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Abstract:  Due to ongoing global climate change, 
the glaciers in the Himalaya are shrinking and 
the glacial lakes are increasing in number and 
area. This study investigates the glacier area 
change, mass balance and associated glacial 
lake evolution in the headwaters of Kawari 
basin, western Nepal using optical remote 
sensing images. The results indicate that eleven 
glaciers in the study area have shrunk by 1.64 
km2 between 1994 and 2021. In the same period, 
due to glacier recession glacial lake formed and 
expanded by 0.0103 km2 yr-1 reaching 0.34±0.042 
km2 in 2021. Surface elevation change of glaciers 
revealed that the ablation zone of glacier 
thinned up to -8.18 m between 2000 and 2019. 
The specific mass balance of eleven glaciers 
was calculated to be -0.3 m w. e. yr-1 from 2000 
to 2019. The study of glaciers is important as 
they are visible signals of climate change, and 
their changes often impact water resources and 
mountain hydrology.
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1. Introduction
The climate of the world is continuously changing, and such changes are reflected 

in variations of glacier extent and mass (Bolch et al., 2012). The status of the glaciers 
is different in different regions of the world; some glaciers in certain region may be 
advancing and while others may be retreating (Yao et al., 2012). For example, glaciers 
in the Karakoram have gained positive mass balance or in the state of balance while 
glaciers in the Himalayas are reported to be losing mass at an accelerated rate (Bolch 
et al., 2017; Brun et al., 2017). A climate change influences a glacier most directly by 
changing the net inflow or outflow of mass determined by snowfall, melt, and related 
processes, i.e., mass balance. Melt on warm summer days and intense rainfall increase 
the volume of water reaching the glacier bed, a process that often changes the ice flow 
(Cuffey and Paterson 2010). The mass balance of Himalayan glaciers was same with 
global average until 2000 but likely negative after 2000 (Azam et al., 2018). The mass 
wastage in the Himalaya has resulted in increasing debris cover, the growth of glacial 
lakes and possibly decreasing ice velocities (Azam et al., 2018; King et al., 2018; Thakuri 
et al., 2014). 

One of the consequences of climate change induced glacier loss is the formation 
and expansion of glacial lakes in the alpine environment (Zhang et al., 2015). Glacial 
lakes in the Himalaya are continuously evolving in number, surface area and volume 
(Nie et al., 2017). Such changes in glacial lakes increase the risk of glacial lake outburst 
floods (GLOFs) events. GLOF occur when the water retain in glacial lake release due 
to several triggering factors like avalanche, earthquake, dam failure by hydrostatic 
pressure or melt of buried ice (Khadka et al., 2021). GLOF have the strongest capacity 
to destruct low lying areas including settlements, infrastructure, agriculture land and 
killing people. Further, it is reported that the future deglaciation will likely increase the 
cases of GLOF events in the Himalaya and surroundings (Zheng et al., 2021). 

Across Nepal Himalaya, the glaciers are continuously shrinking, retreating and 
being fragmented since 1970s due to ongoing climate change (Bajracharya et al., 2014). 
It is reported that glacier have shrunk by ~24 % between ~1980s and 2010 (Bajracharya 
et al., 2014) and simultaneously surface area of glacial lake have expanded by ~25% 
between 1987 and 2017 over Nepal (Khadka et al., 2018). Moreover, some glacial 
lakes are expanding rapidly in Nepal (Khadka et al., 2022). Mostly, field and remote 
sensing-based glacier and glacial lake studies are confined to eastern Nepal, especially 
in Everest region. For instance, Meera and Pokalde glaciers have been studied by 
glaciological method (Wagnon et al., 2013) and several studies have measured the 
bathymetry of Imja Tsho in the Everest region (Lala et al., 2018; Somos-Valenzuela et 
al., 2014; Watanabe et al., 1994) and studied Tsho Rolpa in the Rolwaling area (Shrestha 
and Nakagawa 2014; Sakai et al., 2000). Moreover, Sugiyama et al., (2013) outlined that 
Yala glacier in Langtang region lost ~40% of ice volume between 1982 and 2009 with 
accelerating thinning at rates in recent decades (-0.69±0.25 vs –0.75±0.24 m a–1 during 
1982–96 and 1996–2009). Field measurement for a year shows -0.088±0.019 m w. e. mass 
balance of Rikha Shamba glacier in Dhulagiri region from September 2011 to October 
2012 (Gurung et al., 2018). The glaciers in the Everest region had a thinning rates of 
-0.40 m yr-1 between 2003 and 2009 based on ICEsat data (Gardner et al., 2013) and with 
an average annual rate of mass loss of -0.26 ± 0.13 m w.e. yr-1 between 2000 and 2011 
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(Gardelle et al., 2013). In contrast, there are few or no studies of glacier shrinkage and 
glaciological mass balance in the western part of Nepal due to remote location and 
difficulty in accessibility. Thus, this study selects the Mt. Saipal region in Western Nepal 
to observe the changes in glaciers and associated glacial lake as this region is previously 
not studied and manual visualization in Google Earth have showed the rapid evolution 
of glacial lake in recent years in the study region. Specifically, the main objective of the 
paper is to calculate and analyze: (1) the glacier area changes between 1994 and 2021, (2) 
surface elevation changes and mass balance between 2000 and 2019, and (3) associated 
changes in the glacial lake area in the headwater of Kawari basin. 

2. Materials and Methods 

2.1. Study Area

Geographically, the study area is located in the Far-western part of Nepal in the 
Bajhang district, which is extended from 81.52° to 81.9° East longitudes and 29.85° to 
29.92° North latitudes. The study area lies in the headwater of Kawari sub-basin of 
Karnali river basin covering an area of ~72 km2 (Figure 1). The highest peak in the region 
is Mt. Saipal (7,031 m). The study area is profoundly affected by westerlies in the winter 
season and by south Asian monsoon in summer season (Sharma et al., 2020a; Sharma 
et al., 2020b). There are eleven glaciers in the study area and the highest elevation of 
glacier is ~6800 m and the lowest elevation  is ~3600 m (Bajracharya et al., 2014). 

Figure 1. Location of study area in Nepal
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2.2. Data used and method

We used geometrically corrected Landsat 5/7/8 images of 1994, 2004 and 2021, 
respectively, of post-monsoon season with minimum seasonal snow cover and cloud 
cover. These images were downloaded from the United States Geological Survey’s 
(USGS) web portal (www.earthexplorer.usgs.gov). Landsat data are widely used to map 
glaciers and glacial lakes because of their high temporal coverage, spatial-resolution 
(30 m) and open access (Roy et al., 2014). The other data used were the Shuttle Radar 
Topography Mission Digital Elevation Model (SRTM-DEM, 30 m) data which were 
downloaded from the National Aeronautics and Space Administration’s (NASA)web 
portal (https://urs.earthdata.nasa.gov). SRTM-DEM was used to delineate study area 
and hydrology of glaciers. 

The glacier outlines were semi-automatically delineated from Landsat images 
of 1994 and 2021 using normalized difference snow index (NDSI) selecting optimal 
threshold to distinguish glacier cover over other surfaces. NDSI is defined as the ratio of 
difference between green and short-wave infrared (SWIR) bands and their sum. Manual 
post-correction was applied by visually checking and editing for shadow components 
and improving the glacier delineation using false color composite images by single 
expert. The debris cover part of the glacier was delineated using Google Earth and with 
the help of previous glacier inventories (Bajracharya et al., 2014). The error in glacier 
area extent was obtained as the product of one pixel and perimeter of glacier polygon, 
i.e., the average area of one pixel buffer inside and outside of the glacier polygon  
(Khadka et al., 2020; Racoviteanu et al., 2015).

 	 Similarly, glacial lake was delineated using normalized difference water index 
[(ρG – ρNIR)/(ρG + ρNIR)] with manual correction from false color composite images 
(Khadka et al., 2018). The error in glacial lake area was calculated as the as a product of 
the half the resolution of data used and the lake’s perimeter (Salerno et al., 2012). 

For the mass balance calculation of the glaciers, the DEM difference data was 
obtained from Thiea Cartographic layer which was generated and corrected from 
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)-DEM 
from 2000 to 2019 (http://maps.theia-land.fr/theia-cartographic-layers.html?year=2022
&month=07&collection=glaciers). xDEM— an open-source python package was used 
to carry out surface elevation change per elevation bins, glacier volume and change 
calculation (Dehecq et al., 2022). The DEM difference data (surface elevation change), 
glacier outline and reference DEM were the inputs. Since, the elevation change has 
been already obtained, the calculation of the mean elevation change per glacier bin 
was calculated using glacier outline. The 25 m elevation bin was prepared from the 
minimum to the maximum elevation of glacier. Following the calculation of the mean 
elevation change over the glacier per elevation, the volume change was carried out by 
summing up the mean elevation change and product with the bins area. The change 
in mass was obtained by multiplying the change in volume with the mass conversion 
factor of 850 kg/m3. Finally, the specific mass balance was calculated in meter water 
equivalent (m.w.e) by diving the change in mass with the average area between the two 
glacier outlines.
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3. Results and discussions

3.1. Glacier mapping and area change

 The glacier mapping reveals 11 glaciers in the study area covering an area of 
14.04±2.17 km2 in 2021. The glaciers size ranges from 0.075 to 7.75 km2 with mean size 
of 1.28 km2. Of these, one glacier is debris covered and largest among them with area of 
7.75±0.97 km2. These glaciers had total area of 15.68±2.22 km2 in 1994 based on Landsat 5 
image. Total area of these glaciers decreased by 1.64 km2 (-10.45 %) in 27 years between 
1994 and 2021 (Figure 2). Figure 2 reveals that glaciers have subsequently decreased 
in area especially in the terminus position and consequently glacier lake is being 
formed. The largest glacier with debris covered in the ablation zone decreased by -7.97 
% (-0.67 km2) while remaining clean glaciers decreased by -8.66% from 1994 to 2021. 
The expansion of debris covered part was insignificant in the study area as the debris 
covered part was insignificantly increasing while the terminus was retreating due to 
lake expansion at the same time. 

The results of glacier area change in the study area (-0.35% yr-1) is comparable 
with glacier area change (-0.5% yr-1) in the eastern region of Nepal (Ojha et al., 2016). 
The changes in glaciers are often attributed to ongoing climate change and local 
topographical factors. The shrinkage and retreat of glaciers are due to observed increase 
in temperature and decrease in precipitation (Thakuri et al., 2014). It has been reported 
that the maximum air temperature has been increasing at high altitudes of Nepal from 
mid 1970s (Shrestha et al., 1999). Similarly, the precipitation have been reported to 
be decreasing in far western provinces and higher altitude of Nepal (Sharma et al., 
2021; Sharma et al., 2020b). A study of hydro-climatic variability in Karnali river basin 
of western Nepal illustrated that the maximum temperature trend during the pre-
monsoon season is significantly higher (0.08oC yr-1) followed by winter season during 
1981 to 2012 (Khatiwada et al., 2016).  

Figure 2. Changes in glaciers between 1994 and 2021. The background is false color composite 
Landsat image of 1994.

Khadka  et al., (2023)/ Glacier Area, Mass and Associated.../63-72
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3.2 Glacier surface elevation change and mass balance

Figure 3a shows the surface elevation change of glaciers in the range between +3.01 
and -5.56 m from 2000 to 2019. The results shows that the negative change (thinning) 
is pronounced at the ablation zone and foot of the glaciers while positive change is 
observed in the accumulation zones of glaciers at higher elevations. The hypsometry 
of glaciers reveal that glaciers are concentrated between 4500m to 5500m (Figure 3b). 
Small glaciers and glaciers terminus at lower elevation are thinning rapidly compared 
to the accumulation zone over 6000 m is quite positive or static. 

The simulated results show that the total volume change of glaciers is -53,40,124.20 
m3 from 2000 to 2019. Similarly, the total mass change of glaciers is -4539105.57 t for 19 
years. The computed results revealed that the specific mass balance of eleven glaciers 
was found to be -0.3 m w. e. yr-1. 

Snowfall is the major source for glaciers. It has been observed that the snow 
cover area has been decreasing in western Nepal (Khadka et al., 2020) which has 
resulted in the thinning of the glaciers. The result of specific mass balance of this study 
corroborates with other regional studies of Nepal. For example,  it was reported that 
the glaciers of Everest region exhibited mass loss of -0.26 ± 0.13 m w.e. yr-1 between 
2000 and 2011 (Gardelle et al., 2013) and similarly, the specific mass loss of -0.32 ± 0.08 
m w.e. yr−1 for 1970–2007 was reported by  Bolch et al., (2011) which is inline with 
our finding.  The reason for glacier changes in the lower elevation compared to higher 
elevation can be inferred by two reasons. Firstly, the impact of elevation dependent 
warming is insignificant to drive glacier thinning at higher elevations (Li et al., 2020) 
and temperature is below freezing point at higher elevations. Secondly, the average 
snow line altitude (SLA) of glaciers in the western Nepal lies between 4500-5000 m 
(Khadka et al., 2020), which means the equilibrium line of altitude of glaciers is higher 
than SLA indicating that higher elevations receive significant snowfall.  

Figure 3. Surface elevation changes of glaciers between 2000 and 2019
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3.3 Glacial lake evolution

The shrinkage and thinning of glaciers (as shown in Sections 3.1 and 3.2) have 
resulted in the formation and subsequent expansion of glacial lake between 1994 
and 2021 in the terminus position of debris covered glacier (Figure 4). The mapping 
shows that the initial area of glacial lake was 0.061±0.026 km2 in 1994 which evolved to 
0.25±0.04 km2 in 1994 reaching to 0.34±0.042 km2 in 2021 (Table 1). Over 27 years, glacial 
lake grew by 0.279 km2 (~457%) and the annual change of glacial lake is calculated to be 
0.0103 km2 yr-1. 

The growth of glacial lake area will ultimately increase the potential flood 
volume of glacial lake. Additionally, the rapid increase in glacial lake area will turn the 
lake into potentially dangerous in future and increase the risk of GLOF event from it 
(Khadka et al., 2019). The lake has possibility of future expansion when demonstrated 
from modelled glacier thickness (Farinotti et al., 2019) and slope derived from DEM. 
Moreover, the rate of calving and glacier-lake interaction determines the future 
expansion of glacial lake (Khadka et al., 2021). Nepal is one of the countries highly 
affected by GLOF events with higher socio-economic consequences (Carrivick and 
Tweed 2016). Glacial lake not only pose threat to downstream but are also drivers of 
glacier recession. Lacustrine terminating glaciers are retreating at faster rates, causing 
the proglacial lakes to expand, meanwhile, the thermal cutting from the lake water is 
enhancing the calving and retreating of glaciers (King et al., 2019). 

Figure 4. Evolution of glacial lake from 1994 to 2021. The stripes in 2004 is due to scan line 
failure in Landsat 7.
Table 1. Changes in glacial lake area

Year Area (km2)
1994 0.061±0.026
2004 0.25±0.04
2021 0.34±0.042
Total change (2021-1994) 0.279 km2 in 27 years 

4. Conclusions
In this study, we observed the changes in glaciers and associated glacial lake 

in the head waters of Kawari basin in the Mt. Saipal regions of western Nepal using 
remote sensing datasets. The results show that eleven glaciers in the study area are 
shrinking from 15.68±2.22 km2 in 1994 to 14.04±2.17 km2 in 2021. The calculated specific 

Khadka  et al., (2023)/ Glacier Area, Mass and Associated.../63-72
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mass balance of these glaciers is -0.3 m w. e. yr-1 between 2000 and 2019. Additionally, 
the glacial lake is growing due to glacier recession. We conclude that the ongoing 
climate change has impacted the glaciers and glacial lakes in the study area. The retreat 
of glaciers will affect the water balance in downstream while expansion of glacial lake 
will pose threat to downstream communities in future.
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