played by these small glaciers in 
the Ladakh range. The monthly distribution of discharge during the low snow period 
and its response to electrical conductivity (EC) point towards the possibility of 
ground ice melt contribution in the region (Fig. 20.5). This observation has added a 
new dimension to the hydrology of the cold-arid regime. (Thayyen 2015).

There are number of geomorphological features present in the catchment signal-
ling seasonal freeze  and thaw activites in the higher elevations of the cold -arid 
regions in the form of patterned ground and exposed subsurface ice formations 
(Fig. 20.6). Intial modeling exercise by the researchers of the Univeristy of Zurich 
also indicate significant permafrost areas in the cold-arid region of the Himalaya 
(Gruber 2012; Gruber et al. 2017). Signature of ground ice melt, immediately after 
the snow melt in the higher elevations of the catchment is observed as the higher 

Fig. 20.4 Example of varying hydrograph characteristics of the same catchment (Ganglass) dur-
ing high snow year followed by a low snow year
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ionic pulses in the meltwater. These ionic pulses during the late melt periods are 
dominated by higher calcium and bicarbonate concentrations (Namrata Priya et al. 
2016). Permafrost processes is identified as a key knowledge gap, which could have 
significant implication for cryosphere-livelihood nexus in the cold-arid region. 
Cold-arid climate found to be facilitating sublimation in the glacier regimes, prob-
ably affecting the hydrology of the glaciers in the region (Rai et al. 2016). Even in 
the low elevation glaciers of cold-arid region of the Zanskar basin show significant 
deviation in the stable isotope values of snout ice as compared to the isotopic char-
acteristics of glacier ice in the Kashmir region (Rai et al. 2016). This suggest that 
number of key knowledge gaps exists and significant effort is required to understand 
the cold-arid system hydrological process in a better way.

Fig. 20.6 Patterned ground and exposed sub surface ice formation in the Ganglass catchment

Fig. 20.5 Discharge- EC relationship during a low snow year showing typical inverse relationship 
during snow melt period. In the absence of snow from mid-July onwards EC shows gradual 
increase associated with steady low discharge probably influced by ground ice melt
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20.5.1  Precipitation Gradients in the Cold-Arid Regime

Snow is the dominant precipitation component in the catchment. 4 years of precipi-
tation monitoring shows that the precipitation recorded at 4700 m a.s.l. at South 
Pullu is more than 4–5 times higher than the valley bottom at 3500 m a.s.l. (Leh). 
While South Pullu experienced around 209 mm of winter precipitation in place of 
47.5 mm at Leh (Fig. 20.7). Compared to this, glacier elevations experienced further 
high values up to 620 mm w.e as evident from the winter mass balance of Phuche 
glacier. This demonstrate the steep precipitation gradient in the catchment during 
winter months. It clearly suggest that the hydrological assessment of the region 
based on the valley bottom measurements is insufficient for understanding the cold- 
arid region hydrology holistically.

Relationship of elevation gradient of precipitation is developed between the alti-
tude index and the cumulative precipitation. The altitude index AI = Ax/Ab, Where 
Ax is the higher elevation stations and Ab is the base station. The winter precipita-
tion between these altitudes are related through the power relationship.

The relationship have given a correlation on 0.92 and equation governing the 
precipitation distribution across these altitudes as

 
Ph Pb Ax Ab

6 9
= ( )/

.

 

Where Ph is the precipitation at desired higher altitude (h), Pb is the known precipi-
tation at the base station, Ah is the altitude of the desired altitude and Ab is the 
altitude of the base station.

Similar relationship is found for the summer precipitation between 3500 m a..s.l. 
and 4700 m a.s.l. as shown in the Fig. 20.8. The relationship has returned the same 
exponent and slightly varying intercept. This suggest that the relationship between 
3500–4700 m a.s.l. for winter as well as summer period remain same. However, it 
may not be prudent to assume the same relationship extending up to the glacier 
elevations in summer. The routine field observations during the mass balance data 
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Fig. 20.7 Relationship between winter precipitation between 3500, 4700 and 5575 m a.s.l. in the 
study catchment in Ladakh
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collection suggests that the summer precipitation between 4700 m a.s.l. and that of 
glacier did not vary significantly or even may be less. However, this issue need to be 
resolved by proper precipitation data collection at the glacier altitudes in future. 
Bhutiyani (1999) developed the relationship for Siachen glacier in the Karakorum 
Himalaya with an exponent of 4.78. This suggests that the Ladakh range have 
steeper precipitation gradient in winter months.

20.5.2  Temperature Gradients in the Cold-Arid Regime

Temperature play a key role in determining the runoff regime of a cryospheric sys-
tem as well as glacier mass balance. The annual temperature at 4700 m a.s.l ranges 
between (−)27.3 °C and 21.9 °C during 2010–2014 period. The lowest temperature 
occur during the last week of January and the highest in the month of June or July. 
Prolonged sub-zero temperature regime of the catchment play an important role in 
regulating the catchment hydrology. However, short period of positive temperatures 
during July and August months produces abundant melting of the cryospheric com-
ponents. Whenever fresh snowfall occurred during May & June months, tempera-
ture showed a sharp decline leading to significant reduction in discharge. Years with 
precipitation free May & June months showed higher number of positive degree 
days forcing higher melting during these two months as well.

Near surface temperature, lapse rate or Slope Environmental Lapse Rate (SELR) 
(Thayyen and Dimri 2014) of the cold-arid regime is found to be unique. Temperature 
lapse rate data of 2010, 2011 and 2012 between 3500 m and 4700 m a.s.l. is studied. 
The SELR response between 4700 and 5600 m a.s.l representing the nival regime 
also studied for one year (2012–2013). The foremost observation from these data is 
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the higher annual range of daily SELR of the cold-arid system ranging from 2.8 to 
17.0 K/km with consistently steep SELR during summer months clearly reflecting 
the characteristics of the arid conditions. In fact, lower section (3500–4700 m a.s.l.) 
started experiencing higher mean monthly SELR from March onwards (9.5–11.0 K/
km). However, SELR of core winter months (November–January) showed striking 
similarity with that of the monsoon regime with winter lowering of the SELR 
(Thayyen and Dimri 2014). Daily SELR during this period ranged between 5.8 and 
7.5 K/km (Fig. 20.9), which clearly indicates the role of moisture and low tempera-
ture combination controlling the SELR of cold-arid regime mountain slopes during 
these months. Comparable observations were reported earlier from far end of the 
cold-arid system at the Chandra basin as well. SELR derived from average daily 
temperature between 3330 m a.s.l. and 3940 m a.s.l. near Hamtah glacier in Chandra 
basin during July, August, September months reported as 11.1 K/km, 10.9 K/km, 
12.5 K/km, 11.3 K/km and 11.1 K/km in 2002, 2003, 2004, 2005 and 2006 respec-
tively (Siddiqui and Maruthi 2007). However, SELR of higher elevation nival/gla-
cier section is characterized by lower daily values ranging between 7.4 and 6.5 K/
km during summer months as compared to the consistently higher values of the 
lower section >9.8  K/km. Moreover, specific humidity values at nearby Chhota 
Shigri glacier meteorological station mimics that of Leh stations ranging between 
4–7 g/kg during summer months. Hence, it is suggested that the higher summer 
SELR of temperature is a characteristic of the cold-arid regime of Ladakh.

Fig. 20.9 Differing SELR of various sections of the mountain slope of the cold-arid system gov-
erned by elevation. Lapse rate of nival section 2 (4700–5600 m a.s.l.) (Pink line) is lower than the 
lapse rate of lower section 1 (3500–4700 m a.s.l.)
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20.5.3  Groundwater Resources

During the last decade, resource-habitat equilibrium has come under severe stress in 
the region due to heightened tourism activities. Tourist arrival at Leh has increased 
from 20,000 in 2004 to 1.8 Lakh in 2012 (Harjit Singh 2013) and become a major 
economic activity in the region surpassing the traditional agrarian economy. In the 
urban centres, this has forced people to explore the alternate source of water which 
has led to a trend of rampant ground water exploration in this region. However, the 
recharge area of groundwater in this area is lying the high elevation nival-glacier 
areas and sustainability of ground water as an assured long-term source is in serious 
doubt. More research is required to establish the recharge mechanism of groundwa-
ter in this region and its flow paths and sustainability.

20.6  Water Related Disasters in the Cold-Arid Region

Water related disasters have become an essential component of Cold- arid hydrol-
ogy in the past decade. The region experienced couple of highly disastrous flood 
events in the recent past and left a deep scar on the society. Managing these floods 
could achieve twin objectives of saving the populations from disastrous conse-
quences of the floods and turning it into viable source of water for the communities 
in a water scarce region through further research and development. Large areas of 
cultivable land as well as shelters were destroyed by these floods leading to financial 
stress for the communities. Loss of large number of life and livelihood create emo-
tional trauma for the communities, which take long time to overcome. Hence, one 
of the future thrust area in research on cold-arid hydrology could be the flood man-
agement. There are four major types of floods experienced in the region such as (1). 
Cloudburst floods (2). Landslide Dam Outburst Floods (LDOF) (3). Glacial lake 
Outburst floods (GLOF) and (4). Glacial surge dam outburst floods. A brief descrip-
tion of these floods are given in the following section.

Irrespective of the low precipitation occurrence disasters triggered by extreme 
rainfall is not alien to the Cold-arid regions of IHR. Leading cause of concern in this 
regard are the cloudbursts (Dimri et al. 2016). The scale of devastation of the 2010 
Leh cloudburst has brought the focus sharply to this phenomenon. Past records of 
flood occurrence in the region show number of such events since 2005 (Thayyen 
et al. 2013). The definition of cloudburst by the India Meteorological Department 
(IMD) suggest a high rate of rainfall at 100 mm/h covering an area of 20–30 km2 
(Ashrit,2010). However, study of cloudbursts in the Ladakh region suggests much 
shorter duration up to 15  min and much higher intensity ranging from 100 to 
300 mm (Thayyen et al. 2013; Dimri et al. 2017). Floods resulting from such a short 
duration storm falling over the steep barren slopes of the mountain is often devastat-
ing with peak flood discharge of 545 ± 35% m3/sec for a catchment with 2.83 km2 
area and 1070 ± 35% m3/sec for a bigger catchment with 64.95 km2 area (Thayyen 
et al. 2013). As it occur in the mountain slopes, cloudburst often impact the settle-
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ments in the first order stream catchment. In the city centers like Leh, the migrant 
locals and labourers are increasingly occupying these areas making them vulnerable 
to such events. Tourism is the main stay of economic activities in Ladakh and recur-
ring cloudburst in the region will have negative impact the economic prosperity of 
the region, if not better managed.

Landslide Dam Outburst Flood (LDOF) is another flood source in the cold-arid 
Himalaya. LDOF occur due to landslide into the river leading to river blockage. The 
“Great Indus Flood” of 1841 (Mason 1929) is the biggest such flood occurred in the 
region. This particular landslide was triggered by an earthquake on the west side of 
the Lechar spur of Nanga Parbat. By June 1841 the lake has grown into 64 km in 
length and 300 m deep. The lake was emptied in 24 h, devastating hundreds of vil-
lages and killing thousands of people (Falconer 1841). Most recent occurrence of 
LDOF in the cold-arid region is recorded in the Phutkal River in Zanskar which got 
blocked by a heavy landslide that occurred on 15 January 2015. This lake had busted 
on 07 May 2015, affecting around 40 villages downstream. Factors triggering land-
slides in this non-monsoon region need better understanding. The role of permafrost 
thaw, persistent frost action and snow melt water seepage need greater focus.

Glacial lake outburst flood (GLOF) is another water related disaster in the region. 
As glaciers retreat in the cold-arid Himalaya, many glacier lakes are formed in the 
recent decades. Many of these lakes are dammed by the ice-cored moraine, which is 
susceptible for thawing with the rise in temperature. Much of the damage created 
during the GLOF events are associated with large amounts of debris that accompany 
the floodwaters. Due to extreme hazard potential, it is necessary to take into account 
of GLOF, while planning, designing and constructing any infrastructure projects 
such as bridges and culverts as they are located on the path of the flood. Cloudbursts 
and GLOF occur in the remote mountain areas and often confuse people and author-
ities about exact cause of the flood. Proper investigation is necessary to reveal the 
flood source, but often not done due lack of administrative mechanism to monitor 
and record such events in the most part of the cold-arid region. In September 2007 
NIH team has got a rare opportunity to witness a GLOF event near the Pangong 
Lake (Fig. 20.10). The flood occurred in the Pagal Nalla, 3 km enroute to Pangong 
Lake. As its name suggests, this stream experiences frequent flash floods. The 
GLOF happened on 15 September 2007 between 2.30 and 3.00 p.m. It is informed 
by the local people that small instances of flooding reported earlier on 10 September 
2007and local police temporarily suspended the tourist movement towards the 
Pangong lake area. NIH team visited the place from Tangse, a place 26 km away 
from the site. A rough on field estimate suggested as discharge of 30m3/sec at 
6.15 p.m. Electrical conductivity of the food water was 204 μS/cm, clearly indicat-
ing that the flood water had been stored for long time allowing ionic enrichment. 
Water sample collected from washed off bridge site on following day (16 September) 
showed reduced EC of 22 μS/cm, suggesting complete evacuation of stored water 
from the glacial system. We also carried out isotopic analysis of flood and post flood 
water and δO18 values of the both the samples showed −14.090/00 and 14.590/00 
respectively suggesting the same source of the water. δO18 values of the glacier ice 
samples in the Ladakh region vary between −16.26 to −13.860/00. (Rai et al. 2016). 
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Later, we identified the glacial lake responsible for this flood on the satellite imag-
ery of 5 July 2007 (Thayyen et al. 2010).

Glacial surge dam outburst floods are another unique feature of the cold-arid 
region because occurrence of the surging glaciers in the Indian Himalayan region 
(IHR) is limited to the Karakorum Mountains of the cold- arid Himalaya. Such 
floods are rare and probably have high recurrence interval. Surging glaciers flow at 
exceptional rates during limited durations ranging from a few months to a few years 
resulting into sudden advances in the front (Meier and Post,1969; Hewitt,1969). 
Detailed recording of a glacier surge dam outburst floods in the region date back to 
the eighteenth century at the headwaters of Shyok River. This region have three 
surging glaciers, Chong Kumdan, Kichik Kumdan and Aktash. Mason (1929) pre-
sented a detailed account of the snout position of these glaciers and floods that origi-
nated from the river blockade by these glaciers. He listed number of such floods 
spanning through 1780, 1835,1839,1842,1873, 1903, 1926 and 1929. However, the 
flood of 1929 was the most devastating surge dam burst flood. Kumdan glacier 
surged into the Shyok riverbed and blocked the river flow. By 1928 it was grown 
into a huge lake having 16 km length and 120 m depth and stored around 1.5 × 109 m3 
of water blocked by 2.4 km ice barrier. The dam breached in 1929 (Mason 1930a, 
b) and entire lake water was evacuated in 48 h with an estimated peak discharge of 
22,650 m3/s (Hewitt 1982). This flood resulted in a huge devastation in the Shyok 
valley and Indus up to 1194 km downstream (Attock) of its origin. As glacier surge 
is cyclic phenomena (Murray et al. 2000; Fowler et al. 2001) the region is suscep-
tible for similar floods in future.

20.7  Conclusions

Hydrology of the Cold-Arid region of the Himalaya is unique in many ways. Steep 
hydrological gradients supported by steep precipitation and temperature gradients 
are characteristics of the cold-arid region. More than tenfold increase in winter 

Fig. 20.10 (a) Washed off bridge (b) Flood water gushing down through the broad valley reducing 
its impact
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precipitation along the ridges than the valley bottom signifies its impact on the 
hydrological system. Similarly, very high Slope Environmental Lapse Rate (SELR) 
of temperature during the March to September also pay a critical role defining the 
cold-arid system hydrology. Snowmelt in the high elevation region is the major 
water source but year-to-year variations are also significant. Observed that the con-
tributions from the glacier is up to 34% during the lean flow years. Study suggest 
that the ground ice melt could also be significant in such years. However, further 
studies on permafrost thaw is important for the region. Some areas of Ladakh, espe-
cially the urban centers experience groundwater mining and this resource may not 
be sustainable in the long run. However, self-reliance in energy generation by solar 
and hydro - power development will help the region to use the water from the River 
Indus, which is currently underutilized. Optimizing the huge power generation 
potential of the area is key to it sustenance. Big glaciers in the region ensure certain 
stability in river flow and these resources should be leveraged for the development 
of the region. Even though Ladakh is rainfall deprived, this region is highly suscep-
tible for floods of various genesis. Cloudbursts floods are emerging as most com-
mon threat to the life and livelihood of the people. The threat from GLOF is also 
very real as there are number of glacier lakes are developed the region. Hence it is 
important to monitoring the status of this glacier lakes on a regular basis. Present 
study is based on the data generated from a single catchment in the entire region as 
there is no other such database linking local mountain process between valley bot-
tom and mountain ridge is available in the region. This show urgent need for scaling 
up the hydrological research in the region to refine and improve the assessment 
presented in this paper.
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Chapter 21
Hydrology of the Himalayas

Nuzhat Q. Qazi, Sharad K. Jain, Renoj J. Thayyen, Pravin R. Patil, 
and Mritunjay K. Singh

Abstract The Himalayan Mountain chain is the third-largest deposit of ice and 
snow in the world, serves as an important source of freshwater for the 1.3 billion 
population living in the lowlands of river basins of Indus, Ganga and the Brahmaputra 
(IGB) covering eight countries (Afghanistan, Bangladesh, Bhutan, China, India, 
Myanmar, Nepal, and Pakistan). Influence of Himalayan cryosphere is very signifi-
cant in headwater tributaries of these river basins and also plays a significant role in 
the livelihood of the people through river runoff. Understanding of the timing and 
relative contribution of individual components of the hydrological cycle and water 
resources characteristics across the Himalayas is limited and is due to inadequate 
investigations and lack of synthesis of existing information. This chapter presents 
outcome of an extensive review of available knowledge and discuses knowledge 
gaps in the current understanding of hydrology of IGB river basins. Many factors 
that are considered important in managing Himalayan water resources have been 
identified and discussed in this chapter.

21.1  Introduction

High mountain areas around the world have served as an important source of fresh-
water for the population living in the adjacent lowlands, center of biodiversity, 
source regions for important natural resources and ecosystem services 
(Bandyopadhyay et  al. 1997; Barnett et  al. 2005; Schickhoff et  al. 2016). The 
Himalayan mountain is one of the largest mountain chains on Earth, serving as a 
source of fresh water for the major river systems (Ganges, Brahmaputra, Indus, 
Irrawady, Mekong, Amu Darya, Salween, Tarim, Yangtze, and Yellow rivers) of the 
world, extends from 15.95° to 39.31° N and 60.85° to 105.04° E, covering an area 
of more than 4,192,000 km2 (Bajracharya and Shrestha, 2011). Together these rivers 
support the drinking water, irrigation, energy, industry and sanitation needs of 1.3 
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billion people living in the mountains and downstream (Shrestha et  al. 2015). 
Himalayan mountain range directly influences the economic prospect of eight coun-
tries; Afghanistan, Bangladesh, Bhutan, China, India, Myanmar, Nepal, and 
Pakistan. It contains the third-largest deposit of ice and snow in the world, after the 
Antarctica and the Arctic (Ibsen 2018) and aptly called as ‘Third Pole’ or ‘Water 
Tower of Asia’ (Bajracharya and Shrestha 2011).

Three major river systems, trans-boundary in nature, originate from the 
Himalayas. Discussion in this chapter is limited to the Indus, Ganga and Brahmaputra 
(IGB) river systems, which are flowing into the Indian sub-continent. The Indus 
river basin (IRB) is distributed across Pakistan, India, China and Afghanistan. 
Ganga river basin (GRB) occupies the central part of the Himalayas and outspreads 
in India, Tibet (China), Nepal and Bangladesh. The third, the Brahmaputra river 
basin (BRB) covers China, India, Bangladesh and Bhutan.

Influence of Himalayan cryosphere is very significant in headwater tributaries of 
all the three river basins. A major share of the Himalayan glaciers lies in the IRB 
covering an area of 18,195 km2 followed by BRB, 10,593 km2 and GRB,7939 km2. 
While glaciers occupy high elevation un-inhabited areas and water runs through 
deep gorges, seasonal snow cover spread over a much large mountain area also 
plays a significant role in the livelihood of the people through river runoff. Maximum 
snow cover in the IRB could extend up to 2,74,686 km2, 67,708km2 in the GRB and 
1,22,905 km2 in the BRB. Figure 21.1 and Table 21.1 illustrate the glacier and snow 
cover distribution in these basins.

Our understanding of the timing and relative contribution of individual compo-
nents of the hydrological cycle across the Himalayas is limited (Bookhagen 2012) 
and water resources characteristics in the Himalayan region have many knowledge 
gaps (Bajracharya and Shrestha 2011). For example, many studies conducted in the 
IGB only focused on the downstream parts of the basin (e.g. Hirabayashi et  al. 
2013; Gain et al. 2011) and did not take into account the processes that are relevant 
in mountainous basins (e.g. ice and snowmelt). In the upstream domains of the IGB, 
where mountain-hydrological processes are important, the number of studies on 
extremes is very limited. The study conducted by Lutz et al. (2016); is only about 
high flows and does not take the effects of climate change on low flows into 
 consideration. Available  estimates of the ice volume and thickness  showed large 
difference in the IGB region (Azam et  al. 2018). Advances in knowledge of 
Himalayan springs, geology, sediment transfer etc. is limited due to inadequate 
investigations and lack of synthesis of existing information in published and gray 
literature. Therefore, the present chapter presents outcome of an extensive review of 
available knowledge of hydrology of Indus, Ganges and Brahmaputra river basins 
and has identified gaps in the current understanding of hydrology of these basins. 
Many factors that are considered important in managing Himalayan water resources 
have been identified.
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Fig. 21.1 Indus, Ganga and Brahmaputra basins with political boundaries of the countries, glacier 
distribution and maximum snow cover. Glacier area is based on Randolph Glacier Inventory, 
RGI6.0

Table 21.1 Country wise distribution of Indus, Ganga and Brahmaputra basin area, its glaciers 
and corresponding maximum snow cover areas

Basin Country
Glacier Area Max. Snow cover area Total basin area
km2 km2 km2 %

Indus China 1216 46,480 83,669 08.85
India 14,880 165,284 321,289 34.00
Pakistan 1892 31,268 469,355 49.67
Afghanistan 207 31,655 70,687 07.48
Total 18,195 274,687 945,000 100

Ganga China 2613 17,189 34,992 03.33
Nepal 3099 33,566 147,181 14.02
India 2227 16,953 861,452 82.04
Bangladesh 0 0 6375 0.61
Total 7939.2 67,708 1,050,000 100

Brahmaputra China 8770 95,604 289,609 49.93
Bhutan 1019 6461 46,500 8.02
India 805 20,840 194,413 33.52
Bangladesh 0 0 49,478 8.53
Total 10,594 122,905 580,000 100
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21.2  Hydrology of the Himalayas

Hydrology of the Himalayas is complex because of the impact of two circulation 
systems, the Asian Summer Monsoon (ASM) and Western Disturbances (WD) 
(Bookhagen and Burbank 2010). ASM declines in strength from east to west along 
the Himalayas, whereas WDs decline as they move from west to east (Gautam et al. 
2013). To the west (Indus), there is general pattern of winter accumulation and sum-
mer melt, similar to glaciers of North America and Europe. However, part of IRB 
(Western Himalaya) is a transition region receiving precipitation from both the 
ASM and WD (Azam et al. 2016). Conversely, in east (Ganges and Brahmaputra), 
where glaciers experience maximum accumulation in the summer due to high mon-
soonal precipitation and high elevations, periods of summer time ablation punctuate 
overall summer-long snow accumulation (Ageta and Higuchi 1984). Further, the 
Himalaya is a barrier to monsoon winds, causing maximum precipitation on south-
ern slopes with a regional east to west decrease in the monsoon intensity (Shrestha 
et al. 1999) and hence, large local orographic control on climate. For instance, ASM 
provided low precipitation (21% of the annual sum) on the leeward side of the oro-
graphic barrier at Chhota Shigri Glacier (western Himalaya) and high precipitation 
(51% of annual total) on the windward side at Bhuntar city (∼50 km south from 
Chhota Shigri) (Azam et al. 2014). Depending on their geographical position and 
regional orography, the glaciers in the Himalaya (IGB) are subjected to different 
climates. This variability of precipitation regimes along the Himalaya begets vary-
ing types and behaviors of glaciers over short distances (Maussion et al. 2014).

The intensity, timing, and magnitude of the monsoon precipitation vary from east 
to west, with the longest duration of monsoon and greatest amounts of precipitation 
in the east. In the eastern part of the region, more than three-quarters of all precipita-
tion falls during the summer monsoon months from June to September (Nepal 
2012), whereas the western area receives more than one-third of total precipitation 
in winter (Shrestha 2008). Snow is an important component of the hydrology of the 
Himalaya. Snow-cover dynamics in the high Himalayas and on the Tibetan Plateau, 
influence the water availability and timing in downstream basins, specifically in the 
spring at the onset of the growing season, but also in the fall after the monsoon sea-
son (Barnett et al. 2005; Kundzewicz et al. 2007; Lemke et al. 2007; Viviroli et al. 
2007; Immerzeel et al. 2009; Bookhagen and Burbank 2010). Hydrological charac-
teristics of IGB is presented in Table 21.2.

21.2.1  Glaciers and Snow

Himalayan mountains contain important natural reserves of frozen fresh water in 
the form of glaciers and snow. These glaciers are unique as they are located in trop-
ics, high altitude regions, predominantly valley type and many are covered with 
debris. Today there are about 30 million km3 of ice on our planet that covers an 
almost 10% of the World’s land area. In the Himalayas, the glaciers cover 
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approximately 33,000 km2 area and this is one of the largest concentrations of gla-
cier-stored water outside the Polar Regions. IGB are originating from the glaciated 
Himalayan region where these rivers are fed by seasonal snow- and glacier- melt 
water. IGB is having 18,495, 7963 and 11,497 glaciers covering an area of 
21,000 km2, 9000 km2and 14,000 km2 (Bajracharya and Shrestha 2011) and 13.5%, 
5% and 20% of average snow coverage (Gurung et al. 2011). Model suggested that 
Indus has the highest meltwater index as compared to Ganges and Brahmaputra 
(Table 21.2), (Immerzeel et al. 2010). The total annual glacier runoff (IGB) for the 
period of 1961–1990 was 41 km3, 16 km3 and 17 km3, respectively. However, in the 
recent periods of 2001–2010, total glacier runoff was reduced to 36 km3, 15 km3 and 
16 km3, respectively (Savoskul and Smakhtin 2013). As is clear from the Fig. 21.2, 

Table 21.2 Hydrological characteristics of Indus, Ganga and Brahmaputra

Parameter Indus Ganges Brahmaputra

Catchment area (km2) 945,000 1,050,000 580,000
River length (km) 3200 2500 2900
Average annual rainfall (mm) 415 1125 1350
Average annual discharge (m3/sec) 7610 11,600 19,300
Annual sediment load at river mouth (million tons/
year)

291 599 580–650

Sediment yield (million tons/km2/year 0.3 0.61 0.85–1.12
No. of glaciers/area (km2) 18,495/21000 7963/9000 11,497/14000
Snow coverage (annual Avg. %) 13.5 5 20
Contribution of snow melt (%) >50 22 <25
Snow and glacier melt index 150 10 27

Source: Modified from Hasson et al. (2013), Sinha and Tandon (2014), and others

Fig. 21.2 Hydrological regime 1998–2007 in the upper IGB. (Lutz and Immerzeel 2013)

21 Hydrology of the Himalayas
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glacier melt has highest importance in the upper Indus basin, while the contribution 
of glacier melt to total flow is very small in the upper Ganges and upper Brahmaputra. 
GRB and BRB are dominated by rainfall-runoff, followed by baseflow, however, 
baseflow contribution is just 10.8% of total flow in IRB. Continuous changes in 
surface temperatures and precipitation may have serious consequences glacier melt 
and rainfall-runoff relationships, e.g. drought and floods.

Role of glaciers in basin hydrology varies significantly in different mountain 
hydrological systems. Most of the interpretations are based in the conceptual 
 framework of ‘Alpine catchment’ where most of the annual precipitation occurs as 
snow in the winter months. The melting of the winter snow persists through the 
summer season and together with the glacier melt, produces the seasonal high dis-
charges. In such systems, glaciers are critical for the river flow, especially during the 
peak summer months (Fig. 21.3a). A ‘Himalayan catchment’ is significantly differ-
ent from ‘Alpine catchment’ with the presence of monsoon coinciding with the 
temperature, melt and discharge peaks of the annual hydrograph. Hence the 
‘Himalayan catchment’ is characterized by the peak glacier runoff contributing to 
the crest of the annual stream flow hydrograph from monsoon in July and August 
months (Thayyen and Gergan 2010), (Fig. 21.3b). Consequently, higher discharges 
in the headwater streams of the monsoon catchment could occur during the positive 
mass balance regimes of the glacier and reduced discharges associated with the 
negative glacier mass balance regimes. Third important glacio-hydrological regime 
of the Himalaya is the cold-arid systems, geographically situated in the Ladakh 
region of the trans- Himalaya (Fig. 21.3c). The seasonal precipitation distribution of 
these three dominant hydrological regimes of the Himalaya is shown in Fig. 21.4.

21.2.2  Discharge Characteristics of IGB Basins

The discharge of the IGB rivers are governed by a strong precipitation. The mean 
annual discharge of the Ganges at Bay of Bengal is more than 51,176 m3 s−1 and 
thus, occupies ninth position among the world’s largest rivers. Whereas annual dis-
charge of Indus and Brahmaputra are 6600 m3 s−1 and 21,261 m3 s−1, respectively. 
Almost 80% of the mean annual flows of Indus and Ganges are confined to the sum-
mer months (April–September) with a peak in the month of August, due to snow 
and glacier melt as well as the monsoonal rainfall. However, the analysis of the 
observed discharge of Brahmaputra shows that more than 90% of the flows are con-
fined to the high flow period (April-early November) with a mean maximum during 
mid-July. During the winter (October–March), the rivers of IGB experiences low 
flow conditions, because contributions mainly come from the snowmelt, winter 
rainfall and base flow. Water availability of different tributaries of IGB basins is 
shown in Table 21.3.
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Fig. 21.3 Seasonal distribution of runoff in three hydrological regimes (a) Alpine catchment 
(peak glacier runoff contributes to other wise low flow period of annual stream hydrograph gov-
erned by lower precipitation in summer), (b) Himalayan catchment (characterized by the peak 
glacier runoff contributing to the crest of the annual stream flow hydrograph from monsoon in July 
and August months) and (c) Cold-arid catchment (annual discharge peak occurs in the month of 
July and August mainly from glacier/permafrost/snow melting at higher reaches during the period 
e.g. Ladakh region

21 Hydrology of the Himalayas
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21.2.3  Sediment Transfer Characteristics of IGB Basins

Rivers and streams in the Himalayas carry sediment in their flows and transports 
from one part of the system to other (Lupker et al., 2012). Table 21.3 presents quan-
titative estimation of erosional budget/sediment yield for individual tributary of 
IGB and are useful in understanding the dynamics of movement, storage, or removal 
of water and sediment in systems. These estimates provide a framework for scien-
tific analysis and a basis for policy decision and management. In case of a vast and 
dynamic alluvial river like the Brahmaputra, which exhibits a high variability in 
flow and sediment yield, changing boundary conditions of the channel, complex 
river morphology, and recurrent seismic instability in the basin region, the uncer-
tainties involved in the estimation are significantly high. Yet, the studies compiled 
(Table 21.3) indicate useful results and prospects for further development.

Sediment in the Indus system is preferentially eroded from the western Tibetan 
Plateau and Karakoram (Clift et al. 2000, 2001). During summer, when snow melts, 
water discharge increases by 20–50 times and sediment load by 500–1000 times 
(Ferguson 1984). Eastern portion of the Himalayan Range is eroding faster than the 
western portion, which contributes to the Brahmaputra having a higher suspended 
load than the Ganges (Galy and France-Lanord 2001). The higher erosion in the 
eastern region is likely caused by higher precipitation in the eastern region (Fluteau 
et  al. 1999; Galy and France-Lanord 2001). The sediment budget mentioned in 
Table 21.3 is mainly based on sediment yields at selected reaches on the main stem 
and at confluence points of tributaries. The Table 21.3 indicate that the Indus carries 
the highest amount of sediment per unit drainage area followed by Brahmaputra. 

Fig. 21.4 Seasonal distribution of precipitation in the major hydrological regimes of the Himalaya. 
(Thayyen and Gergan 2010)
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Table 21.3 Characteristics of annual average discharge and sediment yield of different tributaries 
of Indus, Ganga and Brahmaputra basin

Basin Rivers/Station
Basin Area 
(km2)

Avg. Annual 
discharge (m3/s)

Sediment Yield 
(tons/km2/year)

INDUS Shyok (Yugo) 33,670 347.1a 754
Shigar (Shigar) 6610 NA 2547
Hunza (Dainyor) 13,157 338.6a 3375
Gilgit (Gilgit) 12,095 281.9a 1008
Gilgit (Alam Br.) 26,159 644a 2108
Astore (Doyian) 4040 136.8a 401
Gorband (Karora) 635 NA 1406
Indus (Kharmong) 67,858 489.1a 496
Indus (Kachura) 112,665 1069.1a 705
Indus (Parlab Br.) 142,709 1775.8a 973
Indus (Shatial Br.) 150,220 NA 709
Indus (Besham Q.) 162,400 2412.2a 1345
Kabul (Kabul City) NA 247 4700
Jehlum (Chinari) 13,775 330b NA
Jehlum (Kohala) 25,000 828b NA
Chenab (Akhnoor) NA 8001 NA
Ravi (Muksar) NA 268 NA
Beas (Mandi plain) NA 499 NA
Satluj (Ropar) NA 500 NA

GANGES Ganga 
(Garhmukteshwar)

29,709 660 766

Ganga (Fatehgarh) 40,096 576 444
Ganga (Ankinghat) 82,209 1015 366
Ganga (Kanpur) 87,650 895 376
Ramganga (Dabri 
station)

23,919 274 213

Garra (Husepur) 6155 82 1262
Ganga (Farraka 
barrage)

907,000 16,648 1235

Gomti (Saidpur) NA 234 NA
Ghaghara (Revelganj) NA 2990 NA
Gandak (Sonepur) NA 1760 NA
Koshi (Kursela) NA 2166 NA
Tons (Dehradun) NA 2827 NA
Sone (Indrapuri) NA 33,045 NA

(continued)
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The conjoined Ganges-Brahmaputra River carries 80% of the sum of the loads and 
remaining 20% of sediment is diverted from the main river by the tributaries and 
deposited along the main river channel (Rice 2007). Sediment that reaches the Bay 
of Bengal is dominated by silt and clay, with 15–20% of the total discharge being 
fine to very fine sand (Thorne et al. 1993). An additional study shows that more than 
76% of the bed sediments are within the fine to very fine sand class, and have a 
mean grain size between 177 μm and 62.5 μm (Datta and Subramanian 1997). The 
suspended load of a river carries the majority of the sediment, while bedload trans-
port accounts for approximately 10% of the suspended load (Walling 1987).

Table 21.3 (continued)

Basin Rivers/Station
Basin Area 
(km2)

Avg. Annual 
discharge (m3/s)

Sediment Yield 
(tons/km2/year)

Brahmaputra Subansiri 27,400 755,771 959
Ranganadi 2941 74,309 1598
Burai 791 20,800 5251
Bargang 550 16,000 1749
Jia Bharali 11,300 349,487 4721
Gabharu 577 8450 520
Belsiri 51 9300 477
Dhansiri (north) 10,240 26,577 379
Noa Nadi 907 4450 166
Nanoi 860 10,281 228
Bamadi 739 5756 323
Puthimuri 1787 26,324 2887
Pagladiya 383 15,201 1887
Manas-Aie-Beki 36,300 307,947 1581
Chamramati 1038 32,548 386
Gaurang 1379 22,263 506
Tipkai 1.364 61,786 598
Gadadhar 610 7000 272
Burhi Dehang 4923 1,411,539 1129
Disang 3950 55,101 622
Dikhow 3610 41,892 252
Jhanzi 1130 8797 366
Bhogdoi 920 6072 639
Dhansiri (south) 10,240 68,746 379
Kopili 13,556 90,046 230
Kulsi 400 11,643 135
Krishnai 1615 22,452 13 I
Jinari 594 7783 96

Note: adaily mean, bmonthly mean
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21.3  Topography

The Himalayas are not a single continuous chain of mountains, but a series of sev-
eral more or less parallel, or converging ranges, intersected by enormous valleys 
and extensive plateaus. Their width is between 250 km and 300 km (Sorkhabi 2010) 
and these comprise of many minor ranges. The individual ranges generally present 
a steep slope towards the plains of India and a more gently inclined slope towards 
Tibet. The Eastern Himalayas of Nepal and Sikkim rise very abruptly from the 
plains of Bengal and Uttar Pradesh and suddenly attain their great elevation above 
the snow-line within strikingly short distances from the foot of the mountains. But 
in the Western Himalayas, the rise in elevation is gradual across many cascading 
mountain ranges of lesser altitudes.

The topography of the Himalayas in the upper IGB is characterized by sudden 
rise of Shivalik from the Ganga plains which further rise up to Lesser Himalayas 
and connect to the Great Himalayan range with a steep slope. Some of the highest 
peaks of Earth such as the Mount Everest (8848 m), K2 (8611 m), Kanchenjunga 
(8586 m), Dhavalagiri (8167 m), Nanga Parbat (8126 m), Gasherbum (8035 m), 
Gosainthan (8013 m), Nanda Devi (7816 m), etc. are situated in the Great Himalayan 
belt with average elevation extending to about 7000 m. The average elevation in the 
Lesser Himalayas lies between 3500  m and 4600  m whereas lower foothills of 
Himalayas seldom exceeds the elevation range 900–1200 m (Fig. 21.5).

The varying elevations and slope profiles of each basins play significant role in 
determining the regional climate and hydrological responses as it critically influ-
ences both air and water circulations. As climate and hydrology of the Himalayas is 
dictated by the orographic nuances of the Asian monsoon in summer and westerly 
disturbances in winter months, precipitation dominant and shadow zones lay inter-
spersed in the Himalayas. Sudden rise in elevation facilitates lifting of the moist air 
along the frontal band of Lesser and Great Himalayas resulting in excessive oro-
graphic precipitation. As a result, two discrete bands of monsoon precipitation exist 
which stretches along the length of Great Himalayan Range. The first orographic 
barrier is created through southward thrusting of Lesser Himalayas over the north-
ernmost proximal edge of the Himalayan foreland basin resulting in a zone of high 
rainfall at a mean elevation of 0.9 ± 0.4 km and a relief of 1.2 ± 0.2 km (Bookhagen 
and Burbank 2006). A steep slope front along the boundary of the lesser and Greater 
Himalayas controls the location of another inner rainfall band at an average eleva-
tion of 2.1 ± 0.3 km and relief of 2.1 km.

There are numerous rain shadow zones in the Himalayas and the complex topog-
raphy of that region create wet and dry regions side by side. Several studies (e.g., 
Bookhagen and Burbank 2006; Bookhagen and Strecker 2008; Shrestha et al. 2012) 
conducted on the distribution of rainfall with elevation in various regions of the 
Himalayas indicate a strong relationship between rainfall and elevation. Some stud-
ies (Dhar and Rakhecha 1981) show that no linear relationship exists between rain-
fall and altitude. However, other studies (e.g., Singh et al. 1995; Singh and Kumar 
1997) have reported that there may be a continuous increase in precipitation with 
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Fig. 21.5 Cross sectional slope progression of the Himalayas from the southern front of Indus, 
Ganga and Brahmaputra basins. (Slope progressions were extracted using hydrologically condi-
tioned 3 arc-second SRTM DEM freely downloadable from HydroSheds (Hydrological data and 
maps based on SHuttle Elevation Derivatives at multiple Scales) website (https://hydrosheds.
cr.usgs.gov/dataavail.php)
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altitude in the Himalayan region but precipitation begins to decrease above a certain 
altitude. Clearly, this relationship varies considerably with time and place.

21.4  Geology of IGB Basins

Active tectonics in any basin is an important forcing factor affecting the river chan-
nel dynamics, its sediment load, and morphology. Himalayas have common geo-
logical history but sharply varying geology across the elevations and latitudes. The 
geology of the Indus drainage is largely shaped by the collision between the Indian 
Plate with mainland Asia, starting at around 50 million years ago (Inam et al. 2007). 
Continued tectonic activity and erosion from the valleys has allowed the surround-
ing ranges to be uplifted to great heights. The drainage of the Indus is dominated by 
the Western Tibetan Plateau, Karakoram and tectonic units of the Indus Suture 
Zone. The Indus basin has variety of rock formations, which are continuously 
undergoing disintegration through glacio-fluvial action. Main central thrust sepa-
rates lesser Himalayan rocks from higher Himalayas in north and main boundary 
thrust separates it from Siwalik in the south. Fracture zones, which are developed 
due to thrust, faults and other lineaments, are good locations for springs and pro-
mote groundwater recharge as well as control the drainage pattern. The Ganga basin 
in the Himalayan foreland forms one of the largest plains of the world over with 
∼450 million people dwelling in it. The plain evolved by deposition of huge piles of 
sediments over the basement within the down-warp between Himalayan Orogenic 
Belt in the north and Precambrian rocks of the Indian craton in the south (Shukla 
and Raju 2008; Sinha et al. 2009). The basement is marked with linear furrows, 
ridges and faults, lying obliquely to the Himalayan structural grains (Thakur et al. 
2009; Jayangondaperumal et  al. 2010; Goswami 2012). These oblique trending 
basement structures divide the basin into several tectonic blocks (Hazarika et al. 
2010; Dasgupta et al. 2013). In many cases, the blocks act as half-grabens with dif-
ferential uplift and bending. BRB shows significant difference in fluvial dynamics. 
The vast tract of Brahmaputra valley developed between the Arunachal Himalaya, 
the Naga-Patkai range of hills and the Shillong plateau is a typical fluvial terrain 
with a mosaic of numerous minor fluvial landform features. The valley has devel-
oped through alleviation over a sequence of Cenozoic sediments which again over-
lie a basement that has developed a structural high nearly coinciding the flow path 
of the Brahmaputra. The BRB consists mainly of Holocene floodplain deposits, 
underlain by poorly consolidated or unconsolidated tertiary and quaternary 
sediments.
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21.5  Major Landuse in the IGB Basins

The forest cover in the IGB Basins are only 4%, 8% and 15% whereas major part of 
basins are covered with snow and glacier (75%, 53% and 74%), respectively. 
Moreover, second major part of the IRB and GRB are agriculture, however, forest 
cover is the second landuse in BRB (Table 21.4). Forest cover is declining in all 
three basins; overgrazing and deforestation to make room for cultivation and human 
settlements are common in Indus and Ganges Basin, however, shifting cultivation, 
is widely being practiced in the hills and foot hill regions of Brahmaputra basin. 
Nowadays, some part of land in Indus and Ganges are used for other economic uses 
which consists of mineral exploitation or construction of human settlements, indus-
trial structures, roads, railways, airports and other civil works. On the other hand, 
grasslands are today broken up by vast tracts of tea plantations and human habita-
tion in Brahmaputra basin.

Quantifying effect of land-use change on water resources is a challenge in hydro-
logical science. The land use/cover changes from forest to other uses have been 
widespread in the past several decades in the Himalayan region (Batar et al. 2017). 
Such changes in land use/cover lead to environmental degradation through soil ero-
sion, change in discharge, evapotranspiration etc. Agricultural land area has 
increased considerably over the past four decades in the Himalaya at the costs of 
other land uses, particularly forests (Sharma et  al. 2007). The forest-dominated 
watersheds are consequently converted into agrarian watersheds where discharge, 
sediment and nutrient losses are accelerated. The study conducted by Younis and 
Ahmad (2017), concluded that as built-up area increase up to 40% from the year 
2000 to 2010, which also increases the discharge to 33%, and confirms that LULC 
change affects discharge values of watersheds of Indus basin. Similarly, Chawla and 
Mujumdar (2015), analyzed the change in landuse land cover in the Ganges basin 
and observed that from 1973 to 2011, there was an increase in crop land and urban 
area by 47% and 122% and decline in dense forest from 14% in 1973 to 11% in 
2000), a slight increase in dense forest (11.44–14.8%) between 2000 and 2011, 
respectively. The results showed that the change in landuse significantly increased 

Table 21.4 Landuse landcover distribution of IGB

Landuse
Indus Ganga Brahmaputra
km2 % km2 % km2 %

Built up land 6701 0.6 36,908 2.1 3163 0.4
Agricultural 115,005 10.1 564,866 31.4 50,375 6.9
Forest 48,481 4.2 137,817 7.7 107,854 14.7
Grassland 13,473 1.2 7324 0.4 8531 1.2
Wasteland 91,651 8.0 76,604 4.3 10,117 1.4
Waterbodies 5935 0.5 29,877 1.7 11,266 1.5
Snow/glacier 860,160 75.4 944,978 52.5 543,725 74.0
Total 1,141,406 100.0 1,798,374 100.0 735,031 100.0

Source: CWC and NRSC (2014)
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peak discharge and evapotranspiration by 77% and 42% from 2011 to 1973. 
Likewise, Tsarouchi et al. (2014), also found effect of land cover change in change 
in hydrology of Ganges basin from 1984 to 2010. On the other hand, the Brahmaputra 
basin (especially upper Brahmaputra basin) is one of the worst flood-affected areas 
in India. River dynamics of Brahmaputra basin changes landuse land cover (LULC) 
significantly especially agriculture due to flooding, leads to changes in the sediment 
flux and other hydrology of the basin (Hazarika et al. 2015). Therefore, number of 
studies on forested watersheds provided situations from macro to micro scales of 
IGB.  Sustenance of watershed functioning in the IGB needs substantial support 
from various approaches and promotion of forests and agroforestry practices in 
combination with rehabilitation of degraded lands and better land husbandry could 
provide hydrological benefits for both upstream and downstream users.

21.6  General Climate of the IGB Basins

The climate of IGB ranges from tropical at the base of the mountains to permanent 
ice and snow at the highest elevations. The average annual precipitation in the IGB 
basins are 415 mm year−1, 1125 mm year−1 and 1350 mm year−1, respectively (CRU 
2012; Hasson et al. 2013). Variation in rainfall across the basins are considerable, 
particularly between the upper and lower basins (Turner and Slingo 2009; Bera 
2017). The upper IRB receives nearly 500  mm  year−1, whereas the lower basin 
receives just under 300 mm year−1. Although there is not much difference between 
the annual amount of precipitation in the lower and upper parts of the GRB. In con-
trary to IRB, the lower BRB receives approximately 2216 mm year−1 of rain annu-
ally, which is over three times more than the upper basin. Overall, the upper IRB 
and GRB basin experience more rainy days (132 and 179) in a year, compared to 
their lower basins (84 and 152 days). However, upper Brahmaputra basin experi-
ences less number of rainy days (164) in a year as compared to lower basin 
(214  days). There are two sources of precipitation in the IGB; monsoon (July–
September) and westerly (December–March), (Bookhagen and Burbank 2006). The 
hydrological regimes of the IGB is dominated by the monsoon system and its con-
tribution is about 55% (I), 84% (G), and 70% (B) (Kripalani et al. 2007; Sabade 
et al. 2011; Hasson et al. 2013; CWC-NRSC 2014) and westerly contributes about 
45% (I), 16% (G) and 30% (B), respectively. Deka et al. (2013), Bera (2017), Latif 
et al. (2018), observed large spatial and temporal variability in the annual and sea-
sonal rainfall trends in IGB. The increase in rainfall intensity, changes in rainfall 
patterns, and greater frequency of extreme rainfalls (Turner and Slingo 2009) likely 
to aggravate flooding problems within IGB whose early signs are visible now.

Temperature plays important role in IGB in several ways. Over the past decades 
and across the IRB, winters are getting warmer, but summers are getting cooler. 
However, extreme hot days are getting hotter and extreme cold days are getting 
milder. On the other hand, in GRB, winters are getting warmer, but summer average 
temperatures have remained constant. Summer extremes are becoming more 
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intense, while winter extremes are showing mixed trends across the basin. 
Nevertheless, in BRB, temperatures are changing over time and showing mixed 
trends across the seasons and in different areas of the basin. The average maximum 
temperatures of IGB are about 30 °C, 30.3 °C and 19.6 ° C in summer and 13 °C, 
21.1 °C and 9.2 °C in winter. Average minimum temperatures range from 18 °C, 
21.5 °C and 18.3 °C in summer to −0.3 °C, 6.4 °C and − 0.3 °C in winter. Over last 
decades, average maximum temperatures of Indus basin have slightly decreased 
(0.5 °C), while minimum temperatures have increased (1.2 °C) in the winter. On the 
other hand, there has been no significant trend in terms of changes in maximum 
temperatures, but there has been rise of 0.7  °C and 0.5  °C in average minimum 
winter temperature across the GRB and BRB.

21.7  Precipitation (P), Evaporation (E) and Potential 
Evapotranspiration (PET) over the Basins

The mean annual cycle of the P, E, and PET over the IRB, GRB, and BRB is pre-
sented in Fig. 21.6. It can be observed that monthly P values from ERAI tend to be 
slightly greater than those computed from CRU, but the annual cycle is the same. 
These differences are best appreciated in the annual cycle of P over the BRB. In the 
IRB, the P annual cycle is characterized by two maximum peaks in February–March 
and July–August (Fig.  21.6a). The E approximately follows this cycle but with 
lower values. In IRB basin, the PET remains higher than the P and E across the year; 
in fact, Cheema (2012), argue that the major part of this basin is dry and located in 
arid to semiarid climatic zones. Laghari et al. (2012), also found for the climatology 
from 1950 to 2000 that PET exceeds P at the IRB across the year. PET is enhanced 
after maximum precipitation; maximum values occur in May–June. Over the GRB 
maximum P occurs between May and October and is greater than over the IRB 
(Fig. 21.6b, c). The PET and E annual cycles over this basin differ, and as expected, 
PET > E. The PET annual cycle is mainly like for the IRB. Indeed, both variables 
reflect close but different information. The E annual cycle agrees with that obtained 
by Hasson et al. (2014), for the three river basins. Over the BRB, the monthly aver-
age precipitation both from CRU (Climatic Research Unit) and ERA-I increases 
abruptly from March until a maximum (> 11.0 mm day−1) in July and later falls until 
a minimum is reached in December (Fig. 21.6c). The PET and E are very close and 
do not surpass 4 mm day−1 in the annual climatology. In particular, the PET annual 
cycle is notable for being lower than what was obtained for the IRB and GRB. The 
annual cycles of P (from CRU and ERA-I) and E for the IRB, GRB, and BRB fol-
low the same annual cycle as those obtained by Hasson et al. (2014). These authors 
analysed the seasonality of the hydrological cycle over the same basins for the twen-
tieth century climate (1961–2000 period), utilizing PCMDI/CMIP3 general circula-
tion models (GCMs) and observed precipitation data.
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21.8  Climate Change Impact on IGB Basins

Impacts of Climate change (CC) on hydrological regimes vary from basin to basin. 
CC have potential impact on hydrological processes including precipitation, evapo-
transpiration, overland flow, streamflow (volume, timing, frequency and 

Fig. 21.6 The 1981–2015 annual cycle of precipitation (gray, black bars from CRU and ERA-I, 
mm day−1) and potential evapotranspiration (blue line from CRU, mm day−1) and evaporation 
(green line from ERA-I, mm day−1) over the Indus (a), Ganges (b), and Brahmaputra (c) river 
basins from CRU 3.24.01. (Sori et al. 2017)
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magnitude), infiltration, groundwater flow, soil erosion and transport, water tem-
perature, snow and glacier change. The results of such hydrological changes would 
affect almost every aspect of life i.e., agricultural productivity, water supply for 
urban and industrial use, power generation, wildlife and biotic ecosystems, sedi-
mentation, plant growth and nutrient flow into water bodies (Zhang et  al. 
2007). Climate change is also expected to have significant consequences on snow-
melt and glacier runoff across the Himalayan region. Our knowledge of high-alti-
tude snow/ice and its response to climate is still incomplete (Azam et al. 2018; Brun 
et al. 2017). Understanding the present hydrological, climatological and glaciologi-
cal processes of high elevation catchments is thus vital. This requires better insights 
into the present composition of runoff and interactions between climate, glaciers, 
snow and soil. Climate change impacts of IGB basins is divided into following two 
sections:

21.8.1  Observed Impacts

The cryosphere of the Karakoram and the Greater Himalayas, source of the headwa-
ters of all major rivers of IGB, is highly susceptible to climate change. Degradation 
of perennial snow covers by thinning, retreat, and negative mass balance of glaciers 
or ice losses have been widely observed in the Himalayas (Azam et al. 2016, 2018; 
Brun et  al. 2017). Compared to such prevalent losses of the cryosphere in the 
Himalayas, several reports suggest glacial stability or even positive glacier mass 
balance in the Karakoram (Hewitt 2005; Gardelle et  al. 2012, 2013; Zhou et  al. 
2017; Bolch et al. 2017). However, glacial growth and stability is not ubiquitous 
throughout Upper Indus sub-basin (Kaab et  al. 2012). Glacierized watersheds of 
upper IRB show that in the central and eastern Karakoram glacier, mass balance is 
negative whereas in the western Karakoram it is positive (Mukhopadhyay and Khan 
2014a, b, 2015). Such findings have made the prediction and assessment of impacts 
of climate change on the future of the Upper IRB and associated flows downstream 
very uncertain.

Climate change is also altering ecosystems of the GRB largely through changes 
in water quantity, water quality as well as changes in biodiversity (Hosterman et al. 
2009). Reduced flows to the Sundarbans wetland ecosystem have resulted in salinity 
intrusion in the south-western part of Bangladesh, loss of biodiversity, and loss of 
ecosystem functionality (Islam 2016). Due to increase in temperatures of GRB, 
resulting in retreat of glaciers, increase variability in precipitation, increased mag-
nitude and frequency of droughts and floods; and leads to sea level rise (Hosterman 
et al. 2009). Droughts, floods and other extreme events results in scarcity of water 
and food which further leads to displacement of populations, loss of livelihoods, 
communicable disease and malnutrition (Menne and Bertollini 2000). Increased 
runoff from glacier retreat and ice/snow melt could increase annual discharge into 
the GRB in the short term, followed by the reduction of runoff in long term (Barnett 
et al. 2005). Changes in precipitation pattern, glacial retreat and increased sedimen-
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tation may adversely affecting dam storage capacity and hydropower generation in 
GRB and its tributaries (Hosterman et al. 2009). Climate change also has significant 
impact on fresh water storage (glacial snow covered regions) at high elevations and 
fresh water runoff to low elevations (Jianchu et al. 2007).

Numerous studies also have assessed climate change impacts on hydrological 
processes in the BRB, e.g. temperature (Immerzeel 2008; Shi et al. 2011), precipita-
tion (Kripalani et al. 2007), snow (Shi et al. 2011), streamflow (Gain et al. 2011; 
Jian et al. 2009), groundwater (Tiwari et al. 2009), runoff (Ghosh and Dutta 2012; 
Mirza 2002), extreme events (Rajeevan et al. 2008; Webster and Jian 2011), and 
even water quality (Huang et al. 2011). However, a few studies have assessed how 
projected changes in climate and land use and land cover could impact long-term 
patterns in the basin’s hydrological components. Some studies e.g. Flugel et  al. 
(2008) and Immerzeel (2008), suggests a consistent rise in average and seasonal 
temperatures over the last 50 years, and the projections indicate that the temperature 
will continue to rise, although the magnitudes of the projected changes differ 
depending on the driving models.

21.8.2  Future Implications/Changes

The potential impact of climate change will be more evident in future in the 
Himalayan region, where the runoff is dominated, largely, by glacier melt and snow-
melt (Viviroli et al. 2007; Immerzeel et al. 2013; Lutz et al. 2014b). Climate change 
and rising temperature will increase annual runoff by 7–12% by 2050 due to accel-
erated melt in the upper IRB together with an increase in precipitation (Lutz et al. 
2014a). However, the projected future hydrology depends on the precipitation pro-
jections which have a large uncertainty and large variation between annually aver-
aged and seasonal projections among the General Circulation Models (GCMs). IRB 
may lose up to 8.4% of its total water resources by 2050 and Pritchard (2017), 
showed that glacier melt is a critical buffer at the time of drought in the whole Asia 
including all Himalayan basins. Nepal et al. (2014), estimated that the contribution 
of snow melt to river flow in the Dudh Koshi catchment would decrease by 31% 
with a 2 °C rise in temperature, and by 60% with a 4 °C rise, changing the river from 
‘snow-dominated’ to ‘rain-dominated’. Wiltshire (2014), suggested that under a 
warming climate, the volume of glaciers in the eastern Himalayas (Nepal and 
Bhutan) will decline over the twenty-first century, despite increasing precipitation, 
as a result of less precipitation falling as snow as well as increased ablation. 
Application of the water balance model in the Tamor catchment suggested an annual 
decrease in runoff up to 8% for a 5 °C temperature increase (Sharma et al. 2000), 
however, the study did not take glacier melt into account. All these studies suggest 
that a rise in temperature will affect the snow/glacier melt pattern and annual runoff. 
The predicted decrease in the water flows of the IRB will have serious consequences 
for India and Pakistan which receive 63% and 36% of its water. Per capita avail-
ability of water in the IRB has suffered a 70% decline during the past few decades. 
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Demographic trends in both India and Pakistan are fraught with ominous conse-
quences for the water sector with serious impacts on their food and energy security. 
In India, per capita water availability stood at 1539  m3 in 2011. Demographic 
changes during the future will further aggravate water scarcity.

A study by Immerzeel et  al. (2010), projected a decrease of 17.6% in mean 
upstream water supply in the GRB, with the reduction in melt runoff partly compen-
sated for by increased upstream rainfall (+8%). Immerzeel et al. (2013), suggested 
that under projected climate change, the glacier area in the Langtang catchment will 
be reduced by 54% by the end of the century and the ice volume by 60%. Initially, 
net glacier melt runoff will increase, with a peak in 2045 and 2048 for RCP 4.5 and 
RCP 8.5, respectively, after which it will decrease. However, water availability is 
not likely to decline during this century as the reduction in runoff will be offset by 
an increase in precipitation. Lutz et al. (2014b), found that the runoff (Koshi River 
basin, eastern Nepal) is likely to increase up to 2050, primarily due to an increase in 
precipitation in upstream areas, with the maximum increase during the pre- monsoon 
period, but the hydrograph remains unchanged. These studies indicate that the 
future reduction due to melt runoff of GRB will be offset by increased 
precipitation.

Many tributaries of BRB are flashy in nature, which increase the chance of sig-
nificant damages due to extreme events. During the last 10 years, the river has seen 
some of the most destructive floods in its history. During 2009 and 2012 flooding, 
thousands of people died and 2.2 million people were forced to evacuate their homes 
as monsoon rains inundated large areas. Ghosh and Dutta (2012), revealed that 
although the number of flood events would decrease in future (2010–2100), the 
peak discharge and duration of the floods would increase. Gain et al. (2011), pre-
dicted a very strong increase in annual peak flow for the river, which may have 
severe impact on flooding. Immerzeel et  al. (2010), estimated that the discharge 
generated by snow and glacier melt is 27% of the total discharge naturally generated 
in the downstream areas of the BRB. The study by Immerzeel et  al. (2010), for 
2046–2065 projected a decrease of 19.6% in mean upstream water supply, with the 
reduction in melt runoff partly compensated by increased upstream rainfall (+25%). 
Prasch, et al. (2011), suggested that glacier ice melt will accelerate from 2011 to 
2040 due to the increase in air temperature and longer melting periods and that as 
the amount of glacier ice is reduced, ice melt will decrease. Lutz et al. (2014b), in 
their investigation projected an increase in total runoff in the upper BRB up to 2050, 
primarily due to an increase in precipitation and accelerated melt runoff, with the 
increase occurring throughout the year. Mirza (2002), projected a substantial 
increase in mean peak discharge in the BRB (although less than in the Ganges), 
based on climate change scenarios from four GCMs, which could lead to more fre-
quent flooding of different magnitudes. Gain et al. (2011), indicated that there will 
be a strong increase in peak flows, both in size and frequency, although dry-season 
conditions are likely to increase. Thus, number of authors have looked at intra- 
annual variation and the impact of climate change on flooding and other negative 
impacts on basin. The results from various studies and their quantitative analysis 
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(hydrological impact on climate change) are helpful for better understanding of 
potential hydrological risks for future water management planning.

21.9  Challenges in Water Resources Management in IGB 
Basins

21.9.1  Methodological Challenges

There are number of methods to analyze the runoff components from rainfall, melt-
ing of snow and glaciers including water balance analysis (Thayyen et  al. 2005; 
Kumar et al. 2007), glacier degradation from observation or modelling as a contri-
bution to runoff (Kotliakov 1996; Kaser et al. 2010), isotopic investigations (Dahlke 
et al. 2013) and hydrological modelling (Hagg et al. 2007; Naz et al. 2013). However, 
the water balance method can only estimate the effects of glacier and snow at 
monthly or larger time scales; additionally this method cannot separate snowmelt 
and ice melting on glaciers. Isotopic investigation cannot be widely used as it 
demands large financial and laboratory support. However, the application of hydro-
logical models to understand the glacier effects in hydrology is relatively new (Hagg 
et al. 2007; Huss et al. 2008; Koboltschnig et al. 2008; Prasch 2010; Nepal et al. 
2013). A practical challenge is the lack of long-term good quality data to represent 
the hydrological dynamics of Himalayan rivers. Moreover, the rainfall-runoff mod-
els rarely describe the snow and ice melting (Singh and Singh 2001) and glacier 
dynamics (Naz et al. 2013) at basin scale. Physically based models, are likely to 
produce more realistic results because they depend less on parameter calibration 
and their parameters have a physical basis. All models, including physically based 
ones, have parameters that need to be estimated or identified through calibration 
(Foglia et al. 2009). Appropriate calibration is a key issue in modern hydrological 
science, and much attention has been recently devoted to it.

In the Himalayas, fieldwork is difficult due to the tough terrain, remoteness of 
glaciers as well as logistical, financial and political obstacles. For this reason, in 
recent years the focus has been on remote sensing approaches used to reconstruct 
snow cover, frontal and areal changes of glaciers and ice volumetric changes 
(Gardelle et al. 2013; Kaab et al. 2012; Shangguan et al. 2014). However, in the 
light of possible changes in the snow-glacier-energy balance due to climatic 
changes, there is a strong call for more in-situ measurements across the Himalayas 
and models that integrate those data in space and time (Azam et al. 2018; Cogley 
2012; Reid and Brock 2010). Local processes and effects that are difficult to study 
using remotely sensed data could explain regional differences and temporal changes 
in glacier mass balance across the region, such as the glacier expansion in the cen-
tral Karakorum known as the ‘Karakorum anomaly’ (Hewitt 2005). Glacio- 
hydrological models are indispensable tools to study these effects and to understand 
the characteristics of a catchment and its response to climate change. Their applica-
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bility in high elevation regions is restricted due to: (i) the lack of representative data 
to force the models (Huss et al. 2014; Pellicciotti et al. 2014), (ii) simplifications in 
model structure due to insufficient process understanding and the scarcity of detailed 
information about glacio-hydrological processes (Huss et al. 2014) and (iii) para-
metric uncertainty due to insufficient quality or paucity of data for model calibra-
tion and validation (Ragettli et al. 2013).

21.9.2  Disaster Challenges

Due to its physical setting, the IGB region is prone to various water-induced hazards 
(landslides, floods, glacial lake outburst floods, and droughts). Every year, during 
the monsoon season, floods wreak havoc on the mountains and the plains down-
stream. These floods are often trans-boundary. Globally, 10% of all floods are trans-
boundary, and they cause over 30% of all flood casualties and account for close to 
60% of all those displaced by floods. The social and economic setting of the region 
makes its people more vulnerable to natural hazards. Lack of supportive policy and 
governance mechanisms at the local, national and regional levels, and the lack of 
carefully planned structural and non-structural measures of mitigation lead to 
increased vulnerability.

21.9.3  Energy Challenges

Energy is one of the most important pillars of sustainable development and hydro-
power is one of the most promising environmentally friendly sources of energy of 
the IGB. The varying estimated potential Hydro-electric Power (HEP) figures for 
India is 45, 635 MW, Nepal is 83,000 MW and for Bhutan is 21,000 MW. Moreover, 
innovative solutions such as electric transportation and a clean source of domestic 
and industrial energy supply would significantly improve the deteriorating environ-
mental condition of the region. However, many countries in the region have been 
able to tap only a small fraction of their available potential. Still, people in these 
countries face many hours of scheduled power cuts. Major causes are lack of coop-
eration among nations, politicization of the water resource development and man-
agement aspects, prolonged negotiations, disagreements on the location of dams, 
reservoir safety, resettlement and rehabilitation issues, environmental concerns, cost 
and benefits sharing, etc.
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21.9.4  Water Quality Challenges

Water quality has witnessed progressive deterioration due to growing urbanization 
and industrialization. The increased use of agrochemicals, discharge of untreated 
domestic sewage and poor sanitation facilities have aggravated the problem of water 
pollution. The optimum utilization of the water resource, effective management to 
meet the multi-sectoral uses, enhancing the efficiency of water utilization, techno-
logical modernization, checking pollution and inter countries cooperation are the 
major challenges for maintaining water quality in the IGB basins.

21.9.5  Environmental Challenges

Water plays a vital role in maintaining different ecosystem services in riparian 
areas. Freshwater ecosystems in particular largely depend on the specific flow 
regime of rivers passing through them. However, due to intervention of infrastruc-
ture development, the flow regime changes in the downstream areas, where, in many 
cases, communities depend on water resources for livelihoods such as fishing. A 
major concern is how to make sure that a certain minimum flow is maintained so as 
to sustain freshwater supply and support dependent ecosystems. There is very weak 
monitoring of the minimum flow requirement in the region.

21.9.6  Food Challenges

Water and food share a strong nexus, both being essential ingredients for human 
survival and development. Agriculture is a major contributor to many countries of 
IGB. The Indus river system is a source of irrigation for about 144,900 hectares of 
land, whereas the Ganges basin provides irrigation for 156,300 hectares of agricul-
tural land. Access to water resources for food production and their sustainable man-
agement is a concern from the local to national level. Amid rapid environmental and 
socio-economic changes, the growing population will require more water and food, 
and equitable access to vital resources has become a major question. Sustainable 
solutions to these problems require efficient use of water resources for agricultural 
use in which technological innovation plays a vital role.
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21.9.7  Other Challenges

Construction of new projects is becoming progressively more tedious due to con-
cerns about submergence of forests, siltation of reservoirs, fragmentation of rivers, 
loss of biodiversity, displacement of population etc.

21.10  Floods and Droughts

Floods and drought have been observed to cause a gradual increase in human suf-
fering and damage to property as well as increased loss of life and economic costs 
(Doocy et  al. 2013). The frequent occurrence of droughts and floods in the IGB 
regions also has had huge impacts on regional food and energy security (Webster 
et al. 2011). During the summer monsoon months (June–September), the IGB expe-
riences severe floods; and frequency and magnitude of floods generated in one 
country affect another country, and erosion in one country can deposit sediment in 
another. Therefore, floods are not only linked to single country/stateproblem but is 
also linked to trans-boundary internationally. Future hydrological extremes, such as 
floods and droughts, may pose serious threats for the livelihoods in the upstream 
domains of the IGB (Mirza 2011; Lutz et al. 2016). A recent study, assessing the 
impacts of climate change on hydrological regimes and extremes in the Upper IRB, 
showed that, in general, summer peak flow will likely shift to other seasons, and 
projected an increase in the frequency and intensity of extreme discharge conditions 
(Lutz et al. 2016). Another study projected increases in heavy precipitation indices 
during monsoon period, accompanied with extended periods of no precipitation 
during the winter months, in the GRB (Mittal 2014). Hence, the cited study (Mittal 
2014) indicated an increase in the incidence of extreme weather events over the first 
half of the twenty-first century. Studies performed on global flood risk show similar 
patterns (Hirabayashi et  al. 2008, 2013; Pechlivanidis et  al. 2016). Significant 
increasing trends in high flows (i.e. 10 percentile exceedance discharge) were found 
in the GRB with relative increases up to about 100% (Pechlivanidis et al. 2016). 
Thereby, the changes in high flows were projected to be more significant than the 
changes in low flows (i.e. 90 percentile exceedance discharge). Assessments on 
future flood and drought frequencies shows that a future 100-year flood will occur 
once in 26.1 years and 3.8 years, respectively, at the end of the twenty-first century 
in the IGB basins (Hirabayashi et al. 2008). Furthermore, the average number of 
drought days were found to increase by a factor 1.17 and 4.05 in the IGB basins, 
respectively (Hirabayashi et al. 2008). It is difficult to compare the magnitude of 
absolute and relative changes in discharge levels because different studies have used 
different climate forcing and approaches to investigate impacts of climate change, 
precipitation, temperature, landuse cover etc. on hydrological extremes (i.e. floods 
and drought).
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21.11  Research Gaps

• One of the greatest areas of uncertainty in Himalayan science remains how 
changes in glacier melt will affect river discharge over coming decades. Naturally, 
there will be variability within and between river systems in each basin; but these 
data are in agreement with previously published findings that allay water short-
age fears, at least in the short term. Perhaps what they do less well, simply 
because of the broad-scale nature of the assessment, is to assess how these pro-
jections change with increasing distance from the source. This remains a major 
data gap for the discipline to address in coming years.

• The last decade has seen a proliferation of research focusing on Himalayan cli-
mate, glaciers, water resources, and related policy, but rarely these disciplines 
are considered together in a single volume.

• The need for more research in the Himalayas can hardly be overstated. It is 
known the mountain range is being badly affected by deforestation, habitat loss 
and global warming, and its ability to act as Asia’s water tower over the long term 
is increasingly in doubt. But there are serious data gaps whenever scientists and 
policymakers look at the ecology of the world’s highest mountain range.

• Research methodology is a way to systematically solve the research problem, but 
ongoing research gaps are also due to methodological challenges e.g. (a) lack of 
standardized image analysis, (b) limited field validation data (c) lack of accurate 
elevation data for remote glacierized areas (d) algorithms for automatically dis-
cerning debris-covered ice from non-ice areas with debris, etc.

21.12  Summary

The Himalayan Mountain chain which is the third-largest deposit of ice and snow in 
the world, serves as an important source of freshwater for the 1.3 billion population 
living in the lowlands of river basins of Indus, Ganga and the Brahmaputra (IGB) 
covering eight countries (Afghanistan, Bangladesh, Bhutan, China, India, Myanmar, 
Nepal, and Pakistan). Influence of Himalayan cryosphere is very significant in head-
water tributaries of these river basins. While glaciers occupy high elevation un- 
inhabited areas and water runs through deep gorges, seasonal snow cover spread 
over a much large mountain area also plays a significant role in the livelihood of the 
people through river runoff. Understanding of the timing and relative contribution 
of individual components of the hydrological cycle and water resources characteris-
tics across the Himalayas is limited. In the upstream domains of the IGB, where 
mountain-hydrological processes are important, the number of studies on extremes 
is very limited. Although there are some studies conducted about high flows but 
they does not take the effects of climate change on low flows into consideration. 
Estimates of the ice volume and ice thickness is mostly lacking for the glaciers in 
this region. Advances in knowledge of Himalayan springs, geology, sediment 
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transfer etc. is limited due to inadequate investigations and lack of synthesis of 
existing information. Therefore, this chapter presents outcome of an extensive 
review of available knowledge about the hydrology of IGB river basins. The chapter 
also identifies and discuss the knowledge gaps in the current understanding of 
hydrology for this region. Many factors that are considered important in managing 
Himalayan water resources have been identified and discussed. Observed and future 
implications of climate change impacts in IGB has also been discussed in detail. 
Major findings discussed in the chapter are as:

• Temperatures across the Himalayan region will increase by about 1–2  °C (in 
some places by up to 4–5 °C) which will result in increase of annual runoff by 
7–12% and IRB may lose up to 8.4% of its total water resources by 2050.

• Glaciers will continue to suffer substantial ice loss, with the main loss in the 
Indus basin.

• Precipitation will change with the monsoon expected to become longer and more 
erratic.

• Extreme rainfall events are becoming less frequent, but more violent and are 
likely to increase in intensity.

• Communities living immediately downstream from glaciers are the most vulner-
able to glacial changes.

• Despite overall greater river flow projected, higher variability in river flows and 
more water in pre-monsoon months are expected, which will lead to a higher 
incidence of unexpected floods and droughts, greatly impacting on the livelihood 
security and agriculture of river-dependent people.

• Changes in temperature and precipitation will have serious and far-reaching con-
sequences for climate-dependent sectors, such as agriculture, water resources 
and health.
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Chapter 22
The Impact of Climate Change in Hindu 
Kush Himalayas: Key Sustainability Issues

Surendra P. Singh, Rajesh Thadani, G. C. S. Negi, Ripu Daman Singh, 
and Surabhi Gumber

Abstract After the observation of IPCC 4th assessment that the Himalayas are 
“data deficient” with regard to climate change, some progress has been made par-
ticularly in the areas of glacier shrinkage, snow cover change, glacial lake outburst 
flooding, river discharge, treeline advance, phenological shift, climate change miti-
gation and adaptations, and people’s perceptions. This article focuses on complex 
interactions among climate change impacts on various bio-physical and socio- 
economic components of the Hindu Kush Himalayan region ecosystems. The mag-
nitude of climate change impacts can be traced from impacts, such as pre-monsoon 
drought to crop failure and outmigration of people. The interconnectedness of the 
ecosystem components makes the Climate Change impacts complex, and often has 
a cascading effect across various environmental systems. We shed light on how 
climate change effects get intensified by interacting with other anthropogenic fac-
tors. There is a need to devote more concerted efforts to generate primary data, and 
document evidences to understand the complexity and interconnectedness of CC 
impacts to address sustainable development issues in the Himalayan mountains.

22.1  Introduction

The present climate change (CC) is a highly complicated, deeply politicized and is 
a matter of huge concern of our time. In a worst scenario, it may result in a dimin-
ished human existence (Henson 2006). Though the impact of CC is widespread, 

S. P. Singh (*) 
Central Himalayan Environment Association (CHEA), Nainital, India 

R. Thadani 
Center for Ecology Development and Research (CEDAR), Dehradun, India 

G. C. S. Negi 
Govind Ballabh Pant National Institute of Himalayan Environment and Sustainable 
Development (GBPNIHESD), Almora, India 

R. D. Singh · S. Gumber 
Central Himalayan Environment Association (CHEA), Kumaun University, Nainital, India

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-29684-1_22&domain=pdf


454

some regions such as mountains and oceans are getting more affected. It has been 
pointed out that development in mountains is going to suffer more (FAO 2015; 
Schild and Sharma 2011) because mountain people are comparatively poor and 
depend more on natural ecosystem services, which are particularly sensitive to 
CC. There is ongoing concern about current and potential CC impacts in the fragile 
and highly susceptible landscapes of Himalayas, which may include abnormal 
floods, droughts and landslides (Barnett et al. 2005), loss of biodiversity and short-
age of food (Xu et al. 2009). Himalayas are warming at higher rates than global 
average rate, and a large number of glaciers are shrinking in area and mass 
(Bajracharya et al. 2015; Singh et al. 2011; Yao et al. 2012). The region is called 
third pole because it has more snow and ice than other regions outside the two poles. 
Nearly half of the biodiversity hotspots occur in mountains. Because of high ende-
mism of species, particularly towards mountain summits, Himalayas are great con-
tributor to global biodiversity (Dhar 2002).

Accounting for about 24% of the land surface of the earth, mountains represent 
important wilderness areas providing several life supporting services. For example, 
many downstream dry regions heavily depend on water flowing from mountains. 
They provide 30–60% fresh water downstream in humid regions and 70–95% in 
arid and semi-arid regions (Kapos et al. 2000). They are highly sensitive to CC, that 
is why, it is important to assess the impact of CC on mountain ecosystems 
(Nougues- Bravo et  al. 2007). Himalayas along with Hindu Kush (often called 
Hindu-Kush Himalayas, HKH) are of great geo-ecological importance because of 
their huge dimensions, heterogeneities, and contributions to life supporting ser-
vices to about 1.3 billion people living in river basins originating from this moun-
tainous region.

Issues of sustainable development in Himalayan mountains call for a better 
understanding on the impacts of CC and adaptation measures required to address 
the same. In IPCC report AR4, Himalayan region was referred to as a “white spot”, 
emphasizing the scarcity of data on CC. Since then, climate change-related infor-
mation has grown, so much so that it is possible to start analyzing them in the con-
text of sustainable development. Here we have tried to put together the impact of 
CC in HKH region on various components of mountain ecosystems, ranging from 
glacial retreat, loss of forest regeneration to social issues like out migration and 
depopulation of mountain villages.

The objectives of this article are (1) to summarise the facts about CC in HKH, 
which are fairly well established (such as, rate of warming, pattern of precipitation 
changes and weather extremes), (2) to analyse the impact of CC on diverse systems 
both natural (e.g., glaciers) and man-made (e.g., agriculture), and (3) to analyze 
how CC and anthropogenic factors, such as forest degradation interact or likely to 
interact to amplify the overall impact, and affect sustainability issues. We have con-
sidered local as well as global anthropogenic factors which affect development in 
HKH.

S. P. Singh et al.



455

22.2  Material and Methods

22.2.1  The Study Region

Himalayas along with Hindu-Kush region, occupy 4.2 million km2 area (Bajracharya 
and Shrestha 2011), and have hundreds of mountain peaks higher than 6000 m ele-
vation and about 60,000 km2area under glaciers (Miller et al. 2012). It is a relatively 
more populated mountain region (210 million people live) than others, and serves 
some 1.3 billion people living in 10 river basins which originate from the HKH 
region (Fig. 22.1). Called as the water tower, the HKH is the source of water, soil 
and nutrients to downstream plains (Singh 2017). This has resulted in the establish-
ment of highly productive plains, such as, Gangetic basin where a population den-
sity close to 1000/km2 is quiet common. This region is among the 34 biodiversity 
hotspots of the globe, harbouring almost entire range of terrestrial ecosystems, from 
tropical to alpine types. According to an estimate, HKH has 330 globally recog-
nized bird species spots, and nearly 20,000 plant species close to 30% of which are 
endemic (Chhettri et al. 2008).

In much of the Himalayas slopes in the south of the main ranges are exposed to 
monsoon thrust, receiving 70–80% of annual precipitation during monsoon months, 
typically June to September. The annual precipitation which generally ranges from 
1000–4000 mm across the Himalayan Arc, declines gradually from east to west. In 
north-western part, such as Kashmir westerlies are a major contributor to precipita-
tion, accounting for ~40% of the annual precipitation. Some of the inner valleys of 
HKH are among the driest parts of the world with annual precipitation below 500 mm.

Fig. 22.1 A sketch of 10 river basins originating from Hindu Kush Himalayan (HKH) region. 
(Map from ICIMOD)
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In this region of extraordinary ranges in elevation and precipitation (both amount 
and seasonality), a great diversity of natural forests occur. Himalayas are a major 
centre of evergreen oaks (Quercus spp.) and other Fagaceae members (e.g. 
Castanosis spp.). In much of the Himalayas, the foothills are dominated by Shorea 
robusta, a dipterocarp. Chir pine (Pinus roxburghii) forms extensive forests between 
1000 and 1800 m in much of the Central and Western Himalayas. Between 1500 
and 2500 m in eastern part, the species of Quercus and Castanopsis prevail, and in 
the central and western parts Oak show dominance. Conifers, normally silver fir 
(Abies spp.), cypress (Cupressus), deodar (Cedrus deodara), spruce (Picea spp.), 
blue pine (Pinus wallichiana) and Tsuga dumosa make much of the high elevation 
forests (above 2500 m). Oak, sal and several other Himalayan tree species have 
desiccation sensitive seeds which germinate with the arrival of monsoon (Singh 
et al. 2017).

HKH is also being seen as the region of change and stress, nearly 15% of global 
migrants are from this region. In this region the livelihood of people operates at a 
subsistence level, and is basically of three types viz., livestock farming, mixed- 
livestock crop farming, and mixed-crop livestock farming, representing nomadism, 
semi-nomadism and settled agriculture (Singh et al. 1984). Socially, the HKH is 
characterized by poverty, inadequate production system, gender inequity, lack of 
round the year secure water supply, lack of clean energy access, loss of biodiversity, 
man and wild animal conflicts, diminishing flow of ecosystem services and low 
adaptation capacity with regard to CC leading to abandonment of agriculture and 
outmigration (Tewari and Joshi 2012). This has further worsened the problem of 
food security in the region (Rasul 2011).

22.2.2  Methods: Use of Research Based and Anecdotal 
Evidences

Our analysis of the CC effect in this region is based on evidences from published 
research on the HKH, as well as literature review on other parts of the world. For 
example, to find out how decrease in diurnal range of temperature is going to influ-
ence plant growth in Himalayas, we applied generalizations developed for the vegeta-
tion of the Northern Hemisphere (Peng et al. 2013). To know whether outmigration 
from high mountains has CC influence or not, we used general people’s perceptions 
as well as studies carried out on the impact of CC-induced disasters on people’s 
migration. The focus in our approach was shedding light on CC linkages among 
diverse environmental components of the HKH region and concerned processes. 
Additionally, it can also be said that it is difficult to separate the effect of CC from 
those of other anthropogenic factors. For example, abandonment of agricultural land 
and migration is widespread in Himalayas, but its CC connections are seldom explicit. 
Climate change induced weather extremes are likely to influence the fate of aban-
doned lands, but that would also depend on how the farmers left in villages use the 
abandoned land. Keeping in view the limitations of data and information, we could 
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only give an outline of trends and complexity of interconnections between CC impacts 
and ecosystem components. There are several limitations in this too. For example, 
data for a given parameter were not available for all parts of Himalayas, therefore in 
most cases generalizations were not possible for the whole region. Also data sharing 
among the HKH countries is still limited. Further, adaptation and people’s perceptions 
are poorly documented and analyzed, and methods used are hardly comparable.

22.3  Results and Discussion

22.3.1  Climate Change- Rate of Warming and Alteration 
in Precipitation Regime

In the recent decades a number of research papers have unequivocally established 
that Himalayas are warming at the rates 2–3 times more than global mean rate in the 
last few decades (Liu and Chen 2000; Schickhoff et al. 2015; Shrestha et al. 1999; 
Xu et al. 2009), however, in NW Himalayas, Afghanistan and Karakoram regions 
there has been little or no warming (Yao et al. 2012). There is a growing evidence 
that rate of temperature rise in mountains is elevation-dependent, that is, it is ampli-
fied with elevation. This effect is particularly evident in Tibetan Plateau (Ageta and 
Kadota 1992). The elevation-dependent amplification of temperature warming 
could result in a lower temperature lapse rate (TLR) along the elevation gradient. 
The phenomenon of elevation-dependent warming warrants urgent attention as 
more rapid changes in high mountain climate have consequences for regional 
hydrology (Immerzeel et al. 2012; EDW Working Group 2015), and habitats of rare 
and endangered species. Recently, Ren et al. (2017) have analyzed the temperature 
and precipitation changes for about last one hundred years (1901–2014) based on 
climate data set of LSAT-V1.1 and CGP1.0 indicating that temperature has increased 
in all parts of HKH, though it is more prominent in Tibetan Plateau (TP) and south 
of Pakistan. The period of 1998–2014 is the warmest of the recorded history (Ren 
et al. 2017). A summary of published research points out that at some places the 
annual mean minimum temperature has increased more than twice the mean maxi-
mum, resulting in a marked decrease in diurnal temperature range (Table 22.1). This 
decrease in the diurnal range is far more than that of global mean range. Analysis of 
extreme temperature events (from 1961 to 2015) indicates that number of cold 
nights and cold days have decreased (more decrease in cold night), warm nights and 
warm days have increased (more increase in warm nights), and number of frost days 
have decreased. Also, rapid urbanization in recent decades has been reported a 
cause of rise in temperature rapidly (Singh et al. 2010).

Precipitation has decreased, but not significantly when entire period of more 
than hundred is considered for HKH region as a whole. However, precipitation has 
significantly increased during recent decades (1961–2013), the rate of increase 
being about 5.3% per decade in some area (Table 22.1). Change in the number of 
precipitation days (days with daily rainfall ≥1  mm), however, differs from one 
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region to other. It has increased in Northern India, Northern Tibetan Plateau (TP), 
but has decreased in Myanmar and Southeast China (Ren et al. 2017). Indian sum-
mer monsoon has weakened (Ding and Ren 2008), resulting in decrease in annual 
precipitation in India and SW China. During this period the events of intense pre-
cipitation have increased. Projected future changes include increase in precipitation 
in most of HKH, except in NW Himalayas (Wu et al. 2017). The summer monsoon 
precipitation in south eastern Himalayas and TP is projected to intensify by about 
22% (Sanjay et al. 2017). Uncertainty in future is projected to be high in precipita-
tion for Central Himalayas (much of Nepal and Kumaun), Karakoram and NW 
Himalayas. Some of the other changes are decrease in surface wind speed (You 
et al. 2017) and decline in sunshine in TP, particularly during spring and pre-mon-
soon season (March–May). It may be pointed out that sparseness of observational 
data greatly limit the estimates of trends. In brief, consensus about the CC projec-
tions for the HKH is rather weak in comparison of the other Asian regions (Ren and 
Shrestha 2017).

22.3.2  Climate Change Effects and Their Interactions

A schematic representation of CC effects and their complex interaction with various 
bio-physical and socio-economic components of the HKH region (Fig. 22.1) are 
divisible into three categories with regard to confidence level: (1) effects which are 
adequately proven on the basis of published studies in relation to HKH region; (2) 
those which are very likely to occur on the basis of existing knowledge, but direct 
HKH based research are yet unavailable; and (3) those which are speculative and 
anecdotal. It is apparent from Fig.  22.2 that almost all components of mountain 
ecosystems (physical, biological and social) are affected in one way or the other. 
Because data are scarce, the relationship between CC and their impacts on various 
natural and man-made systems and processes are generally not well established. 
Furthermore, in several cases, CC impact is combined by one or more non-climatic 

Table 22.1 Observed past changes in certain climatic parameters over HKH

Parameter Period Rate

Annual mean surface air T 1901–2014 0.104 °C/decade
Annual mean max. T 1901–2014 0.077 °C/decade
Annual mean min. T 1901-2014 0.176 °C/decade
Diurnal temperature range 1901-2014 -0.101 °C/decade
Total precipitation 1901–2014 −0.360% decade

1961–2013 3.529% decade
Cold nights T N10p 1961–2015 −0.977 days/decade
Cold days T X10p 1961–2015 −0.511 days/decade

T, temperature
From Ren et al. (2017), Ren and Shrestha (2017), Sun et al. (2017), and Zhan et al. (2017)
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impacts. For example, climatic uncertainties and extremes may contribute to the 
abandonment of agriculture in mountains, but damage of crops by wild animals and 
economic trivialization of agriculture with increasing GDP (Singh and Singh 2016) 
may contribute more to it. A study on farmer’s perception about CC in Nepal shows 
that it varies considerably across altitudinal belts (Smadja et al. 2015). Villagers in 
high mountains notice more clearly the decrease in snowfall and, snow cover, and 
that severe freezing of ground damages crops. In lower mountain ranges, height-
ened pre-monsoon drought shows up prominently in people’s perception (Smadja 
et al. 2015). So the schematic representation of CC effects in HKH (in Fig. 22.2) 
gives only a broad picture of various linkages related to CC.

Fig. 22.2 A simplified schematic representation of climate change effects in HKH
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22.3.3  Glacier Melt, Glacier Hydrology and River Discharge

The most conspicuous and research based impact of CC in Himalayas is glacier 
melt and glacier shrinkage, which has implications for river discharge. Glacier 
melt can result in the formation of glacier lakes and, local water availability which 
in certain circumstances can lead to glacier lake outburst floods (GLOFs), a cause 
of major disaster. Since, glaciers in Himalayas are remote and located at higher 
elevations (4800–6200  m) than other regions, they are difficult to be measured 
manually. A third pole study (based on 30 years observations) surrounding the TP 
has shown that Himalayan glaciers are depleting more rapidly than those of interior 
regions, such as Pamir. While in much of western Himalayas and TP where glacier 
shrinkages are conspicuous, monsoon the principal water source has weakened 
(Yao et al. 2012). Scherler et al. (2011) has reported that more than 80% glaciers 
of western Himalayas, northern-Central Himalayas and West Kunlun Shan were 
retreating, some with the rate upto ~60 m year−1. To conclude, glaciers in HKH, by 
and large are shrinking/retreating, however, the impact of CC on glaciers can vary 
depending upon location, precipitation and its source, and debris cover. The 
increase in precipitation can result in increase in glacier mass, but the effect would 
be trivial.

The impact of CC on glacier hydrology and river discharge is among the least 
understood areas of HKH, largely because of the lack of good-quality and long-term 
observations. In a broad term, the predicted warming will drive rapid glacier shrink-
age and resultant initial increases in the amount of melt water, which will be fol-
lowed by reduced glacier size and drop in melt water discharge from glaciers, 
continuously diminishing in size (Miller et al. 2012). The contribution of melt water 
discharge would be higher near the glaciers than away from them in a river basin. 
The principal time of river discharge varies considerably from one region to other; 
it is spring for the snow-dominated Kabul, summer for glacier dominated Indus, and 
monsoon for Ganga, and Brahmaputra. In the last group of rivers, snow-melt domi-
nates during the first monsoon month (July) and rain during later monsoon months 
(August–September). These rivers, thus will be affected differently because of 
CC. For example, in the case of Ganga and Brahmaputra rain may combine with 
snow melt water to cause floods during monsoon months. For Ganga and 
Brahmaputra the melt water contribution to river discharge is generally estimated 
far lower (~2–20%) than for Indus (~60%). Hydrology of both Ganga and 
Brahmaputra basins is monsoon dominated even up to considerable elevations; only 
in dry periods melt water is a substantial contributor to sustaining flow (Thayyen 
et al. 2007). Rees et al. (2004) have suggested that in head water catchments mean 
flow would increase during the first decade and then it would be followed by decline 
(see also Jain 2008). Because of the scarcity of high altitude precipitation data, spa-
tial variation in flow of melt water, and the lack of good glacio-hydrological models 
and high complexities associated with HKH region, our understanding of the impact 
of CC on river discharge is still poor.
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22.3.4  Impact of Climate Change on Erosion and Disasters

Being geologically young and geotectonically active, Himalayan mountains are 
unusually vulnerable to landslides and slope instability. Since the number of days 
with high intensity rainfall is predicted to increase, CC is likely to increase fre-
quency and intensity of landslides, overflow of rivers and floods. Many areas in the 
south of the main Himalayan ranges receive between 1500 and 3000 mm rainfall 
during monsoon months, from June to September. Landslides in Himalayas gener-
ally occur when at least 850 mm of rain have accumulated from previous rain storm 
(Burbank et al. 2012). The threshold for daily rainfall that can trigger a landslide is 
~4 cm/day in early season and only 1.1 cm after 2500 mm rainfall. As rainy season 
progresses and soils get saturated, run off for a given amount of rainfall increases. 
These factors are also affected by the nature of forest cover. The interception loss of 
rainfall is distinctly greater in a conifer forest than a broadleaf forest. So the impact 
of climate change can be affected by several non-climatic factors, such as the time 
of year and nature of vegetal cover. Mahapatra et al. (2018) have estimated that in 
Uttarakhand state of India, 48.3% area is losing soil at higher rates than the toler-
ance limit of 11.2  tha−1  year−1. About 33% of the area soil loss is very severe, 
40–80 tha−1 year−1. The climate change associated new rainfall pattern is likely to 
increase soil loss from Uttarakhand mountains, which in turn may decrease the life 
span of water reservoirs, crop soil fertility and hence crop productivity. Uttarakhand 
alone has been affected by 6–7 major precipitation-induced disasters during last 
decade or so. Not all disasters might have CC connection, but higher frequency of 
disasters in recent years is consistent with CC predictions. One of the greatest 
threats is likely to come from glacier lakes, which when burst, can wreak havoc in 
downstream areas. For example, in Uttarakhand alone there are 1268 glacier lakes 
(>2500 m2 area) between 2900–5850 m elevation. Chorabari glacier lake outburst in 
combination with excessive rainfall is reported to account for Kedarnath disaster of 
2013, the scars of which in terms of infrastructural damages can be seen even in 
2018 (Bhambri et al. 2015). Glacier Lake Outburst Floods (GLOFs), cloud burst or 
excessive rainfall events, all can be highly destructive to infrastructures like roads, 
bridges and buildings. Such destructions speed up outmigration as well as adversely 
affect tourism and other economic activities even long years after the disaster. The 
June 2013 Kedarnath disaster is reported to induce an episodic migration from 
affected areas, and shift in settlements within mountains.

22.3.5  Widespread Drying of Springs, Intensification of Pre- 
monsoon Drought

There are now several evidences to suggest that the intensification of pre-monsoon 
(March to May) drought is becoming a major CC impact in the region. Warmer 
temperatures without additional water affect plant growth adversely even in a cold 
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region. An analysis of meteorological data of Mukteshwar (Kumaun region of 
Uttarakhand) shows that while annual rainfall has not decreased during last three 
decades or so, pre-monsoon period has become drier (Negi et al. Unpbl.). A warmer 
and drier pre-monsoon period would cause spring drying and water scarcity. 
Cascading effects of this water shortage can be traced further to social conflicts over 
sharing of water resources among villages. Drying up of springs and streams in the 
region has been mainly connected to land use and inadequate pre-monsoon and 
erratic rainfall (Negi and Joshi 2004; Valdiya and Bartarya 1989), and the degree of 
snow/ice melt (Jeelani 2008). Springs and seepages are the major source of potable 
water in mountain towns (e.g., Gangtok, Shimla, Mussorie, etc.). Singh and Sharma 
(2014) found that across 45 cities/towns of the Himalayan region, 17 were entirely 
spring-dependent, and rest of them partially dependent on spring water. Though 
reliable assessment of spring and ground water status in relation to climate change 
at regional level is not available, widespread depletion of ground water and spring 
drying during last 3–4 decades of rapid warming in Himalayas is indicated from 
several studies (Table 22.2) covering an extensive area of Kumaun. Tiwari (2008) 
reports that during last decades 159 natural springs have completely dried up and 50 
perennial springs have become seasonal. Though land use change is a major cause 
of spring extinction, the drying effect of warming, particularly during pre-monsoon 
could be a significant factor. Attempts to revive spring discharge involving bio- 
engineering measures increased lean period water output by 20% or so (Negi and 
Joshi 2002; Tambe et al. 2012), and measures such as rainwater harvesting, river 
water lifting, hand pumps and dug wells, recycling of waste water have come up as 
alternatives to cope up the water shortages in the region. Unusually higher decline 

Table 22.2 A summary of information on springs in Himalayas

Dependence on spring water in Himalayan cities
  Percentage of Indian Himalayan cities in which people partly or entirely depend on spring 

water-100% of 45 cities surveyed.
  Number of cities which mostly depend on spring water- 17 including famous tourist towns 

like Mussoorie, Gangtok, Shimla (until recently) and, Shrinagar (Singh and Sharma 
2014). 80–90% of rural people in Meghalaya, Sikkim and Uttarakhand depend on spring 
water (Pradhan 2015).

Drying up and diminishing discharge of springs
  In a typical micro-watershed representative of Garhwal Himalaya, water availability in some 

spring dependent areas now is less than half of the WHO norms of 60 l/capita/day.
  Decline in discharge of five springs after rainy season in Garhwal ranges from 36% to 100%.
  Decrease of 25–75% in the spring water discharge in the Gaula River Basin, Kumaun 

Himalayas (Valdiya and Bartarya 1989, 1991).
  Complete drying up of 159 springs and conversion of 50 springs from perennial to seasonal in 

Uttarakhand ( Tiwari 2008).
  Complete drying up of 39% of the 107 springs in the Kosi headwater, Uttarakhand during last 

two decades (Grover et al. 2015), resulting in 60% drop in river discharge in about a decade 
period.

  During 1991–2010 the number of rainy days in Kumaun has declined from 60 to 50 and 
annual rainfall from 1350 mm to 1120 mm (Rawat 2009).
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in water level in water bodies, such as that happened in the summer of 2016  in 
Nainital lake, is a serious threat to the sustainability of tourism in the town. Wild 
animal mortality is partly related to the water shortage in forests during a fire inci-
dent. Thus, pre-monsoon drought can potentially drive a series of aberrations in the 
rhythm of natural ecosystems and negatively affect the ecosystem services.

22.3.6  Agricultural Abandonment, Loss of Crops 
and Outmigration

Agriculture is highly dependent on weather conditions, and changes in weather 
cycle have a major impact on crop yield and food supply. In Kullu valley (Himachal 
Pradesh), rainfall had decreased by about 7 cm, snowfall by about 12 cm, and mean 
minimum and maximum temperatures increased by 0.25 and 1 °C, respectively, by 
1990s compared to 1880s, severely affecting the gul irrigation systems and other 
farming activities (Vishvakarma et al. 2003). A revealing example is apple cultiva-
tion in Himachal Pradesh, which is often cited as one of the major success stories of 
its economic growth. Now in Shimla and Kullu valleys, farmers are finding difficul-
ties in sustaining apple cultivation because of warming temperatures and uncertain 
as well as extreme weather events, resulting in fall in the contribution of apple to 
their earnings (Table  22.3). Apple requires a chilling period of about 10  weeks 
below 5 °C for bud-break in springtime (Abbott 1984), which is now available at 
2500 m and above because of global warming (Basannagari and Kala 2013). There 
are evidences to indicate the shift of apple cultivation to higher valleys like Lahul- 
Spiti, in H.P. (Vedwan and Rhoades 2001). Additionally, alterations in the floral 
diversity due to land use and land cover change, extinction of local cultivars and use 
of pesticides have adversely affected pollinators, such as honey bee, causing further 
decline in apple productivity (Partap and Partap 2003).

Some of the impacts based on anecdotal evidences on mountain agriculture that 
are linked with CC in the Himalayan region are: (1) Reduced availability of water 
for irrigation; (2) Extreme drought events and shifts in the rainfall regime resulting 
into failure of crop germination and seed set; (3) Invasion of weeds in the croplands 
(e.g., Lantana camara, Parthenium odoratum, Eupatorium hysterophorus etc.); (4) 
Increased frequency of insect-pest attacks; (5) Decline in crop yield (Negi et  al. 
2012). These factors have led to loss in agridiversity and change in crops and crop-
ping patterns and many crops are at the brink of extinction, such as Hibiscus sabdar-

Table 22.3 Apple cultivation in three major valleys of Himachal Pradesh

Valley Mean annual temperature (°C)

Orchard area/
household/year

Income from fruit (% of 
total income

1995 2005 1995 2005

Kullu 17 0.55 0.45 69.9 39.6
Shimla 15.4 0.62 0.60 59.3 32.8
Lahul-Spiti <14 0.48 1.09 17.2 29.1

Source: Rana et al. (2008)
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iffa, Panicum miliaceum, Perilla fruitescens, Setaria italica, Vigna spp. etc. 
(Maikhuri et al. 2001). Studies at the Indian Agriculture Research Institute, New 
Delhi indicate the possible loss of 4–5 million tons in wheat production in future 
with every rise of 1  °C temperature throughout the growth periods (Uprety and 
Reddy 2008). More extreme weather events such as droughts and floods are likely 
to cause pest and disease outbreaks (Rosenzweig et al. 2001) that could threaten 
food security.

Nearly 30 million migrants (15% of worldwide 200 million migrants) are from 
HKH countries (Hoermann and Kollmair 2008). In the foregoing description, water 
scarcity and disasters due to CC are cited among the recent challenges that farmers 
encounter. De-intensification and abandonment of agricultural land (up to 30% of 
total cultivated land) has been reported from several areas of the Nepal Himalayas 
(e.g., Adhikari 1996, Gautam 2004; Jackson et al. 1998; Khanal 2002; Thapa 2001;). 
In Garhwal Himalayas, it has been reported upto 60% in some areas (Negi and Joshi 
1996). Following abandonment of agriculture, terrace risers are damaged, and land 
is affected by rills, gullies, sheet-wash, which eventually result in severe soil ero-
sion, landslides and landslips (Khanal and Watanabe 2006; Smadja 1992). One of 
the consequences of de-intensification of agriculture has been decline in livestock 
population and reduced supply of farmyard manure. How much is the role of CC in 
abandonment of agriculture is not known, but the process of land degradation fol-
lowing abandonment can be accelerated because of weather extremes and frequent 
droughts and extent of excessive rain, particularly when abandoned land is sub-
jected to grazing, burning and infestation with invasive alien species (Khanal and 
Watanabe 2006). In addition, invasion of abandoned croplands by Lantana and other 
weeds in the warm valleys of Uttarakhand has provided shelter for wild boar and 
intensified man-wildlife conflict (Singh 1991).

22.3.7  Forest Degradation May Amplify Climate Change 
Impact

Of the 22.6 million ha forest area in Indian Himalayas, about 38% is under open 
forests (with less than 40%canopy density), largely because of degradation (FSI 
2011). Baland et al. (2009) have recorded that such forests account for over 50% of 
forest area in Himachal Pradesh state of India. Agriculture in much of Himalayas 
heavily depends on forest biomass, as forest floor litter is collected to prepare 
manure to fertilize the agricultural land (Singh and Singh 1992). However, in some 
instances, sporadic forest recovery can be seen (Singh and Thadani 2015). Compared 
to an intact forest in Himalayas, the degraded forest ecosystems have about 50% 
less biomass and about 80% less carbon sequestration capacity (Singh and Singh 
1992; Singh et al. 2019) (Fig. 22.3). In a depauperate forest floor environment even 
litter decomposition is drastically slowed down, and seeds of trees such as oaks are 
desiccated much before the arrival of monsoon rain. Increase in the events of 
heavy  rains is likely to accelerate soil erosion from abandoned cropfields, 
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landslides, collapse of terraces and overall soil erosion (Singh 2014). The impact of 
CC on a forest is likely to be far more severe when it is degraded than when it is in 
a healthy condition. Climate change can increase evapotranspiration loss and 
drought intensity, accelerate soil erosion, increase pest and diseases infestation and 
reduce biodiversity. These processes can exacerbate and accelerate land degradation 
(Webb et al. 2017). In the Himalayan mountains, continued extraction of biomass 
for firewood, fodder, and NTFPs, and frequent fires lead to forest degradation, 
which is achronic disturbance (Singh 1998).

Climate change in Himalayas may have several implications for forests, such as 
forest fires and change in timberline elevation. Increasing incidents of forest fire is 
an important issue of forest degradation in the western Himalayan region. Though 
the scale and intensity of fire are driven by several factors, a decline in pre-monsoon 
precipitation and warmer temperature have increased both frequency and area 
affected by fire. Fire incidents are fewer in the year’s with more pre-monsoon rains 
(Singh et al. 2016). Fire and smoke pollute air, and deteriorate living condition for 
local people and tourists. The Third Assessment Report of IPCC (2001) concluded 
that even with global warming of 1–2 °C, the forest ecosystems could be seriously 
impacted by future CC through changes in species composition, productivity and 
biodiversity (Leemans and Eickhout 2004).

Phenological earliness as an effect of global warming has been also well estab-
lished (e.g., Menzel et al. 2006). In the western Himalayan mountains early flower-
ing of Rhododendron has been attributed to global warming (Gaira et  al. 2014). 
There is a likely impact on natural regeneration of forests trees like sal (Shorea 
robusta), tilonj oak (Quercus floribunda) and kharsu oak (Q. semecarpifolia) in 
which seed maturation and seed germination coincide with monsoon rainfall. In wet 
conditions, these species show vivipary. A rise in temperature and water stress may 
advance seed maturation, which might result in the breakdown of synchrony between 
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Fig. 22.3 The rate of carbon sequestration in two adjacent forest areas in Uttarakhand (India) over 
the period from 2003–2010.The dark bars show a well managed community forests; the light bars 
are unmanaged forest. The well managed forest consists of Banj-oak (Quercus leucotrichophora) 
and has a high sequestration rate; the degraded forest consists of mixed banj oak and pine (Pinus 
roxburghii) forest and has a poor sequestration rate. Community management saves an average of 
13.4 tonnes CO2/Ha/year in emissions. (Singh et al. 2011)
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monsoon rains and seed germination (Singh et al. 2010). Impact of pre- monsoon 
drying due to climate change is also seen on banj oak regeneration. Banj oak seeds 
mature and fall during winter months, remain on forest floor for several months and 
germinate only when monsoon arrives or there are pre-monsoon rain showers. But 
because of global warming they get desiccated well before rains arrive, resulting in 
a failure of regeneration of banj oak (Quercus leucotrichophora) (Singh 2017). 
Inevitably, any change in the forest (distribution, density and species composition) 
would immensely influence households economies and livelihood linked to forestry, 
agriculture, livestock husbandry, NTFPs and medicinal plants. Better stewardship of 
land, particularly by taking steps which restore degraded forests can go a long way 
not only in enhancing several forest based ecosystem services, but also in CC miti-
gation. Griscom et al. (2017) argue that these natural climate solutions provide a 
robust basis for global actions to improve ecosystem stewardship to address CC.

22.3.8  Treeline, Climate Change and Pre-monsoon Drought

Since tree growth stops in high mountains because of heat deficiency, climate 
change is expected to raise treeline elevation. This CC induced upward movement 
of treeline has been a subject of wider interest globally (Cannone et al. 2007; Kelly 
and Goulden 2008; Pauli et al. 2003). Upward shift of treeline on a slope in a warm-
ing world, partly depends on pre-monsoon conditions. Warming alone may, in fact 
suppress treelines by causing soil water deficiency (Dawadi et  al. 2013; Yadav 
2009). Studies on the relationship between tree ring growth and past climate have 
highlighted the importance of pre-monsoon water (Yang et al. 2014). Changes in 
treeline elevation could have adverse consequence for herb species diversity, soil 
carbon and several vital ecosystem processes. Species growing in treeline and near 
summits can be in problem because of climate change. Singh and Singh (1992) 
indicate that in long-run a warming of even 1 °C temperature can halve the area 
under Quercus semecarpifolia forests, a major evergreen oak of high elevation for-
ests distributed in island like fashion near summits.

22.3.9  Climate Change Justice for Himalayas

Very low ratio of per capita CO2 emission from fossil fuels to the burden of climate 
change impact is a common feature across the Himalayan region. Per capita fossil 
fuel CO2 emission of India is among the lowest in the world, less than 2 t CO2, com-
pared to global average of ~4.7 t CO2 or so (Rao and Phadke 2017). It is ridiculously 
low in Himalayan countries and states (0.4 t CO2 for Nepal) (Anonymous 2014). 
Forests over a large area in Himalayas sequester carbon (Singh 2007), and the rivers 
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of the region are tamed to generate hydropower, which is also used by the people 
living outside Himalayas, which in turn favourably contribute to their carbon bud-
gets. It is quite possible that some Himalayan regions are net carbon sequesters. 
This means that their CO2 emissions are less than CO2 saved by electricity genera-
tion and carbon sequestration. However, people in Himalayas suffer most as a con-
sequence of CC which include cloud burst, GLOFs, avalanches, landslides, forest 
fires, road disruption and road blocks, water scarcity, and crop failures. The cost of 
infrastructure development in Himalayas is much higher than in plains, and often 
because of the shortage of finances their quality does not correspond to the require-
ments in a geologically fragile region. The extra finances required should be made 
available to mountain states to develop better roads, stable slopes, and measures for 
CC proofing.

22.4  Conclusion

Climate change affects almost all components of Himalayan environment and peo-
ple in conjunction with other anthropogenic factors. Despite so much heterogeneity 
in HKH region and paucity of data, some conclusions are possible to make about 
CC and its impact on sustainable development. The region is warming at a higher 
rate than global average rate, and glaciers are, by and large shrinking. Though the 
impact of rapid retreat of glaciers on river flow is uncertain, most rivers originating 
from the region are most likely to continue to flow. In the western parts where mon-
soon is weak, the impact of loss of glaciers and snow, however, can have severe 
implication on rivers. Pre-monsoon drought, which seems to have intensified under 
the influence of CC has consequences for several components including drying up 
of springs, spring water availability, forest fire intensity and frequency, growth and 
regeneration of important forest tree species. Interactions between CC and forest 
degradation are likely to reduce ecosystem resilience. Consequences such as inva-
sion of weeds, severity of soil erosion, loss of soil fertility and crop yield, and aban-
doned of cropfields also impact food security, man-wildlife conflicts and 
outmigration. However, the form and degree of CC vary both along elevation gradi-
ent and the east-to-west Himalayan arc. Consequently, the impact of CC is not the 
same across a highly heterogenous HKH.  It remains to be ascertained that how 
much of these impacts are due to CC alone or have global change compounding 
effect, requires further research and analysis of anecdotal evidence to provide cop-
ing up strategies for sustainable development. There is a need to strengthen climate 
data collection in the western Himalayan region. Local climate data are scarce, 
assessment methods are usually not uniform and the instrumentation is not suffi-
ciently standardized (Negi et al. 2012). The vulnerable mountain ecosystems are 
likely to face greater risk of CC impacts than other ecosystems. Coordinated efforts 
are therefore required to develop effective strategies for adaptation and mitigation.
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Chapter 23
Challenges of Urban Growth in Himalaya 
with Reference to Climate Change 
and Disaster Risk Mitigation: A Case 
of Nainital Town in Kumaon Middle 
Himalaya, India

Prakash C. Tiwari and Bhagwati Joshi

Abstract Himalaya is the most rapidly urbanizing mountains of the world where 
the process of urban growth has been fast, but mostly unplanned and unregulated. 
During the recent decades, Himalaya has experienced rapid urbanization mainly in 
response to population growth, improved road connectivity, development of tourism 
and economic globalization. As a result, urbanization has emerged as one of the 
important drivers of land use and environmental changes depleting natural resources 
and biodiversity, and disrupting natural drainage and ecosystem services; and 
increasing vulnerability of anthropogenically modified slopes to a variety of natural 
risks, particularly under climate change. The paper analyzes the emerging threats of 
unplanned urban growth in the densely populated Middle Himalayan Ranges with a 
case illustration of Nainital Town located in Uttarakhand. It was observed that the 
rapid urbanization is increasing the susceptibility of intensively modified and 
densely populated fragile slopes to the active processes of mass movement and 
landslides. Moreover, the rapidly changing climatic conditions, particularly the cli-
mate change induced hydrological extremes are posing severe threats to the sustain-
ability of fast-growing urban ecosystem by increasing the frequency, intensity and 
severity of geo-hydrological hazards in the town and its surrounding region. The 
city development plan and also the state disaster risk reduction framework and cli-
mate change adaptation plan did not make any provision for addressing the emerg-
ing risks of climate change in Nainital and other towns of Uttarakhand. A 
comprehensive climate change vulnerability assessment and mapping of the town 
should be carried taking into account all the critical parameters of exposure, sensi-
tivity and adaptive capacity of urban ecosystem involving a range of institutions and 
stakeholders.
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23.1  Introduction

Mountains are highly critical from the view point of marginality, environmental 
sensitivity, constraints of terrain, inaccessibility and climate change (Meybeck et al. 
2001). But, mountains have long been marginalized from the viewpoint of sustain-
able development of their resources and inhabitants. However, we are experiencing 
an emergence of responsiveness of the ecological significance of mountain systems 
and their environmental significance for the sustainability of the global community, 
particularly after the United Nations Conference on Sustainable Development – the 
Rios Earth Summit in 1992 (UN). As a result, our understanding about the dilem-
mas of mountain ecosystems and approach to their development has undergone 
drastic changes, during the last two decades. Currently, mountain ecosystems, as 
well as mountain communities, are particularly threatened by the ongoing processes 
of global environmental change (Borsdorf et al. 2010).

During the recent years, a variety of changes have emerged in the traditional 
resource use structure in high mountain areas, particularly in developing and under-
developed regions mainly in response to economic globalization, increased demo-
graphic pressure and rapid urban growth (Tiwari 2014). As a result, mountain 
regions of the world are passing through a process of rapid environmental, socio- 
economic and cultural transformation and exploitation and depletion of their natural 
resources leading to ecological un-sustainability both in upland and lowland areas 
(Haigh 2002). Moreover, the changing climatic conditions have already stressed 
mountain ecosystems through higher mean annual temperatures, altered precipita-
tion patterns and frequent extreme weather events (ICIMOD 2010).

Urbanization has emerged as one of the important drivers of global change trans-
forming mountain regions, particularly in developing countries where the process of 
urban growth has been fast, but mostly unplanned and unregulated (Joshi and Pant 
1990; Anbalagan 1993). Urbanization has contributed significantly not only to eco-
nomic growth through the improvement of infrastructure, development of tourism 
and the generation of employment opportunities in the mountains; but has also 
increased community sustainability by strengthening social services, particularly, 
education, health and communication in their vast rural hinterlands in high moun-
tains (Joshi and Pant 1990). At the same time, rapid and unplanned urbanization is 
intensifying land use within the cities as well as in their peri-urban zone and unlock-
ing even remote areas of mountains for exploitation of their natural resources by the 
growing global markets (Anbalagan 1993). These changes are increasing the vul-
nerability of anthropogenically modified slopes to a variety of natural risks, particu-
larly under rapidly changing climatic conditions (Singh and Gopal 2002). Himalaya 
representing tectonically alive, and densely populated mountain ecosystems has 
experienced rapid urbanization during recent decades mainly in response to popula-
tion growth, improved road connectivity, development of tourism and economic 
globalization (Ives and Messerli 1990).

The fast expansion of road linkages has facilitated the rapid urbanization through 
emergence and growth of rural service centers and improved access to markets. 
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Consequently, more recently, comparatively less accessible areas have also come 
under the process of speedy urbanization due to the growth of domestic tourism, 
marketing and increasing popularity of new tourists destinations; and resultant 
gradual shift from primary resource development practices to secondary and tertiary 
sectors in the region (Joshi and Pant 1990). This has resulted into tremendous 
increase in size, area, number, and complexity of urban settlements in Himalaya 
resulting into the expansion as well as the intensity of urban land use within the 
towns and their rural hinterlands (Tiwari 2007, 2008).

The sprawling urban growth in fragile mountains and resultant land use intensi-
fications have disrupted the hydrological system of urban areas, and consequently 
increased the susceptibility of the Himalayan towns to recurrent slope failures, land-
slides and flash floods (Anbalagan 1993). Moreover, climate change has stressed 
urban ecosystems by increasing the frequency, severity and intensity of extreme 
weather events. The natural risks of this unplanned urban sprawl are now clearly 
discernible in most of the urban centres and their peri-urban zone, all across the 
densely populated Lesser Himalayan ranges in India (Tiwari 2007, 2008). The 
urban development in the region is also having long-term impacts on the fragile 
ecosystem and environment of the urban fringe consisting of natural forests, wild-
life habitats, critical headwaters, and prime agricultural land (Tiwari 2014). The 
natural components of the urban fringe zone are being degraded and depleted 
steadily and significantly through the expansion of urban land use, deforestation, 
habitat destruction, mining construction material, waste and sewage disposal, 
encroachment of productive agricultural land, and changes in the traditional land 
use and resource management practices under the multiplier effect of urban growth 
(Tiwari 2007, 2008). The paper analyzes the emerging threats of unplanned urban 
growth in the densely populated Lesser Himalayan ranges with a case illustration of 
Nainital Town located in Uttarakhand Himalaya.

Nainital is one of the most important town and popular tourist destination situ-
ated in the Lesser Himalayan ranges in Kumaon division of Uttarakhand State 
(Fig. 23.1). The city encompasses a geographical area of 4.32 km2 between 1938 m 
and 2611 m from the mean sea level in the watershed of picturesque Naini Lake 
(Joshi et al. 1983). Nainital is located in the proximity of the Main Boundary Thrust 
(MBT) – the tectonic juncture between the Siwaliks mountains (the Outer Himalayan 
Ranges) situated in the south from the Lesser Himalayan (Middle Himalaya) ranges 
located in the north. Besides MBT, the town is crisscrossed by several other minor 
faults which make the geology of the watershed highly complex (Valdiya and 
Bartarya 1991; Hukku et al. 1977) (Fig. 23.2). A major fault line, called the Nainital 
fault, passing through the Naini Lake separates the entire watershed into two parts. 
The morphometric features of Nainital Lake have been presented in Table  23.1 
(Rawat 2009).
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23.2  Objective and Methodology

The main objective of the paper is to analyse the emerging natural and socio- 
economic risks of unplanned and unregulated urban growth under climate change in 
densely populated Lesser Himalayan Ranges with a case illustration of Nainital 
town located in the State of Uttarakhand. The study is mainly based on the analysis 
and interpretation of secondary data. The data and information used in the present 
work has been derived from various sources including, Census of India, statistical 
records of the Government of Uttarakhand, Municipal Council of Nainital, various 
district level offices, handbooks and reports of both the Central and State 
Governments department and organizations, and from published and unpublished 
literature. Besides, necessary qualitative information has also been generated from 
various primary sources including empirical research and field surveys.
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Fig. 23.2 Location of Nainital in Uttarakhand

Table 23.1 Principal 
morphometric attributes of 
Naini Lake

Maximum length (m) 1423
Breadth (m) 253–423
Maximum depth (m) 27.3 in northern half 

and 25.5 in southern 
half

Mean depth (m) 18
Surface area (ha) 48
Lake shoreline (m) 3458
Volume at maximum level (m3) 8.58

Source: Rawat (2009)
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23.3  Results and Discussion

23.3.1  Demographic Growth and Urban Development: 
A Historical Perspective

Nainital is the most recent town of Kumaon as it was discovered by Mr. P. Barron a 
European merchant and an enthusiastic hunter in 1841. The habitation in Nainital 
started towards the end of the first half of the nineteenth century. The building of 
Nainital Municipal Board was constructed in 1845, and Nainital Municipal Board 
was formally constituted in the same year. It was the second Municipal Board in the 
entire North Western Province (Auden 1942; Atkinson 1882). Nainital had become 
a popular hill resort by 1847 with some 40 houses and buildings. With the growth of 
town education, administration, real estate, and tourism became the most significant 
functions of Nainital. The popularity and importance of town was further boosted 
with the installation of rail link to Kathgodam located at the foot of the mountains 
in 1884 and the formation of district Nainital in 1891. In 1862, Nainital became the 
summer seat of the North Western- Provinces (NWP). In 1915, Kathgodam  – 
Nainital road (36 km) was completed, and also electric supply came to the town 
(Clay 1928). In the latter half of the nineteenth century Nainital witnessed a phe-
nomenal growth in urban functions, and a range of facilities and services emerged 
to cater the growing needs of the town. Besides, marketing areas, rest houses, recre-
ation centres, dancing halls, rink theatres, cinema halls, holiday centres and military 
camps; a number of European schools for boys and girls came up in Nainital largely 
for the children of the British Colonial officials and soldiers; and Nainital became 
an important centre of education for the British (Joshi et al. 1983). The town enjoyed 
the status of the summer capital of Uttar Pradesh (U.P.) even after the independence 
till 1963.

Naini Lake is situated in a densely populated valley in the Kumaon Himalaya 
and is one of the most popular tourist resorts in Northern India. The picturesque 
surroundings of valley together with the panoramic beauty of the natural lake, its 
proximity to plains in the south and salubrious climatic conditions were the main 
reasons that promoted the development of Nainital a famous health and recreation 
resort during the British time and afterward (Joshi et al. 1983). Nainital is still one 
of the most popular tourist destination, and also an important town. The Indo-Pak 
conflict of 1965 and 1971, and also the continued internal security threats in western 
Himalaya boosted the tourist economy of the town. However, the tourist influx in 
the town drastically declined in the year 2013 after the massive disasters that hit 
Uttarakhand in pre-monsoon months.

The surroundings of Naini Lake which were first inhabited in the 1850s, grew 
into a town of 6903 people by 1901 and to 41,461 by 2011 (Table 23.2). The popula-
tion of the town increased by 48.77% during 1901–1911. In the following two 
decades almost all the mountainous towns of Kumaon were affected by the famine, 
drought, and epidemic, and consequently, the growth of population was only 9.38% 
during 1911 and 1921, and following decade the population of Nainital declined by 
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5.02% (Table 23.2). The town registered an average death rate of more than 28% per 
1000 during 1911–21, however it was reduced to 24.73% per 1000 during 1921–31. 
At the end of 1931, the growth rate of population was 9.38% which increased 
slightly (9.77%) in 1941 (Table 23.2). The following decade (1941–51) recorded a 
low growth rate of the population due to the outbreak of cholera epidemic between 
1943 and 1945, and 1947 and in 1948, and plague epidemic from 1946 to 1947 in 
the region. In spite of this, the decade recorded an increase of 11.73% due to a con-
siderable addition by the migrant population (Table 23.2). The urban population 
growth, which is positively the bulk of the increase, has taken place after 1951.

Table 23.2 reveals that the region recorded a very high growth rate of population 
(56.51%) during 1961–71, which was mainly due to the considerable natural 
increase in population owing to the control over various diseases. The following 
decades recorded the maximum growth rate of 22.81% (1951–61), 56.51% (1961–
1971), 14.32% (1981–91), 29.49% (1991–2001) and 7.33% (2001–2011). During 
1971–81 the total growth rate was very low (3.67%). The growth and variation of 
urban population during 1901 to 1981 had been moderate for Nainital town. The 
town registered a moderate growth of 7.33% population during 2001–2011 against 
29.49% of the previous decade (Table 23.2). The decline of population growth dur-
ing 2001–2011 is attributed to the establishment of the High Court of Uttarakhand 
in Nainital and consequent shifting of most of the government offices from Nainital 
to the growing township of Bhimtal. However, being a major tourist destination and 
seat of the High Court of Uttarakhand State Nainital has a large floating population, 
particularly during summer months.

The remarkable feature of the urban demographic evolution of Nainital is that 
before 1981 the population increased in only those areas which are characterized by 
gentle slope and lower altitude. However after 1981, higher elevation areas, steep 
slope and fragile zones and other such environmentally unsafe areas of the town 
registered phenomenal growth of population. These areas have now also very high 

Table 23.2 Population growth in Nainital (1901–2011)

Census years Total population Net change % Change

1901 6903 –
1911 10,270 3367 48.77
1921 11,235 965 9.38
1931 10,673 −562 −5.02
1941 11,718 1045 9.72
1951 13,093 1375 11.73
1961 16,080 2987 22.81
1971 25,167 9087 56.51
1981 26,093 926 3.67
1991 29,831 3738 14.32
2001 38,630 8799 29.49
2011 41,461 2831 7.33

Source: Census of India (2011)
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concentration and density of population. In 1981, Nainital had an average popula-
tion density was 211.72 persons/km2, which increased by over 55 times to 
12,148.30 in 2001. The main reasons for the increase in population and its density 
in Nainital have been the rapid development of tourism, growth of market, service 
and commercial sectors; and emergence of large number of educational institutions 
in the town. The increased tourist arrival has not only an impact on the economy of 
the town, but it equally influenced its evolution and the functional morphology. 
Conforming to the needs of growing tourism, hotels, restaurants, parks, picnic spots, 
gardens, shopping centres, parking areas, facilities of recreation, tourist guidance, 
and transport now constitute important components of the morphology of the town 
(Joshi et al. 1983).

23.3.2  Seasonal Demographic Flux and Its Implications 
for Climate Change

As per the Census of India 2011 record, Nainital had a total permanent population 
of 41,461 persons. In addition to this, the town also hosts a large floating population 
of approximately 10,000 persons during the peak tourist season from April to June 
who mostly works as petty vendors, coolies, boatmen, horsemen, waiters in hotels 
and restaurants. Nainital has been a tourist destination ever since it was discovered 
in the mid-nineteenth century. The war with Pakistan in 1965 and 1971 further 
boosted Nainital’s tourism industry as the Kashmir valley remained unofficially 
closed for tourist arrivals for the years till recently. The incidences of high intensity 
rainfall and the resultant flash floods, landslides and mud and debris flow in 2013 
that took the toll of several thousand people across the State of Uttarakhand brought 
the massive decline in the number of visitors. However, the tourist arrival started 
picking up in the following years.

In 2003, the floating population of Nainital that mainly include tourists was 0.42 
million, which increased to 0.52 million by 2005, recording an increase of 22% with 
average annual growth rate was 7% over a period of 3 years (2003–2005) (Singh 
and Gopal 2002). In Nainital, most of the tourists (floating population) arrival is in 
three summer months (April–June) and 2 months in autumn (October–November) 
which are known as peak tourist seasons. Taking the tourist population of 2005 
(0.52 million) as the base, the average days of stay per tourist as 15, the average 
tourist load per day works out to 34,533 or say 35,000 (Singh and Gopal 2002). 
Further, it was that the educational and training institutions and the University 
together account for at least 20,000 population. Besides, being district headquarters 
town and location of the district court and High Court, and the office of the Divisional 
Commissioner, large number of people, visits the town on official business. The 
estimated number of such visitors is around 7000 (Singh and Gopal 2002). Thus, the 
total number of floating population in Nainital town has been estimated to be about 
129,000  in 2015. Another indicator reflecting the increased tourism activity in 
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recent past is the number of vehicles entering the town. The data shows that the 
number of light vehicles that entered the town during the peak tourism months has 
increased by about 46% in the past 3 years (Singh and Gopal 2002). One of the 
implications of increased tourists vehicle is the rise in vehicular pollution and traffic 
congestion on the narrow roads with limited carrying capacity. This pollution and 
traffic congestion is already being felt, and could become a major problem to human 
health and pedestrians’ movement especially during summer months, and particu-
larly in the event of disasters.

23.3.3  Exposure to Climate Change Induced Geo- 
Hydrological Disasters

Nainital situated in close proximity of the Main Boundary Thrust (MBT) – the tec-
tonic boundary between the Lesser Himalayan Ranges in the north and the Siwaliks 
Hills in the south  – is particularly vulnerable to geo-hydrological hazards 
(Middlemiss 1880, 1898). Impact of tectonic movements has resulted in intense 
shearing, faulting, thrusting and fracturing of the rocks observed in the area (Valdiya 
1988; Valdiya and Bartarya 1991; Sharma 2006). Consequently, the entire area is 
tectonically alive, ecologically fragile and highly exposed to a variety of geo- 
hydrological hazards. The whole township of Nainital is highly vulnerable to land-
slides and other processes of mass movement, particularly creeping and subsidence 
(Valdiya 1988; Sharma 2006; Rautelaa et al. 2014). Moreover, the terrain is charac-
terized by the predominance of high relative relief that renders the area highly sensi-
tive to slope failure and processes of the mass movement. Geographically, it is a 
critical zone, in as much as, it lies within the belt of maximum precipitation 
(2814.06 mm/year), and also shows relief differences of the highest order (Joshi 
et al. 1983). As mentioned earlier that due to the presence of Main Boundary Thrust 
(MBT) and a number of other major and minor faults the town constitutes a tectoni-
cally alive domain which is responsible for highly deformed rock conditions in the 
entire area (Sharma 2006). Besides, during the recent past the rapid urbanization, 
settlement growth and infrastructural development have been very massive and phe-
nomenal intensifying the anthropogenic process interacting with the fragile envi-
ronment of the urbanized zone (Tiwari 2014; Tiwari and Joshi 2014, 2015). 
Moreover, population growth and rapid urbanisation have led to the expansion of 
construction activities in fragile terrains and has catapulted frequency of landslides 
to dramatic proportions right since the evolution of the town. The recent observed 
variability in rainfall pattern has further increased the vulnerability of the settlement 
to a variety of hydro-geological hazards, particularly the landslides (Sharma 2006).

Nainital has experienced devastating landslides of variable magnitude ever since 
the evolution and development of town (Oldham 1880; Auden 1942; Nautiyal 1949; 
Hukku et al. 1977; Pant and Kandpal 1990; Sharma 2006). The five disastrous land-
slide events occurred in the year 1867, 1880, 1898, 1924 and 1998 caused massive 
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devastation of urban infrastructure and loss of lives in the town and its surrounding 
areas. These geo-hydrological disasters not only transformed the urban and natural 
landscape of the town, but also underlined the need to understand the local geo- 
tectonic and geomorphological conditions before allowing to expand the urbaniza-
tion in fragile mountain landscape. It was observed that more than 50% built up area 
in the township of Nainital is situated on landslide debris deposited over the years 
(Rautelaa et al. 2014; Disaster Management and Mitigation Centre, Government of 
Uttarakhand 2011). The geo-hydrological hazards are thus causing colossal damage 
to the urban infrastructure in the complex geological environment of the urban habi-
tation zone of Nainital as well as its surrounding peri-urban areas. Rapid urbaniza-
tion in the town may result in increased vulnerability of mountain slopes to mass 
wasting processes. The urban sprawl of the town during last few decades has been 
phenomenal consequently exerting pressure on already vulnerable geological envi-
ronment (Tiwari 2014; Tiwari and Joshi 2015).

Studies indicated that lack of proper surface drainage and unplanned anthropo-
genic intervention emerged as the major reasons for slope instability in Nainital. In 
view of this detailed network of surface drains were developed in the watershed, and 
human intervention and construction on unstable slopes were prohibited. In the 
recent past, the issue of environmental instability around Nainital has also been 
raised by various civil society groups and individuals in the High Court of 
Uttarakhand and in the apex court of the country (Supreme Court of India). Both the 
honourable courts advised against undertaking construction activities on the vulner-
able slopes around the lake. In spite of this, the built up area has significantly 
increased in the town. Although 1.64 km2 of total town is demarcated as prohibited 
area and unsafe for any construction. However, this area is under pressure for fur-
ther urban growth without the desired level of planning and development control. 
During 2005–2010 the built up area in these areas has increased by almost 50% 
which is much more than average built up area increase of 34% in the town during 
the period resulting in intensive land use changes (Tables 23.3 and 23.4 and 
Fig. 23.3). The growth of built up area has been particularly very high in areas pro-
hibited for construction where it has increased by more than 56%. The unplanned 

Table 23.3 Urban land use changes around Nainital (2005–2010)

Land use classes
Area (in m2)

% Change2001 2015 Change in area

Built up area 630,498.18 844,108.12 213,609.94 33.88
Open area 345,878.41 208,344.41 −137,534.00 −39.76
Trees outside Forest 1,242,649.75 699,390.98 543,258.77 −43.72
Open Forest 2,143,476.85 2,661,936.97 518,460.12 24.19
Dense Forest 7,789,118.89 7,746,524.83 −42,594.06 −0.55
Agriculture 34,849.72 24,333.99 −10,515.74 −30.17
Water-bodies 441,331.48 443,164.00 1832.52 0.42
Total 12,627,803.29 12,627,803.29 – –

Source: Rautelaa et al. (2014)
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and unregulated construction on fragile slopes resulted in degradation of forest and 
biodiversity, and depletion water resources which feed the lake. Studies indicated 
that steep slopes in this area are presently being levelled for construction of houses 
and excavated debris is being disposed off along the hill slopes as also along the 
surface drains. As a result, drainage network is being encroached, obstructed and 
obliterated increasing the vulnerability of the slopes and large population to climate 
change induced risks (Disaster Management and Mitigation Centre, Government of 
Uttarakhand 2011).

Despite rapid urban growth and unplanned constructions of houses and hotels the 
pressure of heavy influx of tourists and other seasonal population has far exceeded 
the carrying capacity of urban amenities in Nainital (Table 23.5). Furthermore, the 
expansion of urbanization and population increase facilitated the emergence and 
growth of slums in the close proximity of lake, along the drainage channels, fragile 

Table 23.4 Growth of built up area prohibited zones in Nainital (2005–2010)

Name of the prohibited zone
Area (in m2)

% Change2001 2015 Change in area

Sher ka Danda 62,203.4 97,359.3 35,155.9 56.5
Ayarpatha 31,797.5 48,853.3 17,055.8 53.6
Beyond Lake watershed 57,155.2 82,266.3 25,111.1 43.9
Total 151,156.1 228,478.9 77,322.7 51.2

Source: Rautelaa et al. (2014)

Fig. 23.3 Nainital Town: Urban Land Use [2011]
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slope and other such environmentally unsafe areas in Nainital. As many as 12 slum 
pockets have been identified in a small town of 41,000 inhabitants (Table 23.6). The 
total population of these slums was 9667 persons in 2011 accounting for about 21% 
of the total population of the town. The growth and expansion of slums have further 
increased the vulnerability of large population particularly poor and marginalized to 
climate change induced risks.

The Naini lake is not only the prime attraction for large number of visitors, but it 
constitutes the source of drinking water for most of the population of the town. 
Nearly 40% of the total water supply comes directly from the lake (Singh and Gopal 
2002). However, due to rapid urban growth and phenomenal magnitude of construc-
tion activities in the catchment area the rate of sedimentation has been increasing 
progressively posing a serious threat to the quality of water and the life of the lake. 
As a result, the mean depth of the lake had reduced by 2.88 m decreasing water 
volume by 7682.5 m3 between a period of 84 years between 1895 and 1979 (Rawat 
2009). The bathymetric analysis carried out in Lake Nainital has given a sediment 
accumulation rate of 67 m3/year between 1895 and 1967 and 78 m3/year during the 
period between 1967 and 1979 (Rawat 2009). Sharma (1981) has estimated the life 

Table 23.5 Urban and tourist 
amenties in Nainital

Population and amenities

Permanent population 39,840
Number of tourists 310,000/year
Number of hotels 120
Number of shops 900
Number of residential houses 8000
Floating population 7000

Source: Singh and Gopal (2002)

Table 23.6 Slum settlements and population in Nainital

S. no. Slum settlements Locality Population

1 Narayan Nagar Mallital 1947
2 Breysite Mallital 1360
3 Sardar Line Mallital 960
4 Committee Line Mallital 750
5 Bakery Compnd Mallital 650
6 Mangawali Tallital 750
7 Harinagar Tallital 1200
8 Dibhighat Tallital 780
9 Kathbaas Tallital 90
10 Rajpura Mallital 800
11 Sukhatal Mallital 180
12 Jubleehall Mallital 200
Total 9667

Source: Urban Development Department, Government of Uttarakhand
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of the lake to be 314 years based on sedimentation deposit of 0.239 million m3 dur-
ing 1960–1977 at the rate of 0.22 m m3/year. Moreover, carbonate rock lithology 
which is more susceptible to weathering, high precipitation and frequent landslides 
may account for a higher sedimentation rate in the lake-bed. The climate change is 
likely to intensify the magnitude of anthropogenic stress in the lake and affect the 
availability and quality of water.

23.3.4  Climate Change Adaptation Measures Priorities, Efforts 
and Gaps

Urbanisation in Uttarakhand has largely been an unplanned process resulting in the 
lack of civic amenities in proportion to population density. Unplanned urban growth 
together with rapid urban expansion and increasing inflow of tourists have made 
severe environmental impacts on the urban ecosystem of Nainital and other urban 
areas, particularly in view of climate change. Nainital despite being a new town, has 
grown in a completely unplanned manner causing immense pressure on the limited 
urban infrastructure and services resulting into the degradation of the urban envi-
ronmental conditions and increasing vulnerability of the large population to emerg-
ing threats of climate change. Major environmental concerns associated with such 
unplanned urban development are emerging risks of climate change induced geo- 
hydrological hazards, destruction of forest area, loss of bio-diversity, and depletion 
of water resources. Despite realizing the increasing vulnerability of urban areas to 
climate change induced risks no specific climate change adaptation plan has been 
evolved for any cities of Uttarakhand including Nainital by the State Government 
(Government of Uttarakhand 2012).

However, Nainital is covered under the Jawaharlal Nehru National Urban 
Renewal Mission (JNNURM) – an urban development programme sponsored by 
Government of India – and under which a range of urban development interven-
tions, including the development of city sanitation plan are underway in the town 
(Urban Development Department, Government of Uttarakhand 2007). However, 
currently, no detailed climate vulnerability and risk assessments is available for the 
urban centres of Uttarakhand (Government of Uttarakhand 2012). However, realiz-
ing that climate change is likely to have adverse impact on infrastructure and worsen 
access to basic urban services and quality of life in cities, the State Action Plan on 
Climate Change (SAPCC) recommended that Urban Development Department 
(UDD) of Uttarakhand would take necessary steps towards collating available data 
and information of impacts of climate change on cities, their systems, infrastruc-
ture, and people towards improving scientific knowledge and evidence base and 
understanding of climate change and its impacts (Government of Uttarakhand 
2012). The SAPCC says that it will begin the process of developing the necessary 
systems, databases and protocols for collecting and collating the necessary evidence 
-based observations and evolve appropriate response strategies.
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Towards improving governance mechanisms, institutional decision-making, and 
convergence, the UDD will initiate the formation of a Climate Cell within the 
Department. It will take steps to improve understanding of climate change and its 
effects; education and awareness; and developing and strengthening partnership and 
cooperation with different stakeholders (Mitchell and Maxwell 2010). It will also 
initiate processes for developing the necessary coordination mechanisms, sectoral 
policy initiatives and institutional arrangements to ensure that urban agglomerations 
and urban populations in the State build their capacity to be resilient to the risks and 
impacts of climate change through implementing adaptation measures and contrib-
uting to mitigation of greenhouse gas emissions (Government of Uttarakhand 2012). 
The plan further emphasises that ‘the UDD will develop and deploy a range of 
awareness and capacity building programmes for municipal officials for promoting 
appropriate measures towards climate resilience in their respective Urban Local 
Bodies (ULBs), as also similar programmes for building awareness on climate 
change and its impacts for the urban populations. The UDD will also seek to con-
verge such efforts with other sectoral initiatives such as health, education, housing 
and water, and foster inter and intra departmental coordination’ (Government of 
Uttarakhand 2012).

23.3.5  Climate Change Adaptation and Disaster Risk 
Mitigation Programs and Gaps

Increasing uncertainty in the precipitation patterns in the state is amply highlighted 
by the fact that both in the years 2007–08 and 2008–09 the state faced severe drought 
conditions. In the year 2007–08 nine districts of the state (out of total 13 districts) 
were officially notified as being drought affected while in 2008–09 ten districts 
were notified as being drought affected. Whereas, in the years 2010 and 2013 the 
entire state of Uttarakhand experienced a number of incidences of high intensity 
rainfall generating flash-floods that triggered devastating landslides and debris flow 
and caused massive loss of human lives, livelihood assets and infrastructure across 
the State (Rao et al. 2014; Patra and Kantariya 2014). Under the influence of climate 
change, the geo-environment of Uttarakhand is increasingly getting more suscepti-
ble to some problems that include soil erosion, landslide, prolonged dry spells, gla-
cier recession, erratic precipitation, extreme climate events and rapid loss of habitat 
and biodiversity. These have a direct implication upon the issues related to the liveli-
hood for people in the state and adjoining regions. During the recent decades, cli-
mate change driven fluctuations in the precipitation pattern have shown increasing 
trends which pose serious threats to ecologically fragile, tectonically active and 
densely populated urban ecosystems, such as Nainital. During the recent years, the 
Disaster Mitigation and Management Centre, Dehradun has carried out a number of 
initiatives in the field of disaster management and mitigation for Nainital town 
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(Disaster Management and Mitigation Centre, Government of Uttarakhand 2011). 
These include:

• Land use/land cover change studies using high-resolution satellite data
• Landslide and environmental risk assessment
• Socioeconomic vulnerability assessment
• Preparation of disaster management plans
• Structural vulnerability and risk assessment Vulnerability assessment of the 

building stock using rapid
• Awareness generation
• Training and capacity building of institutions

However, hazard zone mapping of Nainital Catchment was also carried out by 
Valdiya (1988), Sharma (2006) and Gupta and Uniyal (2013). However, no detailed 
climate vulnerability risk assessments so far has been carried out from the view 
point of disasters, and particularly climate change induced geo-hydrological disas-
ters for any township of Uttarakhand, including Nainital. Nevertheless, in general, 
the Disaster Management Department has been carrying out a range of related activ-
ities for the entire State of Uttarakhand including the urban centres (Disaster 
Management and Mitigation Centre, Government of Uttarakhand 2011). As per the 
State Disaster Management Action Plan (SDMAP) evolved by Disaster Management 
and Mitigation Centre (DMMC), Government of Uttarakhand, the following main 
initiatives are being taken for disaster risk reduction in Uttarakhand:

• Assessment of the impact of natural disasters upon masses, particularly women;
• Assessment of the people’s perception of climate change and documentation of 

their adaptation strategy through primary data collection in various regions of the 
state;

• Assessment of the changes being introduced in the geo-environment due to cli-
mate change through primary data collection in various regions of the state;

• Study of the impact on natural resources and livelihoods of people due to chang-
ing weather patterns and extreme weather events;

• Documentation of best practices in traditional coping methods, possible inter-
ventions to meet present demand and promotion of the same

• Documentation of the indigenous technical knowledge of the masses

The City Development Plan (CDP) formulated under Jawaharlal Nehru National 
Urban Renewal Mission (JNNURM) by Uttarakhand Urban Development 
Department has made provisions for protection of natural environment, conserva-
tion of lake and water resources, and improved sanitation and sewage system in the 
town. The comparison of the urban land use of 1995 to the proposed land use under 
City Development Plan (CDP) for 2011 is shown in presented in Table 23.7 (Urban 
Development Department, Government of Uttarakhand 2007). The land use plan 
proposed increase in areas under residential and transportation, and marginal 
increase in the area demarcated as ‘prohibited area’. The City Development Plan 
also proposed increase in the parking area from the existing 0.12  ha in 1995 to 
2.24 ha in 2011. However, the areas for parks and open spaces remained unchanged 
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(4.02 ha). A project for conservation of Nainital and other Lakes, jointly funded by 
Government of India and Government of Uttarakhand is currently under implemen-
tation in the town. However, these urban development initiatives did not incorporate 
the climate change impacts on urban ecosystem and a mechanism for adaptation.

23.4  Conclusions and Recommendations

Middle Himalayan mountains are not only the most densely populated range, but it 
the most rapidly urbanizing mountain tract of Himalaya. Nainital situated in the 
Himalayan State of Uttarakhand is the most representative sprawling urban area in 
the Western Himalaya. During the recent years, with the increasing incidences of 
hydrological disasters, disruption of natural drainage and depletion of the lake and 
other water sources the Government of India, the State Government, the local bod-
ies and the judiciaries have taken some measures to improve the environmental 
governance of the town. However, the environmental conditions of the town contin-
ued to deteriorate with increasing impacts of climate change. The rapid urbanization 
is increasing the susceptibility of intensively modified and densely populated fragile 
slopes to the active processes of mass movement and landslides. Moreover, the rap-
idly changing climatic conditions, particularly the climate change induced hydro-
logical extremes are posing severe threats to the sustainability of fast- growing 
urban ecosystem by increasing the frequency, intensity and severity of geo- 
hydrological hazards in the town and its surrounding region. The climate change is 
likely to trigger the slope instability and disrupt the hydrological regime of the lake 
catchment which is already under stress of increasing urbanization. The city 

Table 23.7 Current and proposed land use under City Development Plan (2011) for Nainital

S. 
no. Land use categories

Land use 1995 Proposed land use 2011

Area (ha)
% to Total NNPP 
area Area (ha)

% to Total NNPP 
area

1 Residential 90.54 7.72 186.00 15.86
2 Rural 15.50 1.31 17.50 1.32
3 Commercial 17.75 1.51 15.75 1.51
4 Institutional 34.00 2.90 34.00 2.90
5 Parks and open spaces 10.64 0.91 10.64 0.91
6 Public utilities 99.02 8.44 89.77 7.65
7 Transportation 14.07 1.20 16.14 1.38
8 Forest areas 508.76 43.37 508.76 43.37
9 Water-bodies 68.90 5.87 68.90 5.87
10 Prohibited areas 135.08 11.52 164.00 13.98
11 Undeveloped open area 177.7 15.15 – –
12 Others 0.74 1.41 61.16 5.21

Total 1173.00 100.00 1173.00 100

Source: Urban Development Department, Government of Uttarakhand, Dehradun
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development plan and also the state disaster risk reduction framework and climate 
change adaptation plan did not make any provision for addressing the emerging 
risks of climate change, particularly the geo-hydrological disaster in Nainital and 
other towns of Uttarakhand. In view of this the following recommendations are 
made:

• A comprehensive climate change vulnerability assessment and mapping of the 
town should be carried taking into account all the critical parameters of expo-
sure, sensitivity and adaptive capacity of urban ecosystem.

• A detailed and large-scale risk zone mapping of the town should be carried out 
analyzing the parameters of geology, structure, litho-logy, geomorphology, 
demography, economy and livelihood, infrastructure and services.

• A comprehensive urban land use policy should be evolved and implemented tak-
ing into conservation, developmental, climate change adaptation, disaster risk 
reduction needs and priorities of the town.

• A participatory framework for the conservation of water resources particularly 
through reducing anthropogenic intervention in the recharge zone of the Naini 
Lake and Sukha Tal should be evolved.

• An integrated climate change adaptation governance plan need to be formulated 
incorporating the above-mentioned points involving a range of institutions and 
stakeholders (e.g., government line departments, private enterprises, civil society 
and non-governmental organizations, community based organizations and aca-
demic and research institutions).
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Chapter 24
A Relational Vulnerability Analytic: 
Exploring Hybrid Methodologies 
for Human Dimensions of Climate Change 
Research in the Himalayas
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Abstract Vulnerability assessments are critical tools when exploring the Human 
Dimensions of Climate Change in the Global South. Additionally, Social Ecological 
Systems research utilizes such assessments to describe and predict potential spaces/
tools of policy intervention. However, much of the assessment methodology fails to 
address the coupled structural processes underlying vulnerability and the experi-
ence of climate change. First, most scholarship does not operationalize mixed- 
methods research using plural epistemologies. Second, it fails to incorporate the 
communally produced knowledge of marginalized regional populations. Ultimately, 
power inequalities and their impact on vulnerability within complex adaptive sys-
tems, are overwhelmingly ignored. This project attempts to address these issues 
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through a ‘Relational Vulnerability Analytic’ (RVA). We utilize a plural epistemo-
logical approach to construct an analytic that envisions the various relationships, 
processes and tools that need to be cultivated and managed in order to empower the 
community as co-producers of knowledge, while challenging the disciplinary bias 
in explorations of climate change risk and adaptation. Our method brings top-down 
spatial analysis tools, mathematical models, grounded ethnographic fieldwork and 
participatory feminist epistemologies into productive tension to reveal the sources 
of vulnerability and the agency of subjects, in rural Himalayan households. 
Additionally, we addresses the appeal for long term, collaborative, multi- dimensional 
research mobilization in the Himalayas. While the analytic is parameterized for the 
Himalayan region, it can be implemented in other regions with certain salient cus-
tomizations. The project concludes that future efforts should be to operationalize 
this analytic for different regions and populations.

24.1  Introduction

The Social-Ecological Systems (SES) framework has been touted as an analytical 
tool exploring the complex adaptive systems of our planet, including the varied cur-
rent and probable impacts of climate change (Vogel et  al. 2007). However, the 
framework has been criticized for its ‘ecological bias’, and for failing to be epis-
temically democratic when producing the goals and methods of research (Fabinyi 
et al. 2014). Majority of SES driven assessments are grounded in static disciplinary 
boundaries, while there is a need for critical trans-disciplinary work, which holds in 
view the epistemological and ontological tensions between different ways of con-
ceptualizing a research problem (Nightingale 2003).

In the Himalayan region climate change has been defined as a catastrophic event 
(Schild 2008; Hartmann et al. 2013). The validity of such claims has been ques-
tioned by scholars that have pointed out the lack of ground truthing of model data, 
the scalar bias of non-regional simulations and the diversity of bio-cultural terrain 
such reports seek to represent (Singh and Thadani 2015). Additionally, impact 
assessments of climatic change have failed to incorporate the utility of such assess-
ments to the regional populations. Himalayan small farmers interacting with mul-
tiple processes of rural transformation, have a unique perspective on the 
materialization of climate change impacts (Mathur 2015b; Satyal et al. 2017). The 
50 million inhabitants of the region have been overwhelmingly unrepresented as 
stakeholders in developing a science of impacts that is egalitarian and democratic.

Our work attempts to address some of the methodological concerns raised by 
scholars about SES research exploring the Human Dimensions of Climate Change 
(HDCC), in general and in the Himalayan region. We do this through the articula-
tion of a methodological construct we label, ‘Relational Vulnerability Analytic’. 
While we do have an empirical question at the heart of our scholarship, it serves 
more as an evaluative heuristic for our discussions on methodology. This paper, 
addresses the operationalization of our framework, through a focus on the 
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 often- ignored epistemological and methodological dialogue, critical to a more inter-
disciplinary and participative research processes (Murphy 2011). Exploring the 
conclusions that emerge can provide vital insights into the complex realities of cli-
mate change, its interactions with marginalized rural communities of the global 
south while also creating effective policy interventions (Nightingale 2017).

24.2  Situating the Research

24.2.1  The SES Framework: Limitations and Possibilities

Social Ecological Systems (SES) research emerged as a response to the seemingly 
catastrophic global environmental challenges which included losses to biodiversity, 
overexploitation of ecosystems and climatic change (Ostrom 2009). The framework 
challenged the notion of stable and static equilibrium and proposed that complex 
adaptive systems are fluid, heterogeneous, non-linear, multiscalar and ‘disequilib-
rium’ (Holling 1973; Folke 2006). But, the ‘resilience concept’ that emerged as the 
organizing principle of SES research, while applauded for its efforts to construct 
innovative approaches to deal with the complex relationships between human and 
natural worlds has been critiqued for the ‘narrow topical and theoretical lens’ with 
which it defines and incorporates social dimensions and relationships (Turner et al. 
2003; Leach et al. 2010; Stone-Jovicich 2015). Furthermore, as Cote and Nightingale 
(2012) have critically stated, “the reliance on ecological principles to analyze social 
dynamics has led to a kind of social analysis that hides the possibility to ask impor-
tant questions about the role of power and culture in adaptive capacity” (p.479). 
However, while challenging the SES goal of constructing a grand ‘theory of every-
thing’ certain scholars have appealed for collaborations between ‘resilience ecolo-
gists’ and social scientists. Importantly, with the caveat that the product of this 
relationship should not be held responsible for encompassing their complete indi-
vidual research goals (Turner 2014), allowing for a realistic chance at 
‘transdisciplinarity’.

Our work is driven by this ethos of collaboration and anchored to the processes 
underlying community interactions with a changing environment, the organization 
of communities in dynamic social networks and the movement and distribution of 
power within communities (see Fabinyi et al. 2014). In doing so we are also guided 
by Nightingale (2016) prescriptive idea of using a ‘socionatural approach’ that sub-
verts the nature-society binary and holds the different disciplines in productive ten-
sion. We support her claim that even more than the points of ‘convergence and 
complementarity’ it is the places of divergence within the process of analysis, which 
can lead to a truly equitable and realistic research program.
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24.2.2  Human Dimensions of Climate Change Research 
in the Himalayan Region

Global climate change is predicted to have catastrophic effects on the Himalayan 
region (Rawat et al. 2012; Ren and Shrestha 2017; Zhan et al. 2017). These include 
changes in precipitation variability, increase in extreme events, shifting seasonal 
boundaries, change in crop maturation times, increase in winter temperatures and 
glacial melt rates. These climatic events are projected to have significant effects on 
land use, livelihood security and over-all stability of SES (Schild 2008; Chaudhary 
and Bawa 2011; Hartmann et al. 2013). Akin to other mountainous regions of the 
world, HDCC research in Himalayan spaces has expanded in recent years utilizing 
a plethora of terminologies and constructs (Kelkar et al. 2008; Sharma et al. 2009; 
Gentle and Maraseni 2012; Pandey and Jha 2012; Ford et al. 2013; Hoy et al. 2016; 
Pandey et al. 2017; You et al. 2017).

However, most of this research suffers from four critical flaws. First, most analy-
sis has been overwhelmingly motivated by enduring mountain stereotypes of the 
Himalayan region as a remote, harsh “riskscape”, relatively more disaster prone 
than other places (Hewitt and Mehta 2012). Second, the two research traditions 
critical in analyzing HDCC – climate science & land-change science (LCS) and 
political ecology (PE) have rarely been brought together in conversation, to learn 
from their points of convergence and divergence (Turner and Robbins 2008). Third, 
there is a poverty of ‘multi-sited, collaborative, long term research’ (Singh and 
Thadani 2015), prompting some to question the validity of top-down, generalized 
predictions using global models with minimal ground truthing and empirical trian-
gulation. Ultimately, most research has assumed vulnerability to climate change as 
a function of variables tied to the ‘adaptive capacity’ of the unit of study and their 
exposure to a certain hazard. This approach has failed to capture the ‘inherently 
relational’ nature of vulnerability and how it manifests differentially across scales 
and is deeply rooted in the relational matrix of people and places (Turner 2016). 
These criticisms are not regionally unique and reflect the global conversation around 
climate change vulnerability and adaptation. Despite such perspectives undergoing 
a slow progression towards more nuanced analysis, evidenced by the changes 
between the fourth and fifth assessments reports of the IPCC (2007, 2014), most 
scientific writing and policy responses have failed to directly engage with the poli-
tics of adaptation and more critical studies of vulnerability (Eriksen et  al. 2015; 
Turner 2016; Goldman et al. 2018).
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24.3  Research Goals, Tools and Questions

24.3.1  Research Goals

24.3.1.1  Separate But Equal: Utilizing Plural Epistemologies

SES research about the HDCC is contingent on constructing models that utilize 
static input variables, which while derivative of different perceptions, remains sub-
servient to the idea of uniformity (Cote and Nightingale 2012). The contentious 
meetings between different epistemological traditions are mined specifically just for 
quantitative inputs that can be inserted into a schema. But, what about the processes 
that create the data? The context within which knowledge is produced is critical, as 
it highlights the intersectionality of the agents or situations involved in the produc-
tion (Fabinyi et al. 2014). Our goal is to recognize the different ideological back-
grounds, without producing a ‘hierarchy of methodologies’. Therefore, while we do 
indulge in data hybridization  – evaluating and fitting observations rooted in one 
epistemology into another, we don’t validate such data by the presence of comple-
mentarity. Our goal is to push the operational limits of each method to discover 
moments of rupture, and then use those to identify data gaps and methodological 
concerns. In doing so we hope to address the concerns about the inherent normativ-
ity of climate science – the inclusion of a certain ‘valid’ research, the overt reliance 
on and advocacy of knowledge produced by certain global north institutions and the 
absence of the voices whose futures are being discussed (Eriksen et  al. 2015; 
Lövbrand et al. 2015).

24.3.1.2  Disaggregating Communities: Acknowledging Power

The underlying vulnerability of communities is a product of multiple interacting 
processes, and is not a simple function of climate change (Cardona et  al. 2012; 
Ribot 2014). However, in most SES research the units of social wellbeing are 
applied with equity across human populations being studied. The imbalances of 
power within any scale of enquiry – be it household, village or country is aggregated 
in functional terms to either an average value, or an essentialist interpretation con-
nected to reductionist variables. Our goal is to advocate for power as a social rela-
tion throughout our research process, deconstructing formal institutional 
scales – village, state, nation, to witness the myriad of exchanges and formations, at 
these ‘intra and inter scalar’ spaces. Additionally, we steer clear of the agency- 
structure dualism when conceptualizing power in our more quantitative analysis and 
instead explore an equivalency of agents, structures and events (Boonstra 2016). 
Simplistic correlations of adaptive capacity or resilience to indicators of ownership 
and access, fail to account for the relative and relational nature of precarity itself 
(Turner 2016).
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24.3.1.3  Challenging the Theory of Himalayan Degradation: 
Contextualizing Exceptional Precarity in the Anthropocene

The Himalayan region, constituted by the states of Nepal, Bhutan, India and China, 
is a product of the colonial project of controlling bodies and spaces, through articu-
lations of borders and identities (Gellner 2013; Shneiderman 2010, 2016; Pfaff- 
Czarnecka and Toffin 2011; Smith 2012; Mathur 2015a, b; Smith and Gergan 2015). 
Tropes of remoteness and formidable frontier lands established on such colonial 
imaginations have also colluded with hegemonic transnational politics of resource 
use and sustainable development, to produce a discourse propagating ecological 
deterioration and exceptional precarity (Guthman 1997; Ives 2004; Mathur 2015b). 
The Theory of Himalayan Environmental Degradation (THED), a crisis narrative, is 
the byproduct of such a cultural and political project. It is a ‘scientific’ discourse, 
which attempts to simplify and quantify the causes of apparent SES deterioration 
(and collapse) and find spaces of optimal intervention. This crisis narrative in recent 
years has been fortified with the specter of climate change.

These discourses, while critiqued for their scientific validity, rationalist fram-
ing, political and historical neutrality and omission of the processes that produce 
and reproduce inequalities of power (Ribot 2010; Beymer-farris et al. 2012; Singh 
and Thadani 2015), have generated a powerful material and affective arsenal to 
address the many points of probable current and future crises in the region (Gupta 
2011; Devi et al. 2014; Bhattarai et al. 2015). Our goal is to confront this positiv-
ist, rationalist; hazards based approach that fails to provide a holistic understand-
ing into the roots of regional precarity. Furthermore, while the THED is a 
regionally specific narrative, similar environmentally deterministic explanations 
are quite popular when describing other people and places (see Taylor 2014 and 
Davis 2000).

24.3.2  Research Tools

24.3.2.1  Mathematical and Computational Models

Mathematically grounded computer simulations are ubiquitous with incursions into 
the current and future nature of complex dynamic systems (Clifford 2008; Conte 
et al. 2012). These include models that incorporate data from remote sensing, point 
source instruments, census data-sets and historical events. While challenged for rep-
resenting fluidity through approximations and reducing irregular dynamic entities 
as fixed objects (Bithell et  al. 2008), models allow for vast amounts of spatio- 
temporal data points to be situated in a controllable framework. Furthermore, they 
can be harnessed at various steps of the overall analytical process, depending on the 
questions being explored and the ideological leanings of the overall project.

For our methodological framework, we incorporate deterministic process-based 
biophysical models, which include  – climate models, agro-ecosystem model 
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(AEM), hydro-geological model (HGM) and agent-based social and cellular eco-
logical models (ABM). While the first three interact with each other in various cou-
plings, with very little structural fluidity, the ABM is constructed ground-up with 
empirical ethnographic data from the field, census data, outputs from the other 
model interactions and literature review. The plethora of feedbacks that reflect the 
relational web tying together disparate elements within the SES world is visualized 
in the ABM. Contrary to the static and overwhelmingly biophysical positivism driv-
ing the ecological and climatic models, ABMs represent a flexibility and design 
philosophy that supports transdisciplinarity and have become popular in the land 
use and land cover change (LULCC) scholarship (Schreinemachers and Berger 
2011; Wise and Crooks 2012; Berger and Troost 2014). Furthermore, with the 
development of empirical ABMs there is an attempt to create a space where the col-
lective effects of many interacting individuals can be followed at different scales. 
But, significant concerns remain about the way ABMs deal with issues of structure 
and agency, with simplification of human behavior and ultimately their testing 
(Robinson et al. 2007; Clifford 2008)1. We are guided by the philosophy that ABMs 
are a useful heuristic in visualizing certain narratives about the world, but their out-
puts of the emerging ‘causal’ patterns are not explicitly conclusive. Therefore, the 
outputs are actually inputs in the broader process of analysis. The ABM we propose 
is deeply rooted in the object-process methodology (OPM), that allows us to con-
front the agency-structure duality and construct a model universe, where processes 
and people together, produce the ‘units’ that describe the function, structure and 
behavior of systems (Sturm et al. 2010).

24.3.2.2  Political Ecology

Political ecology (PE) emerged as a combination of the concerns of ecology and the 
analytical framework of political economy, to probe into the structures driving envi-
ronment and development encounters. However, over time the field has embraced 
and incorporated a plethora of theoretical approaches that include – feminist theory, 
post-structuralism and post-colonialism (Turner and Robbins 2008; Peet et  al. 
2011). PE diverges from the coupled systems theories that concern themselves with 
locating and evaluating tipping points, using interchangeably the ecological and 
social vulnerability that trigger such events. Instead, political ecologists are driven 
by a much more ‘value-laden’ process that argues “what can be known is prefigured 
in part by social, political and historical conditions” (Turner and Robbins 2008, 
p.301). This impetus not just on what the knowledge is, but on how it is produced, 
makes PE a valuable tool in tempering the goals of conventional ‘resilience’ driven 
modeling approaches (Cote and Nightingale 2012; Fabinyi et al. 2014). Additionally 
it creates space for plural epistemologies that are harbingers of alternative approaches 
to SES modeling. These include observing transitions in systems, instead of changes 

1 While a detailed review of the applicability of ABMs in more critical pedagogy is beyond the 
scope of this paper (see Bharwani 2004; Ghorbani et al. 2015; Wellman 2016).
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in system components (Verburg et al. 2016), telecoupling across scales (Millington 
et al. 2017) research co-design with a variety of stakeholders (Samson et al. 2017) 
and the creation of intelligent spatially aware and emotional agents (Molen 2016). 
Despite recent forays into more critical modeling attempts, very few empirical stud-
ies have attempted to combine them with PE (Blythe et al. 2017; Hoque et al. 2017). 
Our tryst with PE goes beyond the model design and implementation phase and 
mediates every step of the overall analytical process.

24.3.3  Specific Regional Questions for Parameterization

Vulnerability analysis in the Himalayas has failed to incorporate the role of migrants 
from rural Himalayan households. The slow demise of agricultural livelihoods, 
coupled with socio-ecological uncertainties and the increase in industrial infrastruc-
ture, have played a role in persuading many young people to leave their villages and 
move to towns and cities (Bruslé 2008; Jain 2010; Sharma 2013). Urban areas are 
generally seen as offering better prospects in terms of education and jobs. Youth 
journeys from the village to the city and back have significant impacts on the urban 
spaces they chose to inhabit and also for the rural communities they leave behind. 
We are interested in asking what role, if any, this circular migration of youth plays 
in helping rural communities adapt to climate change in the Himalayas? The exist-
ing research on this topic is very sparse and focuses primarily on the impact of 
monetary remittances on community wellbeing (Hoermann and Kollmair 2009). 
However, the myriad relationships these youth have with their rural communities 
helps to produce a variety of different linkages between the village and the city. 
These connections have been largely unexplored.

The response of youth to increasing threats to their socio-economic security and 
livelihoods has recently become a topic of much interest to South Asia scholars 
(Jeffrey 2010; Smith 2013; Dyson 2015). However, this literature generally over-
looks the issue of climate change at different spatial and cultural scales. Consequently, 
little attention has been paid to connecting climate change with emerging youth-led 
political movements that transcend the rural-urban divide. In India, there has been a 
lot of media attention focusing on the migration of educated young people out of 
rural Himalayas due to the growing threat of environmental catastrophes (Tiwari 
and Joshi 2015, 2016). In some instances, there are alarmist claims about the grow-
ing phenomenon of “ghost villages” that have lost almost their entire population 
(Pant 2016). However, young people who move to cities are not necessarily severing 
their ties with their native communities (Smith and Gergan 2015; Korzenevica and 
Agergaard 2017; Chakraborty 2018). Many of these supposed migrants are better 
described as “translocal” because they regularly move between urban and rural 
spaces (Gidwani and Sivaramakrishnan 2003). Moreover, a number of studies have 
highlighted the importance of the everyday political practices of young people. 
Some scholars have even argued that young people are naturally inclined to develop 
innovative ways of approaching social-environmental problems because they 

R. Chakraborty et al.



501

 experience a “fresh contact” (Cole 2004) with the world around them. It is therefore 
imperative to understand how educated and mobile young people might play an 
important role in addressing the vulnerabilities faced by rural households. This 
could include enabling the household to access climate insurance or compensation 
programs and to diversify into non-farm economies, as well as remittances.

While not the focus of this paper the specific questions we are exploring using 
our methodology are:

1. a) What can regional scale modeling tell us about the impacts of climate change 
on precipitation regimes in the Himalayan region?

b) How are these changes impacting the salient features of agrarian livelihoods in 
rural communities?

c) How are these changes impacting the different processes of vulnerability in these 
communities?

2. a) What are the important relationships that migrant youth have with their rural 
communities? How are these relationships produced?

b) What role, if any, do these relationships play in the different processes of vulner-
ability in these communities?

3. a) Do the different relationships between migrant youth and their communities 
react to the changes in climate and agrarian livelihoods?

b) How do these relationships address the changing nature of vulnerability within 
rural Himalayan communities? And how do they inform the existing regional 
knowledge about the HDCC?

Our initial research area was with rural communities in the Indian state of 
Uttarakhand (western/central Himalayas), however, we are currently exploring pos-
sibilities and mobilizing the framework in the Indian state of Sikkim (eastern 
Himalayas). The current data comes from four villages. While all the four places, 
Ghargaon, Mana, Inari and Kamu, are situated within the eastern sociocultural 
region of the state (Kumaon), in the lesser Himalaya (1200–3000 m), they are dif-
ferent in their connectivity to industrial markets, infrastructure access, livelihood 
spectrum, administrative realities, agrarian practices and ecological characteristics.

While we explore these questions through the framework described in the fol-
lowing section, the focus on this paper is the framework itself since our empirical 
questions are still a work in progress.

24.4  The Relational Vulnerability Analytic

The Relational Vulnerability Analytic is an assessment tool that builds upon the 
socionatural approach and attempts to construct a transdisciplinary and democratic 
methodology to explore the roots of vulnerability in transitioning, rural communi-
ties of the Global South. While inspired by our work in the Himalayas, this method-
ology could be arguably transferred to a different space, however, not without a 
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significant amount of customization based on the realities of the space and the peo-
ple involved.

The analytic is composed of simultaneously performed tasks in multiple loca-
tions by multiple actors. It is not a rapid assessment technique and therefore is not 
geared towards producing conclusions that can be materialized into short-term tech-
nocratic interventions. Instead, it focuses on unearthing the rooted structural pro-
cesses that produce vulnerability and this requires a significant time investment, 
informing policies that address such issues. While building an assessment method is 
the stated end goal of this undertaking, constructing and cultivating relationships 
both between scholars of different disciplines and between scientists and the com-
munities involved in the process is the real driving force of this framework.

In Fig. 24.1 we have identified different conceptual and operational processes. 
These are explained below. Each methodological step is deconstructed into the vari-
ous collaborative spaces of knowledge production. While these spaces interact, 
intersect and inspire each other, for the purposes of articulation we ‘artificially’ 
separate and describe them. These spaces are:

 1. The Lab – located usually within a university(ies)/research institutions and peo-
pled by scholars/researchers, administrators and students from various 
disciplines.

 2. The Field – the places, agents and relationships that constitute the space being 
explored. This is a node encompassing the data production, as well as encounters 

Fig. 24.1 The relational vulnerability analytic (L Lab, C Community, F Field)
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with communities and ecologies that work in collaboration with the designs cre-
ated in the Lab, as well as with community participation.

 3. The Community- while in the previous two nodes, the limiting variable is a spe-
cific relational agenda focused on research, this node deals more directly with 
the aspirations of the community.

Explaining the different fundamental steps:

24.4.1  Building Bridges

This is the origin of the relationships both among researchers and with the regional 
places and people. It begins with assumption-mediated encounters both in the Lab 
and in the Field.

The Lab Successful trans-disciplinary initiatives are catalyzed through an initial 
period of trust and relationship building during which epistemologies are openly 
discussed and the places of complementarity and friction identified. This phase is 
critical and needs to be accomplished through identifying ‘bridging concepts’ 
(Blythe et  al. 2017), that allow disparate ideologies to attempt collaboration. 
However, it is important to keep in mind that, total complementarity is an impossi-
ble aim and instead the goal should be epistemic transparency and disclosure. This 
exercise should help the team create a list of places of convergence and divergence. 
Furthermore, during this time the focus of the research should be fairly nebulous 
and abstract, allowing for many degrees of freedom while simultaneously highlight-
ing the researchers’ ignorance about processes of vital importance to the 
community.

Trans-disciplinarity within SES has been attempted through various superficial 
as well as rooted methods (see Nightingale 2015), however, our opinion is that the 
focus at this stage should not just be on finding common ground, but should resem-
ble an immersion into different paradigms, as a means of situating individual disci-
plines, knowing the end goal is collaboration. As an example, for our team this 
consisted of members taking classes in and attending professional events in collabo-
rating departments. It consisted of trips to the region, without an explicit research 
agenda and without former exposure, to enter the space not as a researcher but as a 
traveler or a friend. Finally, it consisted of presenting each other’s work in public 
forums while brainstorming the overall project idea. Along with building collabora-
tion, the most important housekeeping task during the early phase, is identifying 
and maybe even applying for funding. Given, the significant number of people, 
fieldwork components, community development tasks, computational power and 
time investment, critically designed SES projects requires a significant financial 
investment. While, there are now a growing mobilization of funds for such work, 
given its ‘hybrid’ and ‘unprecedented’ nature, it is still quite limited. As such team 
members may have to deal with the ‘gatekeeping of the institution’ when seeking 
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funding (Broadhead and Rist 1976). And should be prepared to string together a 
plethora of smaller grants that address ‘sub-sections’ of the project or to reach out 
to non-traditional funding sources.

The Field Doing SES work in the global south is fraught with a plethora of ethical 
issues. Among them are: the role of the researcher within the community and the 
value of the research product to the community as a whole. Furthermore, there is the 
fear of projects that can have adverse impacts on the community and some that are 
embedded within dangerous or violent settings (Rodrigues 2014). Simultaneously, 
there is a persistent call for a ‘turn to praxis’ in many critical social science fields 
today that strongly encourages a model of activist research with an agenda of affect-
ing political and social change (Mcguirk and O’Neill 2012). Our strategy during 
this early phase of the process is similar to our interactions in the Lab, it consists of 
building trust and transparency with regional communities. Often this resembles an 
immersion within the relationships that we wish to explore, armed with a reflexivity 
that remains vigilant for abuses of expert power. In this we are guided by the con-
cepts enshrined in ‘feminist epistemology’ (Alcoff and Potter 1993), that problema-
tizes the issue of researchers being ‘just innocent bystanders’ and asks for a critical 
examination of inter-subjective space between the ‘researcher’ and the ‘researched’ 
(Davids 2014; Van Stapele 2014). To achieve this a significant personal investment 
is required both from the community and the researchers. This investment can 
resemble a variety of encounters. Therefore, it can materialize as volunteering labor 
within community households or working with local governmental and non- 
governmental institutions.

Initial informal ‘pre-surveys’ can be conducted during this time to test out the 
assumptions from the Lab and literature review. Additionally, these ‘pre-surveys’ 
can be instrumental in ‘unearthing’ the probability of getting answers to certain 
questions, thus setting the structural limits for the research design. As an example, 
certain members of our team worked as voluntary labor with over a dozen rural 
communities in western and eastern Himalayas. Furthermore, members also worked 
as apprentices for certain people within the community, paying them for their edu-
cational services, ultimately, we also played supportive roles in setting up youth 
managed entrepreneurial ventures. Ultimately, members sought out local adminis-
trators and scholars, supporting their narratives about the region, their historical and 
current engagements with the community and their recommendations for building 
relationships and working in the region.

The Community During this initial phase the community plays an important role 
in articulating their concerns, fears and aspirations. This process should be sup-
ported by a transparency of praxis. In the global south the encounters between the 
researchers and rural communities are overwhelmingly power misbalanced in the 
favor of the researcher (Turner 2010; Janes 2016). This notion should accompany 
the deconstruction of researcher-community relationships and help navigate the 
‘generative friction’ (Cresswell 2015) produced by the socio-cultural differences. It 
is critical to be upfront about the role of the community, the budget of the research 
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and the probable material impacts if the research process was to proceed. During 
this phase, it is important to connect democratically with people different people. 
This prevents the relationship with the community from being hijacked by the intra- 
community power structure, further marginalizing the most vulnerable. During our 
initial forays into the communities we were asked for financial and political support. 
On explaining our inability to provide such support some among the community 
asked in frustration, “Then why are you here?” This question has been central to our 
discussions ever since and is brought back for reiteration and acts as a tool of func-
tional evaluation of our complicated utility to the community.

24.4.2  Fabricating Tools/Producing Data

In this stage the research focus moves towards the Field. This phase is when most of 
the primary qualitative and quantitative data is ‘produced’ or ‘acquired’. Along with 
the production of data, this is also the stage when the more abstract, ideological 
dialogue of the previous step, materializes into the fabrication of specific research 
tools. These include the salient features of research design. For our specific project 
we created an initial schematic based on step 1 (Fig. 24.2):

The Lab Guided by the pre-survey evaluations, community dialogue and the ana-
lytical and capital limitations of the research team, this stage disperses the different 
team members after bringing them together in the previous stage. This dispersion is 
necessitated by the division of labor needed to accomplish the various advanced 
skill based tasks, depending on individual expertise. During this moment it is criti-
cal to maintain open channels of communication. Because after the ‘disciplinary 
discomfort’ of the previous phase (Head and Gibson 2012) there can be a movement 
towards the comfort of the familiar, negating much of the hard-fought loosening of 
disciplinary borders. For our team, this was challenging given the spatial distance 
between the various members. The people in the Field were also immersed in an 
environment with unreliable telecommunications access, leading to intermittent 
conversations with the team. Thus, while Lab mates were dealing with issues of 
research finance and evaluating model bugs, they were often in the dark about new 
revelations from the Field and how that impacted their choice of research hypothesis 
or necessitated their reiteration of analytical tools (Popke 2016). The data generated 
during this stage was (Table 24.1):

The Field This is arguably the most critical and intensive phase of empirical work 
for the research team in the Field. To begin with the identity of the researcher 
becomes a lot more prominent, in the process. Along with this transition in identity 
comes a dire need for ‘checks and balances’, since data demands are significant and 
time and resources are limited. This can lead to unethical behavior and as noted in 
the Lab location, corrode the hard earned trust and transparency with the commu-
nity (Kingsley et  al. 2010). This should be a time of hyper-vigilance from the 
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researcher, and hopefully using a ‘buddy system’, the production of knowledge 
should be seen as subservient to the various local relationships. Additionally, given 
the rather heterogeneous nature of the data produced, the task requires a significant 
amount of mobility. It is our suggestion that before beginning the process of formal 
data production on-site teams should be created, favorably with local agents and 
institutions, using the ‘bridges built’ in the last stage. These teams should be mobi-
lized simultaneously, in another moment of dispersal, with the administrative head 
circling through the various sub-teams. The knowledge produced during this stage 
is often monumental, since it represents daily records of social and ecological sys-
tems. While this data may seem overwhelming it is important to begin an initial 
coding and compartmentalization of the data while in the Field. In our case, the 
empirical data ark assembled was in the form of video, audio, photographs, social 

Fig. 24.2 Systems based schematic of research design for model building/coupling

Table 24.1 Model tool development and initial calibration/tests with available data sets

No. Type
Quantity/
time period

1 Indian Meteorological Division (IMD) long-term rainfall/temperature data for 
Uttarakhand, IMD rainfall data gridded (0.25 degrees daily product)

1901–2016

2 CMIP5 models were compared against observations from ground stations 
(APHRODITE), satellites (GPCP, Adler et al. 2012), and atmospheric 
reanalysis (ERA-Interim, Dee et al. 2014 and MERRA (Rienecker et al. 
2011) to document the biases and evaluate objectively the future changes in 
precipitation

1998–2005

3 Decision Support System for Agrotechnology Transfer (DSSAT) crop model 
calibrated to create baseline scenarios for staple regional crops (wheat, rice, 
corn, potatoes)

2005–2010
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media presence, written testimonies and field journals. Ultimately, addressing the 
issue of the ‘silenced (research) assistant’ (Molony and Hammett 2007) we paid our 
direct collaborators in the Field a wage that was set both by the rate of pay for 
graduate scholars at local universities and the personal inputs of the assistants. The 
complete data set generated includes (Table 24.2):

The Community This is the stage during which roots are really deepened in the 
community. Given the often-invasive requirements of the research process, it is 
important that the researchers exchange this access into the lives and spaces of the 
community with their own stories. While being cognizant of potential fallouts of 
divulging certain personal information, this strategy of ‘friendship as research 
praxis’ (Taylor 2011) allows for the researcher to relate to the community in ways 
that are necessitated beyond just the ones professionally mandated. This allows for 
the community to become more empowered collaborators of the research process. 
During this stage community needs also should be addressed that don’t directly 
relate to the research, but which allow for reciprocity. In our case, we were 
approached by multiple rural youth that wanted help accessing institutional support 
for entrepreneurship, by community managed Non-profits that needed help fund-
raising and female wage workers that wanted information about how to improve 
their career prospects. We were/are engaged in supporting these individuals/institu-
tions within the limitations of our own responsibilities to achieve such goals and 
have also applied to for more development focused grants to finance the project.

24.5  Analysis 1: Coupling and Comparing

In this the focus moves towards the Lab. It begins with a re-evaluation of research 
goals after evaluating the data from the Field, the secondary data sources, the initial 
model outputs and the limitations imposed by financial and temporal realities. After 
this initial task, the dispersed people and data are brought together, to attempt a 
coupling of the deterministic models. After this attempt at coupling, the output is 

Table 24.2 Primary socio-economic data collection

No. Type Quantity/volume

1 Detailed household surveys (60–90 min to 
administer)

300 households

2 Semi-structured interviews 1005 individuals
3 Focus group/group meetings 24
4 Travel ethnographies 16
5 Oral history sessions 50
6 Social media data 250 individuals
7 Video/photo diaries 30 individuals
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situated next to the Field data, which is thoroughly coded and analyzed through a 
PE lens, to identify possible convergences and divergences.

The Lab This is the first analytical stage and as such should be done keeping in 
mind the role of the ‘outputs’ of such analysis. As suggested by other scholars the 
‘outputs’ of the initial model calibration and projections serve not as conclusions, 
but as ‘inputs’ to be utilized for further exploration (Cote and Nightingale 2012). 
During this stage it is critical to contextualize the points of model coupling, by situ-
ating them within the various other points that are not connected. Therefore, in our 
work, while the agro-ecosystem model receives the input of precipitation regimes 
from the array of climate models, that represents less than 1% of the total data 
needed to run the model. The rest of the data is generated by primary field work and 
literature review. While coupling does occur, there are vast sets of integral variables 
that do not talk to each other within the two modeling scenarios. Additionally, the 
limitations of the model architecture need to be corrected through other analytical 
devices. In our case, the agro-ecosystem model had no spatio-temporally dynamic 
agricultural pest variable (Jones et  al. 2003). This added a significant amount of 
artificiality to the simulation, since fieldwork and literature had highlighted the mas-
sive impact of pests to yields. Figure 24.3 shows the yield predictions without the 
pest variable.

This model coupling also has to deal with ‘mismatch between scales of knowledge’ 
production. Despite SES research advocating for the ‘panarchy’2 model of thinking, 
in most SES research certain ‘scales’ of knowledge are privileged more than others 

2 For a detailed explanation of this concept see (Folke 2006; Davidson 2010; Miller et al. 2010).
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(Ahlborg and Nightingale 2012). Even without straying into the critical epistemolo-
gies of PE, our work had to confront this issue, as the regional climate model was 
producing data on a spatio-temporal scale that effectively flattened all the heteroge-
neity of the land management and agro-ecological data (Fig. 24.4).

Cycles of systems completed in years and decades had to inform processes that 
changed daily and hourly. These ‘limitations and biases’ around scale are further 
accentuated when the findings from qualitative analysis are brought to bear. While 
multi-scale assessment is not a panacea to the problem of strategic politics of knowl-
edge production, they reveal the different privileges of the stakeholders in the pro-
cess (Yeh et al. 2014).

While initial descriptive statistics of regional experiences of climate change pro-
duced results such as the ones graphed in Fig. 24.5, they failed to articulate the dif-
ferent relationships that local people had with climatic and ecological transformation. 
Therefore, using a PE analysis of the overall household vulnerability and the articu-
lations of climatic vulnerability within the community, changed the focus from the 
climatic hazard and put it on the ‘generative structures of vulnerability’ (Ribot 
2014). In doing so it allowed us to situate the transitions in precipitation regimes 
and agricultural yield within complex social and political economic history that was 
being identified by members of the community.

The Field Most of the primary ‘data production’ for calibrating models and con-
ducting qualitative analysis is done at this point. While, we will have to return to the 
Field after the first two analytical segments, currently work in the Field consists of 
‘maintaining social networks’ with the community and remotely supporting the pro-
curement of empirical demands that may arise during the early analytical phase. 
However, that being said, it is important to keep generating data on a scale preferred 

Fig. 24.4 Difference in mean daily precipitation (mm/day) between an ensemble of four CMIP5 
models and GPCP satellite observations (1998–2005)
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by local entities. Therefore, this stage is critical in supporting knowledge production 
that isn’t guided by the time frames and the geographical scales of the formal 
research design (Ahlborg and Nightingale 2012). Furthermore, with the absence of 
the researcher within the community, it allows us to expand on the epistemic 
 geographies of climate change (Mahony and Hulme 2016). In our case, this meant 
a careful chronicling of social media content and telecommunication content, 

Fig. 24.5 Awareness of disparate biophysical climatic variables (a). observations of precipitation 
events (b). observation of temperature events (c). observation of unprecedented climatic/ecologi-
cal events. The percentages represent the number of respondents from the total completed survey 
set of 188. Therefore, when reduction in snowfall is at 85% in graph a, it means 160 families 
observed the occurrence. (In the third diagram the high responses to snow/blizzard, represents the 
reduction observed and not the actual occurrence of the event)
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attempted by members of the community. This process was important in formulat-
ing an understanding of how the community viewed this project and also of the 
embodied daily struggles and aspirations, which hinted at the deeper structural 
processes.

The Community This is a precarious time for the relationships between the 
researchers and the community. Akin to the problems faced by the relationships 
between different researchers as they dispersed between the Lab and the Field, the 
onset of analysis often heralds the physical absence of the researchers from the 
community, usually after a long period of engagement. This strains the trust and 
raises certain critical conjectures within the community, about the honest agenda of 
the research. This is a product of the unequal power relations we mentioned earlier, 
but also inspired by past negative experiences with various institutional and private 
agents (Herbert-Cheshire and Higgins 2004; Choudhury and Haque 2016). However, 
this is the time period during which previous commitments that were made with 
community members need to be honored and realized. In our case, this meant the 
slow, but steady mobilization of support for the projects previously identified. While 
the projects are nowhere near completion, tangible, material steps, such as conver-
sations with loan officers, free marketing on social media and supplies for certain 
commercial agricultural projects have already been exchanged.

24.6  Analysis 2: Constructing and Investing

This stage consists of building an empirically driven ABM using the directives of 
‘emic modeling’ (Yang and Gilbert 2008) and using inputs from the previously 
mentioned deterministic models and qualitative analysis. Additionally, it consists of 
presenting our project and engaging in dialogue with different scholarly and non- 
scholarly communities, in different locations, to harness the different ‘epistemic 
cultures’ (Mahony and Hulme 2016) beyond the Lab and the Field. Our exploratory 
Himalayan project is currently at this stage.

The Lab This is another critical stage in the lab and arguably the most unpredict-
able one. Given the massive heterogeneity of applications for ABMs, their limits 
while structurally resonant within a positivist, quantitative schema, can allow for the 
visualization of many different processes. While ABMs have come a long way from 
their nascent iterations within an SES framework (Janssen and Ostrom 2006), they 
still struggle with constructing agents that are capable of affective behavior (Balke 
et al. 2010). The goal during this stage should be to incorporate the recent attempts 
at creating more iterative models that place “objects and processes on the same 
ontological level” (Molen 2016, p.19), into the model making process.

We suggest building a model using the Object-Process Methodology extended for 
Multi-Agent Systems (OPM/MAS) (Sturm et al. 2010). This allows for the focus to 
shift onto fluid processes and events in transition, while representing multiple subjec-
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tive realities. Furthermore, we advocate for a more grounded theory approach where 
ecological elements are not represented as entirely discreet entities and are actually 
deconstructed and embedded as ‘actors’ within the SES architecture (Molen 2016). 
Also, eschewing the more ‘simplistic’ rational agent formulations from the past, we 
suggest exploring the Brain-Desire-Intention agents (BDI), that supports the integra-
tion of cognitive agent modeling platforms with agent-based simulation platforms, 
and in the process models complex ‘humans’ moving through non-linear moments of 
choice (Georgeff et al. 1998; Singh et al. 2016). Ultimately, we support the usage of 
trans-disciplinary, mixed-methods approaches such as the Knowledge Elicitation 
Tools (KnETs) process, that attempt to triangulate the rules of conduct for agents 
through systematic linkages to ethnographic case studies (Bharwani et al. 2015).

The ABM constructed should attempt to capture overall vulnerability for differ-
ent population units  – individuals, households, communities etc. Furthermore, 
instead of additions of risks as external interventions, they should be constructed as 
processes themselves, similar to the agents, on temporal pathways that intersect 
with certain agents only at certain times. Thus the vulnerability experienced by an 
agent can transition by jumping scale, and may not represent the vulnerability expe-
rienced by the different communities that agent belongs to. This brings into sharp 
focus the salience of relationships (processes) as mediators and barometers of vul-
nerability (Turner 2016). While the ABM is being constructed and systematized 
with different inputs, it is important to visit one of our foundational research 
assumptions  – it is impossible to see and visualize the entire problem at once. 
Modeling, even empirically grounded, just provides us with a partial and one of 
many articulations of the situation (Nightingale 2016). Therefore, during the ABM 
construction process, we suggest simultaneous focus on constructing narratives of 
vulnerability using the PE toolkit. These should be rooted in the critical literature on 
the Anthropocene, politics of climate change and critical perspectives on ‘techno-
cratic, managerial research’ that proposes notions like assemblage, post-humanism 
and hybridity (Castree 2015).

Celebrating and developing this methodological divergence is critical and much 
needed when operationalizing the socio-natural approach to understanding SES. In 
our project while the ABM calibrated with more ‘reductionist qualitative data’ 
attempted to imagine the futures of Himalayan youth aspiration and conduct, we 
used a ‘mobilities’ framework to produce a parallel narrative (see Chakraborty 
2018).

The Field A continuation of the process described in the previous step of the 
analytic.

The Community A continuation of the process described in the previous step of 
the analytic.
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24.7  Analysis 3: Triangulation and Prescription

The final step of analysis consists of triangulation, discussing the generalizability of 
the analytic, identifying points of future research as well as possible translations 
into policy interventions. It requires a return to the Field to revisit people and places 
in an attempt to insert a longitudinal component into the study, while interrogating 
the results of our analysis with comparisons with actual SES transitions.

The Lab The action during this phase shifts back to the Field with researchers in 
the Lab setting more engrossed in writing up the results of the outputs, collaborative 
efforts and methodological and empirical discoveries. This narrative production is 
vital for both reaching a wider audience as well as identifying and sustaining 
research funding. Our suggestion is to explore a variety of forms of expression, 
beyond the scientific article/book chapter (see Nakamura 2013; Smith et al. 2015). 
This addresses the broader issues around ‘ivory tower scholarship’ (Singer 1995) 
while allowing our conclusions to be rendered through a form that reaches a pleth-
ora of stakeholders, including the community itself. Furthermore, while most of the 
analytical goals of the project may have been met, the transformation of theory to 
praxis is still being negotiated. We believe it is critical to shoulder this responsibility 
in part. Even though the research team may not control the mechanisms of power 
through which such a process can occur, it is ethically crucial to stand by our com-
mitments both to the project and the community and pursue feasibility studies 
symbiotically.

The Field Positivist SES modelers advocate for model transferability and valida-
tion as a means to test how closely the model can capture ‘key underlying pro-
cesses’ and be used in ‘valid comparable contexts’ (Sun et al. 2016). But, while 
triangulation is important for models, divergences between model outputs and 
results generated from epistemologically different methods are actually recognition 
of the ideological differences of mixed methods research, and should not be used as 
a point of value judgement. Furthermore, these encounters need to be moderated for 
epistemic abuse – where data produced within one paradigm is ‘fitted’ into analyti-
cal mechanisms of a different paradigm (Nightingale 2016). During this stage a 
return to the field is necessary for two reasons. First, to cultivate the relationships 
with the community so carefully built over the duration of the work. This is essential 
both as an ethical prerogative of doing ethical and collaborative research and to 
grant the community access to the analytical conclusions that were drawn from the 
knowledge that was co-produced by them. Second, spatio-temporal lives of knowl-
edge are dynamic. That is data collected is just a snapshot of the fluid reality of a 
space and needs to be embedded within the larger reality. Returning to the commu-
nities to observe the stages of their different relational worlds, allows the researcher 
to add to the narratives of the places and people that were produced through the 
different analytical tools. Furthermore, it serves as the material weight to a possible 
theoretical shortsightedness, and as a counterweight to the scalar limitations of the 
Lab (Ahlborg and Nightingale 2012). Ultimately, the return to the Field allows an 
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intervention in the probable emphasis on ‘actionable knowledge’ and ‘decision rel-
evant science’ (Castree 2015). This challenges authoritative attempts to bound and 
control a space which being part of a much wider system, resists attempts at segre-
gation and insulation (Mahony and Hulme 2016). For our project this meant creat-
ing an intensive geo-hydrological watershed health-monitoring project in 
collaboration with a regional Non-profit Organization. This project while respond-
ing to Singh and Thadani’s (2015) call for situated multi-sited research with a focus 
on ground truthing, also engages with issues around irrigation, ground water avail-
ability and long term food security which were critical concerns to the 
communities.

The Community This stage culminates in the ethical litmus test for the research 
team. While the process of analysis and exploration may have been guided by the 
dictates of funding resources or institutional demands, the multiple identities of the 
researcher within the community, can lead to potentially disastrous aftermath with 
the ‘sudden termination’ of the research program. Juggling the relationships with 
the community, both professional and personal, is crucial during this stage, espe-
cially since, while advised by some, it is often impossible to keep both of them from 
bleeding into each other. We imagine the different relationships to have different life 
expectancies, which are fairly complicated to predict at the outset. Therefore, it is 
critical that the supportive activities that the team was involved in are seen to their 
conclusion. This may signify an open-ended engagement, which both the commu-
nity and the researchers can envision as a calculated risk, with the power still starkly 
stacked on the researchers’ side. Our suggestion is to identify the practical possibili-
ties for extending community collaboration, through exploration of the divergent 
gaps in the conclusions and then weave them into the non-research activities.

24.7.1  Answering the Empirical Questions

The specific research questions posed in Sect. 24.3 are still in the process of analysis 
and currently in the stage of Analysis 2 on the RVA. However, there has been a sig-
nificant amount of analysis already completed and can be read about in Chakraborty 
(2018) and Chakraborty et al. (in press). Exploring them in detail in this paper is 
constrained by both the goal of this work and by structural constraints.

24.7.2  Addressing the Gaps in Research

The inadequacies identified in HDCC research in the Himalayan region using a SES 
framework need to be revisited at this juncture to highlight the interventions pro-
posed by our analytic:
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 1. The Himalayan Theory of Environmental Degradation: While critical scholars 
have challenged and repudiated this construct rooted in environmental determin-
ism, using various situated case studies and grounded theory (see Metz 2010) 
there has been a significant absence of such affective thinking when modeling 
human-environment relations in the region and doing vulnerability analysis. The 
RVA complicates the deterministic predictions of future risks, by questioning 
both how vulnerability is produced and how those modes of production are trans-
formed by global climate change across different spatial and temporal scales.

 2. Hybrid Methodologies: A majority of the mixed-methods research on HDCC in 
the region betrays a disciplinary bias, with usually the more quantitative and 
positivist epistemologies dominating the design and outcomes (Nightingale 
2016). The RVA while resorting to mixing ‘biophysical with socioeconomic’ 
data, also categorically connects the knowledge produced to its root paradigm 
for further analysis and distillation. Furthermore, instead of seeking a holistic 
complementarity, it probes for moments of divergence.

 3. Collaborative regional capacity building: The politics of knowledge production, 
validation and reproduction in the Himalayan region has been documented by 
various scholars (Guneratne 2010; Ahlborg and Nightingale 2012; Hewitt and 
Mehta 2012). The issues of scalar mismatch, over-reliance on top-down data and 
a marginalization of knowledge produced by both regional communities and 
scholars is foundational to many regional vulnerability assessment attempts. The 
RVA attempts to address this issue by creating an analytical equity between dif-
ferent stakeholders, resisting compartmentalizing the information into binaries 
of local/scientific and simultaneously investing in collaboratively controlled 
place based assessment systems. In doing so our goal is to create both an open- 
source, public data set of ground truthing that can help situate the top-down 
visualization and to support regional scholars and communities to construct 
reflexive narratives about systems that they are directly embedded within.

 4. Relational Vulnerability: In most SES research, proxy variables underlying ratio-
nalistic functions are empowered to adequately capture the complex assemblage 
of processes that produce vulnerability (Rosegrant et al. 2014; Entwisle et al. 
2016). These variables are often categorically claimed to be part of artificially 
segregated ‘ecological’, or ‘social’ dimensions (Kelly and Adger 2000). By fol-
lowing socionatural approach of imagining integrated ‘social-ecological’ pro-
cesses and nodes, our analytic supports recent attempts at redefining the roots of 
vulnerability within HDCC research (Yeh et al. 2014; Barnett and Eakin 2015; 
Carr and Owusu-Daaku 2016). By focusing deeply into the social relations that 
constitute families and societies, both through the multi-subjective iterations of 
the ABM as well as PE lens on the relational dynamics within formal social units 
(e.g. household, village, ward), we attempt to supplement the partiality of reduc-
tionist metric driven analyses (Turner 2016).
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24.7.3  Challenges and Potential Limitations 
of the Methodology

24.7.3.1  Choosing an Adequate Level of Complexity

Model parameterization has often relied on bulk datasets (An 2012), which although 
provide a good starting point, fail to capture the observed heterogeneity of cross- 
scalar relational networks (Turner 2016). While it may seem logical that the com-
plexity of a model as a heuristic device should echo the processes it is attempting to 
represent, this comes with a set of problems. Most of them are related to the calibra-
tion and transferability of the framework (Sun et al. 2016). Furthermore, these prob-
lems are more heightened within a methodology where the model is deemed the 
overarching analytical method, but this is not the case with the RVA. Therefore, 
choosing the complexity of the model universe can be a function of its role within a 
broader analytical frame, freeing the coupled models from the burden of performing 
the ‘god trick’. However, despite this caveat, the volume of data generated through 
the RVA is significant and as such ‘mining’ it or ‘harvesting’ it to observe dynamic, 
complicated processes that are usually veiled, is a daunting task.

24.7.3.2  Spatio-Temporal Limitations

Unlike other vulnerability assessments frameworks, the RVA requires a significant 
temporal investment. Furthermore, the analytic encompasses many different spaces, 
all of which play critical roles in the overall process. Managing and sustaining these 
heterogeneous set of actors, institutions and activities can be an overwhelming task, 
especially given the cultural and professional differences and aspirations. While the 
RVA doesn’t make a specific temporal schema, its various stages unfold over years. 
Therefore, this analytic is not suitable for rapid assessment scenarios and instead is 
geared towards revealing underlying structural processes which don’t require inter-
mediate and long term policy interventions.

24.7.3.3  Committing to the Uncomfortable Search for Divergences 
and Beyond

The moments of generative friction that will inevitably result from implementing 
the RVA will situate the researchers in an arguably unprecedented scenario. While 
venturing past disciplinary borders will challenge deeply ingrained ideological 
ideas, sharing power with the community and other stakeholders will test the limits 
of ‘scientific’ control. These can be potentially fatal to the overall project if not 
intentionally and democratically mediated. The divergences that emerge from prob-
ing knowledge with different epistemologies can be instrumental in highlighting the 
relationships between different types of data and catalyzing a more robust research 
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design (Nightingale 2016). But it is the divergences in the different relationships 
that the many agents have to each other and to the overall research process that will 
need to be carefully mediated. Since, notwithstanding the results of the questions 
being explored, by going through the process of the RVA, the researchers them-
selves will embody a materialization of the goals of the analytic.

24.8  Conclusions

Most of the HDCC research in the Himalayan region suffers from a lack of disci-
plinary and stakeholder collaboration. Additionally, the SES framework has failed 
to equitably incorporate disparate knowledges within its analysis, inherently 
depending on quantitative systems literature to articulate and evaluate power rela-
tions and cultural values. We address both these situations by proposing a methodol-
ogy – The Relational Vulnerability Analytic, inspired by the socionatural approach.

The RVA focuses not just on the content of the knowledge but also on the context 
of its production (Cote and Nightingale 2012). It attempts to produce vulnerability 
assessment tool with a goal of bringing hybrid epistemologies in dialogue, acknowl-
edging the role of power and challenging ‘The Theory of Himalayan Degradation’. 
In doing so, it utilizes the tools of PE, ABM and deterministic climate, hydro- 
geological and agro-ecological modeling. Through different steps undertaken in 
different spaces by the various team members, the analytic is operationalized as 
both a method founded in rigor and one providing inclusion to the community. 
Building trust, both within the interdisciplinary research team and with members of 
the community is critical for the formalizing of research objectives and the utility of 
such objectives beyond scholarship. This provides the catalysis for the production 
of tools and specific methods needed to achieve the research goals. Post empirical 
data collection there are different analytical stages each with a unique goal. Finally, 
the conclusions are seen as the beginning points for further exploration of such 
complex problems and leads to the creation of select community identified projects, 
which have a tangible impact on their lives.

The RVA is not presented as ‘the’ definitive solution to the deeper foundational 
problems with SES and HDCC research, but as a possible alternative that needs to 
be adequately implemented in the field to evaluate its utility. This analytic is an 
appeal for foundational collaboration that goes beyond mere superficial encounters 
among disciplines. Furthermore, beyond scholarly purview, the conclusions of 
using such a framework can highlight usually overlooked spaces, times and agents 
that require support from policy instruments. As an example, in our project, an inter-
vention for abatement of climatic risk should include supporting the changes within 
household management and ownership of land, often catalyzed by young migrants, 
which advocates for a more representative role of women. Decoupling cultural and 
political realities from climatic ones and getting trapped inside certain scales is a 
problem rampant within adaptation planning. The RVA addresses this by creating a 
dialogue not just between multiple fields of knowledge, but also between the 
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 relationships that different groups of people share with each other, and with their 
transforming worlds.
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Climate Change Trends and Ecosystem 
Resilience in the Hindu Kush Himalayas
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Abstract During the past few decades, our understanding of the potential risks 
from climate change to mountain ecosystem has increased. The Hindu Kush 
Himalayas (HKH) is characterised by diverse climate due to diversity in geology, 
monsoon influence and ecosystems. Though paucity in studies, it was observed that 
the HKH ecosystems witnessed changes in climate over the period with evidence of 
change in phenology and species range shift altering ecosystem functions. During 
1901–2014, annual mean surface air temperature significantly increased in the HKH 
at a rate of about 0.11 °C per decade showing significant upward trend. The intense 
precipitation also showed increasing trend in annual intense precipitation amount, 
days and intensity with 5.28 mm per decade, 0.14 day per decade and 0.39 mm/day 
per decade respectively. The elevation dependent warming has also been prominent 
in the HKH with higher warming with the increasing elevation. Higher warming is 
projected during winter and the projected warming differs by more than 1  °C 
between the eastern and western HKH, with relatively higher values during winter. 
The highest warming is projected to be over the central Himalaya for the far-future 
period with the RCP8.5 scenario. The projections made by the study for the near- 
future and far-future periods for HKH are relatively higher than the seasonal global 
means. These changes have indicated that rapidly changing climatic conditions 
could significantly thwart efforts for ecosystem resilience at a national and regional 
scales. There have been a wide range of interpretation from observed and people’s 
perceptions impacting on a wide range of ecosystems and biodiversity at different 
scales.. However, there is still a major gap in understanding the cross-linkages 
among areas of research, for example, linking social-ecological knowledge on resil-
ience contributing to evolutionary adaptation. Although numerous important contri-
butions have emerged in recent years, synthesis of such practices and its consequences 
has not yet been achieved. This chapter is an attempt to relate the climate change 
science with ecosystem resilience in the HKH, identify gaps, and understand the 
social-ecological interaction and contribute towards social-ecological resilience.
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25.1  Introduction

The mountain biomes are considered sensitive to climate change (Nogués-Bravo 
et al. 2008). The climate change affects directly or indirectly different key features 
(ecosystems, agriculture, biodiversity, snow cover, glaciers, run-off processes, and 
water availability) of the mountains (Bharali and Khan 2011; Tiwari and Joshi 2012; 
Joshi et al. 2012; Bhagawati et al. 2017; Lamsal et al. 2017a; Tewari et al. 2017; 
Bajracharya et al. 2018). There are growing evidences that the rate of warming is 
amplified with elevation (Shrestha et al. 1999; Sun et al. 2017). As a result, the high- 
mountain environment is witnessing more rapid changes in temperature than at 
lower elevations (Pepin et  al. 2015). As a result of higher warming and visible 
changes in cryosphere and ecosystems, the mountains are considered as an early 
indicators of climate change (Singh et  al. 2010) and such elevation-dependent 
warming can accelerate the rate of change in mountain ecosystems, cryosphere, 
hydrological regimes and biodiversity (Beniston 2003; Pauchard et al. 2009; Brandt 
et al. 2013; Pepin et al. 2015). Mountains have been considered as the last bastion 
for biodiversity with fragile ecosystems and recognized as major sources of ecosys-
tem services contributing for human wellbeing (Messerli and Ives 1997; Viviroli 
et al. 2011). Climate change is likely impacting food production and security, sus-
tained water supply, biodiversity and other natural ecosystems, human health limit-
ing sustainable development (Xu et al. 2009; Ravindranath et al. 2011, Iizumi et al. 
2013; Palomo 2017).

The maintenance of mountain ecosystem resilience is vital for human well-being 
as 85% of the people living in the mountains depends directly on ecosystem ser-
vices, yet despite increase in conservation activities, the vulnerability of mountain 
ecosystems has been a major challenge (Nogués-Bravo et  al. 2008; Rodríguez- 
Rodríguez and Bomhard 2012; Palomo 2017). Although habitat degradation, frag-
mentation, and destruction, overexploitation, and invasive species have driven 
recent biodiversity loss, climate change is projected to be a major driver of extinc-
tion throughout the twenty-first century, impacting ecosystems directly or indirectly 
or via synergies with other stressors (Parmesan 2006; Aukema et al. 2017). Climate 
change impacts over ecosystem degradation have put the Hindu Kush Himalayas 
(HKH) at the centre of regional and global attention (Brooks et al. 2006; Shrestha 
et al. 2012; Xu and Grumbine 2014). There is paucity of systematic research and 
long term analysis in the HKH due to differences on research priorities, accessibil-
ity to the remote areas, availability of financial and human resources and political 
will. However, the anecdotal information and scatted case studies have realized the 
vulnerability of diverse ecosystems in the context of changing climate in the HKH 
(Pandey and Jha 2012; Negi et al. 2017). Evidences showed that climate change 
have major implications on the poor and marginalized communities who exclu-
sively depend on the ecosystem services for their livelihoods (Chettri et al. 2010). 
Broadly, the interaction between climate change and healthy ecosystems is twofold, 
on one hand healthy ecosystems is threatened by climate change, and on the other 
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hand, proper management of ecosystems provides significant opportunities to miti-
gate the impacts of climate change (Lo 2016).

The HKH play a key role on supporting economy of the countries within the 
region and downstream of ten major river basins, which depend largely on hydro-
power, water supply, agriculture, and tourism. For example, Bhutan’s export reve-
nue from hydropower contributed up to 16.3% to the nominal gross domestic 
product (GDP) or 39% in terms of total exports in 2009/2010 (RMA 2011). 
Addressing vulnerability is a key issue in the HKH and analyses of existing knowl-
edge, and gaps on how mountain ecosystems could be impacted under climate 
change is essential. The fragile landscapes of the HKH are highly susceptible to 
natural hazards, leading to ongoing concern about current and future climate change 
impacts in the region (Xu and Grumbine 2014). Climate change concerns in the 
Himalayas are multifaceted encompassing floods, droughts, landslides (Barnett 
et al. 2005), human health, biodiversity, endangered species, agriculture livelihood, 
and food security (Xu et al. 2009). While there are some reviews of existing litera-
ture on climate change observations and physical impacts on some of these aspects, 
a comprehensive review covering the HKH from all dimensions of impacts is still 
missing. Thus, this study has two specific objectives: (i) to synthesize the current 
state of knowledge on climate change impacts on the biophysical system (e.g., tem-
perature, precipitation, snow coverage, streamflow, glacier melt, and ecosystem 
changes) in the Himalayan region and (ii) to review existing literature on resilience 
building practices to address impacts of climate change in the region. This study 
will help identify critical research gaps on the impacts of climate change in the 
Himalayas and strengthen understanding on social-ecological interlinkages neces-
sary to understand the resilience contributing to evolutionary adaptation.

25.2  Hindu Kush Himalaya – The Vulnerable Mountain 
Ecosystem

The HKH mountain ecosystems is one of the most fragile ecosystems in the world 
(Ren and Shrestha 2017). Stretched over more than 4.3 million km2 area includes 
areas of Afghanistan, Bangladesh, Bhutan, China, India, Myanmar, Nepal, and 
Pakistan, the HKH is characterized by some of the most complex terrain, and has a 
substantial influence on the East Asian monsoon, and even on global atmospheric 
circulation (Chettri and Sharma 2016). The region provide key livelihood resources 
such as food, timber, fibre, medicine and a wide range of services such as drinking 
water, water for irrigation, climate regulation, carbon storage, and the maintenance 
of aesthetic, cultural, and spiritual values (Sharma et al. 2015; Sandhu and Sandhu 
2014; Chaudhary et  al. 2017). The natural and semi-natural vegetation cover on 
mountains helps to stabilize headwaters, prevent flooding, landslide and maintain 
steady year-round flows of water by facilitating the seepage of rainwater into aqui-
fers, vital for maintaining human life in the densely populated areas downstream. As 
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a result, mountains have often been referred to as ‘water towers’ (Molden et  al. 
2014; Mukherji et al. 2015). Recognizing the importance of mountains for biodiver-
sity and sustaining ecosystem services, the Convention on Biological Diversity 
(CBD) in Chapter 13 of Agenda 21 (1992) has recognized the significance of the 
mountains that supports all forms of living organisms, animals (including humans), 
and plants (UN 1992).

Driven by plate tectonics, the mountains of the HKH have unique ecosystems 
with altitudinal variation giving rise to numerous micro climates and diverse eco-
logical gradients. It is the youngest and one of the most diverse ecosystems among 
the global mountain biomes, with extreme variations in vegetation, climate, and 
ecosystems resulting from altitudinal, latitudinal, and soil gradients (Xu et al. 2009; 
Sharma et al. 2010). This diverse biophysical habitat sets the stage for a rich biodi-
versity and species evolution (Miehe et al. 2014; Hudson et al. 2016). The region is 
the source of 10 major river systems with productive landscapes and strong upstream 
downstream linkages (Xu et al. 2009), and includes all or part of four global biodi-
versity hotspots  — Himalaya, Indo-Burma, mountains of Southwest China, and 
mountains of Central Asia (Mittermeier et al. 2004; Chettri et al. 2010) — which 
contain a rich variety of gene pools and species with high endemism and novel eco-
system types with one of the highest rate of deforestation and habitat degradation. 
In addition, the region supports more than 60 different ecoregions, many of them are 
part of the Global 200 ecoregions (Olson and Dinerstein 2002). The ecosystem ser-
vices from the HKH sustain 240  million people in the region and benefit some 
1.6 billion people in the downstream river basin areas and have been well recog-
nized by many scholars (Quyang 2009; Xu et al. 2009; Molden et al. 2014; Sharma 
et al. 2015).

However, the HKH region, has been witnessing various direct and indirect pres-
sure through wide range of drivers such as habitat degradation, pollution, invasive 
species and climate change to name a few (Chettri and Sharma 2016). Climate 
change trigger higher rate of erosion manifested by change in precipitation pattern 
(Burbank et al. 2003; Pandit et al. 2007) increasing the frequency of disasters lead-
ing to vulnerability of these fragile ecosystems. Forest fragmentation has been iden-
tified as one of major drivers leading to vulnerability in both western (Uddin et al. 
2015) and eastern Himalayas (Ravindranath et al. 2011). Sensitive ecosystems such 
as wetlands and high altitude rangelands are more vulnerable to combined effects of 
various drivers such as climate change, land use change, overexploitations etc. 
(Chettri et al. 2010; Chaudhary et al. 2017). As a result, the soil retention capacity 
has been reduced with increased erosions and frequency of floods (Burbank et al. 
2003; Joshi and Kumar 2006; Cánovas et al. 2017).
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25.3  Climate Change Trend in the Hindu Kush Himalayas

25.3.1  Weather and Climate of Hindu Kush Himalayas

The Himalayas are sensitive to climate change and variability (Eriksson et al. 2009; 
Shrestha and Aryal 2011). The climate of this region is found to be related to several 
large scale global climatic phenomena. The climate in this region has experienced 
large scale change in the historical and paleoclimatic time scales owing to natural 
changes and variability such as solar variability, orbital changes, tectonics and vol-
canism (Chettri and Sharma 2016). Moreover, topography, seasonality, and vari-
ability of weather patterns strongly determine the spatial and temporal pattern of 
temperatures and precipitation across different geographic regions of the HKH. The 
average summer and winter temperatures are about 30 °C and 18 °C respectively in 
the southern foothills. In the middle Himalayan valleys mean summer temperatures 
range between 15 °C and 25 °C and very cold winters (Shrestha and Aryal 2011). 
Areas having elevations above 4800 m experience winter temperatures below freez-
ing point and receive precipitation largely in the form of snow. Topography also 
plays important role in the form of precipitation with a major part of precipitation 
from the southwest Indian summer monsoon, fall as frozen precipitation at higher 
elevations and liquid precipitation at lower elevations and adjacent plains of the 
Himalaya. As revealed by the sparse rain gauge network, the southern slopes of the 
Himalaya typically experience large annual precipitation totals as high as 400 cm 
per year during the period of 1998–2007 (Bookhagen and Burbank 2010). Since the 
influence of summer and winter monsoon circulation is not evenly distributed over 
the Himalayas, the summer (winter) rainfall is typically the greatest over the south-
east (northwest) part of the HKH. Monsoon precipitation is found to be the highest 
over the Siwalik and Pir Panjal ranges of the lower Himalaya, while it reduces 
northwards into the Great Himalaya, Zanskar, Ladakh, and Karakoram ranges. 
However, most of the warming observed during the last few decades of the twenti-
eth century is attributed to the increase in anthropogenic greenhouse gas concentra-
tion (IPCC 2007; You et al. 2017).

25.3.2  Past Climate Changes

25.3.2.1  Temperature

Several studies have been conducted on surface air temperature change for a differ-
ent areas of the HKH, including the Tibetan Plateau (Liu and Chen 2000; Wang 
et al. 2008; Liu et al. 2009; Yao et al. 2012; Duan and Xiao 2015; Wang et al. 2016; 
Fan et al. 2015; Ren et al. 2017; You et al. 2017). These studies show significant 
warming in recent decades and the last century, in spite of the fact that the warming 
varies in different part of the HKH.  Among them Ren et  al. (2017) covered the 
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whole HKH domain. According to this study, during the period 1901–2014, annual 
mean surface air temperature significantly increased in the HKH at a rate of about 
0.11 °C per decade. For the full period of record (1901–2014), annual temperature 
trends show significant upward trends (p < 0.05), and the increase rates of Tmean, 
Tmax and Tmin are 0.10 °C per decade, 0.08 °C per decade, and 0.18 °C per decade, 
respectively (Fig. 25.1; Ren et al. 2017). Diurnal Temperature Range (DTR), the 
difference between the daily maximum and minimum temperature, shows a signifi-
cant negative trend of −0.10 °C per decade, due to the much larger rise of minimum 
temperature than of maximum temperature in the region. Locally, deviations from 
the general pattern described above have been found in the Karakoram region, 
where in decreasing (most notably) summer temperature have been measured 

Fig. 25.1 Annual mean temperature anomaly series (°C) relative to 1961–1990 mean values for 
Tmean (a), Tmax, Tmin, and DTR (b) for the HKH between 1901 and 2014 (data source: CMA 
GLSAT; Ren et al. 2017)
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(Forsythe et al. 2017). These trends are comparable with or greater than the global 
land- surface temperature trends.

25.3.2.2  Precipitation

Analysis of past 114 years’ (1901–2013) trends of annual precipitation in the entire 
HKH using Global Land Monthly Precipitation (GLMP) and Global Land Daily 
(GLDP) data sets recently developed by the China Meteorological Administration 
(CMA) did not show significant trends (Ren et al. 2017). It is typical to the region 
and could be due to due to the sensitivity to topography. The regional average annual 
precipitation standardized anomaly (PSA) and annual precipitation percent anom-
aly (PPA; Fig. 25.2; Zhan et al. 2017) show fluctuations from one year to another, 
but the fluctuation became relatively larger from 1930 to 1960 (Fig. 25.2). While the 
overall trend was negative for the HKH the trends were small and not significant at 
the 0.05 confidence level (Ren et al. 2017).

25.3.3  Past Changes in Extremes

25.3.3.1  Temperature

Changes in extremes are important as adapting to extremes, both by humans and 
ecosystem is more challenging. Our studies have suggested that most parts of the 
HKH underwent significant long-term changes in extreme temperature events over 
the past decades. Temperature extreme indices have shown changing trends, with 
extreme cold events significantly decreasing and extreme warm events significantly 
increasing over the HKH during the past six decades (Sun et al. 2017). The trends 
of the extreme events related to minimum temperature were greater in magnitude 
than those related to maximum temperature. Similar results were found in the Koshi 
Basin by Rajbhandari et al. (2016). Further, extreme values of the highest Tmax 
(TXx) and the lowest Tmin (TNn) showed increasing trends in the HKH, with the 
rising rate of TNn double that of TXx (Sun et al. 2017). In addition, summer day 
(SU) frequency also show increasing trend, while annual frost day (FD) frequency 
decreased (Sun et al. 2017). The minimum temperature is rising more rapidly than 
maximum temperature and as a result the daily temperature range (DTR) is decreas-
ing. Like in the HKH almost all the extreme temperature indices in the Tibetan 
Plateau region showed statistically significant trends over the past half century (You 
et al. 2008; Zhou and Ren 2011; Sun et al. 2017).

25 Climate Change Trends and Ecosystem Resilience in the Hindu Kush Himalayas



532

25.3.3.2  Precipitation

Like temperature the extremes in the precipitation are also changing in the HKH, 
although changes in temperature are more homogeneous at than the patterns in pre-
cipitation due to the sensitivity to topography, for example The regional average 
annual amount, and day and annual intensity anomalies for the percentile based 
light (below the 50th percentile), moderate (between the 50th and 90th percentiles), 
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Fig. 25.2 The regional average annual PSA (a) and PPA (b) over 113 years (1901–2013) in the 
HKH. Time series, with the green line denoting the 5-year moving average, and the black line the 
linear trend
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and intense (beyond the 90th percentile) precipitation over the period 1961–2013 in 
the HKH (Zhan et al. 2017). The intense precipitation show most significant increas-
ing trend (p ≥ 0.95). The increase in in annual intense precipitation amount, days 
and intensity are 5.28 mm per decade, 0.14 day per decade and 0.39 mm/day per 
decade respectively. The light precipitation indices also show increasing trend but 
not of the similar significance as intense precipitation, while moderate precipitation 
do not show any trend.

25.3.4  Elevation Dependent Warming

The elevation-dependent warming (EDW) phenomenon is reported globally (Wang 
et al. 2014; Fan et al. 2015; Pepin et al. 2015). Similar phenomenon is also reported 
in the HKH as a whole and different parts of HKH (Shrestha et al. 1999; Liu and 
Chen 2000; Yan and Liu 2014; Wang et al. 2014, 2016; Duan and Xiao 2015; Guo 
et al. 2016; Yan et al. 2016; Sun et al. 2017). The exact physical mechanism driving 
EDW is not understood properly and needs further investigation. Study by Yan et al. 
(2016) on EDW over the Tibetan Plateau, and suggested that the increase in surface 
net radiation is driving the EDW phenomenon. One hypothesis suggests that the 
positive feedback associated with a diminishing cryosphere, particularly the snow 
cover is the cause of EDW (You et al. 2010). As the HKH has the largest extent of 
cryosphere (glaciers and ice caps, snow, river and lake ice, and frozen ground) out-
side the Polar Regions EDW is likely to have strong impact, which could further 
impact various ecosystem services of this region.

25.3.5  Future Climate Change

25.3.5.1  Temperature

The climate projections are unequivocal in suggesting continued warming in the 
future (Kumar et al. 2011; Kulkarni et al. 2013; Rajbhandari et al. 2015, 2016). A 
recent modelling work done under the Coordinated Regional Climate Downscaling 
Experiment (CORDEX) initiative suggested continued warming into the future 
(Sanjay et al. 2017). Sanjay et al. (2017) conducted analysis for the HKH domain 
based on CORDEX data. Present review is based on their results The magnitude of 
the projected seasonal warming is found to different for different part of the region, 
and dependent on season, averaging period, and scenario. Higher warming is pro-
jected during winter and the projected warming differs by more than 1 °C between 
the eastern and western HKH, with relatively higher values during winter (Sanjay 
et al. 2017). The highest warming is projected to be over the central Himalaya for 
the far-future period with the RCP8.5 scenario.
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The projections made by the study for the near-future and far-future periods for 
HKH are relatively higher than the seasonal global means based on the same subset 
of CMIP5 GCMs (Table 25.1). The summer season global mean projected change 
for the far-future period is 1.9 °C (RCP4.5) and 3.3 °C (RCP8.5), while for the win-
ter season global mean projected changes are 2.0 °C (RCP4.5) and 3.5 °C (RCP8.5; 
Table 25.1 Sanjay et al. 2017). Analysis of an ensemble of five General Circulation 
Model runs projecting a global temperature increase of 1.5 °C by the end of the 
twenty-first century reveals would mean a temperature increase of 1.8 ± 0.4 °C aver-
aged over the region (Fig. 25.3). Moreover this enhanced warming is even more 
pronounced for the mountain regions, for example for the Karakoram, Central 
Himalayas, and Southeast Himalayas, a 1.5 °C global temperature increase would 
imply regional temperature increases of 2.2 ± 0.4 °C, 2.0 ± 0.5 °C, and 2.0 ± 0.5 °C, 
respectively (Fig. 25.3).

Table 25.1 Seasonal ensemble mean projected changes in near-surface air temperature (°C) 
relative to 1976–2005  in three HKH sub-regions defined by grid cells within each sub-region 
above 2500 m a.s.l.: northwest Himalayas and Karakoram (HKH1); central Himalayas (HKH2); 
southeast Himalayas and Tibetan Plateau (HKH3). The ranges for the 10 GCMs and 13 RCMs 
analysed are given in brackets

Scenario Period

Multi-model 
ensemble 
mean

Summer monsoon season 
(June–September) (°C)

Summer monsoon season 
(June–September) (°C)

HKH1 HKH2 HKH3 HKH1 HKH2 HKH3

RCP4.5 2036–
2065

Downscaled 
CORDEX 
RCMs

2.0 (1.2, 
3.3)

1.7 
(1.1, 
2.4)

1.7 
(1.2, 
2.2)

2.3 (1.4, 
3.2)

2.4 
(1.4, 
3.4)

2.4 
(1.4, 
3.1)

Driving 
CMIP5 GCMs

2.6 (1.7, 
3.3)

2.1 
(1.6, 
2.7)

2.0 
(1.6, 
2.4)

2.1 (1.2, 
3.2)

2.7 
(1.6, 
3.9)

2.5 
(1.4, 
3.3)

2066–
2095

Downscaled 
CORDEX 
RCMs

2.6 (1.4, 
3.7)

2.2 
(1.4, 
3.2)

2.2 
(1.7, 
2.9)

3.1 (2.2, 
4.1)

3.3 
(2.3, 
4.5)

3.1 
(2.0, 
4.8)

Driving 
CMIP5 GCMs

3.3 (2.5, 
4.1)

2.7 
(2.2, 
3.2)

2.5 
(1.9, 
2.9)

3.0 (2.1, 
3.4)

3.6 
(2.4, 
4.6)

3.3 
(2.1, 
4.1)

RCP8.5 2036–
2065

Downscaled 
CORDEX 
RCMs

2.7 (1.7, 
4.3)

2.3 
(1.4, 
3.2)

2.3 
(1.5, 
2.9)

3.2 (1.8, 
4.4)

3.3 
(2.1, 
4.6)

3.2 
(2.0, 
4.6)

Driving 
CMIP5 GCMs

3.3 (2.5, 
4.3)

2.7 
(2.0, 
3.4)

2.5 
(1.9, 
3.0)

3.0 (2.2, 
3.9)

3.4 
(2.3, 
4.7)

3.2 
(2.1, 
4.2)

2066–
2095

Downscaled 
CORDEX 
RCMs

4.9 (3.0, 
7.7)

4.3 
(3.1, 
6.1)

4.2 
(3.1, 
5.4)

5.4 (3.9, 
8.2)

6.0 
(4.4, 
9.0)

5.6 
(4.2, 
8.4)

Driving 
CMIP5 GCMs

5.7 (4.0, 
7.1)

4.7 
(3.9, 
5.6)

4.4 
(3.5, 
5.3)

5.1 (3.8, 
6.3)

5.8 
(4.2, 
7.8)

5.4 
(3.8, 
6.9)
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25.3.5.2  Precipitation

CORDEX projections for the HKH suggest summer season increase in precipitation 
over the hilly regions in the central Himalayas and southeast Himalayas and Tibetan 
Plateau for both RCP4.5 and RCP8.5 scenarios in the near-future and far-future 
periods. The largest projected seasonal ensemble mean total precipitation increase 
during the summer monsoon season is about 10% over HKH2 with RCP4.5 sce-
nario and about 22% over HKH3 with RCP8.5 scenario. During winter season the 
largest projected increase in precipitation is over HKH1 of about 14% and 13% with 
RCP4.5 and RCP8.5 scenarios respectively. However, it has to be noted that the 
spread among the models is large for the high resolution CORDEX RCMs, as well 
as for their driving CMIP5 GCMs resulting in higher uncertainty in precipitation 
projection compared to temperature (Sanjay et  al. 2017). The observed and pro-
jected future climate change can have profound impact in the ecosystem of this 
region directly and indirectly through changes in water availability, extreme events, 
cryospheric changes, etc. Adapting to long- and short-term climate-related prob-
lems requires a thorough understanding of climate changes in the past and possible 
changes in the future (You et al. 2017).

25.4  Implication of Climate Change in Ecosystem Resilience

Climate change affects human wellbeing in two ways, directly through altering 
local weather conditions inviting extreme weather events and hazards, and indi-
rectly through its effects on ecosystems and ecosystem services that people need for 
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Fig. 25.3 Comparison of 
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their sustenance (Xu et al. 2009). The Earth’s atmosphere has a natural greenhouse 
effect, without which the global mean surface temperature would be about 33 °C 
lower and life would not be possible. Human activities have increased atmospheric 
concentrations of carbon dioxide, methane, and other gases which has enhanced the 
greenhouse effect, resulting in surface warming (Serreze 2010). There are numerous 
implications from impact of climate change on ecosystems and biodiversity at dif-
ferent levels and scales. An anecdotal list of climate change impacts have been 
reviewed and included in Table 25.2. Here, we bring some examples where both 
social and ecological facets of resilience are being challenged with the past trends 
and projected future climate change:-.

25.4.1  Ecosystem Resilience

In the HKH, and elsewhere, ecosystems influence human societies, leading people 
to manage ecosystems for human benefit and poor environmental management can 
lead to reduced ecological resilience and social–ecological collapse (Cumming and 
Peterson 2017). One of the central questions in resilience science is how ecological 
function related to human wellbeing. This question has become increasingly rele-
vant in the HKH as climatic and anthropogenic transformation of the region has 
intensified (Miehe et al. 2009). The distribution and abundance of species have been 
radically transformed due to climate change and massive land-use changes which 
have eliminated numerous endemic species (Chettri et al. 2010), and the expansion 
of developmental activities has added challenges in management of the natural eco-
system (Pandit et al. 2007). The variations on climatic variables such as temperature 
and precipitation have directly or indirectly affected the natural ecosystems 
(Table  25.2). This biotic reorganization is co-occurring with a variety of other 
changes, including climate change, alteration of nutrient cycles, and chemical con-
tamination of the ecosystems (Xu et al. 2009; Chettri and Sharma 2016). Maintaining 
the ecosystem services that support humanity, and other lifeforms, during this 
extensive and rapid ecological reorganization requires understanding how ecology 
interacts with human society (Wangchuk 2007; Cumming and Peterson 2017). 
Here, we bring some empirical evidence of changes interpreted as a result of climate 
change.

25.4.1.1  Vegetation Shift

Mountains ecosystems are both fragile and sensitive. But is also provide opportu-
nity for adaptation for many species sensitive to climate change with the provision 
to change the range shift to higher elevation. A number of studies have evolved 
indicating northward and high altitude movements of species due to climate change 
(Beckage et al. 2008; Pauchard et al. 2016; Lamsal et al. 2017b; Pecl et al. 2017). 
Evidences showed that a wide number of species have been reported to change their 
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reported altitudinal range and moving northwards and higher altitude (Telwala et al. 
2013). One of the recent study on sub-alpine species from Nepal, namely (i) 
Himalayan Fir (Abies spectabilis), (ii) Maple (Acer campbellii), (iii) Birch (Betula 
utilis), (iv) Black Juniper (Juniperus indica, (v) Brown oak (Quercus semecarpifo-
lia), (vi) Himalayan hemlock (Tsuga dumosa), (vii) Bell rhododendron 
(Rhododendron campanulatum), (viii) Gerard jointfir (Ephedra gerardiana), and 
(ix) Himalayan heather (Cassiope fastigiata) have shown potential northward 
movements with projected climate change till 2100 (see Fig. 25.4; Lamsal et  al. 
2017b). Such upward or northward movement have major implications to alpine 
ecosystem, which accounts about 60% of the HKH (Chettri et  al. 2008) and the 
cryosphere which are taken over by tree line advancement (Baker and Moseley 
2007; Gaire et al. 2017). Alpine ecosystems are particularly vulnerable to warming, 
as species occurring near the mountain tops will have no space for their upward 
march and available areas are encroached from the south of low elevation (Pauchard 
et al. 2009; Singh et al. 2011). Such movements even change the land cover, biocli-
matic zones and ecoregions (Sharma et  al. 2009; Fig. 25.5) as also predicted by 
Zomer et al. (2014) and enabling invasive species to make inroad to such fragile 
areas (Lamsal et al. 2017b) making the ecosystems more vulnerable.

25.4.1.2  Degradation of Fragile Ecosystems

Approximately 39% of the HKH is comprised of grassland, 20% forest, 15% shrub 
land, and 5% agricultural land. The remaining 21% is other types of land cover such 
as barren land, rock outcrops, built-up areas, snow cover, and water bodies (Chettri 
et al. 2008). Among these, rangeland constitute to major part of the HKH with com-
bined shared of grassland and shrub land. The Tibetan Plateau and Greater Himalayas 
is mostly dominated by rangeland where pastoralists’ communities are dependent 
(Chettri et al. 2012). Intensification of water stress because of higher warming tem-
peratures and changing precipitations are adversely affecting phenology, regenera-
tion and productivity of many of these ecosystems, specially the high altitude 
rangeland (Singh et al. 2011; Yu et al. 2010; Wang et al. 2017). As a result, the entire 
mosaic of ecosystems found in the HKH have been witnessing changes manifested 
by climate change and other anthropogenic drivers.

Forest ecosystem, which covers about 20% of the total areas of HKH is one of 
the most important ecosystems for the region. It is sources of a wide range of provi-
sioning ecosystem services and regulatory services including carbon sequestration 
(Lamsal et al. 2017c; Chaudhary et al. 2018). However, the forest degradation, frag-
mentation and loss have been widely reported with varied scenarios (Pandit et al. 
2007; Hansen et al. 2013). Increasing fragmentation trend has been reported from 
the region such as India (Reddy et al. 2013), Nepal (Uddin et al. 2015; Reddy et al. 
2018) and Bhutan (Reddy et al. 2016; Sharma et al. 2017). The rate of deforestation 
along the HKH has been reported to be 0.5% in Bhutan to 1.7% in Myanmar 
(Fig. 25.6).
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Wetlands, an important ecosystem for the millions people living on the valley 
floors and plateau areas of the HKH, wetlands are central to their livelihoods (Trisal 
2009). Lakes, floodplains, and peat lands support wide range of ecosystem services 
including tourism to the region’s poorest communities (Sharma et  al. 2015; 
Chaudhary et al. 2017). The wetlands maintain water quality, regulate water flow 

Fig. 25.4 Spatial extent of current climatic suitability (a) and changes for 2050 (b) and 2100 (c) 
for the nine species (Source Lamsal et al. 2017b)
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(floods and droughts), and in the case of high-altitude peat lands, regulate the global 
climate (storage of carbon in peat) and also support both regional and global biodi-
versity (Chettri et al. 2013).

However, the wetland ecosystem in the region is rapidly degrading: in some 
areas as many as 30% of the lakes and marshes have disappeared because of over-
exploitation of wetland resources and climate change during the past few decades 
(Trisal 2009). Climate change, along with land use change, anthropogenic pressure 
for ecosystem services and natural hazards are collectively changing the wetland 
ecosystems in many parts of the HKH (Rashid and Romshoo 2013; Chettri et al. 
2013; Lamsal et al. 2017c; Chaudhary et al. 2017).

Fig. 25.5 Decadal land cover change in the Eastern Himalayas during 1998 (a) and 2002 (b). 
(Source Chettri et al. 2010)

Fig. 25.6 The Himalayan temperate forest zone and deforestation rates (in parentheses) from 
2000 to 2014 in forests that are not officially protected. (Source Brandt et al. 2017)
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Likewise, the agro-ecosystem, which is merely 5% of the total HKH area has 
also witnessed changes either due to agricultural intensification in some areas or by 
leaving it fallow due to social restructuring of the communities in the remote vil-
lages. However, the impact of climate change is yet to be studied and ascertain. At 
the global level it is estimated that the major crops such as rice, wheat and maize 
could see 26–36% decrease based on the trend of past climate change (Iizumi et al. 
2013). The brunt of climate change has been witnessed in many parts of the HKH 
evident as reported on studies from people’s perceptions (Chaudhary et al. 2011; 
Negi et al. 2017; Suberi et al. 2018), reported low productivity (Vedwan 2006) and 
loss of traditional varieties such as finger millets, buckwheat’s etc. (Aryal et  al. 
2017). Owing to the higher than average warming, the HKH region is facing adverse 
challenges for vulnerability from climate change and other drivers of change 
impacting in a wide spectrum of fragile ecosystems.

25.4.2  Social-Ecological Interdependency

In the recent years, the significance of mountain ecosystems for its ecosystem ser-
vices for human wellbeing has been realized (Grêt-Regamey et  al. 2008, 2012; 
Palomo 2017). The inhabitant of the HKH is extensively dependent on the natural 
ecosystems for ecosystem services contributing to wellbeing. This is evident from a 
recent series of documentation on people’s dependency on ecosystems across the 
HKH (Gosain et al. 2015; Paudyal et al. 2015; Chaudhary et al. 2016, 2017; Murali 
et al. 2017). Following standard frameworks (De Groot et al. 2010; Muller et al. 
2010), some of the recent studies have shown strong interdependency between the 
local communities and surrounding ecosystems and also being impacted due to 
change of such dependent ecosystems (see Chaudhary et al. 2016, 2017; Kandel 
et al. 2018). It was observed that about 85% of the provision services are contrib-
uted by the Koshi Tappu wetland ecosystem where 7.5% is from cultural services 
alone (Sharma et al. 2015).

There was significant change observed in the surrounding ecosystems of Koshi 
Tappu which has threatened the flow of these ecosystems services. These is evident 
as the forest ecosystem has reduced by almost 85% over the past 30 years making 
people dependent on forest for services more vulnerable (ICIMOD and MoFSC 
2014). Similar results were also documented from other wetlands (ICIMOD and 
RSPN 2014; ICIMOD and MoNREC 2017) and forest and agro-ecosystems 
(ICIMOD and BCN 2017; ICIMOD and RSPN 2017). These studies categorically 
indicates that there is a strong social-ecological interdependency and the strategies 
for addressing climate change including others drovers of change need new 
innovations.
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25.5  Discussion and Conclusion

Climate change has been identified as one of the major drivers of global change and 
reported to be more pronounced in the HKH with higher warming rate (Krusic et al. 
2015; Sanjay et al. 2017). These changes have already made cascading effects to the 
fragile ecosystems of the HKH with increasing temperature trend and projections, 
with variable precipitation patterns across the region (Srivastava et al. 2017; Zhan 
et al. 2017). It is also evident that the changing climate has influenced directly or 
indirectly the ecosystems health, functions and productivity which are directly 
linked to human wellbeing through its ecosystem services flow (Xu et  al. 2009; 
Chettri and Sharma 2016). The diverse ecosystems of the HKH, the source of wide 
range of ecosystems services including water and habitat for numerous globally 
significant species, are witnessing increasing vulnerability (Chettri et  al. 2010; 
Pandey and Bardsley 2015; Forrest et al. 2012). The study from Eastern Himalayas 
have already indicated that some ecosystems such as freshwater, forest, savannas 
grassland are categorized as vulnerable (see Chettri et al. 2010). The roots causes of 
driver of change – the anthropogenic activities have no sign of improvement, at least 
in immediate near future (Ceballos et al. 2017). However, there is little debate in 
scientific circles about the importance of human influence on ecosystems. To 
improve overall resilience, an understanding of contributing factors such as eco-
nomic, social and environmental resource is necessary (Gardner and Dekens 2007; 
Norman et al. 2012).

High mountain areas are arguably the region most affected by climate change 
(Shrestha et al. 1999; Beniston 2003; Keller et al. 2005; Xu et al. 2009). Assessments 
of climate change impacts in these regions have been mostly single-disciplined. 
Biophysical studies have focused on temperature changes, glacier retreat, hazards, 
and biodiversity (Dullinger et  al. 2012; Pepin et  al. 2015). Social research has 
focused on impacts associated with water availability and livelihoods, and these 
impacts have been described more for downstream communities (Xu et al. 2009; 
Immerzeel et al. 2015) than upstream inhabitants (Beniston et al. 1997; Kohler et al. 
2010). Integrative approaches that focus on climate change impacts on multiple 
ecosystem services in high mountain areas are still limited (Chettri and Sharma 
2016; Chakraborty et al. 2018).

Climate change effects varied across the HKH but mostly they are devastating 
for mountain communities, accentuating their vulnerability to disasters, conflicts, 
migration and poverty (Gerlitz et al. 2015; Hoy et al. 2016; Sharma et al. 2017). As 
the HKH ecosystems are contiguous and the impacts are not limited to one national 
border, to address climate change, it is crucial to develop innovative joint research 
programmes at landscapes or river basins considering transboundary approach com-
bined with efficient communication platforms to raise public awareness about its 
impacts in the mountains (Molden et al. 2017).

It is well known that the rate of temperature change with increased levels of 
greenhouse gases in the atmosphere is amplified at high latitudes, but there is grow-
ing evidence that the rate of warming is also amplified with elevation, such as in 
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mountain environments (Shrestha et al. 1999; Pepin et al. 2015). However, because 
of sparse high-elevation observations, there is a danger that we may not be monitor-
ing some regions of the globe that are warming the most (Wijngaard et al. 2017). In 
response to the prevailing threat from climate change, new regional and innovative 
efforts on climate change adaptation in terms of policy and practices have begun to 
emerge (Gerlitz et al. 2015; Hoy et al. 2016; Rasul and Sharma 2016). However, 
many of the current wave of contributions are observational and correlational, and 
few are experimental in nature, and too often at conceptual levels in which convinc-
ing results are lacking. We conclude with recommending a future strategy for mul-
tidisciplinary research at landscape or basin levels to reduce current uncertainties 
and to ensure that the changes taking place in remote high-elevation regions of the 
HKH are adequately observed and accounted for. The use of contemporary geospa-
tial science and modelling tools may add value for informed decision making.
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Chapter 26
An Integrative and Joint Approach 
to Climate Impacts, Hydrological Risks 
and Adaptation in the Indian Himalayan 
Region

Christian Huggel, Simon Allen, Susanne Wymann von Dach, A. P. Dimri, 
Suraj Mal, Andreas Linbauer, Nadine Salzmann, and Tobias Bolch

Abstract Climate change has enormous impacts on the cryosphere In the Indian 
Himalayan Region (IHR) which have been increasingly documented over the past 
years. The effects of cryosphere change on people, ecosystems and economic sec-
tors is less clear but bears important risks. Adaptation to changing conditions and 
risks is a priority for the region. Here we draw on experiences of Indo-Swiss col-
laborations in the field of climate change, cryosphere, risks and adaptation in the 
IHR. First, we provide a synthesis of the climate and cryosphere in the IHR, and 
related impacts on downstream communities and systems. Second, we analyze the 
associated risks from a conceptual and adaptation perspective. We then introduce 
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concepts of co-production of knowledge as an approach to an inclusive and 
 sustainable adaptation process which includes the development of future scenarios 
with a wide range of stakeholders. We visualize this approach using examples of the 
water resource sector.

26.1  Introduction

Weather and climate are a determinant element of the natural environment in the 
Indian Himalayan Region (IHR). Like in other high-mountain regions of the 
world weather and climate influence a broad range of physical processes and 
landscape elements over different temporal and spatial scales. Over long periods 
of time (millions of years) climate, tectonics and landscape evolution are inter-
linked while on much shorter time scales (days to century) weather and climate, 
their variability and changes, drive processes and changes of mass movements 
and mass flow processes. The Himalayan mountain cryosphere with its compo-
nents glaciers, snow and permafrost is closely coupled to weather and climate. 
Changes in climate and weather patterns directly act on the cryosphere, but again 
over different periods of time. The widespread loss of glacier mass over the past 
years and decades is a function of increasing temperatures but different precipi-
tation patterns from east to west also substantially influence the state and health 
of glaciers.

People in the IHR live downstream of the mountain cryosphere and are thus 
influenced by cryosphere changes and processes to a variable degree, most notably 
in terms of water resources and natural hazards such as from large avalanches and 
landslides or far-reaching floods from glacier lake outbursts. Risks are present 
where weather, climate and cryosphere related hazards meet exposed and vulnera-
ble people and assets. Changes in risks develop as any of the aforementioned com-
ponents change, i.e. hazard, exposure or vulnerability. Climatic and cryosphere 
changes can result in changing hazards while changes in exposure or vulnerability 
are typically a function of socio-economic developments. For instance, changes in 
economic demand for resources such as water or energy can significantly influence 
the risks. An integrative perspective on risks is therefore crucial. Climate change 
adaptation has the objective to reduce related risks, or identify and enhance options 
or opportunities.

The Government of India has addressed the climate change adaptation challenge 
by the establishment of the National Action Plan on Climate Change (NAPCC) 
which defined eight missions. One of these missions is the National Mission for 
Sustaining the Himalayan Ecosystem (NMSHE) whose implementation is coordi-
nated by India’s Department of Science and Technology (DST). NMSHE is a cross- 
cutting mission across different sectors such as water resources, agriculture, tourism, 
health, and others. The objective of the NMSHE is to scientifically assess the vul-
nerability of the IHR to climate change and to build corresponding capacities at the 
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central and state levels, with the aim to develop response and adaptation strategies 
and measures.

Experiences in the IHR and worldwide, however, have shown that developing 
climate change adaptation strategies and especially implementing them is a com-
plex and multi-faceted challenge. For instance, a simple transfer of scientific studies 
and results to decision and policy makers has not proven to be a successful approach. 
More frequent and more in-depth interactions between different actors, including 
science, policy and civil society, are necessary. However, experiences on how to 
design such a comprehensive process in the context of climate change adaptation 
and how to implement it are scarce (Huggel et al. 2015).

Here we reflect on experiences of Indo-Swiss collaborations in the field of cli-
mate change, cryosphere, risks and adaptation in the IHR. Some of the experiences 
are based on the Indian Himalayas Climate Adaptation Programme (IHCAP), an 
initiative of the Swiss Agency for Development and Cooperation (SDC) and the 
Indian Department of Science and Technology (DST). We first provide a synthesis 
of the climate and cryosphere in the IHR, and related impacts on downstream com-
munities and systems. We then analyze the associated risks from a conceptual and 
adaptation perspective. In consideration of the aforementioned (i.e. the challenge of 
science-policy-civil society approaches) we revise concepts of co-production of 
knowledge and how they are valuable in our context. We conclude by presenting an 
integrative approach on risks and adaptation which is rooted in the co-production of 
knowledge and interdisciplinary and transdisciplinary perspectives. This approach 
has originally been developed within a larger consortium of Swiss and Indian uni-
versities and research institutions.

26.2  The IHR Climate and Cryosphere Related Impacts

Climate, cryosphere and water resources in the IHR have a tremendous importance 
for various economic sectors of the country and local livelihood, including water 
demand for irrigation in agriculture, drinking water for domestic use, or water for 
energy production. However, dynamic socio-economic and environmental changes, 
particularly climate change are expected to have significant adverse effects in the 
region. The scientific understanding of the relevant processes, spatio-temporal 
scales and regional diversity involved and the impacts is a key to design and imple-
ment adequate response and adaptation strategies and measures.

Much of the IHR receives precipitation during Indian summer whereas winter 
precipitation is driven by westerlies (Palazzi et al. 2013). During summer time most 
of the precipitation received is in liquid form whereas during winters it is mainly in 
solid-snow- form. This precipitation is important for downstream catchment regions 
for socio-economic growth, in particular agriculture, river ecosystems and for other 
water resource management perspectives. Previous research has shaped the under-
standing that during summer time the south-westerly flow of the Indian summer 
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monsoon interacts with the Himalayan orography and turns to easterly or south- 
easterly flow along the Himalayan topography (Pant and Kumar 1997). In the case 
of Indian winter monsoon dominated by western disturbances embedded with large 
scale westerlies interact with the Himalayan topography. There are cases when 
these western disturbances co-exist with the Indian summer monsoon flow leading 
to heavy precipitation and extreme flood situations as seen during summer of 2013 
(Uttarakhand flood) and 2014 (Jammu and Kashmir flood) and forming monsoon 
break-like situations. Topography and heterogeneous land-use modulate existing 
large-scale flow, and this interaction is detrimental for precipitation forming mecha-
nisms and associated processes. Furthermore, the present context of warming tem-
peratures also affects the hydrological balance at sub-catchment and regional 
catchment scale. Such impacts need to be evaluated as they affect the snow regime 
of the region. Therefore, in addition to the structured flow of summer and/or winter 
monsoon, it is imperative to understand such interactions at sub-regional scales.

The IHR has an important function for the storage and supply of water. 
Precipitation is stored in seasonal snow and perennial ice (glaciers). Release of 
water from snow and glacier melt is important during summer season to meet water 
demand for irrigation and drinking water in rural and urban agglomerations. 
Summer monsoon generally dominates the runoff across the central and eastern 
Himalaya region, and changes in runoff over the past decades have been variable, a 
decrease in runoff has for instance been observed in several catchments such in the 
Sutlej river basin (north-west Ganges) where a 30–40% runoff reduction from 
1960s to 2000s was observed in relation with reduced summer precipitation (Collins 
et al. 2013). However, reliable long-term stream gauge records are scarce or not 
openly available, and climate-related influences on runoff are generally difficult to 
disentangle from other anthropogenic factors (e.g., exploitation for irrigation, 
hydropower, and land-use changes). Generally, there are relatively few measure-
ments from glacier fed catchments in the IHR available but understanding the cur-
rent water storage of the glaciers and its variation is of fundamental importance for 
defining urgently needed water and land management strategies.

Knowledge about the glaciers and their changes has significantly increased dur-
ing the last few years revealing that glaciers in India have lost significant average 
mass during the last decade, but the rate of loses is spatially heterogeneous an can-
not be generalized (Azam et al. 2018; Bolch et al. 2012; Kääb et al. 2012; Kulkarni 
and Karyakarte 2014). Although temperature and (monsoon) precipitation are the 
major drivers, the response of glaciers to climate and climate change depends on 
manifold factors such as the glacier size, the thermal regime, the topographic set-
tings and debris-coverage. Debris-cover significantly alters the melt of the glaciers 
as thick debris cover insulates the ice. This results in more stable glacier terminus 
positions but thinning is also observed on debris-covered glaciers, e.g. with a mass 
loss of 0.32 m w.e. a-1 (1970–2007) for a central Himalayan region which comes 
close to rates found on debris-free glaciers (Bolch et al. 2011; Ragettli et al. 2016) 
(Kääb et al. 2012; Nuimura et al. 2011). The reasons are not yet fully understood, 
but are probably a combination of significant melt at ice cliffs and supraglacial lakes 
and changes in glacier flow. The limited knowledge of the key physical processes is 
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reflected in a poor integration of debris-covered glaciers in glacio-hydrological 
models applied (Schauwecker et al. 2015).

Snow is a key component of the hydrological cycle in the IHR, and like glaciers 
is highly sensitive to climatic changes, but yet responding to climate change on dif-
ferent spatial and temporal scales than glaciers. Assessment of changes in snow 
melt related runoff across the IHR is complex and in general is hampered by limited 
available in-situ data (Rohrer et al. 2013). In the lowlands, the contribution of snow 
and glacier melt to the major Indian rivers has been estimated to 5–45% of average 
flows, with a larger significance during dry months or low monsoon years (Barnett 
et  al. 2005; Immerzeel et  al. 2010; Xu et  al. 2009). Quantitative projections of 
downstream effects of changing water flow regimes in the headwaters are still rare 
but recent years have seen important research progress, indicating the importance of 
integrated cryo-hydrological models, and sustained uncertainties relating to future 
precipitation changes (Immerzeel et al. 2013; Moors et al. 2011). Some modeling 
studies found up to 20% decrease of melt from snow-dominated catchments but an 
initial increase of melt up to ca. 30% from strongly glacierized catchments for a 
scenarios of temperature increase of +1 to +3 °C (Singh and Bengtsson 2005). It is 
likely that ongoing climate change will significantly affect seasonal patterns of 
stream discharge.

The disappearance of mountain glaciers and expansion of large glacial lakes are 
amongst the most recognizable and dynamic impacts of climate warming in the 
alpine environment. In combination with altered stability of surrounding rock and 
ice walls, the potential threat from glacial lake outburst flooding (GLOF) is thus 
evolving over time (Haeberli et al. 2017). With residential, tourism, and particularly 
hydropower infrastructure expanding higher into alpine valleys, human demand on 
hydrological resources are intensifying, and conflicts over scarce, safe living space 
are increasing leading to higher exposure to risks (Zimmermann and Keiler 2015). 
There is a clear need for improved climate change adaptation planning by integrat-
ing GLOF risk reduction strategies (Haeberli et al. 2016; Khanal et al. 2015).

Glacial lake inventories with prioritization of detected lakes are important as 
they allow non-specialist local authorities to roughly identify lakes where more 
detailed and comprehensive studies should be directed (Ikeda et  al. 2016; Worni 
et al. 2013). An accurate and objective classification of glacial lakes is challenging 
but essential to maintain credibility towards stakeholders and local populations. 
Glacial lake inventories provide information on the distribution of mapped lakes, 
their size, type, dam characteristics and other factors that may be relevant for a haz-
ard assessment. Where possible, this knowledge can be supplemented with informa-
tion on past lake outburst disasters in a given region, to identify, for example, 
common triggering and outburst mechanisms, event timing and seasonal compo-
nents, and discharge characteristics (Vilímek et al. 2014).

Larger-scale coordinated national or trans-national efforts to map and assess the 
threat of Himalayan glacial lakes have primarily been led by the International Centre 
for Integrated Mountain Development (ICIMOD), see (Ives et al. 2010) for an over-
view. In total 8790 glacial lakes have been mapped across the Hindu-Kush 
Himalayan countries of Bhutan, China, Nepal, Pakistan, and India (excluding the 
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states of Arunachal Pradesh and Jammu and Kashmir) (Ives et al. 2010). The num-
ber and average size of lakes typically decreases from east to west across the region, 
and in the IHR, the greatest density of potentially dangerous lakes are located in 
Sikkim.

In the recent Indo-Swiss climate adaptation programme (Indian Himalayas 
Climate Adaptation programme, IHCAP) glacial lakes across Himachal Pradesh 
have been remapped, providing an important baseline against which future changes 
in GLOF hazard can be assessed, with 120 lakes being identified for 2013/2014 
(Allen et al. 2016b; IHCAP 2016) (Fig. 26.1). Research shows the high dynamic of 
lake formation and growth processes and the need for regular monitoring and pro-
spective modelling to anticipate future potentially hazardous conditions. It also 
indicated that methodologies must be repeatable, objective, and transferable across 
large spatial scales.

In terms of hazard assessments, an important investigation is the assessment of 
future landscape evolution and lake formation in deglaciating mountain ranges (Frey 
et al. 2010; Linsbauer et al. 2012). As the erosive power of glaciers can form numer-
ous and sometimes large closed topographic depressions, many overdeepenings are 
commonly found in formerly glaciated mountain ranges (Cook and Swift 2012). 
New lakes develop where such overdeepened areas become exposed and filled with 
water rather than sediments. The GIS-based model GlabTop was developed for esti-
mating ice-thickness distribution and bed topography across the Swiss Alps 
(Linsbauer et al. 2012) and an improved version (Glabtop2) has subsequently been 
applied for large scale modelling in the Himalaya, which resulted in an an estimated 
total ice volume of ~2955 km3 ± 30% and about 16,000 overdeepenings larger than 
104m2 (covering an area of ~2200  km2 and having a total volume of ~120  km3) 
detected in the modelled glacier-bed topographies of the entire Himalaya- Karakoram 
(Frey et al. 2014; Linsbauer et al. 2016). For Himachal Pradesh, the ~4000 modelled 
overdeepenings have been reduced down to 279 potential new lakes which are con-
sidered most likely to develop in the coming decades (approximately 10–50 years) 
(Allen et al. 2016b). Information on existing and potential future lakes forms the 
basis for assessing possible impacts, risks and opportunities related to such water 
bodies (e.g. hydropower, tourism, outburst hazards; cf. (Bajracharya and Mool 2009; 
Haeberli et al. 2016; Loriaux and Casassa 2013; Terrier et al. 2011).

Permafrost is recognised as an essential climate variable (ECV) by the World 
Meteorological Organisation, and is defined as any ground material that remains at 
or below 0  °C for at least two consecutive years. In response to global climate 
change, and the close coupling between atmospheric and ground temperatures, per-
mafrost is warming and thawing in many regions (Vaughan et al. 2013). The thaw-
ing of permafrost can have widespread impacts relating to destabilization of steep 
slopes, changes in sub-surface hydrology, and increased sediment load in rivers 
(Harris et al. 2009). As a consequence, permafrost thawing can imply surface sub-
sidence or differential creep affecting on-site infrastructure and thus tourism or ava-
lanche protection installations (Bommer et  al. 2010), slope failures from rock 
destabilization which can impact downstream areas and communities (Haeberli 
et al. 2017), or threatening residential areas, hydropower or transport infrastructure 
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Fig. 26.1 (a) Overview of new cryospheric baseline data established for Kullu district Himachal 
Pradesh under phase I of IHCAP. (b) Zoom in on area downstream of Manali, demonstrating how 
this new data provided the basis for a first-order assessment of risk from glacial lake outburst 
floods (GLOFs) under both current and future (deglaciated) conditions. These studies identified 
three situations and thereby opportunities for implementation of adaptation strategies (c). Firstly, 
locations currently threatened by GLOFs but where no emerging new threats are anticipated (1), 
secondly, locations where entirely new threats are anticipated to emerge (2), and thirdly, locations 
currently threatened by GLOFs where the threat is anticipated to increase in response to continued 
upstream deglaciation (3)
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by sediment flux (GAPHAZ 2017; Huggel et  al. 2012). Ice-rich permafrost as a 
source of water is poorly studied but recently efforts have been reinforced, and for 
the Nepalese Himalaya it has been found that rock glaciers store a water volume of 
16–25 billion m3, a factor of 9 less than the water stored in glacier ice (Jones et al. 
2018b). This has sparked a discussion whether water from rock glaciers could com-
pensate for the reduction in runoff due to shrinking glaciers (Jones et al. 2018a), 
however, it needs to be considered that water release from rock glaciers is much 
slower than from glacier ice.

However, determining the likely spatial extent of permafrost should be consid-
ered a fundamental component of any risk assessment across mountain regions. 
Because sub-surface temperatures are difficult and costly to measure directly, per-
mafrost distribution is commonly inferred from measured and modelled air and 
ground surface temperatures. In the Himalaya, however, little research has been 
conducted on permafrost to date.

ICIMOD initiated a first coordinated special project on permafrost to improve 
understanding of permafrost and related impacts in the region, initiated with a first 
scoping meeting with international experts in 2014, followed by a number of 
research and monitoring activities (icimod.org). The current best estimate of perma-
frost distribution across the HKH region is based on a coarse ~1  km resolution 
Global Permafrost Zonation Index (Gruber 2012) which generally agrees well with 
the distribution of mapped rock glaciers (providing a reasonable first order indicator 
of permafrost) (Jones et  al. 2018b; Schmid et  al. 2015). However, for impact- 
relevant studies related to permafrost, baseline information at a higher spatial reso-
lution is required, ideally driven by local climate data, and validated against in-situ 
measurements.

In a pioneering Indo-Swiss collaboration implemented under phase I of IHCAP, 
(Allen et al. 2016a) produced a first local map of estimated permafrost distribution 
in Kullu district (Himachal Pradesh), combining simple topographic and climatic 
principles, more sophisticated physically based modelling, and rock glacier map-
ping. Overall, 9% (420 km2) of the land area in Kullu district was classified as per-
mafrost terrain, with permafrost likely extending down as low as ~4200 m a.s.l in 
isolated instances. The Kullu pilot study thereby provided some preliminary under-
standing of the possible extent and relevance of permafrost in this area of the Indian 
Himalayas, while generating fruitful new scientific partnerships and discussions on 
novel concepts and methodologies (Fig. 26.1).

The assessment of hydrological risks (related both to high-flow and low-flow 
conditions) and opportunities (for economic sector-wise water use) are typically 
supported by hydrological models. A large number of models representing different 
complexity, concepts and application potential exists. For hydrological models to be 
tools to eventually support planning of water resource management and adaptation 
they need to capture the relevant topical, spatial and temporal scales. Climatic and 
hydrological observations are indispensable elements of hydrological models and 
assessments. In high-mountain regions, cryosphere related data are additional 
requirements.
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Several hydrological models have found widespread application in India, includ-
ing the Soil and Water Assessment Tool (SWAT), and many large river catchments 
in India were modelled with the purpose of quantifying the climate change impact 
on hydrology (Masood et al. 2015; Pandey et al. 2017). (Siderius et al. 2013), for 
instance, used SWAT to quantify the snowmelt contributions to discharges of 
Ganges river, and other hydrological models were used to model impacts of climate 
change on Brahmaputra and Ganges river systems (Masood et al. 2015).

26.3  Risks and adaptation

Climate change impacts the cryosphere in many ways as outlined above, but the 
most relevant societal effects are a consequence of impacts propagating further 
downstream such as in the form of hydrological change or hazards. (Huss et  al. 
2017) distinguished several levels, from the cryosphere to hydrological, ecological 
and societal effects (Fig. 26.2). All three components of the cryosphere, i.e. glaciers, 
snow and permafrost, are affected but their response to climate change occurs on 
different spatial and temporal scales. Furthermore, effects on and from different 

Fig. 26.2 Cascading impacts of climate change on the mountain cryosphere to societal effects and 
response. (Modified from Huss et al. 2017)
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cryosphere components can accumulate, such as from glaciers and permafrost that 
can have cumulative destabilization effects on slopes. Hydrological changes are a 
predominantly observed impact from cryosphere changes and can propagate over 
large distances downstream, affecting both aquatic and terrestrial ecosystems and 
economic sectors and livelihoods (Milner et al. 2017).

Disaster risk, however, is essentially socially constructed (von Wymann et  al. 
2017). Reducing disaster risk requires therefore an in-depth understanding of risks 
and their root-causes, as well as collaboration between science, policy and civil 
society (UNISDR [The United Nations Office for Disaster Risk Reduction] 2015). 
However, comprehensive, forward-looking and widely accepted risk assessments 
are still rare and highly demanding in view of the multiple perspectives that need to 
be considered. It is particularly crucial to appropriately take into account the per-
spective of most disadvantaged stakeholders and considering non-economic or non- 
monetary aspects of risk. In high-mountain and downstream regions such as the 
IHR, hydrological risks and opportunities play a fundamental role for sustainable 
development in line with the 2030 Agenda (United Nations Member States of UN 
2015). While water from snow, ice, lakes and precipitation provides an essential 
resource for sustaining lives and livelihoods and in mountain regions such as the 
Himalaya, hydrological risks, further influenced by climate and global changes, can 
also have a significant impact on mountain people and ecosystems (IPCC 2014). 
Large volumes of water cascading down steep mountain valleys can erode and 
transport sediment, cause or contribute to flooding and sedimentation problems, and 
resulting in negative impacts or devastation of downstream communities and land 
(Allen et al. 2016c; Ruiz-Villanueva et al. 2017). However, data scarcity in high 
mountain regions has tended to hinder any quantitative assessment of current and 
future risks as well as the development and implementation of adaptation strategies 
(McDowell et al. 2014; Salzmann et al. 2014).

The assessment of effects of climate change on natural and human systems has 
long been framed under a concept of vulnerability, which has traditionally been 
conceptualized as function of exposure, sensitivity and adaptive capacity (Parry 
2007). Over recent years, however, at the level of international climate science and 
policy, there has been a shift in the conceptualization of vulnerability with emer-
gence of ‘climate risk’ as a central concept, where risk is considered as the interac-
tion of vulnerability, exposure and hazard (IPCC 2014). Climate change is now 
recognized as a major challenge in managing risk that requires the differentiation of 
physical and societal drivers of this risk. Within this new conceptualization of risk, 
vulnerability is linked to the context and inherent conditions to which a society or 
system is exposed, while the changes in the climate system influence hazards and 
the trends of their characteristics. For example, high levels of poverty typically 
increase vulnerability because poor people have limited or no capacities to recover 
from disasters, or to effectively protect themselves. On the other hand, strong insti-
tutions are more likely to develop the structures to appropriately cope with disasters 
and adapt to impacts of climate change, thus featuring lower levels of vulnerability. 
This differentiation between hazards, exposure and vulnerability provides a sound 
basis for the development of adaptation strategies that need to consider both the 
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changes in frequency and magnitude of hazards due to climate change as well as 
societal dynamics that shape and determine the exposure and vulnerability of peo-
ple and social-ecological systems.

However, the assessment of risks is a complex and challenging task, especially if 
pursuing inclusive and integrative stakeholder processes and the co-production of 
knowledge. Technically, recent studies have applied index approaches to assess 
risks related to water resources and scarcity, primarily in regions with adequate data 
availability (Martin-Carrasco et al. 2013). Nonetheless, in regions with limited data 
availability, in particular those including high-mountain areas, comprehensive water 
resources risk studies have barely been developed (Reynard et al. 2014), and the 
latest IPCC concept of climate risk is yet to be applied in a broad, holistic and inte-
grated context. Risks can only be quantified (or at least reasonably categorized) if 
sensible risk metrics, categories or units are defined which can be estimated or cal-
culated, given that the necessary data are available. Data required includes exposure 
of assets, e.g. number of people exposed to floods, or anything that is assigned value 
by a stakeholder or a community. How vulnerability is assessed is a wide field of 
research. Often an indicator based approach is taken (e.g. (Allen et al. 2016b) for 
current and future GLOF hazards and risks in Himachal Pradesh), where vulnerabil-
ity is ‘operationalized’ along different dimensions, like poverty, social status, gen-
der, age, health, education, etc. However, care has to be taken in applying technical 
risk assessment for identifying local adaptation and risk reduction measures. Local 
people often perceive climate-related risks in a broader perspective of (daily) risks 
they are exposed to. They value risks related to extreme events (e.g. floods) often as 
less important than more frequent risks (e.g. access to water). To achieve effective 
adaptation it is therefore important that different local stakeholders and scientists 
identify and assess risks in a joint learning process, as we sketch subsequently in 
this paper.

26.4  Co-Production of Knowledge

Undoubtedly, in the context of climate change adaptation, science has an important 
role in generating and improving the knowledge that is useful and necessary to 
design adaptation strategies and measures. Science is thus operating in an applied 
context and needs to interact not only across a range of disciplines but also with a 
range of actors and stakeholders concerned with adaptation to climate change. 
However, how exactly science should interact and be part of the adaptation process 
is still an ongoing discussion. Transdisciplinary research has generated evidence of 
knowledge production processes in environmental fields (Moser and Ekstrom 2010; 
Paavola 2008; Pohl et al. 2010). Essentially, the question is how a knowledge pro-
duction process should be framed to facilitate and better inform adaptation pro-
cesses. In contrast to earlier models or practice, it is commonly agreed that it is more 
effective if knowledge is produced in a joint process between different actors 
(including science), rather than knowledge being commissioned by policy (policy 
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pull model), or pushed by science with limited applicability to the solution of prob-
lems (science push or loading dock model) (Cash et al. 2006; Hegger et al. 2012). 
In the IHR and India in general, previous experiences related to science- policy/
practice processes are available and it is important to adequately consider them.

The IHCAP has generated and facilitated a substantial number of opportunities 
and points of interactions between science, policy, and society. A series of stake-
holder consultations were undertaken under the Programme to effectively under-
stand and record communities’ voices, with regard to their perception of climate 
change and its impacts on water, food production and security, livelihood and health. 
Furthermore, IHCAP tried to analyze people’s adaptation techniques and approaches, 
their risk coping mechanisms with risks, the challenges they face on a daily basis, 
their altering lifestyles, the impact on their future livelihoods, their uncertainties 
over being faced with situations beyond their coping capacities, their insecurities as 
a result of poverty and illiteracy, and their vulnerability to natural hazards and their 
fear of the unknown. The consultations were held across central and eastern 
Himalayas at three locations (Shimla, Almora and Gangtok) and were attended by 
professionals from different walks of life, all striving towards the same goal – sus-
tainable mountain development. Besides, in order to identify the climate change 
adaptation priorities and knowledge need of different sectors, consultations were 
also held with government line departments at district and lower levels; and a range 
of programmes for their capacity building and knowledge transfer were organized 
in Himachal Pradesh, Uttarakhand and Sikkim.

Further experiences have previously been generated by other projects such as 
HighNoon, a collaboration between several scientific institutions in India and 
Europe, which enabled stakeholder processes for the purpose of developing adapta-
tion strategies on integrated management of water resources in India (Moors et al. 
2011) (Fig. 26.3).

In another fruitful example of international collaboration aiming to identify sci-
ence and policy gaps in climate change adaptation, a range of stakeholders, particu-
larly representatives of local grassroot institutions (Village Panchayats, Forest 
Panchayats, Mahila Mangal Dals and other local institutions), officials of  government 

Fig. 26.3 Stakeholder workshops held in Kullu, Himachal Pradesh, on jointly defining climate 
adaptation strategies and actions as promoted in the IIHCAP (ihcap.in)
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departments, local political representatives, NGOs, CSOs, private sectors, and sci-
entists have been brought around the table through several workshops organized in 
Nainital District of Uttarakhand by the Kumaun University in collaboration with the 
Australian National University, Australia. Similarly, local communities, grassroot 
institutions and policy planners were involved in the generation of climate data, 
their dissemination and monitoring at village level in Kumaon Himalaya under the 
UK India Education and Research Initiative (UKIERI) being implemented by 
Kumaun University, Nainital and Newcastle University, UK.  Furthermore, the 
recently established Uttarakhand State Centre for Climate Change (SCCC) tries to 
involve scientists, sectoral agencies and local communities in evolving a framework 
for climate change adaptation mainstreaming in Uttarakhand State.

These initiatives also need to be attentive to the many local efforts of autono-
mous adaptation that can be found and occasionally are documented in the 
IHR. Autonomous adaptation occurs without formal adaptation plans, strategies or 
policies, typically at the local community level. A prominent example for this type 
of adaptation in the IHR are the artificial ice reservoirs constructed in the Ladakh 
region that provide meltwater during critical low-flow periods of the year (Nüsser 
et al. 2018).

26.5  Scenarios for Informing Adaptation Options

In recent years, the recognition has increased that forward-looking adaptation 
schemes leading towards sustainable development need to consider not only conse-
quences of climate change but also, most importantly, socio-economic changes 
(IPCC 2014; Kriegler et al. 2012). This is especially crucial in a dynamic context 
such as the IHR where economic, socio-cultural, demographic, institutional, and 
environmental factors interact in a complex way and shape the regional develop-
ment. Resulting changes for example in people’s livelihoods, land-use patterns, eco-
nomic structure, urban development are dynamic, context-specific and inherently 
uncertain, and eventually affect people’s exposure to hazards and vulnerability 
depending on their assets and capabilities in an unequal way (Olsson et al. 2014). In 
the context of climate change research, integrative scenarios have recently been 
applied to better understand future trends (O’Neill et al. 2014). Scenarios describe 
how a system might unfold in future and are not an exact prediction of the future 
state. However, the development of plausible and consistent scenarios is not straight-
forward due to the inherent uncertainty and context-specific characteristics of devel-
opment trends. Different scenario approaches and techniques have been developed 
that aim at different functions (Birkmann et al. 2015; Börjeson et al. 2006): analyz-
ing how different factors influence future development (analytical), systematically 
reflecting and discussing trends (explorative), or defining desirable future states 
(normative). Their overall purpose typically is to support policy and decision- 
making anticipating future developments and thus allowing for effective adaptation 
measures, support to policy-making with a view to reduce risk and strengthen 
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resilience. For elaboration of future scenarios a joint knowledge production process 
is particularly important, especially in data-scarce regions such as mountains, and 
can involve the identification of the main drivers of social and economic change, the 
joint development of storylines and eventually the analysis of quantitative scenarios 
(Valdivia et al. 2010). Such participatory processes in fact enhance the understand-
ing of the complex dynamics influencing future socio-economic conditions and 
allow for policy-making towards effective adaptation and sustainable development 
(Malek and Boerboom 2015; Muccione et al. 2016; Reynard et al. 2014; Schneider 
and Rist 2014; Wiek et al. 2006). One of the most recent experiences in this respect 
comes from the Hindu Kush Himalayan Monitoring and Assessment Programme 
(HIMAP), an initiative, coordinated by ICIMOD, across the eight countries of the 
region (Afghanistan, Bangladesh, Bhutan, China, India, Myanmar, Nepal, Pakistan). 
Socio-economic scenarios have been designed and developed based on a participa-
tive stakeholder consultation process which increases the acceptance of the result-
ing scenarios and their possible up-take in policy processes. As a result of this 
process, three different scenarios were developed for the region, namely a ‘Downhill’ 
scenario which reflects conditions of strong climate change and a socially, economi-
cally and politically unstable region with strong ecosystem degradation; a ‘Muddling 
through’ scenario with medium instability conditions combined with strong climate 
change; and a ‘Prosperous’ scenario representing conditions of weak climate change 
with a region of social, economic and political stability (hi-map.org).

26.6  An Integrative Approach to Risks and Adaptation

Above we have outlined and reviewed the cryosphere change in the IHR, its impacts 
on natural and human systems and related risks. Impacts and risks are manifold and 
broadly scale with the magnitude and to some extent with rate of current and future 
climate change. The assessment of risks needs to be done in a comprehensive way, 
involving diverse perspectives of people, communities and institutions affected.

Adaptation is a response to reduce negative impacts of climate change but highly 
challenging as it involves multiple stakeholders and requires science to transcend 
across disciplines and multiple stakeholders. Over the past years, experience in cli-
mate change adaptation has been greatly enriched and understanding advanced but 
reconciling interests and expectations of multiple stakeholders remains a major 
challenge in practice. We have furthermore seen that a joint knowledge production 
process can be a feasible approach to address the adaptation challenge. However, 
comprehensive risk assessments, coupled with joint knowledge processes to design 
and implement adaptation have still rarely been achieved so far.

Here we sketch a research design that could be suitable to accommodate an inte-
grative joint research process, centering on water related risks in the IHR (Fig. 26.4), 
specifically on those influenced by changing water supply and demand. Evidence 
from practical experience and theoretical consideration suggests that an initial phase 
of scoping and framing with stakeholders is a key element of a successful 
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 science- practice- policy process in climate impacts, risks and adaptation projects. 
Accordingly, component A in Fig. 26.4 ensures this necessary and critical interac-
tion of scientists with policy makers and civil society groups, a knowledge co- 
production process defining the context, risks, metrics or categories coherent with 
perspectives of stakeholders from government, different social groups, and sectors. 
This phase and process may take a substantial amount of time, possibly more than 
a year, depending on how the social and political context in the respective region is. 
This long duration of the process may represent a major challenge, or even barrier, 
to the successful realization of adaptation because governments, donors or investors 
favor solutions that bring results over shorter periods of time. Experiences, however, 
show that if perspectives and interests cannot be sufficiently be brought in agree-
ment, or reconciled, the success of any further action and implementation is strongly 
questioned. Component B of the process would represent a more typical scientific 
process involving analysis of (instrumental) observations and running a number of 
climate, cryosphere and hydrology models to determine the different aspects of 

Fig. 26.4 Conceptual sketch of an integrated approach to hydrological risks and adaptation in the 
context of climatic and socio-economic changes (see text for explanation)
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water supply. On the other hand, the investigation of current and future water 
demand (component C), is an equally important element, yet typically done much 
less rigorous than the supply side although in many contexts, such as where agricul-
ture plays an important role, water demand is a fundamental driver of water risks.

As mentioned above the integrative development of climate and socio-economic 
scenarios is crucial for assessing future risks and identifying adaptation options 
(component D). While projections and scenarios based on climate models are the 
realm of science it is crucial that the determinants of the scenarios are defined in a 
process involving stakeholders, e.g. to agree on emission scenarios to be consid-
ered, time horizons etc. Development of socio-economic scenarios is best done in a 
joint knowledge production process as described above; these scenarios typically 
determine largely the possible development of water demand. In a next step (com-
ponent E), the results of the water supply and demand and the respective scenarios 
are integrated at a watershed level. Hydrological models that are capable to simulate 
water supply and demand at appropriate spatial scales are to be applied or adjusted, 
with the key hydrological dimensions and units defined in a joint knowledge sharing 
process.

The risk assessment follows the concept of risk being a function of climate- 
related hazards, and the exposure and vulnerability of people and assets (component 
F). Again it is crucial that the metrics, units or categories of risk are previously 
defined in a scoping and framing process (component A), taking into account that 
the risk is eventually subject of how people and institutions value things, rather than 
scientists technically assess the risks on their own. Finally, component G contrib-
utes to the joint elaboration of adaptation and risk management. Importantly, as 
Fig. 26.4 indicates, the process is a cycle which does not necessarily end with com-
ponent G but would rather go in a loop up again through the different components. 
This is especially relevant a new knowledge and information becomes available 
through time which implies further refinement or changes to adaptation strategies 
and actions. The logic of the whole process is that a joint knowledge process with a 
sufficiently solid scoping and framing phase greatly facilitates designing, agreeing 
on and implementing adaptation and risk management.

Although presented here in the context of the IHR the proposed approach bares 
relevance beyond this regional context, and corresponding experiences were made 
in other mountain regions worldwide such in the Andes, or in the European Alps. 
However, while the overall approach may be robust against different backgrounds it 
is important to emphasize that the environmental, social, cultural, economic and 
political context is a decisive determinant in how the process and methodological 
steps are defined and carried out.
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