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Abstract

The present study has analyzed dynamics of Gangotri glacier using multiple remote sensing (RS) datasets and ground based obser-
vations. Interferometric Synthetic Aperture Radar (InSAR) data pairs from European Remote Sensing satellite (ERS 1/2) tandem pair
for spring of 1996, Sentinel-1 SAR pairs and Japanese’s Advance Land Observation System (ALOS) PALSAR-2 SAR data for Spring of
2015 were used to derive glacier-surface velocity at seasonal time scale using Differential InSAR (DInSAR) techniques. Bi-static
TanDEM-X (Experimental) data was used for the Ist time to estimate glacier surface elevation changes for a period of 22, 44, 88 days
during summer of 2012 using InSAR techniques in this study. Annual glacier velocity was also estimated using temporal panchromatic
data of LANDSAT-5 (30 m), LANDSAT-7/8 (15 m), Sentinel-2 (10 m) and Indian Remote Sensing Satellite IRS-1C/1D panchromatic
(5 m) data during 1998-2019 with feature tracking approach. This study has estimated glacier surface velocity and surface elevation
changes for the major parts of Gangotri glacier and its tributary glaciers using medium to high resolution optical and SAR datasets,
at annual and seasonal time scale, which is an improvement over earlier studies, wherein snout based glacier recession or only main gla-
cier velocities were reported. The velocity and slope were used to assess glacier-ice thickness distribution using Glabtop-2, slope depen-
dent and laminar flow based methods over the Gangotri group of glaciers. The estimated ice thickness was estimated in the range of 58—
550 m for the complete glacier while few small areas in middle & upper regions carry higher thickness of about 607 m. The estimated
glacier-ice thickness was found in the range of 58-67 m at the snout region. The estimation was validated using 2014 field measurements
from Terrestrial Laser Scanner (TLS) for the first time and correlation was found to be 0.799 at snout of the glacier.
© 2023 COSPAR. Published by Elsevier B.V. All rights reserved.
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runoff water contributes to major river systems like the
Ganges, which significantly impacts the livelihood of mil-
lions of people (Jain, 2008). The upstream snowmelt runoff
and the glacier dynamics influence river water availability
(Kaser et al., 2010; Immerzeel et al., 2010, 2020; Wood
et al., 2020; Huda et al., 2021; Orr et al., 2022). Velocity,
elevation changes, and thickness are the key parameters
driving glacier dynamics (Gantayat et al., 2014; Kumar
et al., 2013; Thakur et al., 2016). The longest record of ter-
minus retreat shows a significant variation in multi-decadal
retreat and has been reported to reduce in the recent dec-
ade. A consistent mass loss, thinning of debris-cover ton-
gues, and growth of supraglacial lake in recent years
indicate the emerging need to understand the dynamics of
the Gangotri glacier to anticipate the impact of future
water resource constraints.

A comprehensive record of Gangotri glacier dynamics
was missing due to its inaccessibility. For example, a
glaciological and mass balance study has not been carried
out at Gangotri. However, in some Himalayan glaciers,
the in-situ mass change analysis is carried out up to 7 km
(Azam, 2021). Further, the glacier dynamics can be extrap-
olated from the suspended sediment concentration from
the proglacial stream (Kumar et al., 2018). On contrary
to the in-situ observations, remote sensing can be used to
estimate, map, and monitor glacier velocity, glacier extent,
ice-elevation variations, crevasses, glacial lakes, glacier vol-
ume, and equilibrium line altitude, at a larger scale (Khalsa
et al., 2004; Berthier et al., 2007; Mathieu et al., 2009;
Wessels et al., 2002; Scherler et al., 2008; Karimi et al.,
2012; Bhambri et al., 2012; Kumar et al., 2013; Thakur
et al., 2017, 2018). The information from the satellite obser-
vation is crucial to understand the glacier mass balance,
glacier lake monitoring, and river discharge due to the sea-
sonal variation in snow cover and glacial ice (Kaser et al.,
2010; Berthier et al., 2007; Huss et al., 2008; Chen and
Ohmura, 1990; Singh et al., 2006). Therefore, remote sens-
ing can be used as an alternative to understand the glacier
dynamics of the Gangotri glacier (Kulkarni et al., 2007;
Thakur et al., 2017).

Previous studies have utilized various remote sensing
techniques to understand the glacier dynamics, combining
in-situ observations with satellite velocity and snout retreat
calculations (Bhambri et al., 2012). A rapid recession of
snout is observed using the static Global Positioning Sys-
tem (GPS), kinematic GPS, and satellite survey (Kumar
et al., 2009; Bhambri et al., 2012). The snout retreat indi-
cates the overall velocity and health of the glacier, but it
does not provide information about the spatial change in
velocity (Gantayat et al., 2014; Leprince et al., 2007;
Saraswat et al., 2013; Dehecq et al., 2019). The Gangotri
glacier undergoes an average summer speed up to 92%
higher-than-winter velocity change (Satyabala, 2016).
However, multi-temporal remote sensing with a weekly
or monthly temporal scale is required to quantify the
changes more accurately due to the complexity of the fea-
ture or amplitude tracking method used for velocity map-
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ping. Moreover, the dynamics involve the change in
elevation of the glacier, which can be calculated from active
remote sensing techniques like differential interferometry.

The glacier volume change is a major component in
understanding glacier health, which is only somewhat pos-
sible with satellite information. The glacier ice volumes or
ice thickness can be estimated using volume-area (V-A)
relations (Chen and Ohmura, 1990; Bahr et al., 1997),
slope-dependent ice-thickness estimations, (Haeberli and
Holzle, 1995) and spatially distributed ice-thickness models
(Cuffey and Paterson, 2010; Huss and Farinotti, 2012; Li
et al., 2011; Clarke et al., 2013; McNabb et al., 2012;
Farinotti et al., 2009a,b). Further, glacier area and length
records available from field surveys and remote sensing
data have been used to create Power-law relationships for
glacier volume/area, volume/length, and volume/area/
length (Chen and Ohmura, 1990; Bahr et al., 1997,
Linsbauer, et al., 2009). Therefore, combining seasonal
variation in velocity and volume change can be a better
proxy for understanding glacier dynamics.

The current study utilized multiple remote sensing data
and in-situ observations to understand the Gangotri glacier
dynamics. Here, we estimated (a) seasonal and annual gla-
cier velocity using optical and Synthetic Aperture Radar
(SAR) datasets, (b) summer season and long-term eleva-
tion changes using Interferometric SAR (InSAR)-based
DEM data, (c) depth or thickness using various modelling
techniques, and finally d) validated the snout depth with
model-based outputs of Gangotri glacier. We used the
multi-satellite remote sensing techniques to quantify the
seasonal variation of velocity, including short- and long-
term changes that have not been addressed in previous
studies. We employed InSAR-based elevation changes at
a shorter time scale to understand the elevation changes.

The present research work has been organized into four
sub-sections. Section 2 provides a brief overview of the
study area, instruments, datasets, velocity estimation using
optical and SAR images, volume estimation, elevation
change, and uncertainty analysis; Section 3 provides the
main results, followed by a discussion; Section 4 is conclu-
sion with information on a further scope.

2. Data and methods
2.1. Datasets

The current study area is Gangotri Glacier, located in
Uttarakhand, India. The Gangotri glacier is the second lar-
gest in the Himalayan region, with 26 km in length and
width varying between 0.2 and 2.5 km (Bisht et al.,
2015). The elevation starts at 4 km and extends to 6 km
(Bhambri et al., 2012; Thakur et al., 2016). The glacier’s
main trunk is oriented in North-West (NW) direction with
a 29% lower ablation area covered with supra-glacier lake
and debris (Bhambri et al., 2012). The Gangotri glacier
has eight tributaries, with significant contributions coming
from Kirti (11.05 km), Raktvarn (15.90 km), and Chatu-
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rangi (22.45 km) glaciers. Mass movement, erosion, and
deposition resulted in present landforms and glacial-
periglacial features (Fig. 1b & c¢; Dhote et al., 2021).

We used multiple data sets to calculate the velocity and
elevation changes (Huber et al., 2009; Fritz et al., 2011;
Krieger et al., 2007). The elevation change is obtained from
TanDEM-X (TDX) and TerraSAR-X (TSX) interferomet-
ric data sets. The velocity map is derived from Sentinel-1
(December 2016-January 2017), Sentinel-2 (September
2018-September 2019), and Advanced Land Observing
Satellite - Phased Array L-band Synthetic Aperture Radar
(ALOS-PALSAR)-2 Polarimetric SAR data (March—April
2015). More details on the datasets can be found in Tables
1 and 2. In-situ observations during October 2012 and
September 2014 from the “Differential Global Positioning
System” (DGPS) were used to evaluate velocity, elevation
change, and snow ice thickness. Further, Terrestrial Laser
Scanner (TLS) was also used to measure snout position,
profile, and height during October 2014 (Fig. 1b). Here,
we considered multispectral images for mid and late abla-
tion season as compared to SAR images to avoid seasonal
impact (Table 1). The Shuttle Radar Topography Mission
(SRTM) Digital Elevation Model (DEM) was used to
derive the slope and aspect of the glacier to understand
its dynamical properties of the glacier. SRTM has a vertical
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accuracy of 16 m compared to the Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER)
DEM (Racoviteanu et al.,, 2007; ASTER GDEM
Validation Team, 2011; Rodriguez et al., 2006). Moreover,
we used SRTM DEM to remove flat earth and topograph-
ical phase unwrapping (Joughin et al., 2010) in the interfer-
ometric SAR processing step. More details on phase
unwrapping can be found in the following section. Finally,
we used Defense Geoinformatics Research Establishment
(DGRE) Automatic Weather Station (AWS) observation
of air temperature near Gangotri glacier to infer dynamic
properties at various processing levels.

2.2. Estimation of glacier velocity using InSAR and elevation
change using DInSAR approach

We estimated the Gangotri glacier velocity using SAR
interferometry. Sequential interferometric pairs of the
pre- and post- events were required to estimate the changes.
Moreover, SAR interferometric techniques can be used to
derive glacier velocity at centimeters level accuracy
(Bhattacharya et al., 2012). The interferogram can be used
to detect the ground movement from the small phase shift
between the pre- and post- event dataset. However, the
presence of phase shift can be majorly due to the ground’s

Fig. 1. Study area description (Gangotri glacier). (a) False Color Composite (FCC) image of Gangotri Group of Glacier as seen in Indian Remote Sensing
(IRS) Linear Imaging Self-Scanning Sensor (LISS-1V) image of 20 Sep 2012, and glacier outline of 1960s is overlaid over the glacier, (b) frontal view of
Gangotri glacier snout during September 2008, (c) same as (b) but for September 2014, and d) same as (c) but panorama view. The location of DGPS is on

the right bank of glacier snout.
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Table 1
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SAR data used for the Gangotri glacier to measure glacier velocity (ERS, TANDEM-x, PALSAR-2) and elevation (Tandem-x) changes with results.

Satellite Acquisition Band and Date Period Normal Base Displacement Error
Mode acquisition Path days Line m cm day’! cm day-1
ERS 1 Monostatic C - ascending 25/03/1996- 75.34 Azimuth Range Azi Std. Range Std.
]r T1 muth  Dev. Dev.
ERS 2 Monostatic C - ascending 26/03/1996 75.34 9.00 1.74
ERS 1 Monostatic ~ C - descending 11/04/1996 } T 104.3
ERS 2 Monostatic C - descending 12/04/1996 - 104.3 14.00
TanDEM-X Bistatic X - ascending 09/06/2012 } T3 248.62
TanDEM-X Bistatic X - ascending 01/07/2012 - T4 241.55 04.50 02.50 1.04 0.8 0.59 0.50
TanDEM-X Bistatic X - ascending 23/07/2012 } TS 228.93 02.70 01.50 1.05 0.60 0.47 0.40
TanDEM-X Bistatic X - ascending 05/09/2012 - 209.98 01.90 00.98 1.09 0.6 0.10 0.13
PALSAR-2 PolInSAR L-band 22/03/2015 } T6
87.43 NA
PALSAR-2  PollnSAR L-band 19/04/2015 -
Sentinel-1 Dual Pol C-band 22/12/2016 ]T 10.2 0.63
descending 28/12/2016 - T7
Table 2
Optical image pairs used for glacier velocity estimation using feature tracking approach with results.
Satellite® Date Pair Window Size Resolution (m) SNR Time Mean Velocity Mean Velocity
Initial Final (m/day) (m/day) (m/year)
Landsat 5/7 9Sep98-220ct99 64 32 30 0.9 408 0.060 21.72
Landsat 7 80ct00-200ct01 64 32 15 0.9 377 0.052 19.09
Landsat 7 220ct99-80ct00 64 32 15 0.9 352 0.067 24.62
Landsat 7 200ct01-8Jun02 64 32 15 0.9 231 0.073 26.46
Landsat 7 220ct99-200ct01 128 64 15 0.9 729 0.053 19.33
Landsat 5/7 9Sep98—-80ct00 128 64 30 0.9 760 0.046 16.94
Landsat 8 18Sep13-21Sepl4 64 32 15 0.9 369 0.051 18.51
Sentinel-2 19Sep18-19 128 32 10 0.9 365 0.043 15.31
IRS-1C/D 220ct00-08Jul02 256 64 5 0.9 624 0.032 11.75
IRS-1C/D 220ct00-050ct03 256 64 5 0.9 1078 0.021 11.28
IRS-1C/D 8Jul02-200ct05 256 64 5 0.9 1200 0.029 10.51
IRS-1C/D 8Jul02-50ct03 128 32 5 0.9 454 0.047 17.23
IRS-1C/D 50ct03-200ct05 256 64 5 0.9 746 0.021 11.39

" In both Landsat and IRS datasets, PAN data was used for feature tracking, band 4 was used for Landsat-5.

horizontal or vertical component. The horizontal shift is
obtained by separating the topographic component from
a non-zero baseline. Further, we used DInSAR to generate
the elevation for each time. DInSAR data processing
involves image co-registration, baseline estimation, inter-
ferogram and coherence generation, flat earth and topo-
graphical phase removal, and phase unwrapping to
obtain elevation (Just & Balmer, 1994; Hanssen, 2001).
Since the TanDEM-X data have high coherence, we expect
the minimal influence of phase unwrapping for the derived
elevation (Rizzoli et al., 2017).

The complete phase information is crucial for calculat-
ing displacement and elevation changes (Wegmiiller &
Werner, 1997; Schneevoigt et al., 2012). The unwrapped
phase is transformed to velocity values considering certain
assumptions as (a) glacier flows parallel to the surface
topography, (b) DEM provides terrain surface topography
of a glacier, (c) surface elevation changes between two SAR
image acquisitions are negligible, and (d) the atmospheric
effect is negligible (Li et al., 2008).
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Next, we used bi-static images from TanDEM-X data to
calculate the elevation changes over the Gangotri glacier.
In general, stereo pairs can be used to generate a DEM
from a reference tie point method. However, in InSAR
processing, the unwrapped phase, with the help of refer-
ence SRTM data, is used to create a high-resolution
DEM. The actual height is obtained by fitting a polynomial
function between phase and height (Bhattacharya et al.,
2012; Small et al., 1993; Costantini, 1998).

i-1
i,

h= (1)

M=

1

where ¢;,i=1,---,M, are the coefficients, ¢ ' is

unwrapped phase value of /™" pixel, M is the total number
of coefficients and % is the actual height. Further, a co-
registration was also performed with the TanDEM-X data
to obtain elevation data, seasonally following the method
given in Nuth and Kiddb (2011). Finally, the elevation
change is calculated from the difference between each per-
iod (Table 1).
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2.3. Glacier surface velocity estimation using feature
tracking approach

The loss of coherence between images significantly chal-
lenges the SAR interferometric technique for velocity esti-
mation. The loss of coherence can be due to meteorological
conditions, movement, snowfall, and larger temporal reso-
lution between images (Joughin et al., 2010). Loss of coher-
ence can lead to less cross-correlation between the images,
which leads to enormous glacier velocity values. To avoid
such a situation, we employed feature-tracking techniques
to determine the glacier velocity (Scherler et al., 2008;
Leprince et al., 2007; Joughin et al., 2010). In multiple tem-
poral images, search windows of user-defined pixels are
used to identify features like a crevasse, supra glacier lakes,
and big debris rock. First, the single-look complex is con-
verted into a multi-look to make the data set uniform
and reduce speckle noise. Following, both SAR images
are used to calculate the sub-pixel correlation. Similarly,
a pair of multi date ortho-rectified optical images were used
for calculation of sub-pixel correlation. Feature tracking
identifies similar features on two temporal data sets for
velocity estimation (Huss et al, 2008; Paul and
Linsbauer, 2012). The shift in features between the images
is the criteria for estimating the velocity. Here, we used the
ENVI module COSI-Corr package (https://www.tecton-
ics.caltech.edu/) to compute the glacier velocity. Cosi-
Corr uses a feature tracking method to identify similar
objects between two images iteratively to find the best pos-
sible correlation. A detailed description of the algorithm
can be found in Leprince et al., (2007). The parameters
used to obtain the velocity map are given in Table 2. We
avoid pixels having signal-to-noise ratio (SNR) < 0.9 and
glacier movement greater than 85 m. The velocity field
can be estimated using the difference in the acquisition time
between the two images.
Dy (Rat)® + (Ry)’ ()
where D, is the translation movement; R, and R, are the
spacing between pixels in the x and y directions, respec-
tively; and u and v are the offsets in East-West and
North-South directions. Further, local averaging is carried
out to filter out pixels showing very high glacier velocity
values, which are termed noise (Bisht et al., 2015) due to
image correlation uncertainties over snow-covered pixels.
Annual glacier velocity (m/year) has been calculated by
dividing the net movement value (m) by the time interval
in days between the two images and multiplying by the
number of days in a year.

2.4. Estimation of glacier volume

We used a slope-dependent and surface velocity method
to estimate the ice thickness along the Gangotri glacier
(Gantayat et al., 2014; Frey et al.,, 2014; Cuffey and
Paterson, 2010; Farinotti et al., 2009a,b). The obtained gla-
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cier volume from multi-sensor data is validated against
TLS at the glacier snout. We used TLS observation from
the 15-17 September 2014 data for the validation.

2.4.1. Volume — Area (V-A) scaling relationships

V-A scaling method is widely used for ice volume esti-
mations (Bisht et al., 2015; Bahr et al., 1997; Huss and
Farinotti 2012). Ice volume is calculated as a function of
its surface area for large glaciers due to their high thick-
ness. Area-related scaling techniques are relatively more
straightforward and faster in the application, hence exten-
sively applied. Area data were being measured and com-
piled long before digital terrain information became
available, hence, long-term data is available (Bahr et al.,
1997). V-A scaling relation is generally represented as
(Frey et al., 2014; Bisht et al., 2015):

V =cAd’ (3)

where V' shows the glacier volume, A is the glacier area, and
y & ¢ are two scaling parameters. To validate the results
from other ice thickness methods and measurements, Eq.
(3) can be converted into the thickness—area relation as
(Frey et al., 2014; Bisht et al., 2015):

H=cA’ (4)

where H is the ice thickness and f = 7y — 1. We combined
scaling from Bisht et al. (2015) and Frey et al. (2014).
The scaling parameters used in the study are given in the
Table 3.

2.4.2. Slope-dependent ice-thickness estimation

Here we followed Haeberli and Hoélzle (1995) method to
estimate glacier volume using average surface slope and
vertical glacier relief. We obtained the parametrization
for estimating the ice depth and volume from Frey et al.
(2014) for the Himalayan-Karakoram (HK) glaciers. Fol-
lowing the GlabTop-2 and slope-dependent method given
by Frey et al., (2014), we estimated ice-thickness over the
Gangotri glacier. The slope-dependent method is computa-
tionally efficient, but at the same time, fewer inputs result
in under- or over- estimation of ice thickness. The main
parameters used in this model are given in the Table 4.

Paul and Linsbauer (2012) used a hybrid approach using
inputs from Clarke et al. (2009) and Li et al. (2011), which
considers the flow dynamics and enables the bed estimation
(Bisht et al., 2015). The GlabTop model approach digitizes
flow-lines and accounts for basal shear stress (t) at every
500 m interval. The slope dependent model does not con-
sider variable ‘T’ but uses mean value (Bisht et al., 2015).

Table 3

Parameter of the applied V-A relations.

Source C Y
Chen and Ohmura (1990) 0.2055 1.36
Bahr et al. (1997) 0.191 1.375
LIGG et al., (1988) 0.8433 1.3
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Table 4

Slope Dependent Model Parameters with GlabTop Results.
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Name of glacier branch Length (km) AH (km) o(rad) T Ice depth (m) Area Covered (km?)
Gangotri main 30 32 0.10626 150 200.42 68.4

Raktvarn 10.27 2 0.19233 150 111.21 47.88

Chaturangi 15.18 1.2 0.07888 129.62 233.10 64.89

Swachand 6.81 1.15 0.16729 126.7413 107.87 16.11

Malandi 4.26 0.85 0.19694 104.9013 75.97 4.58

Meru 8.53 1.45 0.16837 140.7513 119.03 5.57

Kirti 9.01 2 0.21843 150 98.10 31.60

Ghanohim 4.03 0.6 0.14779 80.72 77.68 11.83

Gangotri2 4.7 1 0.20963 116.8 79.54 19.47

The DEM used in the study is converted into 50 m contour
lines. Further, a slope map is obtained to calculate the ‘T’
(Bisht et al., 2015). The estimated slope map and ‘t” were
used as inputs for the ice thickness distribution along the
glacier flow lines. We used the interpolation method (Top-
ToRaster function — ArcGIS) to obtain ice thickness over
the entire glacier (Bisht et al., 2015).

2.4.3. Ice thickness retrieval from velocity measurement

We obtained the ice thickness value following the veloc-
ity estimation given in Section 2.3. The thickness is
obtained from the relationship between basal shear stress
and glacier velocities (Glen, 1955; Cuffey and Paterson,
2010). The model assumes the glacier is a parallel-sided
slab of ice with thickness H on a rough plane of slope o.
The sliding of the slab is considered negligible here, and
the thickness is much less than its length and width
(Bisht et al., 2015). The slab is perpendicular to the plane
with a unit cross-section. The slab’s weight is pgH, where
p is the density of ice, g is the acceleration due to gravity,
and H is the height of the slab (Cuffey and Paterson,
2010; Bisht et al., 2015). The glacier ice thickness from a
given glacier velocity pair and slope (Cuffey and
Paterson, 2010) can be obtained using

ol (I’l+ 1) . (u.v - M},)
H= \/2A-(f~p-g-sinoc)” ®)

where u, is surface glacier velocity derived as described in
Section 2.3 and u, is basal glacier velocity, f'is a scale fac-
tor, i.e., the ratio between the driving stress and basal stress
along a glacier, p is the ice density, A4 is a creep parameter
depending upon temperature, fabric, grain size and impu-
rity content, g is acceleration due to gravity (9.8 m/s)
and o is the slope. Considering the Gangotri glacier a tem-
perate region, we used /' = 0.8 (Frey et al., 2014; Li et al.,
2011). We assigned a constant value of 900 kg/m* to p
(Cuffey and Paterson, 2010), 4 has a value of 3.24 x 10

Table 5

24 Pa—? s7! for temperate glaciers (Cuffey and Paterson,
2010), and the slope is estimated from 90 m SRTM DEM.

2.4.4. Ground based measurement of ice thickness and
uncertainty estimation

We used a Differential Global Positioning Sensor
(DGPS) and TLS to collect the field measurement of ice
thickness at the Gangotri glacier snout during September
2014. First, TLS and its reflectors were kept 30-100 m
apart. DGPS measured the position of TLS and its reflec-
tors. TLS used for the first time to measure the ice thick-
ness of the Gangotri glacier. TLS data was also used to
measure the depth of snout ice. Further, the TLS-based
scan of the Gangotri snout was overlaid over the modeled
ice thickness outputs. The DGPS measurements were used
to validate the TanDEM-X DEM elevation for 2012. For
the year 2014, both DGPS and TLS positioning were used
to validate the elevation at the snout.

Further uncertainty in the glacier ice estimation is car-
ried out following various literatures. The uncertainty in
the scaling factor was set at 0.1, as Gantayat et al. (2014)
suggested. We used a creep factor of 824 x 107
(Farinotti et al., 2009a,b) and an ice density of 90 kg/m’
i.e., 10% of the Gangotri glacier density. We obtained a
slope uncertainty of 0.001 from the SRTM 90 m DEM
(Table 5).

3. Result and discussion

3.1. Velocity (InSAR) and elevation change (DInSAR)
from SAR dataset

We defined sequential time labels for various datasets
(e.g., T1, T2 ...T7) to estimate the velocity and elevation
change (Table 1). The interferometric fringe shows a con-
sistent pattern of horizontal velocity towards the flow
direction of Gangotri and its tributary glaciers (Fig. 4a).

Error estimation for optical image based feature tracking based glacier velocity.

Satellite Band Resolution (m) SNR SNR achieved Accuracy (m) Error Error in velocity (cm/day)
Landsat 15 0.9 0.99 14.85 0.15 0.04109
IRS 5 0.9 0.89 4.45 0.55 0.15068
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Fig. 2. Gangotri glacier slope and aspect maps obtained from Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM). Here we

used 90 m DEM for the slope and aspect.
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Fig. 3. Mean monthly temperature at Gangotri snout area obtained from Defense Geoinformatics Research Establishment (DGRE) Automatic Weather

Station (AWS) for the 1998-2009 period.

A coherence of 0.37 in ERS data set and 0.67 (average) for
the TanDEM-X signifies a reliable output of velocity and
elevation (Wangensteen et al., 2005). The low mean coher-
ence for ERS is majorly due to seasonal snowfall, wet
snow, and snowmelt (Strozzi et al., 1999; Negi et al.,
2012). We observed a 9 cm/day and 14 cm/day velocity
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along the range direction for the T1 and T2 periods
(Fig. 4b). However, careful consideration is required not
to convert these results into an annual time scale due to
the variation in velocity during different seasons.

A high glacier velocity is observed along the Southwest,
West, Northwest, and North aspects of Gangotri glacier
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(Fig. 4b). This can be due to the presence of these aspects
on a steep slope (Fig. 2). Moreover, movement in such
areas is gradually increasing with slope, and this movement
is linearly correlated with 99% of slope area. A slope above
50° (~one percent of the glacier) is not considered for this
analysis to avoid the uncertainty from free fall of snow.
The velocity rate in the Northwest and North aspects
was as high as compared with that of the Southeast during
early summer. A few areas in the Southwest, Northwest
and South aspects also show high-velocity rates. Most of
these aspects fall under the low, moderate, and high slope
regions (slope 30-50°) shown in Fig. 2. However, lack of
coherence due to the presence of snow or snowmelt/snow
freeze between two dates can result in above or below nor-
mal velocity rates (Fig. 4d & e). High coherence is observed
for Sentinel-1A/IB SAR pairs along the line of sight
(Fig. 4e).
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Next, we estimated the elevation changes from the
TanDEM-X data sets. An interferometric coherence of
0.8 is observed majorly due to concurrent observation from
the TanDEM-X pairs. The high correlation neglect varia-
tion in phase jumps, whereas the low correlation attributes
to volume decorrelation (Kumar et al., 2013). The DEM
generated for low correlation areas introduces phase
unwrapping errors, leading to enormous elevation estima-
tion values. Therefore, we used a coherence area above
0.4 for DEM calculations. A DEM was generated for 9th
June, Ist July, 23rd July, and 5th September 2012
(Fig. 5a). Further, the elevation change is calculated from
differences between a Ist day DEM, a DEM at the 22nd
day and a DEM at the 44th day (Fig. 5b). The
TanDEM-X DEM can provide an absolute vertical accu-
racy up to 10 m and a relative height error equal to
1.77 m (Huber et al., 2009; Gruber et al., 2009; Detlev
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Fig. 4. Glacier velocity from Differential Interferometric Synthetic Aperture Radar (DInSAR) (a) ERS interferogram, (b) glacier velocity for 25-26 March
1996, (c) same as (b) but for 11-12 April 1996, (d) Sentinel-1A/1B DInSAR based glacier velocity results in Line of Sight (LoS), and (e) Sentinel-1A/1B
DInSAR based glacier surface velocity (22-28 December 2016). The text in (e) refers to various branches of Gangotri glacier, i.e., Ch represents
Chaturangi glacier, K represents Kirti Glacier, G represents Ghanohim branch, S represents Swachhand branch and, M represents Mainadi glacier

branch.
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Fig. 5. Glacier elevation change. (a) TanDEM-X based DEM for different periods of 2012 for Gangotri glacier, (b) TanDEM-X based elevation difference
maps for main Gangotri and its tributary glaciers, (c) elevation difference between STRM and TANDEM-X (30 m) for Gangotri group of Glaciers, and
(d) elevation (co-registered) difference histogram for Gangotri glaciers.

et al., 2010). The variation in elevation observed in  (on glacier ice and ice-free area below snout) of the glacier.
TanDEM-X is majorly from relative height measurement =~ TanDEM-x DEM of T3 time was validated with these lim-
using a DGPS and local topography (Wells et al., 1999; ited points with root mean square error (RMSE) of 8.3 to
NRC, 1995). 11.32 m, which is similar to 10 m relative height error

We observed a mean elevation change of —0.12 m (range  reported by Detlev et al. (2010) and Pandit et al., (2014).
—1.12 to 0.7 m) during the T3 (Fig. 5b) period. In October =~ However, the mean values of —0.042 m (range —1.06 to
2012, six to nine DGPS points were taken near the snout 0.58 m) and 0.09 m (range —0.32 to 0.83 m) were observed
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Fig 5. (continued)

for the T4 and T5 periods respectively. Further, we
observed that in mid-summer, there is a net decrease in ele-
vation as compared to a slight increase during the summer
or end of the ablation season (period T3 and T4). The
change in the ablation period may be due to the high melt-
ing rate of snow and ice during June to August compared
to less rate during the end of the ablation season because of
possible snowfall. Pandey et al. (2016) reported a net mass
balance of —0.4 m/year for the 2011-2013 period. An
annual average loss of —0.38 + 0.65 m of ice was observed
between 2000 and 2014. Here we also used the difference
between TanDEM-X and SRTM DEM to calculate the
mean elevation change. Moreover, the average elevation
is within the range as previously reported (Pandey et al.,
2016; Bandyopadhyay et al., 2019). The variation in eleva-
tion can be due to the seasonal effect. The long-term eleva-
tion change shows the ablation zone is experiencing
thinning and gain is majorly over the accumulation zone
(Fig. 5¢ & d). A mean elevation of —5.27 + 9.1 m is
observed during the 2000-2014 period.

Finally, the magnitude of error contributing to glacier
velocity is evaluated for the Gangotri glacier. A non-
moving area was initially defined to identify the error cal-
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culation towards the velocity. Here, we identified a mean
velocity error of 0.53 cm/day (standard deviation & 0.67 ¢
m/day) for the azimuth direction. However, for the range
direction, the velocity error is 0.02 cm/day (standard
deviation # 0.34 cm/day). The range error indicates that
the azimuth direction velocity is more dominated by glacier
velocity error. For the Gangotri glacier, the range velocity
estimation is more reliable for active remote sensing
[Table 1; Strozzi et al., 2002, 2006].

3.2. Glacier surface velocity estimation from optical datasets

We used medium to high-resolution information from
LANDSAT, Sentinel-2, and IRS satellite images to esti-
mate the velocity change for the 1998-2019 period
(Table 2). The glacier velocity is derived using the
feature-tracking method in the COSI-Corr software. We
observed an average velocity of 17.4 m/year along the line
of sight (Fig. 4e — along the black line) between 1998 and
2014 (Fig. 6a—d). For the upper glacier areas, the velocity
accelerates from 24.0 to 58.5 m/year. Similar results are
reported for the Gangotri glacier for a certain period
(Gantayat et al., 2014). In addition, the snout retreat from
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Fig. 6. Long-term surface velocity estimation from optical dataset. (a) Landsat feature tracking-based glacier velocity between 09/09/1998 and 08/10/
2000, (b) same as (a) but for 18/09/2013-21/09/2014 period, (c) same as (a) but for Sentinel-2 19/11/2018-19/09/2019 period, and (d) shows the velocity

vectors over Gangotri group of glaciers.
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5.9 to 42 m/year, have been observed for the 1962-2006
period (Bhambri et al., 2012). However, the feature-
tracking based method also noted an approximately 14—
85 m/year of velocity in the accumulation region to 20—
30 m/year near the snout for the 2004-2010 period
(Gantayat et al., 2014). The earlier reported rapid static
and kinematic GPS survey also finds a retreat of 12.0—
13.7 m/year and 21.3 4+ 3 m/year during 2004-2010
(Kumar et al., 2008; Saraswat et al., 2013). We observed
a velocity from 2 to 30 m/year over the lower snout and
ablation area. The higher altitude Gangotri glacier velocity
ranges between 15 and 85 m/year, which is majorly for the
clean ice area. Further, the average velocity in the north
(lower; 28.1 + 2.3 m/year) is significantly lower than in
the southern (higher) regions (48.1 & 2.3 m/year). The dif-
ference in velocity from previous studies is due to the mean
value over glacier extent, different time scales, and spatial
resolution. We observed a mean 0-0.351 m velocity uncer-
tainty from IRS 1C/1D.

We observed that glacier velocity variation depends on
the seasonal and annual time scales. The various studies
on the Gangotri glacier also indicate a similar trend
(Scherler et al., 2008; Bindschadler et al., 1977;
Gudmundsson et al., 2000; Anderson, 2004; Satyabala,
2016). The seasonal variation in velocity change has com-
monly been attributed to snow or glacier meltwater at the
bases of ice streams (Willis, 1995; Fountain and Walder,
1998; Joel et al., 2007; Satyabala, 2016). The mean velocity
observed in 2012 could indicate a decreasing trend.
Whereas, within each month, a unique velocity value for
slope and aspect was observed. As shown in Table I, the
velocity during 2012 is greater between June and July than
between July and September. This may be due to a decrease
in surface melting, leading to a drop in sub-surface water
pressure and resulting in a decreased sliding velocity in late
summer (Anderson and Mackintosh, 2006). The presence of
meltwater and basal melt result from velocity variation
along the Gangotri glacier in early and late summer
(Fountain and Walder, 1998; Satyabala, 2016). We
observed a similar pattern during the springtime (Fig. 4e).
Furthermore, during early summer, the temperature varia-
tion modulates the velocity. A maximum temperature of
10-12 °C during the June-July period was observed from
DGRE’s AWS (Fig. 3). Moreover, 30.7 m/year was also
reported in early studies during the early summer (Negi
et al., 2012; Singh et al., 2006, 2007; Satyabala, 2016).
Therefore, our findings for the Gangotri glacier are more
within the range of early reported velocity changes.

The DInSAR and optical estimated glacier velocity
show lower values for ablation zones (0-20 m/year),
whereas it is higher for the middle and upper ablation,
and accumulation zones. We observed a significant (19—
33%) reduction in velocity over the lower ablation zone
during the 1998-2000, 20013-2014, and 2018-2019 periods.
Previous studies also reported a similar trend (Bhushan
et al., 2017; Dehecq et al., 2019). DInSAR finds a higher
velocity for upper ablation, snout, and accumulation zones
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during the 2013-2014 and 2016-2017 periods. A low value
in the optical data signifies the presence of snow, and large
debris in optical images leads to low correlation. An enor-
mous bias can also be identified in the SAR images due to
the presence of spring snowfall. DInSAR and optical data
have different advantages in monitoring glacier velocity
and elevation change. For instance, the DInSAR can be
used in all-weather conditions; and with various wave-
lengths, the glacier properties, like velocity, can be easily
monitored. Therefore, optical images, DInSAR, and In-
situ observations were required to understand the seasonal
and annual variations in glacier velocity.

3.3. Glacier ice thickness estimation

We obtained glacier thickness from slope dependent and
GlabTop2 methods. Both methods calculate the thickness
based on the slope. However, the GlabTop produces thick-
ness for height intervals (Paul and Linsbauer, 2012). There-
fore, branch lines are digitized more intensely within the
hydrological structure (Bisht et al., 2015). Here, basal shear
stress (1) is calculated for 500 m height intervals. We
observed a large ice thickness from GlabTop and slope-
dependent methods (Table 4) for the Gangotri main glacier
(Fig. 7a & b). The tributary Chaturangi glacier also has a
similar thickness as the Gangotri glacier; both glaciers
exhibited the highest thickness values of 222.10 m (Gan-
gotri) and 233.10 m (Chaturangi). The largest thickness
along these glaciers signifies that the thickness is directly
proportional to the area (Bisht et al., 2015). The mean
thickness of Gangotri glacier’s other tributaries ranges
between 75.97 and 119.03 m. We compared with the earlier
reported calculations (Fig. 8) of thickness along the Gan-
gotri glacier and found that the average thickness is within
the limit. The whole glacier ice volume from above meth-
ods is estimated as 42.47 km®.

The present study gives an estimate of average ice thick-
ness for Gangotri glacier using three methods as, 68, 92—
101 and 125 m from slope dependent model, laminar flow
model, and GlabTop model, respectively. Future work
can include the use of Ground Penetrating Radar (GPR)
for ice thickness measurement and validation of the ice
thickness for part or whole glacier if used in air-based plat-
forms. This can help to reduce uncertainty involved in gla-
cier ice thickness estimation (Farinotti et al., 2017). Field
survey using kinematic DGPS and repeat terrestrial pho-
togrammetry can also be utilized to validate surface veloc-
ity of the glacier. Parameterization of the laminar flow
model for density, scaling factor, creep factor, and basal
velocity can be further studied for better results and
improving the reliability of remote sensing based glacier
velocity based glacier ice depth estimates.

Next, we estimated the thickness from velocity inputs
and the laminar flow model (Fig. 9a—c). The glacier thick-
ness is calculated from mean velocity from 1998 to 2014
(Fig. 9a), 2000 to 2001 (Fig. 9b), and 2018 to 2019
(Fig. 9c) periods. A 5-30% velocity fraction was considered
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for laminar flow-based thickness estimation. We found
varying ice thicknesses across different cross-sections along
the Gangotri glacier, with maximum thickness at center of
the glacier and minimum at the edges (Fig. 9). We observed
an inverse relationship between ice thickness and velocity.
The thickness from the laminar flow calculation is larger
(20400 m) for the Gangotri glacier. Further, the thickness
at the glacier snout is small (24-62 m), whereas larger val-
ues were observed for the upper glacier (~607 m). The large
values were observed for the 5% basal velocity (Fig. 9a &
b). The ice thickness obtained from the analysis shows
how the velocity variation changes the dynamics of the gla-
cier. Therefore, glacier velocity at high spatial-temporal
resolution is necessary to understand the current condition
of the dynamic characteristics.

We obtained the average thickness from previous studies
to understand the uncertainty. The uncertainty for ice
thickness from the current study is 11.4%. The previous
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study used Landsat-7 based velocity and ASTER DEM
to estimate thickness in the range of 15-540 m as reported
by Gantayat et al. (2014). The differences in ice thickness
may be due to the high-resolution velocity measurement
and SRTM DEM (Farinotti et al., 2009a,b). Next, we val-
idated the TLS and DGPS measurements at the snout. In
2014 fieldwork, more than 12 DGPS reading were taken.
One DGPS reading at glacier snout top and one at the
location of TLS gave relative height difference of 44.0 m.
TLS was positioned near about 20 m above the snout ice
on the right bank of the glacier, as it was not feasible to
keep TLS exactly below or in front of snout due to danger
of falling ice and high melt-water. Therefore, the total
snout height is estimated at 64 m, which is close to our esti-
mated ice thickness from TLS scan as well as from laminar
flow based ice thickness model. The error in snout height
estimated by TLS, DGPS and modeling methods can also
be attributed to the different data source with high-
resolution data such as IRS 1C/1D Pan Data and SRTM
DEM based slope.

The TLS ice thickness at the Gangotri snout location
(58-67 m) is validated with model ice thickness (~60 m).
We found a correlation coefficient of 0.799 between the
model results and observation (Fig. 10).

Finally, the elevation obtained from the TanDEM-X
DEM (T3) was validated with observation during October
2012, which yielded a root mean square error of 8.3—
11.32 m near the snout location. Consecutively the ice thick-
ness estimated from TLS (64 m) near the snout during 2014 is
approximately equal to the laminar flow-based ice thickness
model (~60 m). The error in snout height estimated from the
TLS, DGPS, and modeling methods can also be attributed to
the different high-resolution data sets such as IRS 1C/1D,
Pan Data, and SRTM DEM based slope.
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4. Conclusions

A large-scale change in glacier dynamics is expected in
the current climate scenarios. The Himalayan glacier in
the future can be impacted due to the large seasonal tem-
perature variation. The temperature increases above the
long-term average are expected to modulate the glacier
melt, snowfall, and velocity change within a season. Under-
standing the glacier dynamics is crucial for the overall
Himalayan river basin management plans. Our analysis
of various SAR datasets shows that glacier velocity can
vary rapidly within a season and annually. It was noticed
that the velocity of the glacier is decreasing over the period
from 1998 to 2019. It was in the order of 24 m/year during
1998-2000, however, it decreased to around 15 m/year in
the year 2014-15. Along with decreasing glacier surface
velocity, it was observed that the mean glacier elevation
over the main trunk region has reduced by around 5-
10 m during the 2000-2014 period. The long-term negative
change in thickness can be an indicator of glacier health
deterioration. The change in glacier elevation and subse-
quent reduction in glacier velocity indicated the loss of gla-
cier mass. It was further verified with glacier ice-thickness
change analysis. However, our analysis shows that high-
resolution velocity and elevation change estimation can
improve the dynamic properties due to the scale of infor-
mation. Our results show that the ice thickness is more
accurately estimated from a high-resolution velocity. Fur-
ther, the glacier dynamics over a season can contribute sig-
nificantly to better understanding of glacio-hydrological
processes. High-resolution TanDEM-X DEM and velocity
estimation show that understanding the glacier dynamics
within a season is crucial. Our results further highlight
the use of combining high-resolution SAR, optical and
In-situ datasets for a better understanding of the projected
change in glacier dynamics. The current study with SAR
data has shown that glacier velocity can be derived using
DInSAR techniques for Himalayan glaciers. It will be an
important scientific input to upcoming mission of NASA-
ISRO SAR, NISAR (NISAR, 2015), as it will provide DIn-
SAR data from S and L-band based sensors at every
12 days interval, and which will provide continuous and
repeated information on glacier velocity covering all the
seasons.
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