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Abstract. Climate change is one of the pertinent issues for the 21st century mainly for the transboundary river basins because it has parallel 
impacts on the hydrosphere and cryosphere. The temperature changes impacted the snow-covered area (SCA) of the river basins. MODIS 
MOD10A2 product data was used to delineate the SCA for the Jhelum River basin. The catchment is further divided into elevation zones using 
DEM to delineate the SCA for every zone. The temperature changes were plotted against the SCA, and correlation analysis was used to see 
the impact of climate change on the SCA. The seasonal trend of SCA has depicted an increase in SCA during the spring and summer seasons 
and decreasing trend during autumn while winter shows stability. The snow cover depletion curve (SCDC) showed that snow is maximum in 
December, January, and February while its minimum during July and August. The correlation analysis of temperature and SCA for the period 
of 2001-2017 illustrated the inverse relationship, which depicted that a slight increase in temperature may trigger the fastest depletion in the 
snow-covered areas generating water issues for snow/glacier-fed river basins.
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1. Introduction

Climate change is one of the leading environmental issues 
due to greenhouse gases (GHG) in the 21st century, and 
it has global impacts on the hydrological cycle as well as 
the hydrology of a region (Stocker, 2013). Climate change 
is one of the burning topics attracting everyone’s devotion 
over the last few decades. This climatic changes for longer 
periods either due to human activity or as a result of natural 
variability referred to as climate change. Climate change is 
mentioned as a change in climate that is due to indirectly 
or directly dependent on anthropogenic activities that have 
changed the global Atmosphere composition (Solomon et al., 
2007). Climate change defines as any change for an extended 
period in the climate of a city or region or the Earth’s climate 

from a broader perspective. These changes include cooling, 
warming, and temperature changes (Alexander et al., 2011).

The Fifth Assessment Report of the IPCC (IPCC, 2014) 
describes that global mean surface temperature including 
both ocean and land calculated from 1880 to 2012 considering 
linear trend, shows warming of 0.85°C (0.65–1.06)°C  in 
comparison with a  disturbing rise of 0.78 (0.72–0.85)°C 
that been recorded from 2003 to 2012 (Stocker, 2013). The 
Earth’s temperature is rising continuously, and its impacts 
are significant on our freshwater supplies which ultimately 
affect agriculture. As the rise in temperature triggers the 
snow and glacial melting as well as enhances the rate of 
evapotranspiration which leads to cloud formation (Bolch et 
al., 2019; Sabin et al., 2020). The temperature changes greatly 
impact the whole dynamics of the hydrosphere of any region 
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by disturbing the snow/glacier dynamics (Moazzam et al., 
2022a; Moazzam et al., 2022b). Climate change is a long-term 
variation in the state of climatic indicators that continues for 
a longer period, typically from decades to millions of years.

Earth’s climate is dynamic and faced continuous 
transformations in its weather patterns since its origin. The 
Earth is facing an interglaciation age and the temperature 
of the Earth system is rising naturally. Glaciation and 
interglaciation are interchangeable periods over the Earth 
that is due to the natural variability in the climate of the 
Earth’s surface. In recent times the interglaciation age is 
accelerated due to climate change. Climate change term has 
become very famous instead of natural climatic variability 
because this rise in temperature phenomenon is enhanced 
due to anthropogenic activities. These anthropogenic 
activities influenced the Earth’s climate since the industrial 
era. The rate of rising temperature in the last few decades 
has increased rapidly (Dawood et al., 2018; Rafiq et al., 
2022), and this high temperature is causing glaciers to 
melt fast and retreat. The fastest melting of the glaciers has 
threatened the natural systems and caused problems in 
the runoff as well as flooding in low-lying areas (Rahman 
et al., 2017). Glacier and snow melting have affected 
the stream flow and caused floods in the recent decade 
especially affecting Pakistan on a large scale (Rahman et 
al., 2017; Saddique et al., 2019). The repeatedly flooding 
phenomenon in Pakistan reveals that uncertainty in runoff 
due to glacier melting causes variation in temperature and 
precipitation patterns (Dawood et al., 2017; Munawar et al., 
2021). Climatic change also influences the precipitation and 
temperature patterns, especially temperature is the single 
most important indicator of changing climate (Dawood et 
al., 2018; Rafiq et al., 2022).

The snow melting process in any watershed involves 
energy that energy interacts with the mountainous tops and 
glaciers directly from solar radiation. Snow has maximum 
reflection and returns these shortwave radiations without 
absorption (Butt, 2012). This process of bouncing back solar 
radiation into the atmosphere is known as albedo. In this, the 
energy amount interacts with snow cover in terms of short-
wave radiation and can’t trigger the process of snow melting. 
The longwave radiation in terms of infrared also interacts 
with these snow cover tops from many sources such as 
water vapors of the atmosphere, carbon dioxide, and ozone 
provides energy for snow melting (van Vuuren et al., 2011). 
This energy is used by snowpacks to generate snow melting 
processes and feed rivers. Ground heat is also a factor other 
than radiation that help in snow melting.

The glaciated tops and snow-covered mountains of the 
Jhelum basin strongly specify about the future runoff and 
the water flow generated in the upcoming century. Glaciers 
are the most abundant freshwater source in the hydrosphere 

(Tahir et al., 2011). The glaciers of the Himalayas are one 
of the huge concentrations of ice exterior to the Polar 
Regions and feed major river systems of South Asia. Remote 
sensing techniques allow spatial and temporal variability 
of the large and inaccessible snow-covered areas, which 
are the basic components of the water cycle (Immerzeel 
et al., 2009).  The hydrology of river basins is affected by 
regional warming because glacial melting accelerated for 
the simulation period. Snow cover area delineation using 
MODIS product and generating snow cover depletion cover 
proved a more useful and efficient method as compared 
to the ground observation data (Homan et al., 2011). The 
transboundary mountainous river Jhelum flows through 
India and Pakistan, the river basin has the least number of 
permanent glaciers, and river flow is primarily dependent 
on seasonal snow melting and snow cover area (Sharma et 
al., 2012). For the water resource management of the basin, 
accurate measurements of snow cover and snow melting 
are crucial because they take part in the river runoff. The 
MODIS 8-day snow cover products have been used and 
proved effective to study snow-covered areas to analyze the 
SCA changes (Snehmani et al., 2016).

2. Material and Methods

2.1. Study Area

The study area is part of the upper Indus basin and is 
located in northern Pakistan. The selected river basin is the 
transboundary river between India and Pakistan. The river 
basin is the catchment of the second-largest tributary of 
the Indus River. The geographical extent of the basin lies 
between 73-75.63oE and 33-35.1oN occupying a total area 
of about 34,475 km2 (Fig. 1).

The catchment is mainly covered with the snow/glacial 
tops and Jhelum River is fed primarily by the melting of the 
glacier/snow melting those drains. The Jhelum River basin 
also covered the almighty Western Himalaya mountains 
with a height variation of 235-6200 meters.  The basin has 
a diverse topography and a variety of geomorphology that 
has impacted its climatic and hydrological processes (Rather 
et al., 2017). The climatic conditions of the basins also 
have diversity due to the great Spatio-temporal variability 
of the basin. The basin precipitation is dominated by 
two precipitation patterns, summer is dominated by the 
monsoon precipitation while winter is covered by the 
western disturbances. The northern part of the basin is 
colder as compared to the southern region due to relief 
variations.
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Figure 1.  The geographical location of Pakistan and the Jhelum River basin

2.2. Data Description

The observed data of temperature was acquired from the 
Pakistan Meteorological Department (PMD) from 2001-
2018. The missing values were replaced using an interpolation 
technique for some stations (Ali et al., 2019).

For topographical details of the study area, the Global 
Digital Elevation Model (GDEM) from the Advanced 
Spaceborne Thermal Emission and Reflection Radiometer 
(ASTER) of 30 m resolution was used to delineate the 
watershed and streams of the transboundary river Jhelum 
basin. The tiles covering the study area were mosaicked and 
further analysis performed using the hydrological toolbar of 
ArcGIS. The catchment area till the Mangla Dam extracted 
from the GDEM and the weather stations present in the 
study area were identified. The study has elevation ranges 
between 250-6100 m that have been further classified into 
seven zones based on height to analyze the snow cover 
depletion in every zone.

The MODIS product MOD10A2 was downloaded for the 
period of 2001-2018 period from the National Snow and Ice 
Data Center (NSIDC) site (“https://nsidc.org/data/modis/,”). 
The spatial resolution of MOD10A2 snow cover product is 
500m*500m.

3. Methodology

3.1. Zones Classification

The GDEM was classified into seven different zones to 
study the response of SCA at a different elevations. The zone 
classification was based on the following Table 1.

Table 1. Area for each elevation zone

Zone Elevation 
class (masl)

Mean eleva-
tion (masl)

Area 
(km2)

Area 
(%)

I (A) 250-1000 615 6240 17
II (B) 1000-2000 1550 1393 5
III (C) 2000-2500 2150 5914 16
IV (D) 2500-3000 2850 5598 17
V (E) 3000-3500 3350 4956 13
VI (F) 3500-4000 3650 5382 17
VII (G) 4000-6063 5132 5046 15

SCA for every zone was delineated and plotted to view 
the fastest effect of climatic changes in each elevation zone. 
The basin had great variation in height from north to south 
that impact the climatic conditions. The variety in relief 
and climatic conditions has impacts on the glaciation and 
deglaciation of the zones.
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3.2. MODIS snow cover

The MODIS 8-day product (MOD10A2) provided the 
snow-covered area through Spatio-temporal details of the 
Jhelum River basin. Snow cover products were obtained 
from the MODIS spectral band 4 (0.545µm-0.565µm) and 
band 6 (1.628µm-1.652µm). These bands were further used 
to analyze the snow-covered area by Normalized Difference 
Snow Index (NDSI) by applying the following equation:

In the bare land a pixel with NDSI value of less or equal to 
0.4 is considered snow and the alternative algorithm is used 
for the Normalized Difference Vegetation Index (NDVI) for 
the forest region (Immerzeel et al., 2009). NDSI is effectively 
applied to delineate snow-covered areas using multiple 
sensors (Dankers & De Jong, 2004). The snow-covered area 
was calculated for different hypsometric zones to study the 
snow dynamics regarding height for the period of 2001-2018.

3.3. Snow cover depletion curve (SCDC)

Snow-covered area for each month was calculated for every 
year and the snow-covered area was drawn to view the 

changes in the basin. The snow-covered area depletion curve 
highlight the fastest depletion year for snow. This also defines 
the snow accumulation and snow depletion per annum and 
month for the basin.

3.4. Snow-covered area vs temperature

Snow-covered area plotted against the temperature and 
correlation coefficient drawn to view the relationship between 
both parameters. The temperature being the climatic factor 
plays a dominant role in increasing or decreasing the snow-
covered area. The snow accumulation and melting further 
impact the hydrological dynamic of the zone.

4. Results

The Jhelum River basin is divided into seven zones (Fig. 2) to 
analyze the snow depletion in each zone as height variation 
in the basin has its impacts on the snow cover area.

The cumulative depletion curve (CDC) was used to 
construct snow depletion curves (SDC) for the Jhelum River 
basin for the period of 2001-2017 in different hypsometric 
zones (Fig. 3). The snow depletion starts from March from 

Figure 2.  Zone classification based on height
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low elevation zones and moves to higher elevation zones and 
the analysis of SDC showed that snow in Zone A and Zone B 
almost melted during April while in higher altitude (Zone F 
and Zone G) snow did not melt completely due to presence 
of permanent snow/glacier ice at low temperature.

The average snow-covered area in the Jhelum River basin 
derived from MODIS satellite images showed a variation 
between 5% in the summer and 70% during winter (Fig. 4). 
The snow/glacier-covered area is more saturated for January 
2001 as compared to the January 2017 and the extreme north 
peripheries also showed the depletion of the SCA. While the 
summer analysis of the images depicted that July 2017 has 
spread in SCA towards the south while the concentration 
of the snow/glacier was effected from 2001 to 2017. These 
variations existed from the north to south of the basin. The 
seasonal trend of SCA depicted an increase in SCA during 
the spring and summer seasons and decreasing trend during 
autumn while winter showed stability (Fig. 5). Snow cover 

depletion curve (SCDC) showed a clear picture of SCA in 
different seasons (Fig. 6). The snow is maximum during 
January and minimum during July in the Jhelum river basin.

Seasonal studies of the SCA in the basin depicted an 
increasing trend for SCA for winter and spring while 
a decreasing trend for summer and autumn. The correlation 
analysis of temperature and SCA for the period of 2001-2017 
illustrated the inverse relationship that depicted an increase 
in temperature ultimately affecting the melting of snow/
glaciers by reducing the SCA (Fig. 7).

The SCA extracted from the MODIS remote sensing data 
gives the bird’s eye view of the basin. The MODIS snow cover 
product is an efficient way to compensate snow cover area 
into the snowmelt runoff model to calculate the discharge 
of the basin. The SCA decreased when there is an increase 
in temperature due to the melting of the snow. This leads to 
the deglaciation process by reducing the snow-covered area 
in the basin. The fastest decline in SCA is the prediction that 
snow-covered tops and glaciers in the mountainous regions 
are under threat in terms of depletion due to climate change. 

Figure 3. Snow-covered areas for different elevation zones

Jan Feb Mar Apr May Jun Jul Aug
0

10
20
30
40
50
60
70
80
90

100

A (250-1000) B (1000-2000) C (2000-2500)
D (2500-3000) E (3000-3500) F (3500-4000)
G (4000-6063)

Zone Elevation 
Range (m)

Sn
ow

 C
ov

er
ed

 A
re

a 
(%

ag
e)

 

Figure 4. Seasonal variation in Snow Cover Areas – 2001 to 2018
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Figure 5. Snow Depletion Curve (SDC) for the Jhelum River basin 
for the year 2001–2017
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These snow-covered mountainous tops are the freshwater 
source for the rivers and low-lying areas. The depletion of 
these snow-covered tops ultimately leads to a shortage of 
water in the future.

5. Discussion

The current study focused on the impacts of climate change 
on snow-covered areas in the transboundary Jhelum River 
Basin using MODIS satellite data MOD10A2 product. The 
results revealed that the SCA was impacted in the study 
region due to temperature changes. The same decline in 
SCA due to the increase in temperature was observed in 
Hunza district (Moazzam et al., 2022a). Another study 
conducted in two valleys i.e. Astore and Shigar contradict 
the results of this study as in both valleys the SCA is 
increasing whereas the temperature in both valleys is 
decreasing (Moazzam et al., 2022b). Furthermore, for more 
insight the study region was divided into seven zones, based 
on elevation variation to study the impacts of elevation 
on the snow cover area and the rate of snow depletion 
calculated in each zone. The results revealed that in the 
study region snow depletion starts in March and again 
starts accumulation in September. The overall variation in 
snow-covered areas varies from 5% to the lowest depletion 
time in August and to 70% accumulation during the winter 
season in February. This high variation in the snow-covered 
area is due to variations in temperature and precipitation 
in both the summer and winter seasons. In summer most 
of the precipitation occurs as rainfall while in winter it is 
in the form of snow whereas, snow and glacier is sensitive 
to temperature and play a major role in glacial decrease 
as well as surging (Banerjee et al., 2021; Moazzam et 
al., 2022a). Increasing temperatures in the study region 
especially in the spring season instigates the early snow 
melting and decrease the rate of snow accumulation which 
is also reported in other studies (Bolch et al., 2019; Sabin 
et al., 2020). Changes in snow cover at a higher elevation 
are comparatively low than the low elevation areas due 
to temperature difference as high elevated areas have low 
temperature and receive more snowfall and the same was 
observed in other studies (Bilal et al., 2019; Moazzam et al., 
2022a; Moazzam et al., 2022b).

6. Conclusion

Snow-covered area is the key component of snow/glacial-fed 
river basins. Climate impacts on the SCA ultimately affect 
the hydrological dynamics of the river basins. Overall SCA 
showed seasonal variation between 5% in the summer and 
70% during winter for 2001-2017. An increasing trend of 

snow accumulation for the winter and spring seasons, while 
a decreasing trend has been observed for the summer and 
autumn of 2001-2017. The inverse relationship of annual 
temperature and SCA has been observed that depicted an 
increased in temperature due to climate change may have 
adverse effects on the SCA in the future by changing the 
dynamics of the cryosphere and hydrosphere.
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