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It is a well-known fact and an accepted reality that the existing water
resources are under constant threat due to various reasons like deforestation,
loss of biodiversity, expansion of agriculture and settlement,
over-exploitation of natural resources, habitat loss and fragmentation, con-
struction of roads, large dams, unplanned tourism, etc. Though the Hima-
layan and other mountain chains and the coastal ecosystems have immense
ecological, socioeconomic and aesthetic significance to the earth planet as
they provide a wide range of ecosystem-based services to the living species,
the Himalayan mountains, being young and geotectonically active, remains
inherently unstable, fragile and prone to natural disasters. Further, the climate
change is likely to impact the Himalayan cryosphere drastically. Therefore,
water becomes an issue of concern and a topic of front-line research for
scientists, globally.

In order to address these issues and find viable solutions to ensure life on
this planet, the space-borne remote sensing, with its ability to provide syn-
optic and repetitive coverage, has emerged as a powerful tool for the precise
assessment and monitoring of existing water resources. I am extremely happy
to learn that a very young and vibrant member of the faculty of my insti-
tution, Dr. Ajay Kumar Taloor, has taken up the responsibility to edit a book
covering topics on water, cryosphere and climate change in the Himalayas.

I am sure that the topics included in this book shall have adequate impact
on the readers and that many will find these topics as thought-provoking.
I believe that the book is likely to be a valuable asset to the research com-
munity on development and planning management for water and climate
change in the Himalayas and shall also serve as a useful reference manual for
further work in this ever-significant area of research. Wishing the editors all
the best for such an academic endeavour.

Jammu, India Prof. Rajni Kant
March 25, 2021 Dean Faculty of Science
University of Jammu, Jammu



Water, cryosphere and climate change are linked with each other, each
component being vital for human beings. Water is considered as nectar for
life on earth and considered as most precious natural resources on Earth
surface. Out of 70% of water on earth, only 3% of drinking water is available,
2% potable and 2 % ice. We restore only 6% of rain water and our lives have
disconnected from water. Population explosion and urbanization everywhere
have created water problems in recent years. Today, half a billion people in
the world face severe water scarcity all year round. It is affecting every
continent and was listed in 2019 by the World Economic Forum as one of the
largest global risks over the next decade. A serious concern is that water is
expected to become increasingly insufficient considerably due to the climate
change. Further, the blasting, bombing, explosions and testing of nuclear
weapons sufficiently add to the loss of atmospheric environment and a
number of such human exercises are indeed the fundamental reason for
polluting environment as a whole. The impoverished environment causes
health hazards to the life on planet earth and that is likely to continue in
future. Therefore, there is a need to address a framework for the assessment
of water budget, extraction of water from cryosphere under the climate
change and overall impacts on civilization, social set-up and health. In the
absence of appropriate water usage, management of water, proper augmen-
tation of water, methods of reusing water, water-related social culture and
reverence for water, any kind of development is unthinkable.

The cryosphere, especially in the Polar Regions, is very sensitive to
changes in global climate. Therefore, understanding how and why the
cryosphere changes over time in response to both natural and human influ-
ences is important for forecasting future scenario on our planet. Researchers
exercise snow and ice as climate indicators by monitoring trends in the
cryosphere over time. Examples of such indicators include how many square
kilometres of the ocean are covered by Arctic Sea Ice (sea ice extent), the
balance between snow accumulation and melting in glaciers (glacial mass
balance), and the amount of land covered by snow. The key issues currently
being addressed by most researchers are (1) mechanisms of various kinds of
glaciers with respect to climate change and the scale-conversion in water
resources assessments, (2) water modelling and heat exchanges between
frozen soil and undergrowth and (3) parameterization of physical practices in
cryosphere as well as coupling with climate models. Climate change is also
likely to impact the Himalayan cryosphere drastically. Space-borne remote
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sensing with its ability to provide synoptic and repetitive coverage has
emerged as a powerful tool for assessment and monitoring of these resources.
Researchers in this region are extensively studying the nature and conse-
quences of water resources over the last several decades.

The need of the hour is considerable size of outlay on education, skill
development and awareness at grass root level to fight against the threats of
climatic change, pressure on future water accessibility and overall environ-
mental breakdown. Advanced technology is equally important to maintain a
healthy and productive global biosphere, particularly continental and oceanic
biomass. Although nature had its own cycle throughout the geological his-
tory, humans have misbalanced it by fast and unplanned urbanization,
industrialization and agricultural intensification causing soil, water, air and
sound pollutions. Important is that we reduce our overall consumption of
resources, recycle what we can and whenever we can, and reuse all the
resources and materials that we possibly can.

This book presents the scientific foundation for integrated water, cryo-
sphere and glacier resources and resulting climate change in the light of
depletion of natural resources and human sources of environmental deteri-
oration. It contains 20 papers, contributed be eminent scholars and
researchers focussing mainly on geospatial approach to assess the future
scenario of water—cryosphere—climate change relationship in various regions.
Among some extremely significant contributions, Tiwari et al. have dis-
cussed application of geospatial techniques for monitoring the cryospheric
elements of glacier system in Indian Himalayan Region, while Siva Shankar
et al. have forecasted snow melt runoff with input from remote sensing
technique. By using remote sensing techniques, Thakur et al. have tried to
map snow cover and glaciers. Mir et al. have presented their work on the
Ladakh Himalaya, whereas Singh et al. have analysed snow dynamics in
Beas Basin by employing Combined Terra-Aqua MODIS Improved Snow
Product and In-Situ Data during twenty-first century. Rawat et al. have
assessed snow cover and land surface temperature of Mana Basin using
MODIS satellite data. Taloor et al. have tried to monitor the seasonal ground
water fluctuations using GRACE satellite technology. Kannaujiya et al. have
made an assessment of groundwater storage using effective downscaling
GRACE Data in some of the water-stressed regions of India. Furthermore,
Prakasam et al. have delineated the groundwater potential recharge zones by
applying the remote sensing and GIS techniques.

We firmly believe that the book chapters will be extremely useful as a
reference material to those interested in geospatial approaches, modelling and
planning management for water and climate change particularly in the
Himalayas.

The editors are thankful to the contributing authors from various
universities/research institutions. We also thank Springer Nature for accepting
our proposal to publish this book and also express our gratitude to
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Ms. Carmen Spelbos, Project Coordinator, Book Production Springer Nature,
Ms. Juliana Pitanguy, Publishing Editor and Mr. Ambrose Berkumans for their
assistance and coordination throughout the entire publication process.
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Abstract ment in the field of the remote sensing and
geospatial technology has emerged as a
promising tool for glacier study. The Remote
Sensing (RS) data products ranging from
multispectral satellite imagery including opti-
cal and Infrared EMR data; techniques of

The Himalayan region consists of a number of
glaciers, many of which are yet to be
explored. Glaciers are the important cryo-
sphere feature and are the source of major

rivers of the Indian Himalayan Region . . h dar d )
IHR) that drains the plains of the Indian active remote sensing such as radar datasets;
( ) plains high spatial resolution Digital Elevation/

subct;lntlnent df;;l)vn the strfiSFlr} m(?stly thflough- Surface Models (DEM/DSMs), etc. have
out the year. The accesst thity 15sues ue.to made it possible to study the dynamics of
remoteness of location, high elevation and risk . . . .
ivolved in th dv of elaciers th h field the glacier over the period of time without the
involved in the stu yote aciers through fie manual field survey. Studies conducted by
survey have not motivated much to explore - .
. . scientists, researchers and experts using the

the unexplored regions of IHR in context to . .

. . geospatial technique have proved the results to
glacier studies. However, the recent advance- b . . .

e very promising. During the ablation sea-
son, the glacier dynamics becomes important
to analyse as it reflects overall the precipita-
tion pattern and trend of temperature during
the season. The chapter is about to discuss the
application of geospatial technique using the
RS data and in situ observations to study the

A. Tiwari (X)) - K. Kumar
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G.B. Pant, National Institute of Himalayan parameters of glaciers such as mass balance,
Environment & Sustainable Development, retreat rate, velocity, snow cover and ELA
Almora, India 4 ) over the mid-Himalayan glacier named as
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K. Kumar Darma valley in Dhauliganga Basin of Pithor-
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1.1 Introduction

The Himalayas are the youngest mountain chain
of the world and the highest snow peaks of the
world lie in this region. The Himalayas hold the
largest snow and ice cover area in the world
outside the polar regions. The Himalayan region
is referred to as the third pole (Schild 2008) and
the water tower of Asia (Xu et al. 2009; Taloor
et al. 2019; Singh et al. 2020; Sood et al. 2020).
The Himalayan range encompasses about 15,000
glaciers, which store about 12000 km? of fresh-
water (Fourth assessment of climate change).
The greater and middle Himalayas also known as
the Himadri and Himachal respectively are the
home to numerous glaciers, most of which yet
could not be studied to date due to the issues of
accessibility, connectivity and vast remoteness.
However, it has become really essential to study
the cryosphere elements of the Indian Himalayan
region which is the source of major rivers of the
subcontinent including the Ganga, the Yamuna
and other important rivers which ultimately feed
to larger river and population lives in the
downstream region. Himalayan glaciers supply
meltwater for ~800 million people, including
for agricultural, domestic, and hydropower use
(Pritchard 2017; Singh et al. 2017; Khan et al.
2020; Haque et al. 2020; Sarkar et al. 2020
Kumar et al. 2020) and affect their lives and
livelihoods. Not limited only to humans, the
water stored in the form of ice in the glacier also
caters to the demands of wildlife, forests, irriga-
tion, etc. The cryospheric elements are very
sensitive to the climatic parameters and their
dynamics study may indicate the trends of cli-
mate change. The snowfed mountains of IHR
receive precipitation mainly in the form of
snowfall throughout the year but mainly during

the monsoon season. Over the successive
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snowfall, the snow layers are formed which
under the pressure of top layers is converted to
ice masses. Under the action of gravity, these
masses slowly move down the valley and these
moving ice masses along the valley are termed as
glaciers.

The point of termination of glaciers is known
as snout after which the valley is mainly drained
further by water resulted from the melting ice.
The location and ice mass thickness of the snout
mainly depends on the climatic variability such
as temperature pattern, precipitation trends over
the accumulation zone. The two commonly used
terms to understand the behaviour of glaciers are
advancing and retreating. But over the year if
there are consecutive trends of either advancing
or retreating, it may be the indicator to interpret
the changing climate scenario of the region.

1.2 Some Major Elements of Glacier
Study

1.2.1 Snout Monitoring and Velocity

Measurement

The elevation of snout of a glacier may vary and
may be located at an elevation as low as 3470 m
(Chipa Glacier, Uttarakhand) and as high as
5000 m for Khangri Glacier (Bisht et al. 2018)
(Fig. 1.1a), Tawang Valley of Arunachal Pradesh
(in situ observation under the combined study by
ISRO—SAC Ahmedabad and G.B. pant
National Institute of Himalayan Environment and
Sustainable Development under the project
“Integrated Study of Himalayan Cryosphere”) .
The top of the snout (Glacier terminus) may be
monitored using the high-resolution satellite data
or in situ observation through the kinematic
DGPS survey along the width of the snout to
ensure the accuracy at sub-centimetre level.
However, GPS observation may induce an
accuracy bias up to 5 m.

The velocity of the glacier for a particular
location depends on the thickness of ice masses
of the glacier. The more the thickness is the more
will be the velocity due to larger mass (F = m*a
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Fig. 1.1 a Showing the snout of glacier and b showing the glacial lake (Source Authors)

or w = m*g), where ‘F’ is force, ‘m’ is the mass,
‘a’ and ‘g’ are the acceleration due to gravity and
‘w’ is weight. Keeping the ‘g’ constant force
(gravitational) is directly proportional to mass.

In situ observation requires the installation of
stakes which must be drilled inside the ice mas-
ses nearly 1 m to 2 m. The location of these
stakes is required to be monitored temporally
preferably using DGPS and over a period of time
the velocity may be calculated. On other hand,
the freely available tools facilitate the velocity
measurement using the SAR (Synthetic Aperture
Radar) data in combination with the digital ele-
vation model over a period of time.

1.2.2 Glacial Lake

The melting water or precipitation runoff along
the glacier surface sometimes accumulates the
water over the glacier surface or down the snout
dammed by the moraines and features the glacial
lakes (Fig. 1.1b). The area of these lakes can
vary from small to large depending on the
topography of the surrounding region. Moreover,
the volume of water stored exerts heavy pressure
on the boundaries, especially along the dammed
moraines. When the potential energy of the
stored water exceeds the tolerance capacity of the
moraine dam, the lake is burst suddenly and
results in Glacial Lake Outburst Flood (GLOF).
GLOF results in havoc downstream and is
responsible for the disaster of flash floods in the
down valleys. Kedarnath disaster of 2013 was

mainly due to the outburst of a glacial lake of
Chorabari glacier.

1.2.3 Mass Balance

The term mass balance means net gain and loss
of ice from the glacier system for a given period
of time. A glacier system thus for any point of
time may be thought of as the product of how
much mass it receives and how much it loses by
melting. If the gain in ice mass is more than the
loss due to melting, the glacier will advance and
on the contrary, it will recede. If gain and loss are
equal the glacier is said to be in the equilibrium
state. The differencing between gaining and
reducing mass denotes mass balance which can
be measured either on a seasonal basis or annual.
Snow pits and probing methods are used to
directly measure accumulation for the glacier
whereas stakes are installed to measure the sur-
face ablation.

Geodetic measurements of glacier thickness
change incorporate two dominant terms, surface
mass balance and the vertical component of ice
flow, necessitating consideration of flux diver-
gence. Conservation of mass at a point on the
surface of a glacier can be stated as

h:hv.a
p

where h is the rate of thickness change, b is the
specific surface mass balance rate, p is density,



V.Q is a flux divergence term (Rasmussen and
Krimmel 1999; Cuffey and Paterson 2010).

Stakes are installed into the glacier surface
and its co-ordinates including the elevation are
regularly acquired preferable using the DGPS to
measure the rate of vertical thinning in the
ablation zone. Whereas the pits in the accumu-
lation zone give the rate of thickening (accumu-
lation) in the accumulation zone of the glacier.

Geospatial method can also be employed for
the mass balance studies where the DEM datasets
of two different time periods are analysed for the
change in surface elevation values within the
glacier boundary. The change in volume can be
interpreted for net gain or loss of the ice from the
Glacier system over a period of time. The
detailed approach is explained later in the
chapter.

1.2.4 Accumulation Zone

The accumulation zone of the glacier receives the
precipitation in the form of snowfall. It is inter-
esting to note that precipitation in the form of
water is regarded as a loss and does not con-
tribute to the accumulation. It can contribute to
the accumulation only if the water is percolated
and collected down the ice masses or crevasses
and refreezes due to lower temperature.

1.2.5 Ablation Zone

The ablation zone of the glacier is responsible for
losing the mass of the system in the form of
melting. The glacier system losses the mass in
the form of meltwater, surface meltwater runoff,
sublimation, separation of chunks of ice in case
of greater slopes, etc.

1.2.6 Accumulation Area Ratio (AAR)

Accumulation Area Ratio (AAR) is associated
with the positioning of ELA at the end of abla-
tion season of the year, above the ELA the
accumulation zone of the glacier lies. The ratio
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between the area of accumulation zone and the
total area of the glacier surface is known as AAR.
To measure the contribution of accumulated area
over the total glacier area, AAR is calculated as

AAR:S—A
T

where S, refers to the surface accumulation area
and St is whole surface area of the glacier.

1.2.7 Equilibrium Line Altitude (ELA)

Equilibrium Line Altitude (ELA) is the lowest
elevation where the net of accumulation and
ablation is zero, above ELA there is accumula-
tion throughout the year and below this elevation
ablation is more than the accumulation. ELA can
be estimated using the temporal datasets
throughout the year. It may be noted that the
frequency of RS based observation may be
increased especially during the ablation season.
The worst-case scenario depicting the least snow
cover for the season is to be considered for ELA
estimation. Moreover, the multispectral dataset
mainly having the bands of green and SWIR
(Short wave Infrared) may be utilized to derive
the Normalized Difference Snow Index (NDSI)
that can be thresholded to derive the snow cover
mapping over the satellite imagery. The better
the resolution the better would be the accuracy of
the estimation.

1.2.8 Debris-Covered and Debris-Free
Glaciers

The glacier system may be debris-covered and
debris free (Fig. 1.2a). A Debris-Covered Glacier
(DCGs) is a glacier where part of the ablation
zone has a continuous cover of supraglacial
debris across its full width (Kirkbride 2011).
However, it may not be necessary that all the
DCGs have continuous cover across the full
width but it may be stated that debris is present
over the large portion of width in a continuous
manner. Approximately, 23% of all glaciers
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Fig. 1.2 a Showing the debris-covered glacier b showing debris-free glacier (Source Authors)

across the Himalaya Karakoram range are debris-
covered glacier (Scherler et al. 2011). This debris
may be supplied to the glacier in one or more
ways through avalanching, rockfalls, vertical
thinning of the glacier, glacier movement cause
scrapping of valley walls and small landslides
onto the glacier surface (Bisht et al. 2020).
Debris over the glacier plays very complex role
in the dynamics of glacier especially with respect
to water melt. This debris insulates the glacier
surface beneath it and mostly it has been
observed that the debris-covered glacier responds
in case of negative mass balance over a period of
time in form of thinning rather than the retreat of
the snout. Such a type of glacier retreat is com-
mon in the glacier which is normally located on
lower elevations. The Kangri glacier of Aruna-
chal Pradesh which is located between 4900 m
and 6300 m is debris-free glacier (Fig. 1.2b).
The meltwater of the glacier system near the
snout may be studied further to calculate its
chemical composition to understand the miner-
alogy of the underlying geological features.

1.3 Methodology

A variety of remote sensing data products are
freely and commercially available that may be
utilized to study the above-mentioned compo-
nents of glacier system. The optical remote
sensing data includes the spectral resolution of
visible spectrum in the range of 0.45 pm-—
0.69 um at varying spatial resolution 30 m
(Landsat series datasets) 10 m (sentinel series

datasets), LISS IV 5.8 m, etc. It is important to
highlight that the Short Wave Infrared (SWIR)
band may be utilized (sentinel band 12 at
1610 nm). The SWIR may be customized with
the Green band to yield the normalized difference
snow index (NDSI).

Active remote sensing datasets such as SAR
are also available that may be utilized in the study
of glacier system. Normally in the active remote
sensing technique, the sensor illuminates the
objects of interest using its own source of EMR
(Microwave) and receiver. The advantage is that
such EMR has higher wavelengths than the opti-
cal EMR which facilitates higher penetration
power. The SAR data such as RISAT, Sentinel 1
(C Band), therefore, can give the surface feature
even in presence of clouds and also can yield
subsurface information up to some extent.

It is very important to understand the topog-
raphy of the glacier system in order to better
understand the elevation profile, slope, aspect,
etc. Using the stereo pairs of the optical data such
as the Cartosat-1 having 2.5 m spatial resolution,
the Digital Elevation Model (DEM) of the area
can be generated at 10 m (Carto DEM). Other
freely available DEM are ASTER and SRTM
(Shuttle Radar Topography Mission for 2000) at
30 m and ALOS-PALSAR at 12.5 m for 2008.

1.3.1 Preparation of Base Map

Toposheets survey records the historical blue-
print of topography at mainly three different
scales that is 25 k scale, 50 k and 250 K. Such
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survey sheets may be utilized to demarcate the
glacier boundary and the contour line which may
be utilized to digitally generate the DEM profile.
This information can be used to draw the crucial
findings for the trend analysis of the glacier
system over the period of time. Survey of India
records the information of Chipa glacier for
1961, 1979 and 1986. The base map has been
prepared using the SOI toposheet of 1961 at
1:50000 scale.

1.3.2 Image Preprocessing

The satellite data should be free from any
inherent errors that are caused due to sensor
alignment with respect to earth surface, relative
motion between earth and the satellite, atmo-

spheric noises and mainly due to two-
dimensional representations against actual
three-dimensional existences. Therefore, the

process of orthorectification, image correction
and enhancement is adopted which helps in
removing the effects of tilt inherent in the

Fig. 1.3 Impact of
topography in the image
(Source Authors)

imagery and the relief (terrain effect) of the earth
surface (Fig. 1.3). For orthorectification mainly
two inputs are involved.

e An imagery having accurate sensor geometry.

e A Digital Elevation Model such as SRTM,
Carto DEM, ALOS-PALSAR, etc. with lesser
Root Mean Square (RMS) error. The better
DEM resolution provides more accurate
orthorectification.

The resulted orthorectified image yields the
planimetrically corrected image having a con-
stant scale in which the features are represented
in ‘true geometry’. Orthorectification becomes
very essential when the terrain is undulating as
that of mountains (IHR). Therefore, for the study
of the cryosphere in IHR using the RS data,
orthorectified/orthocorrected images yield much
better calculations for distance, angles and areas.

In the raw satellite dataset, the image might
have radiometric, geometric and atmospheric
errors. These errors are required to be addressed
through the process known as image correction.
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(a) Radiometric error: The satellite data is in
raster format where the sensors store the
Digital number (DN) values against the
reflected brightness from the source. But
sometimes all the grids of the sensors may
not store the DN value due to which the
image rendered is inaccurate by the sensors.
Few of its pixels are either heavily illumi-
nated (maximum DN value) or is completely
black (Zero DN value). The errors are raised
due to the failure of particular grids of sen-
sors as shown in Fig. 1.4a.

To correct the imagery from radiometric
errors, radiometric corrections are incorporated
where the DNs are converted to radiance value
which is further converted to the Top of Atmo-
spheric (TOA) reflectance (requires additional
information such as Solar zenith angle and
exoatmospheric irradiance). Further, using the
TOA, surface reflectance values may be calcu-
lated. TOA reflectance is given by

,0/1 — Mchal + Ap
cos(fsz)
where pA is TOA reflectance; M,, band-specific
multiplicative rescaling factor from the metadata;
Q.al is quantized and calibrated standard product
DN values; A, is band-specific additive rescaling
factor from the metadata; Ogz is local solar zenith
angle. The corrected image may be thus obtained
as shown in Fig. 1.4b.
(b) Geometric error: Satellite imagery suffers
from the error due to the relative position of
location between satellite sensor and the earth

surface, speed of satellite, unstable sensor
platform, irregular topographic feature and
viewing path of sensors. These errors are
termed as geometric errors. These errors affect
the actual shape of the objects of interest as
captured in the imagery and the edges are
skewed and the angles are distorted. Any
mathematical calculation such as area and the
perimeter is not accurate. This also impacts
the location of pixel coordinates (X, y) over
the imagery against the real-world position.

Geometric correction is performed to address
the image to render them error free or to mini-
mize the effect of error. These errors are cor-
rected using the technique of spatial adjustment
where ground control points are utilized to co-
register and geometrically adjust the features of
the imagery.

(c) Atmospheric error: The atmosphere layers
have the impact of refraction, scattering,
absorption, etc. Also, there are small parti-
cles, air pollutants and aerosols that are
suspended along the layers of atmosphere.
These atmospheric noises make the imagery
hazy based on the degree of concentration of
these agents of atmospheric errors. This
reduces the visibility of earth surface by the
sensor and the true reflectance value of the
object of interest is not recorded shown in
Fig. 1.4c.

Atmospheric corrections may be performed
where the true reflectance value of the object is
predetermined and a correction factor is required
to be adopted which normalizes the complete

Fig. 1.4 Image errors and corrections a Radiometric error (Source LISS II) b Radiometric error corrected
¢ Atmospheric error (Source LISS 1V) d Atmospheric error Corrected (SourceLISS 1V)



image to nearly the true reflectance value. The
corrected image is highlighted in Fig. 1.4d.

In order to make the imagery sharper for
visual interpretation, image enhancement meth-
ods are applied over the satellite imagery such as
contrast stretching, level slicing, histogram
equalization, etc. All these methods make the
input RS data fit, optimum, and precise for visual
interpretation and mathematical calculations.

1.3.3 Image Classification
Image classification is one of the most important
geospatial operations in which the input satellite
data is classified based on the training samples of
different features to be provided to the algorithm
(supervised classification), defining the number
of different spectral classes in which the imagery
is to be synthesized followed by the assignment
to most appropriate feature class (unsupervised
classification) or segmenting the pixels into the
objects that are the set of homogeneously similar
pixels which is again assigned to its most
appropriate class (object-based classification).
Most suitable from the above-mentioned
techniques may be adopted to extract the snow
cover area out of the glacier region. As men-
tioned earlier, indexes like NDSI, NDVI (vege-
tation index) may be used effectively to extract
out the snow and vegetation feature, respectively,
from the imagery.

1.3.4 Accuracy Assessment

Observations drawn using the RS data through the
geospatial technique is required to be passed
through the accuracy assessment. It is accomplished
either by comparing the finding with the in situ
observation or through comparison of findings over
the pilot area where the exact feature distribution is
known. Normally, the overall accuracy of any RS
based estimation should be equal or better the
eighty-five percent to be acceptable. Kappa coeffi-
cient may also be calculated which signifies any
classification system as how much error has been
avoided by the classified image.

A. Tiwari et al.
1.4 Case Study of Chipa Glacier

1.4.1 Study Area

Chipa Glacier has been chosen as the study area
(Fig. 1.5) for the case study which is a part of the
Himalayan system located in Dhauliganga basin
—Pithoragarh district, Uttarakhand. Chipa gla-
cier area lies between 30°8'53.027"N to 30°11’
42.595"N latitudes and 80°27' 43.065"E to 80°
32'14.838"E longitudes. It covers an area of
14.29 km? on 3458 m to 5600 m higher eleva-
tion. It is an east flowing valley type glacier
which is fully covered with debris. The upper
surface of the glacier valley walls is fully covered
by lush vegetation which is also growing on the
glacier surface. This area lies above the Main
Central Thrust (MCT) and below the Trans-
Himadri Fault (THF) comprises bedrocks of
Gneiss and Garnet mica schist. The entire region
is dominantly made up of N-E gently dipping
rocks of Gneiss which is exposed all along the
road cuts and around the village (Baling).

1.4.2 Snout Monitoring

The in situ observation was made during the end
of ablation season for snout location acquisition
for the year 2017 and 2018. The DGPS survey in
rapid static and kinematic mode performs the
acquisition of co-ordinates to ensure sub-
centimeter accuracy. Leica SR 520 and GX
1220 GPS receiver and AT502 antenna were
used for this purpose. The static station is cali-
brated for 72 h pre-acquisition of the point of
interest in kinematic mode. Snout of the glacier
was traversed across the width to acquire the co-
ordinates. The different location of the snout
acquired for the year 2017 and 2018 is men-
tioned in Table 1.1. These geo co-ordinates were
mapped in GIS environment as depicted in
Fig. 1.6 to assess the temporal variation in the
location of snout during the start of ablation
season of respective years.

The DGPS outperforms the accuracy of the
handheld GPS device. The handheld GPS nor-
mally records the location (latitude, longitude)
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Fig. 1.5 Location map of the Chipa Glacier (Source Google image)

within 5 m accuracy. It has been shown that to
better understand (Fig. 1.6) the possibility of
actual location of the point of interest, a buffer
can be drawn around the point with the radius of
the accuracy of the device (In this case 5 m case
has been shown). The temporal variation may be
recorded and mapped to derive monitor the snout
location over the period of time. This trend

defines the retreating, advancing or equilibrium
trend of the glacier. The snout location can also
be monitored directly using the high-resolution
satellite imagery preferable better than 1 m
accuracy. Several web map service (WMS) can
be accessed from the open series map services
such as Bhuvan, Google Earth, etc. It would be
essential to highlight that the time series datasets
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Table 1.1 Chipa Glacier g No.  Latitude Longitude Height (m)  Year
snout points collected by
GPS during 2017 and 2018 1 30° 11' 46.6132" N 80° 32’ 15.2392" E 3483 2017
2 30° 11" 46.2984" N 80° 32" 15.1908" E 3779 2017
3 30° 11’ 46.1004" N 80° 32’ 15.1008" E 3485 2017
4 30° 11" 46.050" N 80° 32" 15.2016" E 3481 2017
5 30° 11" 45.600" N 80° 32' 15.2988" E 3477 2017
6 30° 11" 45.3012" N 80° 32’ 15.6012" E 3480 2017
7 30°11" 45.7872" N 80° 32' 14.3988" E 3458 2018
8 30°11" 45.4203" N 80° 32' 14.1021" E 3467 2018
9 30°11" 46.2084" N 80° 32’ 14.1023" E 3463 2018
10 30°11" 46.0671" N 80° 32' 14.2008" E 3466 2018
11 30°11" 45.1712" N 80° 32' 14.8206" E 3465 2018
12 30°11" 46.8456" N 80° 32’ 14.3016" E 3476 2018
Source Authors
Fetwcen 2017 and 2013 Snout of Chipa Glacier

(Source Authors)

Legend

A

should be co-registered with one another, if
possible, to avoid geo-referencing pixel errors.
The in situ observations were plotted on the
Planet Scope imagery at 3 m resolution and also
on WMS platform. It was observed that the snout
location as retrieved from the imagery was pre-
cisely matching with the in situ observations.

* SNOUT_2017
% SNOUT_2018

[ ] snout2017
I snout_2018

Buffer 5m
/7, Retreated Glacier

0 510 20 30 40
e Meters

1.4.3 Velocity Measurement

The accumulation zone of the glacier receives the
snow in the form of precipitation. These snow
during successive snowfall marks the layer and is
stratified which under pressure is converted to ice
masses. The ice masses move down the glacier
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under the impact of gravity. The velocity of the
glacier movement down the valley is required to
be studied. The velocity for a particular point of
time and location can give the idea of mass bal-
ance. When the glacier is thickened, the mass in
more and the velocity is measured to be higher
and in case of thinning of the glacier mass, the
velocity also decreases. The in situ measurement
involves stakes installation in the gridded manner.
The stakes are drilled down up to 1.5 m from the
glacier surface. During the ablation season, the
glacier mass is lost both horizontally and verti-
cally. Each stake is marked for its unique identity
and its surface measurement for location and
elevation is acquired using the DGPS. These
stakes are temporally measured from start to end
of ablation season to assess the velocity and the
rate of thinning of the glacier. The velocity
involves both displacement and direction. The
temporal locations of the stakes may be plotted on
the GIS platform to assess the trend of movement
of the glacier to measure the displacement and
direction for the given time. It has been also
demonstrated that the velocity of the glacier can
also be monitored using the geospatial technique.
Freely available tools such SNAP (Sentinel
Application Platform) can be used to derive the
velocity over the whole glacier. The tools con-
sume the Sentinel 1 C band SAR data as input for
two time periods and suitable digital elevation
model. The velocity map is generated as the
output where the value of velocity can be
retrieved over any location along the glacier.

1.4.4 Mass Balance Estimation

Mass balance of the glacier describes the overall
loss or gain in the glacier system in form of ice.
The mass balance study requires the demarcation
of the glacier boundary. Toposheet prepared by
the survey of India in 1961 at 1:50000 scale has
been utilized to demarcate the glacier boundary
and its contours to prepare the base map. The
contours are used to generate the Triangulated
Irregular Network (TIN) of the glacier region.
The TIN can be further used to create the DEM
for the year 1961. It is to be carefully noted that

the projection for the system should be used as
Sol’if the toposheet survey is conducted prior to
1984.

The fishnet utility creates the grids of 75 m
which is clipped along the boundary of the gla-
cier as shown in Fig. 1.7. These grids are further
utilized to extract the mean elevation of DEM
using the ‘Zonal statistics’ feature over the GIS
platform. Each grid (including the partial grids
along the edges) is calculated for its area which is
further multiplied with mean elevation about the
grid to calculate the volume. The method is
repeated for the 1961 Survey of India (SOI) and
2008 (ALOS-PALSAR) data. Here the mass
balance estimation has been estimated using the
DEM differencing approach. The time series
DEM data SRTM at 30 m for the year 2000 and
ALOS-PALSAR at 12.5 m for the year 2008 is
utilized on GIS platform. It is important to
establish the Root Mean Square Error (RMSE)
inherent in the DEM data. This can be calculated
by comparing the precise ground observation of
control point (object whose location and eleva-
tion has been constant for a very long period of
time) with the predicted value of the DEM. The
formula for the RMS estimation is mentioned
below:

ST, (0 —Pi)

n

RMSI =

where O; = Observed value through DGPS
Survey

P; = Predicted Value from ALOS-PALSAR
DEM

It was observed that the RMS error of ALOS-
PALSAR is much lesser than the SRTM and falls
below 3.5 m. The comparison table of the pre-
dicted versus observed value is given in
Table 1.2.

RMS — \/(3663,55 —3659)° + (3658.48 — 3661) + (3609.42 — 3606)° + (3612.59 — 3610)°
c 4

B \/20.7025 1 6.3504 1 11.6964 + 6.7081
- 4

RMSE = 3.3711 m

A total loss in volume from 1961 to 2008 was
differenced out to be (0.275 £ 0.017) km?. It can
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Fig. 1.7 Grid creation (75 m) along SOI 1961 (Source Authors)

Table 1.2 Observed and predicted value for RMS calculation for ALOS-PALSAR DEM

S. No. Latitude (N) Longitude (E)

1 30° 11' 59.38993" 80° 31' 30.27837"
2 30° 11’ 59.424" 80° 31’ 30.6516"
3 30° 11’ 57.1776" 80° 31’ 30.3204"
4 30° 11" 57.1092" 80° 31’ 32.1060"

be envisaged that the mass balance calculated
using DEM differencing approach from 1961 to
2008 shows loss of mass of the glacier region.
Also, the snout monitoring using the time series
data of high-resolution satellite data also con-
firms the retreating trend of the glacier.

1.4.5 Snow Cover Area Mapping
and Estimating the Snow
Line (ELA) at the End
of Ablation Season

Generally, snow has dynamic characteristics and
depends on weather and climatic variables. It is
textural and physical property changes continu-
ously. The glacier system gains the mass from

DGPS Elevation (m) DEM Elevation (m)

3663.55 3659
3658.48 3661
3609.42 3606
3612.59 3610

the precipitation in the form of snow. The
accumulation zone of the glaciers deposits the
snow in layers which under compression from
successive layers is compressed to ice. The study
of snow is therefore very crucial as in the glacier
system the mass is added by the snow.

Remote sensing high-resolution temporal ima-
geries preferably with Green and Short wave
infrared (SWIR) band helps is the precise demar-
cation of snow and snow cover area analysis.
Green and SWIR can be indexed using the Nor-
malized Difference Snow Index (NDSI). To extract
the snow cover area, temporal imagery of Sentinel
2B for Band 3(Green) and Band 11 (SWIR) at
10 m and 20 m spatial resolution respectively has
been used to calculate Normalized Difference
Snow Index (NDSI) which is given by
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Green — SWIR
NDS] = —————
Green + SWIR

Figure 1.8 shows the snow cover area map-
ping in the glacier region during different time
periods for the year 2018 and is tabulated in
Table 1.3. The intersection of all the snow cover
areas gives the area of permanent snow cover
throughout the year. The lowest elevation where
the snow is found throughout the year gives the
snow line or the Equilibrium Line Altitude
(ELA). Fig. 1.9 graphically shows the variations
of snow cover during different months of the year
2018.

Basically, snow line is the boundary between
snow-free and snow-covered surface. The ELA is
a theoretical snowline at which the glacier mass
balance is zero. Snow Line Altitude (SLA) at the
end of melting season is generally regarded as
the ELA (Pandey et al. 2013). It may be noted

that the elevation of ELA varies at different
glaciers due to the relative positioning from the
tropics. Annual ELA study helps in understand-
ing the trend of mass balance of the glacier. If the
elevation of snow line is decreased, the mass
balance increases and if it goes up, the mass
balance is assumed to be decreased.

1.5 Results and Discussions

1.5.1 Snout Monitoring

The DGPS inputs of the snout locations were
plotted on GIS platform for the end of ablation
season for the year 2017 and 2018. It was mea-
sured that the mean rate of retreat of snout was
5.89 m in one year. The temporal high-resolution
data set of Planet Scope at 3 m for the years 2017
and 2018 were downloaded from https://www.

Area 12.93 sq km

07-01-2018 N 2102-2018 N 18-03-2018 N
A A A

Area 13.19 sq km Asea 13.79 sg.km Area 13 98 sq km

212-4-2018 N 12-08-2018 N 24-10-2018 N

Area 12.43 sq km Area 10.00 sq km

08-11-2018 28-12-2018
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i
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Fig. 1.8 Snow cover mapping for the year 2018 and intersection for Chipa Glacier (Source Sentinel 2B data)
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Table 1.3 Fluctuation of snow cover area of Chipa glacier (Source Authors)
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S. Data acquisition Snow cover Snow cover deviation from Accumulation/ablation
No. date (km?) mean period
1 07.01.2018 13.19 0.38 Accumulation
2 21.02.2018 13.79 0.98
3 18.03.2018 13.92 1.11
4 22.04.2018 12.93 0.12
5 12.05.2018 12.43 —0.38 Ablation
6 24.10.2018 10 -2.81
7 08.11.2018 12.75 —0.06
8 28.12.2018 13.41 0.6 Accumulation
Source USGS
Fig. 1.9 SCA variation SCA (Km?)
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planet.com/ and also the high-resolution satellite
dataset of 0.5 m had been utilized using the
WMS over the suitable GIS tool for demarcating
the snout boundary, it was observed that the
average retreat rate of snout was 6.1 m/year from
2014 to 2018 (Inherent geo-referencing error
between imageries over Google Earth engine has
been ignored).

1.5.2 Velocity Measurements

Velocity was measured on ground using the instal-
lation of network of stakes over the ablation zone of
glacier surface. DGPS positions acquired during the
beginning (14 June 2018) and end (05 November
2018) of ablation season. The geo coordinates were
plotted on the suitable GIS platform to derive the
displacement for calculating the velocity as shown
in Fig. 1.10 Average displacement of the stakes was

calculated to be 5.09 m in 145 days. Therefore, the
velocity was calculated to be ~0.035 m/day. 1.5.3.
Mass balance.

The mass balance can be estimated using the
DEM differencing approach by the given
formula:

B = pdéV

And, 0V = (A\Z,—A)Z,)

Where 6V is change in volume in (m3); A
and Z, is the area of glacier boundary in(mz) and
mean elevation* in (m) respectively derived from
DEM prepared using contours at 40 m demar-
cated from 1961 Sol toposheet at 1:50000; A,
and Z, is the area of glacier boundary in (m?) and
mean elevation* in (m)derived from ALOS-
PALSAR DEM at 12.5 m for the year 2008.

(*Mean elevation has been calculated over
each grid of the fishnet along the glacier
boundary).
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Fig. 1.10 Temporal variation in stakes (Source Authors)

B is the mass balance in Kg; p = ice density
in Kgm™>.

Density varies in the ablation and accumula-
tion zone of the glacier. The uncertain density
value due to the density assumption is explored
by either setting p = 900 kgm > for the entire
glacier, or 900 kgm > in the ablation area, and
500 to 600 kgm  in the firn zone for converting
volume changes to mass changes (Huss 2013). In
our study, density of ice p has been assumed to
be 900 kg m™> 6V = (0.275 + 0.017)*10”m’as
calculated between 1961 and 2008.

Mass balance (B) = (247.5 + 15.3)*109 kg

Mass balance value reveals the loss of
(247.5 + 15.3)*10° kg of ice mass between
1961 and 2008 (forty-seven years).

1.5.3 Snow Cover Area Mapping
and Accumulation Area
Ratio (AAR)

The snow cover mapping done for accumulation
and ablation zone carried out using the temporal
sentinel 2B datasets reveals:
SCA.x on 18th March 2018 = 13.93 km?
SCA,;in On 24th October 2018 = 10.0 km?

Total glacier area = 14.17 km?
AAR.x = 0.98
AAR i, = 0.71

1.5.4 Equilibrium Line Altitude (ELA)

ELA has been estimated using the intersection of
temporal datasets of Sentinel 2B at 10 m for the
year 2018. The ELA was found at 3990 m.
Determination of snow line on Chipa glacier
accomplished using a number of spatial data
monitoring. We found that the snow line lies on a
3990 m elevation above to which permanent
snow cover lies throughout the year (Fig. 1.11).

1.6 Conclusions

The study of Chipa glacier reveals the trends of
the cryosphere in the Indian Himalayan Region
(IHR). The cryosphere is highly sensitive to cli-
matic parameters such as increase/decrease in
temperature or precipitation patterns. Even a
small change in climate may have a severe
impact on such system. The Chipa glacier clearly
demonstrates the retreating pattern through its
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Fig. 1.11 ELA of Chipa glacier for the year 2018 (Source Authors)

snout and mass balance dynamics. Snout moni-
toring revealed the retreat of snout at an average
rate of approximately ~6 m per year. The mass
balance of the glacier is declining at an average
rate of 5.27%10° kg per year. The studies on
other glacier systems of IHR are also suggesting
similar trends of the decline of the cryosphere of
the Himalayas. It is now evident that the Hima-
layan region is being hit by the changing climate
at an alarming rate.
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Abstract

In Himalayas, snow, ice and glaciers play an
important role in the hydrology of the region
for the growth and sustainable development of
the inhabitants. The snowmelt runoff, occur-
ring mostly during April, May and June
months, constitutes a substantial part of the
water resources of the major perennial rivers
of Northern and Eastern India, namely the
Indus, Ganga, Brahmaputra and their tribu-
taries. In the summer months, the snowmelt
runoff is of vital importance for hydroelectric
power generation, irrigation and water supply
in the northern states of India. All major
multipurpose projects like Bhakra depend
heavily on snowmelt runoff inflows especially
during spring months. Therefore, correct and
timely information about the snow cover
conditions in the watersheds and on the
volume of snowmelt runoff likely to occur is
of great importance to the water resources
managers. A study has been carried out for

E. Siva Sankar (X)) - B. Simhadri Rao -
K. Abdul Hakeem

National Remote Sensing Centre, ISRO,
Hyderabad, India

e-mail: sivasankar_e@nrsc.gov.in

B. Simhadri Rao
e-mail: simhadrirao_b@nrsc.gov.in

K. Abdul Hakeem
e-mail: abdulhakeem_k @nrsc.gov.in

© Springer Nature Switzerland AG 2021

Central Water Commission for forecasting
seasonal snowmelt runoff for few selected
basins located in the Himalayas, to estimate
the snowmelt runoff using an energy balance
approach. The energy balance approach
involves computation of energy flux compo-
nents which exchange between snow pack and
the atmosphere. Major components have been
estimated using satellite data derived inputs
making suitable assumptions. The satellite
data derived inputs include snow cover area,
snow albedo, snow emissivity, land surface
temperature, digital elevation model, land use,
and land cover. The field data such as
observed discharge and rainfall have been
used. Independent seasonal snow melt
runoff models were developed for Chenab,
Beas, Sutlej, Yamuna, Bhagirathi and Alak-
nanda basins, to estimate snowmelt runoff
during 01 April-30th June period. The devel-
oped model has been calibrated and validated
using historic data (2006-2012). In the fore-
cast situation, snow cover area as of 30th
March is only available by Ist April. In the
absence of other input data sets, the current
SNOwW cover area as a primary input in
conjunction with other data inputs derived
from historic years, were used for estimating
snowmelt volume. The runoff from glacier
melt and rainfall is suitably computed consid-
ering historic averages. The aggregate of
estimated snowmelt runoff, rainfall-runoff,
glacier runoff, and base flow is considered as
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the total runoff. The accuracy of forecasts was
better than 90% in most of the basins except
during 2013. There was unprecedented rain-
fall and unusual snowfall occurred in the
central Himalayas during June 16-18, 2013.
In view of this, substantial additional snow
cover was observed and resulted in more
discharge due to which there is a large
deviation of the forecast with respect to
observed discharge.

Keywords

Snowmelt runoff - Satellite data - Remote
sensing + Himalayan rivers

2.1 Introduction

Water in its frozen state accounts for more than
80% of the total fresh water on the Earth and is
the largest contributor to rivers and groundwater
over major portions of the middle and high lati-
tudes (Dozier 1989; Kumar et al. 2020; Singh
et al. 2020). Snow, ice and glaciers play impor-
tant interactive roles in the Earth’s radiation
balance, because snow has a higher albedo than
any other natural surface. Over 30% of the
Earth’s land surface is seasonally covered by
snow, and 10% is permanently covered by gla-
ciers. Understanding of global and regional cli-
mate and assessment of water resources require
that we monitor the temporal and spatial vari-
ability of the snow cover over land areas, from
the scales of small drainage basins to continents.
Much of the uncertainty and sensitivity in the
global hydrological cycle lies in these reservoirs
of frozen water, and the melting of mountain
glaciers during the last half century appears to
account for much of the corresponding rise in sea
level (Meier 1984; Taloor et al. 2019; Sood et al.
2020).

In the case of Himalayas also, snow, ice and
glaciers play an important role in the hydrology
of the region. The snowmelt runoff, occurring
mostly during April, May and June months,
constitutes a substantial part of the water
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resources of the major perennial rivers of
Northern and Eastern India, namely the Indus,
Ganga, Brahmaputra and their tributaries. In
summer months, the snowmelt runoff is of vital
importance for hydroelectric power generation,
irrigation and water supply in the states of
Himachal Pradesh, Haryana, Punjab, Jammu &
Kashmir, Delhi, Uttar Pradesh, Bihar, West
Bengal, etc. Important multipurpose projects like
Bhakra depend heavily on snowmelt runoff
inflows. Therefore, correct and timely informa-
tion about the snow cover conditions in the
watersheds and on the volume of snowmelt
runoff likely to occur is of great importance to
the water resources managers.

Since the year 2000, National Remote Sens-
ing Centre (NRSC) provided seasonal forecasts
of snowmelt runoff inflows into Bhakra reservoir
to Bhakra Beas management Board (BBMB), in
the first week of April every year. Snowmelt
runoff was estimated based on the hypothesis of
depletion analysis, i.e. the thick snowpack hav-
ing high snow water equivalent depletes later and
slower compared to a thin snowpack having low
snow water equivalent which depletes early and
faster. With the availability of medium resolution
daily satellite images on snow albedo and surface
temperature from MODIS and similar sensors, it
gave an opportunity to characterize the snowmelt
runoff process based on the surface energy bal-
ance approach. A study was carried out by the
National Remote Sensing Centre, (NRSC) of
ISRO during 2009-2014 period to develop
snowmelt runoff model and provide snowmelt
runoff forecast during the summer months for
few selected basins in the Himalayas. This
chapter briefly discusses the study area, energy
balance principles, methodology, input data
preparation, model development and forecast
results.

2.2 Study Area

The study area comprised of five river basins in
the western and central Himalayan region,
namely Chenab, Beas, Sutlej, Yamuna and
Ganga. Under the Ganga river system, Bhagirathi
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and Alaknanda rivers were considered for the
present study. Considering the current objectives,
study area was limited up to snow bound regions
where snowmelt runoff is dominant. The basin
outlets are selected considering the location of
discharge sites and the surface runoff is unob-
structed with any storage structures upstream of
these outlets. The following are the outlet loca-
tions for which the model was set up and the
forecast was provided. The study area location is
shown in Fig. 2.1. The drainage area up to the
basin outlet for each basin is given in Table 2.1.
Chenab up to Premnagar,

Beas up to Bhuntar,

Sutlej up to Bhakra,

Yamuna up to Tajewala,

Ganga basin

Al S

(a) Bhagirathi up to Uttarkashi, and
(b) Alaknanda up to Rudraprayag.

2.3 Methodology

The snowmelt runoff is modelled either by a
lumped approach using degree day index or by
energy balance approach. In view of the avail-
ability of satellite data based products on Snow
Cover Area (SCA), Glacier Cover Area (GCA),
Land Surface Temperature (LST) and emissivity,
Snow Albedo, Land Cover, etc., the present
study was proposed to use energy balance based
approach for modelling the snowmelt runoff

Fig. 2.1 Location map of the study area (Source NRSC 2014)
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Table 2.1 Drainage area
for each basin

Basin

Chenab up to Premnagar
Beas up to Bhuntar
Sutlej up to Bhakra

Yamuna up to Hatnikund/Tejawala

Bhagirathi up to Uttarkashi

Alaknanda up to Rudraprayag

Source NRSC (2014)

process for forecasting the snowmelt runoff. The
runoff at the basin outlet comprises snowmelt,
glacier melt, runoff due to rainfall and baseflow
components. The present runoff model addresses
all these four components. The approach fol-
lowed in estimating each of these components is
explained in the following sections.

The total runoff (Q) during snowmelt season
(Apr-May-Jun months) is the sum of snowmelt
runoff (Qy), glacier melt runoff (Q,), rainfall-
runoff (Q,) and base flow (Qy). The runoff mea-
sured in the field at the outlet point represents
total runoff and the same is compared with esti-
mated runoff for calibration and validation.

2.3.1 Snowmelt Runoff

The exchange of energy between the snowpack
and its environment ultimately determines the
rate of snowpack water losses due to melting and
evaporation/sublimation. Energy exchange pri-
marily occurs at the snowpack surface through
the exchange of shortwave and longwave radia-
tion and turbulent or convective transfer of latent
heat due to vapour exchange and sensible heat
due to difference in temperature between the air
and the snow (DeWalle and Rango 2008).

The sources of energy that cause snowmelt
include both shortwave (Qg,) and longwave (Q,,,)
net radiation, convection from the air (sensible
energy, Qy), vapour condensation (latent energy,
Qc), and conduction from the ground (Q,), as
well as the energy contained in rainfall (Qp).
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Drainage area (km2)
17,273
3,160
51,451
11,323
4,527
10,201

These fluxes are usually measured as energy per
time per unit area of snow. The energy budget
equation that describes the energy available for
snowmelt is given in Eq. 2.2 below (U.S. Army
Corps of Engineers 1998). The total energy
available for snowmelt is Q.

Qm = an+an +Qh+Qe+Qg+Qe - A(21
(22)

where AQ; is the rate of change in the internal
energy stored in the snow per unit area of
snowpack. This term is composed of the energy
to melt the ice portion of the snowpack, freeze
the liquid water in the snow, and change the
temperature of the snow.

Evaluating snowmelt theoretically is a prob-
lem of heat transfer involving radiation, con-
vection, condensation, and conduction. The
relative importance of each of these heat transfer
processes is highly variable, depending upon
conditions of weather and the local environment.
Gray and Prowse (1992) tabulate selected results
of the relative contributions of each heat transfer
process as a function of site environment. The
basic equations and coefficients that describe
snowmelt at a point have been derived primarily
from various laboratory and field experiments.

The summation of all sources of energy
(Eq. 2.2) represents the total amount of energy
available for melting the snowpack (Q,,). The
amount of snowmelt (M) at a point may be
expressed as Eq. 2.3.

M= Qm/prB (23)
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where

M = snowmelt, m of water equivalent,

Q.. = algebraic sum of all heat components,
kJ/m*>

B = thermal quality of the snow (e.g. ratio of
heat required to melt a unit weight of the snow to
that of ice at 0 °C),

L = latent heat of fusion of ice, 334.9 kl/kg,

p.w = density of water, kg/m™

A melting snowpack consists of a mixture of
snow (ice) and a small quantity of free (liquid)
water trapped in the interstices between the snow
grains. The relative proportion of a snowpack
that consists of ice determines the thermal quality
(B) of the snowpack. A snowpack that contains
no free water has a thermal quality of 1.0.
However, after melt has begun, there is some free
water held within the snow matrix, yielding a
thermal quality of less than 1.0. Using the
Eq. 2.3 above, the snowmelt is calculated

spatially with remote sensing based inputs from
various sources (Fig. 2.2). The basin boundaries
were delineated using ASTER digital elevation
model and Advanced Wide Field Sensor
(AWIFS) sensor data on-board Resourcesat
satellite, considering the basin outlet points for
which the runoff forecast is planned. The AWiFS
satellite data has been used to map the land use
and land cover of the study area. The land cover
is categorized primarily into open areas, ever-
green forest, deciduous forest and water bodies.

The snow cover present in a basin can be
mapped using appropriate satellite data. Due to
the high probability of the presence of cloud
cover spatially or temporally, it is difficult to
acquire suitable satellite data of predefined time
periods. Therefore, it was decided to use 8-day
time composite snow cover products available on
MODIS website. The 8-day time composites are
for specific Julian 8-day periods commencing

K N MODIS Daily | | MODIS 8-Day |
ASTERDEM | | AWIFS Data | ~a o
v L4 L 4
Insolation | | LULC Map || Snow Albedo |—{ Air Temperature |<
] ]
|

' )

| Y

Runoff

Net SW Net LW | Snow | | Air
Radiation Radiation Emissivity Emissivity
| | | |
- Basin | I:j Snow Persistence MODIS 8-Day
> Boundary < Net Radiation Index <] SCA
|
v
Snowmelt
Runoff Model
A 4
Snowmelt

Fig. 2.2 Flowchart of methodology for snowmelt runoff modelling (Source NRSC 2014)
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from 01 January of a year. The data from 30
March to 30 June are downloaded and used for
several years (from 2002 to 2014) in the model
setup.

The total net energy flux is primarily con-
tributed by incoming solar radiation and outgoing
longwave radiation. The incoming solar radiation
is a function of the location of a place (latitude,
longitude), elevation, slope, Julian day and time.
The longwave radiation is a function of surface
temperature, air temperature and emissivity. The
incoming solar radiation is computed for each 8-
day time period using tools available in ArcGIS
s/w and digital elevation model. The total insola-
tion is computed for the 91-day period from 01
April to 30 June. The insolation is corrected for
atmospheric transmittance/scattering and cloud
absorption/scattering. The net shortwave radiation
is computed as the difference of incoming solar
radiation corrected for interception due to land
cover and outgoing shortwave radiation computed
using snow albedo.

For the purpose of estimating longwave radi-
ation, the Land Surface Temperature (LST) pro-
duct available as 8-day time composite on the
MODIS website for free download, are used. The
snow emissivity is derived from LST data. The
air temperature is computed using LST data and
DEM empirically. The air emissivity is computed
using air temperature. The energy balance
equations are used to compute the net energy
available for snowmelt. In addition, to account
for snow depth in an indirect manner, the snow
cover depletion concept is used. The snow cover
depletion concept states that a thicker snowpack
depletes slower and later and a thinner snowpack
depletes faster and earlier. Based on this concept,
to account for snow depth in an indirect manner,
snow persistence index is computed for each year
depending on the snow residency period at each
pixel. The index is scaled between 0.1 and 1 with
1 representing a pixel containing snow for a full
91-day period and 0.1 representing a pixel con-
taining the snow for a minimum period. This
persistence index is used to qualify the snowpack
in runoff estimation.

The snowmelt runoff (Q,) in a basin is com-
puted using the total energy available for melt
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during that 8-day time period and snow persis-
tence index. The snowmelt runoff for all the 12
time periods of 8 days between 01 April and 30
June are computed individually with corre-
sponding data inputs and then integrated to arrive
at seasonal snowmelt runoff.

2.3.2 Glacier Melt Runoff

The glacier melt runoff during the summer
months is a significant component of total runoff.
It depends on the extent of glacier area within a
basin, the level of exposure of the glaciers and
duration of exposure during the snowmelt sea-
son. The level of exposure of glaciers in the
summer months depends on the presence of
seasonal snow cover. The probability of glacier
melt and its magnitude is more when the seasonal
snow cover is less. The glacier melt runoff
increases as the snowmelt season progresses. For
the purpose of estimation of glacier melt runoff,
it is necessary to map the glaciers in each basin
using satellite data of the September—October
months. The glacier map prepared from satellite
data is used to estimate glacier melt volume
during summer period considering the net energy
available for melt. The glacier melt component
(Qg) during the 3 months period is computed
with energy available for melt and the level of
exposure of glacier in each basin.

2.3.3 Rainfall-Runoff

The runoff due to rainfall constitutes a significant
proportion of the total runoff during the snow-
melt season in the Himalayan region. The rainfall
in a region varies spatially and temporally and
needs to be measured in a systematic and well
representative manner. The accuracy of runoff
estimation due to rainfall depends on the number
of rain gauge stations available and their distri-
bution within the basin. Generally, in the
Himalayan mountainous region where elevation
is more than 4500 m only snowfall occurs and
rainfall does not occur. Hence, in this study,
areas with an elevation below 4500 m are
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considered as areas contributing to runoff from
rainfall. Mean rainfall of a basin is estimated
depending on the number of rain gauge stations
available within a basin. In basins where only
one rain gauge station is available the rainfall at
this station is assumed to be representative of the
entire basin. In basins where multiple rain gauge
stations are available Thiessen polygon method
is used to estimate the mean rainfall of the basin.
The rainfall-runoff is estimated using a suitable
runoff coefficient. In the present study, the scope
is restricted to runoff due to rainfall during the
snowmelt period, i.e. April-May—June months.
An appropriate runoff coefficient is assumed for
each basin which varies temporally during the
season. Basin level runoff (Q,) from rainfall is
computed by multiplying the average rainfall
with rainfall contribution area and runoff coeffi-
cient as given below.

Q, = C; * mean rainfall * rain - fed area,
(2.4)

where
Q,—runoff due to rainfall,
C,——coefficient of runoff.

2.3.4 Base Flow

Base flow as defined by Hall (1968) is the por-
tion of flow that comes from groundwater or
other delayed sources. During snowmelt season,
the base flow is a part of total runoff. When the
snow melts, a significant portion of it percolates
in the underlying ground and joins the stream
within the basin, sometimes with a time delay. In
the initial part of snowmelt season, depending on
the soil conditions, the snowmelt water perco-
lates until the ground is saturated before it
becomes direct runoff. The base flow varies
marginally depending on the snow cover condi-
tions prevailing in the basin. The base flow
during winter months is generally constant. The
base flow during the summer months may be
similar to that of the winter months or it can vary
marginally. In the present study, the base flow

(Qp) is empirically estimated as a function of
seasonal snow cover available in each basin.

Q, = Cy * snow cover area (2.5)
where

Qp—runoff due to base flow,

Cy——coefficient of runoff.

2.3.5 Seasonal Runoff Forecast

Seasonal snowmelt runoff forecast for the sum-
mer period (April-May—June) needs to be pro-
vided in the first week of April for a given year.
In the forecast situation, snow cover area as of
30th March is available by 1st April for that year.
Other input data sets such as snow albedo, LST,
snow emissivity, etc., are not available on the
day of forecast. Hence, the current snow cover
area as primary input, in conjunction with other
data inputs of historic years is used for estimating
snowmelt volume. Present year snow cover area
and other data inputs of each historic year were
modelled to arrive at snowmelt volume. The
snowmelt volumes thus computed are averaged
and considered as the present year snowmelt
runoff. The runoff from glacier melt and rainfall
are suitably computed considering historic aver-
ages. The aggregate of estimated runoff from
snowmelt, glacier melt, rainfall and base flow
was given as total seasonal runoff forecast.

2.4 Data Preparation

The energy balance based snowmelt runoff
model requires several data inputs to compute
each component of energy. These energy com-
ponents are estimated using satellite data derived
information along with appropriate assumptions
as applicable, based on the review of literature in
the Himalayan context. In addition to this,
remote sensing based data inputs were also used
in this study to estimate different model inputs.
The procedures followed in the preparation of
these input datasets are discussed in this section.
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Fig. 2.3 Snow cover image
of the study area Source
NRSC (2014)

2.4.1 Snow Cover Area

The Moderate Resolution Imaging Spectrora-
diometer (MODIS) Snow Cover (SC) 8-Day L3
Global 500 m SIN Grid V005 product
(MOD10A2) was downloaded from the
REVERB website (Source: http://reverb.echo.
nasa.gov/reverb/) for the period from 2002 to
2014 during the snowmelt season (April-May—
June). The MODIS snow cover data are based on
a snow mapping algorithm that employs a Nor-
malized Difference Snow Index (NDSI) and
other criteria tests. Each year a total of twelve 8-
day products were downloaded with the starting
Julian day of 89, 97, 105, 113, 121, 129, 137,
145, 153, 161, 169 and 177. The study area is
covered in two tiles, namely, h24v05 and
h25v05. The MODIS data tiles are mosaiced, re-
projected to the Lambert Conformal Conic
(LCC) projection and then clipped for the study
area. The snow cover data is edited for cloud
cover using time compositing technique. A sam-
ple snow cover image is shown in Fig. 2.3.

2.4.2 Seasonal Snow Cover
Persistence Index

The 8-Day MODIS snow cover images for the
snowmelt period (April-June) were used for the

generation of snow cover persistence index
map. The map is generated by adding all the 8-
day snow cover products in a snow season and
normalizing the sum to one. This snow cover
persistence index map (Fig. 2.4) shows the trend
in snow cover depletion in a season and used as
one of the inputs in the model as a proxy for
snow depth.

2.4.3 Land Surface Temperature

The MODIS Land Surface Temperature (LST)/
Emissivity 8-Day L3 Global 1 km SIN Grid
V005 product (MODI11A2) was downloaded
from the REVERB website (Source: http://
reverb.echo.nasa.gov/reverb/) for the period
from 2002 to 2014 during the snowmelt season
(April-May—June). This product is comprised of
day time and night time LSTs, quality assess-
ment, observation times, view angles, bits of
clear sky days and nights, and emissivity esti-
mated in bands 31 and 32 from land cover types.
Layer 1 of this product contains 8-Day daytime
1 km grid land surface temperature in degree
Kelvin. This layer was used for preparing the
land surface temperature image. Each year a
total of twelve 8-day products were downloaded
similar to snow cover images. The digital values
of each product was converted into LST image
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Fig. 2.4 Snow persistence
index map of the study area
(Source NRSC 2014)

Fig. 2.5 Land surface
temperature image of the
study area (Source NRSC
2014)

in degree Celsius (°C), after applying the mul-
tiplication factor (0.02). The LST data is edited
for cloud cover using time compositing tech-
nique. A sample LST image (Fig. 2.5).

2.4.4 Emissivity
The emissivity of a material (usually written € or

e) is the relative ability of its surface to emit
energy by radiation. It is the ratio of energy

radiated by a particular material to energy radi-
ated by a black body at the same temperature.
The air emissivity is calculated based on an
empirical equation.

The MODIS MODI11A2 product has emis-
sivity estimated in bands 31 (10.780-11.280 pum)
and 32 (11.770-12.270 um) for different land
cover types. The average emissivity of these two
bands was computed after multiplying with the
scale factor (0.002) and added with a constant
(0.49) to prepare snow emissivity images.
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2.4.5 Snow Albedo

The MODIS Snow Cover Daily L3 Global
500 m SIN Grid V005 (MOD10A1) (Source:
http://reverb.echo.nasa.gov/reverb/) contains
snow cover, snow albedo, fractional snow cover
and Quality Assessment (QA) data. The second
layer containing snow albedo is extracted for
each day (with values between 0 to 100 per cent).
The snow albedo data for the study area was
prepared similar to snow cover and LST. It was
edited for cloud cover using time compositing
technique. The daily snow albedo images are
then time-composed to prepare 8-day snow
albedo image. The variation in snow albedo for
different time periods (Fig. 2.6).

2.4.6 Incoming Solar Radiation

The sources of energy that cause snowmelt
include both shortwave and longwave net radia-

E. Siva Sankar et al.

source for this net radiation. With landscape
scales, topography is a major factor that deter-
mines the spatial variability of insolation. Vari-
ation in elevation, orientation (slope and aspect),
and shadows cast by topographic features all
affect the amount of insolation received at dif-
ferent locations. This variability also changes
with time of day and time of year, and in turn
contributes to the variability of microclimate.
The solar radiation analysis tool, in the ArcGIS
Spatial Analyst extension, enables to map and
analyse the effects of the sun over a geographic
area for specific time periods. It accounts for
atmospheric effects, site latitude and elevation,
steepness (slope) and compass direction (aspect),
daily and seasonal shifts of the sun angle, and
effects of shadows cast by surrounding topogra-
phy. The solar radiation analysis tools calculate
insolation across a landscape or for specific
locations, based on methods from the hemi-
spherical viewshed algorithm. The output has
units of watt hours per square meter (WH/m?).

tion. Incoming solar radiation (insolation) Generally, direct radiation is the largest

received from the sun is the primary energy component of total radiation, and diffuse

Fig. 2.6 Snow albedo image 5 i

of the study area (Source nowatbeco Snow albedo
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Fig. 2.7 Sample Incoming
Solar Radiation Image
(Source NRSC 2014)

64674 WHr/m?
Ll

34082 WHr/m?

radiation is the second largest component.
Reflected radiation generally constitutes only a
small proportion of total radiation, except for
locations surrounded by highly reflective sur-
faces such as snow cover. The solar radiation
tools in ArcGIS Spatial Analyst do not include
reflected radiation in the calculation of total
radiation. Therefore, the total radiation is calcu-
lated as the sum of the direct and diffuse radia-
tion. Since radiation can be greatly affected by
topography and surface features, a key compo-
nent of the calculation algorithm requires the
generation of an upward-looking hemispherical
viewshed for every location in the digital eleva-
tion model (DEM). In the present study, the
ASTER DEM has been used to generate
the surface insolation images without consider-
ing atmospheric transmission and land cover
effects (Fig. 2.7).

2.4.7 Land Cover Map

The incoming solar radiation reaching the land
surface will vary depending on the land cover.
Similarly, the outgoing longwave radiation
emitted by the snow surface is influenced by the
overlying vegetation. To account for these land
cover interceptions, land cover map is neces-
sary. The AWIFS satellite data was used to

prepare the land cover map (Fig. 2.8) with
classes such as evergreen forest, deciduous
forest and water.

2.4.8 Glacier Map

For computing the runoff due to glacier melt, the
glacier cover area is essential. The cloud-free
satellite images from the AWiFS sensor during the
least snow cover period (generally October) is
used for visual interpretation of glaciers in all the
basins. The presence of cloud cover can hamper
the discriminability of snow and clouds.
The SWIR band was used under partial cloud
cover conditions for the interpretation of glaciers.
The glacier boundaries were digitized on-screen
using visual interpretation techniques. The digi-
tized vector layer of glaciers for each basin is
converted into raster images and basin wise glacial
mask image has been created. The sample glacier
map for the Sutlej basin is shown in Fig. 2.9.

2.5 Model Implementation
2.5.1

Snowmelt Runoff Component

The incoming surface solar radiation is estimated
as mentioned in the previous sections using
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Fig. 2.8 Land cover image
of the study area (Source
NRSC 2014)

I Deciduous forest
Il Evergreen forest
[]Other land

I Water bodies

Fig. 2.9 Glaciers in Sutlej
basin (Source NRSC 2014)

e

ArcGIS software. The incoming surface solar
radiation needs to be corrected for atmospheric
transmittance factor and cloud cover absorption
which may vary spatially and temporally. The
correction for atmospheric transmittance and cloud
cover absorption was adopted using available lit-
erature. The net flux density of shortwave radiation
generally represents the major source of energy for
snowmelt. The incoming solar radiation after cor-
recting for atmospheric transmittance and land
cover effects is used for estimating net shortwave
radiation. Net shortwave radiation (Q,s) represents
the sum of incoming and outgoing flux densities of
shortwave radiant energy according to

where

K = shortwave radiation,

1T = incoming and outgoing radiation flux
densities, respectively.

The net shortwave radiation (Q,,) is calcu-
lated based on the following equation:

Qns = (1 — o)L (2.7)

where

o = albedo,

I; = incident solar radiation after atmospheric
correction.
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The albedo images and incoming solar radia-
tion images generated earlier are used to prepare
shortwave radiation images.

Net longwave radiation exchange (Q,;) for an
unobstructed, horizontal snowpack surface can
be defined as the sum of incoming (L]) and
outgoing (LT) longwave radiation flux densities
as

Qnl=L | -L7T (2.8)
Incoming longwave radiation is estimated
using Stefan—Boltzmann law as
L |= 0eT?, (2.9)

where

o = Stefan—-Boltzmann
10 -8 Wm > K™,

€ = emissivity of snowpack surface,

T, = air temperature, K.

Outgoing longwave radiation can be com-
puted using the Stefan—Boltzmann equation
derived to describe emission from a perfect or
blackbody radiator as

constant = 5.67 X

Li=0eTi+(1—¢)L | (2.10)
where

o = Stefan—Boltzmann
10— 8 Wm 2 K™,

constant = 5.67 x

€ = emissivity of snowpack surface,

T, = surface temperature of the snowpack, K.

The emissivity and temperature images gen-
erated earlier are used to prepare net longwave
radiation images (Fig. 2.3).

The algebraic sum (Q,,) of all heat compo-
nents is the energy available for the snowpack to
melt. The net radiational energy computed earlier
is assumed to be 60% of the total energy. The
other components of energy in Eq. (2.2) are
assumed to be remaining 40% based on the
available literature. Accordingly, the algebraic
sum (Q,,) is computed by dividing the total
radiational energy by 0.6.

Once the sum of energy available for melt is
obtained, the mass flux density of meltwater
(M) was computed using Eq. 2.3. Then the
snowmelt in terms of depth units is computed for
all the pixels using the 8-day energy images for
each 8-day period. This is converted into a spatial
snowmelt volume image for the area under snow
cover by taking into account the size of each
pixel (56 m) and the corresponding 8-day snow
cover image. The spatial snowmelt computed is
cumulated for the snowmelt period of April,
May, and June each year by adding the snowmelt
volume for all the 8-day time periods. This is
integrated with snow cover persistence image
(index of snow depth) to generate snowmelt
volume for the 3 months period in each basin.

Fig. 2.10 Net longwave
radiation sample image
(Source NRSC 2014)

Radiation
7.06 x 10% J/m?
— /

. -6.63x 107J/m?
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2.5.2 Glacier Melt Runoff Component

The net radiation energy at the glacier areas is
estimated following similar steps as in the case of
snowmelt runoff for all the 8-day time periods
during the April-May—-June months for all the
years 2002-2014. The magnitude of glacier melt
depends on the level of exposure of glaciers and
increases as the snowmelt season advances. The
energy balance based glacier melt runoff volume
is estimated by adopting suitable progressively
increasing runoff coefficients during the snow-
melt season. The glacier melt runoff cannot be
validated in isolation as there are no such suitable
field discharge measurements. It cannot be sep-
arated from snowmelt runoff in the field. It is
difficult to estimate the level of glacier exposure
during the snowmelt season. Therefore, the gla-
cier melt runoff coefficients are estimated con-
sidering the prior knowledge of the basins.

2.5.3 Rainfall-Runoff Component

Runoff due to rainfall can be estimated if well-
distributed rain gauges are present in the basin.
However, in the present study area, very few
(sometimes only one) rain gauges are present for
which the data is available. In the Himalayas, it is
generally accepted that rainfall occurs in areas
having an elevation of below 4500 m. In the
present study, the scope is restricted to runoff due
to rainfall during snowmelt period, i.e. April-
May—June months. Therefore, for estimating the
runoff from rainfall during the snowmelt period,
it is assumed that the basin area below 4500 m
elevation is the contributing area. Accordingly,
for each basin rainfall contribution area is com-
puted. The average rainfall from the rainfall
stations during the melt period is computed based
on the Thiessen polygon. An appropriate runoff
coefficient is assumed for each basin which var-
ies temporally during the season. Basin-level
runoff from rainfall is computed by multiplying
the average rainfall with rainfall contribution area
and runoft coefficient.

E. Siva Sankar et al.

In the case of the Sutlej basin, rainfall is
measured at Rampur, Suni, Kasol, Kahu, Berthin
and Bhakra. A varying runoff coefficient for
rainfall component is adopted month-wise during
April to June months. The rainfall and corre-
sponding runoff for April-May—June months are
shown in Fig. 2.11.

2.5.4 Base Flow Component

Base flow for each basin is computed separately
as a function of snow cover area existing as on
30 March. In the case of the Sutlej basin, the
base flow is estimated by dividing into 3 sub-
basins and integrated to account for spatial
variability.

2.5.5 Calibration and Validation

The runoff due to snowmelt, glacier melt, rainfall
and base flow computed earlier were integrated.
The total runoff volume in the 3 months period is
the sum of all the components snowmelt runoff,
glacier melt, runoff due to rainfall and the base flow.

The total runoff was computed for all the
years. The estimated runoff is calibrated with
observed runoff using 4 years (2002, 2003, 2004
and 2005) data. The calibrated model is validated
with the remaining data (2006-2012). The results
of calibration and validation along with forecast
results for the Sutlej basin are given below.

In the Sutlej basin, the snowmelt runoff
component and base flow components were
computed for each sub-basin. Figure 2.12 shows
the snowmelt volume for the 3 months forecast
period in the year 2012. Figure 2.13 shows the
snowmelt runoff component, glacier melt runoff
component, base flow component and rainfall—
runoff component. Table 2.2 and Fig. 2.14 show
the comparison of the observed runoff and esti-
mated runoff at Bhakra in the Sutlej basin.
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Fig. 2.11 Rainfall-runoff in Rainfall runoff
Sutlej basin (Source NRSC Sutlej basin
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Fig. 2.12 Snowmelt volume
during 2012 season in Sutlej
basin (Source NRSC 2014)

Fig. 2.13 Runoff
components in Sutlej basin
(Source NRSC 2014)
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Table 2.2 Comparison of  yeyr | Observed runoff (MCM) | Estimated runoff (MCM) | Deviation (%)
estimated runoff and
observed runoff in Sutlej 2006 3820 3461 9
basin 2007 3056 3130 -2

2008 4148 3354 19

2009 2730 3077 -13

2010 3186 3191 -0

2011 5389 3949 27

2012 2637 2841 -8

Source NRSC (2014)

Fig. 2.14 Comparison of
estimated runoff and observed

Estimated Runoff Vs. Observed Runoff

Sutlej basin @ Bhakra

runoff in Sutlej basin (Source 6000
NRSC 2014) 5000
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Year
Table 2.3 Comparison of v, Forecasted runoff (MCM) Observed runoff (MCM) % Deviation
forecasted seasonal runoff
with observed runoff 2012 2800 2637 6.2
2013 3700 5173 —28.4
2014 3750 3425 9.5

Source NRSC (2014)

2.6 Runoff Forecasting Results

The seasonal runoff forecasts provided for the
Sutlej basin for the snowmelt period during
2012, 2013 and 2014 were compared with
observed discharges and the deviations are
computed. The year-wise estimated runoff and
actual observed runoff are compared and the
details are given in Table 2.3. The accuracy of
forecasts was better than 90% except during
2013. There was unprecedented rainfall and
unusual snowfall occurred in the central Hima-
layas during 16—18 June 2013. In view of unu-
sual snowfall, there was substantial additional
snow cover was observed from satellite images

as depicted in Fig. 2.15 (before the snowfall
event) and Fig. 2.16 (after the snowfall event).
This resulted in substantially high discharges in
most of the basins of the study area, including the
Sutlej basin.

2.7 Conclusions

In the present study, snowmelt runoff was esti-
mated using the energy balance approach.
Energy balance approach involves several energy
input components. Major components have been
estimated using satellite data derived inputs
making suitable assumptions. The satellite data
derived inputs include snow cover area, snow
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Fig. 2.15 Snow cover image
as of 02-June-2013 (Source
NRSC 2014)

Fig. 2.16 Snow cover image
as of 18-June-2013 (Source
NRSC 2014)

albedo, snow emissivity, land surface tempera-
ture, digital elevation model, land use and land
cover. The field data such as observed discharge
and rainfall have been used. In the forecast sit-
uation, the current snow cover area as a primary
input in conjunction with other data inputs of
historic years was used for estimating snowmelt
volume. The runoff from glacier melt and rainfall
are suitably assumed considering historic aver-
ages. The aggregate of estimated snowmelt

runoff, rainfall-runoff, glacier runoff and base
flow is considered as the present runoff forecast.

In the case of Sutlej basin, the average snow
cover area is varying from 49% to 11.5% of the
basin area from beginning to the end of the
season. Glacier area is about 1655 km? (3.2%) of
the basin area. The rain-fed area as estimated
from DEM is about 10100 km?. Only about 78%
of the basin area is above 4,000 m altitude. Most
of the basin area (58%) that is in the Tibet region
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is relatively flat and contains a thinner snowpack.
The lower Sutlej region and Spiti region con-
tribute most of the snowmelt runoff. Therefore, in
spite of the large basin area, the snowmelt runoff
contribution is less from the Tibet region.
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Abstract world. Climate scientists estimate an increase
of 2.1° to 2.6 °C in temperature by 2050 and
around 3.3° to 3.8 °C by 2080 over the Indian
region that is already experiencing climate
change. Further change is predicted to have
adverse impacts on natural resources such as
freshwater supply, Himalayan glaciers and
rivers, agriculture, biodiversity and human
health. Change is expected to result in
increases in the frequencies of extreme
weather events, including increased precipita-
tion, droughts, rising sea level and the
submergence of low-lying coastal areas,
floods and cyclones. Climate
induced-immigration  from  neighbouring
nations may also put additional strain on its
resources. Consequently, an understanding of
climate change and its potential impact on
natural resources, both in general and in the
Indian region in particular, is important
because it will affect the lives of millions of
people. This article presents an overview of
climate change research, the potential impacts
of climate change on natural resources (with
reference to India) and the possibilities of

Increases in anthropogenic emissions of
greenhouse gases to the atmosphere are con-
sidered to be the major driving force behind
current climate change. Although climate
change is not a new phenomenon, the impact
of these emissions on the earth’s climate and
environment has serious implications for
human occupation. The geological record of
the earth provides numerous examples that
climate has not been uniform through its
history, and has been significantly altered
from time to time. It also indicates that events
of past climate change have severely impacted
the earth’s environment and caused wide-
spread destruction of ecosystems. Understand-
ing climate change is therefore of great
concern to human lives because it is expected
to have wide-ranging effects on the future
sustainability of Mother Earth. It poses a
serious threat to India—the largest agricultural
nation in the South Asian region. India has a
population of over 1.2 billion that makes it
one of the most vulnerable regions in the

mitigation.
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3.1 Introduction

In the last few decades, there have been shocking
scientific and media reports on the undoubted
fact that the earth’s average temperature is
increasing at an alarming rate (McMichael 2003;
Le Treut et al. 2007; IPCC Report 2019; Hegerl
et al. 2019; Sarkar et al. 2020). It has been esti-
mated that global temperatures have increased by
around 0.74 °C since the advent of the industrial
era (Ritter 2009; Ogurtsov et al. 2013; Hender-
son et al. 2020). Several lines of evidence link
this rise to an increase in the concentrations of
greenhouse gases in the earth’s lower atmo-
sphere. Among these gases, carbon dioxide is
one of the major contributors and currently,
concentrations of this are reaching 380 ppm
(parts per million) (Ruddiman 2008; UNDP
Report 2008; Bhandari 2018). An increase in the
mean temperature of the troposphere has caused
global warming that, in turn, is forcing the cli-
mate to change as it has already happened many
times in the geological past. Climate change is a
reality and there is a strong consensus in the
science community (e.g., Intergovernmental
Panel on Climate Change (IPCC)) that the global
climate is changing rapidly (IPCC Report 2019;
Hegerl et al. 2019; Henderson et al. 2020). Using
current climate change trends, the IPCC, in its
third assessment report (IPCC Report 2001),
projected that temperatures could rise globally by
1.4° to 5.8 °C in the next 100 years. It is also
concluded that the increasing concentrations of
greenhouse gases, resulting from human activity
such as the burning of fossil fuels and defor-
estation, have been responsible for most of the
observed temperature increases since the middle
of the twentieth century (Kumar et al. 2020;
Singh et al. 2020; Taloor et al. 2020). This
communication presents an overview of the his-
tory of climate change research, climate systems
and palaeoclimate, together with potential
impacts of climate change on natural resources in
general and on India in particular and on miti-
gation strategies.
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3.2 Climate and Greenhouse Effect

Climate is generally defined as ‘“average
weather”. Weather represents the state of tem-
perature, precipitation, humidity, wind speed,
cloud cover and other physical phenomena of an
area of the lower atmosphere over hours or days.
The climate system is one of the most complex
and dynamic systems of the earth. It comprises
numerous elements, including inbound solar
radiation, atmosphere, lithosphere, biosphere,
cryosphere and hydrosphere. It also encompasses
the rotation and revolution of the earth around
the Sun. Indeed, the variability of temperature
and precipitation and their averages over periods
ranging from months to centuries (a typical per-
iod is ~30 years) describes the climate (Rohli
and Vega 2008). Thus, the climate system
develops over time and is controlled both by its
own internal deviations and by variations in
external factors such as solar radiation, volcanic
eruptions and anthropogenic atmospheric chan-
ges (Le Treutet al. 2007). Energy from the Sun is
the basic power behind this system and without
solar energy the earth would be a gloomy and
frigid planet with no life. The atmosphere is a
substantial component of the climate system. The
atmosphere is basically a gaseous envelope sur-
rounding the earth, comprising nitrogen, oxygen,
carbon dioxide, ozone, methane and various inert
gases, together with water vapour and particulate
matter. It provides variation within internal
components (temperature, precipitation, wind,
cloud cover, reflection and absorption of solar
energy) of the system and necessary gases for the
survival of life (Le Treutet al. 2007). It also acts
as a filter to incoming solar radiation, shielding
the surface from the more destructive effects of
ultraviolet radiation and preventing overheating.

The atmosphere is divided into distinct layers:
the troposphere, stratosphere, mesosphere and
thermosphere (Fig. 3.1). Its effective thickness is
estimated to be between 16 and 29 thousand
kilometres from sea level, but there is no definite
outer edge, it gradually becomes thinner until it
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merges into space. More than 80% of atmo-
spheric gases are held by gravity within 20
kilometres of the earth’s surface. The surface of
the earth receives energy from solar radiation in
the form of very short wavelengths, predomi-
nantly in the visible or near-visible part of the
electromagnetic spectrum. The earth reflects
nearly 30% of incoming radiation and absorbs
the remaining 70% that warms the land, atmo-
sphere and oceans (Le Treut et al. 2007). As a
result, the earth emits terrestrial radiation into the
atmosphere in the form of longer wavelengths,
primarily in the infrared portion of the electro-
magnetic spectrum. Up to 90% of outgoing ter-
restrial (thermal) radiation emitted by the land
and oceans is absorbed by the atmosphere.
However, part of this is subsequently radiated
back to the earth’s surface, warming the lower
troposphere and surface, mainly because of the
presence of greenhouse gases, notably carbon
dioxide and water vapour (Salby 1992). This
process, by which energy is recycled in the lower
atmosphere to warm the earth’s surface, is
referred to as the “Greenhouse Effect”, and is an
essential component of the earth’s climate. Vir-
tually, all weather and climate-related phenom-
ena occur within the lower atmosphere, mostly in
the troposphere, but partly in the stratosphere
(Fig. 3.1). Hence, this region is critical to life in
the biosphere. Since the formation of the earth,
around 4.6 billion years (Ba) ago, greenhouse
gases have played a crucial role in the origins,
evolution, extinction, diversification, migration
and adaptation of life forms under different cli-
matic conditions.

3.3 A Concise History of Climate
Change Research

The beginning of the climate change research
goes back to eighteenth century, when a French
political philosopher and jurist, Charles-Louis de
Secondat, Baron de La Bréde et de Montesquieu
(1689-1755) put forward the views that the
physical environment substantially influences the
human nature, their societies and the political
systems created by it (Kriesel 1968; Bhandari
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Fig. 3.1 Vertical layering of the atmosphere. Tropo-
pause, stratopause and mesopause are the boundaries
between troposphere-stratosphere, stratosphere-
mesosphere and mesosphere-thermosphere, respectively
(modified after Salby 1992)

2018). While examining the writings of Mon-
tesquieu, Kriesel (1968) noted that Montesquieu
outlined his statement of “The Spirit of Laws”, in
which, he summarised the impacts of the physi-
cal environment and non-physical societal attri-
butes (customs, manners, morals, traditions and
technologies) on the growth of complex bio-
physical, politico-economic and socio-cultural
systems. In fact, climate change science was a
part of academic and philosophical domains
much earlier as many ancient Greeks and other
scholars suspected in the sixteenth and seven-
teenth centuries that humans had the capacity to
alter temperature and rainfall patterns by clearing
forests, irrigating deserts, plowing agriculture
fields and by animal over-grazing (Fleming
2005; Bhandari 2018; https://www.history.com).
In 1824, Joseph Fourier—a French physicist—
described the earth’s natural “greenhouse effect”
and stated that energy received by the earth from
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solar radiation must be balanced by energy
returning back to the space after emitting by the
earth’s surface. Further, he argued that some
portion of the returning energy must be absorbed
by the atmosphere, which keeps the earth warm.
Later, in 1861, John Tyndall, an Irish physicist,
while advancing the work of Joseph Fourier
ahead, identified the gases including water
vapour, methane and carbon dioxide that
strongly absorb radiation emitted by the earth
and produce a greenhouse effect. In the mean-
time, Jean Louis Rodolphe Agassiz, a renowned
Swiss-born American biologist and geologist, in
1837, proposed the theory of an “Ice Age”
referring to a past time interval, in which large
glaciers covered the North Pole, Europe and
much of North America (Riebeek 2005). Ini-
tially, people cast doubts about his theory, but,
later, during the 1870s, the evidence of an ice age
was widely recognised by the scientific (geo-
logical) community (Riebeek 2005). It is worth
mentioning that the acceptance of an ice age
theory triggered many questions: what had
caused the ice age?, why and when it had ended?,
could it come again?, will climate change again?
and others. Following the acceptance of the
theory of ice age and the then separate concept of
the greenhouse effect, Svante Arrhenius, a
Swedish chemist, in 1896, envisioned that the ice
age could have been caused by a decrease in the
concentration of greenhouse gases, particularly
carbon dioxide, that would reduce the tempera-
ture during the ice age (Weart 2003; Fleming
2005; Riebeek 2005; Bhandari 2018). Addition-
ally, he proposed that industrial emissions could
increase the temperature of the earth in the
coming centuries. In fact, Arrhenius’ work
helped to explain historical climatic variations
and also laid the foundation for the advancement
of the theory of the greenhouse effect and climate
change (Weart 2003; Bhandari 2018). Later, in
1938, Guy Stewart Calendar, a British engineer,
based on data collected from weather stations,
suggested that land surface temperatures had
increased in the last preceding 50 years due to
anthropogenic activities. He also demonstrated
that concentrations of carbon dioxide also had
increased in the same time interval, and finally,
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he established a link between them, which is now
referred to as the “Calendar effect” (Hawkins and
Jones 2013; Bhandari 2018).

It is evident that climate change research has a
long history and its origin is associated with
palaeoclimate studies of ice ages. However, it
took a long time to be verified because a majority
of workers considered that humanity could not
alter the climate system. However, in the 1960s,
evidence of anthropogenic interventions in the
natural climate system was becoming increas-
ingly obvious (Riebeek 2005; Singh et al. 2017;
Bhandari 2018). The modern development of
climate change research took place in the 1950s,
when scientists around the globe agreed not only
that the content of carbon dioxide in the atmo-
sphere had been increasing, but also that the
average global temperature might further
increase by some degrees Celsius prior to the end
of the twenty-first century (Weart 2003). The
modern era of climate change research actually
started between the 1950s and 1960s. In 1955,
based on carbon-14 isotope investigations, Hans
Suess found that the carbon dioxide released
from burning fossil fuels was not instantly
absorbed by oceanic waters (Baxter and Walton
1970). Following this, in 1958, Charles David
Keeling started systematically measuring the
concentration of atmospheric carbon dioxide at
Mauna Loa observatory in Hawaii (USA).
Within 4 years of this project, he presented
unequivocal results showing that the level of
carbon dioxide in the atmosphere was increasing
(Weart 2003; Black 2013; Hawkins and Jones
2013). The graph showing data year by year with
the increase of atmospheric carbon dioxide is
described as the “Keeling Curve”.

Global interest in the environment has grown
since the early 1970s, when the first United
Nations (UN) Conference on Human Environ-
ment (also known as the Stockholm Conference)
was organised in Sweden in 1972. International
environmental issues (whaling, chemical pollu-
tion and atomic bomb testing) were the main
focuses of this conference that gave birth to
international environmental politics (Black 2013;
Bell 2014). Indeed, climate change was not for-
mally part of the conference, but the meeting is
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nevertheless considered as its beginning, leading
to the establishment of the United Nations
Environment Programme (Black 2013; Bell
2014). Subsequently, in 1979, World Meteoro-
logical Organisation (WMO) organised the first
World Climate Conference in Geneva. In this,
experts around the globe enunciated, for the first
time, the major consequences of climate change
on the earth, which later became the subject of
political talks at both national and international
levels (e.g., Fleming 2005). In 1988, the UN
Assembly (by the acceptance of Resolution
No. 43/53) considered climate change to be a
problem common to the whole of mankind. In
1988, the UN and WMO, with the support of the
United Nations Environment Programme, estab-
lished Intergovernmental Panel on Climate
Change (IPCC) as an independent scientific
organisation (Fleming 2005; Black 2013; Bell
2014; https://www.ipcc.ch/). The main functions
of the IPCC are to document past climate (also
known as palaeoclimate) changes, the current
climate and its environmental, social and eco-
nomic impacts, and to project future changes as
well as proposals for mitigating climate change
effects. The IPCC has continued this work since
its inception and has released a series of assess-
ments and supplemental reports consisting of
summaries of scientific work on climate change
within every 5 to 6 years. So far, the IPCC has
published five assessment reports: the First
Assessment Report in 1990, followed by 1995,
2001, 2007 and 2013-2014. The Sixth Assess-
ment Report is due to be issued in 2022 (https://
www.ipcc.ch/reports/).

Apart from the IPCC, the introduction to the
Montreal Protocol, an international treaty signed
in 1987 that came into force in 1989, is a global
agreement protecting the ozone layer by phasing
out the production and consumption of ozone-
depleting substances has also contributed to cli-
mate change research (https://www.
unenvironment.org/ozonaction/). In 1992, the
United Nations Framework Convention on Cli-
mate Change (UNFCCC) was adopted at the UN
Conference on Environment and Development
held in Rio de Janeiro, popularly known as the
Earth Summit. This is also an international

agreement, and its main objective is “to stabilise
greenhouse gas concentrations in the atmosphere
at a level that will prevent dangerous human
interference with the climate system, in a time
frame, which allows ecosystems to adapt natu-
rally and enables sustainable development”
(Leggett 2020). The UNFCCC has two sub-
sidiary treaties: the Kyoto Protocol and the Paris
Agreement. The Kyoto Protocol was introduced
in 1997 and its primary aim is to limit and reduce
the greenhouse gas emissions of
industrialised/developed countries in accordance
with agreed individual targets (https://unfccc.int/
kyoto_protocol). The Paris Agreement, adopted
in 2015 by almost all countries, aimed at reduc-
ing climate change and speeding up and
strengthening the responses and investments
required for a sustainable low carbon future. Its
main focus is to support the world response to
the threat of climate change (Leggett 2020). Both
the Montreal Protocol and the UNFCCC added
new dimensions to climate change research.

3.4 Impacts of Climate Change

The TPCC has established that climate change is
a serious concern and its impacts on biotic and
abiotic resources are heterogeneous, varying in
scale from region to region and latitude to lati-
tude (IPCC Report 2007, 2019). Climate models
indicate that global temperatures have increased
by several degrees during the twentieth century.
The increase in temperature has altered the global
and regional climate zones and ecosystems of
earth, and thus, has affected the environmental
quality and livelihoods of populations and the
economies of various countries. The effects of
global warming and climate change are manifold
(Fig. 3.2), including the melting of glaciers and
sea-ice, leading to a rising sea level and flooding
in low-lying areas, and an increase in the fre-
quency and severity of extreme weather events.
These have the effects of shifting vegetation
zones, with the loss of wildlife species, collaps-
ing dynamics of socio-economic structures,
reduction in crop yields and instability in food
supplies, the rapid spread of insect transmitted
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Fig. 3.2 Impacts of climate
change (modified after IPCC
Report 2019; Verma 2019)

diseases and an increase in the intensity of severe
weather with a concurrent increase in related
natural hazards. The damage resulting from cli-
mate change imposes a heavy toll on society and
environment. For instance, floods along the
Yangtze River (China) in 1998 caused nearly
4,000 deaths and a financial loss of $30 million
(Yin and Li 2001). In the same year, extreme
weather conditions in Florida (USA) led to
drought and widespread wildfires, causing a loss
of 483,000 acres of forest and 356 buildings,
with an estimated economic loss of US $276
million (Vellinga and van Verseveld 2000). In
August 2010, an abnormal cloudburst hit the
Union Territory of Ladakh (part of the former
Jammu and Kashmir State) that lies in a rain
shadow area. Nearly 600 people were reported
missing, with 130 confirmed deaths and nearly
300 injured (India Today 2010). During 1900—
1995, the frequency and intensity of droughts are
reported to have increased in many regions of the
Asian and African continents (Dai et al. 1998).
The recent Australian bushfire season (2019-—
2020) caused the loss of millions of acres of
forest, destroying more than 5,900 buildings, and
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killed 34 persons (Phillips and Nogrady 2020).
Many millions of animals were also burned
(Phillips and Nogrady 2020). The incidence of
these extreme events at almost the same time
raises concerns about their relationship to climate
change (Verma 2019; Phillips and Nogrady
2020). In the following section, some of the
adverse impacts of climate change are briefly
discussed.

3.4.1 Impacts on Himalayan Glaciers

Nearly 10% of the earth’s surface is covered by
ice, and particularly by glaciers. Glaciers are
produced by the accumulation of ice above the
snowline under cold climate conditions. At pre-
sent, the earth has permanent major ice covers in
the Arctic, Greenland and Antarctica. However,
snow and ice also occur in various mountain
regions of the globe, notably the Rockies (North
America), the Andes (South America), the Alps
(Europe), the Himalaya (Asia) and Mount Kili-
manjaro (Africa). It is important to note that
although many are small, snow and ice covers are
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enormously important, providing a source of
freshwater to millions of people. The most
noticeable impact of global warming is the
melting of polar ice caps and the progressive
retreat of mountain glaciers of the Alps, Mount
Kilimanjaro and the Himalayas (e.g., Rasul and
Molden 2019; Krishnan et al. 2020). The Hima-
layas have the largest concentration of glaciers
outside Polar Regions and are an important
freshwater source in Asia; hence, the range is
referred to as the “Water Tower of Asia” (WWF
Report 2005; Mukherji et al. 2015). Glaciers
supply melt waters to nine Asian river systems
including three Indian rivers, the Indus, Ganga
and Brahmaputra. Himalayan glaciers supply
fresh water to river systems throughout the year
and sustain life for almost one-third of humanity
on the planet. Climate change has been impacting
the glacial ecosystem very rapidly. Research has
shown that Himalayan glaciers have been melting
at alarming rates (Anthwal et al. 2006; Bisht et al.
2019; Krishnan et al. 2020). In the last two dec-
ades, nearly 60% of Himalayan glaciers have
retreated, with climate change identified as the
causative driver (e.g., Miller et al. 2012; Sood
et al. 2020). The Chaturangi and Onglaktang-
Rathong glaciers in the Garhwal and Sikkim
Himalaya have each retreated about 46 m, at 1
and 1.2 km per year, respectively. The Kolhani
and Machoi glaciers of the Kashmir Himalaya
have retreated at rates of 16 m and 8.1 m per
year, respectively (Bisht et al. 2019). Lastly, the
famous Gangotri glacier in the Garhwal Himalaya
has been retreating at an average rate of about
23 m per year (WWF Report 2005). Melting of
the Himalayan glaciers, due to increasing tem-
perature, is enhancing the number and size of
glacial lakes but also increasing the risk of glacial
lake outburst floods. Initially, melt waters will
increase runoff through the major river systems to
the ocean, but this is likely to be followed by dry
spells once the glaciers disappear. It is suggested
that some major rivers of the Himalaya will
become ephemeral, with a monsoonal behaviour
like those in peninsular India (e.g., Haque et al.
2020).

The reservoirs of ice and snow in Himalayan
glaciers are a major source of freshwater in South

Asia and, if the observed trends of rising tem-
perature continue, they may vanish entirely
(WWEF Report 2005). As they decline, the area is
likely to see an increased risk of sudden failure of
large structures (dams) and an increase in the
frequency of natural hazards (glacial lake out-
burst floods) as the volume of melt water
increases (e.g., Krishnan et al. 2020). They will
also impact supplies of freshwater for drinking,
irrigation and industry, reducing the potential for
hydropower. Eventually, their reduction will
have major effects on basic human indices due to
the lack of water. Glaciers are sensitive to climate
change, and in the Himalayan region provide an
excellent opportunity to assess the impact of
global climate change (Mukherji et al. 2015).

3.4.2 Impacts on the Sea Level

There is strong evidence that the global sea level
has increased in the recent past. According to the
IPCC (IPCC Report 2007) during the last cen-
tury, there has been a rise in sea level of 0.3 to
0.8 m. In the IPCC special report on emission
scenarios; it is projected that sea level will
increase by 0.22 to 0.44 m above the current sea
level at the end of this century (2090-2099). The
melting of land-based ice and snow cover, due to
global warming and the thermal expansion of the
oceans, are regarded as the major reasons for the
observed global rise in sea level (Mimura 2013).
The rise is expected to lead to the submergence
of low-lying and deltaic regions, with the loss of
coastal ecosystems and wetlands, and the intru-
sion of saline water in coastal aquifers. Satellite
data have shown that, since 1992, sea-level rise
has been the greatest in the western Pacific and
eastern Indian oceans (Krishnan et al. 2020). The
additional rise predicted will pose serious threats
to humanity. In the Indian subcontinent, the
projected rise in sea level will lead to varying
submergence of the coastline, with the most
severe impacts along the most important rice-
growing coastal agricultural lands of Myanmar,
Bangladesh, Sri Lanka, India and Pakistan
(Krishnan et al. 2020). It will place highly pop-
ulated cities like Dhaka (Bangladesh),



46

Visakhapatnam, Mumbai, Kochi, Mangalore
(India) and Karachi (Pakistan) at high risk. Over
70 million people in Bangladesh, 22 million in
Vietnam and 6 million in Lower Egypt would be
at risk due to the expected rise (UNDP Report
2008).

3.4.3 Impacts on Agricultural
Productivity and Food

Security

India is primarily an agricultural country, in
which a wide variety of crops ranging from
Kharif to Rabi are grown. The Kharif crops
account for nearly 78% of cereal production and
Rabi about 72% of food production in India. The
Indian economy is wholly dependent upon agri-
cultural productivity as it alone contributes more
than 27% of the gross domestic product. India is
the second largest populated country on the globe
and in the near future, high agricultural produc-
tivity will be required to meet the food demands
of a growing population. Agricultural produc-
tivity in India depends entirely on climate and
land resources, specifically soil and water. At
present, the Himalayan and peninsular river
systems and the monsoon system fulfil all of the
water requirements for irrigation, which, in turn,
supports high agricultural productivity (Krishnan
et al. 2020). According to the 1996 IPCC report,
by 2070 the mean temperature in India is pro-
jected to increase by 0.4° to 2.0 °C in lands
growing Kharif and 1.1° to 4.5 °C for those
relying on Rabi (IPCC Report 1996). It is also
predicted that the timing of the onset of the
monsoon system may change and that the fre-
quencies of droughts and floods may increase
(Mujumdar et al. 2020). It is notable that in the
past few years, regions of the country have fre-
quently experienced extreme events including
floods, droughts, unusual heavy rainfall, land-
slides and cyclones (Seneviratne et al. 2012).
Himalayan glaciers, one of the major sources of
rivers in India, have been retreating in recent
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decades, and this retreat may change the volume
of water supplied. It is clear from these facts that
in India the impacts of climate change on agri-
culture are significant.

Agriculture is itself a major contributor to
climate change as it adds nearly one-third of
emissions of greenhouse gases (nitrous oxide and
methane) into the atmosphere. Such changes can
have both beneficial and detrimental impacts on
crop productivity, increasing productivity in
some areas and reducing it in others. Cereals
such as rice and wheat are the major food grains
for consumption in India and are sensitive to high
temperatures. It is projected that their yields
would decrease with a rise in temperature, but
increase with a rise in precipitation. An increase
in temperature would also reduce the yields of
fruit crops such as apples and berries that require
a long winter chilling period. It is projected that
agricultural output in developing countries may
decline by 20% due to climate change and by
2080 yields in these areas could decrease by 15%
on average (Fisher et al. 2005). Overall, an
increase in temperature will have serious effects
not only on the nutritional content and quality of
cereals, pulses, fruits and vegetables but also on
the qualities of cotton, tea, coffee, aromatic and
medicinal plants (Battist and Naylor 2009).

India also has the largest population of live-
stock, with animals used as milk producers,
nutrient recyclers and as a source of food. An
increase in temperature would likely lower
reproduction rates and make conditions more
favourable for disease, ultimately reducing pro-
duction (Rojas-Downing et al. 2017). Climate
change is also likely to reduce food availability,
because it adversely affects the basic components
of food production: soil, water and biodiversity.
The decrease of agricultural production due to
climate change, and rising world prices of many
food items in the past decade, have put over 1
billion people in what is regarded as food inse-
curity. Within the next decades, it will increase
the risks of hunger and malnutrition on an
unprecedented scale.
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3.4.4 Impacts on Biodiversity
Biodiversity is simply the variety of all life forms
on the planet earth. It is usually measured as the
number and variability of genes, species and
communities in both space and time. The basic
component of biodiversity is the ecosystem that
represents the interactions between biotic and
abiotic elements of the earth. Changes in tem-
perature, sea level and rainfall along with
increasing frequencies of extreme weather events
due to global warming will have a direct impact
on ecosystems (Miller 2007). It is evident that
biodiversity is under the control of climate, and
changes in climate may alter its configuration
and the productivity of ecosystems. As a conse-
quence of climate change, all forms of biodi-
versity (animals, plants and micro-organisms)
will be put under pressure. It will increase the
risks of changes in the composition and location
of ecosystems, including species extinctions, and
reduce social and economic benefits in response
to the challenge of adapting to a warmer climate
(Miller 2007; Ruddiman 2008). Plant diversity is
particularly significant; on the one hand, plants
act not only to sequester carbon dioxide and
bring its concentration down, but they also pro-
vide fuel, food, fodder, timber and medicinal and
aromatic plants. The fourth assessment report of
the IPCC (IPCC Report 2007) predicted that
many mid-latitudinal areas will experience
decreased rainfall and an increased risk of
droughts, which would allow forest or wildfires
to occur on a larger scale. This will release stored
organic carbon into the atmosphere (a positive
feedback to global warming), and will also
reduce the overall forest cover and sequestration
of carbon dioxide. Tropical wet and warm rain
forests may disappear and cool temperate vege-
tation would become warm and temperate. Glo-
bal warming may in the future lead to a shift of
lower altitude forests to higher altitudes. Forest
types/species unable to disperse or migrate fast
enough, or have no place to go, as in the Arctic,
alpine and coastal species and island endemics,
will decline or face extinction (e.g., Aitken et al.
2008).

Tropical insects play an important role in the
health of tropical habitats, as they provide vital
ecological services, breaking down organic
materials and pollinating flowers to provide fruits
and nuts. Many insect species are sensitive to
temperature and are only able to tolerate a narrow
range of variation; an average rise of 1° to 2 °C
could kill many. Tropical insects are expected to
be among the first terrestrial species to become
extinct as a consequence of global warming.
Polar bears and Emperor penguins are the next
likely casualties (Miller 2007). Polar bears use
sea-ice as a platform for hunting, and global
warming is reducing floating ice in the Arctic and
other regions, placing them under food insecu-
rity. Some plant and animal species will adapt to
a warmer climate, but others will not do so well.
It is projected that a rise of 3 °C in temperature
may result in 20-30% of land species facing
extinction. Overall, global warming will reduce
biodiversity—a major pillar of sustainability of
the earth.

3.4.5 Impacts on Human Health

Variations in climate are likely to impact the
basic requirements of health, including drinking
water, air, food and shelter. A warmer climate
may bring either positive or negative effects on
human health (McMichael et al. 2003; Singh and
Dhiman 2012; Sheridan and Allen 2015). How-
ever, the intensity of these impacts will depend
upon the location and rate of temperature
increase. Localised benefits of global warming
may occur in some regions, including lower
rainfall in wet regions, higher rainfall in dry
regions and consequent increases in food pro-
duction, hence, fewer deaths related to food
insecurity (Miller 2007). Elsewhere, regions may
experience extreme weather events (heavy rain-
fall, droughts, landslides, floods and forest fires),
water scarcity, loss of food production and
immigration that may make them more vulnera-
ble to vector- and water-borne, cardiovascular,
respiratory and diarrhoeal diseases, together with
diseases transmitted through insects and
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malnutrition (Miller 2007; Costello et al. 2009;
Singh and Dhiman 2012). Rising temperatures
have two opposing impacts on humans; higher
temperatures in winter tend to reduce deaths from
cold, whereas extreme temperatures in summer
increase deaths from heat exhaustion.

3.5 Climate Change: The Indian
Scenario

India is a developing nation and its rapid growth
is leading to a progressive increase in greenhouse
gas emissions (Krishnan et al. 2020). In 2004, it
was the world’s sixth highest emitter of green-
house gases, after the United States (22%), China
(14%), the European Union (13%), Russia (6%)
and Japan (5%) (Miller 2007). Its contribution to
net global greenhouse emissions has been
reported at 4%. Agriculture, biomass burning,
burning fossil fuels and deforestation have been
considered the main factors for observed emis-
sions. Carbon dioxide emissions in India have
increased from about 20 million metric tonnes of
carbon in 1950 to more than 175 million metric
tonnes of carbon in 1988, increasing at a rate of
nearly 5.6% per year (Roy and Prasad 1991). It is
projected that India will become the world’s third
biggest emitter of carbon dioxide by 2030 (NIC
Report 2009). The BASIC countries, comprising
Brazil, South Africa, India and China, are pre-
dicted to together become the largest emitters of
greenhouse gases, with China’s emissions
expected to surpass those of the United States in
the next 20-30 years.

India is home for more than 1.2 billion people.
And, as it is one of the major emitters of
greenhouse gas, thus it is also one of the most
vulnerable nations to face the impacts of pre-
dicted climate change. The country is already
witnessing changes in climate that are impacting
natural resources, bringing changes in the tim-
ings of monsoons and precipitation, and
increasing the frequencies of extreme weather
events (Fig. 3.3). Current climate changes, along
with rapid population growth, industrialisation,
urbanisation and economic growth are all putting
pressure on the ecological and socio-economic
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development of the country. The growing
industrial sector is continuously adding more to
the production of greenhouse gases; and conse-
quently, there will be a further increase in tem-
perature. Under A2 (740 ppm CO,, medium-
high emissions with priority given to economic
issues) and B2 (575 ppm CO,, medium-low
emissions with priority given to environmental
issues) scenarios of the IPCC, it is projected that
the average surface temperature will likely to be
increased by 3—4 °C at the end of the twenty-first
century.

The projected increases in temperature will
likely result in maximum warming over northern
India (Fig. 3.3). There will be an increase in day-
and night-time temperatures, but nights will
warm more than days and higher latitudes will
warm more than lower (Shukla et al. 2003). It is
likely that an increase in surface temperatures
will push the snowline higher and increase the
risk of floods in northern India during wet sea-
sons (Singh 1998). The whole country will
experience heavy precipitation; extreme precipi-
tation will increase on the west coast and in
western central India, but will probably decrease
in Punjab, Rajasthan and Tamil Nadu (Groisman
and Kovyneva 1989). Low-lying coastal areas of
eastern India will experience greater increases in
the frequencies of tropical cyclones and flooding
than the equivalent west coast (Fig. 3.3; NIO
Report 1988). A significant rise in sea level will
submerge many coastal areas of the country,
particularly the Gulf of Kutch and the coast of
West Bengal, putting the lives of over 7 million
people at risk (e.g., Krishnan et al. 2020). The
Himalayan river systems (fed by glaciers) will
first experience a brief increase in flows, but this
will be followed by a decline as glaciers melt. As
a result, the country will face water stress and
water insecurity for drinking, irrigation and
industrial purposes. It is predicted that the Indian
region will continue to suffer substantial water
stress, with increased effects in the southern part
of the peninsula.

Future climate change will pose a serious
impact on Indian forests (Fig. 3.3). It is projected
that there will be a loss of area under any given
forest cover and one type of forest would be
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Fig. 3.3 Map of India showing possible impacts of
climate change (based on various sources: NIO
Report 1988; TERI 2002; Shukla et al. 2003; WWF
Report 2005; Anthwal et al. 2006; Ravindranath et al.

replaced by another by 2085. The wetter forests
will extend in the north-eastern region and drier
forests in the north-western region whereas,
warm mixed forests will change into temperate
conifer forests. The area under existing tropical
evergreen forests will likely increase due to shifts
of the tropical deciduous and tropical semi-
deciduous forests. However, the Western Ghats

2006; Dhiman et al. 2008; Pai 2008; NIC Report 2009;
Miller et al. 2012; Singh and Dhiman 2012; Mukherji
et al. 2015; Bisht et al. 2019; Krishnan et al. 2020)

evergreen, semi-evergreen and mangrove forests
will experience little or no change (Ravindranath
et al. 2006).

Global warming will produce more negative
impacts on agricultural production. It will reduce
the yield of both wheat and rice, but the produc-
tion of wheat will be more severely affected. The
projected drop in wheat production is estimated to
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be 4-5 million tonnes with a rise of 1 °C tem-
perature (GOI Report 2004). A rise of 3 °C of
temperature is expected to shift the sowing time of
many crops. India could witness a reduction in
farm net revenues by 9-25% with an increase of
2-3.5 °C in temperature (TERI 2002).

Climate change may alter the spatial distri-
bution of vector-borne diseases like malaria that
are already a problem in India. Because the
country is already facing high levels of poverty,
with only a limited capacity of public health
systems, climate change will expose millions of
Indians to malaria and other diseases. According
to Dhiman et al. (2008), northern regions
(Jammu and Kashmir, Ladakh, Himachal Pra-
desh, Punjab, Haryana, Uttarakhand and Uttar
Pradesh) and the north-eastern states (Arunachal
Pradesh, Nagaland, Manipur and Mizoram) will
all become malaria-prone regions. Malaria will
shift from central India to the south-western
coastal states (e.g., Maharashtra, Karnataka and
Kerala) while its impact will continue in existing
malaria-prone states like Odisha, West Bengal
and Assam. The spread of other diseases, like
dengue, chikungunya, filariasis, Japanese
encephalitis, leishmaniasis and kala-azar are all
suggested under climate change scenarios (Dhi-
man et al. 2008).

India is one of the largest countries in South
Asia sharing international boundaries with Pak-
istan, Sri Lanka, Bangladesh, Myanmar, Bhutan,
Nepal, Tibet and China. High population growth,
less adaptive capacity, high poverty, unique and
valuable ecosystems, rich mineral wealth, vast
productive agricultural regions, various water
treaties, long international boundaries and con-
flicts with some neighbouring countries, all make
India more vulnerable in facing challenges of
climate change, not only at local and national
levels, but also regionally. Within a few decades,
India is expected to experience large-scale cross-
border immigration. Rising sea level will sub-
merge the Maldives, Lakshadweep, parts of Sri
Lanka, low-lying areas of Bangladesh and
Myanmar. Melting glaciers and heavy precipita-
tion will pose a serious threat of flash and glacial
lake outburst floods in Bangladesh, Nepal, Bhu-
tan and Tibet. As a result, millions of people
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from these countries would be forced to migrate
to India (Pai 2008). Around 12 to 17 million
people from Bangladesh have already illegally
migrated to the states of India, mostly in Assam
and Tripura since the 1950s. Such mass immi-
gration will not only put more pressure on natural
and other resources, but also alter the entire
socio-economic structure of the country. Agri-
cultural productivity in Pakistan mainly depends
on the Indus river waters. As India and Pakistan
are already in disputes related to the distribution
of waters of the Indus river, any reduction in the
supply of water due to climate change may
trigger wars between these countries. Mass
immigration and existing conflicts with neigh-
bours must be recognised as potential threats to
the country’s security and may force India to
expand diplomatic or military capacities to tackle
these issues.

3.6 Climate Change—An Old
Phenomenon

Climate change is neither unusual or a new phe-
nomenon to the earth. The geological record pro-
vides evidence that the climate of the living planet
earth has varied throughout its history. The geo-
logical record reveals that the climate has been
altered by changes in solar intensity, volcanic
eruptions, lithospheric plate motions, weathering
reactions, fluctuations of greenhouse gases,
changes in oceanic circulation, cyclic variations in
the earth’s orbit, meteorite impacts and biological
evolution. Geologists broadly define the past cli-
mate of the earth in terms of non-glacial and glacial
periods. During the Precambrian eon (4.6 Ba to
540 Ma [million years] ago), the earth’s climate
was warm and concentrations of greenhouse gases
like carbon dioxide, methane and water vapour
were very high in the early oxygen-free atmo-
sphere. The concentration of carbon dioxide was
more than 20 times its current levels and methane
above 1000 ppm (Berner 1994). Millions of years
after the formation of the earth, as the temperature
decreased, water vapour in the early atmosphere
produced rain. As a consequence, the earth was
provided with basic necessities such as soil, free
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water and air for the origination of life. Around 3.5
Baago, early forms of life like cyanobacteria made
their first appearance. These used the sun as a
source of energy to make their food, but released
oxygen as a by-product of photosynthesis. Around
600 Ma ago, enough oxygen was present in the
atmosphere for the development of multi-cellular
organisms (Canfield et al. 2007). During the
Phanerozoic eon (540 Ma to the present), the
concentration of carbon dioxide fluctuated,
decreasing from perhaps 6000 ppm to reach its
current levels (280 ppm pre-industrial level and
380 ppm after industrialisation). The carbon cycle
helped to shape the Phanerozoic climate with
changes reflected in species radiations of multi-
cellular organisms including plants (Beerling and
Berner 2005).

Palaeoclimatic data indicate three broad cli-
matic stages in the geological history of the earth:
(a) Early Archaean (3850-3200 Ma ago), a non-
glacial stage; (b) Late Archaecan—Middle
Riphaean (3200-1200 Ma ago), a stage with
episodic glaciation; and (c) Riphaean—Recent
(1200-0 Ma ago), a stage with frequent periodic
glaciations. These long-term changes may have
played an important role in shaping the planet’s
ecosystem, determining where and which life
forms would survive, contributing to the
destruction of ecosystems and the extinction of
many species. Five great mass extinctions are
recognised in the fossil record (Racki 2019).
About 543 Ma ago (the Precambrian-Cambrian
boundary), circa 76% of the dominant early fauna
and flora vanished in this first great mass extinc-
tion. At 254 Ma ago (the Permian/Triassic
boundary), the earth experienced a mass extinc-
tion resulting in the elimination of about 90% of
marine and some 70% of land species. Trilobites,
some corals, placoderms and pelycosaurs were the
marine and terrestrial animals that did not survive
beyond this boundary. The most famous extinc-
tion reflected in the demise of the dinosaurs,
which took place around 66 Ma ago at the
Cretaceous/Palacogene boundary. About 60% of
all species disappeared, making it the second
largest mass extinction event in geological his-
tory. Two other extinctions occurred at 444 Ma

(Late Ordovician) and 359 Ma (Late Devonian)
ago resulting in the disappearance of many forms.

3.7 Mitigation of Climate Change

Critics of climate change have argued that the
current rate of temperature increase is not unu-
sual, because the earth is a single non-
equilibrium dynamic system billions of years
old, and it is not easy to understand its climate
system. They argue that variation in climate has
occurred on all time scales and has been con-
tinuous. The dynamic nature of the earth, and the
non-equilibrium state of components of the cli-
mate system, makes it difficult to assess any
cumulative human impact on climate (Freitas
2002). Miller (2007) argued that climate change
is a more serious challenge to humanity than the
threat of terrorism. The reason being that Mother
Earth has only one atmosphere and this is not
possible to separate greenhouse gas emissions
based on the country of origin. The emissions of
one country will cause climate change in another,
because the wind systems of the planetary
atmosphere transport emissions and their effects
worldwide. The poor of the developing countries
have the lowest capacity to respond to climate
change and will probably be the first victims of
change. In the future, the whole of humanity will
face the risks of global warming and thereafter,
the future generation who did not create this
problem will have to be ready to face the con-
sequences of climate change.

However, global warming, from whatever
cause, is more likely to produce big losses than
benefits. This is a global problem and needs
reaction at all levels. There are two basic ways to
deal with it; one is mitigation and the other
adaptation. Mitigation involves the reduction of
greenhouse gas emissions by shifting from fossil
fuels to sustainable non-carbon energy sources,
doing re-afforestation, taking poverty reduction
measures and by slowing population growth.
Adaptation involves adjustments in terms of
behaviour or economic structures that limit the
damage caused by climate change.
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3.8 Conclusions

Climate change research has a long history and
its beginning can be traced from the sixteenth
century, when ancient Greeks acknowledged the
capacity of humans to alter the climate system.
However, it accelerated in the second half of the
twentieth century when human influence on the
climate system was more widely accepted. Cli-
mate change is a real issue facing humanity
today. There is now a broad consensus that
anthropogenic activities, notably burning fossil
fuels, are increasing the concentration of carbon
dioxide in the atmosphere, and this in turn is
increasing temperature and is the main reason for
current climate change. Climate change has
serious impacts on natural resources (biotic and
abiotic resources) that are heterogeneous in nat-
ure and vary from country to country and latitude
to latitude. India is already touched by the
impacts of climate change. The changes facing
the country are impacting natural resources and
also generating and increasing frequencies of
extreme weather events. These will eventually
put the cultural and socio-economic growth of
the country under significant pressure.

Geological and palaeoclimatic studies show
that climate change is not a new phenomenon. The
earth has already witnessed numerous episodes of
past climate change of glacial and interglacial
periods, some of which caused widespread
destruction of biomass. Five great mass extinc-
tions and several minor extinctions are recorded in
earth history. Some of these may have been trig-
gered or exacerbated by climate change and played
an important part in deciding the survival of life
forms. The threat of climate change on humanity
and natural resources is real and requires strategies
including mitigation and adaptation to deal with it.
As we are living in and sharing a single atmo-
sphere, collective urgent actions are required by all
nations including both developing and developed
to mitigate climate change. No nation, acting
independently, can win the war against global
warming, but there is no doubt that the responsi-
bility for mitigation must be shared.
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Abstract change and glacier dynamics. The mapping of
snow is comparatively easier than glacier
mapping. Most commonly, the normalized
difference snow index (NDSI) band ratio
technique has been adopted for snow cover
mapping and monitoring. There are various
remote sensing-derived snow cover area prod-
ucts available. To overcome the limitations of
optical data in terms of cloud presence, the
microwave RS data is highly useful for snow
cover mapping and snow physical parameters
retrieval. However, for snow physical param-
eters such as snow water equivalent, the
scatterometer data incorporating the synthetic
aperture radar (SAR) data was used. Recently,
semi-automated algorithms are used for gla-
cier mapping separating clean ice and debris
cover area. For the Indian Himalayan region,
glacier mapping was primarily based on

Nowadays, remote sensing (RS) technology
under the space programs of the world’s
leading agencies provides multispectral opti-
cal and microwave data for natural resource
mapping of the Earth’s surface. Snow and
glacier mapping are critical for the accurate
assessment of water resource availability on
the Earth’s cryosphere and to quantify the
impact of climate change on these cryosphere
components. At present, the availability of
multispectral remote sensing data is a major
source for studying the snow and glaciers
from space. The RS approach provides data
visualization, interpretation, and assessment of
the time series scenario of both snow cover

P. K. Thakur (b<) - V. Garg - B. R. Nikam - Survey of India (Sol) and Geological Survey
S. P. Aggarwal - S. Aggarwal - D. Singh of India (GSI) topographic maps ranged on
Water Resources Department, Indian Institute A

of Remote Sensing (IIRS), Dehradun, India the scale 1:250,000 to 1: 50,000. The innova-
e-mail: praveen @iirs.gov.in tion of novel geospatial approaches for glacier
V. Garg mapping like manual delineation, band ratios,
e-mail: vaibhav @iirs.gov.in image segmentation, and classification is
B. R. Nikam based on the multispectral/panchromatic data.
e-mail: bhaskarnikam@iirs.gov.in However, mapping clean-ice and debris cover
S. P. Aggarwal of the glacier still has some limitations for
e-mail: spaggarwal @iirs.gov.in automated methods. Automated approaches
S. Aggarwal for glacier mapping dealt with the comparison
e-mail: suruchigeog @gmail.com of different datasets, measurement of glacier
D. Singh change in length, volume, and snout positions
e-mail: dsingh.iirs @ gmail.com by multi-temporal satellite imagery, and
© Springer Nature Switzerland AG 2021 57

A. K. Taloor et al. (eds.), Water, Cryosphere, and Climate Change in the Himalayas,
Geography of the Physical Environment, https://doi.org/10.1007/978-3-030-67932-3_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-67932-3_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-67932-3_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-67932-3_4&amp;domain=pdf
mailto:praveen@iirs.gov.in
mailto:vaibhav@iirs.gov.in
mailto:bhaskarnikam@iirs.gov.in
mailto:spaggarwal@iirs.gov.in
mailto:suruchigeog@gmail.com
mailto:dsingh.iirs@gmail.com
https://doi.org/10.1007/978-3-030-67932-3_4

58

digital elevation model. Further, the
high-resolution RS data has been extensively
used for glacier lake mapping and monitoring.
The regular study of glacier lakes is critical for
any possible glacier lake outburst flood. In this
way, the critical glacier lakes may be identi-
fied. It is concluded that geospatial technology
plays a significant role in cryosphere studies
and analysis from a climate change
perspective.

Keyword

Snow - Glacier and glacier lakes + Remote
sensing + Automatic methods + GIS

4.1 Introduction

The snowfall, which is one of the solid forms of
precipitation, usually occurs when the air tem-
perature drops below zero (0) degree Celsius for
most parts of the world. This snowfall occurs in
the Himalayas mainly during the winters and
reaches its maximum coverage in March—April
of a year. The deep Himalayan valleys and
mountain tops have been receiving this snow
over thousands of years and lead to the formation
of Himalayan glaciers due to the process of snow
accumulation and metamorphism. The age of
glacier ice in Antarctica and other parts can be a
few thousand to a few million years old. The
seasonal snow line elevation (SLE) of the
Himalayas fluctuates approximately between
1800 m as a minimum and 5500 m as maximum,
with a few hundred meters of variations on an
annual basis, lower SLE during good snowfall
season and high SLE during low snowfall sea-
son. The trend of snowfall and subsequent snow
cover and Snow Water Equivalent (SWE) varies
with latitude as well as longitude and altitude for
the Himalayas. Similarly, the glaciers, “Which is
a large, perennial accumulation of crystalline
ice, snow, rock, sediment, and often liquid water
that originates on land and moves downslope
under the influence of its weight and gravity”
(USGS-2019), are found in high altitude
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Himalaya, mainly above 3800 m altitude. The
high altitude Himalayan and Tibetan plateaus are
places where a large number of lakes are found.
Some of these lakes have glacier origin, i.e., they
are formed due to the various morphological
changes, due to the deglaciation and seismic
process or due to the typical topographical and
geomorphological setting of the area (NRSC
2015; Aggarwal et al. 2017). Many of these lakes
are found at the elevation of 3500-5100, with a
few exceptions in East Nepal near the Everest
area, where elevation can reach up to 5500 m.
Some artificial lakes are also formed due to man-
made dams and water storage/diversion struc-
tures, but most of these lakes are located below
4000 m (NRSC 2015).

The traditional ground-based snow, glacier,
and glacier lake mapping and survey methods are
too expensive, labor-intensive, and require net-
work and maintenance of field instruments (Dhir
1951). Satellite-based remote sensing is an effi-
cient and reliable observation system for the
systematic, large-area mapping and monitoring
of snow, glaciers, and high altitude glacier lakes
(Rango and Salomonson 1975; Ramamoorthi
and Subba Rao 1981; Dozier 1989; Jain et al.
2001; Kulkarni and Rathore 2003; Thakur et al.
2013, 2017). This chapter gives an overview of
basic remote sensing data, characteristics, and its
interaction with snow, glacier, and glacier lakes.
The basic mapping indices, tools, data products,
and available operational maps of snow, glacier,
and glacier lakes are provided.

4.2 Snow

Snow is generally porous and permeable aggre-
gates of ice grains and its growth began at a
temperature below 0 °C (Bader 1961; Hall et al.
2005). Snow crystals may occur in a variety of
shapes, such as flat hexagonal or six-sided (Hall
et al. 2005) (Fig. 4.1a). Snow forms an integral
part of the global hydrologic cycle and spring
snowmelt contributes significantly to total stream
flow in many high altitude regions around the
world. For the case of the Himalayas, the chan-
ges in the snowmelt from seasonal snowpack and
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ice melt from permanent glaciated ice impact the
annual water distribution in its headwater rivers.
In the South Asian region, a major amount of
water is received from the melting of snow and
glaciers of the rivers Indus, Ganges, and
Brahmaputra (IGB) (Singh and Kumar 1997).
Satellite-based RS applications enhanced our
capabilities to study the snow cover and glacier
mapping (Dozier 1989; Kulkarni 1991; Martinec
and Rango 1981; Prasad and Roy 2005). The
large-scale effect of snow water equivalent and
grain size of snow on the visible and near-
infrared (NIR) portion of EM energy was studied
by Choudhury and Chang 1981; Dozier et al.
1981; Warren 1982). Figure 4.1 a shows the
microscopic view of snow showing the classic
dendritic snow crystal, and Fig. 4.1b shows the
effect of grain size/age of snow on its spectral
response; note the increase in spectral reflectance
with increasing grain size or age of snow.

The standard False-Color Composite (FCC),
which uses the band combination of Red— NIR:
Green—Red and Blue—Green band of multi-
spectral remote sensing data, fails to differentiate
the snow and clouds, as both have high and
similar spectral reflectance visible to the NIR
region of electromagnetic (EM) energy
(Fig. 4.2a.3, a.2). This can be solved with the
help of the middle Infrared (MIR) portion of EM
energy. As shown in Fig. 4.2a.3, the snow/ice
has a strong absorption band near 1.44 to
1.52 um, whereas clouds still reflect higher in
this region of EM energy. Therefore, this portion

of the EM spectrum is used in the IRS Satellite
(IRS 1C/1D, IRS-P6 (Resourcesat-1), Landsat,
and MODIS sensors onboard Terra and Aqua.
Table 4.1 gives the specification of these sensors
relative to snow/ice studies.

The response of optical and synthetic aperture
radars (SAR) on different types of snow cover is
shown in the top and bottom panels of Fig. 4.2a,
b. As is clear from Fig. 4.2a, the higher the
density or grain size of snow, the lesser the
reflectance in the visible and NIR part of the EM
spectrum. Similarly, for SAR-based backscatter
from the snowpack, the dry snow is virtually
transparent to the snowpack, with the main
backscatter from the snow-ground interface. For
the wet snow, backscatter comes from the air-
snow interface dominates, as there is very little
penetration in wet snow (Thakur et al. 2012).

The visual appearance of snow, glacier, and
glacier lakes as seen in SAR and optical images
are shown in Fig. 4.3a, b, respectively.

42,1 Spectral Characteristics
for Snow/Ice (H,O

and CO,) and Clouds

The main spectral characteristic curves for the
water ice and dry ice (solid CO,) in the Visible-
NIR range (VNIR) are given in Fig. 4.4a, b
(Thakur et al. 2006; Cull et al. 2010). Over the
entire range of the wavelength, dry ice reflects
high, but displays a prominent absorption around

I Fresh/ Dry Snow
I Moist Snow
I Old wet Snow

1250 1500
Wavolongih

1750 2000 250 2500

Fig. 4.1 a Microscopic view of a fresh Snow crystal and b Spectral Reflectance Characteristics of Snow (Source

SASE Chandigarh)
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Fig. 4.2 a Basic spectra of snow as seen in optical RS
data; a.1 Reflectance curves for snow and glacier ice
(Source: Hall and Martinec 1985); a.2 Reflectance curves
for snow at various grain sizes and Sun elevation angles
(Source: Hall and Martinec 1985); a.3 Reflectance curves
for snow and cloud (Avery and Berlin 1992).

Table 4.1 Satellite sensors for snow/ice studies

Satellite/sensor Spectral band (SWIR) pm

IRS-1C/1D—LiSS- B5 : 1.55-1.70

I

IRS-P6—LiSS-III B5 : 1.55-1.70
IRS-P6—AWiFS B5 : 1.55-1.70

IRS-R2. 2A—AWiFS B5 : 1.55-1.70, B5 : 1.55—
(10 bit) LiSS-IIT 1.70

Landsat TM and B5: 1.55-1.75

ETM* B7 : 2.064-2.345

Landsat 8, OLI B6: 1.56-165, B7: 2.107-
2.294
Terra/Aqua-MODIS B7 :2.10-2.15

Sentinel-2A, 2B-MSI
Source (WRD-IIRS)

B11 :1.610, B12 : 2.19

2 pm (Cull et al. 2010). Water ice and snow have
high reflectance at visible and NIR wavelengths,
but their reflectance decreases after one um, with

b Backscatter response of snow in SAR images (Source:
Nagler and Rott 2000); b.1 and b2 C-band Backscatter for
dry and wet snow; b.3 and b.4 Total C-band backscatter
from snowpack and its sub-components at air-snow,
snow-volume, and snow-ground interfaces (Source Nag-

ler and Rott 2000)

Spatial resolution
(m)
63.6 to 70.5

23.5
56

56
23.5

30.0

30

500
20

Swath
(km)

133-148

141
740

740
140

185

185

2330
290

Year of launch

1995 and 1997

2003
2003
2011, 2016

1982, 1984,
1999

2013- cont.

1999 and 2002
2014—cont.

substantial absorption near 1.5, 2.0, and 2.5 pm.
In the case of the liquid water, it absorbs most of
the electromagnetic spectrum (EMS) energy in
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Fig. 4.3 Snow, glaciers, and Glacier Lake, as seen in a SAR (RISAT-1 MRS HH) data and b Optical images
(Satellites Images: RISAT-1, Resourcesat-2 LISS-IV FMX, and Landsat 8, OLI) (Source WRD-IIRS)

NIR and beyond that, and only reflects slightly in
the visible region of EMS (mainly in blue and
green regions).

The Normalized Difference Snow Index
(NDSI) is the most common spectral indices,
which is using the SWIR and Green for finding
the snow and non-snow areas (Hall et al. 1998).

NDSI = (Green—SWIR)/(Green + SWIR)

The range of NDSI is +1 to —1, with high
values for fresh snow (>0.50) and less for old
deposited glacier snow/ice (0.35 to 0.45), with
the value of 0.4 usually taken as the threshold for
snow and non-snow. Note that the mountain
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Fig. 4.4 a Spectral characteristics of H,O and CO, Ice (Source https://www.ssec.wisc.edu/sose/pirs/pirs_m2_
dataquality.html). b Spectral characteristics of snow and clouds (Avery and Berlin 1992)
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Fig. 4.5 Snow and clouds are seen in various Landsat 7
band combinations (Nov 25, 2000) for Gangotri Glacier
in Garhwal Himalaya, Uttarakhand, India. 0: Cloud; 1:

shadow and clouds create a problem in identi-
fying the snow/ice areas (Fig. 4.5). The problem
of the shadow is solved by band rationing tech-
niques such as NDSI (Fig. 4.6), and cloud dis-
crimination is done using SWIR, NIR, and Red
band-based color composites. This enhanced
difference is mainly due to the fact that band
ratioed images show the slope variations in the
spectral reflectance curves of selected bands,
regardless of their absolute reflectance values
observed (Lillesand et al. 2015). The NDSI
image of the Gangotri glacier; the bright areas
show the snow/ice area (Fig. 4.6).

The operational snow cover product for the
Indian region is available from Bhuvan, National
Remote Sensing Centre, NRSC Hyderabad at a
15-day interval with 3 min resolution (Thakur
et al. 2017) (Fig. 4.7). Apart from this, the global
snow cover area, SCA, product from MODIS is
used by various organizations around the world,
including in India, to estimate the daily to 8-daily
SCA at 500 m resolution. An example of such an

Snow; 2: Mountain Shadow. The ETM + band number 2
is Green, 3 is Red, 4 in NIR, 5 and 7 are in the SWIR
region (Source WRD-IIRS)

SCA product (Nikam et al. 2017) is given in
Fig. 4.8, for the northwest Himalaya.

In addition to the SCA products, change in
SWE has been estimated using Indian Ku-band-
based SCATSAT-1 level 4 sigma0 data (Oza
et al. 2019). The ASWE maps (Fig. 4.9) were
generated using a change detection technique,
applied on 15-day temporal SCATSAT-1
backscatter data, to show the scattering proper-
ties of the snowpack (Yueh et al. 2008; Takala
et al. 2011; Xiong et al. 2014).

4.2.2 Snow Mapping Using Passive
Microwave Remote
Sensing

The presence of snow over the underlying surface
results in a decrease in the emitted microwave
portion which is similar to that of the grain size of
snow (Chang et al. 1987). This reduction in the
emitted portion of wavelength is governed by the
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Fig. 4.6 Normalized Difference Snow Index (NDSI)
image showing snow extent for the part of upper
Bhagirathi basin and Gangotri Glacier area. Note that

the shadow part has been removed and NDSI shows high
value under the shadow as well, and the same high NDSI
is shown for the clouds (Source WRD-IIRS)
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Fig. 4.7 a-d Fractional snow cover product from NRSC,

snow cover area and snowpack mass of snowpack
and area of snow cover, i.e., large amount of snow
covers with thick snow depth (Konig et al. 2001).
In this case, vertically polarized data have shown

Bhuvan-NRSC and its methodology (Source NRSC-ISRO)

improved results in the mapping of thin or shal-
low SCA mainly due to the better sensitivity of
snow volume (Thakur et al. 2017). However,
horizontally polarized are usually used to map
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Fig. 4.8 MODIS based 8-day SCA for the early spring 2017 in northwest Himalaya (Source WRD-IIRS)
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Fig. 4.9 AWiFS and SCATSAT-1-based fractional snow cover and ASWE maps for the Himalayas (Source WRD-

TIRS)

SCA, mainly due to the mixed signals, which are
caused by the inclusion of dry soil signals which
underlie below the shallow snowpack (Amlien
2008). The initial results and overview of the

passive microwave applications for snow
research were provided by Foster et al. (1984).
The mapping global snow cover has been done
using passive microwave RS data and methods
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from the early 1970 s to the 1990 s using NIM-
BUS’ Scanning Multichannel Microwave
Radiometer (SMMR) and Defense Meteorologi-
cal Satellite Program (DMSP), Special Sensor
Microwave/Imager (SSM/I) sensors (Foster et al.
1984; Grody 1991; Chang et al. 1992; Chen et al.
2001). The various types of snow conditions in
the microwave emissivity spectra at different
wavelengths are shown in Fig. 4.10.

The snow cover and depth parameters were
studied by Saraf et al. (1999) in the Indian
Himalayan region whereas, NIMBUS 7°’s SMMR
sensor study has been made by Thakur et al.
(2017) and the modified algorithm study related
to snow cover was studied by Chang et al. 1(992)
whereas by using AMSR-E data semi-empirical
relation between brightness temperature and
ground data was derived by Singh and Mishra
(2006) and microwave daul polarized ground-
water radiometer study was carried at Dhundi
Manali, India, by Singh et al. (2007).

4.2.3 Global Snow Products Based
on the Multi-sensor
Approach

The global data on various types of cryospheric
study can be obtained from the National Snow
and Ice Data Centre (NSIDC) website (https://

nsidc.org/), as well as from the ESA GlobSnow
project website. Since 2014, NSIDC has released
a multi-sensor, multi-resolution snow cover
product for the Northern Hemisphere. The data at
the National Ice Center’s Interactive Multisensor
Snow and Ice Mapping System (IMS) is avail-
able since February 1997 to the present. Satellite
imageries, in situ observations along with various
other data products were utilized for the gener-
ation of this database. The data is available at 03
different resolutions, i.e., 1, 4, and 24 km in both
ASCII text and GeoTIFF formats. Canadian
Meteorological Centre (CMC) has released the
Northern Hemisphere  (https://nsidc.org/data/
202156). Similarly, a Northern Hemisphere
snow depth was created using Sentinel-1 SAR
data at 1-km spatial resolution at a weekly
interval (Lievens et al. 2019).

4.3 Glaciers

Glaciers are moving mass of snow and ice, which
are generally present above the snow line (Cog-
ley et al. 2011). The glaciers across the globe
have varying thickness from a few hundred to
more than a thousand meters, which may further
change due to global warming significantly.
Around 70% of world’s non-polar glaciers are
located in the Himalayas between countries
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namely India, Nepal, Pakistan, Bangladesh,
Afghanistan, and Bhutan, supporting millions of
lives. The runoff from Himalayan snow and
glaciated regions feeds three major rivers in the
world, i.e., the IGB. In the Himalayan cryo-
sphere, glaciers are the most important con-
stituents of the natural system and very sensitive
to climate dynamics. The accurate monitoring
and mapping of glaciers are of vital significance
for the water resources as well as mankind in the
Himalayan region. As glacier change in time, are
the key for climate indication and the outlines of
glaciers are mandatory for such type of mapping
and monitoring, over the planet Earth (Thakur
et al. 2017). The Randolph Glacier Inventory
(RQGI) is globally available in the current version
(RGI Version 6.0: released July 28, 2017). At the
starting of snow and glacier studies with optical
satellite data, like Landsat False Color Compos-
ite (FCC) from Multi-Spectral ~ Scanner

(MSS) and later the Thematic Mapper (TM) were
used to delineate the glacier boundaries and its
different zones like accumulation and ablation
area, also classify ice and snow facies in an FCC.

4.3.1 Manual Delineation

The first method in the sequence for glacier
mapping was applied, especially to the Land-
sat MSS data for delineating the glacier boundary
combined with an FCC (Fig. 4.11). This method
takes excessive time and required well approach
of image interpretation skills. This method, based
on the subjectivity of the goal, includes human
errors in recognition of glacier terrain and asso-
ciated features on the glacier surface and sur-
roundings. The results also may vary from
person to person by the interpretation of satellite
imagery, especially in the debris and lateral
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Fig. 4.11 On-screen manually digitized glacier snout
positions and boundaries (Sentinel-2A FCC image,
acquired on September 19, 2019). a Snout positions of

Gangotri glacier systems in different years and b A clean-
ice glacier in the Alaknanda valley. (Source WRD-IIRS)
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moraine side. The obtained results by manual
digitization depend on the accuracy of skills and
individual’s expertise in image interpretation
with scene characteristics. However, this method
was proved most robust and is likely to be pro-
vided with more precise results other than auto-
matic methods. It is highly recommended for the
classification of glacier surface separating clean
ice, debris cover, rock glacier area, proglacial
and supraglacial lakes, and debris cover from
each other. The accuracy of the method also
depends on the meteorological conditions (sea-
sonal snow, cloud cover, and shadow) of the
imagery obtained.

The manual method of glacier mapping is
often required to correct automated mapping
results (Rott and Markl 1989; Hall et al. 1992;
Williams et al. 1997; Paul 2002; Andreassen
et al. 2008; Bhambri and Bolch 2009). Also,
panchromatic data (air photos) and Corona
satellite images (Bishop et al. 1998; Leonard and
Fountain 2003; Rabatel et al. 2008; Racoviteanu
et al. 2009; Bhambri and Bolch 2009; Bhambri
et al. 2011) and those without SWIR bands
(MSS, QuickBird, ALOS AVNIR, IKONOS, and
others) are applied for manual digitization in
glacier mapping. In studies regarding the Indian
context, almost all the glacier inventories have
been prepared by manual delineation based on
satellite imageries, from coarse-resolution FCC
(MSS and LISS 1) to the high-resolution satellite

data (LISS IV and PAN). The Survey of India
(Sol) topographic maps ranged 1:250000 to 1:
50000 provide a base for historical data in sup-
port of remote sensing methods to prepare glacier
inventories (Raina and Srivastava, 2008; Bham-
bri and Bolch 2009). However, these base maps
lie some cartographic errors in their studies due
to the lack of high skills and more sophisticated
surveying instruments.

4.3.2 False-Color Composites

The FCCs are the combination of different bands
that provide differences in reflectance of surface
features of the landscape. Landsat 7 ETM +
(Enhanced Thematic Mapper Plus) 5, 4, 3 RGB
(Red: band 5; Green: band 4; Blue: band 3),
Landsat 8 OLI (Operational Land Imager) 5, 4, 3
(NIR: band 5; Red: band 4; Green: band 3), and
Sentinel-2 MSI (Multi-Spectral Instrument) 8, 4,
3 composite bands reflected snow and ice clearly
and differentiated rocks, debris, vegetation, and
clouds due to the FCC color differences. The FCC
composites also benefitted from manual digitiza-
tion and automatic classification for glacier
mapping (Fig. 4.12). They work very precisely to
extract clean-ice and snow over the glacier
surface (Hall et al. 1988;Rott 1994; Bayr et al.
1994; Paul et al. 2002, 2016; Pellikka and Rees
2009).

Fig. 412 FCC combinations for glacier mapping:
a ETM + : 5-4-3 dated Oct. 8, 2000; b OLI: 5-4-3, dated
Oct. 29, 2013 ¢ MSI: 8-4-3 dated Sep. 19, 2018 for the

Chaturangi and surrounding glaciers in Garhwal Hima-
laya, Uttarakhand, India (Source WRD-IIRS)
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4.3.3 Automated Glacier Mapping
by Segmentation of Ratio
Images

Automated glacier mapping involves digital
image processing techniques by applying simple
band ratio/mathematics and classification. The
automated method is based on the reflectance of
the ice and snow, and the fact is that snow and ice
have a strong reflectance in the visible and NIR
regions whereas, the shortwave infrared (SWIR)
region has lower reflectance in the spectrum. Bayr
et al. (1994) and Rott (1994) applied and pro-
posed threshold values of ratio image for TM
band 4 to TM band 5 (NIR/SWIR) and TM band
3 to TM band 5 (RED/SWIR) ratios to extract
glacier ice area. Paul (2000) and Bhambri et al.
(2011) evaluated this method and proposed that
the TM 4 to TM 5 ratio is the more appropriate

and accurate for clean-ice glacier mapping
whereas, for shadow regions, TM 3/TM 5 ratio
images produced better results than TM 4/TM 5
ratio. The average reflectance of the glacier basin
was calculated for 3 years to assess the area of
each glacier. The band ratio RED/SWIR per-
formed better than others (NIR/SWIR) in the dark
and shadow areas, and also over the thin debris
layer (Paul 2000, 2002; Paul and Ké&ib 2005;
Andreassen et al. 2008; Racoviteanu et al. 2009;
Bhambri and Bolch 2009). Recently, a large
number of glacier inventories have been prepared
with many new approaches and methods (Hae-
berli et al. 2000; Paul 2002; Campbell 2005;
Bolch and Kamp 2006; Kulkarni et al. 2007;
Andreassen et al. 2008; Kaushik et al. 2019;
Taloor et al. 2019; Singh et al. 2020). An example
of mapping glaciers using band ratio methods is
shown in Figs. 4.13 and 4.14.
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Fig. 4.13 NIR/SWIR band ratios for glacier mapping: a Landsat OLI (band 5/band 6), b Sentinel 2A MSI (band
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Fig. 4.14 Red/SWIR band ratios for glacier mapping: a Landsat OLI (band 4/band 6), b Sentinel 2A MSI (band

4/band 11) (Source WRD-IIRS)

4.3.4 Normalized Difference Show
Index (NDSI) Method

Due to cloud cover, it is not easy to differentiate
between snow and cloud although at 1.6 mm,
snow cover absorbs energy from the Sun, so it
looks darker to the clouds which provides an
accurate difference between clouds and snow
cover. The RS-based observations used 0.66 and
1.6 mm for snow presence, therefore, the band
ratio technique named as normalized difference
snow index (NDSI) has widely been used for
snow cover mapping which is the normalized
difference between the reflectance of visible
(Green) and Shortwave Infrared (SWIR) wave-
length bands and is quite sensitive for the snow
and not to bare ice (Hall et al. 1998, 1995). The
low reflectance of snow and, on that contrary, the
high reflectance of clouds in the SWIR region
allow a good difference between snow cover and
area covered by clouds. This technique has been
successfully applied by Racoviteanu et al. 2008

for the mapping of glaciers in Cordillera Blanca.
However, this automatic method failed to map
the debris over the glacier surface due to the
similarity in the spectral signature of rocky ter-
rain. For the precision of results by the NDSI
method, Sidjak and Wheate 1999 got the best
output by the combination of principal compo-
nent and the TM-4/TM-5 ratio.

For the Indian context of glacier mapping in
the Indian Himalayas, Racoviteanu et al. (2008),
Gupta et al. (2005), Sood et al. (2020a, b) applied
the NDSI method for the mapping of glaciers
using the NDSI technique over satellite data. By
these results, it is confirmed that these methods
are applicable for clean-ice glacier/area
mapping/extraction and unsuitable for the deb-
ris cover mapping.

The results obtained from NDSI and seg-
mentation of the ratio image are explained as
(A) Band ratio, and NDSI methods are not cap-
able of differentiating debris-covered ice due to
their similar reflectance between debris-covered
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Fig. 4.15 NDSI images: a Landsat OLI (band 3-band 6), b Sentinel-2A MSI (band 3-band 11) (Source WRD-IIR)

ice and surrounding rocky surface. NDSI is
highly sensitive for seasonal snow whereas, band
ratio is capable and more sensitive for snow
cover as well as clean glacier ice (Figs. 4.13,
4.14, and 4.15). (B) Band ratio (VIS/NIR) and
NDSI methods misclassified proglacial areas
with lakes whereas, NIR/SWIR is applicable
only for clean ice and appropriate for clean gla-
cier ice mapping than Red/SWIR and NDSI
(Singh et al. 2020). Also, in shadow areas, band
ratio NIR/SWIR worked better than NDSI
(Figs. 4.13 and 4.16).

4.3.5 Spectral Transformation

o [ntensity-hue-separation transformation
(IHS): This is a transformation of RGB ima-
ges to another different color space, which

might be useful. In this category, the IHS
color space is the often and most applied color
space for the spectral transformation of ima-
ges (Kéab et al. 2014; Paul et al. 2004).
Principal Component Transformation (PCT):
In this technique, the image with Multispectral
bands can highly be correlated to a similar
material of an entire wavelength range, and it
occurred due to the topographic effects. PCT
targeted the transforming of the original scene
linearity to overcome the inter-band correlation.
Decorrelation Stretching: It can be applied to
the PCT or IHS transformations to minimize
the unessential information of a multispectral
image (Gillespie et al. 1986). By using this
method, it is better for the visual analysis of
the multispectral satellite imagery and incor-
porate some manual digitization and sup-
ported for further classification.
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Fig. 4.16 Snow areas extracted from NDSI image using 0.4 threshold value a Landsat OLI, b Sentinel-2A MSI

(Source WRD-IIRS)
4.3.6 Unsupervised Classification

Unsupervised classification is the most robust
method for relatively homogeneous terrain with
some examples (clean-ice glaciers). However,
this method suffers from demerits in variable
terrain with several classes such as clean ice,
debris-covered ice, dirty ice, and shadow (Paul
et al. 2002, 2004). This method is user-dependent
to assign the classes for different categories that
led to the classification problem for the low dif-
ference in terrain conditions, especially in abla-
tion areas where ice has a low difference between
the debris-mixed and dirty-ice conditions.

4.3.7 Supervised Classification

The supervised classification works very precisely
in high mountain terrain by spectral separation.
Under the category of unsupervised classification,

maximum-likelihood and spectral angle mapper
methods can be applied for the spectral differenti-
ation of the terrain. It is still a challenging task to
map debris-covered ice using all spectral classifi-
cations. However, the best outputs with supervised
classification can be obtained by applying visual,
SWIR, and TIR bands. Generally, the spectral sig-
natures trained from one image could not be used to
other imagery because this minimizes the automa-
tion capability or needs radiometric adjustments.
Some studies on the supervised classification of
glaciers have been carried out by different scholars
(Gratton et al. 1990; Paul 2000; Paul et al. 2004)
applied spectral unmixing to classify snow and ice.

4.3.8 Artificial Neural Networks
(ANN)

The application of the ANN classification is not
bonded to the multispectral temporal data, as to
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the topographic parametric information that can
also be applied. The ANN classification was
tested in a single domain (Brown et al. 1998,
Bishop et al. 1999) for glacier and permafrost
terrain. The major applicability of the ANN in
cryospheric studies is based on the combination
of the multidimensional data (Paul et al. 2004).

4.3.9 Combinations

Several classification procedures often must be a
combination of multispectral data by fusion
rationing approaches. As mentioned above, like
supervised and unsupervised classification out-
puts, results of other applied methods may be
combined to obtain appropriate outcomes. Sidjak
and Wheate (1999) obtained good outcomes
from supervised maximum likelihood classifica-
tion by using 2—4 bands of TM and TM4/TM5
band ratios with NDSI as input for glacier map-
ping. After applying all automated approaches
for glacier mapping, manual correction is still
needed for the accurate glacier boundary. The
joint classifications like band ratios applied for
the glacier study provide misclassifications in the
outcomes of the edge in vegetation, shadow, and
debris cover, which can be removed by using
various methods such as NDSI, NDVI, and
NDWIL.

4.3.10 Debris Cover Mapping

As described above, multispectral imagery can
be applied to map clean-ice glaciers automati-
cally whereas, in Himalayan glaciers due to the
large volume and mainly debris-laden ice ava-
lanche, rocks fall over the glacier surface from
steep valley walls where a majority of glaciers
are debris glaciers (Shroder et al. 2000). Based
on a thermal band to map the debris-covered
glacier, a large number of studies have been
carried out in the Indian region of the Himalayas
aided by DEM. Some of these works are made by
Ranzi et al. (2004) by using ASTER and Landsat
images; surface temperature for debris cover by
Bhambri and Bolch (2009); slope, plan, and
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profile curvature to delineate the debris-covered
carried out by Bishop et al. (2001). Paul et al.
(2004) presented a semi-automatic algorithm to
map debris cover area. In the Swiss Alps, the
semi-automatic algorithm to map debris cover
area was derived by Paul et al. (2004) using
multispectral data-based classification. In the
Mount Everest region, Bolch et al. (2007)
applied a complex morphometric-based approach
based on the ASTER DEM and ASTER thermal
bands. All these methods for debris cover glacier
mapping are region specific and may not be
suitable for another area due to the terrain
conditions.

Kulkarni et al. (2005, 2007) delineate debris
cover glaciers by the manual method using IRS
satellite data. Such studies highly need cloud-free
imagery and should be obtained from August to
October, depending on the seasonal snowfall
conditions in the basin at the end of the ablation
period due to the exposure of terminal moraines
and a clear view of snout positions. But applying
all automated methods for debris-covered glacier
mapping, the remote sensing methods need to
check the ground conditions by field visits
because sometimes the terminal moraines have a
thin layer of vegetation that affects the automated
outcomes.

The global glacier inventory such as the RGI
has used glacier mapping methods as discussed
in the above sections. The latest version 6 of RGI
has given consistent maps of glaciers. The RGI
v.5 and 6-based glacier map of High Mountain
Asia is shown in Fig. 4.17.

4.4 Glacier Mapping
and Monitoring in India

In India, glacier mapping is done initially by Sol
and later updated by GSI using limited aerial
photographs and field surveys. With the
advancements in satellite remote sensing, glacier
inventory was updated by many research insti-
tutes in India and abroad (Thakur et al. 2017).
Kulkarni et al. (2007) used Indian earth obser-
vation data along with Sol toposheets to map the
major glaciers of Himachal Pradesh, and found
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Fig. 4.17 Example of glacier extents by RGI for the Himalayas and Central Asia, overlaid over ESRI Earth mosaic
(Source WRD-IIRS, glacier boundaries from RGI inventory and global base map from ESRI)

the total glacier area loss of 21%. The inventory
of the entire Himalayas was created using the
NDSI method (Sharma et al. 2013; Sood et al.
2020b). The historical Corona aerial images with
current RS data for mapping and quantifying the
glacier changes in the Garhwal Himalaya have
been used by many researchers (Bhambri et al.
2011; Bhardwaj et al. 2015; Kumar et al. 2020;
Sood et al. 2020a; Singh et al. 2020). The
derived maps are useful for the estimation of the
equilibrium line altitude (ELA) of a glacier. The
use of SAR data for mapping and monitoring of
glaciers is proving to be effective (Winsvold
et al. 2018; Thakur et al. 2018), mainly since the
availability of low cost and free SAR data from
satellites such as ENVISAT ASAR, RISAT-1,
and Sentinel-1 SAR missions (Thakur et al.
2017).

4.5 Glacial Lakes

The sufficient amount of water mass that origi-
nated due to glacier activities especially the
retreat located over, besides, or/and in front of
the glacier is regarded as glacial lakes (Camp-
bell 2005). Lakes in the vicinity of snout could
be dangerous due to their high probability of
breaching and the high volume of the stored
water (Campbell 2005). Breaching of such gla-
cier lakes results in instantaneous discharge and
causes huge flash floods in the downstream area
(Huggel et al. 2002; ICIMOD 2007; ICIMOD
2010; Jain et al. 2012). To monitor these haz-
ards, it is critical to creating an inventory of all
such glacier lakes (Thakur et al. 2016). Most of
such glacier inventories are created using
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remote sensing data and through their field
investigations subsequently (Thakur et al. 2016;
Aggarwal et al. 2017). Apart from creating an
inventory, their monitoring is essentially
required to quantify the morphological and
aerial extent changes. Based on their location,
the lakes are classified as erosion, valley trough,
cirque, blocked, moraine-dammed, and supra-
glacial lakes (Campbell 2005; Raj and Kumar
2016) (Fig. 4.18).

4.5.1 Erosion Lakes

Glacial erosion lakes are generated after the
retreat of a glacier with time after depression.
The cirque and trough Valley-type lakes are
considered to mostly be stable (Campbell 2005;
Raj and Kumar 2016). The erosion lakes are
located far away from the present glaciated
regime (Fig. 4.18).

4.5.2 Supraglacial Lakes

The Supraglacial lakes (SL) are generally
developed in the area 50 to 100 meters in

dimension. SL can be developed at any location
on the glacier, but their extent is less than half of
the diameter of the Valley glacier (Raj and
Kumar 2016). They have the following charac-
teristics such as shifting, merging, and draining
of the lakes with a high level of potential energy
which may be critical from the GLOF point of
view (Fig. 4.18).

4.5.3 Moraine Dammed Lakes

During the recession period of the glacier, ice
generally melts at the frontal part of the glacier,
resulting in the formation of many supraglacial
ponds at the glacier tongue. These sometimes
enlarge on interconnecting with each other and
tend to deepen further (Campbell 2005) leading
to the formation of a moraine-dammed lake
(Aggarwal et al. 2017). The lake gets filled with
the water from its surrounding area and gives rise
to two types of moraines such as ice-cored
moraine and an ice-free moraine. Due to con-
tinuous melt, the lake becomes more deep and
wide (Aggarwal et al. 2017). However, when the
ice stored in moraines and under the lake remain
with the bedrock and the moraine (Fig. 4.18).
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4,54 Blocking Lakes

Blocking lakes may be formed in two ways:
either the main glacier blocks the branch valley,
or the glacier branch blocks the main. Further,
the snow avalanche, collapse, and debris flow
may also result in blockage, and the formation of
the blocking lakes may be due to snow avalanche
and debris flow blockage (Campbell 2005)
(Fig. 4.18).

4.5.5 Ice-Dammed or Ice-Blocked

Lakes

An advancing glacier, when intercepted by a
tributary/tributaries pouring into the main glacier
valley, leads to the generation of an ice-dammed
lake at the side(s) of a glacier and generally is
small in size (Aggarwal et al. 2017). It is to be
noted that the glacier lakes are generally gener-
ated by a fluctuation in the level of the glacier.
The moraine-dammed glacier lakes are built with
time and disappear as well (Aggarwal et al.
2017). They may disappear either due to their
breach or debris fill the lakes (Campbell 2005).
Further, the advancement of the mother glacier
due to its physiographic or climatic factors may
fill the glacier lake with ice again. Such glacier
lakes are ephemeral in nature and not much
stable. The breach of such glaciers also imposes a
threat to the basin downstream (Fig. 4.19a—c).

4,56 Mapping and Monitoring
of Glacier Lakes

The regular study of glacier lakes using field
survey methods is very difficult due to their
geographical and topographical locations in high
mountains. The most common method to map
the glacier lakes from satellite image is the
NDWI-based method (McFeeters 1996), which is
based on the sensitivity of water to Green
(reflects) and Near InfraRed bands (absorbs).

GREEN — NIR

DWI = ——
NDW. GREEN + NIR

where all positive NDWI corresponds to surface
water and negative values as non-water. As this
threshold value was not enabled to discriminate
between built-up surfaces and water pixels, var-
ious modifications have been made, such as
Modified NDWI (Xu 2006). The glacier lake
inventory of all major glacier lakes of the
Himalayas is done regularly by NRSC, Hyder-
abad (NRSC 2015), and Central Water Com-
mission, CWC, New Delhi, using IRS datasets.
Apart from the regular monitoring of glacier
lakes be central government agencies, various
academic institutes, and research centers also
work on mapping of such glacier lakes using
optical (Fig. 4.20) and other remote sensing
datasets (Campbell 2005; Bolch et al. 2008;
Ashraf et al. 2012; Raj et al. 2013; Aggarwal
et al. 2017). As optical data limits its application
in cloud cover duration, cloud penetration cap-
able radar imageries can be used to increase all-
weather flood monitoring efficiency. Therefore,
the SAR data can be used for glaciers, glacier
lakes, and flood mapping in all types of weather
and seasons, irrespective of cloud or snow cover
(Bhatt et al. 2016; Thakur et al. 2017; Wangchuk
and Bolch 2020).

4.6 Conclusions

Snow cover over a large area is an important
reservoir of freshwater. Its assessment is very
critical from a hydrological and climate change
point of view. It was realized that geospatial
technology is an important tool in mapping snow
cover easily as compared to traditional snow
cover area mapping. Moreover, the availability of
reasonably high spatial resolution, and optical
and microwave RS data in the public domain has
provided the impetus to study snow and its
geophysical parameters, which was earlier diffi-
cult to study. Along with snow cover, the
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Fig. 4.19 An example of glacier lakes as seen in RS
images; a, b, and ¢ Glacier Ice-blocked lakes of East
Nepal and Kyrgyzstan; d Landslide blocked lake of Tibet,
China; e Moraine-blocked Pro Glacier and Cirque lake of

East Nepal; f Moraine-blocked glacier of Lahul, H. P.;
g Supraglacial lake of Dhauliganga, UK; and h Cascade
series of moraine-dammed lakes of Bhutan (Source
Digital Globe, Google Earth)
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Fig. 4.20 Example of glacier lake types in Sikkim and map of all glacier lakes of Sikkim (Source Aggarwal et al.

2017)

geophysical parameters such as wet/dry snow,
snow density, snow liquid content, snow grain
size, and change in snow water equivalent now
can easily be estimated. Further, these estima-
tions may improve the simulation of the hydro-
logical response of the snow-fed river basins.
Remote sensing-based spatio-temporal glacier
maps provide comprehensive data to monitor the
glacier dynamics. Challenges for automated
glacier mapping are related to the clean-ice and
debris-covered glacier with a comparison of
varying datasets and methodologies. There are
still some improvements required along with
possible improvements in resolution to overcome
the challenges in automated glacier mapping
from the research community. Sol and GSI
topographic maps are not so accurate for precise
results of glaciated terrain due to the lack of
sophisticated instruments and skilled approaches
for surveying in some cases. Nowadays, huge
data is publically available in the form of reports
and documents for sharing and exploiting exist-
ing tools and techniques that may overcome the
present challenges of the study of the glacier
before the research community. Classification
approaches are primarily based on the multi-
spectral satellite data and are well developed and

established by the different research outcomes.
The band ratios are simple, robust, and fast
methods to map glacier outlines and their dif-
ferent zones. However, these ratios are needed
for manual corrections and use appropriated
threshold to the automatic optimization of man-
ual editing. Threshold sensitivity for the clean-
ice mapping is based on the scene condition, i.e.,
cloud cover, seasonal snow, shadow, illumina-
tion angle, and ground orientation of the glacier.
The manual method for glacier mapping may be
reduced but cannot be underestimated and never
becomes redundant. In summing up, despite the
findings from the multispectral imagery may be a
very effective tool and approaches for the glacier
mapping by remote sensing methods.

Along with mapping and monitoring snow
and glaciers, it is also highly imperative to make
a good study on glacier lakes due to changing
weather and seasonal temporal variation in the
Indian region. The critical glacier lakes may
result in glacier lake outburst flood. Geospatial
technology has been extensively used for map-
ping glacier lakes. The availability of temporal
(at regular intervals) remote sensing data helps in
analyzing the glacier lakes whether they are
stable, sub-critical, or critical. It helps a disaster
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mitigation planner to plan their activities in case
of a isaster due to GLOF. Therefore, it may be
concluded that the role of geospatial technology
is indispensable and most critical in cryospheric
studies.
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Abstract

The present study describes the status of
glacier resources of Ganglas, Phyang, Khalsar,
Rong, and No. -5 catchments of the Ladakh
Mountain Range (LMR) of upper Indus Basin,
a Trans-Himalayan region. In this region, the
Leh town and its surrounding areas rely
primarily for water supplies on the streams,
springs, and groundwater fed by the glacier
meltwater covering high altitude areas of
LMR. However, during recent years, the
demand for water supplies in this area has
increased rapidly due to the rapid population
growth and urbanization, growing economic
development, and higher influx of tourists.
Therefore, for the assessment of these glacier
resources, the Survey of India (Sol) maps,
Landsat data (TM, ETM+, OLI/TIRS), Google
earth images, and ASTER DEM have been
used. An inventory of 90 glaciers covering an
area of 21.1 km? comprising 2.6% of the total
area of the study basins has been generated for
2017 (OLI/TIRS). The glaciers are small in
size (mean size — 0.24 kmz), high altitude

)
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(mean elevation — 5570 m amsl), northerly
facing (NW-NE), and moderately steep (10°—
40°). Using Sol as a base map, the glaciers
indicated a loss of 21.2% (5.1 kmz) at a rate of
93 mz/year from 1962 to 2017. However,
using the TM-2000 scene as a base map, the
glaciers indicated a loss of 12.5% (2.7 km?) at
a rate of 160 mzlyear from 2000 to 2017, a
recent time period. The small glaciers
(size <0.12 km?) indicated a loss of 17.9%
whereas the glaciers lying in the elevation zone
of 5800-6000 m (amsl) and above indicated a
loss of 44.1%. The glaciers with a steep slope
(50°-60°) and southerly aspect indicated a loss
of 18.9% and 20.7%, respectively. Overall, the
small and high altitude glaciers with a south-
erly aspect and steep slope indicated a higher
area loss. This glacier loss may have a strong
influence on the downstream water resources
and supplies of the area. Nevertheless, these
observations may help in planning and devel-
oping better strategies for the management of
various sources of water supplies in this area.
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5.1 Introduction
The Hindu Kush-Karakoram-Himalayan

(HKKH) region contains the largest glacial sys-
tem (~40,800 kmz) outside the Polar Regions
(Bolch et al. 2012). This glacier system of this
region influences the overall hydrological system
of the Indus River in low land areas. It provides
water resources to recharge the river-fed aquifers,
hydro-power generation, horticultural and agri-
cultural activities, ecosystems, and ultimately
contribute to the sea-level increase (Dyurgerov
and Meier 2005; Mir et al. 2017). Nonetheless,
the glacial systems being physically complex and
dynamic are also very sensitive to climatic vari-
ations and changes (Benn and Evans 2010).
Therefore, the dynamics of glacial systems is
considered as a key indicator for assessing cli-
matic variations particularly in the areas where
climatic observation facilities are very rare and
unavalible (Barry 2006; Bolch et al. 2012; Mir
et al. 2014).

Generally, the recent and rapid shrinkage of
glacial resources of the HKKH region during the
last five decades has been attributed to the
growing temperatures and declining precipitation
(Yao et al. 2012; Yang et al. 2014; Jain and Mir
2017; Mir et al. 2017; Taloor et al. 2019).
However, due to the longest extension and wide
area distribution of HKKH region, the glacier
recession and shrinkage pattern is widely
heterogeneous. For instance, majority of the
glaciers in the monsoon-affected regions of the
eastern and central Himalayan region between
Himachal Pradesh toward the west and Bhutan
toward the east are receding at different rates in
line with the global glacier recession (Bolch et al.
2012; Bhambri and Bolch 2009; Mir and Majeed
2018; Bisht et al. 2020; Kumar et al. 2020). But,
the glacier recession and areal changes are less
pronounced in the western Himalayan region
(Mir et al. 2018; Chand and Sharma 2015; Sch-
midt and Niisser 2009; Pandey et al. 2011; Sood
et al. 2020; Singh et al.2020). Contrary to it, the
Karakoram glaciers falling in the cold-arid cli-
matic regime have been in a balance/or stable
state since the 1970s or have even grown/or
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advanced since the 1990s (Kaab et al. 2015).
This anomalous behavior and phenomenon of the
Karakoram glaciers has been termed as
‘Karakoram Anomaly’ (Hewitt 2005, 2014;
Rankl and Kienholz 2014; Frey et al. 2014;
Bolch et al. 2017). Similar behavior of glacial
systems has also been reported in the Pamir and
West Kunlun Shan in the extreme western
Himalayan region (Kaab et al. 2015). But, the
glacial systems of Ladakh Mountain Range
(LMR) are located at the interface between
receding glaciers of the Greater Himalayan
Range (GHR) and advancing glaciers of
Karakoram Mountain Range (KMR). In this area,
more than 1800 glaciers covering an area of
997 km? have been inventoried in the central
Ladakh region. In the recent past, a few studies
have documented the recent glacier changes also
(e.g., Schmidt and Niisser 2009, 2012).
Historically, the Ladakh region relies for
water supplies on glacier fed water resources
such as the streams, springs, and to a large extent
on local groundwater. However, during the past
few years, some of these traditional resources of
water supply particularly the streams have
become unviable which is linked to the recent
glacier shrinkage in the upper catchments of the
area (Norphel 2009). As per the views of the
local inhabitants, the glaciers in this region are
also receding drastically (Vince 2009) with a
significant impact on the production and avail-
ability of meltwater (Smiraglia et al. 2007).
Further, it is reported that in near future with low
and decreasing summer precipitation, snow and
ice melt may be the only water resource available
(Thayyen and Gergan 2010). In this region, the
glaciers are typically restricted to high altitudes
because of the semi-arid conditions. The sizes of
these glaciers are also relatively small in this
region. Despite these facts, the water stored in
these small size glaciers determines the potential
for irrigation of crop cultivation and horticulture.
The agricultural and horticultural activities form
the basis for regional food security and socio-
economic development (Labbal 2000; Dame and
Niisser 2011; Nusser et al. 2012; Nusser and
Baghel 2016). However, the recent climatic shifts
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in the region may also influence widely the gla-
cier water storage and glacier melt runoff pro-
duction (Barnett and Adam 2005; Parveen et al.
2015; Singh et al. 2017; Sarkar et al. 2020) in
this area. Simultaneously, the demand for water
supplies has been increasing in the region as a
result of rapid population growth and urbaniza-
tion, economic development, and higher tourist
influx growth (Deen 2009). During recent years,
the tourism in Ladakh region has thrived and
recorded an increase in the number of visitors
including both the domestic and foreigners.
According to a report of Department of Tourism,
a total of 227312 tourists have visited Leh district
from January till September 15 in 2017. There-
fore, in addition to the ongoing climate warming,
the glacial resources are likely to be affected
more due to the higher thriving of tourism vis a
vis demand in this area.

Thus, keeping in view the above discussion,
the present study was carried out in parts of LMR
focusing particularly around Leh town and its
surrounding area, i.e., Phyang, Khardung La,
Khalsar, etc. The selected areas are the hotbed of
the tourism movement, business, and other
anthropogenic activities. The assessment of gla-
cier resources under the influence of climate
change and tourism development in this part of
the region is of utmost significance and impor-
tance. The main objectives of the present study
are, therefore, to inventory the glaciers and to
monitor glacier changes and its controlling fac-
tors during recent decades using satellite data
sources.

5.2 Study Area

The study area is a part of the Ladakh Mountain
Range (LMR) in the Trans-Himalayan region,
sandwiched between the Karakoram Mountain
Range (KMR) and Himalayan Mountain Range
(HMR). The LMR is about 370 km long trending
W-NW between the Indus and Nubra Rivers with
the highest peaks generally between 5000—
6000 m amsl (Khan et al. 2014). The study area
spreads between 37° 07" to 34° 30" N latitudes
and 77° 29" to 77° 48" E longitudes (Fig. 5.1).

The altitude of the area varies from 3135-
6219 m amsl. The present selected study area
consists of five sub-basins that are the Ganglas-1,
Phyang-2, Khalsar-3, Rong-4, and No.-5 drain-
ing the parts of the LMR. The sub-basins cover
an area of 162.6 km?, 125.1 km?, 162.6 km>,
285.7 km* and 89.8 km™ respectively. For the
sub-basin No. 5, no name exists in the literature
as well as no the toposheet and there is also not
any village in the surroundings of it. Therefore,
the id as No. 5 has been assigned to this catch-
ment in this study. The glacier meltwater of sub-
basins 1 and 2 drains southwestern slopes of
LMR before discharging into the Indus River
directly whereas the sub-basins 3, 4, and 5 drain
its northeastern slopes and discharge into the
Shyok River—a major tributary of the Indus
River System joining with the Indus River
downstream in Pakistan. The total area of all five
selected catchments is about 825.8 km? with
2.6% of glacier cover. Out of the selected sub-
basins, the main town of Leh is located within
the Ganglas catchment. The glacial and snow-
melt fed streams are a lifeline for the population
constrained on the landforms of glacio-fluvial
moraines within the broad glacial valleys, on the
huge scree deposits along the foothills, and on
the active mega alluvial fans within the current
river valleys. The glacier fed streams flow during
the period from May to October and later during
the winter period, the streams freeze due to the
lowermost temperatures in the region.

5.2.1 Climate of the Area

The LMR lies in the semi-arid climatic regime
produced as a result of rain shadow effect of the
HMR and KMR that are affected by two distinct
climatic regimes. For example, in the HMR,
about 80% of precipitation is produced by the
summer whereas the westerly-
dominated KMR receives two-thirds of its pre-
cipitation through winter westerlies (Bookhagen
and Burbank 2010). It is reported that the mean
annual precipitation of the upper Indus Basin
generally declines from west to east and south to
north (Dabhri et al. 2016). Roughly 1/3 of the total

monsoon
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Fig. 5.1 Location map of the study area. The study area
consists of five sub-basins of the Trans-Himalayan
Ladakh Mountain Range designated as 1, 2, 3, 4, and 5.
The sub-basins 1 and 2 drain the southwestern slopes of
the LMR and discharge into the Indus River while the

annual precipitation is produced by westerly
disturbances between December and February
(Schmidt and Niisser 2012). The dominant
snowfall occurs during the winter season that
contributes snow and ice to the glacial systems of
this area. However, the precipitation in the form
of snowfall occurs throughout the year at higher
altitudes. In this area, the local weather stations
are extremely limited in availability as well as
quality (Crook and Osmaston 1994) and are
entirely located below the elevation of gla-
cierised areas (Kapnick et al. 2014). In the
region, the long term mean annual precipitation
recorded at valley bottom at Leh (3500 m amsl)
is only 115 mm. Mean monthly temperatures
ranges from —7.2 °C in January to 17.9 °C in
July. In the Ladakh region, the glaciers are of
usually continental type because of the low mean
annual air temperature and low annual precipi-
tation (Owen et al. 1998).
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sub-basins 3, 4, and 5 drain the northeastern slope of the
LMR and discharge into the Shyok River. The images in
the background of the location map are Landsat ETM +
(2017) and ASTER DEM (Source ASTER DEM)

5.3 Data Used

In this study, the glaciers of five sub-catchments
of the Indus River system draining the parts of
LMR have been selected for assessment from
1962 to 2017. For this purpose, the study gener-
ated a database of glaciers for different time
periods using the Survey of India (Sol) to-
posheets, low to moderate resolution Landsat data
series, high-resolution Google Earth images pro-
vided in virtual Google Earth, and ASTER DEM.
The details of the data sources are given in
(Table 5.1). The glacier outline database was
generated for 1962, 2000, 2011, and 2017 using
Sol maps of 1962, multispectral Landsat The-
matic Mapper (TM) of 1998, 2000, and 2011,
Enhanced Thematic Mapper Plus (ETM +) of
2017, Operational Land Imager (OLI/TIRS) of
2017, and Google Earth images of 2018. The
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Landsat data series are freely available on the
earth explorer web server of usgs.gov.in. It is
important to mention that for the extraction of the
data, the images used were selected on the criteria
of being with minimal snow and cloud covered
and of late ablation season (August in Ladakh). It
is due to this reason that three available scenes of
low-resolution Multispectral Scanner (MSS) for
1976, 1977, and 1978 were avoided. For 1998
and 2000 years, two scenes of TM were avail-
able, but to maintain the consistency with the
least ambiguity in the data, only one scene of
2000 was selected for the processing. But, the
available scene of 1998 being close to 2000 was
used as an additional source of information for
proper and correct mapping/digitizing and main-
taining the glacier outlines. Similarly, for assist-
ing the mapping of glaciers from 2017
(OLI/TIRS) scene, another scene of ETM of 2017
and higher resolution Google earth images were
used to assist the glacier demarcation.

5.4 Methods

In this study, the Sol maps were first scanned and
georeferenced. Then, using the GIS platform, the
Sol maps were primarily used for the registration

of the 2000 Landsat TM image having a rela-
tively higher resolution of 15 m. For coregistra-
tion of the Sol and TM image, about >100
ground-control points (GCP) were used. The
GCPs were evenly distributed within the whole
study area. Subsequently, all other data images
were coregistered with 2000 Landsat TM image.
The root mean square error (RMSE) of coregis-
tration of TM and ETM + scenes was found to
be 15 m (0.5). For further processing, the images
were also geometrically rectified to the same and
common projection system of WGS 84 UTM
Zone 43.

In this area, the glaciers are debris free and
very clean in nature, therefore, the initial map-
ping and demarcation of glaciers was carried out
automatically using band ratio techniques.
A band ratio technique of near-infrared and
shortwave infrared channels (i.e., TM4/TM5) of
the images was used in this study (e.g., Paul et al.
2009; Mir et al. 2017). It was followed by the
application of a 3 X 3 median filter to eliminate
any isolated pixels (Paul et al. 2002). Then,
binary images were generated using a given
threshold of 2.2 for all Landsat images followed
by (binary images) conversion into a vector for-
mat. Any misclassified water bodies, shadows,
isolated rocks, and any other erroneous glacier

Table 5.1 Remote sensing data and its source used in this study

Dataset Scale/resolution Survey/acquisition
(m) Date
Sol maps 1:50,000 1962
MSS 60 21/11/1976
MSS 60 18/06/1977
MSS 60 18/07/1978
™ 30 16/09/1998
™ 15 31/10/2000
™ 30 03/08/2011
ETM+ 30 22/09/2017
OLI/TIRS 30 06/10/2017
Google >5 2018
Earth
ASTER 30 2017
GDEM v2.0

Source USGS

ID Path/Row Source
52F/11&F/12 Sol
LM21580361976326AAA03 158/036 USGS
LM21580361977230AAA03 158/036 USGS
LM31590361978199AAA02 159/036 USGS
LT51470361998259BIK02 147/036 USGS
ID_12 145/035 USGS
p145r035_7f19991031

LT51470362011215KHC00 147/036 USGS
LE71470362017239SGI00 147/036 USGS
LC81470362017279LGNO0 147/036 USGS
- - USGS
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areas associated with vector data were then easily
eliminated by post-processing (i.e., manual
exclusion/inclusion of wrongly classified/missing
areas). Additionally, the ASTER GDEM was
also been used for the correction of glacier out-
lines through better visualization of the glacier
extents and mapping of the ice divides. Wher-
ever possible, visual inspection of the glaciers,
ice divides, and associated glacial features on
high-resolution Google Earth (<5 m) was used
as an additional source of information for correct
mapping. Any mismatch observed was elimi-
nated manually (Mir et al. 2018). From Sol
maps, the glaciers were delineated manually by
onscreen digitization. It is important to note that
the available Landsat data allowed monitoring of
glacier from the 2000 but the Sol maps extend
the study period to the 1962s.

For further processing, glacier polygons
smaller than 0.01 km® were excluded from the
analysis. It is important to note that the errors
might have been introduced due to the seasonal
snow cover (if any) and the expected larger
uncertainty of delineation of small glaciers.
Therefore, to reduce those errors, the comparison
of glacier areas was restricted to those larger than
0.10 km?. Glacier characteristics were calculated
for the 2017 scene using the ASTER GDEM
v2.0. The glacier characteristics include the
estimation of mean elevation, aspect, and slope.
Additionally, the glacial lakes associated with
glaciers were also delineated. The glacial lakes
were not processed further due to their smaller
size. In order to evaluate the influence of
topography on glacier distribution, bar charts
have been plotted for the analysis.

5.4.1 Uncertainty in the Study

The quantification of glacier mapping errors is
crucial to ascertain the accuracy and significance
of results (Mir et al. 2017, 2018; Bisht et al.
2019, 2020). In this study, the errors of coreg-
istration and glacier boundary delineations were
considered that might have resulted in different
levels of accuracy. The measurement of uncer-
tainty of area extent (U,.,) was determined by
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the buffer method for each glacier (Granshaw and
Fountain 2006). A buffer distance of 10 m that is
equal to the width of the digitizing error (RMSR)
was created. The uncertainty was calculated as an
average of the ratio of original glacier areas to the
areas with a buffer increment. Overall, in the
present scenario, an average uncertainty of £
0.020 km? (2.0%) was determined for each time
period under study. Additionally, the high-
resolution GE images were also used to check
the accuracy by repeating the digitization of a
few selected large-sized glaciers. This method
resulted in an accuracy of approximately £ 2 m
(£ £1%).

5.5 Glacier Characteristics

A total of 90 glaciers having an area larger than
0.008 km? were mapped in the study area as per
the data of 2017 (OLI/TIRS). The glaciers cov-
ered a total area of 21.1 km? which is about 2.6%
of the total area of the study area. The glaciers
are generally small size with a mean size of
0.24 km?. The size of the glaciers varies from a
maximum area of 0.91 km? (G. No. 41) and a
minimum area of 0.008 km? (G. No. 9). Glaciers
having smaller size are higher in number than
large-sized glaciers thereby indicating that the
number of glaciers declines with the increase in
size. Previously, only 4% of the glaciers having a
size larger than 2 km” have been reported in the
region of whole LMR (Smidtch and Niisser
2017). Glacier elevations are largely distributed
between 5200-5900 m amsl, with a mean gla-
cier elevation of 5570 m amsl. The termini of the
glaciers are located around an altitude varying
from 5205-5772 m amsl whereas the mean alti-
tude varies from 5378-5873 m amsl. In this area,
the glaciers are characterized by high altitudinal
termini and relatively small elevation range of
595 m amsl. For the glaciers of the whole LMR,
an elevation range between 2000-6000 m amsl
has been reported previously (Chudley et al.
2017). In this area, about 63.2% of glacier area
lies in the elevation zone of 5400-5600 m amsl
thereby reflecting that the glaciers tend to have
higher elevations. The average maximum
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Table 5.2 General
characteristics of the
glaciers present in the study
area derived from Landsat
OLI/TIRS image (2017)

Glaciers attributes
Total number

Total area (km?)

Average elevation maximum (m amsl)
Average elevations mean (m amsl)
Average mid-altitude (m amsl)
Maximum altitude (m amsl)

Minimum altitude (m amsl)

Altitude range (m amsl)
Mean size (km?)

Mean slope (°)

Mean aspect (°)

Nature

Source USGS

elevation of 5706 m amsl and average minimum
elevation of 5416 m were identified for the gla-
ciers. Moreover, the larger glaciers tend to have a
lower minimum elevation, higher maximum
elevation, and shallower gradient than smaller
glaciers. The mean Equilibrium Line Altitude
(ELA) is located around a mean altitude of
5500 m amsl in this area.

In the study area, glaciers tend to have mostly
northerly aspect. About 73.7% of glaciers are
having a mean aspect greater than 315° or less
than 45° which indicated that the glaciers are
spread between the northwest through north to
northeast aspects (i.e., NW-NE), whereas a small
percentage (10%) of glacier cover is present on
southern slopes. These observations are similar
to Schimdt and Niisser (2017) who have reported
that about 73% of the glaciated area of the LMR
are located on NW-NE facing slopes, whereas
south-facing slopes have a small ice cover of
about 10%. The slope of the glaciers varies from
gentle slope to steep slope. About 73.7% of
glacier area is spread within the slope range of
10°-40°. Furthermore, the glaciers in this area
are generally clean type with an insignificant
debris cover. Chudley et al. (2017) have reported
a negligible amount of 3.49% debris cover on the
glaciers of the whole LMR. All the debris-free
glaciers in this area illustrate the importance of

Average elevation minimum (m amsl)

90
21.1
5416
5706
5570
595
5873
5205
327
0.24
25
SE

Clean

snowfall as the main source of ice to the glaciers
which is in contradiction to a significant impact
of snow redistribution by avalanches in the areas
of the greater Himalayan range. The detailed
characteristics of the glacier are given in
(Table 5.2).

5.6 Glacier Area Changes
from 1962/2000-2017

In this study, only 47 glaciers having an area
greater than 0.12 km® have been analyzed to
understand the glacier changes and dynamics.
From the change detection studies, it has been
observed that during 1962, the total area of gla-
ciers was 24.1 km?. However, during the recent
year of 2000, the glacier area has decreased to
21.7 km?. Similarly, the glacier area has further
reduced to 19.9 km* and 19 km?® during 2011
and 2017, respectively. In general, it is observed
that the glaciers have lost the area very periodi-
cally from 1962-2017 (Fig. 5.2a). In nutshell, a
reduction in glacier area of about 21.2%
5.1 km2) at a rate of 93 mz/year is observed
from 1962 to 2017. During different time periods
from 1962 to 2000, the glaciers have lost an area
of 9.9% (2.4 km?) at a rate of 65 m*/year. Sim-
ilarly, during a recent time interval from
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Fig. 5.2 a Satellite images showing glacier area loss
during different time periods from 1962 to 2017. The sub-
set figures b is an image of TM-2000 and c is an image of

2000 to 2011, a total area loss of 8.3% (1.8 km?)
at a rate of 164 m?/year has been observed fol-
lowed by a loss of 4.6% (0.9 km?) at a rate of
154 m*/year during 2011-2017. Keeping in view
the higher uncertainty associated with Sol maps
and to have a better insight into the glacier

OLI-2017 showing a closer view of the changes of
glaciers during these two time periods (2000-2017)
(Source USGS)

changes, a recent time period from 2000 to 2017
comprising 17 years has also been considered for
assessment of glacier changes. The results indi-
cated a loss of 12.5% (2.7 km?) at a rate of
160 m2/year. The loss of 12.5% (2000-2017) is
much lower than a loss of 21.2% (1962-2017).
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Table 5.3 Changes in glacier area during different time periods from 1962 to 2017 for the selected glaciers

Years Total area km? Glacier area changes
Time intervals Area (kmz) Rate (kmzla) Area (%) Rate in % (kmzla)
1962 24.1 1962-2000 24 0.065 9.9 0.27
2000 21.7 2000-2011 1.8 0.164 8.3 0.75
2011 19.9 2011-2017 0.9 0.154 4.6 0.77
2017 19.0 2000-2017 2.7 0.160 12.5 0.74
- - 1962-2017 5.1 0.093 21.2 0.39

Source USGS and Survey of India

However, the rate of glacier loss of 93 m?/year
during 1962-2017 is observed to be much lower
than a rate of 160 m*/year observed dur-
ing 2000-2017 (Fig. 5.2b, c). Glacier wise, the
G No. 8 indicated the lowest area loss of 0.95%,
whereas G No. 89 indicated a higher loss of
95.15% considering the time period from
1962 to 2017. However, considering a time
period from 2000 to 2017, the G No. 89 indi-
cated the lowest loss of 2.5%, whereas the G
No. 19 indicated a higher loss of 31.6%. The
glaciers showing higher area loss have a smaller
size. Overall, from these observations, it is
clearly inferred that the glacier area loss has been
continuous from the 1960s with an increasing
tendency toward higher loss during recent years.
For example, a higher area loss of 12.5% at a rate
of 160 m?/year during recent years is much
higher than the area loss of 9.9% at a rate of
65 m?/year during 1962-2000. However, the
small discrepancies in between over the studied
time periods are attributed to the heterogeneous
selection of time intervals in the study
(Table 5.3).

5.7 Relationship Between Glacier
Changes with Glacier Area
and Topographic Features

Like other Himalayan glaciers, the influence of
glacier area and other topographic features (Mir
et al. 2017; Mir 2018) can also be very crucial in
modulating the observed glacier changes in the
present area. The study indicated that on an
average, the small glaciers (< 0.12 km?) lost

relatively higher area than the large glaciers
observed from 2000 to 2017. However, the sta-
tistical relation between glacier area changes
(percentage wise) with the glacier area revealed a
weak but positive correlation (Fig. 5.3a). The
weak correlation is attributed to the fact that in
this region, generally, 95% of the glaciers are
smaller in size that may probably be buffering the
influence of glacier size on its changes. The
relationship also showed a lower percentage of
area loss for bigger glaciers and a wider distri-
bution of glacier changes among smaller glaciers,
which is attributed to the larger number of small
glaciers as well as diverse aspect and altitude
ranges of these glaciers in the area. Further, the
study also indicated that large glaciers are also
losing significant areas. The statistical analysis
between the glacier size and area loss in absolute
units (Fig. 5.3b) of individual glaciers showed a
good correlation (R2 = 0.57).

In addition to size, the glacier area loss is also
dependent on the elevation/altitude of the
glaciers. As per the hypsometric curve, the
maximum glacier area (55.6%) is distributed in
the elevation zone of 5400-5600 m amsl, fol-
lowed by 24.9% in the elevation zone of 5600—
5800 m amsl, and 15.7% in the elevation below
the 5400 m amsl. A small percentage of glacier
area about 3.3% and 0.53% is distributed in the
higher elevation zones of 5800-6000 m amsl and
above the elevation of 6000 m amsl. Moreover, a
similar elevation area distribution pattern of the
glacier area is observed for all the studied
years/periods. However, it is a very important
observation that the glacier area changes have
been contrary to the glacier area-altitude
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Fig. 5.3 Relationship 36 -
between a glacier size and
glacier area loss (%) and

b glacier size and glacier area
loss (kmz) of the study area
(Source USGS)

28 4
24
20 A
16
12

2000-2017 area change (%)

R. A. Mir

* y=-2.984x + 14.28
R*=0.017
*
*
* *
- a
¢ L 0* t. .
* * . b *
T N, . o . pa
¥ A -
. *

0.16 -
0.14 1
0.12 -
0.10 -
0.08 -
0.06 -
0.04 -
0.02 -

2000-2017 area change (km?)

0.2 04 06 08 10 1.2
2000 glacier area (km?®)

y=0.112x + 0.006
M, R:=0.574

0.00
0.0

distribution. That is, the higher elevation ranges
have lost high glacier area during the studied
time intervals such as from 2000-2011, 2000—
2017, and 2000-2017. The glaciers above an
elevation of 5800 m amsl have indicated higher
area loss. Similarly, the glaciers lying below an
elevation of 5400 m amsl also indicated higher
area loss. The glaciers lying in the elevation
range of 5400 to 5800 m amsl revealed a mod-
erate  glacier area loss. Overall from
2000 to 2017, the glaciers lying below an ele-
vation of 5400 m amsl showed about a loss of
25.6%, whereas the glaciers lying in the eleva-
tion zone of 5800-6000 m amsl and above
indicated an area loss of 17.9% and 44.1%. The
glaciers in the elevation zones of 5400-5600 m

T T T T T 1

0.2 04 0.6 0.8 1.0 12
2000 glacier area (km®)

amsl and 5600-5800 m amsl have indicated a
loss of 9.6% and 7.6%, respectively (Fig. 5.4a).

As per the slope distribution, the maximum
area of glaciers that is 29.2% and 28.4% is pre-
sent within the slope range of 10°-20° and 20°—
30°, respectively. The slope range of 30°-40°
contains 18.4% of glacier area, whereas slope
range of less than 10° contains 12.8% of glacier
area. The higher slope range of 40°-50° contains
8.4% of glacier area, whereas the slope ranges
above 50° contain about 2.7% of the glacier area.
Overall about 88.8% of glacier area is distributed
in the slope zone below 40° which is moderately
steep. A similar pattern is observed during all the
studied years and in general, with an increase in
slope, the area of the glaciers decreases.
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However, the glacier area change exhibited a
positive relationship with the slope that is with an
increase in slope, the glacier area change also
increases. For example, in the slope zone of 30°-
40°, 11.9% of area change is observed whereas
below the 30° slope, an area change of about
12.5% is observed. However, the glacier area

NE E SE S swWoow

NW
Aspect class (9)

change has increased consistently from 12.4% in
the slope zone of 30°—40° to 18.9% in the slope
range of 50°-60° and 15.9% above an elevation
of 60°. A similar pattern of area change with
slope is observed during a time interval of 2000—
2011, which is however moderately distorted
during a recent time interval of 2011-2017,
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thereby indicating a dominant control of slope on
glacier changes from 2000 to 2011 (Fig. 5.4b).

As per the aspect, the maximum glacier area
(34.9%) 1is distributed in the north aspect, fol-
lowed by 26.4% in the northeast aspect, 14.1% in
the northwest aspect, and 14.2% in the eastern
aspect. The rest of the slope aspect covered less
than 2% of the glacier area. A similar pattern in
aspect wise distribution of glacier area is
observed during all the studied time periods.
There has been a significant effect of aspect on
glacier area changes as well. For example, the
glaciers with northerly aspect have lost less area
as compared to the other aspects. During the time
period from 2000 to 2017, the glacier loss varied
from 7.5% in the north aspect to 14.9% in the
northwest aspect. The east, southeast, and west-
ern aspects revealed a higher area loss of 17.1%,
20.7%, and 18.7%, respectively. During the time
periods of 2000-2011 and 2011-2017, an almost
similar pattern in glacier area loss has been
observed with few exceptions such as, during
2000-2017, the north aspect revealed lower
glacier area changes (7.5%), but during 2000—
2011, the north and southwest aspect indicated
lower changes of 4.1% and 3.1%, respectively.
But, during 2011-2017, the north and northeast
revealed lower changes of 3.5% and 3.7%,
respectively (Fig. 5.4c).

5.8 Discussion

The present study has been carried out in the
upper Indus Basin covering parts of LMR falling
in the semi-arid Trans-Himalayan region. The
study area consists of five sub-basins designated
as Ganglas, Phyang, Khalsar, Rong, and No.-5.
In this region, there are a large number of small
to medium size drainage basins on northern as
well as southern slopes of the LMR flowing
either directly into the Indus River system or its
major northern tributary-Shyok River. In this
study, an inventory of 90 glaciers having an area
larger than 0.008 km? has been generated for the
year 2017 using remote sensing data and geo-
graphic information system techniques. The
inventoried glaciers are spread on a small area of
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about 21.1 km? (2.6%) of the selected total
catchment area of the study area. But, it is very
interesting to mention that about 63.2% of glacier
area is present in a higher elevation range of
5400-5600 m amsl. As observed in this study,
the mean ELA of the glaciers is also located
around higher elevations of 5500 m amsl.

Furthermore, the glacier changes have been
studied from 1962 to 2017 using Sol toposheets
and Satellite data. About 47 glaciers having an
area greater than 0.12 km?” have been selected for
change detection studies. The study indicated a
loss of glacier area of about 21.2% (5.1 kmz) ata
rate of 93 m*/year from 1962 to 2017. While
considering the recent time period of 2000-2017,
the study indicated a lower loss of 12.5%
(2.7 km?) at a rate of 160 m*/year. The higher
area loss during 1962-2017 may be attributed to
the use of Sol maps for which a number of
studies have reported uncertainty problems.
Furthermore, the small glaciers (<0.12 kmz) lost
relatively higher area than the large glaciers
during 2000-2017 thereby indicating their
marked sensitivity to climate change. In this
region also, a few studies have reported a rising
pattern of the temperature and declining pattern
of precipitation (Chevuturi et al. 2016). But, the
precipitation decline in this region may be con-
sidered a significant factor controlling the glacier
area loss in addition to rising temperature. It is
because, the solid precipitation, i.e., snowfall, is
considered as the main input and contributor of
ice to the glaciers. Furthermore, it is also
observed that the glacier changes in this region
have been influenced by the glacier size and
slope discontinuously during different time peri-
ods. However, the influence of the elevation on
the glacier changes has been very strong as is
understood through the analysis of area-altitude
distribution. The glacier area-altitude distribution
has revealed that the higher elevation ranges of
5800-6000 and above lost a higher glacier area
of 17.9% and 44.1% than the other lower ele-
vation ranges. Similarly, the southern aspects that
receive higher solar radiation also indicated
higher glacier area loss of 20.7% (SE).

Overall, these observations clearly indicated
that the glacier area loss has been continuous
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from the 1960s with an increasing tendency
toward higher loss during recent years. Using the
Sol maps, the study indicated a loss of 21.2%
(5.1 km2) at a rate of 93 m2/year from
1962 to 2017, which is almost similar to a
number of glacier changes observed in the HKH
(Kulkarni 2011; Mir et al. 2017, 2018). For
instance, Mir et al. (2017) using the Landsat
satellite data reported 18.1% of glacier area loss
from 1976 to 2011 in the Baspa basin in western
Himalayan region. Kulkarni (2012) assessed
the glaciers of Goriganga, Bhagirathi, Bhut,
Warwan, Zanskar, Chandra, and Miyar basins of
western Himalaya using Sol topographic maps,
and Indian remote sensing satellite (IRS) images
and reported a deglaciation of 19%, 14%, 10%,
21%, 9%, 20%, and 8% from 1962 to 2001,
respectively. In addition, based on the Sol
toposheets and Landsat satellite images, Mir
et al. (2014) reported a deglaciation of 26.1%
during 1966-2011 for the 34 glaciers in Tir-
ungkhad Sub-basin of Satluj River. Mir et al.
(2018) have reported a shrinkage of
2.6 + 0.56 km? (19.2 + 4.1%) for Dalung gla-
cier and 3.4 + 0.65 km? (12.7 + 2.4%) for the
Padam glacier located in Zanskar Himalaya
during a time period of 1962-2015 using satel-
lite and Sol maps. Mir (2018) reported a loss of
19.09 + 33% at a rate of 35 m’/year from
1962 to 2016 for the Kolahoi glacier of Kashmir
Himalaya. Majeed et al. (2020) in a recent study
have reported a higher glacier area loss of 29.7%
at a rate of 16.5 m/year (Sonapani Glacier) in
Himachal, western Himalayan region over a
century from 1906-2016. However, in this
study, the glacier loss of 12.5% (2.7 km?) at a
rate of 160 m*/year estimated during 2000—
2017 on the satellite data sources is significantly
lower than the loss estimated on the basis of Sol
maps. The satellite-based loss of 12.5% is almost
similar to a loss of 14% (3 m/year) reported from
1969 to 2010 in the adjacent area of Kang Yatze
Massif of the region (Schmidt and Niisser 2012).
The satellite-based glacier changes are also sim-
ilar to the previous glacier area changes of 12.8%
and 13% reported for the glaciers of this region
previously (Chudley et al. 2017; Schmidt and
Niisser 2017).

5.9 Conclusions

In this study, an inventory of 90 glaciers cover-
ing an area of 21.1 km? which is about (2.6%) of
the total selected catchment area has been gen-
erated using remote sensing satellite data of
2017. The glaciers are generally small with a
mean size of 0.24 km?, high altitude with a mean
elevation of 5570 m amsl, northerly facing, and
moderately steep with 73% of glaciers spread
between 10°—40° slope range. In addition, the
mean Equilibrium Line Altitude (ELA) is located
at and around a higher elevation of 5500 m
amsl. Due to the small size of glaciers, only 47
glaciers (size > 0.12 kmz) have been selected for
change detection studies. The results indicated a
glacier area loss of about 21.2% (5.1 kmz) at a
rate of 93 m*/year from 1962 to 2017 based on
Sol base maps. However, considering a recent
time period of 2000-2017 based on satellite base
maps, the study indicated a loss of 12.5%
(2.7 km?) at a rate of 160 mz/year. The results
revealed that the small glaciers (< 0.12 km2) lost
relatively higher area from 2000 to 2017. The
area-altitude distribution revealed that the eleva-
tion zone of 5800-6000 and above have lost a
higher glacier area of 17.9% and 44.1%,
respectively. Similarly, the steep slope and
southerly aspect of glaciers also controlled the
higher glacier area losses. For example, the slope
zone of 50°-60° lost an area of 18.9% and the
southeast aspect lost an area of 20.7%. Overall,
the higher glacier area changes during recent
years and the higher sensitivity of small glaciers
to the changes in this area are of serious concern.
The observed glacier changes in this area may
have a strong influence on the downstream water
supplies and resources and other allied sectors.
Since the demand for the water supply is drasti-
cally increasing in this area in response to the
rapid population growth, rapid urbanization,
economic development, and especially increased
influx of tourists, therefore, the presented glacier
change observations in this study can be suitably
used to develop and adopt the strategies for the
better management of these limited glacier ice
reserves vis-a-vis water resources in this area.
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Abstract

Bada Shigri and Samudra Tapu are the two
largest glaciers of Chandra basin, a sub-basin
of Western Himalayas located in Lahaul and
Spiti district of Himachal Pradesh, India. The
length of the Bada Shigri and Samudra Tapu
glaciers are around 30 km and 17 km with
snout elevation at about 4000 m and 4200 m
above mean sea level (amsl), respectively. The
mass balance of these two representative
glaciers of the Chandra basin was calculated
using the geodetic method for the years 2000—
2011. SRTM and ASTER DEMs are used for
calculating the change in elevation based on
DEM subtraction after pre-processing of data
and appropriate bias corrections. The Ran-
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dolph Glacier Inventory (RGI-5.0) and LISS-
IIT data of IRS-P6 are used for delineating the
glacier boundaries manually. An average
elevation changes of approximately 10.1 m
and 123 m has been observed for the
11 years time period, resulting in a cumulative
mass balance of —9.09 and —11.07 mass water
equivalent (mwe) for Bada Shigri glacier and
Samudra Tapu glacier, respectively. An aver-
age volume of ice loss observed for the
glaciated region of 232 km? (area for both
glaciers) is approximately 1.15 km?® during the
study period.

Keywords

Bada shigri - DEM - Glaciers + Mass balance
- Remote sensing *+ Samudra tapu

6.1 Introduction

Asian glaciers are an important regional buffer
against drought. Some parts of the Himalayan
region receive snow precipitation annually spe-
cially in winters, and throughout the year at high
altitudes (Bhat et al. 2019; Sabin et al. 2020,
Kumar et al. 2020; Sood et al. 2020). The winter
accumulated snow-fed glaciers that melt during
summer to nourish the rivers originating from
Himalayan basins catering to the needs of people
living at higher altitudes as well as in the
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downstream regions (Shrestha and Aryal 2011;
Bisht et al. 2020a). Hence, assessment of glacier
mass balance is crucial to determine the health of
glaciers due to climate change implications (Singh
et al. 2018). Mass balance refers to a change in the
mass of a glacier over a specified period of time
(Che et al. 2019). Mass balance is the gain of ice
during winter accumulation and loss of ice during
summer ablation from the glacier system (Maurer
etal. 2019). Glaciers record negative mass balance
when they tend to lose more mass than they
receive and positive mass balance when they tend
to gain more mass than they lose (Jia et al. 2020).
The average mass balance of the glaciers observed
for a long-term observation series around the
world continues to be negative (WGMS 2019).
Ground truth data with in situ measurements for
glacier mass balance studies are restricted due to
the harsh and undulating rugged terrain environ-
ment of the Himalayan region (Rashid and
Abdullah 2016; Taloor et al. 2019; Bisht et al.
2020b; Singh et al. 2020).

Geodetic methods are an indirect approach
used for the determination of the mass balance of
a glacier (Suresh and Yarrakula 2018). Maps of a
glacier made at two different times can be com-
pared and the difference in surface elevation
observed can be used to determine the changes in
mass balance with time (Farias-Barahona et al.
2020). The geodetic mass balance is calculated
from the volume change derived from topo-
graphic data (Basantes et al. 2018). For the
estimation of the mass balance, two digital ele-
vation models (DEMs) acquired at different
date’s tl and t2, usually at the end of the ablation
period, are used. Time period, At = t2 — tl, for
estimation of mass balance can vary from a time
limit of one year to many decades. The volume
change AV in the period At is then calculated for
the entire glacier either from the contour lines of
elevation (Lang and Patzelt 1971) or with a raster
method (Unk et al. 1997). The multiplication of
the volume change AV with the mean density p
results is the mass balance within the considered
period (Priya and Krishnaveni 2019). Classical
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geodetic work of the highest (mm) precision was
demonstrated in the 1970s for purposes of mea-
suring horizontal crustal strain over regional
scales (Savage 1983). In addition, the precise
recession rate (mm level accuracy) of the Indian
Himalayan glaciers through the geodetic method
(Kinematic GPS survey) was also carried out by
a few researchers (Kumar et al. 2020; Bisht et al.
2019, 2020b). However, mass balance estimation
over a long period (decadal scale) is more sig-
nificant and prone to less errors when compared
to annual mass balance estimation using the
geodetic method (Fischer 2010).

Adopting the above-discussed methodology,
investigation of glacier mass changes over the
Himalayan region has been taken up as a topic of
research. Mass change estimation using the
geodetic method over the Himalayan region was
carried out using Shuttle Radar Topographic
Mission (SRTM) DEM and Advanced Space-
borne Thermal Emission and Reflection
Radiometer (ASTER) DEM for a period of
11 years (2000-2011).

6.2 Materials and Methods

6.2.1 Study Area

The two glaciers namely Bada Shigri and
Samudra Tapu of Chandra basin in Lahaul and
Spiti district, Himachal Pradesh are the study
areas proposed for the estimation of mass bal-
ance. The geographical location of the study area
is shown in Fig. 6.1. Bada Shigri (137 km?) is
the largest glacier and Samudra Tapu (95 km?) is
the second largest glacier in the upper Chandra
basin (Dobhal and Kumar 1996). The existing
snout position of Bada Shigri and Samudra Tapu
glaciers are approximately at 4000 m elevation
32°06'N and 77°44'E at a distance of about 4 km
from the Chandra river bed and 4200 m elevation
32°30" N and 77°32' E about 10 km southwest of
Chandra Tal Lake (Kulkarni et al. 2006),
respectively.
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Fig. 6.1 Geographical location of the study area (Source Google Earth and RGI-5)

6.2.2 Data Used

Glacier boundary shapefiles obtained from Ran-
dolph Glacier Inventory 2005 (RGI-5) are mod-
ified for glacier area, ablation and accumulation
region delineation based on transient snow line
estimated from LISS-III sensor of Resourcesat-1
(IRS-P6) launched during 2003. The DEMs
generated from SRTM (acquired during February
2000) and ASTER (acquired during October
2011) with a spatial resolution of 30 m were
considered for geodetic mass balance estimation.
The SRTM and ASTER DEMs for the proposed
study area were downloaded from the United
States Geological Survey earth explorer (http:/
earthexplorer.usgs.gov). LISS-III images of
Resourcesat-1 (IRS—P6) acquired on December
2, 2011 was utilized for the extraction of the
snowline. Due to the unavailability of cloud-free
images covering the study area during the abla-
tion period (June-September) of the year 2011,
Meteorological data from Indian Meteorological
Department (IMD) observatory located at Lahaul

and Spiti district, Himachal Pradesh had been
procured for the above mentioned period, to
ensure that significant snowfall has not occurred
during the above mentioned period affecting the
snowline estimation. The LISS-III images have a
spatial resolution of 23.5 m covering a swath of
140 km with a revisit period of 24 days. The
proposed individual glaciers were covered by
four tiles of LISS-III images which were
mosaicked for further processing of snowline
estimation. Figure 6.2 represents the LISS-III
(IRS-P6) FCC image for Bada Shigri and
Samudra Tapu glaciers. The datasets used in the
present study are listed in Table 6.1.

6.2.3 Methodology

Data from LISS-III sensor on-board Resourcesat-
1 satellite is the main source of data to delineate
the snowline at the end of the ablation season.
The glacier boundary from RGI-05 was modified
for the glacier area and delineation of the
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Fig. 6.2 Mosaicked images of LISS-III in FCC for the study area (Source LISS-III, IRS-P6)

Table 6.1 Satellite data used for monitoring of glaciers of Chandra basin

Sensor type Scene ID

LISS-1II L3-NI43X11-095-048-02dec11
LISS-III L3-NI43X12-095-048-02dec11
LISS-1II L3-NI43X15-095-048-02dec11
LISS-1II L3-NI43X16-095-048-02dec11
LISS-III L3-NI43X10-095-048-02dec11
LISS-1II L3-NI43X11-095-048-02dec11
LISS-1II L3-NI43X06-095-048-02dec11
LISS-III L3-NI43X07-095-048-02dec11
SRTM DEM -

ASTER DEM -

(Source https://www.nrsc.gov.in/)

snowline. Figure 6.3 shows the workflow adop-
ted for the mass balance estimation using the
geodetic method. SRTM DEM has been derived
from SAR interferometry and ASTER DEM has
been derived from stereophotogrammetry (two
different sources namely microwave SAR and
multispectral imager). The SRTM and ASTER
DEMs are of EGM-96 geoidal height model and
are reprojected to UTM zone 44 N based on the
study area for the present study (Vaishnavi et al.
2020). Co-registration of SRTM and ASTER
DEMs has been carried out for minimizing Ax
and Ay positional and Az elevation offsets for
stable (non-glaciated) regions (Nuth and Kaab
2011; Gardelle et al. 2012).

Acquisition time

02/12/2011

Spatial resolution (m)

23.5

February 2000 30
October 2011

After successful co-registration of both the
DEMs along and across the track, computation of
elevation differences between the two DEMs for
11 years of period has been carried out. Eleva-
tion changes above +100 m and below —100 m
represent outliers due to data gaps and DEM
edges (Berthier et al. 2010; Bolch et al. 2011).
Hence, the outliers were removed by the masking
process.

Glacier boundary modified from RGI-05
based on LISS-III images is considered and the
glacier area is divided into two zones namely,
ablation and accumulation zones. In addition to
the removal of outliers, the pixel values repre-
senting elevation difference more than three
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Fig. 6.3 Methodology
adopted in the present study

C-band SRTM DEM

ASTE

(Source Authors contribution)

Co-registration(Planimetric adjustment
along and across track)

Removal of elevation biases on stable and

non-stable areas

boundary

standard deviations from the mean elevation
difference from each zone were discarded (Gar-
delle et al. 2012). Microwave SAR sensors with
smaller frequencies have higher wavelength
resulting in penetrating through target objects
before backscattering (Suresh and Yarrakula
2019). SRTM DEM has been derived from
microwave SAR C-band data using the SAR
Interferometry technique (Suresh and Yarrakula
2018). An average radar penetration correction of
2.4 +£ 04 (m) over the accumulation zone of
glaciers in the Lahaul and Spiti region (Gardelle
et al. 2012; Ké&ib et al. 2012) has been applied
for compensating as SRTM DEM C-band data
was acquired in the winter season. After the
process of co-registration, differencing the
DEMs, outlier’s removal and penetration cor-
rection, the estimation of volume and mass bal-
ance was carried out for the glaciers.

Glacier N

Removal of outliers

Change in elevation

C-band radar
penetration
correction for

Elevation difference
for glaciers (11
years)

Volume and Mass
balance estimation

6.3 Results and Discussion

Changes in the elevation for the two glaciers
namely Bada Shigri and Samudra Tapu were
computed for a period of 11 years (2000-2011)
using SRTM and ASTER DEMs. The average
elevation of snowline was estimated from LISS-
III images for the two glaciers during the end of
ablation time in the year 2011. For Bada Shigri
glacier and Samudra Tapu glacier, the average
elevation of the snowline was found to be at
4800 m and 5248 m, respectively. The estimated
snowline elevation was used to delineate ablation
and accumulation zones for each glacier sepa-
rately. Radar penetration correction of
2.4 £+ 0.4 m was applied for accumulation zones
to compensate for SRTM C-band. An average
elevation change of each zone is later considered
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Fig. 6.4 Elevation profile
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as the total elevation change for the entire gla-
cier. Figure 6.4 displays a sample elevation
profile obtained along the glacier. Figures 6.5
and 6.6 represent the elevation changes for the
Bada Shigri and Samudra Tapu glaciers,
respectively.

Over the duration of 11 years (2000-2011),
the glaciers show a significant decrease in surface
elevation and thinning. An average thinning of
11.2 m for two glaciers has been observed for a
glaciated region of 232 km?. The average ele-
vation changes for each zone are then considered
as the total elevation change for the entire gla-
cier. The change in elevation was multiplied with
the glacier area for computing volume change.
The cumulative volume of ice loss is approxi-
mately 1.131 km?® and 1.169 km® for Bada Shigri
and Samutra Tapu glaciers, respectively, over a
period of 11 years (2000-2011). This indicates
that an average volume of ice loss for the above
said period is 1.15 km® resulting in an average
annual ice loss of 0.1 km3. For calculation of
mass balance, an ice density of 900 kg m > was
assumed (Slobbe et al. 2009).

The change in volume was multiplied with ice
density to estimate the geodetic mass balance of
the two glaciers. The estimated cumulative mass
balance for the time frame 2000-2011 was
approximately —9.09 mwe and —11.07 mwe for
Bada Shigri and Samudra Tapu glaciers,
respectively, as shown in Table 6.2. The esti-
mated geodetic mass balance is —0.83 mwe/year
and —lmwe/year for the 11 years period of

——SRTM DEM

M. Geetha Priya et al.

Elevation vs Distance

4500 6000 7500 9000 10500 12000 13500

Distance (m)

ASTER DEM

investigation for Bada Shigri and Samudra Tapu
glaciers, respectively, with a standard error
of £ 0.33. Comparison of mass balance obtained
from other existing methods of geodetic (Tan-
dem X DEM), glaciology and Accumulation
Area Ratio (AAR) and Temperature Index
(TT) are shown in Table 6.3. Values indicate the
appropriateness of the present study and
methodology with a high positive correlation
(R* =0.91) (Fig. 6.7). More thinning and mass
loss has been observed in the Samudra Tapu
glacier in comparison with the Bada Shigri gla-
cier. This could have resulted due to the orien-
tation and topographical conditions of the
Samudra Tapu glacier. Also, the controlling
environmental factors vary from glacier to gla-
cier and basin to basin. The results obtained in
this research work lead to overestimation or
underestimation of volume and mass change due
to uncertainties in assuming the following: Ice
density, snow density, application of ice density
for accumulation area for mass calculation, Radar
wave penetration correction, Outlier values, Data
gaps, Voids in SRTM DEM and Glacier area.

6.4 Conclusion

The present study is an attempt to estimate the
mass balance of the two benchmark and largest
glaciers of the Chandra basin. The geodetic
method of mass balance estimation is one of the
robust techniques compared to other existing
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Table 6.2 The basic
information of the Bada

Glacier name

109

Bada Shigri Samudra Tapu

Shigri and Samudra Tapu Slope in degrees 12.3 123
glacier for the period of Aspect in degrees 355 48
(ISIOZf?ZS ﬁ?}?gr_szm b Central longitude 77.6946 77.4146
contribution) Central latitude 32.1659 32.4875
Area (sq.km) during study period 137 95
Average elevation difference (m) for 11 years —10.1 —-12.3
Cumulative volume of ice loss (cu.km) 1.131 1.169
Cumulative mass balance (mwe) -9.09 —11.07
Annual mass balance (mwe) —0.83 —1.00
Average snowline elevation (amsl) 4800 5248

Table 6.3 Comparison of MB from different studies (Source Authors contribution)

Method Geodetic

Glacier MB rate from MB rate from other

name the present studies (2000-2013)
study (2000— (mwe y—1) (Vijay and
2011) (mwe y Braun 2016;
-1) Ramsankaran et al.

2019)

Bada -0.83 £ 0.33 —0.66 £+ 0.32

Shigri

Samudra —1.00 £ 0.63 -0.69 +£ 0.33

Tapu

methodologies. Geodetic mass balance for two
glaciers has been estimated using SRTM and
ASTER DEMs for a time frame of 2000-2011.
The estimated geodetic mass balance is —0
mwe/year and —1 m w e/year for the 11 years
period of investigation for Bada Shigri and
Samudra Tapu glaciers, respectively. An average
thinning of 11.2 m for two glaciers has been
observed for a glaciated region of 232 km?. An

TI/AAR method
MB rate from the

Glaciology

MB rate from MB rate from

other studies the other the other
(1984-2012) studies studies
(mwe y—1) - (2016-2017) (2017-2018)
(Tawde et al. (WGMS (WGMS
2016) 2019) 2019)

—0.7 + 0.46 -0.56 -0.82

—0.8 + 0.46 —1.12 -1.56

average volume of ice loss for the above said
period is 1.15 km® resulting in an average annual
ice loss of 0.1 km®. An average mass loss of
0.915 mwe/year has been observed for the entire
study period. The study also shows the effec-
tiveness of remote sensing based methods for
glaciological studies in the Himalayan region,
because of tough terrain and logistic difficulties
occurred in the field-based observation methods.
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Fig. 6.7 Regression analysis
of Mass Balance a Bada
Shigri b Samudra Tapu
(Source Authors contribution) 0.1
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Abstract

Study of snow dynamics is an essential
parameter for scientific studies such as climate
change, cryospheric hazard mapping, energy
budget assessment, management of water
assets, etc. In this paper, an analysis of snow
dynamics in the Beas river basin, Western
Himalaya, India has been carried out using
Moderate Resolution Imaging Spectrora-
diometer (MODIS) satellite images and
in situ data during more than a decade winter
period (November—April) from 2003-2017.
MODIS sensor images and 8-days composite
snow products have large uncertainty in
mountain regions because of cloud cover
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and sensor limitation. Therefore, in this paper,
a combined Terra—Aqua MODIS
satellite-derived improved snow product ver-
sion 6 (MOYDGLO06%) has been used for the
estimation of snow cover area (SCA) during
the years 2003-2017. SCA in the study area
varied from ~19% (November, 2016) to
~98% (February, 2015) during the era. It
was found that SCA and total precipitation are
decreasing at the rate of 3.2 km? and 64.7 cm,
while the mean temperature is increasing at
the rate of 0.16 °C, respectively, for the period
2003-2010. However, a similar trend was
found during 2010-2017, SCA and total
precipitation are decreasing at the rate of
2539 km? and 44.9 cm, while the mean
temperature is increasing at the rate of 0.35
°C, respectively. The satellite-extracted SCA
trend was in correlation with in situ observed
climate parameters. Moreover, SCA variabil-
ity has been explored for different winter
season months. The paper highlights the
decreasing SCA and total perception trend,
while increasing mean temperature trend dur-
ing the twenty-first century and indicates that
climate change is probably one of the major
factors.

Keyword

Beas river basin * Climate change + MODIS -
Snow product + Snow dynamics
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7.1 Introduction

During the last two decades, climate change and
global warming over different areas of the cryo-
spheric communities have upraised the concern
about the snow cover dynamics and glaciers
reduction (Negi et al. 2018). Spatial and temporal
snow dynamics over a period is an indicator of
fluctuations in the environment and acts as a
pointer for climate transformation. Various
researchers (Yaning et al. 2008; Brown et al.
2011; Saavedra et al. 2016; Azmat et al. 2016;
Shukla et al. 2017; Negi et al. 2018; Shafiq et al.
2018; Singh et al. 2018; Bisht et al. 2019; Taloor
et al. 2019; Kumar et al. 2020; Taloor et al. 2020)
across the cryospheric world have mentioned the
linkage between the snow cover area (SCA) and
climatic parameters variation as a pointer of
environment change. The seasonal SCA is also
crucial for understanding the solar energy bal-
ance, water cycles supervision, Earth’s hydrol-
ogy, etc. as these processes control the deviation
in regional and global climate (Frei et al. 1999;
Salomonson and Appel 2004; Arndt et al. 2010;
Gurung et al. 2011; Sharma et al. 2012, 2014;
Negi et al. 2018; Singh et al. 2020; Sood et al.
2020).

Himalayas are the largest reservoir of snow,
ice, and glaciers after the polar region.
Himalayan SCA directly affects the Indian state’s
economy and development across society
(Kulkarni et al. 2007). It contributes ~22% of
hydropower and ~ 17% of agriculture in the term
of gross domestic product (GDP) (Sharma et al.
2014). However, due to the high altitude,
roughness, and inaccessibility of Himalayan
regions, it is very tough to gather information on
SCA using traditional measurement techniques
(Bisht et al. 2018). Therefore, satellite-based
imaging techniques provide key to monitor reg-
ular SCA variations and to measure snow cover
parameters.

Over a half era, passive optical satellite ima-
ges have been widely used for continuous mon-
itoring of snow due wide coverage (Hiisler et al.
2014). However, it has limitations to collect the
snow cover information on a regular basis on
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cloudy days (Singh et al. 2019). To overcome
this, 8-day Moderate Resolution Imaging Spec-
troradiometer (MODIS) composite snow cover
product was generated to reduce the cloud cover
over snow-covered region (Hall et al. 2002). The
8-day product significantly decreases the amount
of cloud cover; however, during monsoon and
winter seasons, some clouds exist (Liang et al.
2008). The existence of clouds over snow and
obscuration of old snow and glacier ice due to
their low albedo cause the underestimation of the
snow and ice cover extent and must be discarded
(Wang et al. 2008). Low spatial resolution and
large solar zenith angle in the term of contrast
primarily cause overestimation of snow and ice
(Li et al. 2016; Huang et al. 2017; Hou et al.
2019). Further, limitation of MODIS senor ima-
ges reduces the accuracy of snow cover and
consistently poor in the evergreen forests and the
early melt season (Hall and Riggs 2007).
Muhammad and Thapa (2020) have estimated
the uncertainty in Terra and Aqua MODIS 8-d
composite C6 products for high-mountains of
Asia from 2002 to 2018. They observed MODIS
products comprising 46% overestimation and
3.66% underestimation, mainly caused by sensor
limitations and cloud cover, respectively.
During the past decade, remote sensing ima-
ges and products have been used to study snow
cover variability of Western Himalayan cryo-
sphere (Jain et al. 2009; Kulkarni et al. 2010;
Gurung et al. 2011; Sharma et al. 2012, 2014;
Kour et al. 2015; Barman et al. 2015; Birajdar
et al. 2016; Gurung et al. 2017; Negi et al. 2018;
Shafiq et al. 2018; Singh et al. 2018). Several
scientific communities and researchers (Vikha-
mar and Solberg 2003; Cherry et al. 2005;
Lemke et al. 2007; Jain et al. 2008; Muntan et al.
2009; Zhao et al. 2009; Sharma et al. 2014; Kour
et al. 2015) have conveyed negative trend in
Himalayan regions seasonal SCA, mainly in the
spring season. Sharma et al. (2014) have descri-
bed a negative SCA trend in Indian Himalayan
basins, i.e., Bhaga, Chenab, Baspa, and Beas
river basin. A similar SCA trend has also been
published by several investigators (Kulkarni
et al. 2007, 2010; Sharma et al. 2012; Kour et al.
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2015) for different river basins using MODIS
images, 8-day product and 10-day product.
A positive SCA trend in Indian Himalaya and the
Karakoram has been published by Tahir et al.
(2015) using MODIS 8-day snow cover product.
Shafiq et al. (2018) have calculated snow cover
variability in Kashmir Himalayas, India using 8-
day MODIS snow cover product from 2000 to
2016. They observed a positive trend in SCA and
a negative trend in temperature during the data
period. Singh et al. (2018) have estimated snow
cover variability in Indian Himalayan climate
zones using MODIS senor images generated 10-
day snow cover product during 2001-16. They
observed a shift in SCA trends after 2010 in
Indian Himalaya and climatic zones and a
slowdown in snow/ice cover reduction during the
recent years. Due to large topographical vari-
ability and difference in studies period, Hima-
layan regions are showing different SCA trends
as observed from the literature. However, in the
Indian Himalayan parts, despite its importance,
very few studies have been reported. The above-
mentioned studies have limitations in the term of
accuracy due to cloud cover and sensor
limitations.

Muhammad and Thapa (2020) have reduced
the uncertainty in snow cover product by com-
bining Terra—Aqua MODIS snow cover products
(MOYDGLO06%*) using a seasonal, temporal, and
spatial filter. Authors compared this product with
Landsat-8 data and observed improvement in
accuracy by 10%. Keeping in view of the above
studies, the aim of the present study is to estimate
snow cover variability using combined Terra—
Aqua MODIS (MOYDGLO06*) improved snow
product. The objective of this paper is to inves-
tigate the long-term monthly, and annual vari-
ability in snow dynamics in the terms of SCA
and climatic variables (i.e., maximum and mini-
mum temperature and total precipitation) for
Beas River basin, India during 2003-2017. The
non-parametric Mann—Kendall and Sen’s slope
and t-test have been used to estimate and quan-
tify the trend.
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7.2 Study Area

The present study is focused on the Beas River
basin, India which is a part of the Indus River
system that lies in the Lower Indian Himalayan
zone and is shown in Fig. 7.1. It originates from
a small glacier named as ‘Beas Kund’ at an
elevation of 3900 m above the mean sea level
(amsl) in the eastern slope of Rohtang pass,
Himachal Pradesh, India. The study area is very
popular across the world for its charming beauty,
recreation activities, and ski slopes. Millions of
holidaymakers visit this area for tracking, skiing,
mountaineering, etc., every year. It provides
water for irrigation, drinking, power generation,
etc., to Himachal Pradesh and Punjab. The mean
elevation and slope of the study area are 3517
mamsl and 30°, respectively. During the winter
period, it receives heavy snowfall at above
2000 m amsl. Snow and Avalanche Study
Establishment (SASE), Chandigarh, one of the
laboratories of Defence Research and Develop-
ment Organisation, India has installed an obser-
vation station named “Dhundi” in the study area
for the collection of snow-met parameters at an
elevation of 3050 amsl (Fig. 7.1). According to
Buhler et al. (2013), the mean snowfall is 11.5 m
and the mean monthly temperature varied over
the past two decades from 3.1 °C to —1.2 °C
during the winter season from November to
April. The region links the HP with Leh (Union
territory of Ladakh) of India through Atal Tunnel
(formerly known as Rohtang Tunnel) and
receives heavy snowfall and avalanches during
the winter spell of every year.

7.3 Materials and Methods

Mapping techniques in snow-covered regions
have been started regularly with the launch of
Terra and Aqua MODIS satellite by the National
Administrative Space Application (NASA) in
1999 and 2002, respectively. It has 36 spectral
bands within the wavelength of 0.4—-14.4 pm and
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Fig. 7.1 Study area map of Beas River basin, India depicting SASE observatory named “Dhundi” and some tourist
locations symbolized with pink color (i.e., Manali and Rohtang Pass) (Source https://earthexplorer.usgs.gov)

delivers cloud and land surface data. The MODIS
daily, 8-day, and monthly products are available
at 500 m to 5 km spatial resolution. 8-day com-
posite snow cover product was generated to
remove the presence of cloud cover by the inte-
gration of consecutive 8-day of MODIS images
(Hall et al. 2002). In 8-day snow product, a
significant amount of clouds remain which cause
underestimation of SCA and must be replaced by
snow pixel (Yu et al. 2016). Moreover, the
overestimation was reduced by combining the
Terra—Aqua MODIS snow product to calculate
snow more accurately.

In this paper, an improved Terra—
Aqua MODIS 8-day snow-covered product has
been used to estimate the SCA of the present
study during the winter period (November to
April) of 2003-17 and can be download
from https://doi.pangaea.de/10.1594/PANGAEA
901821 website. The product (MOYDGLO0O6%)
was developed by combining and merging

Terra—Aqua 8-day MODIS (MOD10A2.006*
and MYD10A2.006*) snow product version 6
with Randolph Glacier Inventory (RGI6.0). This
data is specifically generated for High Mountain
Asia (HMA) at 500 m spatial resolution with 8-
day temporal resolution. In this product, the
cloud elimination process consists of different
steps and filters (seasonal filtering, temporal fil-
tering, spatial filter, merging Terra- and Aqua-
filtered to generated snow product, and integrat-
ing glaciers (RGI 6.0) in the improved snow
product) and detailed methodology is described
by Muhammad and Thapa (2020). The improved
final snow product consist of different flags for
pixels changed from non-snow to snow or the
new way around. The pixels flag values were
categorized into six classes, O for non-snow; 200
if both original and product have snow pixel;
—200 if pixel changes from snow to non-snow in
the product; 210 if the non-snow pixel is con-
verted to snow due to cloud cover; and 240 and
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250 for pixel covered with debris and debris-free
ice, respectively. Further, the snow pixels were
extracted from snow products to generate snow
cover maps and analysis. The binary snow cover
map consists of snow-covered area and non-
snow area.

7.3.1 Meteorological Data

In the present study, daily snow-meteorological
data of the winter season (November-April) for
the period of 2003-2017 (14 years) collated from
SASE observatory named “Dhundi” were
examined to estimate the temporal variation of
climatic parameters. The geographical location of
meteorological observatory station is shown in
Fig. 7.1. The climatic parameters considered in
this study were temperature (maximum, mini-
mum and mean) and precipitation. The mean
temperature is calculated by averaging the max-
imum and minimum temperature values. Further,
the statistical analysis was carried out in climatic
data and satellite-derived SCA during the winter
season of the data period for analyzing the trend.
The monthly distribution of mean temperature
and total precipitation during the study period is
presented in Fig. 7.2.
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7.3.2 Statistical Analysis:
Mann-Kendall Test

Statistical significance of SCA and climatic
parameters trend was analyzed using Mann—
Kendall test (MK test). It is used to examine the
trend in time series non-parametric data (Mann
1945; Kendall 1975). In this test, no trend in
series data is denoted by the null hypothesis (H,),
while the trend in series data is denoted by
alternative hypothesis (H;) and used to test the
null hypothesis. The MK test statistics (Zs) is
calculated using Eq. (1),

if |Zs| > Z. (1)
where o denotes the significance level, if o = 5%
then Zygs = 1.96, at that time, the null

hypothesis trend is significant. This test can be
applied to the non-normally distribution series of
data.

Similarly, Sen’s (1968) has developed a non-
parametric technique to calculate the slope of the
liner trend using Eq. (2),

X, — Xi
0 = median( J l)

i—1

(2)
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where Q; denotes the value of Sen’s slope for
i=1,2,3...N, X;and Xi are the data values at
the time # and #;, respectively. In this paper, a
positive (negative) value of Sen’s slope repre-
sents the increasing (decreasing) trend in data at
95% of confidence level.

7.4 Results and Discussion

Figure 7.3 shows the intra and inter temporal
annual variation of SCA in the Beas River basin,
India during 2003-17. The mean annual SCA
during the winter period (November—April) was
estimated from 8-day improved snow cover
product. The total areal extent of the study area is
5384 km? and shown in Fig. 7.1. The SCA
changes from month to month due to large
variability in snow ablation and widespread
snowfall pattern. The highest and lowest SCA
has been observed in January/February and
November months during the winter season.
Snow cover in the study area varied from 20% to
98% and mean SCA from 3,657 km? (2003-04)
to 4,385 km? (2015-16) during the data period.
There is a large temporal variability in maximum
snow cover extent in each month due to high
patchiness in snowfall pattern caused by western
disturbance and local topography.

Fig. 7.3 Intra and inter 100
temporal annual variation of
SCA in Beas River basin,
India during the winter period 80
(November—April) of 2003— ;?
2017 (Source https:// e
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Figure 7.4 shows monthly average SCA maps
of the Beas River basin during the winter period
of 2003-2017. The maximum and minimum
SCA was observed in February (~98%) and
April (~78%) months. In the study area, gen-
erally October onward, snowfall starts and about
~94% of SCA was observed in month
November. January, February, and March
months receive the highest snowfall due to
western disturbance and results in maximum
SCA of about ~98%, ~96%, and ~96%,
respectively. However, from April month
onward, SCA starts decreasing because of the
rise in ambient temperature and ablation.

Figure 7.5a, b shows the temporal variation of
mean SCA, mean temperature, and total mean
precipitation for the period 2003-2010 and
2010-2017, respectively, in the Beas River
basin. A decreasing trend in mean SCA and total
mean precipitation was found, while increasing
mean temperature was found during the period
2003-2010 and 2010-2017, respectively. The
trend was analyzed using t-test at 95% confi-
dence level (a0 = 0.05) and was found statistically
insignificant during the data period. It was found
that SCA and total precipitation are decreasing at
the rate of 3.2 km? and 64.7 cm, while the mean
temperature is increasing at the rate of 0.16 °C,
respectively, for the period 2003-2010.
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Fig. 7.4 Monthly average
SCA maps in Beas River
basin during the winter period
of 2003-2017 (Source https://
earthexplorer.usgs.gov)
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However, a similar trend was found during
2010-2017, SCA and total precipitation are
decreasing at the rate of 25.39 km? and 44.9 cm,
while the mean temperature is increasing at the
rate of 0.35 °C, respectively. The satellite-
extracted SCA trend was in correlation with
in situ observed climate parameters. The mean
temperature in the study area varied from 2.1
(2011-12) to 4.8 °C (2016-2017). The highest
mean total precipitation in the study area was
observed in the year 2004-2005 of about
~ 1484 cm. It may be due to widespread snow-
fall over Western Himalaya in the year 2004—
2005 reported by the Ministry of Home Affairs,
Government of India and many researchers such
as Kour et al. (2015) and Singh et al. (2010
Fig. 7.6a—d shows a monthly variation of SCA,
maximum and minimum temperature, and total
precipitation during the winter data period.
Highest SCA and total precipitation were
observed in January, February, and March
months of every year, and from April onward,
SCA and total precipitation start decreasing due
to an increase in ambient temperature in the
region. A sharp increase in SCA from January to
February in the study area is due to frequent
widespread snowfall. This will increase the total
precipitation amount and decrease the maximum

and minimum temperature (Fig. 7.6b—d). The
highest value of SCA, maximum and minimum
temperature, and total precipitation in the Beas
River basin were found to be 96% in January
month, 13.6 °C in March month, 2.1 °C in
March month, and 681 cm in February, respec-
tively. However, the lowest value was observed
to be 23% in November month, 0.3 °C in Jan-
uary month, —9.3 °C in January month, and 1 cm
in December month for SCA, maximum tem-
perature, minimum temperature, and total pre-
cipitation, respectively.

The Mann—Kendal and Sen’s slope test has
been performed to estimate the trend in SCA,
maximum and minimum temperature, and total
precipitation for the Beas River basin at 95%
confidence level. Table 7.1 summarizes the sta-
tistical trend analysis of SCA and climatic
parameters for different months of the winter
period. An increasing trend in SCA has been
observed from November to December month,
excepy February month in which SCA is
decreasing. Although the trends observed were
statistically insignificant in SCA during the
winter season, an increasing trend in maximum
temperature was observed from November to
January month and April month, while a
decreasing trend was observed in February to
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March month. Although the trends observed
were statistically insignificant; however, a sig-
nificant trend was observed in November month
at the rate of 0.27 °C. An increasing trend in
minimum temperature was found from Novem-
ber to February month, while a decreasing trend
from March to April month. Although the trends
observed were statistically insignificant in SCA
during the winter season, a decreasing trend in
total precipitation from November to December
has been observed, while an increasing trend in
January to April month.
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7.5 Conclusions

In the present study, SCA has been estimated
using combined Terra—Aqua MODIS satellite-
derived snow product version 6 (MOYDGLO06%*)
in Beas river basin, Western Himalaya, India
from 2003 to 2017. SCA was estimated at 8-day
interval using MODIS snow cover product. The
total areal extent of the study area is 5384 km>.
Large intra and inter temporal annual variation
was found in SCA over the Beas River basin,
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Fig. 7.6 Box-charts denoting winter season monthly
variation of a SCA, b maximum temperature, ¢ minimum

India during the data period. The SCA changes
from month to month due to large variability in
snow ablation and widespread snowfall pattern.
The highest and lowest SCA was found in
January/February and November months during
the winter period. Snow cover in the study area
varied from 20% to 98% and mean SCA from
3,657 km® (2003-04) to 4,385 km? (2015-16)
during the data period. The maximum and min-
imum SCA was found in February (~98%) and
April (~78%) months.

In the study area, generally October onward,
snowfall starts and about ~94% of SCA was
observed in month November. January, Febru-
ary, and March months receive the highest
snowfall due to western disturbance and results
in maximum SCA of about ~98%, ~96%, and
~96%, respectively. However, from April
month onward, SCA starts decreasing because of
the rise in ambient temperature and ablation. It
was found that SCA and total precipitation are

temperature, and d total precipitation during data period (Source
Snow and Avalanche Study Establishment Chandigarh)

decreasing at the rate of 3.2 km?, and 64.7 cm,
while the mean temperature is increasing at the
rate of 0.16 °C, respectively, for the period
2003-2010. However, a similar trend was found
during 2010-2017, SCA and total precipitation
are decreasing at the rate of 25.39 km”® and
44.9 cm, while the mean temperature is increas-
ing at the rate of 0.35 °C, respectively. The
satellite-extracted SCA trend was in correlation
with in situ observed total precipitation.
Additionally, MK and Sen’s slope test was
also used for statistical trend analysis of SCA and
climatic parameters for different months of the
winter period. An increasing trend in SCA has
been observed from November to December
month, except February month in which SCA is
decreasing. Although the trends observed were
statistically insignificant in SCA during the
winter season, an increasing trend was observed
in maximum temperature from November to
January month and April month, while a
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Table 7.1 Statistical trend analysis of SCA, maximum and minimum temperature, and total precipitation during the

winter period of 2003-2017 in Beas River basin, India

Parameters November December January February March April

SCA (%lyear)

Zs 1.13* 0.41% 0.05%* —0.32%* 0.40%* 0.32°%

Qs 0.83 0.29 0.09 —-0.29 0.12 0.05
Trend Increasing Increasing Increasing Decreasing Increasing Decreasing
Maximum Temperature (°Clyear)

Zs 1.86%* 1.42% 0.44* 0.05% 1.42% 0.16*

Qs 0.27 0.16 0.07 0.02 0.14 0.04
Trend Increasing Increasing Increasing Decreasing Decreasing Increasing
Minimum Temperature (°Clyear)

Zs 0.99%* 0.71% 0.60%* 0.88%* 1.31% 1.09*

Qs 0.09 0.08 0.1 0.14 0.15 0.13
Trend Increasing Increasing Increasing Increasing Decreasing Decreasing
Total Precipitation (cm/year)

Zs 0.67* 0.60%* 0.1* 0.1% 0.79% 0.16*

Qs 1.7 55 3.5 0.92 6.56 1.28
Trend Decreasing Decreasing Increasing Increasing Increasing Increasing

Note Zs = Mann—Kendall test statistic Z; Qs = Sen’s slope; all the trends are tested at 95% level; **Significant;

*Insignificant

(Source Snow and Avalanche Study Establishment Chandigarh)

decreasing trend was observed from February to
March month. Although the trends observed
were statistically insignificant, however a sig-
nificant trend was observed in November month
at the rate of 0.27 °C. An increasing trend in
minimum temperature was found from Novem-
ber to February month, while a decreasing trend
from March to April month. Although the trends
observed were statistically insignificant in SCA
during the winter season, a decreasing trend in
total precipitation from November to December
has been observed, while an increasing trend
from January to April month.

The present paper explored the annual and
monthly variability in SCA, temperature, and
total precipitation in the Beas River basin and
highlights an increasing trend in the study area
during recent years. Decreasing SCA and total
precipitation, while increasing temperature dur-
ing recent years, indicates a bad signal climate.
Additionally, snow cover variation has also been
explored during different winter seasons. The

study may be useful in snow avalanche mapping
and assessment, hydrology and water resources
management, and climate change study.

Acknowledgements The authors are grateful to Director,
Snow and Avalanche Study Establishment (SASE) for pro-
viding facilities to carry out this work. We are also thankful
to all SASE’s persons responsible for snow-meteorological
data collection and management. The MODIS improved
snow cover product (MOYDGLO6%*) is provided by https://
doi.pangaea.de/10.1594/ PANGAEA.901821 and we duly
acknowledged this website.

References

Arndt DS, Baringer MO, Johnson MR (2010) State of the
climate in 2009. Am MeteorolSoc 91:51-5222

Azmat M, Liagat U W, Qamar M U Awan UK (2017)
Impacts of changing climate and snow cover on the
flow regime of Jhelum River, Western Himalayas. Reg
Environ Change 7(3):813-825. https://doi.org/10.
1007/s10113-016-1072-6

Barman S, Bhattacharjya RK (2015) Change in snow
cover area of Brahmaputra river basin and its


https://doi.pangaea.de/10.1594/
https://doi.pangaea.de/10.1594/
http://dx.doi.org/10.1007/s10113-016-1072-6
http://dx.doi.org/10.1007/s10113-016-1072-6

7 Analysis of Snow Dynamics in Beas River Basin, Western Himalaya ...

sensitivity to temperature. Environ Sys Res 4(1):1-10.
https://doi.org/10.1186/s40068-015-0043-0

Birajdar F, Venkataraman G, Samant H (2016) Monitor-
ing Snow Cover Area Using Different Algorithms on
Indian Remote Sensing Data. Geostatistical and
Geospatial Approaches for the Characterization of
Natural Resources in the Environment, pp 749-753.
https://doi.org/10.1007/978-3-319-18663-4_115

Bisht H, Arya PC, Kumar K (2018) Hydro-chemical
analysis and ionic flux of meltwater runoff from
Khangri Glacier, West Kameng, Arunachal Himalaya
India. Environ Earth Sci 77:1-16. https://doi.org/10.
1007/s12665-018-7779-6

Bisht H, Rani M, Kumar K, Sah S, Arya PC (2019)
Retreating rate of Chaturangi glacier, Garhwal Hima-
laya, India derived from kinematic GPS survey and
satellite data. Curr Sci 116:304-311. https://doi.org/
10.18520/cs/v116/i2/304-311

Brown RD, Robinson DA (2011) Northern hemisphere
spring snow cover variability and change over 1922—
2010 including an assessment of uncertainty. The
Cryosphere 5(1):219-229

Biihler Y, Kumar S, Veitinger J, Christen M, Stoffel A,
Snehmani (2013) Automated identification of potential
snow avalanche release areas based on digital eleva-
tion models. Nat Haz Earth Sys Sci. 13(5):1321-1335.
https://doi.org/10.5194/nhess-13-1321-2013

Cherry J, Cullen H, Visbeck M, Small A, Uvo C (2005)
Impacts of the North Atlantic Oscillation on Scandi-
navian hydropower production and energy markets.
Water Resour Manage 19:673-691. https://doi.org/10.
1007/s11269-005-3279-z

Frei A, Robinson DA (1999) Northern Hemisphere snow
extent: regional variability 1972-1994. Int J Climatol
19(4):1525-1560

Gurung DR, Kulkarni AV, Giriraj A, Aung KS,
Shrestha B, Srinivasan J (2011) Changes in seasonal
snow cover in Hindu Kush-Himalayan region. Cryo-
sphere Discuss 5:755-777

Gurung D R, Maharjan S B, Shrestha A B, Shrestha M S,
Bajracharya S R, Murthy M S R (2017) Climate and
topographic controls on snow cover dynamics in the
Hindu Kush Himalaya. Int J Climato. 37(10):3873—
3882. https://doi.org/10.1002/joc.4961

Hall D K, Riggs G A (2007) Accuracy assessment of the
MODIS snow products. Hydrol Proces Int J21
(12):1534-47. https://doi.org/10.1002/hyp.6715

Hall D K, Riggs G A, Salomonson V V, DiGirolamo N E,
Bayr KJ (2002) MODIS snow-cover products.
Remote Sens Environ 83(1-2):181-194. https://doi.
org/10.1016/S0034-4257(02)00095-0

Hou J, Huang C, Zhang Y, Guo J, Gu J (2019) Gap-
Filling of MODIS fractional snow cover products via
non-local spatio-temporal filtering based on machine
learning techniques. Remote Sens 11(1):90. https:/
doi.org/10.3390/rs11010090

Huang X, Deng J, Wang W, Feng Q, Liang T (2017)
Impact of climate and elevation on snow cover using
integrated remote sensing snow products in Tibetan

125

Plateau. Remote Sens Environ 190:274-288. https://
doi.org/10.1016/j.rse.2016.12.028

Hisler F, Jonas T, Riffler M, Musial J P, Wunderle S
(2014) A satellite-based snow cover climatology
(1985-2011) for the European Alps derived from
AVHRR data. Cryosphere 8(1):73-90. https://doi.org/
10.5194/tc-8-73-2014

Jain SK, Goswami A, Saraf AK (2008) Accuracy
assessment of MODIS, NOAA, and IRS data in snow
cover mapping under Himalayan conditions. Int J
Remote Sens 29:5863-5878

Jain SK, Goswami A, Saraf AK (2009) Role of Elevation
and Aspect in Snow Distribution in Western Hima-
laya. Water Resou Manag 237:1-83

Kendall MG (1975) Rank correlation methods. Charles
Griffin, London

Kour R, Patel N, Krishna AP (2015) Effects of Terrain
Attributes on Snow Cover Dynamics in Parts of
Chenab Basin, Western Himalayas. Hydrol Sci J 61
(10):1861-1876.  https://doi.org/10.1080/02626667.
2015.1052815

Kulkarni AV, Bahuguna IM, Rathore BP, Singh SK,
Randhawa SS, Sood RK, Sunil D (2007) Glacial
retreat in Himalaya using indian remote sensing
satellite data. Curr Sci 92:69-74

Kulkarni AV, Rathore BP, Singh SK, Ajai (2010)
Distribution of seasonal snow cover in central and
western Himalaya. Annals Glaciol 51(54):123-128

Kumar D, Singh AK, Taloor AK, Singh DS (2020)
Recessional pattern of TheluandSwetvarnglaciers
between 1968 and 2019, Bhagirathi basin, Garhwal
Himalaya, India. Quat Int. https://doi.org/10.1016/j.
quaint.2020.05.017

Lemke P, Ren J, Alley RB, Allison I, Carrasco J, Flato G,
Fujii Y, Kaser G, Mote P, Thomas RH, Zhang (2007)
Observations: changes in snow, ice and frozen ground.
Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel
on Climate Change, Cambridge, Cambridge Univer-
sity Press, pp 337-383

Li H, Li X, Xiao P (2016) Impact of sensor zenith angle
on MODI10A1 data reliability and modification of
snow cover data for the Tarim River Basin. Remote
Sens 8(9):750. https://doi.org/10.3390/rs8090750

Liang TG, Huang XD, Wu CX, Liu XY, Li WL, Guo ZG,
Ren JZ (2008) An application of MODIS data to snow
cover monitoring in a pastoral area: a case study in
Northern Xinjiang. China. Remote Sens Environ 112
(4):1514-1526. https://doi.org/10.1016/j.rse.2007.06.001

Mann HB (1945) Nonparametric tests against trend.
Econometrica 13:245-259

Muhammad S, Thapa A (2020) An improved Terra-Aqua
MODIS snow cover and Randolph Glacier Inventory
6.0 combined product (MOYDGLO6%) for high-
mountain Asia between 2002 and 2018. Earth Sys
Sci Data 12(1):345-356. https://doi.org/10.5194/essd-
12-345-2020

Muntan E, Garcia C, Oller P, Marti G, Garcia A,
Gutiérrez E (2009) Reconstructing snow avalanches


http://dx.doi.org/10.1186/s40068-015-0043-0
http://dx.doi.org/10.1007/978-3-319-18663-4_115
http://dx.doi.org/10.1007/s12665-018-7779-6
http://dx.doi.org/10.1007/s12665-018-7779-6
http://dx.doi.org/10.18520/cs/v116/i2/304-311
http://dx.doi.org/10.18520/cs/v116/i2/304-311
http://dx.doi.org/10.5194/nhess-13-1321-2013
http://dx.doi.org/10.1007/s11269-005-3279-z
http://dx.doi.org/10.1007/s11269-005-3279-z
http://dx.doi.org/10.1002/joc.4961
http://dx.doi.org/10.1002/hyp.6715
http://dx.doi.org/10.1016/S0034-4257(02)00095-0
http://dx.doi.org/10.1016/S0034-4257(02)00095-0
http://dx.doi.org/10.3390/rs11010090
http://dx.doi.org/10.3390/rs11010090
http://dx.doi.org/10.1016/j.rse.2016.12.028
http://dx.doi.org/10.1016/j.rse.2016.12.028
http://dx.doi.org/10.5194/tc-8-73-2014
http://dx.doi.org/10.5194/tc-8-73-2014
http://dx.doi.org/10.1080/02626667.2015.1052815
http://dx.doi.org/10.1080/02626667.2015.1052815
http://dx.doi.org/10.1016/j.quaint.2020.05.017
http://dx.doi.org/10.1016/j.quaint.2020.05.017
http://dx.doi.org/10.3390/rs8090750
http://dx.doi.org/10.1016/j.rse.2007.06.001
http://dx.doi.org/10.5194/essd-12-345-2020
http://dx.doi.org/10.5194/essd-12-345-2020

126

in the Southeastern Pyrenees. Nat Hazards Earth
SystSci 9:1599-1612

Mul S, Ahmed P, Zul I, Joshi PK, Bhat WA (2018) Snow
cover area change and its relations with climatic
variability in Kashmir Himalayas, India. GeocartoInt
34(6):688-702. https://doi.org/10.1080/10106049.
2018.1469675

Negi HS, Shekhar MS, Gusain HS, Ganju A (2018)
Winter Climate and Snow Cover Variability Over
North-West Himalaya. In: Goel P, Ravindra R, Chat-
topadhyay S (eds) Science and Geopolitics of The
White World. Springer, Cham. https://doi.org/10.
1007/978-3-319-57765-4_10

Saavedra FA, Kampf SK, Steven R, Fassnacht SR, Sibold JS
(2016) A snow climatology of the Andes Mountains
from MODIS snow cover data. Int J Climatol 37
(3):1526-1539. https://doi.org/10.1002/joc.4795

Salomonson VV, Appel I (2004) Estimating fractional
snow cover from MODIS using the normalized differ-
ence snow index. Remote SensEnviron 89:351-360

Sen PK (1968) Estimates of the regression coefficient
based on Kendall’s Tau. J American Statis Assoc 63
(324):1379-1389.  https://doi.org/10.1080/01621459.
1968.10480934

Sharma V, Mishra VD, Joshi PK (2012) Snow cover variation
and stream flow simulation in a snow-fed river basin of the
Northwest Himalaya. J Mountain Sci 9:853-868

Sharma V, Mishra VD, Joshi PK (2014) Topographic
controls on spatio-temporal snow cover distribution in
Northwest Himalaya. Int J Remote Sens 35(9):3036-3056

Shukla S, Kansal ML, Jain S K (2017) Snow cover area
variability assessment in the upper part of the Satluj
River Basin in India. GeocartoInt 32(11):1285-1306.
https://doi.org/10.1080/10106049.2016.1206975

Singh DK, Gusain HS, Mishra V, Gupta N (2018) Snow
cover variability in North-West Himalaya during last
decade. Arabian J Geosci 11(19):1-12. https://doi.org/
10.1007/s12517-018-3926-3

Singh KK, Kumar R, Singh D K, Negi H S, Dewali S K,
Kedia J (2019) Retrieving snow cover information
from AMSR-2 satellite data for North-West Himalaya,
India. Geocartolnt 1-17. https://doi.org/10.1080/
10106049.2019.1588394

Singh S, Sood V, Taloor AK, Prashar S, Kaur R.
Qualitative and quantitative analysis of topographi-
cally derived CVA algorithms using MODIS and
Landsat-8 data over Western Himalayas, India. Quat
Int. https://doi.org/10.1016/j.quaint.2020.04.048

D. K. Singh et al.

Sood V, Gusain HS, Gupta S, Taloor AK, Singh S (2020)
Detection of snow/ice cover changes using subpixel-
based change detection approach over Chhota-Shigri
glacier, Western Himalaya, India. Quat Int. https://doi.
org/10.1016/j.quaint.2020.05.016

Tahir AA, Chevallier P, Arnaud Y, Ashraf M,
Bhatti MT (2015) Snow cover trend and hydrolog-
ical characteristics of the Astore River basin
(Western Himalayas) and its comparison to the
Hunza basin (Karakoram region). Sci Total Environ
505:748-761

Taloor AK, Kotlia BS, Jasrotia AS, Kumar A, Alam A,
Ali S, Kouser B, Garg PK, Kumar R, Singh AK,
Singh B (2019) Tectono-climatic influence on land-
scape changes in the glaciatedDurung Drung basin,
Zanskar Himalaya, India: A geospatial approach. Quat
Int 507:262-273

Taloor AK, Kumar V, Singh VK, Singh AK, Kale RV,
Sharma R, Khajuria V, Raina G, Kouser B, Chowd-
hary NH (2020) Land use land cover dynamics using
remote sensing and GIS techniques in Western Doon
Valley, Uttarakhand, India. In: Geoecology of Land-
scape Dynamics 2020 (pp. 37-51). Springer, Singapore.
https://doi.org/10.1007/978-981-15-2097-6_4

Vikhamar D, Solberg R (2003) Snow-cover mapping in
forests by constrained linear spectral unmixing of
MODIS data. Remote Sens Environ 88:309-323.
https://doi.org/10.1016/j.rse.2003.06.004

Wang X, Xie H, Liang T (2008) Evaluation of MODIS snow
cover and cloud mask and its application in Northern
Xinjiang, China. Remote Sens Environ 112(4): 1497-
1513. https://doi.org/10.1016/j.rse.2007.05.016

Yaning C, Changchun XU, Yapeng C, Li Z, Zhonghe P
(2008) Response of snow cover to climate change in
the Periphery Mountains of Tarim river basin,
China, over the past four decades. Annals Glaciol
49:166-172

Yu J, Zhang G, Yao T, Xie H, Zhang H, Ke C, Yao R
(2016) Developing daily cloud-free snow composite
products from MODIS terra-aqua and IMS for the
tibetan plateau. IEEE Transc Geosci Remote Sens 54
(4):2171-2180.  https://doi.org/10.1109/TGRS.2015.
2496950

Zhao Q, Liu Z, Ye B, Qin Y, Wei Z, Fang S (2009) A
snowmelt runoff forecasting model coupling WRF and
DHSVM. Hydrol Earth Syst Sci 13:1897-1906


http://dx.doi.org/10.1080/10106049.2018.1469675
http://dx.doi.org/10.1080/10106049.2018.1469675
http://dx.doi.org/10.1007/978-3-319-57765-4_10
http://dx.doi.org/10.1007/978-3-319-57765-4_10
http://dx.doi.org/10.1002/joc.4795
http://dx.doi.org/10.1080/01621459.1968.10480934
http://dx.doi.org/10.1080/01621459.1968.10480934
http://dx.doi.org/10.1080/10106049.2016.1206975
http://dx.doi.org/10.1007/s12517-018-3926-3
http://dx.doi.org/10.1007/s12517-018-3926-3
http://dx.doi.org/10.1080/10106049.2019.1588394
http://dx.doi.org/10.1080/10106049.2019.1588394
http://dx.doi.org/10.1016/j.quaint.2020.04.048
http://dx.doi.org/10.1016/j.quaint.2020.05.016
http://dx.doi.org/10.1016/j.quaint.2020.05.016
http://dx.doi.org/10.1007/978-981-15-2097-6_4
http://dx.doi.org/10.1016/j.rse.2003.06.004
http://dx.doi.org/10.1016/j.rse.2007.05.016
http://dx.doi.org/10.1109/TGRS.2015.2496950
http://dx.doi.org/10.1109/TGRS.2015.2496950

7 Analysis of Snow Dynamics in Beas River Basin, Western Himalaya ...

127

Dr. Dhiraj Kumar Singh received the Ph.D. degree spon-
sored by Defence Research and Development Organization
(DRDO), Chandigarh in Image and Signal Processing (Elec-
tronics and Communication Engineering) from Punjab Engi-
neering College (Deemed to be University), Chandigarh,
India, in 2020. He received the M.Tech. and B.Tech. in
Electronics and Communication Engineering from the Punjab
Technical University, India, in 2010 and 2012, respectively.
Since 2012, he has more than 8 years of experience in
teaching and R & D. Currently, he is working as Research
Associate at Snow and Avalanche Study Establishment,
DRDO, Chandigarh, India. He has contributed in different
projects sponsored by DRDO and Department Science and
Technology, India. His research interest includes satellite
sensors calibration, remote sensing and GIS, and digital
image and signal processing. He is the author and reviewer of
many peer-reviewed book chapters and journal articles

Dr. Hemendra Singh Gusain received the Ph.D. in Geo-
matics Engineering (Civil Engineering) from Indian Institute
of Technology (IIT) Roorkee, Uttarakhand, India, in 2015. He
received the B.S. and M.Sc. degrees in Physics from HNB
Garhwal University, Garhwal, India in 1994 and 1996. He
also received M. Tech. in Cold Region Science and Engi-
neering from GBPUA & T, Pantnagar, India in 2001. Cur-
rently, he is working as a Senior Scientist at Snow and
Avalanche Study Establishment, Defence Research and
Development Organization (DRDO), Chandigarh, India. He
has more than 19 years of experience in R & D. His research
interest includes optical and thermal remote sensing, cryo-
sphere—atmosphere interaction, snow avalanche climatology
and snow cover properties

Sh. Sanjay Kumar Dewali received M. Tech. in Cold
Region Science and Engineering from Govind Ballabh Pant
University of Agriculture and Technology, Pantnagar
(Uttarakhand). He joined Snow and Avalanche Study estab-
lishment (DRDO) as Scientist-B in 2001 and has been
actively working in the various DRDO projects in various
capacities. His research areas include spatial decision support
systems for cryospheric hazard management, development of
GIS-enabled system for avalanche area assessment and
mapping, development of integrated avalanche warning and
navigation system with satellite link, avalanche hazard mod-
elling and multi-scale terrain analysis, application of UAV
and LiDAR remote sensing for operational snow information
mapping and monitoring, OBIA of multi-source
high-resolution images for feature extraction and mapping
and remote sensing of snow and avalanches and digital terrain
analysis. He has published 25 research papers in various
national and international journals and developed many GIS
and remote-sensing-based applications for operational use

Prof. Reet Kamal Tiwari received the Ph.D. degree in Earth
Sciences from Indian Institute of Technology (IIT) Roorkee,
Uttarakhand, India, in 2015. He received M.Sc. degree in
Geology and M. Tech. degree in Remote Sensing and GIS in
2007 and 2009. In 2013, he joined Centre for Glaciology at
Wadia Institute of Himalayan Geology, India as Scientist.
Since March 2017, he has been Assistant Professor with Civil
Engineering Department, Indian Institute of Technology,
Ropar, India. He has totally 7 years of experience in teaching
and R & D. His research interests include geospatial tech-
nology applications in the field of snow, ice and glaciers,
climate change, natural resources management, environmen-
tal monitoring and planetary sciences



128

D. K. Singh et al.

Dr. Ajay Kumar Taloor has obtained his Doctorate in
Remote Sensing and GIS applications in hydrogeology from
University of Jammu, NAAC accredited A* University of
India. Thirteen years of research experience in the applica-
tions in geospatial technology for natural resources manage-
ment of land and water resources. He has excelled twice with
best paper presentation award in India. Being an expert of
remote sensing applications in water science, cryosphere and
climate change, tectonic and quaternary geomorphology, he is
working on two major research projects on using space-based
inputs for glacier mapping and climate change in Himalayas.
He has also published many articles in tectonic and quater-
nary geomorphology in the recent years. He has high scien-
tific temper and strong HR relations in science world, with
high professional and managerial skills. He has edited many
volumes in the top-rated journals in the Elsevier and Springer
publishers, member of Editorial Board of the Quaternary
Science Advances, and reviewer of the many top-rated
international journals in science world



q

Check for
updates

Surjeet Singh Randhawa, Sunil Dhar,
Bhanu Prakash Rathore, Rajesh Kumar,
Neha Thakur, Pooja Rana,

Duni Chand Rana, and Ajay Kumar Taloor

Abstract

Multispectral satellite imageries analyzed that
the Himalayan region reflected the fast retreat

S. S. Randhawa - N. Thakur - P. Rana - D. C. Rana
State Centre on Climate Change under the aegis of
H.P. Council for Science Technology & Environment,
Shimla 171002, Himachal Pradesh, India

e-mail: ssrandhawal5@gmail.com

N. Thakur
e-mail: neha33thakur44 @gmail.com

P. Rana
e-mail: pooja.iirs@gmail.com

D. C. Rana
e-mail: dcrana04 @yahoo.co.in

S. Dhar (D<)

Department of Environmental Science, Central
University Jammu, Rahya-Suchani Baghla, District
Samba, Jammu 181143, Jammu Kashmir, India
e-mail: sunildhar99 @yahoo.com

B. P. Rathore

Space Applications Centre, Jodhpur Tekra,
Ambawadi Vistar, Ahmedabad 380015, Gujarat,
India

e-mail: rathorebp @sac.isro.gov.in

R. Kumar

Department of Environmental Science, School of
Earth Sciences, Central University of Rajasthan,
N.H. 8, Bandarsindri, Ajmer 305817, Rajasthan, India
e-mail: rajesh.kumar@curaj.ac.in

A. K. Taloor

Department of Remote Sensing and GIS, University
of Jammu, Jammu 180006, Jammu Kashmir, India
e-mail: ajaytaloor@gmail.com

© Springer Nature Switzerland AG 2021

of most of the glaciers. This further showed
that especially the moraine-dammed progla-
cial lakes are also increasing. Those lakes are
a major threat to property and life to down-
stream locations. Numerous research carried
out in the Himalayan region under the chang-
ing climate and glacier status has indicated an
alarming rise in the number and sizes of the
glacial lakes that may be potentially disastrous
when converts into the glacial lake outburst
flood (GLOF). This study focusses on the
glacial lakes mapping at the different time
frame in the basins of Chenab, Ravi, Satluj
and Beas of Himachal Himalaya using
LISS II. The remotely sensed imageries on
the GIS platform helped in preparing the
moraine dammed glacial lake inventory and
assessing the potentiality of becoming the
GLOF in these basins. This is of prime
importance for preparedness against disasters
due to GLOFs. This requires a continuous
observation for the pre-disaster preparedness.

Keywords

Climate change -+ Glaciers - Himalayas - Lake
inventory *+ Moraine dammed lake + Remote
sensing
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8.1 Introduction

A huge natural reserve of natural resources is
found in the mountain ecosystems which governs
the economic well-being of the region. The
degradation of the mountain ecosystem is
responsible for the landslides, desertification
GLOF, etc. in the mountain region. The
increased rate of disturbances in the mountain
ecosystem and related issues of landslides,
desertification, GLOF, etc. are the major chal-
lenges due to natural and anthropogenic factors
(Bhat et al. 2019; Haque et al. 2020).

The Himalayas have a glaciated area of
33000 km* comprising the largest freshwater
reserves in the form of frozen water other than
the Polar Regions (Bahuguna et al. 2003). The
increased average temperature of the earth has
significantly increased the rate of loss of the
glaciated areas since Little Ice Age (Denton
and Hughes 1981) and resulted in a loss of
glacial cover and its volume. A large number of
glaciers in the Himalaya are under retreat in the
last few decades (Bhardwaj et al. 2016; Singh
et al. 2017, 2020; Kumar et al. 2018, 2020a, b;
Bisht et al. 2019; Taloor et al. 2019; Khan et al.
2020; Sood et al. 2020a; Sarkar et al. 2020).
Hence, a consistent observation of the glaciers
helps address the time series of the retreat of
glacier surface area and the mass loss of the
glaciers in the Himalaya (Bisht et al. 2019,
2020; Sood et al. 2020b). Besides, the knowl-
edge of meltwater hydrochemistry is very
important to address the issues related to the
quality of water that is the lifeline for the
downstream communities for their livelihood
(Bisht et al. 2018).

The Satluj valley witnessed a disastrous flood
in the years 2000 under the cloud bursts and
induced GLOF, causing severe damage to
downstream. Hence, the region requires to have
continuous monitoring concerning lakes in the
high mountain region with its potentiality of
becoming GLOF. An attempt has been made in
this work to map the glacierized areas of Chenab,

S. S. Randhawa et al.

Ravi, Satluj and Beas basins with the help of
LISS III for the year 2013 and its physical veri-
fication to some of the region. An inventory of
moraine dammed glacial lake has been prepared,
which can be used as a baseline data for under-
standing the potential hazards in downstream.

8.2 Study Area

The investigation of the lakes has been carried
out in the basin within the Satluj, Chenab, Ravi
and Beas of Himachal Pradesh. The rivers Che-
nab, Ravi and Beas originate from Himachal
Himalaya while the river Satluj originates
(4500 m) near Rakas and Manasarovar lakes of
Tibetan plateau and all these major rivers con-
tribute to the Indus River. For the detailed study,
the Satluj basin is divided into three sub-basins
(Spiti: sub-basin-1, Lower Satluj: sub-basin-2,
Upper Tibet: sub-basin-3). Similarly, the other
basins have been divided as Ravi, Beas (Jiwa,
Parbati), Chenab (Chandra, Bhaga and Miyar
sub-basins) for preparing the lake inventory of
the moraine dammed lakes (Fig. 8.1).

8.3 Satellite Data Used

The moraine-dammed glacial lakes inventory of
Satluj, Ravi, Beas and Chenab has been carried
out by using the satellite data of Indian Remote
Sensing (IRS), LISS-3 was used for delineation
of all such lakes in the different basins. The
details of the satellite imageries used for the
analysis have been presented in Table 8.1.

8.4 Methodology

The IRS, LISS-3 imageries were used for the
identification of glacial lakes and understanding
the potentiality of becoming GLOF in the basins
of the study area. The Satluj basin has been
covered for its entire region including the
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Fig. 8.1 Showing the study area of the different basins (Source IRS, LISS-3)

Mansarovar Lake. The better image quality
having no cloud cover was used in the interpre-
tation of the lake features. The geometric cor-
rections were performed through a polynomial
transformation of third-order. The boundary of
basins was overlaid on the imageries. The
boundary of lakes was delineated in the respec-
tive basins using ERDAS imagine. The deduced
polygons were cleaned and polygon layers were
built. For the identification, the polygons were
assigned different ids for discussion of results.
The process flow for the analysis of the data has
been presented in Fig. 8.2.

8.5 Results and Discussions
8.5.1 Moraine Dammed Lakes
Inventory of Chenab,
Ravi, Satluj and Beas
Basins in Himachal
Pradesh by Using LISS Il

Based on the visual interpretation techniques,
satellite imageries analysis was carried out to
generate updated information on moraine dam-
med glacier lakes in all the basins in Himachal
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Table 8.1 The details of
the satellite imageries used
for lakes identification
(Source IRS LISS-3
satellite imageries)

S

1 03-9-2013
2 29-7-2013
3 20-9-2013
4 20-9-2013
5 20-7-2012
6 20-7-2012
7 01-7-2012
8 09-10-2013
9 12-7-2013
10 12-7-2013
11 31-7-2013
12 29-7-2013
13 12-7-2013
14 04-7-2013

Date of Pass
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Path-Row Sensor type

96-48 Resourcesat-2/LISS-3
96-49 Resourcesat2/LISS-3
97-48 Resourcesat-2/LISS-3
97-49 Resourcesat2/LISS-3
98-48 Resourcesat-2/LISS-3
98-49 Resourcesat2/LISS-3
99-49 Resourcesat-2/LISS-3
96-48 Resourcesat2/LISS-3
94-47 Resourcesat-2/LISS-3
96-48 Resourcesat2/LISS-3
94-47 Resourcesat-2/LISS-3
96-48 Resourcesat2/LISS-3
95-48 Resourcesat-2/LISS-3
94-48 Resourcesat2/LISS-3

(Source IRS, LISS-3) HWL: High Altitude Wetlands

Fig. 8.2 Methodology
implemented and its process

Downloading of Landsat TM data

Browsing of IRS Satellite data

flow in the interpretation of
the satellite imageries (Source l

1

Authors)

Preparation of Master of Landsat
TM data

Procurement of IRS Satellite data

| |

Geometric Rectification of Data

!

Digitization of Glacial lakes /

Waterbodies

1

Comparison of lake area with area

in inventory study

Himalaya. All the delineated lakes have been
assigned lake id’s (Randhawa and Sharma 2013).
The lakes have been further classified based on
their aerial distribution such as lakes with area
more than 10 hectares (ha), between 5—10 ha and
less than 5 ha and all such lakes with area more
than 5 ha have been taken into consideration for
the tabulation purpose of the inventory of lakes
in the present study.

8.5.2 Lakes Inventory of Chenab
Basin

The Chenab basin instigates from the Baralacha
region of Himachal Pradesh. Two major tribu-
taries Chandra and Bhaga instigate from this
region and flows in the reverse direction before
meeting at Tandi near Keylong The Chandra,
Bhaga and Miyar sub-basins has been analyzed
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through the satellite image of 12 July 2013, and a
total of 116 lakes were identified. The number of
lakes identified in the basin using satellite data
for 2001 and 2003 was only 55 (Randhawa et al.
2005), suggesting an increase of 61 lakes during
the last decade. The distribution of these 116
lakes further suggests that 19 lakes fall in the
Chandra sub-basin, 14 in the Bhaga sub-basin,
and a maximum of 83 falls in the Miyar sub-
basin (Fig. 8.3).

Further analyses revealed that in the Chandra
sub-basin, 2 lakes are having area more than
10 ha, another 2 lakes are within the aerial range
of 5ha to 10 ha and 15 lakes were <5 ha.
Likewise, Bhaga sub-basin, the aerial distribution
of 14 lakes suggests that only one lake is having

area more than 10 ha, 3 lakes are within the
aerial range of 5 to 10 ha, and the remaining 10
lakes are having an area less than 5 ha. Similarly,
in the sub-basin having a maximum number of
lakes, i.e. the Miyar Sub-basin, only 3 lakes are
having an area between 5 to 10 ha, and the
remaining 80 lakes are of area <5 ha. As far as
the vulnerable lakes in the Chenab basin are
concerned, the lakes with id land 3 (Table 8.2)
having an area of 80.12 ha and 146.31 ha seems
to be extremely susceptible, particularly the lake
with ID 1 appears to be quite deep. This is
attached with the snout of the glacier under
which the aerial extent is gradually increasing,
i.e. from 27.0 ha (1976) to 55.4 ha (2001) and
80.12 ha in 2013. Likewise, the other lake with
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Fig. 8.3 Moraine dammed lakes in Chenab basin as delineated from IRS, LISS-3 image of 12 July 2013 (Source IRS,

LISS-3)
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ID 3 whose area has increased from 30 ha (1972)
to 105.3 ha (2001) and 146.31 ha in 2013. Based
on field evidence and paleo-history, a large
moraine dammed lake at the snout Samundra
Tapu glaciers in the Chenab basin has increased
at a faster rate during the last three decades (Dhar
et al. 2010). Thus, the whole Table 8.2 reflects
that in the Chenab basin, 3 lakes having >10 ha
area and 8 lakes with ranging from 5 to 10 ha
area, due to that these warrant for regular
monitoring.

8.5.3 Lakes Inventory in the Beas
Basin

Beas basin instigates from the Rohtang region of
Kullu district and the river emerging from this
basin is named as Beas River. This basin has
been studied in three parts as Jiwa, Parbati and
the Beas. The Parbati River acts as the main
tributary and joins the Beas River at Bhuntar in
Kullu district. The analysis of IRS LISS III
image dated 29 July 2013, showed 28 lakes in
Parbati sub-basin and 39 lakes in the Jiwa sub-
basin further downstream in the catchment.
Because of the dense cloud cover, no information
could be retrieved from the image in the upper
catchment of the Beas basin (Fig. 8.4).

Further spreading of lakes in other sub-basins
suggests that out of 28 lakes identified in the
Parbati sub-basin, 2 lakes are having an area of
more than 10 ha and the remaining 26 lakes are

Table 8.2 Areal range of ¢
moraine-dammed lakes in
Chenab basin (based on the
analysis of IRS, LISS-3
data)

Name of sub-
basin

1 Bhaga
2 Bhaga

3 Bhaga
4 Bhaga

5 Chandra
6 Chandra
7 Chandra
8 Chandra
9 Miyar
10 Miyar
11 Miyar

S. S. Randhawa et al.

such which have an area less than 5 ha. Like-
wise, in the Jiwa sub-basin, 02 lakes show an
area ranging from 5 to 10 ha, and the remaining
37 lakes are with an area <5 ha (Table 8.3).

8.5.4 Lakes Inventory of Ravi Basin

The LISS III data of 04 October 2013, reflected
22 lakes in the whole Ravi basin (Fig. 8.5).

A good quality cloud-free image of October
has been used which showed 22 lakes in the Ravi
basin and most of the lakes exist along the nat-
ural geomorphic depressions of the prominent
Dhauladhar range. Further, the distribution of
these 22 lakes suggests that there are 2 lakes
which have an area of more than 10 ha and only
1 lake is with an aerial range between 5 to 10 ha,
whereas the remaining lakes (19) in the Ravi
basin are of lesser size with an area <5 ha
(Table 8.4).

8.5.5 Lakes Inventory of Satluj Basin

Satluj basin having a large spatial extent has been
studied using satellite data during the period
July—September 2012/2013 in different path rows
viz. 96-48, 9649, 97-48, 97-49, 98—-48, 9949,
respectively. The analysis reveals the presence of
391 moraine-dammed lakes in the entire catch-
ment of the Satluj right from its origin in the
Tibetan Himalaya (Fig. 8.6).

Lake ID Longitude Latitude Area
(Number) (ha)
11 77.306289  32.630207 10.20
3 77.398433  32.761989 6.71
6 77.329385  32.722573 7.73
8 77.347478  32.705244 5.13
1 77.222620  32.524214 80.12
3 77.546984  32.499906 146.31
6 77.617488  32.604030 5.00
13 77.447949  32.245131 7.44
6 76.546224  33.216837 8.33
43 76.671748  32.929764 591
83 76.123668  33.182620 8.56
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Table 8.3 Areal spread of g Bygin Sub Lake ID Longitude  Latitude Area
moraine dammed lake in name basin number (ha)
Beas basin (Source IRS
LISS-3 image) 1 Beas Parbati 21 77.572690  31.926278 13.58

2 Beas Parbati 26 77.526890  31.897405 13.08

3 Beas Jiwa 9 77.668512  31.721823 5.07

4 Beas Jiwa 34 77.618027  31.665046 6.07

"‘-I'Irh -’b‘w;vt '."“:[v'h
MORAINE DAMMED LAKES 3

BTN
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4 Legend

D Lakes
Ravi Basin Boundary

BTN

RAVI BASIN
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Fig. 8.5 Moraine dammed lakes in Ravi basin as delineated from the image of 4 October 2013 (Source IRS, LISS-3)

Table 8.4 Areal extent of SL Basin Lake id number Longitude Latitude Area (ha)

moraine dammed lake in

Ravi basin (Source IRS, 10 Ravi 10 76.787141 32.244530 14.87

LISS-3 image) 12 Ravi 12 76.500869 32.237279 7.09
16 Ravi 14 76.330737 32.337624 33.51

The supplementary, analysis revealed that out
of 391 lakes, 118 lakes are in sub-basin 1 (Spiti
sub-basin), 15 lakes in sub-basin 2 (lower Satluj)
and the 258 lakes in the sub-basin 3 (upper

Satluj) in the Tibetan Himalayan region. As far
as the aerial distribution of the lakes is con-
cerned, 40 lakes in the entire Satluj basin having
an area of more than 10 ha, 75 lakes are having
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Fig. 8.6 Moraine dammed lakes as delineated in Satluj basin (Source IRS, LISS-3)

an area ranging from 5 to 10 ha and 276 lakes are
of the lesser size of <5 ha (Table 8.5).

The results related to the lakes from all the
basins have been summarized and the category
wise distribution of lakes has been presented
through Table 8.6. The aerial distribution of the
lakes suggests that the Satluj basin possesses 391
lakes, from which 275 are of smaller size (less
than 5 ha), 75 lakes range between 5 to 10 ha
and 40 lakes are of size greater than 10 ha.
Similarly, the Chenab basin (Chandra, Bhaga,
Miyar) possesses 116 lakes which are approxi-
mately double than (55) lakes identified in 2001
satellite imageries (Randhawa et al. 2005). Out of
the total 105 lakes are in the range of area <5 ha,
8 lakes are in the range of 5 to 10 ha and only 3
lakes are of area >10 ha. In the Beas basin (Jiwa,
Parbati), out of 67 lakes 63 lakes of area <5 ha, 2
lakes of area 5 to10 ha and the remaining 2 lakes
are of area >10 ha. The cloudy image of the
upper part of the Beas basin put the constraints so
no lake identification has been made. In Ravi
basin, out of 22 lakes, 2 lakes are of area >10 ha,
only 1 lake is with area ranging from 5 to 10 ha
and remaining 19 lakes are with area <5 ha.

8.6 Conclusions

The status of lakes in the basins and sub-basins
of Chenab (Bhaga, Chandra, Miyar), Beas (Jiwa,
Parbati), Ravi, Satluj have been analyzed based
on LISS III of the year 2013 and compared with
the earlier lake inventories in these basins. The
results disclosed a substantial increase in the
numeral of moraine dammed lakes in all the
basins mentioned above. The comparison with
the earlier reported inventory of lakes in these
basins based on the IRS TA & IB satellite ima-
geries in the years 1993 disclosed about 38 lakes
in Satluj basin (Kulkarni et al. 1999) having 14
lakes in the Himachal Pradesh while 24 lakes in
the Tibetan region. The same basin in 2013 has
been covered with 391 lakes including the Baspa
and Spiti basins. Similarly, the basin Chenab has
been reported to have 55 lakes based on the IRS
IC/ID satellite imageries of the year 2003, which
has been increased to 116 in LISS III satellite
image of the year 2013.

This temporal variation of lakes in these
basins is very clearly indicating the increasing
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Table 8.6 Lakes spreading in the basins/sub-basins of Himachal Pradesh analyzed from the IRS, LISS-3 image (2013)

Sl.  Basin/sub-  No. of lakes with No. of lakes with an area No. of lakes with Number of
basin area >10 ha between 5-10 ha area <5 ha lakes in total
1 Chenab 3 8 105 116
Bhaga 1 3 10 14
Chandra 2 2 15 19
Miyar 0 3 80 83
2 Beas 2 2 63 67
Jiwa 0 2 37 39
Parbati 2 0 26 28
Ravi 2 1 19 22
4 Satluj 40 75 276 391

trend of the lakes in the higher Himalaya of
Himachal Pradesh. The results of 2013 indicated
that the rise in the number of lakes are much
higher for smaller sized lakes having an area less
than 5 ha and formed mostly related to the snout
retreat and moraines damming that may be an
indication of a noticeable impact of changing
climate in these regions.

One of the disastrous incidents of 2013, in
the Kedarnath region of Uttrakhand, was also
related to the bursting of a lake at the snout of
the Chorabari in association with cloud burst
causing a catastrophe in the downstream region
(Dobhal et al. 2013). Hence, the importance of
lake monitoring should not be ignored to have
preparedness against the likely disaster due to
GLOF. The lake formation and swelling of the
lake are dynamic and its stability depends on
the stability of the damming materials, as well
as the variability of the impounded water
quantity in lakes. The increased water volume
in lakes may induce dam breaching and con-
sequential situation of a flash flood in the
downstream.

The reported lakes in the present study having
an area >10 ha are highly potential, while the
lakes with an area between 5-10 ha are moder-
ately potential towards becoming GLOF in case
of higher meltwater intrusion in the lakes and
associated cloud burst disorder in the basins of
Chenab, Beas, Ravi and Satluj. Thus, regular
monitoring of existing and new formation of

lakes are indispensable to avoid any possibility
of catastrophe due to GLOF in the region.
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Abstract

Glacial geomorphological mapping from
satellite imagery supported with detailed field
studies can form the basis for reconstructing
the nature and extent of paleoglaciation of an
area. In this paper, we present the glacial
geomorphological setting of the Sind Basin
Kashmir Valley, NW Himalayas, India. Var-
ious glacial landforms mapped in the area
included cirques, glacial valleys, arétes, mor-
aine ridges, tarns and overdeepened tongue
basins. The mapping of the erosional and
depositional landforms revealed that the Sind
Basin has predominantly experienced the
alpine type of glaciation. The nature and
extent of paleoglaciation determined on the
basis of glacial geomorphological features
suggests that the glaciers covered an area
of ~914 km? during the last glacial maxi-
mum, whereas the present glacial cover in the
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area is 31.939 km?. The average reconstructed
cirque glacier thickness in the basin is 313 m
with some of the cirque glaciers attaining a
thickness of more than 500 m. It is believed
that the accelerated glacial erosion concomi-
tant with the glacial recession has resulted in
the rock uplift as manifested by the straight
mountain fronts and linear, deep stream
incised valleys. The current research on the
glacial landform studies and the outline of the
maximum glacial advancement can help for
precise paleo-glacial reconstruction in the
Kashmir Himalaya.

Keywords

Cirque glacier - Deglaciation *
Geomorphological map + Marginal moraine *
Sind basin

9.1 Introduction

The nature and extent of the past glaciation is
important for reconstructing the paleoclimate of a
region and provides insights into the role played
by glaciers in landscape evolution (Dubey et al.
2019). Numerous studies reveal that glacial
geomorphic features provide the first-hand
information regarding the nature, timing and
extent of glaciers (Fu et al. 2013). Detailed gla-
cial landform mapping focussing mainly on the
reconstruction of the regional glacial extent has
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been carried out in numerous glaciated Hima-
layan Ranges (Shi 2002; Thackray et al. 2008;
Ali et al. 2013; Bali et al. 2013; Ali and Juyal
2013; Ali et al. 2017; Shukla and Yousuf 2017,
Dubey et al.2019; Taloor et al. 2019; Sood et al.
2020; Singh et al. 2020; Kumar et al. 2020). In
Kashmir Himalaya, most of the cryosphere
studies have either documented the impact of
climate change on glacier recession (Romshoo
et al. 2015; Murtaza and Romshoo 2017),
changing snowfall patterns (Dar et al. 2014a),
snow and glacier melt contribution to streamflow
(Alam et al. 2011; Dar and Romshoo 2013;
Marazi and Romshoo 2018; Bhat et al. 2019) or
the impact of black carbon on glacier melting
(Bhat et al. 2017). However, only a few studies
have documented the glacial geomorphology of
the glaciated valleys of the Kashmir Himalayas
including the Thajwas Valley (Dar et al. 2017)
and the Lidder Valley (Rashid et al. 2017).

This chapter extends the previous glacial
geomorphic work to the Sind Basin of the
Kashmir Valley. The basin is poorly studied in
terms of glacial geomorphology despite the fact
that the landforms related to glacial advance and
retreat are remarkably well preserved in the
basin, especially in its upper reaches. The Sind
Basin is largely glacier-free today with glaciers
occurring mainly as remnants of the last glacial
maximum (LGM) in the form of cirque and small
valley glaciers. Thajwas is one of the main gla-
ciers, occurring in the form of cirque glaciers and
covering an area of ~3.60 km?. However, the
sediments and landforms associated with the
glacier advance and retreat are commonly
observed in the basin reflecting the past extent,
nature and thickness of the glaciers. Addition-
ally, tectonic-geomorphic features like linear
truncation of moraine deposits and mountain
aprons, linear and deep valley incisions, reflect-
ing the landscape response to tectonics and
postglacial rebound, are obviously present in the
basin. Dar et al. (2017) have reported the major
glacial advances and the response of the Thajwas
glacier to the regional climate change. Never-
theless, a detailed and comprehensive mapping
of the glacial geomorphology of the entire basin
to strengthen the paleo-glaciological
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reconstructions is poorly defined. The present
work would, therefore, improve our understand-
ing of the nature and pattern of paleo-glaciation
and the role played by the glaciers in sculpturing
the landscape of the Sind Basin in particular and
the Kashmir Himalayas in general. We particu-
larly investigated the nature and extent of land-
form patterns in terms of paleo-glacial extent,
thickness and major glacial advances. The
research is largely based on the information
derived from the mapping of landforms from the
Google Earth Pro Imagery and extensive field
observations in the basin. The paleo extents of
the glaciers in the basin were determined on the
basis of the glacial geomorphological features
like end moraines, outwash plains, trim lines, etc.

9.2 Study Area

The Kashmir valley, an intermontane basin in
NW Himalaya, is nestled between the Great
Himalayan Range in NE, Pir-Panjal Range in
SW, Kazinag Range in SE and Saribal Range in
NW. All the mountain ranges in the Himalayan
region are tectonically active which are due to the
continued collision of the Indian and Eurasian
lithospheric plates (Bisht et al. 2020). The
mountains possess impressive glacial sediments
and landforms that provide clear evidence of the
Late Quaternary glaciation. The moisture sources
for the NW Himalayan glaciers, particularly in
the Kashmir Valley, are largely provided by the
western  disturbances originating from the
Mediterranean Sea and the Atlantic Ocean
(Dimri and Chevuturi 2016). The role of tec-
tonics has been found important in controlling
the distribution of the moisture and thus
influencing the overall growth and distribution of
the glaciers in various Himalayan basins includ-
ing the Sind basin (Brozovi¢ et al. 1997), which
has been chosen as a study area for the present
study.

Spread over an area of 1590 kmz, Sind Basin
forms one of the major sub-basins of the Jhelum
Basin, situated on the north—eastern margin of
the Kashmir Valley (Fig. 9.1). River Sind is the
major tributary of the centrally flowing River
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Jhelumof the Kashmir Valley. Having a mar-
vellous course of 96 km, the river Sind is fed by
various streams emanating from the lofty peaks
of Zoji-La (3256 m) and other headstreams
originating from snow and glacier resources near
the Amaranth, Kolahoi, Gangbal and Panjtarni
areas (Fig. 9.1). Preliminary investigations sug-
gest that most of the glaciers in the basin are
valley type delimited by topography and have
played a major role in the evolution of the high
mountain topography. Geologically the Sind
Basin is very diverse consisting of Recent Allu-
vium, Late Quaternary Loess-paleosol sequen-
ces, Triassic-Jurassic  Limestone, Zewan
Limestone, Fenestella Shale, Panjal volcanic,
Granites and Muth Quartzites (Dar et al. 2013;
Stojanovic et al. 2016). The River Sind obliquely
runs across the basin from Sonamarg to Gan-
derbal town (Fig. 9.1.)
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9.3 Methodology

The glacial geomorphology of the basin was
mapped using the visual interpretation technique
from the Google Earth Pro imagery. All the
glacial landforms were mapped using on-screen
digitization at 1:1000 scale. The landforms were
validated in a 3D environment using ASTER
(Advanced Space Borne thermal emission and
reflection radiometer) DEM draped onto the
Landsat ETM + imagery (Jansson and Glasser
2005; Greenwood and Clark 2009a, b). Field
expeditions, using GPS, were carried out at
several accessible locations of the basin to vali-
date the mapping results obtained from the
remote sensing data. The extent and advance of
the last glacial maximum was delineated using
the location, shape and morphology of various
glacial landforms, especially lateral and terminal
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moraines. The top to bottom height of the de-
glaciated cirques and glacial troughs was used to
make inferences about the past thickness of the
cirque and valley glaciers. Various geomorphic
indices like mountain front sinuosity index (S,,r)
and valley floor width to height ratio (Vy) were
used to evaluate the response of the basin to
tectonics and postglacial adjustments (Dar et al.
2014b; Alam et al. 2017, 2018; Taloor et al.
2020; Thakkar et al. 2020).

9.4 Results

The original form of mountainous regions is
modified by glacial erosion and deposition to a
greater extent with the development of various
peculiar glacial landforms (Brozovi¢ et al. 1997).
Glacial landforms in the Sind Basin, currently
harbouring only vestiges of glaciers on the Great
Himalayan Flank of the Kashmir Valley, indi-
cated the extent and style of the former glaciers
in the form of valley type covering an area
of ~914 km*(Fig. 9.2). The prominent glacial
landforms related to the valley glaciation identi-
fied in the basin are; terminal, lateral and reces-
sional moraines, cirques, glacial troughs, hanging
valleys, glacial lakes, arétes, etc. The description
and paleo-glacial insights of the observed land-
forms in the basin are provided in the following
sections.

9.4.1 Cirques

Cirques are bowl shaped depressions formed on
the sides of the mountains by the scooping action
of glaciers (Barr and Spagnolo 2013). Cirques
form the second dominant glacial landforms after
glacial moraines in the basin (Fig. 9.3a—g and
9.4a).

A large number of de-glaciated and glacier-
covered cirques were mapped in the basin.
Majority of the cirques in the basin occur in the
eastern and the south-eastern part, in the upper
reaches towards the western part near Naranag,
Gangabal and upper southern mountainous areas
of Mammer. Currently, the cirque glaciers cover
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more than 16 km? area in the basin. Cirque ele-
vations and their aspects have resulted in the
current existence and preservation of glaciers.
The deglaciation observed in the basin is attrib-
uted to Quaternary climate changes (Dar et al.
2017). However, the other possible reasons are
the high gradient of the glaciated valleys and the
basal conditions of the ice. Faster retreat, for-
mation of moraine dammed glacial lakes and the
abundant inflow of meltwater at the ice base do
explain this deglaciation. The moraine dammed
lakes encourage the fast melting of the ice mar-
gins (Ehlers et al. 2011). The average bottom to a
top height of the de-glaciated cirques is about
313 m which provides an insight into the nature
and thickness of the past glaciers. Rock or debris-
covered glaciers are also observed in a few cir-
ques (Fig. 9.4b) in the basin. Some of the cirque
and glacial troughs have produced overdeepened
lakes (Fig. 9.4a), for example, Gangabal Lake
having an area of 1.63 km?, forming the famous
tourist destinations in the Kashmir Valley.

The formation of these lakes is evidenced by
the overdeepened tongue basins. These
overdeepened valley basins are reported from
many glaciated regions of the world and usually
form in ablation zones where the ice velocity is
high and the hydrostatic pressure of the basal
meltwater drainage is higher. Since the tongue
areas always develop more or less in the same
position, the basins are, therefore, scoured
repeatedly during the successive glaciations
(Ehlers et al. 2011). The overdeepening also
indicates the strong linear ice and meltwater
drainage and weak bedrock lithology (Murtaza
et al. 2020).

9.4.2 Aréte

Arete is a saw shaped narrow ridge crest of a
glaciated mountain which is formed due to the
erosion of most of the material between two
cirques, due to their progressive growth (Dar
et al. 2017). The sharp edges are usually attrib-
uted to wedging by frost action and glacial ero-
sion. Several arétes were identified and mapped
along the western and south-western side of the
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basin (Fig. 9.4a). The arétes indicate the poten-
tial glacial erosion and the subsequent gradual
lowering of the ice level in the basin. Since most
of the glaciers have already receded and the area
is undergoing isostatic exhumation, therefore,
most of the glacier features, including arétes are
prominent.

9.4.3 Moraines

Moraines are depositional landforms resulting
from the accumulation of glaciogenic sediments
at the bottom, end or margins of the glacier. In
most cases, moraines are direct indicators of the
extent and the thickness of the glaciers. Lateral
moraines are the commonest landform features
observed in the basin and are well preserved,

especially in the upper reaches. The height of the
moraines from the valley bottom ranges from
95 m to about 200 m with the longest marginal
moraine observed in the basin measur-
ing ~7 km long and attaining an average height
of 150 m. A few end moraines and numerous
recessional moraines were also identified in the
basin (Fig. 9.3a—g). The glacial retreat has been
mostly recessional with short-term re-advances
(Dar et al. 2017).

9.4.4 U Shaped Valleys

These are sculptured when glaciers flow down-
hill, eroding the glacier valleys both laterally and
vertically. The side walls are nearly vertical and
the floor is broad and flat than in the fluvial



150

warar

o ]

; ~y/
ol * | Valley Margin é /
E =Ty | Valley Outiine 5
4 I ske —— Drianage Kiometers
BN Tam ——— Lateral Moraine v H

R. A. Dar et al.

s WA | Mewwe . TovE W meIve | mwIwve | mawe | mwave  mewe
]
k
]
k
]
a
3
]
3
1
5
£ Legend
% Kdometers T Cirgue “.% U-shaped Valley —— Drainage

o 12 4 [l Lake © ) Walley Margin  ——— Lateral Moraine
4 £ Rock Glacier Valley Outine = Terminal Moraine

S

Legend ey :
E| 5 Glacier Valey Margin —— Drainage
5| K Outwas Pian

5 = e

g ¥ X, 2
|8 A3 e
¥ 7

AN WVIEW W
1

e

Debris Cone $53% Outwash Plain — Dvainage
A s, i Valley Margin - Lateral Moraine
1] U Valley Outline = Terminal Moraine

Fig. 9.3 Showing detailed glacier geomorphology of various sub-valleys of the Sind Basin (Source USGS)

valleys. Nevertheless, widening and deepening
depends on the lithology and the erosive power
of the glacier (Ehlers et al. 2011). Most of the U-
shaped valleys identified and mapped in the basin
are in the western and south-western side and a
few are located in the eastern side and southern
ranges of Kullan, Gund, Naranag Mountains
(Figs. 9.2 and 9.3b). Some of the de-glaciated U-
shaped valleys have attained a V-shape because

of the subsequent fluvial erosion and the post-
glacial rebound which helped the fluvial system
to incise deeper the lower furrows of the valleys.
Although it is possible that these valleys have
tectonic or fluvial origin, but the presence of
clear glacial erosional signatures (for example
trimlines) and the existence of the relict glacier at
their upper reaches points to their glacial origin.
A large number of hanging valleys are also
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Fig. 9.4 Google Earth imagery a showing the presence of aréte, cirque, debris-covered glaciers, overdeepening and
tarn, b showing rock glaciers in the study area (Source Google earth images)

present in the basin and have played an important
role in increasing the overall valley width.

9.4.5 Morphotectonic Inferences

The presence of numerous erosional features,
especially cirques and deep glaciated valleys
reflect accelerated glacial erosion which, in
combination with the glacial recession, might
have resulted in the isostatic uplift of the rocks
and mountain ranges in the basin (Dar et al.
2014b). In order to test this assumption, we
carried out the morphotectonic analysis of
numerous representative deglaciated troughs and
the mountain fronts using two geomorphic indi-
ces; Mountain Front Sinuosity Index (S, and
Valley Floor Width to Height Ratio Index (Vy).
The geomorphic features, viz., mountain fronts
and glacial troughs, were selected as the glaciers
have not obscured the tectonic-geomorphic evi-
dences in the selected areas. S, values of more
than 100 mountain front segments in the basin
range from 1.007 to 1.300 with an average value
of 1.088. Since the values are less than the
threshold value of 1.6 indicating straight and
active mountain fronts, which reveals that the
area is experiencing exhumation or postglacial
uplift. The straight and linear truncation of the
mountain fronts and moraine deposits also
reflects the high tectonic activity of the basin
(Bull and McFadden 1977; Jaan et al. 2019).

Further, the V; index was calculated at 39 loca-
tions across the basin and the value ranges
between 0.011 and 1.603 with an average value
of 0.243 which also suggests that the basin is
tectonically very active. V-shaped valley forma-
tion is commonly associated with the active
uplift and deep, linear stream incision (Pazzaglia
et al. 1998). Large scale rock deformation and
linear pattern of river incision and presence of
knickpoints in the river course (Taloor et al.
2017) provides evidence for tectonic uplift and
isostatic rebound at the end of glaciation.

9.5 Discussion

The Sind Basin harbours glacial geomorphic
features over a significant portion of the basin.
Glaciers currently occur as cirque and small
valley glaciers, especially in the east and north-
eastern side of the basin. However, the role
played by glaciers in shaping the landscape is
well established by the presence and preservation
of glacial landforms, like moraine deposits, cir-
ques, glacial troughs, hanging valleys, glacial
lakes, tongue basins, erratic boulders, arétes, etc.
Mountainous areas of the basin are subjugated by
erosional glacial landforms, while the piedmont
areas and valleys record both the erosional and
depositional glacial landforms (Fig. 9.2). In the
upper mountain reaches of the basin, the typical
alpine  landforms like cirques, arétes,
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overdeepened valleys, horns exist and the lower
reaches are dominated by a glacial trough and
glacial depositional features like moraine ridges,
erratics. Much of the eroded material has been
transported beyond the periphery of the current
glaciated boundary most probably by the high
energy fluvial activity. However, a large amount
of the glacial deposits still exist on the sides, base
and at the end of the glacial valleys. Deposits of
the older glaciation are either eroded by the
recent glacial activity or are covered by trees and
younger sediments (Fig. 9.5a-b).

The locations of the lateral and recessional
moraines indicate glacial advances and retreat
due to Late Quaternary climate change. The
distribution and location of cirques, glacial val-
leys and lateral moraines indicates that the basin
has witnessed alpine-style glaciations in the past,
with centres of glaciation on the higher mountain
areas (Fig. 9.2).

On the basis of the pattern and number of
lateral and terminal moraine ridges, Dar et al.
(2017) suggested that Thajwas, one of the main
glaciers of the basin has witnessed three major
glacial advances during the glacial maximum. It
is believed that the glacial advances in the other
glacial valleys of the basin, like Harmukh valley,
might be concomitant with the Thajwas glacier
advance (Murtaza et al. 2020). Nevertheless, the
application of accurate dating methods, such as
carbon dating, cosmogenic radionuclide or OSL
dating, and in-depth studies of glacial borne

sediments would help to precisely determining
the exact number of glacial advances in the basin.
The current estimates worked out in this study
suggest that the glaciers covered almost 914 km*
of the basin in the past. The estimate does not
correspond to glacier coverage for a particular
point in time but rather refers to the collective
outcome of the glaciations during the maxima of
glaciation. Further, the current glacial expansion
estimates may vary because some of the glaciers
deposited landforms are not detected in the
remote sensing data as they might lie outside the
delineated boundaries. Therefore, more detailed
field investigations are required to reveal the
sediment-landform patterns that occur outside of
the reconstructed ice margins.

Loess, windblown sediment deposited during
the dry windy glacial paleoclimatic times, blan-
kets large areas of the Sind Basin (Dar et al.
2016). The thickest deposit of the basin (7 m
thick loess-paleosol section) occurs at the Woyil
plateau, near Kangan Village consisting of four
paleosol profiles (Gupta et al. 1991). It is good to
point out here that paleosols represent soils of the
past and develop during warm and humid cli-
matic conditions (Rendell et al. 1989). However,
the loess pattern in the basin is determined by the
general topography with terraces mantled by thin
loess sheets and plateau settings preserving thick
loess deposits. The loess deposits have been
reported as products of glacial conditions and are
deposited due to the transportation of sediments

Fig. 9.5 Field photograph a showing moraines covered
with vegetation and b shows left lateral (older) moraine of
the Thajwas Glacier. Note the presence of erratic boulders

and dense vegetation cover on the moraine ridges (Source
Authors)
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by strong winds (Dar et al. 2013). Per se, it seems
that the periods of major loess accumulation
should be synchronous with the major glacial
advances (Youn et al. 2014). It is generally
believed that when the glaciers expanded in the
Kashmir Himalayas, loess was deposited in the
adjacent regions especially in the Kashmir Val-
ley. Therefore, detailed paleoclimatic studies of
loess can also provide important evidences for
the past climatic changes and the associated
glacial dynamics. Previously some researchers
have tried to deduce the number of glacial and
interglacial periods documented in the loessic
sediments of the Kashmir Valley (Singhvi et al.
1987; Agrawal et al. 1989; Dilli and Pant 1994).
However, due to the paucity of high resolution
chronology, the initiation of loess deposition and
the exact number of glacial advances remains a
debatable issue in the Kashmir Valley (Dar and
Zeeden 2020). Kumar et al. (2018) on the basis
of carbon dating of the loess paleosols sequences
suggested that Kashmir Valley witnessed LGM
during 18.6-22.3 ka. It has been felt that still a
fair amount of work is needed to know the exact
number of glacial advances witnessed by the
Kashmir Himalayas. The future work, therefore,
should focus on the high resolution carbon, TL,
OSL and cosmogenic radionuclide dating of
loess deposits and glacial moraines to reconstruct
the timing and nature of the Kashmir Himalayan
glaciations.

The observations made in this study show the
importance of remote sensing and GIS tech-
niques for mapping various geomorphic features
in the mountainous Himalaya. Unless supported
by the absolute dating, the inferences about the
palaeoclimatic changes and glacial advances in
the area, though informative, shall be treated
indicative only. The dating techniques (e.g., '*C,
OSL, TL and CRN dating) need to be carried out
in the glaciated areas following the remote
sensing and GIS studies for knowing the glacier
advances and retreats in the area. Further, the
landform mapping needed to be improved by
integrating the remotely sensed data with
stratigraphic data, information on the internal
structure of landforms and variations in

153

sedimentological characteristics (Dunlop and
Clark 2006; Napieralski et al. 2007). The inte-
grated analysis of morphometry, internal struc-
ture, and larger-scale patterns when analyzed
together shall provide additional insights into the
glaciological processes and landscape evolution.

9.6 Conclusion

The results from this study demonstrate the use-
fulness of the high resolution remote sensing data
for glacial landform mapping and delineating the
extent of former glaciers in inaccessible and rug-
ged Himalayan terrain. The glacial landforms were
identified and the extents of the maximum glacial
advance outlined which will form a guide and
basis for detailed field investigations aimed at
paleo-glacial reconstructions in Kashmir Hima-
laya. However, a consistent and accurate
chronology of the glaciations within the basin, and
in broader Kashmir Himalayas and its correlation
with chronostratigraphic systems of other gla-
ciated Himalayan regions have not yet been
established. Some attempts have been made to
provide insight into the questions of local glacial
chronology using lichenometry and morphologi-
cal characteristics of the glacial moraines, but this
has proved insufficient. Future research in the
region might be focused on the absolute
geochronology of the glacial deposits to establish
the timing and nature of the glacial advances in the
region to improve our understanding of the
deglaciation patterns and process in the basin. The
other important aspect that needs the attention of
the researchers would be to estimate the impact of
tectonics on the glacier dynamics or the postglacial
uplift on the preservation of glacial landforms,
especially at the higher elevations in the Kashmir
Himalayas.
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tions among various drivers, including land
cover change, climate change, local ecological
assessments and adaptation research. In this
study, daytime LST retrieval from the MODIS
(MOD11A2) data was analyzed against the
snow cover retrieval trend using MODIS
(MOD10A2) for the Mana basin of Chamoli
district of Uttarakhand. The results from the
trend analysis of surface temperature and snow
cover from 2001 to 2018 showed that the
maximum and mean surface temperature has
been rising in all four zones of the basin with
different growth rates. Also, it was found that
the percentage of snow cover has been slightly
declining from the year 2001 to 2018 due to the
rise in the surface temperature. Season-wise
trends during 2001-2018 in all the temperature
series also showed significant positive warming
trends. The trend analysis of the MODIS
satellite products for LST and snow cover
showed promising results in understanding the
climate change phenomenon operating in the
basin affecting downstream requirements of the
water for energy and drinking water supplies.

Keywords

Climate change - Drinking water  Manabasin -
MODIS LST - MODIS snow cover *
Trend analysis
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10.1 Introduction

Glaciers are much susceptible to change of cli-
mate and act as a good global warming predictor.
Globally the average air temperature of the
earth’s surface has been risen by 0.6 °C during
the twentieth century (IPCC 2007), and several
small glaciers retreated sharply. In the last few
decades, the glaciers of the Indian Himalaya have
been widely affected by changing climate
(Kothyari and Singh 1996; Singh and Sontakke
2002; Kothawale et al. 2010; Bolch et al. 2012;
Bisht et al. 2019; Taloor et al. 2020a; Sood et al.
2020a, b). The regional impacts of warming cli-
mate in the Indian sub-continent have been
examined in numerous studies (Dash and Hunt
2007, Yadav et al. 2004; Kulkarni 2007; Bhu-
tiyani et al. 2007; Taloor et al. 2019; Bisht et al.
2020; Kumar et al. 2020; Singh et al. 2020).
Several methods of remote sensing were
employed to determine spatio-temporal tempera-
ture and snow cover patterns in the Himalayas
region. For mapping of snow-covered area and
surface temperature estimation, several sensors
are available, such as the Advanced Wide Field
Sensor (AWiFS), Landsat 5 Thematic Mapper
(TM) and MODIS. MODIS derived SCA is more
advantageous compared to other sensors because
the MODIS data correctly classifies the snow
from the other features and has been enhanced
with regard to special resolution and geolocation
accuracy (Tekeli et al. 2005). The MODIS data
recorded since 2000 is publicly accessible and has
many ground, ocean, and atmospheric applica-
tions. Several products and their various MODIS
variants are currently widely available. Several
studies (Neteler 2010) have been performed for
validating MODIS surface temperature and snow
materials. The results of these surveys were
exceptionally compared to the ground measure-
ments or satellite snow products of high-
resolution in various regions worldwide, includ-
ing the Himalayas (Negi et al. 2007; Wang et al.
2008; Singh et al. 2017; Kannaujiya et al. 2020;
Khan et al. 2020; Haque et al. 2020; Sood et al.
2020b). MODIS ground surface temperature
measurements experiments have provided good
results in many parts of the Himalayas and are
consistent with different studies (Negi et al. 2007,
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Wang et al. 2007; Hachem et al. 2012; Pall et al.
2019; Romshoo et al. 2020). The surface terrain
temperature (LST) is an integrated parameter for
monitoring rational and latent heat flows in the
energy exchange in atmosphere and land surface
(Houghton et al. 2001; Tang et al. 2008; Sarkar
et al. 2020; Taloor et al. 2020b). The LST from
the MODIS sensor is currently applied in different
fields because of its high spatial and temporal
availability, but observations in cloudy conditions
are very difficult to achieve. The main aim of the
study is to establish snowfall and temperature
trends for seasons in the four altitude zones of
Mana basin, Uttrakhand, India.

10.2 Area of Study

Mana basin situated in the Chamoli district of
Uttarakhand  covering an area  around
3503.17 km? with 3000-7000 m elevation. In this
study, the basin separated into four elevation zones
(Zone II to Zone V). Zone II lies between 3580 m
and 4163 m amsl, considered as a terminus region,
also called as end moraines. Zone III covers the
area between 4060 and 4675 m amsl, which is
considered as a snout region and influenced by
seasonal snow cover. Zone IV covers the area
between 4554 m and 5163 m, which cover the
area under snow accumulation and ablation
region. Zone V lies above the 5163 m amsl and is
considered as a glacier region, which is covered by
snow all through the year (Fig. 10.1).

10.3 Methodology

10.3.1 Objective

The purpose/objective of the study is to observe
the temporal and spatial patterns of Mana basin’s
temperature and snowfall trends in winter and
pre-monsoon from 2001 to 2018.

10.3.2 Data Sets Used

The MODIS LST (MOD11A2 L3 V5) time ser-
ies product which provides 1 km of spatial res-
olution per-pixel temperature has been used in
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this study. The daytime LST and 8-day L3
Global 500 m Grid MODIS (MODO09AL1) prod-
ucts on the basis of the algorithm used in snow
mapping Normalized Difference Snow Index
(NDSI) were also used to demonstrate the effect
of snow on LST. In addition, study area elevation
data was acquired from the ASTER 30-m DEM
was resampled to a 1 km resolution to fit the
MODIS data. The DEM was used to create the
elevation zones at 500 m elevation intervals, and
different elevation zones were calculated to have
an average temperature.

10.3.3 Estimation Methods

The MODIS LST product is available under the
Earth Observation System (HDF-EOS) Hierar-
chical Data Format. Nine scientific data sets
(SDSs) are included in the LST product: LST,
QC, Error LST, Emissivity 31, Emissivity 32,
View angle, View time, Latitude and Longitude.
To reproject the original sinusoidal image to the
WGS 1984 UTM ZONE 44 N projection
method, a MODIS Conversion Toolkit
(MCT) was used in the ENVI programme.
The LST images of the study area were extracted

after reprojection and then the effective calibra-
tion formula for temperature estimation in
degrees Celsius was applied.

To estimate the percentage of snow cover
MODIS (MODO09A1), snow product was selec-
ted. Using the NDSI produced by MODIS data,
the spectral signature of snow can be obtained. It
utilizes the low and high snow reflectance of the
electromagnetic spectrum in the visible (green)
and short-wave infrared (SWIR) areas. To
determine NDSI from MODIS images following
equation were used:

Band 4 — Band 6

NDS[=—————
Band 4 + Band 6

(10.1)

One of the key benefits of the NDSI is the
accurate snow cover estimation under the sha-
dow area. Both photos from the time of research
(2001-2018) were grouped into the categories of
snow and without snow. Thus, maps of SCA for
each year were generated between the month of
January and April.

The 21 ground stations data were validated in
the Himalayas of the north-west (over 5300 m),
the Himalayas of the Middle (4000-5300 m) and
the Himalayas in the Lower (20004000 m) in
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Negi et al. (2007). The surface temperature pro-
duct MODIS (MOD11A2) from multiple studies
was comparatively high as well as reliable. So we
have explicitly, without validation, implemented
this LST product in this report. In the present
study, LST products were superimposed on
ASTER DEM and pixels present in each eleva-
tion zone were selected. Moreover, for the tem-
perature trend estimation, the MODI1A2
temperature products were considered. The dis-
tribution of spatial temperature trend analysis for
the selected four elevation zones is carried out on
a seasonal basis using ground surface
temperature.

10.4 Results and Discussion
10.4.1 Spatial Variability of Climatic
Variables Over Four
Different Zones

The mean monthly LST for each grid was cal-
culated from the available data. The rate of
increase or decrease in monthly LST values is
calculated and the values are further used for the
decade-based estimation of the rate. The two
seasons have been considered for the current
study, the period when the snow-covered surface
is present, so that the period between January and
April is taken into account. For the seasonal data
of maximum temperature and snowfall for all
four zones, graphs were plotted. For 18 years of
MOD11A2 land surface temperature product, the
linear trend in the graphs has been carried out. In
2001-2018, patterns in all temperatures indicate
a big warming trend during both seasons. The
designs are positive in both seasons. In these
seasons, there has also been a major negative
trend in the snow cover region, with growing
trends in the winter and pre-monsoon weather.
The findings suggest that global warming can
have a potential effect on the snow-covered area
in the mountains. The maximum and mean
temperature trends in all four zones increased
over January, February, March, April and the
snow cover trend decreased in the same months,
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ranging from 3500 to 5600 m in height. Fig-
ure 10.2 indicates the LST spatial variability
over the study region at different points of time.

10.4.2 Winter Temperature Trends

The temperature rises steadily from January to
February, but is still low when the precipitation
becomes adequate to accelerate snow cover for-
mation and sublimation. The mean annual tem-
perature in January indicates a warming trend of
0.0145, 0.0314, 0.029 and 0.027 °C for Zone II
to Zone V, respectively, during the 2001-2018
period. This represents a significant temperature
acceleration during the last two decades. Due to
higher net radiation and greater absorption of
long-wave radiation that warms the debris cover
region, a slightly higher temperature trend in
zone III is 0.0314 °C/18 yr, and similarly, for
January, the max temperature follows an
increasing tendency in all climatic zones of zone
IT to zone V that was found to be approximately
0.020 °C, 0.027 °C, 0.0086 °C, 0.0012 °C,
respectively. Zone V has a freezing condition, it
receives dry snow and is highly glaciated, and its
altitude is more than 5000 m. The mean monthly
temperature trend in zone V is 0.0002 °C for
January. Overall, the mean and maximum tem-
perature at all the zones has been consistently on
the rise since 2001 (Table 10.1).

10.4.3 Pre-monsoon Temperature
Trends

The mean temperature for Zone II to Zone V in
April indicates a strong warming trend of 0.05,
0.025, 0.038, and 0.10 °C over the 2001-2018
period. This reflects a small temperature rise over
the last two decades. We discovered that 0.10 °
C/18 yr is a slightly higher rising temperature
trend in zone V. Similarly, the maximum tem-
perature for the month of April followed a
growing pattern in all climatic zones.
Furthermore, Table 10.1 shows the rising
pattern in surface temperature for four months in
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Table 10.1 Linear Trend (°C/18 yr) in mean and maximum temperatures for all four different zones

2001-2018

Zones Elevation range Temperature January (°C) February (°C) March (°C) April (°C)

Zone 11 3581-4163 Mean temp +0.0145 +0.262 +0.187 +0.05
Max temp +0.020 +0.160 +0.098 +0.084

Zone 111 40604675 Mean temp +0.0314 +0.228 +0.142 +0.025
Max temp +0.0274 +0.102 +0.223C +0.040

Zone IV 4554-5163 Mean temp +0.029 +0.140 +0.108 +0.038
Max temp +0.0086 +0.093 +0.216 +0.046

Zone V 5050-5666 Mean temp +0.027 +0.104 +0.067 +0.10
Max temp +0.0002 +0.130 +0.076 +0.09

(Source Authors data)

all zones. It is found that +0.015 °C/year for
February, the maximum mean temperature over
zone II increased significantly by 0.262 °C. The
surface temperatures mark the beginning of a
cycle of the overcast situation with low net
radiation and daily precipitation over the last few
years with a consequent drop in LST fluctuation

have been observed. The temperature trend
shows that there is a lot of variance, but the
trend is up overall. Out of Fig. 10.3a-h, LST
values have been found to be high in recent
years because they are characterized by low
cloud cover, high net radiation and scanty
precipitation.
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10.4.4 Trend Analysis of Monthly LST
(Zone 1I)

For the location of the Mana basin in Zone II, the
monthly LST values of the last two decades were
evaluated. The elevation ranges of Zone II are
3581-4163 m AMSL, which is considered to be
a terminus region or a lower area (end of the
moraine). The difference between the mean (a—d)
and maximum (e-h) monthly LST values for
zone II in the Mana range during the 2001-18
period is shown in Fig. 10.3. During the months
of January, February, March and April, mean
monthly LST values showed a growing pattern to
0.0145, 0.262, 0.187 and 0.05 °C in the altitude
range of 35004163 m amsl for Zone II during
the months of January, February, March and
April. The trend of warming in this area is shown
in the LST data by this anomaly. Similarly,
maximum temperature trends have also shown a
statistical significance for January, February,
March and April of 0.020, 0.160, 0.098 and
0.084 °C over the last 18 years (2001-2018).
The mean and maximum LST in zone II have
increased according to the study, with a higher
rate of 0.262 and 0.160 °C during the month of
February.

10.4.5 Trend Analysis of Monthly LST
Values (Zone IlI)

The monthly surface temperature values of the
last two decades have been evaluated for the
positions of the Mana basin in zone III. The
elevation ranges of zone III are 40604675 m,
which is known to be a zone filled with debris.
The variance of the monthly mean (a—d) and (e—
h) LST values for zone III during the period
2001-2018 is shown in Fig. 10.4. The elevation
ranges of zone III are 4060-4675 m amsl, and
during the months, the average monthly surface
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temperature shows a rising pattern. For the years
2000 to 2018, January, February, March and
April were 0.0314 °C, 0.228 °C, 0.142 °C and
0.025 °C, respectively. The warming trend in
this region is indicated by this anomaly in the
LST data. Similarly, during January to April, the
highest patterns of temperature over the last
18 years also showed statistically significant
values of 0.0274 °C, 0.102 °C, 0.223 °C and
0.040 °C, respectively. An increasing trend with
a higher rate during March at the rate of 0.0131 °
Cl/year was the highest surface temperature in
Zone III. The rate of temperature change in all
the zones during a different month is shown in
Table 10.1. The rate +0.0134 °C/year for
February, the max mean temperature above zone
I increased significantly by 0.2228 °C. Zone III
is known as a debris-covered zone that decreases
the latent heat flux and increases the temperature
of the surface. In addition, the SCA percentage
fluctuates with the annual time of year and
clearly indicates that the pattern of snow cover
variability decreases with an increase in the
surface temperature, suggesting that the snow
cover is negatively associated with LST values.

10.4.6 Trend Analysis of Monthly LST
Values (Zone IV)

For the zone IV position of the Mana Basin, it is
analysed that the estimated monthly mean LST
values in the last two decades in Zone IV’s ele-
vation range is 4554-4675 m, which is known to
be the accumulation field and part of the ablation.
The variation of the monthly mean (a—d) and
maximum (e-h) LST values for zone 2 in the
Mana range during the 2001-18 period is shown
in Fig. 10.5. During January, February, March
and April, the mean monthly LST values showed
a growing trend of 0.029, 0.140, 0.108 and
0.038 °C. The warming trend in this region is
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indicated by this anomaly in the LST data.
Similarly, over the last 18 years (2001-2018),
maximum temperature trends have also shown
statistical significance for January, February,
March and April as 0.0002 °C, 0.093 °C,
0.216 °C and 0.046 °C, respectively. The rate of
temperature change in all the zones during a
different month is shown in Table 10.1.

10.4.7 Trend Analysis of Monthly
Mean LST Values (Zone
V)

The monthly mean LST values of the last two
decades have been analyzed for the Mana basin
location of zone V. Zone V’s elevation range is
5050-5666 m and is considered to be a glacier-
accumulated area. The variance of the monthly
mean (a—d) and (e-h) LST values for zone V in
the Mana range during the 2001-18 period is
shown in Fig. 10.6. From January to April, the
mean monthly LST values showed a growing
trend of 0.027, 0.104, 0.067 and 0.10 °C. Simi-
larly, over the last 18 years (2001-2018), maxi-
mum temperature patterns have also shown a
slightly increasing trend for the month of Jan-
uary, February, March, April as indicated from
the study of 0.0002, 0.130, 0.076, and 0.09 °
C respectively. This anomaly in the LST data
shows the warming trend in this area and during
the month of February, the mean and maximum
LST in zone 2 increased at a higher rate.

10.4.8 Snow Cover Variability During
2001-2018

In Himalaya SCA, studies by Menon et al.
(2010) indicate a decline of SCA from 1990 and
2001, whereas Gurung et al. (2011) recorded a
slightly less decreasing trend in SCA of NWH
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for 2002-2010. The overall increasing trend in
mean temperature over the basin has led to a
decreasing trend for the overall long-term glacier
and snow cover. All four zones in the mana basin
exhibited an increasing trend of maximum tem-
perature in January, February, March and April
and also an increasing trend of mean tempera-
tures during January to April at altitudes between
3500 and 5500 m amsl. A major negative trend
in SCA was also established during these sea-
sons, with growing trends in winter and spring
temperatures. Results show potential effects of
global warming in the high mountain region for
precipitation and snow cover Fig. 10.7a-h.

10.5 Conclusions

One of the essential variables defining the cli-
matological and hydrological processes operating
over a glaciated environment is land surface
temperature. In this report, using satellite-based
temperature and snow cover products, trend
analysis of surface temperature and snow cover
from 2001 to 2018 was carried out. This study
proposed MODIS (MODI11A2) daytime LST
retrieval data using a mono-band algorithm and
snow cover pattern analysis retrieval from the
basin using MODIS snow product (MOD10A2)
data. This study concluded that the maximum
and mean surface temperature had risen with
different growth rates in all four zones of the
basin, and at the same time, it was also observed
that the percentage of snow cover had decreased
slightly between 2001 and 2018 due to surface
temperature increase. The patterns in all the
temperature series during 2001-2018 indicate a
strong warming trend in both seasons. In addi-
tion, a major negative trend of SCA was also
observed during these seasons, with growing
temperature patterns in the winter and spring
seasons.
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Abstract using GRACE satellite data. Since 2002,
Gravity Recovery and Climate Experiment
(GRACE) satellite provided an estimation of
various components of Earth’s gravity field as
it provides gravity data at 1° x 1° resolution
for the estimation of terrestrial water storage
change, i.e. surface water and groundwater.
The land surface variable has been used to
infer how Terrestrial Water Storage (TWS) is
contributing to canopy water and soil mois-
ture. In the present study, the groundwater
storage change of the Punjab and Haryana was
monitored by computing storage changes in
GRACE TWS, GLDAS land surface state
variables with the terrestrial water balance
approach. The results indicate that the

Optimum management of natural resources is
critical for sustainable growth and develop-
ment. Under rapidly increasing population and
industrialization, the groundwater depletion
rate is way more than that of the groundwater
recharge rate in India. The situation is more
alarming in North-West India, where the
amount of precipitation is quite low for
irrigation purpose. In the present study,
groundwater fluctuation in Haryana and Pun-
jab has been monitored during 2005-2015
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Groundwater fluctuation follows the cyclic
yearly pattern with highs corresponding to the
monsoon. Computed groundwater mean
depletion thickness over Haryana was found
1.13 cm and for Punjab is 0.92 cm during
2005-2015 in the study area. There are clear
signals of yearly and seasonal variation in the
groundwater as well as the impact of the
extreme event on the groundwater change.
The impact of cumulative water loss through
Evapotranspiration (ET) on the groundwater
has also been analyzed, which shows a
positive correlation with the groundwater
fluctuation.
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11.1 Introduction
Because of overexploitation, diminishing fresh-
water accessibility is because of informal
extraction and inappropriate administration of
water resources. In the coming decades, India is
going towards a significant freshwater emer-
gency in the period of a quickly evolving atmo-
sphere. The groundwater resources are depleting
at an alarming rate globally and particular in
north-west India over the last two decades
(Georgakakos and Graham 2008; Xu et al. 2012;
Bhat et al. 2019; Taloor et al. 2019; Haque et al.
2020; Kumar et al. 2020; Sood et al. 2020a).
India is the seventh-biggest nation on the
planet in terms of the zone and second as far as
populace with 1200 mm/y normal precipitation.
Due to irregularity in rainfall and groundwater
overexploitation, the depletion of groundwater
level surges abruptly (Joshi and Tyagi 1994;
Briscoe and Malik 2006; Kumar et al. 2005;
Moore and Fisher 2012; Rodell et al. 2009;
Jasrotia and Kumar 2014; Gautam et al. 2017;
Jasrotia et al. 2019; Sood et al. 2020b; Khan et al.
2020). In states like Haryana and Punjab water
level depletion is comparatively faster than any
other states of India (Waters et al. 1990; Engman
1991; Gontia and Patil 2012; Kumar et al. 2008;
Meijerink 1996; Sander et al. 1996; Siebert et al.
2010; Adimalla and Taloor 2020; Adimalla et al.
2020; Kannaujiya et al. 2020; Sarkar et al. 2020;
Taloor et al. 2020; Singh et al. 2020). There is a
need for appropriate scientific methods for sus-
tainable water resource utilization and geospatial
technology is rapidly gaining its applications in
the monitoring and mapping of water resources
in the last few decades. GRACE data is a very
useful tool for identifying the impact caused by
extreme climate events like drought and floods
(Jin and Feng 2013; Tapley 2004; Andersen and
Hinderer 2005; Longuevergne et al. 2013;
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Phillips et al. 2012). GRACE data are capable of
identifying seasonal and long-term variation in
TWS and quite useful for hydrological model
development. The information of TWS variations
of recent decades is quite important for the study
of water and its temporal changes. In this study,
GRACE RLOS5 products and Global Land Data
Assimilation System (GLDAS) Noah LSM
(Betts et al. 1997; Chen et al. 1996; Koren et al.
1999; Ek 2003; Rodell et al. 2004) products,
combined with a data record of the Central
Ground Water Board (CGWB) India, were used
to determine the long-term TWS over the state of
Haryana and Punjab. This study insights useful
guidance for sustainable management of water
resources and futuristic planning and research to
improve groundwater storage for the future.

11.2 Study Area

The present study has been carried out in Har-
yana, Delhi and Punjab, India (Fig. 11.1). lies
between 27° 39’ and 30° 35’ N scope and
somewhere in the range of 74° 28’ and 77° 36' E
longitude. It has four primary topographical
highlights viz. (i) The Yamuna-Ghaggar plain
shaping the largest (piece of the state is likewise
called Delhi doab comprising of Sutlej-Ghaggar
doab (between Sutlej in the north in Punjab and
Ghaggar stream coursing through northern Har-
yana). (ii) Ghaggar-Hakra doab (between Ghag-
gar waterway and Hakra or Drishadvati stream
which is the paleochannel of the sacred Sarasvati
River) and Hakra-Yamuna doab (between Hakra
waterway and the Yamuna). (iii) The Shivalik
hills towards the upper east the Bagar tract semi-
desert dry sandy plain toward the southwest.
(iv) The Aravalli Range in the south. The Har-
yana is very sweltering in summer at around 45 °
C and mellows in winter. The most sweltering
months are May and June and the coldest
December and January. The atmosphere is dry to
semi-dry with normal precipitation of 354.5—
530 mm. The dirt qualities are impacted to a
restricted degree by the geography, vegetation
and parent rock. The Punjab is separated into
three particular areas based on soil types viz.



11 Seasonal Ground Water Fluctuation Monitoring Using GRACE ...

177

southwestern, focal and eastern. The most
extreme temperatures, for the most part, happen
in mid-May and June. The temperature stays over
40 °C in the whole locale during this period.
Punjab encounters its base temperature from
December to February and the average yearly
precipitation of Punjab is 500 mm.

11.3 Data and Methodology

The GRACE satellite data downloaded from
http://grace.jpl.nasa.gov/data/get-data/ to study
the TWS changes from 2005 to 2015 in the state
of Punjab, Haryana and Delhi. The monthly soil
moisture anomalies (at a spatial resolution of

S TWS{em)

| bR
| W80
| m4s.$
- 490
| o3

> g

Fig. 11.1 Seasonal TWS spatial map over Haryana and
Punjab from 2009 to 2015 (for winter January, May for
pre-monsoon, August for monsoon and November for

post-monsoon). **when satellite data is missing, we take
adjacent month** (Source GRACE data)
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1° x 1°) calculate the soil moisture. To inde-
pendently evaluate groundwater storage change,
there is a need to measure surface water storage
change and expel it from GRACE perceptions.
The GLDAS gauges used in the present study are
from the Noah LSM (Ek 2003). The GRACE
data provides the gravity mass anomalies to
estimate TWS changes. These mass anomalies
obtained by calculating the temporal variation in
gravity which is expressed by monthly mean
terrestrial water storage variation, equivalent
water storage anomalies, as well as water height
(Rodell and Famiglietti 2002; Rodell et al. 2004;
Famiglietti et al. 2011; Rodell et al. 2009;
Scanlon et al. 2012; Sun et al. 2012; Richey et al.
2015; Singh et al. 2017, 2019).

TWS,; = SM, + SWE, + SW, + GW,, (11.1)

Here TWS; is the total terrestrial water stor-
age, SM, which is total soil moisture, SME, is the
snow water estimation, SW; is the total surface
water and GW, is the total groundwater.

AAW, = TWSA, — ASWE, — ASM,, (11.2)

Here A is the time-mean variation of an indi-
vidual parameter. Soil moisture anomalies
derived from the NASA Global Land Data
Assimilation System (GLDAS) as shown in
Eq. (11.2). It isolates the contribution of ground-
water storage changes to changes in total water
storage. The reservoir storage changes applied in
the state of Haryana, Delhi and Punjab along with
soil moisture and previously described data

AGW, = TWSA, — ASWE, — ASM, — ASW,,
(11.3)

Here ASW, is surface water anomaly for an
individual month, Whereas errors in the GWS
calculated using the parameters; TWSA, SM,
SWE and SW (Rodell et al. 2004).

We compared our GRACE derived GWS
variations with groundwater level (observed by
monitoring dug wells and tube wells; data
obtained from CGWB website).

A. K. Singh et al.
11.4 Results and Discussions

The analysis of satellite data showed a continu-
ous water deficit in Haryana and Punjab from
2009 to 2015 (Fig. 11.1). From winter to pre-
monsoon, the depletion rate of TWS was 8-
10 cm, while it was 5—-8 cm after the monsoon.
However, the rate of recharge during the mon-
soon was 10-13 cm. In the year 2010, 2011 and
2015, the month of August showed good
recharge during monsoon because of heavy
rainfall (Tables 11.1 and 11.2).

Quantification of the seasonal mean of
groundwater from TWS using Eq. (11.3) has
been depicted in Fig. 11.2. In this study, the
mean of January and February for the winter
session, mean of March, April, and May for pre-
monsoon season, mean of June—September for
monsoon season and mean of November and
December for the post-monsoon season have
been considered. The same pattern for both the
States viz. The Punjab, Delhi and Haryana were
observed during the winter session, which is due
to less rainfall and more groundwater extraction
for cropland irrigation. The ET values were
higher due to more moisture present in soil and
crop. During the premonsoon season, less pre-
cipitation, high solar radiation, and more ET on
the field results in the higher water extraction for
domestic and irrigation uses. During the mon-
soon season, large amount of rainfall resulted in
higher soil moisture, and higher amount of ET
was also observed over cropland area where as
the TWS from satellite data also showed
increasing trends. However, estimated ground-
water (GW) from Eq. (11.3) was low as com-
pared to TWS, which may be due to soil
characteristics. However, groundwater recharge
was more in the post-monsoon season due to the
lag of soil moisture percolation. The results show
that due to continuous water depletion over the
state of the Punjab and Haryana and decreasing
trend were of the order of 0.92 and 1.3 cm,
respectively (Fig. 11.3). The above trends are in
agreement with Central Ground Water Board
results (Fig. 11.4).
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Table 11.1 Monthly rainfall (cm) over Punjab from 2009 to 2015

Year 2009 2010 2011

January 1.04 0.27 0.36
February 1.71 1.23 33

March 1.07 0.05 0.67
April 2.13 0.03 1.22
May 0.44 0.35 1.45
June 1.02 3.45 9.88
July 16.67 20.86 8.5

August 8.24 12.13 16.13
September 7.18 9.46 11.43
October 0.27 0.58 0.06
November 0.61 0.04 0.02
December 0.2 1.66 0.34

Source India Meteorological Department

Table 11.2 Monthly rainfall (cm) over Haryana and Delhi from 2009 to 2015

Year 2009 2010 2011
January 2009 2010 2011
February 1.04 0.27 0.36
March 1.71 1.23 33
April 1.07 0.05 0.67
May 2.13 0.09 1.22
June 0.44 0.35 1.45
July 1.02 345 9.88
August 16.67 20.86 8.5
September 8.24 12.13 16.13
October 7.18 9.46 11.43
November 0.27 0.58 0.06
December 0.61 0.04 0.02

Source India Meteorological Department

11.5 Conclusion

Annual average groundwater losses over Har-
yana and Punjab were of the order of 1.13 cm/yr
and 0.92 cm/yr, respectively. The vast majority
of the groundwater withdrawal from the study
area because of an expansion in irrigation and
evapotranspiration as these areas are thickly
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2012 2013 2014 2015
3.58 0.93 2.18 1.77
0.29 5.01 2.01 3.13
0.19 1.16 3.03 6.85
2.02 0.34 2.45 2.98
0.08 0.36 2.08 1.67
0.96 12.03 2.06 4.87
6.77 11.79 7.63 13.16
0.51 21.71 4.19 8.86
8.35 2.44 10.58 6.92
0.28 1.62 0.6 0.92
0.04 0.61 0.07 0.08
0.82 0.66 1.41 0.07
2012 2013 2014 2015
2012 2013 2014 2015
3.58 0.93 2.18 1.24
0.29 5.01 2.01 0.65
0.19 1.16 3.03 7.16
2.02 0.34 2.45 3.47
0.08 0.36 2.08 0.84
0.96 12.03 2.06 4.41
6.717 11.79 7.63 13.25
10.51 21.71 4.19 8.94
8.35 2.44 10.58 32
0.28 1.62 0.6 0.37
0.04 0.61 0.07 0.23

populated and widely inundated. The ground-
water assets are experiencing critical pressure as
they are not being energized at a similar rate as
they are found on the earth surface. Compelling
administration is urgently needed to draw har-
mony among discharge and recharge in the study
area. Moreover, the monthly satellite information
can be wused for ideal water management
purposes.
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Fig. 11.2 Seasonal-mean calculated groundwater, TWS, SM and ET fluctuation over Punjab and Haryana State during
2005-2015 (Source India Meteorological Department)
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Annual Mean Punjab

hhuu

Centimeter(cm)

Ground Water Deplation Rate = -0.92 cm/year
2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
mm Rainfall 5.03 4.54 4.12 5.91 3.37 4.18 4.45 2.82 4.65 3.19 4.27
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Annual Mean Haryana

hhuuUuUuL
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~

Ground Water Deplation Rate = -1.13 cm/Year
2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
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Fig. 11.3 Annual mean groundwater depletions observed by satellite over Punjab and Haryana (Source GRACE data)
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Fig. 11.4 Seasonal groundwater depth level observed by CGWB during 2009-2015 respectively (Source http://www.

cgwb.gov.in/GW-Year-Book.html)
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Abstract

A significant number of the groundwater
aquifers, rivers and lakes are jointly shared
by two or more countries, which cross man-
made political borders. The absence of legit-
imate systems and the hidden nature of
transboundary groundwater regimes lead to
misunderstanding and confusion on the part of
many policymakers. Transboundary aquifers
(TBAS) or internationally shared aquifers have
performed a decisive part in efficiently utiliz-
ing water supply especially for drinking and
irrigation. The increasing depletion of ground-
water cause considerable unpredictability on
provincial farmers, food security of multiple
regions and food commodities imported from
TBAs with descending groundwater extent.
Effective management of groundwater is
imminent in order to curtail the overexploita-
tion of TBAs and to maximize the valuable
usage of groundwater resources through regio-
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nal and international efforts. Transboundary
aquifers have been constantly under environ-
mental risks due to climate change, increasing
population, urbanization and human-induced
water pollution. The main objective of the
chapter is to describe a general idea regarding
present situation of TBAs worldwide with
special reference to the Indian subcontinent in
terms of major studies, research undertaken,
focused problems, management efforts and
legal aspect including recommendations.

Keywords

Effective management - Food security -
Overexploitation - Transboundary aquifers -
Water pollution

12.1 Introduction

Out of 60% of all the freshwater resources that lie
within the internationally shared boundaries
throughout the globe, only an estimated 40% are
administered by basin agreements (Wolf 2010;
Rivera 2015; Golovina 2018; Haque et al. 2020).
Water resources play a vital role with reference to
sustainable development and the range of services
provided by water support growth of economy,
environmental sustainability and poverty reduc-
tion (Skoulikaris and Zafirakou 2019). Trans-
boundary aquifer is a body of groundwater, which
is lying across an internationally shared border
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with the possible associated risk of clash over a
shared resource (Cobbing et al. 2008). Ground-
water is widely embraced for production of food,
irrigation of crops, industrial and domestic usage
in the communities of urban and rural areas,
accounting for around 25% of total water usage in
Asian continent (FAO 2016; Lee et al. 2018).
Groundwater resource is extremely important so
as to encounter the need of the rapid rise in pop-
ulation, urban development and competition for
development in the economy (Nwankwoala 2011;
Oni and Aizebeokhai 2017; Adimalla and Taloor
2020). When an aquifer is present under the ter-
ritory of two or more states/countries, then it is
called a transboundary aquifer (Bourne 1992) as
depicted in Fig. 12.1. As the groundwater travels
from one country to another, TBAs also flow
across the international political boundaries
(Sanchez et al. 2018). There is a strong possibility
that the groundwater recharge might happen in one
country, whereas abstraction might occur in the
other countries (Puri 2003; Wada and Heinrich
2013). Internationally shared resources have

BOUNDARY

Discharge from
transboundary flow

INTERNATIONAL

significantly contributed towards the human water
requirements, e.g. agriculture and ecosystems of
the nature (Bittinger 1972; Hayton and Utton
1989; Foster and Chilton 2003; Ahmad et al. 2005;
Llamas and Martinez-Santos 2005; Puri and Aur-
eli 2005; Davies et al. 2013).

Various authors (Eckstein and Eckstein 2003,
2005; Eckstein 2007; Davies et al. 2013) defined
six types of transboundary aquifers (Fig. 12.2).

Type 1: Hydraulically linked unconfined
aquifer with a river, both of which flow along an
international border between two countries.

Type 2: Hydraulically linked unconfined
aquifer with a river, both being intersected by the
same international border.

Type 3: Hydraulically linked unconfined
aquifer with a river that flows across an inter-
national border, whereas the river flows com-
pletely within the territory of one state.

Type 4: Hydraulically linked unconfined
aquifer with a river that is completely within the
territory of one state, whereas the river flows
across an international border.

Recharge contributing to
transboundary flow

‘.“ e ] Eé
4 i V\l

Transboundary
flow direction

Fig. 12.1 Schematic drawing of a transboundary aquifer. Source Puri and Naser (2002)
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Fig. 12.2 Types of transboundary aquifers. Source Eckstein and Eckstein (2003, 2005), Eckstein (2007), Davies et al.

(2013)

Type 5: Hydraulically unconnected confined
aquifer with any surface water body, with a zone
of recharge that traverses an international
boundary or that is located completely in another
country.

Type 6: A TBA unrelated to any surface water
body and devoid of any recharge.

12.2 Review of Literature

Summary of some of the studies related to
transboundary aquifers are given in Table 12.1.

12.3 Transboundary Aquifers
of the World

Deeper aquifers are still unidentified, and so far,
are only sparingly exploited around the world for
the abstraction of freshwater (UNESCO-IHP and
UNEP 2016). Approximately 40% of the people
of this planet reside in river basins and aquifer
systems that are shared by the international bor-
ders of two or more countries (Munia et al.
2016). As per International Groundwater
Resources Assessment Centre (2014), there are
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Table 12.1 Studies related to transboundary aquifers

Name of the
researcher/institute
that conducted the
study

Skoulikaris and
Zafirakou

Zeng et al.

Dasilva and
Hussein

Hassen et al.

Alkhatib et al.

Nijsten et al.

Sanchez et al.

Vizintin et al.

Kattan

Rahman et al.

Central Ground

Water Board

Sanchez et al.

Halder et al.

Year

2019

2019

2019

2019

2019

2018

2018

2018

2018

2016

2016

2016

2013

Region

European
Union

North China

South
America

Central
Tunisia and
Algeria
Jordan

Africa

Mexico and
Texas

Slovenia/ltaly

Syria

South Asia

Delhi,
Haryana, U.
P

Mexico-US

Indo-
Bangladesh
Ganges basin

Methodology
adopted/developed

Coupling of River
water bodies ecological
status with their
chemical status

Hybrid Game Theory
and Mathematical
programming Model
(HGT-MPM)

Historical approach

Three-dimensional
hydrogeological
modelling

Ground Water Model

Global water-use
model and
questionnaire surveys

Transboundariness
approach

Numerical hydrological
model

Hydrochemistry and
environmental isotopes

SWAT

GIS

Research analysis
methods

Water governance plan

A. Awasthi et al.

Results/recommendations

Issues related to water quality and
quantity could be fixed by using
constant and consistent datasets

Indistinct preliminary rights of water
can be equitably demarcated through
mutual bilateral consultations
between upstream and downstream

Beneficial approach to assess hydro-
politics is production of scales

Rational connection between
observed and calculated groundwater
levels for the observation wells

“Safe yield alternative” is the most
appropriate for basin

Among 72 TBAs identified till date
values of groundwater quality were
satisfied in only 38 segments of the
country as per standards

50-60% of the 180,000 km? area
was reported to have good potential
as well as water quality

whereas ~25% were considered to
have poor potential and water quality

Spread of contamination occurred
quickly through karst aquifers and
steadily through intergranular
aquifers

Current age and renewability of
groundwater in aquifer were
specified by *C and '*C radio
isotopes

Scarcity of water in the wetland was
due to the less seepage to the local
groundwater table

Potential zone of aquifer has been
recognized along the western
Yamuna canal passing through the
northwest of the district

Projected an outline for the
assessment of these aquifers as a
means for refining groundwater
management in the border region

Inadequate quantity of surface water
was present so as to fulfil the
irrigational demands

(continued)
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Table 12.1 (continued)

Name of the
researcher/institute
that conducted the
study

Wada and Heinrich

Altchenko and
Villholth

Alley

Gunawardhana
et al.

Kourakos and

Mantoglou

Megdal and Scott

Cooley et al.

Feitelson and

Fischhendler

Chadha

Chermak et al.

Puri

Wolf

Utton

Year

2013

2013

2013

2011

2011

2011

2009

2009

2008

2005

2002

1999

1978

Region

World

Africa

US (Mexico)

Japan

Semi-arid
region

United
States-
Mexico
border

World

Israel

Indus Basin

World

World

World

United States

Methodology
adopted/developed

AQUASTAT

Harmonised approach
and aquifer Mapping

Hydrological
modelling

Hadley centre’s climate
model

SEAWAT

Binational cooperative
framework

Integrated approach

Conceptual model

Lithologs

Cooperative,
noncooperative and
myopic approach

Multidisciplinary
approach

Generalized principles
for delineating water
allocations

Legal regimes and
management
machinery
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Results/recommendations

Overexploitation by manmade
activities leaded to the stress
conditions in the 8% of the world’s
aquifer

TBAs identified ~42% of the
continental area and 30% of the
population

Main source of recharge of aquifer
systems is stream flow which is
contaminated in urban area due to
surface drainage

Predicted that the expected
groundwater recharge in 2080 would
reduce by 1-26%

Trade-off curves indicated rise in the
cost of economy as the recharge of
the groundwater was reduced due to
change in climate

Intense efforts are vital to identify
and accommodate unevenness in the
legal and regulatory frameworks

Summarized the risks to
transboundary water agreements
caused by climate change

Initial assistance with positive
outcomes can be vital for the
successive development

Intensification in the water strained
situations in the arid zones of Indus
basin

For all parts of aquifer, cooperative
solution was implemented followed
by noncooperative and myopic

Economic, environmental, legal and
institutional inputs are required for
the better understanding of the
hydrogeology

Explained the practice of sharing
water resources and compared the
principles and policy of water
equality

Recommended probable legal rules
and administration machinery to
accomplish the groundwater reserves
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608 recognized transboundary aquifers through-
out the world underlying all the nations except
most of islands (ContiKI 2014). Some of the
well-known global TBAs are listed in Table 12.2.
The controversy over TBAs arises from the
shortage of precise knowledge related to the
subject in dispute. In light of the fact that
groundwater must be characterized, inventoried
and undergo a socio-technical evaluation to
provide information to the states that permit them
to acquire a policy according to the nature of
globally or internationally shared groundwater
(Kuri 2018). Diffuse and dispersed locations
might be the source for the entry of polluting
substances in the aquifer system. In such cases,
so as to monitor and detect the exact cause and
effect relationship, and assessing the related share
of pollution from all the sources is a very labo-
rious work (Scheumann and Alker 2009).

12.4 Transboundary Aquifers
in the Indian Subcontinent

India, having about ~23% of the population at
global level within only ~3% of the area of the
world’s land, encompasses some of the world’s
largest fluvial systems (River Brahmaputra,
Ganges and Indus basins), which host some of
the highest yielding aquifers on the earth
(Mukherjee et al. 2015). Ganges basin is the
largest river basin in the country hosting catch-
ment area of ~ 86.1 million ha (CWC 2010).
Indus-Ganges—Brahmaputra is one of the most
productive systems worldwide that jointly drain
the northern Indian plains and give rise to the
regional alluvial aquifer system (MacDonald
et al. 2016). Depletion of groundwater is con-
siderably diverse over TBAs including the Indian
River Plain (India and Pakistan) (Wada and
Heinrich 2013). Along its international border,
India shares its groundwater resources and there
are minimum of eight aquifers that have been
recognized as TBAs in the adjoining countries
(Sharma 2009; Dhiman and Jain 2010) as shown
in Fig. 12.3. Focused studies related to TBAs are
extremely important as the concerned issues like
water and food security are associated with them.

A. Awasthi et al.

There is a requirement for the formulation of
efficient plans of management for TBAs in the
Indian subcontinent so as to address the different
groundwater issues related to the concerned
countries. In the state of Punjab in India, the
transboundary aquifers lie in the Indus basin
(Chadha 2008). There is a need to measure the
quality and quantity of groundwater. In recent
scenario understanding of cooperation on trans-
boundary aquifers than that of Transboundary
Rivers is more important (Eckstein 2007).

Studies carried out by Dhiman and Jain
(2010) revealed that 3D geometry for the aquifers
at greater depth is yet to be entrenched and the
parameters like water quality, recharge areas,
flow of groundwater are yet to be established.
There is a need to assess the cross-border impacts
within TBAs so as to establish the international
cooperation and management of aquifer system
(Davies et al. 2013) as aquifers know no
boundaries, they only obey hydraulic heads
(UNESCO-IHP and UNEP 2016). Examples of
Indian transboundary aquifers are given in
(Table 12.3).

12.5 Problems Related
to Transboundary Aquifers

Internationally shared aquifers have received
negligible consideration from policymakers
(Bourne 1992; Vandam and Wessel 1993; Puri
and Aureli 2005; Rivera 2015). The grapple for
water is intensifying legislative pressures and
aggravating influence on ecosystems (Voros-
marty et al. 2000; Swyngedouw 2009). There is a
rapid decline in the quality of surface as well as
groundwater due to the overdose of agrochemi-
cals and the overexploitation of groundwater
resources (Ballabh 2008). Agricultural produc-
tion and economic development would slow
down gradually without the appropriate quantity
and quality of water (Rai et al. 2019; Jasrotia and
Kumar 2014). Groundwater is perpetual supply
of water and is a vital reserve for the fundamental
requirements and growth of the society as it acts
as a safeguard in times of drought at reasonable
cost (Masiyandima and Giordano 2007; Nijsten



12 Importance of Regulating Transboundary Aquifers in the World ...

Table 12.2 List of TBAs across the world.

S.no Name of aquifers

1 Guarani aquifer

2 Nubion Sandstone aquifer
3 Kalahari/Karoo aquifers

4 Mekong River plain aquifer
5 Ili River plain aquifer

6 Himalayan foothill aquifer
7 West Altai

8 New Guinea Island

9 South Burma

10 Ertix River plain

11 Anti-Lebanon

12 Pretashkent aquifer

13 Syrt

14 Indus River plain aquifer
15 Khorat Plateau aquifer

16 Sag-Ram aquifer system
17 Salween River aquifer

18 Tacheng basin/Alakol

19 Yenisei Upstream

20 East Ganges River plain
21 Abbotsford-Sumas

22 Okanagan-Osoyoos

23 Grand Forks

24 Poplar

25 Estevan

26 Milk River

27 Judith River

28 Northern Great plains

29 Wajid Aquifer system

30 Basalt Aquifer system (South)
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Aquifer sharing nations

Brazil, Argentina, Paraguay, Urugua
Chad, Egypt, Libya & Sudan
Botswana, Namibia & South Africa
Thailand, Laos, Cambodia & Vietnam
China & Kazakhstan

Nepal & India

Russia & Kazakhstan

Indonesia, Papua New Guinea
Burma & Thailand

Russia, Kazakhstan

Lebanon, Syria

Kazakhstan, Uzbekistan
Kazakhstan, Russia

Pakistan, India

Laos, Thailand

Jordan, Saudi Arabia

Myanmar, Thailand

Kazakhstan, China

Mongolia, Russia

Bangladesh, India

British Columbia, Washington
British Columbia, Washington
British Columbia, Washington
Saskatchewan, Montana
Saskatchewan, North Dakota
Alberta, Montana

Saskatchewan, Alberta, Montana
Manitoba, Saskatchewan, N. Dakota, S. Dakota
Saudi Arabia, Yemen

Jordan, Syria

Source CGWB (2010), UNESCO (2011), Rivera (2015), Lee et al. (2018)

et al. 2018; Olago 2018). The pollution caused to
the aquifers is almost irreversible as they are
located in the subsurface and are visible only
through the eyes of hydrogeology. As the wider
percentage of freshwater in liquid state lies
underground, the rising requirement of freshwa-
ter often leads to overutilization of groundwater
(Feitelson and Fischhendler 2009). The overex-
ploitation of groundwater helped in considerable

fiscal and welfare gains and also lead to decline
in its quality and quantity that affect the sus-
tainability of current processes and practices
(Llamas and Custodio 2003; Balooni and
Venkatachalam 2016; Jasrotia et al. 2018). Futile
planning of water resources as well as lack of
making people aware regarding the root cause
behind this problem and unsuccessful policies
are the other reasons that contribute towards the
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