
Environment and Ecology Research 11(4): 554-563, 2023 http://www.hrpub.org 

DOI: 10.13189/eer.2023.110404 

Thickness and Mass of East Rathong Glacier (ERG), 

West Sikkim, India, Estimated Using GIS 

Arpan Sharma1,*, Mousumi Gupta1, Narpati Sharma2, Santanu Gupta1 

1Sikkim Manipal Institute of Technology, Sikkim Manipal University, India 
2Sikkim State Council of Science and Technology, India 

Received March 16, 2023; Revised June 13, 2023; Accepted July 19, 2023 

Cite This Paper in the Following Citation Styles 

(a): [1] Arpan Sharma, Mousumi Gupta, Narpati Sharma, Santanu Gupta , "Thickness and Mass of East Rathong Glacier 

(ERG), West Sikkim, India, Estimated Using GIS," Environment and Ecology Research, Vol. 11, No. 4, pp. 554- 563, 

2023. DOI: 10.13189/eer.2023.110404. 

(b): Arpan Sharma, Mousumi Gupta, Narpati Sharma, Santanu Gupta (2023). Thickness and Mass of East Rathong 

Glacier (ERG), West Sikkim, India, Estimated Using GIS. Environment and Ecology Research, 11(4), 554 - 563. DOI: 

10.13189/eer.2023.110404. 

Copyright©2023 by authors, all rights reserved. Authors agree that this article remains permanently open access under 
the terms of the Creative Commons Attribution License 4.0 International License 

Abstract  The estimation of ice thickness or glacial 

mass in Sikkim Himalaya has been limited due to 

challenges posed by inaccessibility and harsh weather 

conditions during the accumulation season. This study aims 

to address this gap by utilizing the equation of laminar ice 

flow law (LIFL) and slope information to estimate ice 

thickness from surface velocity data derived using Offset 

Tracking (OT) at ERG, West Sikkim. Additionally, the 

delimitation of Radar Glacier Zones is performed through 

the application of Grey Level Co-occurrence Matrix and 

K-Means clustering to separate debris from the glacier area. 

The estimation of total glacial mass is achieved by 

considering ice thickness, clean glacial area, and an ice 

density of 0.85 Gt km-3. The results indicate an estimated 

ice thickness of 76.47m at ERG with a standard error of 

0.81 and a corresponding glacial mass of 0.19 Gt. The 

accuracy of the OT results is validated by comparing them 

with field-based velocity data from 2018, resulting in an r2 

value of 0.83 and an RMSE of 3.12ma-1. Importantly, this 

ice thickness approximation method demonstrates 

improvement compared to previously tested models. The 

contributions of this study lie in the successful application 

of the LIFL equation and slope information with SAR data 

to estimate ice thickness in the challenging terrain of 

Sikkim Himalaya. The utilization of advanced techniques, 

including OT, Grey Level Co-occurrence Matrix, and            

K-Means clustering, allows for precise delimitation of 

glacier zones and separation of debris, leading to more 

accurate estimations. These findings offer valuable insights 

into the dynamics of glacial mass in the region, aiding in 

the understanding of climate change impacts. 

Keywords  Glacier Velocity, Ice Thickness, Offset 

Tracking, Glacier Mass, Remote Sensing, GIS 

1. Introduction

Changes in glaciers in the mountainous regions are a 

significant indicator of changing climate, and this has been 

obvious for two centuries. Various research on glacier 

studies has pointed out that the glacier mass loss will 

decrease the supply of irrigation water. It will also diminish 

agricultural productivity across different areas. This will 

further threaten food security in different watersheds fed by 

a glacier. Potential impacts studies on irrigation and 

agriculture in the Himalayan region have estimated that 

food security for 4.5 percent of the people living in the 

Brahmaputra Indus, Yangtze, and Ganges basins will be 

affected by reduced water availability [1]. In the Eastern 

Himalayas, this cannot be overlooked. These are among the 

major reasons why estimating the glacial mass has become 

an important factor in assessing glacial health and its 

implications for the population. The status of glacial health 

in the Himalayas is linked to Climate Change in all of these 

issues. A joint intervention of action on a global, regional, 

and sub-regional scale is required for a policy response to 

mitigate the effects of climate change. 
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As per the present scenario, a focus needs to be made on 

a sub-regional level to form better climate action plans 

specific to the particular sub-region. This requires proper 

shreds of evidence of climate change impact on the sub-

regional scale. There is no direct data for the majority of 

Himalayan glaciers, particularly those in Sikkim, to 

establish evidence of climate change. This is due to the 

complexities of field estimations. Ice thickness distribution 

and mass budget require better accessibility and costly 

pieces of equipment. It is one of the fundamental 

parameters for monitoring the health of a glacier. There is 

no historical data in the majority of the Himalayan States 

for ice thickness or mass balance estimations. Also, these 

parameters have not directly been determined for the 

majority of the glaciers in the Sikkim Himalaya. 

The present study area is situated in the eastern 

Himalayas. The East Rathong Glacier (ERG) in West 

Sikkim is a benchmark glacier for glaciological studies in 

Sikkim. Although, the systematic study began only in the 

year 2013 (Science and Technology Department, 

Government of Sikkim, https://dstsikkim.gov.in), due to 

inaccessibility during the accumulation season, no field-

based ice thickness or mass budget studies have been 

completed to date. However, there are many works on 

different glaciers of the world from which can be referred 

to develop a conceptual framework. 

Ice thickness is one of the major parameters of the glacial 

mass budget. There are various methods of ice thickness 

estimation; they can be broadly classified into spectral 

methods (remote sensing) and field-based methods. 

Spectral methods utilize remotely sensed data and field-

based methods use field observations. The thicknesses of 

ice sheets in Antarctica and Greenland used charged 

particle concept [2]. Here it is proposed to use anisotropic 

diffusion. Further, it was assumed that all the pixels are to 

be charged based on Coulomb's electrostatic law, and 

detecting the contours in the image is necessary. Ice surface 

and the bottom were discovered based on the contour 

profile. A study by P Yan et al. [30] successfully used the 

horizontal-to-vertical spectral ratio (H / V) of the seismic 

noise to estimate the ice thickness of ice sheets of 

Antarctica. The subsurface velocity structures of the 

shallow crust were determined to assess the Antarctic ice 

sheet thickness through H/V ratios gathered from different 

seismic stations. These types of methods are not tested 

widely over the Himalayan region. As stated earlier, this is 

because of field conditions. The best approach to date for 

the Himalayan region has been the use of models that use 

different laws and relations to achieve better results. A 

study by D. Farinotti et al. [3] used five different models at 

different times to provide a consensus estimate of the ice 

thickness of all the glaciers of the world except Greenland 

and Antarctica. Authors used principles of ice flow 

dynamics to interpret the ice thickness from surface 

characteristics. The inventory data is freely available online. 

Although the optimization of the models is ideally carried 

out using machine learning in recent times, in a better way, 

machine learning itself is used for the estimation of surface 

ice thickness in the sea, which is more accurate than other 

modeling concepts. A study by S. Lee et al. [4] used 

CryoSat-2 data from 2011–2014 over the Arctic region to 

extract waveform parameters that show the characteristics 

of leads, ice floes, and ocean, including stack standard 

deviation, stack skewness, stack kurtosis, pulse peakiness, 

and backscatter sigma-0 to identify points in the machine 

learning model. The proposed model had better 

performance. The r-value was 0.83, and Root Mean Square 

Error (RMSE) was estimated to be 0.29 m. 

Direct utilization of remote sensing and Geographical 

Information Systems (GIS) methods for ice thickness 

estimation can be traced back to an article by P. Gantayat 

et al. [5]. Authors used surface velocities over Gangotri 

Glacier derived using optical images and LIFL to estimate 

the ice thickness distribution of Gangotri Glacier. The same 

technique has been applied in Dhauliganga Basin, Central 

Himalaya, to determine the ice thickness [6]. This approach 

uses ice flux or glacier velocity to estimate ice thickness 

through shallow ice approximation. However, deriving 

glacier velocity from optical remote sensing data can be 

redundant for the majority of seasons in Himalayas. 

Recently feature tracking through optical data has also been 

used for the estimation of glacier velocity in the Karakoram 

range [7]. As stated, the majority of optical data over the 

Himalayan region especially the Eastern Himalayan region 

comes with high cloud cover. The most preferred method 

is OT by utilizing SAR data [8–11]. This paper addresses 

the stated problem while utilizing OT from all-weather 

capability SAR data for velocity estimation. A shallow ice 

approximation method (ITL approach) is applied to derive 

the ice thickness of ERG and to estimate glacial mass. 

2. Materials and Methods

2.1. Study Area 

The location of ERG is in the west district of Sikkim, 

India (Figure 1). It has geographical coordinates bounding 

upper 88º 06′ 27.63′′ E and 27º 34′54.44′′ N. The altitude 

ranges from 4600 meters in the snout to 6700 meters at the 

top. This Glacier is clean with debris nearby the snout. 

Snow Line Altitude is situated at around 5021m altitude as 

identified in this study. The area of ERG is 4.08 km2, which 

is ideal for benchmark studies. The Glacier area is 

accessible through the trekking belt of Kanchenjunga 

National Park. It is about four days trek from Yuksum 

through Dzongri and HMI base camp. ERG is a southeast 

facing Glacier. It is one of the sources of River Rangit, a 

major tributary of River Teesta, a transboundary river. This 

region experiences snowfall during winter season. Peak of 

accumulation season is during month of December-January 

and peak of ablation season is during June-July. 
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Source: Google Earth Image for background 

Figure 1.  a) Location map of East Rathong Glacier on top left, b) and c) Location of the Indian subcontinent and Sikkim state on top right (Credits: 

Google Earth), d) Slope of ERG generated from Copernicus 30 DEM at bottom left and e) Elevation profile from Copernicus 30 DEM at bottom right. 

2.2. Methodology 

This study uses shallow ice approximation for deriving 

various glacial health parameters like velocity, ice 

thickness and glacial mass. There are various methods for 

the estimation of ice thickness in any glacier. However, as 

discussed earlier, field-based estimations are not very 

useful for monitoring because most of the glaciers are 

inaccessible. It can hamper the long-term goal of ice loss 

comparison between different years. The problem is solved 

through the utilization of the laminar ice flow equation and 

SAR data. However, there is a similar hybrid method that 

uses optical data and ice flow equations [5, 6]. Optical data 

doesn’t have the all-weather capability for the Himalayan 

region and is not widely used for velocity estimations [12]. 

Hence, SAR data can overcome this complication. The 

research in Earth Observation has been improved a lot since 

the launch of free SAR data uses policies by agencies like 

NASA and ESA. They provide access to SAR data for 

better Earth Observation and research purposes which best 

fits our objective of making higher usability of resources. 

2.3. Laminar Ice Flow Law 

The equation of the laminar flow is. 

U_s=U_b+2A/(n+1) τ_b^n H   (1) 

Here U_s is the surface velocity, U_b is the basal 

velocity A is the creep parameter assumed to be 3.24 ×10^ 

(-24) Pa^(-3) s^(-1) [13]; U_b is the basal velocity, which 

is assumed to be 25% of the surface velocity, n is assumed 

to be 3 and H is the ice thickness. The basal stress is 

estimated as follows. 

τ_b=fρgHsinα      (2) 

f is the ratio of driving stress and basal stress or the scale 

factor with a value ranging from 0.8 to 1, usually, for 

temperate glaciers, the value is taken as 0.8, ρ is the density 
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of the ice which is assumed to be 850 kg m-3 and α is the 

slope [14]. 

H=〖KU〗_s^0.25 (sinα)^(-0.75)  (3) 

The uncertainties related to the laminar flow equation are 

modeled through the equation [5]. 

dH/H=0.25[〖dU〗_s/U_s -dA/A-3 dρ/ρ-

3d(sinα)/((sinα) )]        (4) 

From equation 3, the ice thickness of any temperate 

glacier in a Himalayan region can be estimated. 

As discussed, OT is used to estimate the velocity of the 

Glacier. It is performed by tracking the offset in the 

registration window of two Ground Range detected 

products, which is taken as 128 pixels. The 128 pixels are 

taken to ensure maximum velocity doesn’t supersede 

beyond the registration window. The co-registration and 

offset tracking are performed using the Sentinel 

Application Platform (SNAP) with the datasets Sentinel 1 

satellite. The equations are implemented through QGIS 

Raster Calculator Feature. The slope is estimated using 

Copernicus 30 DEM with smooth contours higher than the 

maximum velocity and generated through QGIS Software. 

The quality of DEM and slope are accessed in results and 

discussion section which is found to be better than that of 

the approach that used optical data. 

2.4. Datasets 

Datasets are selected while considering both the 

accumulation and ablation season of the balance year 2021. 

The balance year starts in October month of the previous 

year. The peak of accumulation season is between 

December-January months and the peak of ablation season 

is in June-July months, hence the datasets are chosen from 

these months (Table 1). Sentinel 1, Level GRD products 

from ESA come with the focused SAR data. They are 

detected and projected to the ground range with the use of 

the Earth ellipsoid model. Values of different pixels 

indicate the detected magnitude of the radar signal. These 

are processed by ESA and available for researchers based 

on the ESA Copernicus program that aims to make Earth 

Observation accessible for academia. Research and Service 

Support (RSS) with a free cloud toolbox for better 

processing is also provided based on request. The 

wavelength on which Sentinel 1 operates is 5.54 cm with a 

frequency of 5.405 GHz. These frequencies are ideally not 

suited for studies that require penetration. However, OT is 

ideally used for surface studies in glaciers [10, 11, 15]. 

Copernicus 30m is used for the generation of slope and 

automated coregistration procedure. 

2.5. Velocity Estimation 

Sub pixel-based intensity cross-correlation and 

optimization commonly known as Offset Tracking (OT) is 

used to track the offset in the slave image. A master image 

is the one that is being compared. OT is commonly used for 

the estimation of Glacier Velocity (GV) through Ground 

Range Detected SAR (GRD). It is an ideal method of 

estimation of GV in both the Polar and Non-Polar Glaciers 

[10, 11, 15]. A Sub Pixel OT is carried out in different pixel 

windows. Maximum velocity needs to be set to estimate the 

offset results properly, it is assumed to be 0.2m/day based 

on previous studies in Himalayan regions. This information 

is used in SNAP software to estimate the SV for different 

seasons. 

2.6. Classification of Radar Glacier Zones (RGZs) and 

Estimation of Glacier Mass 

Radar Glacier Zones or Facies are required to properly 

estimate the area of the glacier under the ice and snow. It 

helps to differentiate debris from clean glacier areas [16]. 

Glacier facies (GFs) are a very important part of 

glaciological studies. Classification divides any glacier into 

different zones that include the dry and wet snow to the 

glacier terminus. Classification of RGZs is subject to 

sensitivities, as any glacier has different facies of snow and 

ice [16]. Proper pre-processing is required to get accurate 

results. As discussed earlier, applying orbit files is the first 

major preprocessing step for SAR-related studies. In the 

second step, a GRD Image is converted to use its 

backscatter values. A Backscatter is a part of the outgoing 

signal that the target object emits back to the radar antenna. 

Radar backscatter is sensitive to minute variations in the 

properties of ground objects. It is ideal for the estimation 

of variations in glacier facies. The characteristics of 

backscatter signals from snow forms and ice crystallization 

help to classify RGZs [13]. Radar data is sensitive toward 

textural features; hence estimation of grey level co-

occurrence matrix (GLCM) becomes an important 

parameter to get the best classification results. 7 by 7 

window size for all the angles using a probabilistic 

quantizer in 32 quantization levels are used to generate 

contrast, dissimilarity, homogeneity, angular second 

moment (ASM), energy, maximum probability, entropy, 

GLCM mean; variance; and correlation bands. 

Table 1.  Datasets 

Orbit Acquisition Polarization Pass Type Satellite/Sensor 

12 21st Dec 20 VV/VH ASCENDING Ground Range SAR Data Sentinel 1/C-SAR 

12 1st Jul 21 VV/VH ASCENDING Ground Range SAR Data Sentinel 1/C-SAR 
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GLCM was first used by R. M. Haralick et al. [17], and 

was tested on Geological, Natural, and man-made features 

J. Zhang et al. [31] used GLCM to map RGZs in the 

Parlung Zangbo Basin using an automated machine-

learning approach. However, there is a presence of noise in 

the SAR image including the speckle. A speckle filter is 

applied to remove the forms of noise, Lee, 3 by 3 method 

is used in speckle filtering. A speckle filter is applied after 

GLCM to avoid damage to texture as a precautionary 

measure. Further, the data is geometrically corrected using 

the range doppler terrain correction method. It utilizes 

Copernicus 30 DEM to geometrically rectify the data. The 

same DEM is used to coregister the images from different 

time frames to avoid biases in classification. The 

classification is carried out using K-Means Clustering in 

SNAP Software with an ideal cluster size to avoid 

misclassification. 

3. Results and Discussion

3.1. Velocity Estimation 

Figure 2.  Velocity in meter per annum of ERG in 2021 

The velocities have been estimated using the pairs of 

data acquired from a peak of accumulation and ablation 

season. Values are converted to a yearly scale for 

visualization purposes. The average velocity on the 

accumulation zone is observed to be 24.76 m a-1. Maximum 

velocity value is recorded in the percolation zone with a 

value of 38.59m a-1 in 2021. In the ablation zone, the 

average velocity value is 8.33 m a-1. It is noted that areas 

having higher slope (Figure 1) have higher annual velocity 

and areas having lower slope have lower velocity values. 

The standard error based on a sampling of 4100 pixels is 

0.05 and 0.08 respectively. S. Das and M. Sharma [15] have 

suggested that for glaciers having smaller accumulation 

areas, higher glacier velocity could mean higher retreat. 

ERG is a small glacier with a smaller accumulation area. It 

could be retreating from the accumulation zone. D. Gómez 

et al. [18] showed an acceleration of the velocity of 

Solheimajoküll Glacier, Iceland during the summer melt 

season in 2016. Authors observed that during the 

accumulation period, the mean velocity is higher. Das and 

M. Sharma [15] found a similar pattern in their results in 

Jankar Chhu Watershed, western Himalaya. Their results 

show an average SV of 33 glaciers in the study area which 

was 11.10 ± 4.1 m a-1 in 1992-93 and became 25.25 ± 1.5m 

a-1 in 2017-18. However, authors used both the optical and 

MRS datasets. A similar trend is observed in ERG, West 

Sikkim. A velocity heatmap is generated for 2021. Near 

SLA have higher velocities than the ablation areas. 

Maximum velocity lies in the center (Figure 2). 

3.2. Ice Thickness Estimation 

The ice thickness is estimated through equation 3. The 

slope was determined by using the Copernicus 30 DEM. In 

the Himalayan Region, one of the most common methods 

for ice thickness estimation is a surface-based estimation 

[12, 19]. However, we are considering an approach based 

on LIFL which is a shallow ice approximation method. The 

average ice thickness is observed to be 76.47m in 2021. A 

standard error of 0.54 is estimated based on a sampling of 

4100 pixels. 

3.3. Classification of Radar Glacier Zones (RGZs) 

RGZs have been classified to estimate areas under the 

ice and snow beyond debris. From Figure 3, it can be 

observed that near the snout, there has been a decrease in 

ice thickness. This is the major reason for distinguishing 

areas covered under actual snow and ice beyond the debris. 

This area is used for the approximation of total changes in 

mass of the whole glacier while multiplying with density 

and average thickness. Multi-temporal Sentinel 1 images 

have been used to classify RGZs based on GLCM textural 

analysis. GLCM features are ASM, Contrast, Dissimilarity, 

Energy, Entropy, GLCM Correlation, GLCM Mean, 

GLCM Variance, and Homogeneity (Figure 4). We 

observe Entropy and Homogeneity contribute to a textural 

analysis of wet snow while Entropy clearly can distinguish 

between debris and ice, Energy band also contributes to the 

texture of debris. The ablation zone has a clear distinction 

in ASM but we observe snow line altitude in all the images 

which makes a distinction between accumulation and 
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ablation zone. The Dissimilarity of texture contributes to 

the dry snow while the Contrast and Dissimilarity have 

distinguished Percolation Zone. The area of ice and snow 

is estimated to be 3.04 km2 in 2021. 

Figure 3.  Regularized Ice Thickness heatmap of ERG 

3.4. Estimation of Mass 

The total mass of ERG is estimated to be 0.19 Gt in the 

year 2021. Negligible standard deviation and standard error 

value over mass balance in Gt scale are ignored. A study 

by S. Tak and A. K. Keshari [22] utilized optical remote 

sensing to develop an approach to assess mass loss 

indirectly through AAR. The authors used their approach 

at Parvati Glacier for 19 years from 1998 to 2016. The 

glacier has a larger area than the rest of the glaciers in the 

Himalayas i.e., 425.318 km2. The total mass loss was 3.95 

Gt for 425.318 km2 in 19 years. H. Amrit et al. [23] 

estimated mass balance from remote sensing data sets from 

Landsat mission through AAR from 1994 to 2014 for 

Dokriani Glacier. The average mass balance recorded a 

change of - 15.54 cm to - 50.95 cm in two decades. Our 

study can be useful for mass loss comparison for different 

years in the future to assess the impact of climate change 

like these studies. 

Non-Polar glaciers contribute to formation and increase 

in water level of glacial lakes. South Lhonak Lake is one of 

the major examples in North Sikkim which is growing 

rapidly causing risks to the population living downstream 

(Science and Technology Department, Govt. of Sikkim, 

dstsikkim.gov.in) 

3.5. Validation, Uncertainty and Sensitivity 

To date, there has been no direct ice thickness 

measurement in Sikkim Himalayas. However, as discussed 

earlier in the introduction section, there have been attempts 

to estimate ice thickness through spectral methods which 

most common are GPR surveys and measurement of 

surface characteristics. We use LIFL and SAR OT to 

estimate the ice thickness. P. Gantayat et al. [5] used optical 

data to get the results in one of the temperate glaciers. So, 

it is important to validate SAR OT results. We conducted 

the last field survey in 2018 using DGPS measurements 

during Ablation Season. Data from the same season was 

downloaded to compare the quality of SAR results. Out of 

a total of 10 points, 8 points gave valid velocity values. r2 

of 0.83 and RMSE of 0.008 md-1 or 3.12ma-1 were 

estimated (Figure 5). 

Note: non-scalable images 

Figure 4.  Textural features from GLCM for December 2020 followed serially from left to right: a. ASM; b. Contrast; c. Dissimilarity; d. Energy; e. 

Entropy; f. GLCM Correlation; g. GLCM Mean; h. GLCM Variance; i. Homogeneity. The circular mark in image a shows the distinct line as ELA 

(pattern could be traced in all the images); in c, there is a pattern shift between the percolation zone and dry snow zone with the transition from smooth 

texture to slightly rough texture; in e, the pattern for debris is observed which is combined best with image d to get better results; and in f, the line 

separating wet snow zone and percolation zone is visualized. The arrow in image f indicates the center flow line 
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Figure 5.  Correlation between Offset Tracking and Field Measurement using DGPS survey using SAR data of the same season 

3.6. Quality Assessment of DEM for Slope Generation 

A detailed comparison of slope values is made after 

acquiring DEMs. Table 2 lists a comparison of slope values 

of different digital elevation models starting from 

Toposheet DEM (1962) followed by the latest Copernicus 

30 DEM. The standard error is the lowest for Copernicus 

30 DEM. A study by H. Li et al. [24] has shown that RMSE 

for Copernicus 30 DEM can have an average error of 

approximately 6.73m and it can have better performance in 

slopy terrain. A similar trend is observed for Copernicus 30 

as it outperforms other DEMs in terms of error post slope 

generation. 

3.7. Comparison of Ice Thickness with Other Models 

Since the field validation of the ice thickness distribution 

is not possible due to the stated reasons. The results were 

compared with results of D. Farinotti et al. [3]. They 

estimated ice thickness based on five different models. 

Values from the ERG were extracted from these models 

using the benchmark outline of ERG. A central flow line 

was drawn in the ITL-based approach (Figure 6a). Four out 

of the five models from D. Farinotti et al. [3] fall within the 

scope of the present study. Model 1 is based on a study by 

M. Huss and D. Farinotti [25]. It utilizes data from the 

Shuttle Radar Topography Mission/Advanced Spaceborne 

Thermal Emission and Reflection Radiometer 

(SRTM/ASTER) and glacier outlines of the globally 

complete Randolph Glacier Inventory for ice thickness 

estimation. Model 2 is based on the study by H. Frey et al. 

[26] This model uses its glacier inventory for the outline 

and void-filled SRTM elevation data for estimation of 

glacier thickness. Our present results are similar to this 

model. It was specially developed for the Himalayan-

Karakoram range. Model 3 is based on the study by F. 

Maussion et al. [27] Authors use data from SRTM, 

Greenland Mapping Project (GIMP) Digital Elevation 

Model for mountain glaciers in Greenland, Radarsat 

Antarctic Mapping Project (RAMP) Digital Elevation 

Model Version 2 for mountain glaciers in Antarctica and 

Viewfinder Panoramas DEM 3 product. Model 4 is based 

on a study by J. Jakob Fürst et al. [28] The authors use 

TanDEM-X DEM data and ice flux for the estimation of 

ice thickness. This model is also based on a shallow ice 

approximation method like the present study. A 

comparison of results with a study of D. Farinotti et al. [3] 

is in Table 3. Only 2.8% variation is observed with Model 

2 and Model 4. A cross-sectional profile having a line of 

sight from south to north was drawn to compare all the 

models (Figure 6b). It is observed that Model 3 and Model 

4 of D. Farinotti et al [3] overlapped. The ITL-based 

approach lies in a central position which is indicative of 

better approximation. A study by R. Millan et al. [29] also 

estimated ice thickness based on data from the Sentinel 

mission focusing on ice flux. However, the acquisition gap 

for data is 400 days. It is ideally suited for a high-scale 

study that is addressed by authors. This may not be suitable 

for small glaciers like ERG because the movement of a 

small glacier in 400 days is highly uncertain hence the data 

cannot be compared. 
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Figure 6.  Central flow line in ice thickness map of ITL-based approach and profile plot of all the presented model 

Table 2.  Comparison of different Digital Elevation Models for slope generation 

Name of DEM Slope Generation Algorithm Average Slope (Degrees) Standard Deviation Standard Error 

Digitised Toposheet (1962) r.slope.aspect (GRASS) 24.67 13.74 0.21 

SRTM DEM r.slope.aspect (GRASS) 23.37 12.63 0.20 

ASTER GDEM V3 r.slope.aspect (GRASS) 22.90 11.81 0.18 

TANDEM-X r.slope.aspect (GRASS) 27.22 16.91 0.26 

Copernicus 30 r.slope.aspect (GRASS) 22.34 11.40 0.18 

Table 3.  Comparison of different Digital Elevation Models for slope generation 

Model Average Thickness Variation from Present Study from [3] 

Model 1 67.72m 12% (-) 

Model 2 78.65m 2.8% (+) 

Model 3 70.84m 7.4% (-) 

Model 4 78.65m 2.8% (+) 

Present Study 76.47m N/A 

The method employed in this study presents a few 

notable advantages over previous studies and methods 

utilized for parameter estimation, specifically concerning 

the determination of glacier mass and ice thickness at the 

same time. The proposed method exhibits better accuracy 

through the implementation machine learning approach, 

effectively mitigating potential errors and uncertainties 

inherent in conventional approaches. Secondly, the method 

applies better spatial resolution compared to prior studies 

as discussed earlier. By leveraging SAR data of finer 

granularity and incorporating multi-resolution techniques, 

this approach captures intricate spatial details and local 

variations, enabling precise parameter estimation. This 

includes separation of debris from ice cover which enables 

better estimation of mass. 

Furthermore, this approach offers improved temporal 

resolution compared to previous studies. By harnessing 

SAR data of higher revisit frequencies, this method enables 

more frequent monitoring of glacier or ice parameters. This 

temporal resolution is vital for capturing dynamic changes 

in these parameters over time, such as seasonal variations 

or short-term fluctuations. The ability to capture such 

temporal dynamics enhances the understanding of glacier 

behavior and contributes to more accurate modeling and 

forecasting. Collectively, these advantages underscore the 

better estimations in the domain of hydrological research 
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for informed policy decisions especially in hilly terrains of 

Himalayas [32]. 

4. Conclusions

This study successfully utilizes shallow ice 

approximation method for estimation of velocity, ice 

thickness and glacial mass of East Rathong Glacier. Ice 

thickness, area under the ice cover and ice density of 0.85 

Gt/km3 are used to estimate the mass. The major benefit of 

this approach is approximation of velocity, ice thickness 

and mass of the glacier at the same time. Present thickness 

was estimated to be 76.47m in 2021 with an average mass 

of 0.19 Gt. The average velocity was found to be 8.33 m a-

1 for areas having lower slope values and 38.59m a-1 for 

areas having higher slope values. OT results were validated 

with the field-based velocity data of 2018 with RMSE of 

3.12 ma-1 and r2 of 0.83. Quality assessment was performed 

for DEMs and present thickness was compared with the 

results of previous studies. ITL approach lied in central 

location of the profile plot showing better approximation 

and having lesser error. Uncertainty of ~10% is observed 

for the ice thickness estimation. 
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