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ABSTRACT
Monitoring the changes in glaciers and their impact on melt runoff is significant to assess the
availability of water resources in the Himalayan basins. In this study, the spatial processes in
Hydrology (SPHY) model was incorporated with variable degree-day factors coupled with
temperature index model in the Baspa River basin, a major tributary of Satluj River, located in
Western Himalaya. The temporal glacier maps derived from the LANDSAT satellite sensors
and Moderate Resolution Imaging Spectroradiometer (MODIS) derived snow-covered area
(SCA) maps have been used to compute the snow and glacier melt runoff separately. The SCA
maps generated through the model were found comparable to the MODIS derived SCA maps
for the years 2000 and 2008. Model simulation results showed that SPHY based computed
discharge at the outlet i.e. Sangla gauge was found satisfactory when compared to the observed
discharge and R? computed > 0.7. The contribution from glacier melt runoff has been found to
be reduced from 18 to 12% while snowmelt contribution increased from 58 to 64% from 2000
to 2018. On the basis of analysis of the 17 watersheds (i.e. dominated by snow and glaciers)
out of 30 watersheds created in the basin, the glacier melt runoff in glacier dominated
watersheds is increasing while in other watersheds it is reducing due to reduced glacier cover.
On an average, glacier melt runoff has decreased 14% and 44%, snow melt increased 24 and
42% and rainfall runoff 31 and 40% for the year 20011 to 2018 with respect to the year 2003
from these 17 watersheds. As per SPHY, corresponding to glacier map of the year 2000, the
glacier ice volume has been computed around 13.41 km?, while for the glacier map of 2018, it

has been reduced around 10.99 km3.

Considering the climate change impacts through CMIP6 model scenarios, the comparative
assessment of snow cover and runoff components under historical, SSP245 (i.e. moderate
emission scenario) and SSP585 (i.e. high emission scenario) scenarios reveals noteworthy

changes. The historical time period (1951-2014) shows relatively stable snow cover and runoff



patterns, with snowmelt being the dominant source of water. Although, projections under
SSP245 and SSP585 indicate profound shifts in snow and glacier induced changes in terms of
snow cover and runoff. Under SSP245, moderate emissions lead to a gradual decline in snow
cover and snowmelt runoff, with increases in rainfall and glacial melt contributing more
significantly to total runoff. Snowmelt decreases by 14.75% and 44.45% in the near and far
future, respectively, while glacial melt and rainfall increase substantially. The scenario reflects
a slow but steady transition from snow-driven to rain and glacier-driven runoff, particularly
after 2050. In contrast, SSP585, with higher emissions, shows much more drastic changes.
Snow cover and snowmelt decline sharply, with a 53.77% reduction in snowmelt runoff by
2090. Rainfall and glacial melt increase significantly, especially after mid-century, resulting in

more extreme total runoff fluctuations.



CHAPTER 1
INTRODUCTION

Cryosphere is a significant component of Earth’s systems. The glacier-related feedback
mechanisms govern atmospheric, hydrospheric and lithospheric response (Bush, 2000; Shroder
and Bishop, 2000; Meier and Wahr, 2002). The earth’s surface has been influenced repeatedly
over the past three million years by long periods of glaciations, separated by short warm
interglacial periods. Approximately 47 million sq. km area of the earth was covered by glaciers
during peak glaciations, which is estimated to be three times more than the present ice cover
over the earth (Price, 1973). On planet Earth, there is about 26 million km? of ice at present,
contributing almost 10% to the world’s land areal coverage. In the Himalaya, approximately
33,000 km? area is covered by the glaciers (Dyurgerov and Meier, 1997) with a total number
of 9,600 glaciers in the Indian Himalaya (Raina and Srivastava, 2008) which is one of the
largest concentrations of glacier-stored water after the Polar Regions (Kulkarni and Buch,
1991). Himalayan glaciers are an important source of water of the North Indian Rivers during
critical summer months. Water discharge from Himalayan glaciers contributes to the overall
river runoff (Immerzeel et al., 2010) and water discharge from Himalayan glaciers is important
for irrigation and hydropower generation (Singh et al., 2009).

Glaciers are considered a key indicator of climate as they often react sensitively to
climate change (Oerlemans, 1994). Widespread glacier retreat in many parts of the world
supports this (Bolch et al., 2007; Schneider et al., 2007; Pan et al., 2011). Alpine glaciers are
also thought to be very sensitive to climate change within the Himalaya, due to the altitude
range and the variability in debris cover (Nakawo et al., 1997). It is therefore, necessary to map
and monitor alpine glacial fluctuations from the perception of climate-change (Bishop et al.,

2004).
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Like in many other parts of the world, most of the Himalayan glaciers are shrinking
(Kadota et al., 2000; Ren et al., 2006; WWF, 2005). Since 1850s, the Himalayan glaciers are
in a general state of recession (Mayewski and Jeschke, 1979; Bhambri and Bolch, 2009). Over
the past few decades, an increased receding trend has been exhibited by Himalayan glaciers as
depicted by several past studies (Kukarni et al., 2005 and 2007; Bolch et al., 2008; Chaujar,
2009, Mehta et al., 2011). Approximately, retreat of a kilometre has been shown by the
Himalayan glaciers since the Little Ice Age (Mool et al., 2001). Simultaneously, since the late
20th century, the Earth’s surface temperature has risen dramatically (Solomon et al., 2007).
From the north-western Himalayan region, the weather data records have depicted an increase
of about 1.7 °C in temperature over the past century and a decreasing trend in monsoon
precipitation (Bhutiyani et al., 2007 and 2009). These changes are documented by periodic
inventories of the glaciers. Now, remote-sensing techniques using satellite data are also used
for monitoring glacier extent and changes (Bishop et al., 1998; Silverio and Jaquet, 2005;
Strozzi et al., 2008; Bhambri et al., 2011), and for establishing databases to assess these
changes at regional and global scale (Kollmeyer, 1980; Bishop and Shroder, 2004; Raup et al.,
2007, Bolch et al., 2010). In addition, for improving our knowledge of glacier response to
climate change, regular monitoring of a large number of glaciers is important globally
including the Himalayas. However, due to the rugged and inaccessible terrain and also larger
number of glaciers, the use of conventional methods for monitoring of Himalayan glaciers is
normally difficult. Some field-based records have been made at selected Himalayan glaciers.
This may not provide a complete and representative scenario of glacial retreat. Multitemporal
and multispectral satellite data provide abundant potential for mapping and monitoring the
large spatial coverage of glaciers at regular temporal intervals, as they allow semi-automated

glacier mapping (Paul et al., 2009; Racoviteanu et al., 2009; Bolch et al., 2010).
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As mentioned, several mapping and monitoring studies exist for the Himalayan glaciers
and a few studies have also been published on the mapping and variability of the Baspa basin
glaciers (e,g, Kulkarni et al., 2002 and 2003; Raina and Srivastava, 2008). The present study
examines mountain glacier changes in Baspa River basin over the past 40 years and
comparatively evaluates air temperature, snow water equivalent and precipitation trends.
Changes in areal extent and volumes are used as indices to measure glacier changes. Survey of
India (SOI) topographical maps and Landsat Enhanced Thematic Mapper Plus (ETM+)
datasets have been used to map these changes.

1.1 Characteristics of glacier and climate change

During recent decades, the climate change impact studies associated with global
warming has been given ample attention worldwide. As per the IPCC, (2007), by the end of
this century, the temperatures are mostly likely expected to increase by 1.8-4°C (3.2-7.2°F).
After the industrial revolution of the developed world, the continuous increase in Global
temperatures since 1750s, has fuelled the notion that the Earth’s warming is most likely due to
the anthropogenic activities. In India, Gangwar, (2006), has reported that the trend of climate
change has shown a sudden acceleration in pace after 1971. Eleven of the warmest years were
recorded since 1990, with 2005 as the warmest on record (ICIMOD, 2007). Like other regions,
the most obvious and clear impact of climate change, is certainly the widespread melting and
retreat of Himalayan glaciers (Scherler et al., 2011). The glaciers respond more sensitively to
climatic variations than most other ice bodies on surface of the Earth (Kaab et al., 2007).
Therefore, the glaciers especially mountain glaciers are considered the key indicators of climate
change particularly in remote areas (IPCC, 2007). However, the wide spread debris-covered
Himalayan glaciers exhibit different patterns of dynamics (Scherler et al., 2011).

The retreat may be identified through the observation and demarcation of lateral and

terminal moraines which generally indicate the wide spread historical extents of glaciers. In
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addition, the recent glacier fluctuations are easily observed through the changes in surface
area/length and variable positions of the snout of the glaciers. However, the area/length changes
give a filtered signal of the climate change as the glacier requires adjusting to the changing
situation generally called as response time. The response time varies for each glacier and
depends mainly on its thickness and the overall climatic conditions. For example, the dynamic
response time for glaciers in a temperate climate having a thickness of 150-300 m is 15-60
years (Bahr et al., 1998). Normally, the response of glaciers to climatic fluctuations is a
complex phenomenon. The response of glaciers also depends on the non-climatic factors such
as the ice dynamics, glacier hypsometry and topographic parameters.

Basically, the mass balance is the key and important parameter to observe about the
health of the glaciers as it is the direct and sensitive signal of climatic fluctuations. The mass
balance studies deal with the mass of a glacier and the distribution of its changes in space and
time (Paterson, 1994). Under warming conditions, the positive mass balance of glaciers may
result in glacier advance, if the warming occurs mainly in the winter months due to the
occurrence of more solid precipitation. Over a one hydrological year, the altitude where;
accumulation balances ablation is known as the equilibrium line altitude (ELA). The ELA is
an important characteristic feature of a glacier and on an annual basis; the ELA reacts to a
combination of climate variables, particularly air temperature and precipitation. Hence, a
glacier may advance or retreat even if the net mass balance is zero. If the net balance equals
zero over many years the glacier is determined to be in a steady state. Another typical
characteristic of the glacier is its motion which can be distinguished as glacier flow and basal
motion. Overall, the motion depends on the topographic conditions, mass gain and the climate.
However, it is interesting to note that some glaciers, advance suddenly with much higher

velocities leading to a phenomenon, called as glacier surge.
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1.2 Impacts of climate change

In the high mountain areas of the world, the role of snow and ice as an important source
of freshwater has been highlighted by several ealier studies (e.g., Kaser et al., 2010; Immerzeel
et al., 2010). The glaciers are the most sensitive records of climate changes and active
geomorphic agents in shaping the landforms of glaciated regions. The glacial landforms are the
direct imprints of past glaciations, providing reliable proof of the evolution of the past
cryosphere and contain important information on climate variables as well. There are serious
concerns about the potential impacts of reduction of snow and glacier under warming climate
on the social and economic development (Barry, 2006; Adeloye and Ojha, 2010) with its hydro-
ecological consequences to surrounding communities (Kehrwald et al., 2008; Milner et al.,
2009) and wide implications for decision makers (Adeloye, 2013). The climate change has
also its influence on the functionality of dams and reservoir characteristics (Soundharajan et
al., 2013). Importantly, the loss in Alpine glaciers may have a severe impact on the regional
water supplies (Kaser et al., 2010), contribution to sea level rise (Kaser et al., 2006), and
increased related hazards such as outburst floods from moraine-dammed lakes (Du et al., 2012).
These abrupt-onset floods symbolize high-magnitude, low-frequency catastrophic phenomena
and have massive potential for geomorphological reworking along the channels and floodplain

environments (Worni et al., 2012; Westoby et al., 2014).

1.3 Scope of the study

Snow and glaciers in the Himalaya and Trans- Himalayan Mountain belt are nearest to
Tropic of Cancer and hence, heat up more than the Arctic and Antarctic ice sheets or other
temperate glaciers. Thus, these glaciers provide a distinctive opportunity to understand the
changes in area, thickness, mass balance, their consequences on water resources and related
hazards, changes in length and snout fluctuations that can be modeled for different types of

climatic regimes. However, due to the lack of comprehensive ground-based observations
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(Winiger et al., 2005); detailed knowledge on snow and glaciers behavior under different
climatic patterns is limited (Wagnon et al., 2007). Similarly, the quantitative assessments of
the different hydrologic components and their relative contribution to overall river discharge
are rare and include large uncertainties (Singh and Jain, 2003; Kumar et al., 2007b). However,
recent advances in glaciological and hydrological research that are based on time series of high-
resolution remote sensing data that account for the high spatial heterogeneity of climate and
surface processes in alpine terrain has made it possible to get a brief comprehension (Molotch
and Norte, 2009; Bookhagen and Burbank, 2010). Accurate assessments of major glaciological
and hydrological components are vitally important, because they define the boundary
conditions and thus result in an outcome of any modeling study addressing climate change
impacts in the Himalaya (Akhtar et al., 2008; Immerzeel et al., 2010).

To understand and predict the response of glaciers to climate change with its impacts
on sea level change, watershed hydrology and glacier-related hazards, continuous monitoring
of glacier changes is an important aspect. Furthermore, the climatic stations in the altitude of
glaciers are rare and the climate-glacier relation needs to be better investigated in order to fully
understand the glaciers feedback. Similarly, to predict and mitigate the socio-economic impacts
of climate change, rigorous assessment and quantification of links existing between the glacier,
snow cover, climate and hydrology is very imperative. In addition, this has necessitated the
assessment and monitoring of potentially hazardous glacial lakes through the use of remote
sensing, especially in high mountainous areas due to inaccessibility and lack of field surveys
(Quincey et al., 2005). The Geoinformatics provides the pragmatic approaches to carry out the
all kinds of geoenvironmental studies (Pirasteh et al., 2011, Yusof et al., 2011) and offer great
opportunities in the Himalaya and in areas lacking traditional field-based glaciological
methods. Although, in the Indian Himalaya, the number of glacial lakes present, are not as

well-known currently. But the glacial lakes are developing at an increasing and threatening rate
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in response to continuous glacier recession and hence, can be disastrous in near future (Benn
et al., 2001). Thus, in the Indian part of Himalaya, a large research gap exists in modeling

potential hazards related to existing and future glacial lakes.
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CHAPTER 2
THE STUDY AREA AND DATA SOURCES

2.1. Baspa Basin
Baspa River is a major tributary of the great river Satluj which originates from Tibet in
Great Himalayan Mountain Range at an elevation of more than 5141 meters above mean sea
level. A few km downstream of the Indo-China border Satluj river meets its biggest tributary,
the Spiti River, joining Satluj from a north-westerly direction and having its source close to
Kunjamla. After the confluence with Spiti river, Satluj river takes a some 70 km run through
Kinnar in a South-Westerly direction until its confluence with its second major tributary, Baspa

river, which joins it from South-Eastern direction.

Elevation Zones

Elevation Zones

(m) I

I 1800-2000 | 4001-4500
I 2001-2500 4501-5000
I 2501-3000 [ 5001-5500
—

[ 3001-3s00 [ 5501-6000
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I:l (up to Sangla)

@ Stations

[ | Glaciers

Streams

Figure 1: Showing location, study area, glaciers, elevations and other features of the

Himalayan Baspa River basin (up to Sangla gauge).
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Several nallas and khuds contribute to its flows. Prominent among these are Arssomang,
Maosu, Janapa, Rimdarang, Shusang, Sigan, hurba and Hania. Numerous glaciers also drain
into it, most important being Saroo glacier on the right bank, and Hania and Billare glaciers on
the left bank. After flowing for a length of 66 km, the Baspa ultimately joins the Satluj. Gross
elevation difference from the origin of the river up to its confluence with the Satluj is 2825 m.
Such a considerable drop within a short distance offers very favourable condition for
hydropower development. Catchment area of the river Baspa at the proposed barrage site at
Sangla is ~1100 sq km. The catchment is elongated and leaf shaped.

The Baspa River basin is located in Kinnaur District, Himachal Pradesh, India and
stretches between 31° 05' to 31° 30' N latitude and 78° 00' to 78° 50" E longitude. The Baspa
River is a major tributary of the Satluj River, which drains eastern part of the Himachal Pradesh.
The river originates at Arsomang and Baspa Bamak glaciers and travels 72 km through the
valley before joining the Satluj River at Karcham. The location map of the Baspa basin is
shown in Figure 1. The basin is comprised of valley glaciers that vary in form from simple to
compound glaciers of varying sizes. The basin is highly glacierized and located in the higher-
altitude range, and is west flowing with most of the glaciers located in the northern slope of the
Pir Panjal Mountain range. The main glaciers of the Baspa valley are Baspa Bamak, and Shaune
Garang, Joya Garang and Karu. Due to high altitude, the stream flow is mostly generated from
snow and glaciers melt runoff. In socio-economic terms, the Baspa Basin is important as many
mini and micro-hydropower stations are being planned in this basin. Therefore, it is important
to monitor the variations in glaciers for the Baspa Basin.

Table 1: Characteristics of the Himalayan Baspa River Basin.

ﬁlld Characteristics Baspa Basin
1 Selected Study Area (Km?) 1100
2 Mean Elevation (m) 4092
3 Maximum Elevation (m) 6442

18



4 Minimum Elevation (m) 1742

5 Number of Glaciers 109

6 Glacier Area (RG6.0) 230.74
221.17(2000),

7 Glacier Area Delineated in Different Years 176.96(2018)

8 Glacier Area (%) covered with Clean Ice 75-78

9 Glacier Area (%) covered with Debris 22-25

10 Average Snow Cover Area Max/Min (%) - MODIS | 95.12 (Jan)/36.81 (Jul)

11 Average Snow Cover Area Max/Min (%) - SPHY 98.71 (Jan)/46.47 (Jul)

12 Annual Precipitation (mm) 800mm - 1400mm

13 Average Annual Min/Max Temperature (°C) (-11°C /28°C)

14 Annual Average Glacier Melt Flow at Outlet (m3/s) | 4.34

15 Annual Average Snowmelt Flow at Outlet (m3/s) 25.31

16 Annual Average Rainfall Flow at Outlet (m3/s) 10.03
17 Annual Average Base Flow at Outlet (m3/s) 5.26
18 Annual Average Total Flow at Outlet (m3/s) 45

2.2 Data Used in the Study

In this study, to setup the SPHY model various thematic data layers such as
landuse/landcover (LULC) map, soil map, digital elevation model (DEM), real time snow
covers, glacier maps and meteorological parameters such as daily precipitation, daily minimum
and maximum temperature, daily average temperature have been used. The GlobCover
moderate resolution LULC map (prepared in 2009) has been utilized. The Globcover dataset
is available freely and can be obtained from ESA website in GeoTIFF Format in the World
Geodetic System 1984 (WGS 84) coordinate system at 10 arc-seconds (~300 m) spatial
resolution (http://due.esrin.esa.int/page_globcover.php). In this study, a high-resolution soil
map of hydraulic properties (HiHydroSoil version 1.2, 2016) based soil map has been utilized
(http://soilgridslkm.isric.org/). The details about the soil map and their parameters are given
by de Boer (2016). For DEM, Shuttle Radar Topographic Mission (SRTM) based DEM with
30 m spatial resolution has been utilized for the extraction of topographic parameters

(https://earthexplorer.usgs.gov/).
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For the meteorological datasets, Indian Meteorological Department (IMD) gridded
datasets (0.25°x0.25°) and Climate Hazards Group InfraRed Precipitation with Site data
(CHIRPS) available at 0.05° resolution scale have been utilized (Gupta et al., 2019; Prakash,
2019). Both the datasets have been interpolated at the same scale (0.05°x0.05°) and then the
quantile regression based on cumulative density function (CDF), a bias correction method, has
been applied to correct the CHIRP precipitation with reference to IMD precipitation datasets.
As per previous studies, the quantile mapping method has been found the best method for the
bias correction of the precipitation datasets (Singh and Xiaosheng, 2019; Cannon et al., 2015).
The reliability of CHIPS precipitation data has already been evaluated by few researchers
across India and they resulted that CHIRPS performed superior among other global
precipitation datasets, especially in capturing precipitation extremes (Gupta et al., 2019;
Prakash, 2019). Total 15 precipitation grids have been found closer to the study area and hence
utilized. For re-gridding and bias correction, python programming based Xarray and NumPy
modules have been utilized (Byers et al., 2018). Daily minimum, maximum and average
temperature data was obtained from IMD has been utilized for the analysis. For model

calibration, the observed discharge (2003-2018) available at Sangla gauge has been utilized.

For the preparation of glacier maps, Landsat MSS TM, ETM+, TM and Landsat 8
satellite sensors-based dataset have been utilized. Fortunately, for the year 2006, the selected
study area was in the center of ETM+ scene, almost not affected by scan line errors (SLE) (Mir
etal., 2017). For snow covers extraction, MODIS (MOD10A2) having 500 m spatial resolution
datasets from 2003 to 2018 were downloaded (https://nsidc.org/datay MOD10A2) and
processed to extract snow covered area by adopting the methodology as previously used by
Shukla et al. (2017). The snow-covered area (SCA) evaluation has been done on the monthly
scale and therefore MODIS 8-daily scenes were processed and then aggregated at the monthly

scale (Hall and Riggs, 2016).
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Table 2: Data available at NASA’s GLCF for the study area.

Sensor type Resolution | Path- Row Acquisition Date | Availability
MSS 79m 157-038 01.12.1979 Snow covered
™ 30m 146-038 10.21.1990 Snow covered
146-038 22.10.1999 Available
ETM® 30m 146-038 08.10.2000 Available
146-038 23.09.2006 Available
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CHAPTER 3

LITERATURE REVIEW

The Himalaya is unique and highest mountain chain of the world. It is often referred to
as the “third pole” (Schild, 2008) and the “water tower of Asia” (Xu et al., 2009). The
Himalayan region affects, directly or indirectly, the living of over 300 million people of the
Indian subcontinent (Schild, 2008). The region controls flow to the three major river systems;
the Ganges, the Brahmaputra, and the Indus. These river systems play an essential role in the
economy of many countries including India which depends greatly on it for hydropower, water
supply, agriculture, and tourism. However, these delicate Himalayan resources are highly prone
to natural hazards, leading to serious concerns especially about current and future climate
change impacts on the water stored in snow and glaciers (Cruz et al., 2007). In the region, the
climate change concerns are multifaceted encompassing, snow cover changes, glacier retreat,
expansion of glacier lakes and glacier lake outburst floods, droughts, landslides, flash floods,
(Barnett et al., 2005), agriculture livelihood, human health, biodiversity, and food security (Xu
et al., 2009; Pirasteh et al., 2010; Nakhapakorn and Tripathi, 2005). Thus, regular monitoring
of Himalayan cryosphere (snow/glaciers) is important for improving our knowledge of its
response to climate change. For this purpose, field investigations are highly suggested.
However, keeping in view the time and logistical constraints in such a remote and rugged
Himalayan region, only a limited number of glaciers can be monitored. Therefore, techniques
of Geoinformatics along with limited field checks appear to be the only means of mapping and
monitoring cryospheric fluctuations in this region (Pankaj et al., 2012).

Snow and glaciers covered area and runoff generated due to melt is having an important
role in the hydrology of glaciated basin. The Himalaya plays a prominent role in the

precipitation and spatial/temporal distribution of runoff through their orographic effect and
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water storage in the form of seasonal snow and glacier systems as well as ground water systems
(Imeerzeel et al., 2009). Contrary to glaciers, seasonal snow accumulates and discharges water
mainly within one annual cycle. The Himalaya has vast resources of snow and glaciers and
provides water to the population living in the Indus, Ganges and Brahmaputra basins (Kumar
etal., 2018; Kulakrni, 2012; Xu et al., 2009; Singh and Jain, 2002). In comparison to the Ganga
and the Brahmaputra, the Indus basin is more dependent on upstream water resources, because
of its very arid downstream climate, westerly influenced precipitation regimes and large glacier
systems (Lutz et al., 2014; Immerzeel and Bierkens, 2012; Schaner et al., 2012).

As reported, the glacier and snow changes are taking place mainly in response to
climatic change. Therefore, in the present research, the trend analysis of various climatic
variables was carried out. The study also involves the glacier mapping and change detection
studies using geo-spatial techniques. However, the uneven changes in glaciers are attributed to
the local topographic and morphometric factors of the glaciers. Thus, keeping these facts in
perspective, the present chapter gives a review of the previous studies carried out within the
Himalayan region pertaining to climate change which includes glacier and snow changes,
changes in climatic variables vis a vis changes in stream flow and glacier lake expansion
associated with outburst floods (GLOF). Before this, a brief description of use of
Geoinformatics for cryospheric studies is also presented.

3.1 Glacier and snow changes

In the Himalayan region, it is reported that the glacier retreat begun with more gradual climate
warming since the Little Ice Age (LIA), which occurred approximately from 1650 to 1850
(OCerlemans, 2005). But, during recent decades, the new and obvious evidence has accelerated
the rate of that change (Zemp et al., 2008) and most of the glaciers are dying out to melt in the
next 40 years (Chamling, 2005). Majority of the earlier studies showed that the Himalayan

glaciers are diminishing and have been in the state of recession since 1850s (Mayewski and
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Jeschke, 1979; Bahuguna et al., 2013); with the noticeable exception of the Karakorum region
where some glaciers are advancing and is known as Karakorum anomaly (Hewitt, 2005).
Recently, Pandey et al., (2011) has reported a retreating trend of 26 glaciers in the western
Indian Himalaya from 1975-2007 based on satellite data analysis. Similarly, Scherler et al.,
(2011) carried out an analysis of satellite data for the monitoring of 286 mountain glaciers from
the Hindu Kush, Karakorum, western Indian Himalaya, Tibetan Plateau, West Kunlun Shan,
and southern central Himalaya (Nepal, Bhutan, Sikkim, Uttarakhand, and Himachal) during
the period between 2000-2008. After analysis, they observed that 58% of studied glaciers under
the westerlies-influenced Karakorum region are stable and slowly advancing; while more than
65% of glaciers under the monsoon-influenced regions are receding along with several heavily
debris-covered with gentle terminus slope glaciers being stable. Interestingly, they recognized
a higher concentration of receding glaciers (79%) in the western Indian Himalayan region and
in the northern central Himalaya and West Kunlun Shan (86%) where dominantly debris-free
glaciers are present. The rates of retreat are varying between -9.10+5.87 and -14.64+5.87 ma
and most retreating glaciers are located at elevations of 4700-6400 m amsl (Nie et al., 2010).
The glacier changes studied during 1962-2001 in few parts of the Zanskar valley, western
Himalaya indicated an area loss of 18.2% with the snout retreat rate varying from 6 to 33 m a-
1 (Nathawat et al., 2008). In a recent study over the Kashmir Himalayan region, located in
western Himalaya, Murtaza and Romshoo, (2015) reported a 17% loss in area of glaciers. In
Zanskar Himalayan Range, (Pandey et al., 2011) has noted a terminus retreat rate of 3-42 m a°
1and up to 88 m a? of 26 glaciers during the period from 1975-1989 and 1989-2001
respectively. A similar study, carried out by Nathawat et al., (2008) in the parts of Doda Valley,
Zanskar mountain range reported a retreat rate of 6-33 ma* between the years 1962-2001 based
on analysis of 13 glaciers. In the same region, Kamp et al., (2011) in a current study, reported

a retreat rate of 23 ma* and 10-55 ma* during 1975-2003 and 2003—2008 respectively). In the
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Himalayan region, the retreat of glaciers will have a large impact, as glaciers play an important
role in river runoff (Huss and Hock, 2018).

In the Himachal Himalaya, Northwest Himalayan region, the glaciers considered
during the years from 1962-2001 in the Chenab basin has retreated at a rate of 0.53% a™, in
Parbati at a rate of 0.56% a* and in Baspa at rate 0.48% a* (Kulkarni et al., 2007). In the
Chenab Basin, the Samudra tapu glacier’s snout has receded by about 756 m during 1963-2004
and the total glacier area was reduced by 13.7 km? (Shukla et al., 2009). Temporal variability
is observed in the Gangotri Glacier, a well-monitored Indian glacier, (Kargel et al., 2011). In
Khumbu Himalaya, an average glacier area loss of about 5% has been reported between the
years 1962-2005 (Bolch et al., 2008). A 19% glacier loss is reported in Warwan basin western
Himalaya (Brahmbhatt et al., 2012) during 1962-2001. Similarly, the glaciers in the Central
Himalaya are maintaining a continuous trend of retreat over the past few decades with an
average retreat rate of 5.5-8.7 ma* (Ren et al., 2004, 2006). In the Indian Himalaya, studies on
snout recession/mass balance carried out on a few glaciers have revealed generally a negative
trend (e.g., Kulkarni, 2007; Kumar et al., 2007; Wagnon et al., 2007; Dobhal et al., 2007;
Pithan, 2011; Berthier, et al., 2007; Bolch et al., 2011; Mir et al., 2013b). During last decades,
the aggregate mass balance of Himalayan glaciers has been reported negative (Ren et al., 2006)
with the exceptions of glaciers in higher Karakoram mountain range (Hewitt, 2005). The field
measurements of glacier mass-balance have been carried out on few glaciers, such as Dokriani
Glacier (1992-1995,1997-2000 and 2007—present) and Chorabari Glacier (2003—present) in
the Garhwal Himalaya (Dobhal, 2009; Dobhal and Mehta, 2010) Chhota Shigri Glacier in
Himachal Himalaya and Hamtah glacier in Spiti basin (Wagnon et al., 2007). The overall mass
balance of Chhota Shigri glacier is about -0.67 mwe a!, Dokriani glacier is -0.32 mwe a* and
that of Hamtah glacier is -1.60 mwe a (Dobhal and Mehta, 2010). Based on satellite data,

Kulkarni et al., (2011) reported recently glacier loss of about 1868 glaciers studied in 11 basins
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of the Indian Himalaya. They reported an overall reduction in glacier area of 16% ranging from
2.7-20% among different basins studied during 1962-2002 (Figure 3). The changes in glacier
areas are also likely to influence the runoff trends in the 21% century i.e. runoff could increase
in the initial decades and then decrease or cease due to substantial decrease in glacier area
(Bliss et al., 2014; Lutzet al., 2014; Bolch et al., 2012).

Depending upon the topographic and other local factors of the glaciers, a heterogeneous
pattern of glacier loss in different areas and basins of the Himalayan region has been reported,;
and thereby, understanding the influence of the local factors on glacier changes has received
an ample attention during last year’s (Basnett et al., 2013; Thakuri et al., 2014). Among the
various notable factors, the glacier size, debris cover and topographic variables (altitude, slope,
and aspect) are the most important variables in determining the variable rates of glacier
changes. A number of earlier studies have found an inverse relationship between the glacier
size and rates of loss (e.g., Kulkarni et al., 2007; Mark and Seltzer, 2005; Chueca et al., 2007,
Mir et al., 2013a). In other words, the smaller glaciers have experience generally higher rates
of loss than large glaciers. A similar pattern has been reported from Garhwal (Bhambiri et al.,
2011) and Himachal Himalaya (Deota et al., 2011) recently. The tendency of larger glaciers to
less loss has also been reported by many other studies (e.g., Racoviteanu et al., 2008a; Salerno
etal., 2008; Loiblet al., 2014). In general, a loss of 38% of small glaciers (<1 km?) and 12% of
larger glaciers has been reported In Western Himalaya between 1962—-2001 by a study carried
out by Kulkarni et al., (2005). Similarly, the higher elevations of glaciers significantly reduce
the rates of glacier loss (Kulkani et al., 2007; Racoviteanu et al., 2008). The glaciers with a
smaller altitudinal range along with median altitudes closer (in altitude) to their maximum
altitudes are losing more of their area (Ye et al., 2003; Mark and Seltzer, 2005). The glaciers
slope is another topographic variable and plays a significant role in determining glacier changes

i.e., the steeper the glacier, the larger the loss. The similar influence of slope on glacier has
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been observed from the Khumbu area (Salerno et al., 2008; Racoviteanu et al., 2015). The
orientation or the aspect of the glaciers significantly controls the glacier changes. The glaciers
losing maximum area are generally oriented southwards and southwest (Salerno et al., 2008,
Bhambri et al., 2011; Mir et al., 2013a). The similar patterns have been reported from the
Alaknanda and Tirungkhad basins (Nainwal et al., 2008b; Mir et al., 2013b). Furthermore, the
presence of supra-glacial debris cover has a dominant effect on the glacier loss. The debris
cover with thickness exceeding a few centimeters leads to a considerable reduction in glacier
loss (Mattson et al., 1993; Scherler et al., 2011). The glaciers which are heavily covered with
a thick debris cover respond more slowly to climatic changes than glaciers with thinner debris
cover or clean glaciers (Singh et al., 2000; Scherler et al., 2011). | addition, the debris cover is
also an important factor for mass balance and glacier dynamics because the debris thickness
determines the ice melt rate (Mattson et al., 1993; Zhang et al., 2011). In the Himalayan region,
the glacier shrinkage and mass loss has been recognized concurrently with an increase in debris
cover (Bolch et al., 2011; Nuimura et al., 2012).

Similarly, there are several regional as well as global studies on long term snow cover
changes (e.g., Brown, 2000; Beniston et al., 2003; Laternser and Schneeneli, 2003; Kazuyuki,
2003; Bednorz, 2004). Significant reductions in snow depth have been reported in western
Canada (Brown, 1996 & 1998). In another study, Ke et al., (2009) observed trends in snowfall
in Qinghai, China. In the northern Hemisphere, the snow cover variation and its relationship to
temperature have been studied by Frei and Robinson, (1999). Similarly, Dickson, (1984) and
Clark et al., (1999) have studied and reported the climatic effect of Eurasian snow cover
variations on the Indian monsoon rainfall. Similarly, the significant recent changes in glacial
and snow cover extent are reported from different parts of Himalayan region too (e.g., Niederer
et al., 2008; Nie et al., 2010, Kulkarni et al., 2010; Mir et al., 2013a). Mir et al., (2014) has

studied snowfall variability in response to temperature in Satluj Basin, Western Himalaya,
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India. The changes in snow cover and glaciers are mostly attributed to changing pattern of
snowfall and temperature (Shekhar et al., 2010; Mir et al., 2013b). Mir et al., (2015b) suggested
that the insignificant decline in snowfall has resulted in a significant decline in snow covered
area (SCA) studied between the years from 2000-2009 in the Satluj basin. Thus, the variations
in snow cover are also considered and cited as useful indicators of climatic fluctuations (Barry,

1985; Chang et al., 1990; Goodison and Walker, 1993; Derksen et al., 2000; Serreze et al.,

2000).
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Figure 2: Map showing the loss in glaciers (%) within different basin of the Himalaya region
from 1960-2000, based on satellite images. The various sub-basins include 1. Bhut, 2. Zansker,
3. Kang Yatz Massif, 4. Warwan, 5. Miyar, 6. Bhaga, 7. SamudraTapu, 8. Chandra, 9. Parbati,
10. Baspa, 11. Bokriani, 12. Bhagirathi, 13. Alaknanda, 14. Naimona’nyi region, 15. Mt.
Everest region, 16. AX010, 17. Sagarmath national partk, 18. Tista, 19. Bhutan Himalaya
(source: Kulkarni, 2011).

3.2 Climatic fluctuations

An analysis of the temperature data over the Himalayan region has immensely revealed

a warming pattern, albeit at diverse rates during different periods depending on the seasons and
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regions. In the tune of the other regions (Reda et al., 2013a, b; Diodato et al., 2011), recently
Brohan et al., (2006), using Climate Research Unit’s (CRU) reconstructed temperature dataset;
reported a higher rate of warming in the Himalayan and Tibetan Plateau regions during last
few decades. For example, Brohan et al., (2006), observed a warming of 0.5 °C in annual
average maximum temperature (Tmax) during 1971-2005 as compared to a lower warming
during 1901-1960. Similarly, another study by Dash et al., (2007) in the Indian western
Himalaya reported a warming and rise of 0.9 °C over a study period of 102 years (1901-2003).
Dimri and Dash, (2011) also reported a rising pattern in temperature over the western Indian
Himalaya. They reported a greatest increase in Tmax (1.1 to 2.5 °C) using the winter (December
to February) monthly temperature data from 1975-2006. In the northwest Indian Himalayan
region, Bhutiyani et al., (2007) have observed a 1.6 °C rising pattern (0.16° C /decade) during
last century. In the northwest Indian Himalayan region over the lower Indus basin, Singh et al.,
(2008), found increasing trends in Tmax and seasonal average of daily Tmax for all seasons except
monsoon. In addition, the trends of seasonal and monthly mean temperatures between the years
1994-2003 indicated a shift in the peak summer and winter seasons in the Northwestern
Himalaya (Koul and Ganjoo, 2010). Mir et al., (2015a, b) reported an increasing trend in
temperature, particularly a significant rise in Tmin from 1983-2008 in Indian part of Satluj basin
located in western Himalaya. Similar, in another study, increasing trends of the winter Tmax
studied over upper Indus basin has been also reported by Khattak et al., (2011). In general, an
increase of 1.0 and 3.4°C in Tmax and Tmin Studied over a period from the years 1988-2008over
the Himalayan region has been reported by (Shekhar, 2010). An analysis of temperature data
over the Nepalese Himalaya also witnessed a warming pattern during last century (Shrestha et
al., 1999). Similarly, the Everest (Qomolangma) region in China also exhibit warming pattern
at an average rate of 0.234 °C/decade in Tavg between the years 1971-2004 (Yang et al., 2006).

Importantly, the rate of warming pattern reported; is observed to be constantly higher during
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winter season than other seasons in most parts of the Himalayan region such as the Chinese,
northwest Indian, and Nepalese Himalaya (Bhutiyani et al., 2010; Shrestha and Devkota, 2010;
Mir et al., 2015a). Thus, later quarters of the 21st century and recent decades are recognized to
be warmer than earlier periods along with the warming rate higher in winter season than other
seasons across the region.

Contrary to warming pattern, the precipitation in the Himalayan region lacks the
spatially consistent long-term trends. In a recent study, Recently, Bhutiyani et al., (2010) based
on analysis of data of three stations, suggested a statistically significant negative trend (at 5%
significance level) in monsoon and average annual rainfall assessed from 1866-2006 in the
Indian northwest Himalayan region. A similar but insignificant negative pattern is reported for
a period from 1960-2006 over the Western Indian Himalaya region (Sontakke et al., 2009).
Dimri and Dash, (2011) recognized a significant decline in winter precipitation (December-
February) in the Himalayan region during 1975-2006 and the pattern lacked spatially consistent
phases among stations. During 1901-2003, Guhathakurta and Rajeevan, (2008) also reported a
significant downward pattern in winter precipitation over the states of Jammu & Kashmir and
Uttarakhand. Similarly, an insignificant declining trend has been reported from the years 1970-
2008 in snowfall with a week rising trend in rainfall in the Satluj basin, western Himalaya (Mir
et al., 2015a). Mir et al., (2015a, b &c) reported the decline in snowfall in response to rising
temperature, particularly Tmin. They suggested that the insignificant decline in snowfall has
resulted in a significant decline in snow covered area (SCA) studied between the years 2000-
2009 in the basin. However, during 1961-1999 in the upper Indus Basin (Pakistan), statistically
significant increasing trends are observed in winter precipitation (Archer and Fowler, 2004,
Fowler and Archer, 2005), but no trend is observed during the longer period considered in the
study (1895-1999). Interestingly in the Himalayan region, Dimri and Dash, (2010, 2012) and

Shekhar, (2010) have reported that the negative trends in the precipitation are associated with
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a reduction in total seasonal snowfall. The increase in temperature is one of the important
factors responsible for reduction in snowfall (Thayyen et al., 2005; Dimri et al., 2007). In the
Bhutan Himalayan region, previous reports on the precipitation trends have suggested largely
random fluctuations and the absence of trend on annual or seasonal basis (Tse-ring, 2008).
Similarly, Shrestha et al., (2000) did not find any significant long-term trends in precipitation
data (1959-1994) of the Nepalese Himalaya. In general, the precipitation is decreasing in the
Western Indian Himalaya with the decline in winter precipitation as well but with intra-regional
differences.

The changes in stream flow pattern are generally dependent on the land use and climate
changes. While observing the stream flow pattern of river in northwestern Indian Himalayan
region during last three decades, Bhutiyani et al., (2007) reported a significant rise in the
number of high-magnitude flood events in the area. Mir et al., (2015a) reported a continuous
and significant decline in stream flow of Satluj river basin located in western Himalaya
between the years 1963-2008. Similarly, Khattak et al., (2011) has reported an increasing trend
in the winter and spring stream flow pattern in the upper Indus Basin, Pakistan. However, it is
important to note that the Nepalese stream flow trends showed ambiguous spatial patterns
studied during 1965-1995 (Gautam and Acharya, 2012). Over the Tibetan Plateau, Yao et al.,
(2007) found an up rise of 5.5% in river runoff and attributed it to the glacial melting. Similarly,
Jasrotia et al., (2013) assessed the impact of climate change on the hydrological regime of
Chenab basin, Western Himalaya and reported a declining pattern. In the northwestern
Himalaya, based on the trend analysis of discharge data of rivers for the period between the
years 1922-2004, Bhutiyani et al., (2008) related the negative discharge trends during winter
and monsoon seasons in the post 1990 period with the falling contribution of glaciers to the
discharge and their gradual disappearance. In response to warming temperatures, the increased

contribution to stream flow of glacial and snowmelt are noted as causes for the upward trend
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in stream flow in low flow periods and in areas of low precipitation e.g. Tibetan Plateau and
Indus basin (Mukhopadhyay, 2014; Mukhopadhyay et al., 2014). Similarly, over the
northwestern Himalayan region, Fowler and Archer, (2006) analyzed temperature data during
the period between the years 1961-2000 and connected a decrease of 20% in summer runoff in
the rivers Shyok and Hunza to the observed 18°C drop in mean summer temperature since 1961

and growth of Karakoram Glacier.

Time series analysis of observational records (Burger et al., 2018) is a useful tool to
establish general data trends but is of limited use when observations are scarce in space and
time and cannot provide insights into which processes drive observed changes. Additionally,
while satellite-based glacier inventories (Barcaza et al., 2017; Malmros et al., 2016; Falaschi
et al., 2013) aided the establishment of baseline areal changes, they do not generally assess
mass balance or volumes change and cannot be used to explain the causes of observed changes.
Therefore, there is a need for an integrated approach to understand the midterm and long-term
changes in glaciers and glacier runoff in the high-elevation catchments of the Himalayan
region.

Keeping in view the above concern, our main aims are to estimate the corresponding
glacier contribution to runoff and impact assessment of snow/glacier change on runoff in the
recent past. These aims are addressed through application of a physically oriented and fully
distributed glacio-hydrological model, in situ data, and glacier change estimates for a basin
located in Western Himalaya. Therefore, in this study, SPHY model has been simulated in two
times: (i) 2003-2010 and (ii) 2011-2018 utilizing variable degree-day factors to highlight the

effect of snow and glacier changes on runoff.
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CHAPTER 4

METHODOLOGY

4.1 Snow covered areas and glacier mapping

For snow mapping, MODIS (MOD10A2) 8-daily satellite derived snow cover areas
have been utilized for the year 2003-2018. The MOD10A2 snow cover data products contain
data fields for maximum snow cover extent over an eight-day compositing period. The MODIS
(MOD10A2) consists of 1200 km by 1200 km tiles that employs a Normalized Difference
Snow Index (NDSI) and other criteria tests (Shukla et al., 2017) (Figure 4). To highlight the
elevation wise similarities in the distribution of snow covers, the fractional snow cover
corresponding to multiple elevation zones were computed on the monthly scale for both SPHY
derived snow covers and MODIS derived snow covers. Shukla et al. (2017) carried out a study
for Satluj basin in which all the maps were generated. The snow cover areas maps for Baspa
basin have been extracted from these maps. Therefore, the 8-daily scenes of MODIS snow

cover were aggregated at monthly scales to compare with the SPHY derived snow covers.

As per the study of Mir et al. (2017), number of glaciers were mapped in the Baspa
basin for years 1966, 1999, 2000 and 2000. In this study, Landsat data series-based satellite
scenes have been utilized for the year 2018. For the Landsat 8, ETM+ and TM data images, the
glaciers were delimited using band ratios of near infrared and shortwave infrared bands (Singh
and Goyal, 2018; Shukla et al., 2010). The debris free glacier (or clean-ice glacier) mask was
generated in the binary image utilizing threshold values between 2.2 to 2.5. Several
misclassified glacier areas were eliminated by post-processing of the data. Finally, the glacier
images were converted from binary to vector data layers. The detail glacier mapping
methodology has been employed previously by Mir et al. (2017). To find out the glacier

changes corresponding to each elevation zone, the spatial analyst module of ArcGIS was
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utilized. To find out the correlation between glacier changes and corresponding elevation, the
variation in glaciers was highlighted with respect to elevation in the progressive manner from
2000 to 2018. The changes in glaciers with respect to elevation have been analyzed to highlight

the elevation dependent warming and its impact on glacier mass changes.
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Figure 3: Showing the computation methodology of snow cover and glacier maps.

4.2. Snowmelt and glacier melt hydrology of SPHY Model

SPHY is a spatially distributed and can be applied on a grid-by-grid basis (Terink et al.,
2015). SPHY works in a python-based environment using PC Raster and its source codes are
freely available (http://www.sphy.nl/). In SPHY, each grid value is represented average over
the grid. In SPHY model, for glaciers, a sub-grid variability exists, and a grid can be defined
as glacier free, completely covered by glacier or partially covered by glacier. The glacier free
grid/fraction of grid can be defined as snow covered or snow free. The grid/area which is free

from snow can be defined by vegetation, open water, and bare soil (Terink et al., 2015). The
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soil column structure of SPHY model is quite similar to VIC model (Terink et al., 2015),
including two upper soil and third groundwater storages. The three drainage components;
surface runoff, lateral flow and baseflow can be defined in SPHY model. SPHY computes i.e.
each grid precipitation in the form of snow or rain, depending on the defined critical

temperature value.

Precipitation that falls on the ground can be intercepted by vegetation and some amount
or whole can be evaporated. In SPYHY, the snow storage is updated with snow accumulation
and/or snowmelt. Surface runoff is a part of liquid precipitation, whereas the rest infiltrates into
the soil. In SPHY, the resulting soil moisture is subject to evapotranspiration (ET), which is
depended on the soil properties and fractional vegetation cover, whereas the rest contributes to
streamflow (or discharge) by means of the baseflow resulting from the groundwater zone and
lateral flow from the first soil layer. In SPHY, the modified Hargreaves equation that is a
function of temperature only has been used for the ET computation (Terink et al., 2015). As
per the earlier studies, it was observed that Hargreaves method performed well over Himalaya,
while in the absence of large amount of the datasets (Singh and Goyal, 2017; Arnold et al.,
2012). The grid-specific runoff that is available for routing, can be contributed by surface

runoff, lateral flow, baseflow, snowmelt and glacier melt.

SPHY model requires physical/thematic data inputs such as digital elevation model
(DEM), landuse/lancdcover (LULC) map, glacier map highlighting clean ice glaciers and
debris glaciers, soil parameters such as root depth, maximum capillary rise, seepage,
groundwater parameters such as baseflow, groundwater depth, aquifer vyield. The
meteorological datasets such as temperature, precipitation, radiation is minimally required to
setup the model. The snow-covered area (SCA) can be utilized for the validation of SPHY

generated snow cover. The SPHY model provides all watershed components such as total
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runoff, snowmelt runoff, baseflow, ET, groundwater runoff, groundwater level, glacier melt

runoff, and rainfall-runoff in daily, monthly, and annual basis (Terink et al., 2015).

This study mainly explores the snow and glacier melt runoff characteristics of the
selected Baspa River Himalayan basin and therefore, the focus of this study has been given to
the processes and parameters relevant to the snow and glacier hydrology. The equations of the
other components and processes are previously discussed in detailed Terink et al. (2009). The

snow-glacier melt runoff hydrology has been described below in further sections.
4.2.1 Snowfall and rainfall

In SPHY, the dynamic snowfall mass balancing can be performed at a daily time step.
Using a temperature threshold, the falling precipitation can be defined as a snowfall (solid
form) and rain (liquid form). The snow accumulation (or snowpack or snowfall) can be

calculated as (eq. 1):

P, = {Pet if Tavg,t = Tcrit} (1)

B 0 if Tavg,t > Tcrit

Where, Ps. (mm) is the snowfall on the day t, Pe (mm) can be defined as the effective
precipitation on day t, Tavgt(°C) is the mean air temperature on day t, and Terit (°C) is a calibrated
temperature threshold for precipitation to fall as snow. Whereas, the precipitation falls as liquid

precipitation can be computed as (eq. 2):

Pet if Tavg,t > Tcrit} (2)
0 if Tavg,t < Tcrit

P, +(liquid precipitation) = {
4.2.2 Snowmelt storage and runoff

SPHY model uses a degree-day approach using temperature index model for the

calculation of snowmelt (Terink et al., 2015). The application of degree-day models is
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widespread in cryospheric models that is based on an empirical relationship between melt rate
and air temperature (Terink et al., 2015). Based on the degree-day approach, the potential

snowmelt can be calculated as (eg. 3):

o {Tavg,t * DDF, if Tavge > 0} G
pott =10 if Tapge <0)77°7

with Apott (mm) is defined as the potential snowmelt on day t, and DDFs (mm°C! day?) is

denoted as a calibrated degree-day factor for snow. The actual snowmelt can be limited by the

snow storage at the end of the previous day, and is computed as (eq. 4):
Agctr = Min(Apore SSe—1)--(4)

Here, Aactt (mm) is defined as the actual snowmelt on day t, and SSi-1 (mm) is denoted as the
snow storage on day t—1. After that the snow storage from day t—1 is updated to the present
day t, utilizing the actual snowmelt (Aactt) and the solid precipitation (Pst). When temperature
falls below the melting point, then the meltwater (that is frozen) in the snowpack during time
t—1 will be added to the snow storage as (eq. 5):

ss, = {.S’St_1 + Pg,+ SSWi_4 'if Tavg,r < O}.....(S)

SSe-1+ Psr — Agere if Tavgt =20

Here, SS; is defined as the snow storage on day t, SS;_; is described as the snow storage on
day t-1, P, is the solid precipitation on day t, A, . is the actual snowmelt on day t, and
SSW,_4 is the amount of frozen meltwater on day t—1. The units for all terms are mm. The
maximum of meltwater that can freeze (SSWmax (mm)) is thus limited by the thickness of the
snow storage (Terink et al., 2015). The total snow storage (SST(mm)) consists of the snow

storage and the freeze meltwater can be calculated as (eg. 6):

SST, = (SS, + SSW,) x (1 — GlacF).....(6)
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Where, (1 — GlacF) is defined as the fractional grid that is not covered by glaciers. In SPHY
model, snow melt and snow accumulation can only be calculated when grid fraction determined
as the land surface. In SPHY, the runoff from snow (SRo (mm)) can be calculated when the air
temperature reaches above the melting point (Terink et al., 2015). The change in meltwater

stored in the snow can be accounted as (eq. 7):
ASSW = SSW, — SSW;_; ....(7)
4.2.3 Glacier process and runoff

In SPHY, glaciers are considered melting surfaces which can partly or completely cover
the grid cell. Glacier melt is also calculated by the degree-day approach and the melt rates of
debris covered and debris free glaciers vary (Terink et al., 2015). The melt from the debris free

glaciers can be computed as (eg. 8):

Tavg,t X DDFCI X FCI if Tavg,t >0
ACI,t = . .....(8)

0 if Tapge <0
Where, DDF; (mm °C? day?) is a degree-day factor for debris free glaciers and can be
calibrated for the given area/grid. F.; (—) is the fraction of debris-free glaciers within a grid.

The daily melt from the debris-covered glaciers can be calculated as (eg. 9):

Tavg,t X DDFDC X FDC if Tavg,t >0
ADC,t = . .....(9)
0 lf Tavg,t <0

Where, DDFp. (mm °C* day™) is a degree-day factor for debris-covered glaciers and can be
calibrated for the given area/grid. Fp. (—) is the fraction of debris-covered glaciers within a
grid. The total glacier melt, Agp4c, (i.e. summing the melt water from debris-free and debris-

covered glaciers) can be accounted as (eg. 10):

AGLAC,t = (ACI,t + ADC,t) X GlaCF(IO)
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From the total melt from glaciers, a fraction of the glacier melt percolates to the groundwater
and the remaining fractions run off. Finally, the generated runoff GRo (mm) from glacier melt

is defined as (eq. 11):
GR,: = Agract X (1 — GlacROF).....(eq. 11)
4.2.4 Surface runoff, total runoff, and routing

In SPHY, soil water processes can be determined by the three soil layers such as root
zone, sub zone and groundwater layer. The equations related to soil processes are previously
described by Terink et al. (2009) and therefore not discussed in detail. SPHY is a water-balance
model and therefore the SPHY only accounts for stresses regarding water shortage and water
excess. SPHY uses an ET reduction parameter (ETredwet) that has O value in soil saturated
condition and otherwise 1 (Terink et al., 2015). SPHY uses the saturation excess overland flow
process (i.e. Hewlettian runoff) to compute the surface runoff (RO) (Terink et al., 2015) as (eq.
12):

SWy — SWysar if SWy > SW gqar

RO = {o if SW, < SWi o } (12)

Here, SW; (mm) is the water content in the first soil layer and SW; ¢4¢ (Mmm) is defined as the
saturated water content of the first soil layer. In SPHY, the exceeded water from the field
capacity has been used for lateral flow (Terink et al., 2015). SPHY assumes the lateral flow
travel time to be dependent on the field capacity, saturated conductivity, and saturated content

(Terink et al., 2015).
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Figure 4: Schematic and methods of SPHY modeling framework.

In SPHY, water can percolate from the first soil layer to the second soil layer, and from
the second to the third soil layer. In SPHY, water only percolates when the water content will
exceed the field capacity of that layer (Terink et al., 2016). SPHY utilizes exponential decay
weighting function (Terink et al., 2015) in the precipitation groundwater response model
similar to SWAT model (Arnold et al., 2012). For baseflow computation, SPHY uses steady-
state response of groundwater flow and water table fluctuations which can be resulted by the
non-steady response of the groundwater flow (Arnold et al., 2012). In this model, baseflow can
only be occurred when the amount of water stored in the third soil layer exceeds a certain
threshold. For runoff routing, SPHY computes for each grid the accumulated amount of water

that flows out of the grid into its neighbouring downstream grid through the accuflux PCRaster
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built-in function, which computes runoff at each grid from its upstream grids and also adding

the runoff amount that is generated within the grid itself (Terink et al., 2015) (Figure 5).

4.3. Model Calibration

In SPHY, both manual and auto-calibration can be performed. In this study, mostly real
time, observed and measured datasets and other parameters/coefficients have been used. To get
the practical parametric response, the manual calibration based on trial-and-error basis was
preferred. Sometimes, it has been seen that the auto calibration does not give the reliable
estimates of modeling parameters when large numbers of parameters are involved (Terink et
al., 2015). During modeling, the best fitted value of the parameter has been calculated as per
trial-and-error method. The observed daily discharge is available from 2003 to 2018 and thus
utilized for the present study. For manual calibration, parameters such as temperature threshold
to fall as snow (Tcrit), degree-day factor for snow (DDFs), glacier fraction of grid cell (GlacF),
degree-day factor for debris-free glaciers (DDFc), degree-day factor for debris-covered
glaciers (DDFpc), and threshold for baseflow to occur (BFirs) have been taken into

consideration.

MODIS based snow cover area have been extracted to compare the SPHY derived snow
cover on the monthly scale for the year 2010 and 2018 so that snow parameters required to run
the model, which can be accurately defined in the model and modeling accuracy can be
improved. In this study, the real time digitized glacier maps, characterizing by debris-free
glaciers and debris-covered glaciers, were used to define the glacier properties over the basin.
Other parameters (e.g. related to soil and LULC) values are set based on the literature survey
(Terink et al., 2015) and standard global values suggested by SPHY model (Terink et al., 2015),

which have been developed specifically for the Himalayan conditions.
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Utilizing large number of datasets and parameters as an input to the SPHY model, the
model has been setup for the two-time durations (i.e. 2003-2010 and 2011-2018) to understand
the snow melt and glacier melt runoff variations. The SPHY model was simulated at the daily
time step at 250 m spatial resolution scale and SPHY re-gridded all data inputs at the same
scale (Terink et al., 2015). However, the modeling variables can be computed on a daily,
monthly, and yearly scales, as per the user’s choice. The modeling outcomes have been

evaluated at the outlet and site scale.

Table 3: SPHY model parameters used for the simulation during both time series i.e. 2003-

2010 and 2011-2018.

Sl Name of the | Description (Unit) Parameer Fitted
No. Parameter Ranges (min- | Value
max)

1 RootDepthFlat Rootzone depth (mm) 300-1000 500

2 SubDepthFlat Thickness of subsoil (mm) | 1000-2000 1500
Maximum capillary rise
from subsoil to rootzone

3 CapRiseMax (mm/day) 21010 5
Thickness of groundwater

4 GwDepth layer (mm) 1000-4000 3000
Saturated water content in

5 GwSat groundwater zone (mm) 500-3000 2000
Baseflow groundwater

6 alphaGw range 0.1-1.0 0.05
Glacier clean ice degree-day

7 DDFG factor (mm degree-1 day-1) | 2.0-8.0 5.5
Glacier debris degree-day

8 DDFDG factor (mm degree-1 day-1) | 2.0-8.0 5.0
Critical temperature for
precipitation to fall as snow

9 Tcrit (degrees Celsius) -0.5-5.0 3.0
Snow degree-day factor

10 DDFS (mm degree-1 day-1) 2.0-8.0 6.0
Recession coefficient of

11 kx routing (-) 0.5-1.0 0.95

Note: The parameters ranges (min-max) used in the above Table 3 have been selected based

on the standard values as suggested by SPHY and literature survey.

42




4.4 Snowmelt glacier melt and glacier area changes

For analyzing the changes in snowmelt and glacier melt runoff, the whole time series
(2003-2018) was divided in two-time series (TS) sets: (i) TS1 2003-2010 and (ii) TS2 2011-
2018. The main purpose of the dividing time series sets in two durations was to analyze the
effect varying climate conditions (such as temperature and precipitation variations) along with
observed glacier mass changes on the resultant glacier melt runoff. As per the comparison of
both period glacier maps (i.e. 2000 and 2011), a significant mass reduction was observed.
Therefore, while setup the SPHY for the TS1 (i.e. 2003-2010), the glacier map prepared for
the year 2000 was utilized; whereas, during TS2 setup in SPHY, the glacier map prepared for
the year 2011 was utilized. The changes in glacier mass are compared to the corresponding
elevations to find out the elevation dependent warming and their impacts on glacier and glacier
melt runoff changes. A very few studies highlighted that temperature and precipitation is highly
varying over Himalaya and showed the elevation dependent warming, especially in last 20
years they recorded the maximum variations (Shukla and Goyal, 2020; Rem et al., 2017; Singh

and Goyal, 2016).

The main water balance components such as simulated runoff (Q, mm), rain Q (mm),
snow Q (mm) and glacier Q (mm) have been computed at the outlet (i.e. Sangla gauge). Small
watersheds considering 30 sites (shown in Figure 1) on the main stream and tributaries were
created. Out of 30 sites, 17 independent sites located on the tributaries were chosen dominated
by snow and glaciers, which have been used to explore the snow melt and glacier melt runoff
variation. Glaciers are situated at the extreme high elevation zones, whereas non-glaciated
areas covered by snow situated at the moderate elevation zones. These snow melt and glacier
melt changes have been analyzed on the monthly, seasonal, and annual basis during both
durations (e.g. 2003-2010 and 2011-2018). In addition to glacier maps of 2000 and 2011 used

for the period of TS1 and TS2, 2018 glacier map has also been used for TS2.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Snow and glacier mapping

On the basis of glacier maps, a significant reduction has been computed in the glacier
areas from 2000 to 2018 (Fig. 5). A significant variation in snow covered areas (SCAS)
observed by previous studies (Shukla et al., 2017; Mir et al., 2017), have identified in different
portions of the basin. Therefore, to highlight the effect of these snow and glacier areas
variations, different glacier maps (e.g. 2000, 2006, 2011 and 2018) were used so the effect of

glacier areas reduction can be easily incorporated in the modeling outcomes.

Figure 5: Temporal variations in glacier maps of Baspa basin highlighting reduction in the
glacier area from 2000 to 2018: (a) 2000, (b) 2006, (c) 2011, (d) 2018 and (e) overlay of all
year maps.
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The accuracy of SPHY derived snow covers has been tested with reference to the
MODIS derived snow covers for the year 2010 and 2018 (Figs. 6, 7 and 8). The visual
comparison of SPHY and MODIS derived snow-covered areas (SCA) can be seen in Fig. 6. In
Fig. 6, based on the monthly plots one can see that most of months have shown similar pattern
of SCA when compared to SPHY and MODIS SCAs for both time series durations. However,
during May and June months, some inconsistency in SCA can be seen when compared both

datasets (Fig. 6).

Snow Cover (2010) — computed in SPHY
May

Jan

Feb

Apr

Jan May Sep
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Snow Cover (2018) — computed in SPHY
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Figure 6: Highlighting similarities and variations in the monthly snow-covered areas (SCA)
between MODIS derived snow covers and SPHY derived snow covers: (a) SCAs for 2010 and

(b) SCAs for the year 2018.

The regression plots between SPHY and MODIS derived SCAs (%) have been drawn
and the corresponding R? values have shown in Fig. 7. As per the regression plots (Fig. 7),
around 78% correlation existed during 2010 and 92% correlation existed during 2018, which

is found quite satisfactory, especially over the Himalayan basin. In Figs. 7a and 7b, except June
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to August months, where SPHY derived SCAs show slightly overestimated, otherwise most of
months showed a good match between SPHY and MODIS derived SCAs. Several articles
already discussed about the inconsistency existed in the MODIS (MOD10A2) snow cover data
products (Zhao et al., 2019; Weidinger et al., 2018) due to the presence of clouds. The fractional
snow covers based on the 10 elevation zones have been derived for the year 2010 to compare
the SPHY derived fractional snow-covered area (%) with the MODIS derived snow-covered

areas (Fig. 8).
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Figures 7: (a) time series plots between MODIS derived monthly SCAs during 2010, (b) time
series plots between MODIS derived monthly SCAs during 2018, (c) regression plots showing
comparison between observed snow and modelled snow-covered areas (%) during 2010, and
(d) regression plots showing comparison between observed snow and modelled snow-covered

areas (%) during 2018.
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Figure 8: Comparison of SCAs (%) between SPHY and MODIS corresponding to each

elevation zone (EZ) during 2010.

Snow cover variations with respect to elevation zones have also been compared.

Elevation zones (10 nos.) have computed from DEM (Fig. 1), which highlight the variations in
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the snow-covered areas (%) with respect to 10 elevation zones (EZ) through box plots. As per
Fig. 1, EZ1 to EZ3 corresponded to lower elevations (1800-3000 m), EZ4 to EZ6 (3001-4500
m) corresponded with moderate elevation areas and EZ7 to EZ10 (>4500 m) corresponded to

extreme high elevation areas.

Fig. 8 (a-j) illustrates the monthly comparison of SCA (%) distribution between SPHY
and MODIS based on the year 2010. In Fig. 9, it can be observed that as per the increasing
EZs, the distribution of SCA increases. In lower EZs such as EZ1 to EZ4, only small amount
of SCA can be observed only for January, February and December months, whereas moderate
to extreme high EZs > EZ4 most of months show a significant amount of distribution of SCA,
except ablation period (i.e. May to August) (Fig. 8). When compared the EZ wise distribution
of SCA between MODIS and SPHY, a good correlation has been observed (around 80%),
except few EZs where 5% to 10% differences in SCAs (%) has been recorded. Overall, both
datasets have shown a good agreement between SPHY and MODIS derived SCAs. Based on
the above observations. This elevation zone wise comparison of SPHY derived snow covers
with MODIS data showed a good match with the real time MODIS derived snow cover datasets
and observed discharge data. The derivation of fractional snow covers also helped to optimize
the fractional snow parameter in SPHY, which is an important parameter in accounting snow

melt runoff volume.
5.2 Assessment of water balance components

The model parameters have manually adjusted and modeling fitted parameter values
detail have been given in the Table 3. The calibration strength of the modeling framework has
been tested using coefficient of determination (R?) (Singh and Goyal, 2017). The scatter plots
between observed Q and simulated Q, after parameters adjustment, at Sangla gauge are shown

in Figs. 9b and 9d. The time series plots (Fig. 9a and 9c) show that simulated discharge at the
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outlet of the catchment significantly captured high and low flow values as per the observed
values. The R? values are computed as 0.62 and 0.86 for TS1 (i.e. 2003-2010) and TS2 (i.e.
2011-2018), respectively. The computed R? values on a daily scale are found satisfactory as
compared to the previous studies (Singh and Goyal, 2017; Jain et al., 2010) The modeling
accuracy of snow-glacier areas will majorly depend on how snow and glacier parameters are

accurately input to the model (Abbaspour et al., 2015).
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Figure 10: Time series and regression plots showing the comparison between simulated
streamflow (including snowmelt and glacier melt) against observed streamflow at Sangla gauge

during: (a, b) 2003-2010 and (c, d) 2011-2018.

The water balance components such as simulated runoff (Sim Q, cumec), rain runoff
(Rain Q, cumec), snow melt runoff (Snow Q, cumec), glacier melt runoff (Glacier Q, cumec)
and baseflow (Base Q) have been computed at the outlet i.e. Sangla gauge (Fig. 10), which
shows an average annual distribution of each component during the years 2003 to 2018 in two-

time series sets (i.e. TS1: 2003-2010 and TS2: 2011-2018 (total 16 years)). In Figs. (10a-10b),
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itis clearly seen that snowmelt contribution (varies from around 50%-52%) is more than glacier

melt (varies from around 12%-14%) against the total flow. The contribution of runoff from
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Figure 10: Average annual scenarios of main water balance components such as simulated
runoff (Sim Q), Glacier melt runoff (Glacier Q), Snowmelt runoff (Snow Q), rainfall induced
runoff (Rain Q) and runoff from the baseflow (Base Q) simulated by SPHY during (a) 2003-

2010 and (b) 2011-2018.
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Figure 11: Annual variations in Sim Q, Rain Q, Snow Q, Glacier Q and Base Q computed in

during 2003-2018

5.3 Changes in snow melt, glacier melt and rainfall runoff

The contributions of different runoff components (e.g. snow Q, glacier Q, rain Q and

base Q) from upstream to downstream have been analyzed. For this purpose, six watersheds

viz. Sub 1, Sub 2, Sub 3, Sub 7, Sub 17 and Sub 30 have been selected. In Figure 9, the

distribution and amount of runoff components viz. snow Q, glacier Q, rain Q and base Q vary

from upstream watersheds to downstream watersheds. Here, the watersheds dominated by

snow and glaciers such as Subl, Sub2 and Sub 3 corresponded to 77% Q from snow-glaciers

(i.e. 52% from snow and 25% from glaciers), 62% Q from snow-glaciers (i.e. 21% from snow

and 41% from glaciers), and 72% Q from snow-glaciers (i.e. 42% from snow and 30% from

glaciers), respectively. Though, the downstream watersheds such as Sub 30 (22% Q from Rain
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and 10% from glaciers) and Sub 17 (6% from rain and 16% from glaciers), the melt water

contributions from glaciers reduce and the Q from rain is accounted.

Sub 1

Sub 3 Sub 30

Figure 12: Shows the distribution and amount of runoff components viz. snow Q, glacier Q,

rain Q and base Q vary from upstream watersheds to downstream watersheds.

53



Scenario ran with Glacier Scenario ran with Glacier
Map of 2000 Map of 2018

2003-2010 2011-2018

Baspa
(at Sangla)

Figure 13: Shows decadal changes in different runoff components at Sangla.

Table 4: Faction (%) of different runoff components at Sangla in Baspa basin.

Runoff Components Baspa Basin
Annual Average Glacier Melt Flow at Outlet (m3/s) 9.78%
Annual Average Snowmelt Flow at Outlet (m?/s) 56.24%
Annual Average Rainfall Flow at Outlet (m®/s) 22.29%
Annual Average Base Flow at Outlet (m3/s) 11.69%

In the above Figure (12) and Table (4), various runoff components contribute to the
hydrological regime, reflecting the region's diverse climatic and geographical features. Glacier
melt accounts for approximately 9.78% of the total annual flow at the basin outlet, signifying
a modest yet critical contribution, particularly during the warmer months. Snowmelt flow, at
56.24%, is the dominant component, highlighting the significant influence of snowpack and

seasonal melt in driving runoff, which supports streamflow during the spring and early summer.
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Rainfall contributes 22.29% to the annual flow, a substantial portion, especially during the
monsoon season, which boosts water availability in the basin. Baseflow, representing
groundwater contributions, makes up 11.69% of the total flow, providing a steady release of
water that sustains river discharge during dry periods. Together, these components reflect the
complex interplay of glacial, snow, and rainfall-driven processes that characterize the

hydrology of the Baspa Basin, each playing a vital role in its water dynamics.

Fig. 11 shows distribution of the five main water balance components such as Sim Q
(cumec), Snow Q (cumec), Glacier Q (cumec), Rain Q (cumec) and Base Q (cumec) on an
annual basis, which highlight the timing of each component throughout the year. As per the
annual plots, the potential snow melting starts from April and it continues till October (Fig.
11), however the amount of Snow Q varies from year to year. The maximum Snow Q was
computed between late May to July (Fig. 11). The annual total maximum one-day flow
recorded around 200 cumec, especially during monsoon season. Whereas, other components
such as Snow Q (cumec), Glacier Q (cumec), Rain Q (cumec) and Base Q (cumec) vary one-
day maximum up to 120 cumec, 40 cumec, 70 cumec, 20 cumec, respectively. To find out
changes in the four main water balance components (e.g. Sim Q, Rain Q, Snow Q, and Glacier
Q), the averaged of the water balance components of both TS has been computed and then
compared through the box plots (Fig. 14). As per the Sim Q scenarios, a slight increase has
been observed from 2003-2010 to 2011-2018, however in case of TS2 (i.e. 2011-2018), the

extreme cases were increased and can be seen in box plots (Fig. 14).
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Figure 14: Variations in Sim Q (a), Glacier Q (b), Snow Q (c) and Rain Q (d) computed during

two times i.e. 2003-2010 and 2011-2018.

In case of Glacier Q, both time series have shown almost same median (~12 cumec),
but in case of TS2 a slight decrease is recorded in upper quantiles (Fig.14). As per Snow Q
observation (Fig. 14), TS1 have shown higher values in upper quantile ranges than TS2, but
median is recorded almost similar for both TS durations. In case of Rain Q (Fig. 14), except
upper quantiles, no significant variability was detected. Based on the above observation, no
significant conclusion can be made, however, an enormous variability in upper quantile among

all the water balance components can be observed.
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Figure 16: Monthly variations in Sim Q, Snow Q, Glacier Q and Rain Q during the time series

sets 2003-2010 (a, ¢, €, g) and 2011-2018 (b, d, f, h).

Fig. 15 displays the year wise monthly averaged variation in Sim Q, Snow Q, Glacier
Q and Rain Q grouped into two TS durations (i.e. 2003-2010 and 2011-2018) computed at the
outlet of the basin (i.e. Sangla gauge). These plots highlight a year-to-year variability in
monthly averaged components. In case of Sim Q (Figs. 15a to 15b), the highest variability has

been recorded from June to September months (mainly in the monsoon months). The variability
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in the Q during monsoon (i.e. from June to September) months revealed the existed variability
in precipitation and temperature observed in recent past year (Rao et al., 2018; Singh and
Goyal, 2017). Similar observations can be notified for Snow Q during Mar to May. For
example, as per Figs. (15e to 15f), during 2011-2014 the maximum Snow Q (120 cumec) was
recorded for the year 2014, while other years recorded maximum Snow Q between 60 cumec
to 100 cumec. In case of Glacier Q (Figs. 15c and 15d), no significant variability has been
recorded, however, the month wise change can be observed in the glacier amount. In case of
Rain Q (Fig. 15g to 15h), the maximum variability (e.g. extreme high and low peaks) during

monsoon months can be clearly observed.

As discussed above, it was observed that there are changes in water balance components
because of changes in precipitation and temperatures. As per the studies carried out earlier in
Himalaya region average temperature has been increased over the Himalaya (~1°C) (Dimri et
al., 2018; Sanjay et al., 2017) and the precipitation significantly varied over western Himalaya,
especially in recent past years (Sharma and Goyal, 2020; Shafiq et al., 2016; Singh and Goyal,
2016). Therefore, a detail analysis of change has been performed by doing the monthly
assessment of the main four water balance components (i.e. Sim Q, Snow Q, Rain Q and
Glacier Q). To find out the changes during both the TS durations (i.e. 2003-2010 and 2011-
2018) among all four water balance components, the monthly scenarios (Figs. 16a and 16b)
have been generated and a comparative assessment has been done between TS1 (i.e. 2003-
2010) and TS2 (2011-2018). As per Sim Q (Fig. 16a), it is found highly variable throughout
the year. As per December to March, July and July trends (Fig. 16a), Sim Q is increased during
both TS. During April, May, August, September and October (Fig. 16b), Sim Q is slightly
decreased. In October and September, Sim Q scenarios from 2003-2010 showed an increase,

while 2011-2018
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Table 5: Shows the changes in different runoff components at each watershed under different

scenarios.
2011-2018 run with Glacier map of

Stations 2003-2010 - run with Glacier map of 2000 2018

Sim Glacier Snow | Rain Base Sim Glacier Snow Rain Base

flow melt melt flow flow flow melt melt flow flow
1 1002.0 | 297.0 4271 1 4.0 273.9 1097.3 | 269.6 573.1 3.0 251.6
2 1286.3 506.5 303.7 6.5 469.6 1517.9 618.5 315.7 5.9 577.8
3 579.0 190.2 2131 | 2.0 173.6 696.5 207.3 294.9 1.1 193.2
5 902.3 267.3 383.0 | 6.0 246.0 976.0 2223 540.7 5.4 207.5
8 666.1 142.8 3903 |19 131.1 644.9 311 582.0 2.7 20.1
9 775.7 114.8 546.0 | 9.9 105.0 7594 34.6 684.5 8.0 323
11 543.5 1513 249.8 | 4.0 1384 545.2 84.0 379.6 35 78.0
12 845.3 224.0 407.4 6.5 207.4 794.1 55.1 682.5 5.3 511
14 366.6 1722 385 0.2 155.7 377.0 167.3 54.3 0.1 155.2
16 872.8 243.1 373.5 28.6 227.6 955.9 244.4 439.4 38.8 233.3
18 1272.6 435.7 429.1 4.0 403.8 1327.3 316.1 712.8 3.1 295.3
20 1643.4 324.2 814.9 197.7 | 306.6 1594.4 144.1 1067.6 242.0 | 140.6
21 2212.3 605.5 972.7 59.5 574.5 1880.1 283.1 1222.6 91.1 283.3
23 21274 703.4 748.3 18.8 657.0 1718.1 155.8 1383.2 334 145.7
24 2664.8 932.0 820.9 38.7 873.2 1826.2 185.2 1389.1 78.6 173.2
25 2290.2 591.0 912.8 222.3 | 564.0 1751.6 92.6 1255.7 304.8 | 985
26 3048.4 1199.7 675.7 42.7 1130.3 2557.1 820.7 844.4 91.8 800.3

In case of TS2, January to March, an increase has been observed. Similarly, during
October to March as per TS1, Rain Q has been decreased, while in TS2, February and March
showed an increase in Rain Q. But as per TS2, during January, February, March, August and
September, it has been increased (Fig. 16a). Overall, majority of plots showed that Rain Q has
been slightly increase during 2003 to 2018. As per Glacier Q plots (Fig16b), during October to
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December, a slight decrease in Glacier Q has been reported during 2011-2018, while an
increase is reported as per 2003-2010. However, from January to September, most of the plots
showed an increase in Glacier Q in both TS, except April (in case of both TS) (Fig. 16b) and
September (in case of TS2 only), where Glacier Q was slightly decreased (Fig. 16). Snow Q is
found highly variable in both TS (i.e. 2003-2010 and 2011-2018) from October to September.
Snow Q trends showed that it is decreased during October, November, March and April (in
case of both TS durations). Whereas, it is significantly increased in December, January,
February, May, June and July, mostly in case of TS2 (i.e. 2011-2018) (Figs. 16b). During April
to September (Fig. 16d), it is decreased in most of months, especially in case of TS1 (i.e. 2003-
2011). Overall, plots clarified that with respect to TS1 (i.e. 2003-2010), the contribution of

Snow Q in total runoff has been increased during 2011 to 2018.

Based on the above observation, the three most conclusive observations can be made:
(1) Rain Q is found highly variable during 2003-2018, because the most of months during 2003-
2010 have shown a decrease in Rain Q and during TS2 (i.e. 2011-2018) with respect to TS1, it
is increased during January, February, March, August and September months, (ii) overall the
Snow Q was increased while comparing TS1 vs TS2 (Table 5). However, because of an
increasing temperature over the Himalaya, as reported in previous studies (Shafiq et al., 2016;
Singh and Goyal, 2016), the ratio of precipitation to snow and rain is changing. Therefore, due
to less amount of precipitation (in form of snowfall), the melt contribution from Snow has been
decreased in some months (mostly in non-glaciated areas) and therefore Rain Q was increased
during January, February and March. Due to the increasing temperature and reduction in the
glacier mass over Himalaya, the contribution from Glacier Q was decreased during TS2 as
compared to the TS1 (Table 5). Table 5 showed the observations from 17 stations, which are

found glacier dominated.
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Figure 16: Month wise variations and trends in Sim Q, Rain Q, Glacier Q and Snow Q: (a)

variations in Sim Q and Rain Q, (b) variations in Glacier Q and Snow Q.

5.4 Effect of glacier area reduction in glacier melt runoff

For effective monitoring the changes in snow and glacier melt runoff, around 30
watersheds were drawn in the basin taking, out of these 17 sites dominated with glaciers and
snow-covered areas as shown in Fig. 1 and then the annual time series trends were estimated
during 2003-2018 (Fig. 11). In this analysis, one more glacier map of 2018 was used in addition

to 2011 for the duration TS2.
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The glacier melt runoff contribution at the outlet during 2003-2010 computed as ~15
% (as per glacier map of 2000), it computed ~13% during 2011-2018 (as per glacier map of
2011) and it recorded around ~10% during 2011-2018 (as per glacier map of 2018), due to
reduction in glacier mass. Similarly, the snow melt runoff contribution was found to be 50,52
and 56% and rainfall runoff 19, 21 and 22% and base flow contribution 16,14 and 12%
corresponding to the maps of 2000, 2011 and 2018. This base flow is delayed runoff which
comes through recharge from rain, snow and glacier melt. If it is distributed in same proportion
then runoff comes out to be 18,15,12% due to glacier melt, 58,61,64% due to snowmelt for the

years 2000, 2011 and 2018 and rainfall runoff 24% for all the years.

All the watersheds are having different snow/glacier therefore the total contribution of
melt water from snow covered areas and glacier areas varies at each site level. The contribution
from each watershed is shown in Fig. 17 and given in Table 5. The glacier melt runoff varies
from around 200 mm (corresponded to Site 9) to 1500 mm (corresponded to Site 26) across all
stations. Similar plots have been made for snow melt runoff (i.e. Snow Q), which varies from
around 40 mm (corresponded to Sites 8 and 9) to 350 mm (corresponded to Site 26). In Fig.
17, among 17 sites (mostly dominated with glaciers), most of sites showed an increase in Snow

Q during 2003 to 2018.

From Table 3, it can be seen that glacier melt runoff has increased in case of watersheds
2 and 3 while decreased for other watersheds. The reason behind this that the watersheds 2 and
3 are heavily glaciated and also not much change in glacier cover have been found in these
watersheds. The watershed such as 8, 9 and 12 located on northern side in high altitude areas
have lost much glaciers as compared to watersheds located on Southern side. Therefore, more
reduction in runoff in watersheds of northern side was observed. The watersheds 21,23,24,25
and 26 located on lower altitudes have lost much glacier area and therefore contribution in
these watersheds have been found to be much less in the year 2018. However, contribution of
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The snow melt runoff from all the

change of SCA and rainfall also have been studied.

watersheds have increased.
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sites dominated by snow-covered areas and glaciers. The computation of monthly distribution
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of amount of Snow Q and Glacier Q at Site level has been found helpful to understand the
behavior of total Q, while analysing the variability of Glacier Q and Snow Q in total runoff. In
Baspa basin, the Glacier melting mostly starts from May and the majority of contribution from
Glacier Q is recorded till November (>10 mm). Similarly, in case of Snow Q, the major
contribution is recorded from late April to October (>10 mm). Therefore, the box plots have
shown the monthly scenarios of Glacier Q and Snow Q from May to October months only. The
Box plots highlighted the statistical behaviour of different grouped periods. As per Figs. 18, in
case of Glacier Q, it can be seen that maximum amount is recorded during July to September.
When compared to TS1 vs TS2, a shift in Glacier Q can be observed. In most of the stations a
slight reduction in the amount of Glacier Q was observed during 2011-2018 against 2003-2010.
As per the glacier maps of different time periods, it can be seen that the small size glaciers were
found more sensitive in reducing their mass. This explores the monthly fluctuations on the
yearly basis in Snow Q and Glacier Q and also provides the ideas about the Snow Q dominant

season and Glacier Q dominant season throughout the year.

Fig. 18 also displays the changes in monthly Snow Q during 2003-2018 for 17 sites
dominated with snow and glaciers. As per the comparison of grouped time series sets (i.e. TS1
and TS2), most of months found highly variable in case of Snow Q. Overall, most months
showed increase in Snow Q during 2011-2018 with respect to TS2 (i.e. 2003-2010) (Fig. 18
and Table 5). The increase in Snow Q over glaciated areas can be directly correlated with the
reduction of Snowfall over the basin due to increasing rate of temperature over Himalayan
glaciers. As temperature increases, snowfall contribution decreases and rainfall contribution

increases.
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Figure 18: Monthly variations in (a) Glacier Q and (b) Snow Q across 17 stations dominated

with snow and glaciers during 2003-2018.
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In Fig. 19 (a to d), a significant amount of glacier area reduction has been computed.
Fig. 19 shows the hypsometry of glaciers in different temporal times. Here, hypsometry of
glaciers has been calculated to determine the cumulative percentage of glacier area between
the elevation zones. Total six elevation zones, at 500-m interval, have been calculated. The
hypsometry of all glacier maps clearly shows that a significant reduction in the lower to
extreme elevation areas. When compared to glacier map of 2000 with 2006, a very slight
reduction in the glacier areas can only be observed, especially between 6000-6500 m ranges.
However, there is a large gap can be observed at lower to moderate elevation zones (e.g. 4500-
5000 m) in the glacier maps of 2011 and 2018 vis a vis glacier map of 2000. These changes
could be a sign of elevation dependent warming, as also discussed previously in some
Himalayan based studies (Dimri et al., 2018; Singh and Goyal, 2016). This analysis gives an

insight about the sensitivity of glacier areas changes with respect to elevation.

Table 6: Changes in glacier areas in different times in the Baspa River basin.

Sl Year | Aggregate | Glacier Average Glacier Glacier

No. area km? Loss from | Glacier Volume, Volume,
2000 (in | Loss from | km? (as kmd(as  per
Km? Area) | 2000  (in | per Prasad et | SPHY

Km? Area) | al., 2019) modeled)

1 2000 | 212.93 NA - 13.09 13.41

2 2006 | 203.86 9.07 9.07 12.46 12.84

3 2011 | 184.12 28.81 19.94 11.12 11.6

4 2018 | 174.41 38.52 25.46 10.47 10.99
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Figure 19: Highlighting changes in glacier maps during (a) 2000, (b) 2006, (c) 2011, (d) 2018

and (e) comparing variations in glacier maps corresponded to elevations.
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The glacier ice volume has been computed to verify the reduction in the glaciers ice
volume as per the changes in glacier maps with respect to time. To compare the reduction in
glacier ice volume due to melting, SPHY based glacier ice volume compared with the glacier
ice volume computed based on the power equation suggested by Prasad et al. (2019). Prasad et
al. (2019) developed a volume-area relationship considering 298 glaciers, which are mostly
corresponded to Satluj river basin. The glacier ice volume has been computed for the four
different temporal glacier maps (i.e. 2000, 2006, 2011 and 2018) using above two methods and
given in Table 6. In 2000 the total glacier ice volume was recorded around 13.09-13.41 Km?,
while in 2018, it was significantly reduced (recorded as 13.47-10.99 Km?®). As per the
comparison, SPHY has found comparable in the calculation of glacier ice volume with respect

to the glacier ice volume computed through the volume-area equation.

Table 7: Shows the changes in different sizes of glaciers in the randomly selected watersheds.

. . . : Large Size
- 2
Basins | Size Small Size Glaciers (<=30 km?) Glaciers (>30 km?)
vearsiSub | gy 1 Sub5 |Sub2 |Sub3
Nos
0 2000 4.56 7.54 12.19 33.89
o 2018 4.43 6.38 12.02 33.62

Table 7 shows the area change in the selected watersheds. In Table 7, it is observed that
the small size glaciers have significantly reduced their size in the different decadal times as
compared to large size glaciers in the Baspa basin. Figures 19 and 20 show the change in glacier
areas for the selected watersheds in and daily mean glacier Q (m®s) with respect to each
watershed. Here, the Sub 5 and Sub 1 show noticeable reduction in the glacier Q and the same
change can be visualized in Figure 20, which shows significant reductions in the glacier Q (e.g.
for Sub 5, it varies from 30% to 23% and for Sub 1, it varies from 30% to 25%) and base Q

(i.e. from 27% to 21% and 27% to 23%), while the snow Q shows enhancement (i.e. 42% to
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55% and 43% to 52%). In case of Sub 3 and Sub 2, the glacier Q has shown increase from HS1
to HS2 (i.e. increases from 192.2 to 207.3 in case of Sub 3 and in case of Sub 2, it increases

from 506.7 to 618.7).
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Figure 20: Glacier area and glacier melt runoff (glacier Q, daily mean in m%/s) changes as per

selected watersheds comprises with large size and small size glaciers in BRB.
5.5 Long-term Changes in Snow Cover in Baspa Basin

The Figure 21 illustrates the long-term variation in snow cover percentage from 1951
to 2014 in a historical context. The snow cover exhibits a clear cyclical pattern, with regular
peaks and troughs reflecting seasonal variations in snow accumulation and melt. The overall
trend shows a general decline in snow cover percentage over the studied period. This gradual
decrease is highlighted by the red line, indicating a downward trend, which could be attributed

to the long-term effects of climate change, such as rising temperatures and altered precipitation
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patterns. The amplitude of the cycles remains relatively consistent, implying that while
seasonal variability persists, the baseline snow cover is steadily decreasing. This decline
suggests potential impacts on water resources, particularly in regions dependent on snowmelt
for river flow, such as high-altitude basins. The reduction in snow cover could also affect the
timing and volume of runoff, potentially exacerbating issues like water scarcity or changing
flood regimes. Overall, this data underscores the importance of monitoring snow cover trends,
as they are critical indicators of broader climatic changes and have significant hydrological and

environmental implications (Fig. 21).
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Figure 21: Shows the long-term change in snow cover (%) in the Historical time during 1951-

2014.

The projected change in snow cover percentage from 2015 to 2100 under the CMIP6
SSP245 scenario shows a significant and consistent decline. SSP245 represents a "middle-of-
the-road" scenario, where some mitigation efforts are made but emissions and temperature rise
continue at moderate levels (Fig. 22). As per the projections, snow cover percentages steadily
decrease over the century, reflecting the increasing influence of temperature changes (increase)
in the Baspa basin. The reduction in snow cover is particularly noticeable after mid-century,
with the rate of decline accelerating. This is likely due to rising temperatures, which reduce the

duration and extent of snow accumulation, especially at lower elevations and in mid-latitude
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regions of the Baspa basin. The projected loss of snow cover can have profound impacts on
river flows in the Baspa basin, particularly in snow-fed regions, as snowmelt plays a crucial

role in sustaining streamflow during dry months.
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Figure 22: Shows the long-term change in snow cover (%) during 2015-2100 as per (CMIP6

Models) SSP245.

The Fig. 23 showing the long-term change in snow cover percentage from 2015 to 2100
under the CMIP6 SSP585 scenario presents a significant downward trend. SSP585 represents
a high-emission scenario where limited efforts are made to mitigate greenhouse gas emissions,
leading to substantial global warming. The snow cover percentage steadily decreases
throughout the century, with sharper declines observed in the later decades, reflecting the
impacts of increasingly warmer temperatures. This accelerated reduction in snow cover under
SSP585 highlights the drastic effects of unchecked climate change on seasonal snow dynamics.
By the end of the century, snow cover is projected to be significantly lower compared to earlier

periods.

When comparing the SSP585, SSP245, and historical trends, notable differences
emerge. The historical graph (1951-2014) shows relatively stable snow cover with some
decline, but seasonal variability persists. Under SSP245 (2015-2100), the snow cover decreases

more noticeably but at a moderate pace, indicating that some mitigation efforts slow the rate
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of decline. The SSP245 scenario reflects a scenario where mitigation policies slightly curb
emissions, resulting in a slower but still evident reduction in snow cover. In contrast, SSP585
shows the most dramatic reduction in snow cover, especially after 2050, as global temperatures
rise rapidly. This noticeable difference between SSP245 and SSP585 underscores the critical
importance of mitigation measures. While both scenarios project declines, the rate and severity
are far worse in SSP585. The decreasing snow cover in both future scenarios compared to
historical data also emphasizes the long-term impacts of climate change. The loss of snow
cover in the future will have cascading effects on the streamflow in the downstream parts of

the basin.
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Figure 23: Figure 2: Shows the long-term change in snow cover (%) during 2015-2100 as per

(CMIP6 Models) SSP245.

5.6 Climate Change Impact Assessment on Different Runoff Components

The Fig. 24 provides a comparative analysis of runoff components i.e. Total Q, Rain Q,
Snow Q, and Glacier Q under SSP245 and SSP585 scenarios over time (2015-2100) in
reference to base line time (i.e. 1980-2014). Here it can be seen that total runoff (Total Q)
increases significantly over time, with SSP585 (orange line) showing much higher peaks,

particularly after 2050, compared to SSP245 (blue line). This reflects the stronger impact of
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higher emissions in SSP585 on total runoff, likely driven by increased rainfall and glacial melt.

The top-right panel illustrates that rainfall runoff (Rain Q) also increases sharply, particularly

in SSP585, where the peaks become more frequent and intense towards the end of the century,

indicating higher rainfall events under a warmer climate. The Fig. 25 also reveals that glacial

runoff (Glacier Q) increases steadily in both scenarios, but SSP585 shows a more dramatic rise

after 2060, reflecting accelerated glacier melt due to higher temperatures. The bottom-right

panel highlights the decrease in snowmelt runoff (Snow Q), with both scenarios showing a

downward trend, but SSP585 experiences a more pronounced decline. This indicates a shift

from snow-driven runoff to rain and glacier-driven runoff in the future, with more extreme

variations under SSP585. Collectively, the figure underscores the substantial hydrological

shifts expected under different climate scenarios.
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Figure 24: Shows the annual average trends and changes in different runoff components are

the Sangla gauge under different CMIP6 scenarios: SSP245 and SSP585.
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The Table 8 presents a comparative assessment of different runoff components—
Glacial Melt (Glac Q), Snowmelt (Snow Q), Rainfall (Rain Q), and Baseflow (Base Q)—across
three time periods: Historical (1981-2014), Near Future Time (NFT, 2021-2050), and Far
Future Time (FFT, 2061-2090). It examines the percentage changes in these components
between the historical period and the near and far future under two climate scenarios: SSP245
(moderate emissions) and SSP585 (high emissions). The analysis helps reveal how each
component of runoff is expected to evolve with climate change and the differing impacts of

mitigation efforts.

Under SSP245, glacial melt (Glac Q) is projected to increase by 29.02% in NFT and
51.13% in FFT compared to historical values. This indicates that even under moderate
warming, glaciers will contribute significantly more to runoff due to accelerated melting.
Snowmelt (Snow Q), on the other hand, shows a decreasing trend, with a reduction of 14.75%
in NFT and 44.45% in FFT, suggesting a substantial loss of snow cover over time as
temperatures rise (Table 8). Rainfall-derived runoff (Rain Q) is expected to increase by 32.93%
in NFT and 84.45% in FFT, indicating more precipitation in the form of rain rather than snow,
which is consistent with warming trends. Baseflow (Base Q), representing groundwater
contributions, is projected to rise by 28.70% in NFT and 53.16% in FFT, showing that warmer
temperatures and increased rainfall will enhance groundwater recharge, though it may also
point to changes in permafrost or snowpack dynamics affecting baseflow. Overall, SSP245
reflects a significant shift from snow-driven to rain-driven runoff, with glacial and rainfall

contributions increasing over time while snowmelt declines.

Table 8: Shows a comparative assessment of different runoff components—Glacial Melt (Glac
Q), Snowmelt (Snow Q), Rainfall (Rain Q), and Baseflow (Base Q)—across three time periods:
Historical (1981-2014), Near Future Time (NFT, 2021-2050), and Far Future Time (FFT,

2061-2090).
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Stations | Components | Historical, | NFT, FFT, % Change | % Change
1981-2014 2021- 2061- (Hist v | (Hist \4
2050 2090 NFT) FFT)
Glac Q 11.68 15.07 19.38 29.02 51.13
Snow Q 58.12 49.55 36.10 -14.75 -44.45
Rain Q 13.00 17.28 27.59 32.93 84.45
%
S Base Q 13.08 16.83 22.02 28.70 53.16
7
Glac Q 11.68 14.16 20.84 21.25 64.68
Snow Q 58.12 49.95 31.27 -14.06 -53.77
Rain Q 13.00 19.83 31.58 52.54 93.73
&
i Base Q 13.08 16.05 23.91 22.75 67.45
7
75!

Under the SSP585 scenario, the trends are more pronounced, especially in the far future,
reflecting the impact of higher emissions and more severe warming. Glacial melt (Glac Q)
increases by 21.25% in NFT and a dramatic 64.68% in FFT, showing that under high emissions,
glacier contributions to runoff will be significantly larger, but at the cost of long-term glacier
depletion. Snowmelt (Snow Q) sees a 14.06% decrease in NFT and a substantial 53.77%
decrease in FFT, indicating that snow-dependent basins will face severe reductions in snow
cover, affecting water availability. Rainfall runoff (Rain Q) rises sharply, with a 52.54%
increase in NFT and 93.73% in FFT, showing a greater shift towards rainfall-driven runoff,
especially in FFT. Baseflow (Base Q) shows an increase of 22.75% in NFT and 67.45% in
FFT, indicating greater groundwater contributions due to increased precipitation and potential

permafrost thaw under SSP585 (Table 8).
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In both scenarios, the increase in glacial melt and rainfall runoff comes at the cost of a
substantial reduction in snowmelt, with SSP585 showing more drastic changes. The sharp
increases in rainfall-driven runoff and baseflow under SSP585 highlight the greater intensity
of hydrological shifts under higher emissions. These changes have critical implications for
water resources, as regions dependent on snowmelt may face reduced water availability during
summer months, while increased rainfall could lead to more frequent flooding. The data
underscores the urgency of climate mitigation, as higher emissions under SSP585 result in far
more severe hydrological impacts compared to SSP245, where changes, though significant, are

less extreme.
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CHAPTER 6

CONCLUSIONS

In the present study, snow/glacier melt contribution and its variation over the years with
changes in snow and glaciers in upper Himalayan basin has been analysed. Snow cover area
was simulated using the SPHY model and it was found in good agreement with the area
obtained using MODIS data. The glacier maps of 2000, 2011 and 2018 have been used to
compute the runoff contribution due to glacier melt, snow melt and rain. The runoff from
glacier melt found to be 18,15,12%, from snow melt runoff 58,61,64% corresponding to glacier
maps of 2000, 2011 and 2018 while rainfall runoff 24% for all the years. Thus, total
contribution from snow and glacier melt runoff at the outlet comes out to be 76%. The analysis
was also carried out for each month and it was found that there is an increase in total runoff
during pre-monsoon and post monsoon months. As per the overall comparative assessment

between two time series durations, total runoff has been slightly increased across the basin.

On the basis of analysis of total 17 watersheds (i.e. dominated with snow and glaciers), out of
30 watersheds created on tributaries at the d/s of snow and glacier cover area, it was found that
due to glacier recession in the glacier dominated watersheds, glacier melt runoff is reducing. It
was found that the watersheds at the lower altitude are reducing glacier cover and thereby
runoff have also decreased. In upper part of the basin, the glaciers in the watersheds located on
the Northern side are reducing more as compared to the watersheds located on southern side.
Therefore, the runoff from watersheds located on Northern side are reducing while it is
increasing from the watersheds of the Southern side. Average contribution from these 17
watersheds, glacier melt runoff has decreased 14% and 44%, snow melt increased 24 and 42%
and rainfall runoff 31 and 40% for the year 20011 to 2018 with respect to the year 2003. The
contribution from rainfall runoff have increased over the years indicating change in

precipitation from snow to rain while runoff from snowmelt has increased due to more melting.
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As per SPHY, corresponding to glacier map of the year 2000, the glacier ice volume has been
computed around 13.41 km?, while for the glacier map of 2018, it has been reduced around

10.99 km?,

As per the climate change-based assessment, the comparative assessment of snow cover and
runoff components under historical, SSP245, and SSP585 scenarios reveals significant changes
driven by climate change. The historical period (1951-2014) shows relatively stable snow cover
and runoff patterns, with snowmelt being the dominant source of water. However, projections
under SSP245 and SSP585 indicate profound shifts in these dynamics. Under SSP245,
moderate emissions lead to a gradual decline in snow cover and snowmelt runoff, with
increases in rainfall and glacial melt contributing more significantly to total runoff. Snowmelt
decreases by 14.75% and 44.45% in the near and far future, respectively, while glacial melt
and rainfall increase substantially. The scenario reflects a slow but steady transition from snow-
driven to rain and glacier-driven runoff, particularly after 2050. In contrast, SSP585, with
higher emissions, shows much more drastic changes. Snow cover and snowmelt decline
sharply, with a 53.77% reduction in snowmelt runoff by 2090. Rainfall and glacial melt
increase significantly, especially after mid-century, resulting in more extreme total runoff
fluctuations. These trends highlight the amplified hydrological impacts under higher emissions,
with intensified rainfall events and accelerated glacier retreat driving future water availability.
Overall, the data emphasize the urgent need for climate mitigation to prevent severe reductions
in snow cover and to manage the increasing variability in water resources.
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