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Supraglacial debris cover greatly influences glacier dynamics. The present study
combines field and remote sensing observations acquired between 2000 and
2020 to understand debris characteristics, area and terminus changes, surface
velocity, and mass balance of the Companion Glacier, Central Himalaya, along
with a systematic investigation of its supraglacial morphology. According to field
observations, the glacier’s lower ablation zone has very coarse and thick debris
(1–3 m). Owing to thick debris and consequent protected margins, the glacier
could maintain its geometry during the study (2000–2020) showing much less
area loss (0.07% ±0.1% a−1) and terminus retreat (1.2 ±1.9 m a−1) than other glaciers
in the study region. The averagemass balance (−0.12 ±0.1 mw. e. a−1; 2000–2020)
was also less negative than the regional trend. Interestingly, in contrast to
widespread regional velocity reduction, Companion’s average velocity
increased (by 21%) from 6.97 ±3.4 (2000/01) to 8.45 ±2.1 m a−1 (2019/20).
Further, to investigate supraglacial morphology, the glacier ablation zone is
divided into five zones (Zone-I to V; snout-to-up glacier) based on 100m
altitude bins. Analysis reveals that stagnation prevails over Zone-I to Zone-III,
where despite slight acceleration, the velocity remains <~8m a−1. Zone-V is quite
active (12.87 ±2.1 m a−1) and has accelerated during the study. Thus, Zone-IV with
stable velocity, is sandwiched between fast-moving Zone-V and slow-moving
Zone-III, which led to bulging and development of mounds. Debris slides down
these mounds exposing the top portion for direct melting and the meltwater
accumulates behind the mounds forming small ponds. Thus, as a consequence of
changingmorphology, a new ablationmechanism in the form of spot-melting has
dominated Zone-IV, leading to the highest negative mass balance here
(−0.5 ±0.1 m w. e. a−1). The changing snout and supraglacial morphology,
active mound-top’s melting and formation of ponds likely promote relatively
higher glacier wastage in the future.
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1 Introduction

Globally, 7.3% of the area of mountain glaciers is debris-covered
(Herreid and Pellicciotti, 2020). In the Himalaya, debris-covered
glaciers are widespread, constituting about 10% of the total ice cover
(Bolch et al., 2012), whereas debris cover in the ablation zones
(i.e., glacier area below the equilibrium line) reaches ~40% (Sharma
et al., 2016). In mountainous regions, debris is usually derived from
the surrounding valley walls and added to the glacier system through
various processes, e.g., rockfalls, surface melting, small landslides, or
avalanches (Evatt et al., 2015; van Woerkom et al., 2019; Miles et al.,
2020). If the debris transfer mechanism of the glacier is not efficient,
the debris accumulates in the ablation zone of the glacier (Shroder
et al., 2000). The combination of steep and gentle slopes over
accumulation and ablation areas of a glacier also promotes debris
accumulation, leading to the formation of a debris-covered glacier
(Scherler et al., 2011). Miles et al. (2020) have defined debris-covered
glaciers as “glaciers with a largely continuous layer of supraglacial
debris over most of the ablation area, typically increasing in
thickness towards the terminus”. Accordingly, the typical debris
thickness distribution on debris-covered glaciers is such that it
decreases a) from the snout toward the upglacier, and b) from
the margins toward the center (Anderson and Anderson, 2018). The
debris has the ability to increase or decrease melt rates depending on
its thickness (östrem, 1959; Nicholson and Benn, 2006; Reznichenko
et al., 2010; Nicholson et al., 2018; Zhang et al., 2019; 2022). As a
result, case a) offsets the impact of higher temperatures at lower
altitudes, inverting the ablation gradient and causing higher
lowering upglacier (Benn et al., 2012; Vijay and Braun, 2018).
Case b) promotes higher melting along the central portion of the
glacier; consequently, concavities develop, which may lead to the
development and widening of supraglacial channels (Pratap et al.,
2015; Mölg et al., 2020; Garg et al., 2022b). Uneven melting on a
spatial scale caused by heterogeneous debris thickness distribution
facilitates the development of ice cliffs (Sakai et al., 2002) and
hummocky topography (Miles et al., 2020). Therefore, debris
cover not only influences the overall mass balance of a glacier
but also regulates the evolution of its supraglacial morphology
(Benn et al., 2012; Pratap et al., 2015; Rowan et al., 2015; Miles
et al., 2020; Mölg et al., 2020; Bartlett et al., 2021; Garg et al., 2022b).
In view of prevailing negative glacier mass balance conditions in the
Himalaya (Kääb et al., 2015; Brun et al., 2017; Azam et al., 2018;
Maurer et al., 2019; Shean et al., 2020) debris-covered glaciers likely
undergo morphological changes, which need to be examined
carefully (Kirkbride and Deline, 2013; Fyffe et al., 2020).
However, only a few studies have investigated the supraglacial
morphology of debris-covered glaciers in order to improve our
understanding of glacier evolution on a spatial and temporal scale
(Pratap et al., 2015; Mölg et al., 2020; Bartlett et al., 2021; Garg et al.,
2022a; 2022b). In the Central Himalaya, about 12%–15% of the
glacierized area is covered by debris (Bolch et al., 2012;
Kraaijenbrink et al., 2017) with competitively higher debris
proportion over northern slopes (Scherler et al., 2011).
Interestingly, Scherler et al. (2011) noted that the population of
glaciers having >20% debris cover among glaciers studied by them is
67% in the central Himalaya which is the second highest (after
Hindu-Kush; 74%) in the entire High Mountain Asia (HMA). The
previous studies suggested that most of Central Himalayan debris-

covered glaciers retreated at a slower rate but the local mass balance
of debris-covered glaciers is distinctly non-linear and non-
monotonic with respect to the topographic parameters (Dobhal
et al., 2013; Pratap et al., 2015). Many debris-covered glaciers are
retreating relatively slowly, e.g., Dunagiri (3 m a−1), Chorabari (6 m
a−1), Shankulpa (6.8 m a−1), Bhagirathi Kharak (1.5 m a−1), but many
others are retreating at faster rates of up to 25 m a−1 (Vohra, 1981;
Swaroop et al., 2001; Nainwal et al., 2008; Dobhal et al., 2013). Garg
et al. (2017a) studied 18 glaciers in Uttarakhand (an Indian state),
central Himalaya. and reported an average debris cover of 28% in
1990 which increased to 34% in 2015. The low average terminus
retreat (12 m a−1) and area loss (3% m a−1) over debris-covered
glacier was also reported by Garg et al. (2017a) against high average
retreat (21 m a−1) and area loss (4% a−1) over clean glaciers.
Bandyopadhyay et al. (2019) computed the geodetic mass balance
for the Upper Ganga basin for the 2000–2014 period and found
reduced melt rates over debris-covered glaciers. They specifically
highlighted that the surface lowering over the thickly debris-covered
(>1 m) ablation zone of the Charobari Glacier wasmoderately lower.
Changing glacier morphology coupled with spatially heterogeneous
mass loss owing to differential debris thickness distribution is also
reported from the Dokriani Glacier in the central Himalaya (Garg
et al., 2022b). Nevertheless, interlinkage between various
supraglacial processes that may influence the overall glacier
evolution is rarely explored.

The present study investigates a debris-covered glacier in the
Central Himalaya in terms of mass balance, surface ice velocity,
and debris thickness distribution and examines its morphology
using dedicated field-based and remote sensing observations. The
specific objectives of the paper are to a) quantify glacier
dimensional changes, mass balance, and surface ice velocity
(SIV) of the Companion Glacier, central Himalaya, and b)
assess the impact of debris on glacier mass balance, ablation
pattern, and supraglacial morphology. The present study will
help better understand the complex interplay between various
glacier parameters and supraglacial processes that influence the
overall evolution of debris-covered glaciers which supply a
notable proportion of fresh water in the HMA. The broader
scientific understanding of glacial behavior in high-altitude
regions supports global efforts to mitigate the impacts of
climate change on vulnerable ecosystems and communities.
Thus, the study’s findings are expected to serve as an essential
foundation for predicting future water supplies in the region and
formulating effective adaptation strategies to cope with the
challenges posed by climate change.

2 Study area

The present study focuses on the ‘Companion Glacier’ (snout
coordinates: 30°44′34″N, 79°04′10″E) located in the Mandakini
valley of the Alaknanda catchment, a tributary of the Ganga
River. The Companion Glacier got its name from its proximity
to the Chorabari Glacier (a well-studied glacier in the Central
Himalaya). Companion Glacier is a small glacier with a total area
of only 2.11 ± 0.1 km2 (in 2020), and it descends from an altitude of
5,333 m above sea level (asl) and terminates at 3,757 m asl. By 2020,
about 63% of the glacier surface was covered with debris ranging in

Frontiers in Earth Science frontiersin.org02

Garg et al. 10.3389/feart.2023.1219755

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1219755


size from a few millimeters to big boulders exceeding several meters
in diameter. The glacier is oriented north-south, with the snout
facing south. The average surface gradient of the glacier is 29.7° with
a gentle (12.7°) ablation zone and steep (36.8°) upper portion
(>4,200 m asl; marked with white hatching in Figure 1). The
meltwater stream originating from the Companion Glacier is
called ‘Saraswati’ which meets the Mandakini River (originated
from the Chorabari Glacier, the largest glacier of the Mandakini
valley) in the downstream area after a short distance of 1.5 km
(Figure 1). The general climate of the study area is dry–cold in winter

and humid–temperate in summer. It alternatively receives
precipitation from the mid-latitude westerlies during winter and
Indian Summer Monsoon during summer (Bookhagen and
Burbank, 2010; Burbank et al., 2012; Mehta et al., 2012; Dobhal
et al., 2013).

The present paper aims at assessing supraglacial morphology as
regulated by the debris cover. Therefore, the debris-covered ablation
zone of the glacier, which spread roughly between 3,700 and 4,200 m
asl, was divided into five zones (Zone-I to Zone-V), taking the 100 m
contour interval as a base (Figure 1).

FIGURE 1
Locationmap of the study area. Extensive supraglacial debris cover is visible on the glacier’ ablation zone. The green stars overlain on themap (Points
(PT) 1–10) show the locations of debris thicknessmeasurements. To investigate the supraglacial morphology and underlying processes, the ablation zone
is divided into five zones (Zone-I to Zone-V) based on the 100 m altitude bins. The glacier portion above the gently sloping ablation zone (>4,200 m asl)
has been marked with white hatching. The background image is a Sentinel-2 MultiSpectral Instrument (MSI) image of 8 October 2020, with a band
combination of Shortwave Infrared-Near Infrared-Green.

Frontiers in Earth Science frontiersin.org03

Garg et al. 10.3389/feart.2023.1219755

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1219755


3 Dataset

The present study aims at integrating field and remote
sensing-based observations to understand the glacier state and
its morphological evolution during the last 2 decades
(2000–2020). For this, temporal and multi-sensor satellite data
were acquired from Landsat- Enhanced Thematic Mapper Plus
(ETM+), Operational Land Imager (OLI); Terra- Advanced
Spaceborne Thermal Emission and Reflection Radiometer
(ASTER), Sentinel-2 MultiSpectral Instrument (MSI) along
with Shuttle Radar Topographic Mission (SRTM) Digital
Elevation Model (DEM) version-3. The Landsat and SRTM
data were acquired from the U.S. Geological Survey website
(https://earthexplorer.usgs.gov), Sentinel-2 images were
downloaded from Copernicus Open Access Hub (https://
scihub.copernicus.eu), whereas the ASTER data was acquired
from the NASA Earthdata website (https://www.earthdata.nasa.
gov/). All the dataset was projected to the UTM coordinate
system with WGS84 datum. The complete details, including
the date of acquisition, spatial resolution, and purpose of each
dataset, are given in Table 1.

To obtain field data, a glacier expedition was conducted on the
glacier during the third week of October 2020. During the fieldwork,
supraglacial debris thickness was measured by manually excavating the
debris and assessing its depth using ameasuring tape. A horizontal stick
was placed across the excavation, and measurements were taken
multiple times, at least three instances, and subsequently averaged to
obtain a consolidated value. In cases where digging was unfeasible due
to the presence of substantial boulders, we estimated the debris
thickness from the top of the boulder down to the point where the
glacier ice became visible through cavities. The latitude, longitude
coordinates, and altitude of each point where debris thickness was
either measured or estimated were recorded using a handheld Global
Positioning System (GPS; Garmin 64s; accuracy: ±10 m horizontal
and ±5 vertical). In addition, detailed observations on supraglacial
debris size, snout morphology, and surface features such as supraglacial
vegetation, subsidence sites, and surface mounds were made to better
understand the implications of changing glacier mass balance and
velocity.

4 Methodology

4.1 Glacier area, debris cover, and length
change estimation

Glacier boundary was digitized manually on the ETM+
image of 2002 and the MSI image of 2020, which likely
provide the best results (Stokes et al., 2007; Paul et al., 2013;
Garg et al., 2017a). The ETM+ image was pan-merged with the
band combination of Shortwave Infrared (SWIR)-Near Infrared
(NIR)-Green to increase the spatial resolution from 30 m to
15 m, which greatly facilitated the visual interpretation. The
False Colour Composites of MSI were also created using the
band combinations of SWIR-NIR-Red and SWIR-NIR-Green.
Before layer stacking, the SWIR band of MSI was resampled
from 20 m to 10 m to make it compatible with the spatial
resolution of the rest of the bands utilized. The ablation zone
of Companion Glacier is heavily covered with debris, but its
delineation was not very difficult thanks to well-elevated lateral
moraines. Furthermore, while the debris cover on the glacier is
derived from the surrounding valley walls, its tone, and texture
differ slightly from those of the surrounding valley walls
(Figure 1), which aided in the demarcation of the glacier
margins. The signs of movement (derived from overlaying
temporal images), the undulating glacier surface, the presence
of supraglacial ponds, and most importantly, the presence of the
snout wall, aided the visual interpretation. The water divide was
defined using an SRTM DEM and visual comparison from
Google Earth. The debris-covered portion of the glacier was
marked visually within the glacier boundary taking advantage of
tonal difference (Stokes et al., 2007; Garg et al., 2017a). The
Companion Glacier has two branches of accumulation
(Figure 1). Here, the length of the glacier was measured along
the central flow line from the snout to the upper limit of the
longest branch. The length change (retreat) was measured as per
Bhambri et al. (2012), wherein lines with 50 m intervals were
drawn parallel to the central flow line across the glacier width,
and the length of each line intersecting the temporal boundaries
was averaged to arrive at the average retreat.

TABLE 1 Details of data used in the study.

Satellite sensor Scene identity Date of
acquisition

Spatial
resolution (m)

Utilization

Landsat-7 Enhanced
Thematic Mapper
Plus (ETM+)

LE71450392000259SGS00 15 August 2000 30, 15 Panchromatic Glacier velocity

Landsat-7 ETM+ LE71450392001213SGS00 01 August 2001 30, 15 Panchromatic Glacier boundary,
debris cover, and
velocity

Sentinel-2
MultiSpectral
Instrument (MSI)

S2A_OPER_MSI_L1C_DS_EPAE_20191024T082325_S20191024T052919_N02.08 14 October 2019 10 Visible,
20 Shortwave
Infrared

Glacier velocity

Sentinel-2 MSI S2A_OPER_MSI_L1C_DS_VGS1_20201028T072802_S20201028T052216_N02.09″ 8 October 2020 10 Visible,
20 Shortwave
Infrared

Glacier boundary,
debris cover, and
velocity
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4.2 Geodetic mass balance calculation

4.2.1 Horizontal and vertical biases corrections
The DEMs from SRTM (2000) and ASTER (2020) were

compared on a pixel-by-pixel basis to compute the glacier surface
elevation change (SEC). First of all, both the DEMs were carefully
checked for peaks and sinks and, whenever necessary, these were
removed using the spline method (Racoviteanu et al., 2009; Paul
et al., 2015). Then, horizontal and vertical congruence among the
DEMs was ensured by using the SRTM DEM as a base (Nuth and
Kääb, 2011). To achieve horizontal congruence, the standard
deviation of the elevation difference over the least error-prone
stable terrain was minimized (Berthier et al., 2016). Stable terrain
was extracted by masking a) glaciated areas using RGI 6.0 glacier
boundaries, b) cloud cover using on-screen digitization, c) gentle
(<4°) and steep (>45°) slopes using SRTM DEMs, and d) elevation
difference values >± 100 m, considering them as outliers (Nuth and
Kääb, 2011; Berthier et al., 2016; Shukla and Garg, 2019).

The vertical congruence was also achieved over the stable
terrain by applying the above-discussed glacier, cloud, and slope
masks, with the elevation difference outlier mask restricted
to ±50 m (Berthier et al., 2016; Shukla and Garg, 2019). Then,
we correct along/across track biases by rotating the ASTER
ground track (Nuth and Kääb, 2011; Gardelle et al., 2013;
Berthier et al., 2016). Subsequently, the elevation, slope, and
curvature-dependent biases were corrected by establishing their
relationship with elevation differences over stable terrain and
using a third-order polynomial fit (Garg et al., 2022b).
Supplementary Table S1 shows improvements in standard
deviation after each sequential correction applied on the
ASTER DEM. A total of ~45% improvement was seen after
applying all the corrections (Supplementary Table S1).

4.2.2 C-band penetration and seasonality
corrections

The SRTM DEM used in this study was acquired in the C-band,
which possesses varying penetration capability on different glacier
surfaces (~0–10 m; Gardelle et al., 2013), and forms one of the most
important sources of uncertainty in glacier surface elevation change
computations (Kääb et al., 2012; Gardelle et al., 2013; Vijay and
Braun, 2016; Zhou et al., 2018). Previous studies have reported
different C-band penetration depth values for different regions
(Kääb et al., 2012; Vijay and Braun, 2016; Zhou et al., 2018).
Here, we applied a penetration value of 3.5 m for the snow/ice
surface as suggested by Bandyopadhyay et al. (2019) specifically for
the Uttarakhand region, and 0.4 m for the debris-covered surface as
suggested by (Kääb et al., 2012).

The SRTM and ASTER DEMs used in this study were
acquired in February (2000) and October (2020), respectively,
showing a seasonal difference of about 4 months. To account for
this difference in DEM acquisition months, we applied a
seasonality correction of 0.15 m w. e per winter month, which
corresponds to the mean winter MB of 35 glaciers in the northern
hemisphere (Ohmura, 2011; Gardelle et al., 2013). The applied
value is also very similar to the mean accumulation rate of the
Dokriani Glacier in the Central Himalaya, which is close to our
study area (Garg et al., 2022b).

4.2.3 Outlier handling and mass balance
computation

In glaciers characterized by a negative mass balance regime, the
maximum thinning is anticipated to take place at the snout region,
while the minimum thinning is expected in the upper accumulation
regions (Schwitter and Raymond, 1993). However, we noticed a few
pixels of high contrast even in the accumulation area. Pieczonka and
Bolch (2015) explained that these kinds of anomalous values are
caused by the erroneous matching of optical images and can be
handled using a sigmoid function. The sigmoid function assumes
that the glacier surface elevation change varies with altitude
following a nonlinear trend. In the present study, we used a
simplified version of the sigmoid function proposed by Zhou
et al. (2018) to determine the maximum allowable thickness
change (Δhmax) at a certain altitude, as shown in Equations 1, 2:

ω � Amx − Ag

Amx − Amn
(1)

Δh max � ]ω2 (2)
where ω is normalized altitude, Amx and Amn are the maximum and
minimum altitudes of the glacier, respectively,Ag is the altitude of an
individual pixel, and ] is the empirical coefficient, which denotes the
maximum elevation change at the front of the glacier. For the
Companion Glacier, we set a value of −40 m following the
recommendation of Zhou et al. (2018) and based on the previous
elevation change measurements (Bandyopadhyay et al., 2019; Shean
et al., 2020). The discarded values from applying the Δhmax filter
were replaced with the mean value of the corresponding 100 m
altitude band. In the next step, the mean elevation change value for
each altitude band was computed and multiplied by the area of the
respective band to determine the volume of ice change. Finally, the
mass balance of the Companion Glacier was computed utilizing the
mean density values of 850 ±60 kg/m3 and 560 ±40 kg/m3 for the
ablation and accumulation areas, respectively, as proposed by
Dobhal et al. (2013) for Chorabari Glaciers, which were derived
from an in-situ mass balance study, along with references from
Dobhal et al. (2021) and Garg et al. (2022b) based on field
measurements conducted over the Dokriani Glacier in the central
Himalaya.We also referred the framework presented by Huss (2013)
for the consideration of uncertainties associated with density
assumptions.

4.3 Velocity measurements

The panchromatic band (15 m) of Landsat ETM+ images of
2000 and 2001 and the NIR band (10 m) of Sentinel-2 MSI images of
2019 and 2020 were utilized to deduce surface ice velocities for 2000/
01 and 2019/20, respectively. The ‘Co-registration of Optically
Sensed Images and Correlation (COSI-Corr)’ matching
programme was used to correlate the temporal images. The
COSI-Corr was developed by Leprince et al. (2007) initially for
observing tectonic movements and first applied by Scherler et al.
(2008) in the glaciological application. Since then, it has become a
standard method in glaciology and has been widely applied in
several studies (Scherler et al., 2011; Bhattacharya et al., 2016;
Bhushan et al., 2017; Shukla and Garg, 2019; Kaushik et al.,
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2022). The COSI-Corr uses initial (usually larger) and final (usually
smaller) window sizes to retrieve the relative displacement between
the correlated images which facilitates maximizing correlation and
capturing finer details, respectively. Here we chose an initial and
final window size combination of 64×32 pixels for both ETM+ and
MSI but a respective step size of 4 and 6 to resample the
displacement images in a common ground resolution of 60 m.
The resulting east-west (E-W) and north-south (N-S)
displacement images were subjected to several filters. First, we
filtered out low signal-to-noise ratio (SNR) values that are less
than 0.9 to eliminate poor correlations. Then, we discarded the
values >± 100 m, considering them outliers. This threshold was
decided based on field knowledge. Thereafter, we applied a non-local
mean (NLM) filter, which holds an exceptionally high efficiency in
preserving the fine details while reducing additive white Gaussian
noise. To address the isolated pixels and fill the small gaps caused by
discarded pixels, we applied a median filter having a kernel size of
3×3 pixels. The moving shadow and cloud lead to biases in the
velocity computation which were manually digitized and masked
from correlations to avoid these errors. Finally, the absolute velocity
was computed as the square root of the sum of the squares of the N-S
and E-W displacements. The correlated image pairs did not
necessarily have 1-year temporal separation, therefore, the
velocity products were normalized to 365 days.

4.4 Uncertainty estimation

In the present study, the glacier boundaries were digitized on-
screen using visual interpretation and, hence, are likely to contain
interpretational bias. Therefore, to quantify the uncertainty
associated with glacier area delineation, an approach suggested by
Paul et al. (2013) is adopted. For this, a total of six analysts with
sufficient experience (2–6 years) in remote sensing-based
glaciological studies were asked to digitize the boundary of
Companion Glacier independently on the MSI image. The
standard deviation of all the glaciers boundaries thus quantified
was 0.05 km2 or 3.8%. This is in line with the previous uncertainty
estimates in glacier area mapping (Bolch et al., 2010; Paul et al., 2013;
Chand and Sharma, 2015; Garg et al., 2017a). Since the debris-
covered area was estimated within the glacier boundary, an equal
uncertainty was assumed for it (Garg et al., 2017a). The uncertainty
in length change was quantified as per Hall et al. (2003), wherein the
square root of the pixel resolution of temporal images was calculated
and added to the coregistration error (i.e., one pixel).

Uncertainty in geodetic mass balance estimation was quantified
using all the reliable pixels over non-glaciated stable terrain. As
described in Section 4.2.1, the reliable stable terrain was obtained by
masking the glacier (using RGI 6.0 glacier boundaries), cloud mask
(using on-screen digitization) and slope mask (eliminating area with
slope >45°) (Berthier et al., 2016; Garg et al., 2022b). The slope mask
was applied based on the recommendations made in the literature
which highlighted that DEMs contain large errors in the steep slopes
(Jacobsen, 2005; Rodríguez et al., 2006; Vilímek et al., 2015; King
et al., 2017). Rolstad et al. (2009) particularly emphasized on
excluding areas steeper than 30° where few identical features are
matched in the stereo pairs. The exclusion of steep mountainsides
reduces elevation differences that stem from horizontal shifts of the

DEMs due to uncertainty in the absolute orientation. Several earlier
studies applied a slope threshold of 30° for masking the error-prone
values (Pieczonka and Bolch, 2015; Bhushan et al., 2017; Neckel
et al., 2017; Zhou et al., 2019). However, following Berthier et al.
(2016), we applied a slope threshold of 45° which allowed more
pixels from non-glaciated terrain to be included in the uncertainty
estimation process. Afterward, as suggested by several studies
(Gardelle et al., 2013; Zhou et al., 2018), the standard deviation
of each 100 m altitude band over stable areas (σsi) was used to
approximate the error associated with glacier surface elevation
change over the corresponding band (σi) using Equations (3), (4)

σ i � σsi��
E

√
p

(3)

Ep � Tp*Gp

2d
(4)

where Tp and Ep are the total and effective number of pixels,
respectively, Gp represents the ground resolution of the pixels,
and d is the distance of autocorrelation (600 m; Bhushan et al.,
2018; Zhou et al., 2018). The d is equal to the range of influence
which is obtained from the semi-variograms of elevation difference
values over non-glaciated stable areas (Wang and Kääb, 2015;
Magnússon et al., 2016). Subsequently, the total uncertainty in
glacier surface elevation changes (σgi) was calculated by
Equation (5)

σgi �
�����������
σ i( )2 + σp( )2√

(5)

where σgi is uncertainty in glacier surface elevation change, σp is the
uncertainty in the C-Band penetration depth correction, which is
taken as 50% of the applied correction value (i.e., 1.5 m). Finally, the
total uncertainty in mass balance estimation (σmb) was calculated by
Equation (6).

σmb �

�������������������
σhi*σρ
t*ρw

( )2

+ σgi*σ i
t*ρw

( )2

√√
(6)

where σhi is the observed surface elevation difference, ρi is the density
values used here (850 ± 60 kg m−3 for ice and 560 ± 40 kg m−3, for
snow/firn; Huss, 2013; Garg et al., 2022b), σρ is the density estimates
uncertainty (±60 kg/m3), ρw is the density of water (1,000 kg m−3)
and t is the total time period (21 years). The density uncertainty
value ±60 kg m3 is used here uniformly both for ice and snow as it is
highest amongst both the density assumptions and, hence, can be
considered conservative allowing the inclusion of uncertainty in
density assumptionmore appropriately. The t is used in the equation
to arrive at the uncertainty estimation value of the annual scale
(i.e., m a−1).

The COSI-Corr can provide accuracy in the order of 1/20–1/
10 of the pixel size of the correlated images (Scherler and
Strecker, 2012; Tiwari et al., 2014), which translates to an
error of ±1 m to ±1.5 m for MSI and ETM+ images. Notably,
in the present study, image pairs from the same path/row were
used for correlation to avoid horizontal shift (Heid and Kääb,
2012). The image-to-image coregistration of ETM+ and MSI
images is also suitable for glaciological studies (Storey and
Choate, 2004; Heid and Kääb, 2012; Bhattacharya et al., 2016).

Frontiers in Earth Science frontiersin.org06

Garg et al. 10.3389/feart.2023.1219755

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1219755


Here, the total uncertainty associated with the velocity estimation
was quantified over stable terrain, where theoretically no
movement is expected (Shukla and Garg, 2019). Error-prone
areas such as shadows, cloud cover, and slopes >45° were masked
out before uncertainty estimation. Following (Scherler and
Strecker, 2012; Garg et al., 2017b; Shukla and Garg, 2019), the
mean and standard deviation of observed velocity over stable
terrain were summed up and divided by the temporal separation
of the image pair to arrive at the error quotient.

5 Results

5.1 Area, length, and debris cover changes

As per the MSI image of 2020, the total area of the Companion
Glacier is 2.08 ±0.1 km2. In 2001, the total area of the glacier was
2.11 ± 0.1 km2. Thus, the glacier area has only slightly reduced
by −0.03 ±0.1 km2 (−1.3% ± 2.8%) in the last 19 years. The glacier’s
ablation zone varies in width between ~200 and ~600 m and is

characterized by heavy debris cover. The total debris cover on the
glacier was 59.4% (1.25 ±0.1 km2) in 2001, which increased to 63.2%
(1.31 ±0.1 km2) in 2020, showing a growth of 4.9% ±2.8%
(0.3% ±0.1% a−1). These results show that the changes in area
and debris cover are trivial and are within the range of associated
uncertainties. Notably, almost the entire ablation zone of the glacier
is debris-covered (Figure 1) leaving a limited scope for increasing the
debris cover further up the glacier. The length of the glacier was
4.6 km in 2020, and snout fluctuation analysis reveals a very low
retreat of only 70.6 ±33.1 m during 2001–2020, which translates into
an annual retreat of 2.7 ±1.7 m a−1.

5.2 Debris cover characteristics

The glacier’s ablation zone is covered with rocky debris, with
debris sizes ranging from huge boulders (several meters in diameter)
in the lower reaches to silt in the upper reaches (Figures 1, 2). In
total, the characteristics of the debris were observed at 10 locations
(Figure 1). In the lower portion from Point one (PT1) to PT5, the

FIGURE 2
Debris cover characteristics of the Companion Glacier observed during the fieldwork in October 2020. The debris is very thick (~2–3 m) over lower
reaches [Zone-I through Zone-III; Panels (A–E)]. The debris thickness keeps decreasingwith increasing distance from the snout in the upglacier direction.
Panels (F–H) show a clear transition from huge to relatively fine debris. Upper portions [Panels (I–J)] have fine and comparatively thin debris (<40 cm).
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debris is very thick exceeding ~2–3 m, and characterized by huge
boulders with a diameter of >2 m (Figures 2A–D). Displacing
boulders in order to measure the thickness was not possible, and
hence the exact debris thickness could not be measured here. Visual
estimations suggest the debris thickness to be greater than ~3 m
between PT1 to PT5. On PT6, the thickness of debris is relatively less
(visual estimation ~2.5 m) but it is still not physically measurable as
it comprises big boulders (Figure 2E). The PT7 is a mound where the
debris is relatively thin at the top and could be measured exactly
(48 cm). However, the debris was thick at the mound’s bottom and

surroundings (>1.5 m). The photographs shown in Figures 2F–H
display the transition between big boulders to relatively fine debris.
The PT8 displayed settings similar to the PT7, which represented a
mound with thin debris (45 cm) on top and thick debris (~1 m) at
the bottom and surroundings. At PT9 the debris is comparatively
thin (38 cm) and composed of fine grains (Figure 2I). A debris
thickness of 28 cm has been recorded at PT-10 (Figure 2J). These
observations confirm a typical debris thickness distribution setting
(Anderson and Anderson, 2018), which gradually decreases up the
glacier with increasing distance from the snout. Details of debris

FIGURE 3
The average zonal Surface ice velocity (SIV) of the Companion Glacier. Panel (A) shows spatial distribution of SIV for 2000/01 deduced from
correlating repeat Enhanced Thematic Mapper Plus (ETM+) images. Panel (B) shows spatial distribution of SIV for 2019/20 deduced from correlating
MultiSpectral Instrument (MSI) images. Panel (C) shows average zonal SIV for the years 2000/01 and 2019/20. Notice a decrease in SIV over Zone-III and
an increase over Zone-V. Zone-IV, with no change in SIV, became sandwiched between slow-moving Zone-III and fast-moving Zone-V, which led
to changes in glacier morphology.
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thickness measurement (latitude, longitude, altitude) are given in
Supplementary Table S1.

5.3 Surface ice velocity

The surface ice velocity of the glacier was estimated for the 2000/
01 and 2019/20 periods. It is important to note that owing to
featureless perennial snow cover, steep mountain slopes, wide
crevasses, and seracs, it is challenging to deduce velocities for the
accumulation area of glaciers using the optical-feature tracking
technique (Heid and Kääb, 2012; Shukla and Garg, 2020).
Therefore, here the velocity estimations are limited to the debris-
covered ablation zone, where reliable correlations could be obtained
(Figure 3). The SIV is computed using two approaches: a) zonal SIV:
where the mean of all the pixels in each of the 100 m altitude bands
(categorized here from Zone-I to Zone-V) is computed, and b) along
the central flow line (CFL): where the mean of every 50 m distance
from the snout to the upglacier is computed. Zonal results reveal that
almost the entire ablation zone is moving at very low rates (Figure 3).
Zone-I (5.8 ± 2.1 m a−1 in 2019/20) and Zone-II (5.8 ± 2.1 m a−1 in
2019/20) moved at similar and the slowest rate, but an acceleration
of ~34% and ~15%, respectively, is observed in these zones. Zone-III
has slowed down (by ~5%) and moved at a rate of 7.6 ± 2.1 m a−1 in
2019/20. Zone-IVmoved at an almost similar rate of 10.1 ± 3.4 m a−1

during 2000/01 and 10.0 ±2.1 m a−1 during 2019/20 showing almost
no change in velocity. A notable acceleration (by ~76%) in SIV from
7.3 ± 3.4 to 12.9 ± 2.1 m a−1 occurred in Zone-V, which became the
fastest-moving zone of the glacier (Figure 3A). The average SIV of all
five zones was 7.0 ± 3.4 m/during 2000–01, which increased (by
21%) to 8.5 ± 2.1 m a−1 during 2019/20. The average SIV along the
CFL during 2000/01 (10.1 ±3.4) and 2019/20 (11.8 ± 2.1) is
comparatively higher than zonal, but it also confirms an
acceleration (by ~16%). The SIV of Zone-I increased (by 61%)

from 4.9 ± 3.4 to 7.9 ± 2.1 m a−1 and that of Zone-II (by ~80%)
increased from 4.0 ± 3.4 to 7.2 ± 2.1 m a−1. Zone-III decelerated (by
~8%) from 10.2 ± 3.4 to 9.3 ± 2.1 m a−1 whereas Zone-IV, in the case
of CFL, showed deceleration (by ~12%) from 14.6 ± 3.4 to 12.8 ±
2.1 m a−1. SIV increases dramatically (by 58%) over Zone-V, from
11.8 ± 3.4 to 18.6 ± 2.1 m a−1, similar to Zonal. It is evident from
Figure 3 and Figure 4 that both Zonal and CFL SIV show increasing
SIV with increasing distance from the snout, which is typical for
mountain types of glaciers (Bhushan et al., 2017).

5.4 Mass balance and surface elevation
change

The glacier SEC has been estimated using the SRTM DEM of
2000 and the ASTER DEM of 2020. However, after seasonality
correction, the SRTM DEM represented the ablation period of
1999, bringing the total study span to 21 years. Results reveal a
negative glacier-wide mass balance for the Companion Glacier
with a total value of −2.58 ±1.8 m w. e. during 1999–2020, which
translates into a specific mass balance of −0.12 ±0.1 m w. e. a−1.
Further, similar to SIV, the SEC of the Companion Glacier was
also computed for all five zones and along the CFL (Figures 4, 5).
The Zonal SEC reveals an average thinning (negative SEC values
are referred to as thinning) of −0.30 ±0.1 m a−1 for Zone-I to V. The
minimum thinning is observed over Zone-III (−0.08 ±0.1 m a−1) while
the highest thinning is observed over Zone-IV (−0.59 ±0.1 m a−1).
Zone-I (−0.31 ± 0.1 m a−1) and Zone-II (−0.40 ±0.1 m a−1) also
underwent considerable thinning. Zone-V had a moderate
thinning (−0.13 ±0.1 m a−1) during the observation period of
1999–2020. Results along the CFL reveal comparatively higher
average thinning of −0.43 ±0.1 m a−1 for Zone-I to V. However,
the pattern of thinning is similar to the zonal one, with the minimum
in Zone-III (−0.19 ±0.1 m a−1) and the maximum in Zone-IV

FIGURE 4
Surface elevation change (2000–2020) and surface ice velocity (SIV; 2000/01 and 2019/20) of the Companion Glacier, calculated along the central
flow line sampled every 50 m from the snout upglacier. Notice the highest surface thinning in Zone-IV and an increase in SIV over Zone-V. The velocity
differences between Zone-III and Zone-V caused bulging in Zone-IV; consequently, several mounds developed here and led to spot melting, which
explains the higher thinning in this zone.
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(−0.69 ±0.1 m a−1). Zone-I (−0.43 ±0.1 m a−1), Zone-II (−0.47 ±0.1 m
a−1), and Zone-V (−0.38 ±0.1 m a−1) showed intermediate thinning.

6 Discussion

6.1 Status of the Companion Glacier from a
regional perspective

In the study region (Uttarakhand Himalaya), there are several
terminus retreat measurement records. A compilation of
previous measurements comprising 51 records shows an
average retreat of 18.7 m a−1 considering all the available
periods and 15.2 m a−1 during the post-2000 period
(Supplementary Table S3). Garg et al. (2017b) analyzed the
terminus retreat of 18 representative and well-distributed
glaciers in the Uttarakhand Himalaya and reported an average
retreat of 12.43 ±3.67 m a−1 during 2001–2015. In comparison to
these, the terminus retreat of the Companion Glacier (3.72 ±
1.7 m a−1) is much less. Dobhal et al. (2013) suggested that the
debris-covered Himalayan glaciers retreat at a slower rate.
However, Kargel et al. (2011) highlighted that glaciers with
relatively low terminus retreat may also experience sufficient
mass loss through down-wasting. The previous area changes
measurements in the study region also reveal continuous area
loss since the mid-twentieth century. A compilation of all records
for all available time frames for basin scale as well as individual
glaciers shows an average area loss of 0.22% a−1 whereas the
average area loss for the post-2000 period is 0.18% a−1

(Supplementary Table S4). In this regard, the Companion
Glacier showed an insignificant area loss (−0.07% ± 0.1% a−1).
Previous debris cover records in the study region show an average
debris growth rate of 1.22% a−1 and 0.76% a−1 for all time frames
and the post-2000 period, respectively, which again is much
higher than that of the Companion Glacier (0.26% ± 0.1% a−1)
(Supplementary Table S5). The SIV records for Uttarakhand
glaciers are also available from earlier studies, which reveal an
average SIV of ~26.4, ~23, and 16.1 m a−1 during ~1993, ~2000,
and ~2015, respectively (Supplementary Table S6). SIV was
reported to have decreased by 2.6, 2.3, and 2% from 1993 to
2000, 2000 to 2015, and 1993 to 2015, respectively
(Supplementary Table S6). In contrast to these observations,
the Companion Glacier moved at a very slow rate during
2000/01 (6.97 ±3.4 m a−1) and 2019/20 (8.45 ±2.1 m a−1). Also,
while the SIV of other glaciers in the region slowed down,
Companion Glacier showed an acceleration (by 21%). The
anomalous behaviour of Companion Glacier is discussed in
Section 6.2.

Further, the mass balance of the Companion Glacier
(−0.12 ±0.1 m w. e. a−1) is also not in line with the regional
trend. In the Uttarakhand Himalaya, only five glaciers have
been monitored using field-based (glaciological) mass balance,
namely, the Chorabari (2003–2010; −0.73 m w. e. a−1), Dokriani
(1993–2014; −0.32 m w. e. a−1), Tipra Bank (1981–1988; −0.14 m
w. e. a−1), Dunagiri (1984–1990; −1.04 m w. e. a−1) and Satopanth
Glacier (2015–2017; −4.9 m w. e. a−1 in the ablation area; values
converted from cm d−1 in Shah et al. (2019) to m w. e. a−1 using a
density conversion factor 0.85), which showed more negative

FIGURE 5
Mass balance of the Companion Glacier was computed by comparing the ASTER (2020) and SRTM (2000) Digital Elevation Models. Panel (A) shows
the spatial distribution of the mass balance, which clearly displays the most negative mass balance over Zone-IV. Panel (B) shows the average surface
elevation change for every 100 m altitude band. It is noticeable that Zone-IV covers the second-largest fraction of the glacier area and also underwent
maximum thinning. Thus, Zone-IV plays an important role in overall glacier mass balance.
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balance during their respective study periods (Pratap et al., 2016;
Azam et al., 2018). Out of these, the Dunagiri Glacier can be said to
be akin to the Companion Glacier, as it is also heavily debris-
covered (82.4%; Garg et al., 2017a). However, the mass balance of
the Dunagiri Glacier is highly negative probably because its gently
sloping ablation zone (12°; Garg et al.,. 2017a) is studded with
numerous supraglacial ponds and ice cliffs, which are expected to
enhance the melt rates (Sakai et al., 2002; Miles et al., 2017). Also,
the Dunagiri Glacier has a very small accumulation area, which
also limits its chances of accumulating mass input from direct
snowfall (Sakai et al., 2002; Shukla and Garg, 2020). The Tipra
Bank Glacier has comparable debris cover (64.5% in 2015; Garg
et al., 2017a) to that of Companion Glacier (63.2%) and showed a
comparable mass balance. This is probably because its snout region
is insulated owing to the thick debris cover (Mehta et al., 2011).
The steep slope of the ablation zone also prevented the
development of supraglacial ponds and ice cliffs over Tipra
Bank, and, hence, the influence of external factors on melt rates
is minimal. The neighbouring Chorabari Glacier (located on the
right side of the Companion Glacier), which shares a composite
lateral moraine with the Companion Glacier (Figure 6), and has a
relatively smaller debris cover (25.8%) than later showed a highly
negative mass balance (−0.73 m w. e. a−1) (Dobhal et al., 2013).
Notably, the debris thickness on the Chorabari Glacier is
comparatively thinner than that on Companion Glacier. Dobhal
et al. (2013) reported a maximum debris thickness of 1.8 m near
the terminus region, which gradually decreases to 5 cm at
approximately 3 km from the snout. Relatively thin debris

coupled with an overall steep slope (26°) probably could not
protect it completely, and hence higher thinning (1.5–2 m a−1)
is evident over the ablation zone of the glacier, particularly at the
upper-middle parts (Dobhal et al., 2013). The relative height
difference between lateral moraines and the glacier surface
(Figure 6) confirms a large and striking difference in glacier
surface thinning between Choarabari and Companion glaciers.
On the Chorabari Glacier, the relative difference between glacier
surfaces and moraine height is 76–112 m, which indicates high and
widespread thinning of the glacier (Figure 6). By contrast, the
Companion Glacier has less difference (~20–30 m) between glacier
surface and moraine, confirming less thinning on this glacier and
explaining the large difference in mass balance over both glaciers
(Figure 6).

The glaciers in the Uttarakhand region have also been
monitored for geodetic mass balance (on a regional and
individual glacier scale) (Kääb et al., 2012; Bhattacharya et al.,
2016; Bhushan et al., 2017; Brun et al., 2017; Bandyopadhyay
et al., 2019; Maurer et al., 2019; Shean et al., 2020; Remya et al.,
2022). Based on previous estimates, the region has an average mass
balance of −0.33 m w. e. a−1 (Supplementary Table S7), which is
significantly higher than the Companion Glacier (−0.12 ± 0.1 mw. e.
a−1). Thus, the entire analysis comparing Companion Glacier’s
terminus retreat, area loss, debris growth, SIV, and mass balance
with other glaciers of the region highlights that the rate of glacier
parameter change on this glacier is very low and can be attributed to
its local topography and debris cover characteristics, which are
discussed in forthcoming sections.

FIGURE 6
Themorphological settings and key features of the CompanionGlacier and neighbouring Chorabari Glacier are depicted in this Google Earth image.
The figure clearly displays a striking difference between glacier surfaces and lateral moraine heights. This confirms that, owing to its thick debris cover, the
Companion Glacier underwent relatively less thinning than its neighbour. White lines on the figure indicate the glacier surface.
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6.2 Impact of debris on glacier changes

It is evident from the discussion given in Section 6.1 that the
rate of dimensional (i.e., length and area) changes is very low on
the Companion Glacier, which can directly be attributed to the
presence of very thick debris cover. Usually, the ablation area of
glaciers is prone to the shrinkage of margins and consequent area
loss (Dobhal et al., 2013). However, on the Companion Glacier,
thick debris protected the margins in the lower ablation area, apart
from the frontal area where small retreats and area changes are
visible. Shrinkage occurred in the upper reaches where clean ice
exists. This is because the upper reaches of the glacier are located
on very steep slopes (>36°) and are debris-free which likely
promotes higher ice loss (Nicholson et al., 2018; Zhou et al.,
2022). Further, the peculiar characteristics of the terminus
region are studied here through zonal investigation (Figure 7)
to understand the current pace of retreat and its future evolution.
Zone-I represents the snout portion of the Companion Glacier,
which rests on a steep slope. Slope analysis of the ablation zone of
the glacier reveals a mean slope of 12.7°. The mean slope of Zone-I,
on the other hand, is 20.7°. The sudden increase in slope is also
evident on the field (Figure 7) owing to which the big boulders
rolled down and deposited at the front of the snout. During the

field in October 2020, real-time falling of debris from the upper
edge of the snout wall was also observed. The subsidence in steep-
sloped Zone-I may also be one of the reasons for the comparatively
higher surface thinning here (−0.31 ±0.1 m a−1). Field observations
suggest that probably owing to the collapse of sub-glacial streams
and snout cave, several depressions have developed in Zone-I.
These depressions are less likely a result of the direct melting of
glacier ice rather they were created through subsidence. Since the
geodetic surface elevation change calculation compares the
elevation of pixels of the corresponding location, such
depression/subsidence contributes to negative surface elevation
change or surface lowering resulting in overall higher thinning
rates. The falling debris has exposed the snout wall, which is
covered with dirt (fine debris) (Figure 7). The fine debris cover
reduces the albedo of the snout, resulting in more solar intake and
promoting direct melting of the snout wall (visible during 1 hour of
continuous observation), and it is expected that the glacier may
experience accelerated snout retreat in the future (Reid and Brock,
2010; Evatt et al., 2015; Fyffe et al., 2020).

Further, the low SIV of the Companion Glacier, to some
extent, can also be attributed to the thick debris cover and lateral
drag exerted by the well-connected (through debris and ice)
lateral moraines (Tiwari et al., 2014; Garg et al., 2017b).

FIGURE 7
Panels (A–D) display the snout morphology of the Companion Glacier observed during the glacier field work in October 2020. A sudden increase in
slope is evident in the snout region (Panel A) owing to subsidence. The steep slope has mobilized the debris, and big boulders are rolling or sliding down
and being deposited at the front of the snout wall Panels (B, C). Panel (D) shows the size of the deposited debris at the glacier front on a human scale. The
dirt-covered snout wall is also visible in the figure.
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Although the mass loss has accelerated in the Himalaya since the
beginning of the 21st century and other glaciers in the study
region have undergone substantial mass loss (Brun et al., 2017;
Bandyopadhyay et al., 2019; Maurer et al., 2019; Shean et al.,
2020), the Companion Glacier has maintained its overall mass
and experienced less negative mass balance during 2000–2020.
Nevertheless, in a warming scenario, it is expected that it might
have experienced slightly higher melting in recent years, and the
meltwater percolated to its base and increased the basal sliding
(Benn et al., 2012; Scherler and Strecker, 2012; Bhattacharya
et al., 2016; Garg et al., 2017b). This, coupled with less negative
mass balance (and low surface thinning), explains the slight
acceleration of the Companion Glacier, irrespective of the
widespread slowdown in the study region.

The debris is very thick (>3 m) in Zones I through III. The
underlying ice becomes completely insulated from daily surface
energy fluxes beneath a debris thickness of 0.25–0.3 m, with only
longer-term changes in surface energy balance reaching the
underlying debris-ice interface (östrem, 1959; Brock et al., 2010;
Nicholson and Benn, 2013; Reid and Brock, 2014; Miles et al., 2020).
Therefore, over these zones, the glacier ice under debris cover is
completely protected, as evidenced by the relatively smaller surface
elevation changes observed here (Figure 5). Because direct melting is
unlikely, any thinning observed over Zones I and II can be explained
by the pronounced subsidence phenomenon (rather than direct
melting). In the field, numerous subsidence sites were observed
(Supplementary Figure S2), probably owing to the collapse of
englacial channels or the accumulation of meltwater over
depressions at the interface of porous debris (comprising big
boulders) and glacier ice, which triggers melting and leads to
subsidence.

6.3 Evolution of supraglacial morphology

The spatial distribution of glacier mass and underlying slope can
influence the glacier SIV which, in turn, can influence the
supraglacial surface evolution (Benn et al., 2012; Garg et al.,
2022b). Results reveal the average SIV of the Companion Glacier
to be 6.97 ± 3.4 m a−1 and 8.45 ± 2.1 m a−1 during 2000–01 and
2019–20, respectively. Despite the slight acceleration, the SIV at
lower elevations (Zones I and II) is quite low. Previously, several
studies have considered the glacier portions with SIV less than 10 m
a−1 to be stagnant (Quincey et al., 2009; Scherler et al., 2011; Garg
et al., 2022a). Garg et al. (2022a) conducted a dedicated study on the
Pensilungpa Glacier, Zanskar Himalaya, and designated the lower
ablation zone with SIV <10 m a−1 as stagnant. In this regard, Zone-I
and Zone-II of the Companion Glacier can clearly be interpreted as
stagnant. Notably, Zone-I (4.3 ± 3.4 m a−1 in 2000/01 to 5.8 ± 2.1 m
a−1 in 2019–20) and Zone-II (5.1 ± 3.4 m a−1 in 2000/01 to 5.8 ±
2.1 m a−1 in 2019/20) experienced a slight acceleration in SIV during
2000–2020 possibly owing to subsidence-induced slope increase in
lower regions and rolling of boulders. This is because subsidence
(which was frequently observed during the field visit) increases the
local slope and destabilizes the big boulder which often role down to
some distance and give an impression of displacement in the
correlated image. The velocity is still below the threshold of
stagnation which led to unique surface development. The velocity
in these zones is so low (<6 m a−1) that it has allowed the growth of
vegetation on the glacier surface (Figure 8). During the field visit,
well-grown woody shrubs could be seen in Zone-I and Zone-II
thriving on the thick debris (>~2 m) (Figure 8). The presence of
vegetation can be interpreted as a manifestation of a relatively stable
glacier portion for the past two-three decades. Zone-III had an

FIGURE 8
Photographs of extensive vegetation growth on the lower ablation zone (Zones I and II) of the Companion Glacier [Panels (A–G)]. It is notable that
the velocity over Zone-I and Zone-II is very low (<6 m a−1) which allowed vegetation to thrive even on the glacier surface.
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average velocity of 8.0 ± 3.4 m a−1 during 2000/01 which decreased
to 7.6 ± 2.1 m a−1 during 2019/20. As a result, Zone III, despite
having a slightly higher SIV than the lower two zones, can also be
classified as stagnant. Zone-III is the prime zone that blocks the
higher SIV of upper Zone-IV and Zone-V. Zone-IV can be said to be
active (SIV 10.1 ± 3.4 and 10.1 ± 2.1 m a−1 during 2000–01 and
2019–20, respectively) and had almost no change in SIV. However,
the velocity of Zone-V accelerated strikingly (by 76%) from 7.3 ±
3.4 m a−1 in 2000/01 to 12.9 ± 2.1 m a−1 in 2019/20. Thus, it is evident
that Zone-IV is sandwiched between the slow-moving Zone-III and
fast-moving Zone-V, which has led to peculiar morphological
transformations in Zone-IV. Field observations suggest that
owing to blockage by Zone-III and pushing by Zone-V, bulging
has occurred in Zone-IV. Consequently, several mounds have
developed over Zone-IV (Figure 9) (Bartlett et al., 2021). The
large debris slides down from these uplifted mounds owing to an
increase in slope, exposing the tops of the mounds for direct melting
as the remaining debris on the top portion is relatively fine and thin

(<30 cm) (Figure 9G). In the field, several mounds were climbed,
and wet debris was found on the way to the top (Figures 9G,H). On
the peaks of mounds, the debris is very thin, which could not protect
its melting (Nicholson and Benn, 2006; Nicholson et al., 2018; Zhang
et al., 2019; Zhou et al., 2022). As a result, spot melting in the form of
mound-top melting is dominant over Zone IV. It is a well-known
fact that the presence of debris cover increases the water retention
capacity of the glaciers (Benn et al., 2012). Consequently, the
meltwater from these mounds often accumulates behind the
mound (on the upglacier side) and facilitates the formation of
small supraglacial ponds (Figure 9G) (Sakai and Fujita, 2010).
Supraglacial ponds once formed become the hotspot of melting
as these are directly exposed to incoming solar radiations and can
absorb up to seven times higher solar radiation as compared to the
surrounding debris-covered portion of the glacier (Sakai et al., 2000;
Brun et al., 2018; Buri et al., 2021; Miles et al., 2022; Zhao et al.,
2022). Hence, the supraglacial ponds formed behind the mounds are
expected to actively contribute in spot melting. Therefore, the high

FIGURE 9
Panels (A–F) Photographs of several mounds observed over Zone IV of the Companion Glacier during fieldwork in October 2020. Zone-IV is
sandwiched between the slow-moving Zone-III and the fast-moving Zone-V, which resulted in the bulging and development of mounds. The mounds
have relatively thin debris on top, which promotesmelting [Panel (G–H)]. Themeltwater originating from themounds accumulates behind them, forming
small ponds [Panel (I)]. These observations confirm that the supraglacial morphology of the debris-covered glaciers is evolving differently.
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rate of thinning observed over Zone-IV (−0.59 ± 0.1 m a−1) (Figures
4, 5) can be attributed to the spot-melting phenomenon that is
dominating in this zone. It is also evident from Figure 5 that Zone-
IV has the second-largest fraction (~19%) of the total glacier area,
and the pronounced melting here plays a crucial role in the overall
mass balance of the glacier. If the process continues, more ponds
may appear in this zone, which may grow over time and influence
the overall mass balance. Previously, several studies have reported
that, as a consequence of negative mass balance conditions, the
supraglacial morphology of the glaciers is changing (Benn et al.,
2012; Pratap et al., 2015; Thompson et al., 2016; Garg et al., 2022a;
2022b). For instance, Garg et al. (2022a), in their study on
Pensilungpa Glacier, have found that the lower portion of the
glacier has become stagnant, which coupled with differential
melting has promoted the development of ice cliffs that now
dominate the melting process in the lower reaches. Similarly,
Garg et al. (2022b) found that typical debris thickness
distribution (i.e., thick over the margins and thin along the CFL;
Anderson and Anderson, 2018) on the Dokriani Glacier promoted
higher melting along the CFL, which increased the concavity of the
glacier. The meltwater flowing along the CFL has led to the
development of a supraglacial channel, which is deepening and
widening over time and has negatively impacted the overall health of
the glacier. These observations suggest that supraglacial debris cover
(and its spatial thickness distribution) coupled with a negative mass
balance regime is causing rapid change in the supraglacial
morphology of the debris-covered glaciers of the Himalaya,
which needs to be studied systematically in order to understand
glacier health and evolution.

7 Conclusion

The present study integrates field and remote sensing-based
observation to understand the overall state of the Companion
Glacier and systematically investigates the evolution of its
supraglacial morphology. A glacier field expedition was carried
out in October 2020 to measure debris thickness and make
observations on various morphological features. Fortunately,
the snow and cloud-free satellite images from Sentinel-2 and
ASTER could be obtained for the same period (i.e., October
2020), which in combination with suitable data from earlier time
frames helped in estimating changes in various glacier
parameters, namely, length, area, debris cover, SIV, SEC, and
mass balance. The following major inferences can be drawn from
the study:

• The Companion Glacier is extensively (63.2%) and heavily
debris-covered. The debris comprising huge boulders over the
lower reaches (Zone-I through Zone-III) is so thick (>~2–3 m)
that it is practically not measurable, and only visual
estimations could be made.

• Despite widespread recession in the study region, the
Companion Glacier has maintained its geometry. Owing to
thick debris cover, particularly over Zone-I through Zone-III
(~2–3 m), the glacier margins are protected, and consequently,
the glacier experienced only nominal overall area loss

(−0.07% ± 0.1% a−1) and terminus retreat (2.72 ± 1.7 m
a−1). However, changing snout morphology is led by
subsidence, consequently increasing slope and falling debris
may cause accelerated retreat (and associated area loss) in the
future.

• The average SIV of Companion Glacier was very low in 2000/
01 (6.97 ± 3.4 m a−1). In 2019–20, the SIV of Companion
glacier accelerated (by ~21%), becoming 8.45 ± 2.1 m a−1,
bucking the regional trend of glacier velocity reduction.
Despite the acceleration (due to sustained mass), the overall
SIV remained low, particularly from Zone-I to Zone-III,
allowing vegetation to grow on the glacier surface. Zone-IV
and Zone-V are active, while the former had no change in SIV,
the later accelerated considerably (by 76%).

• The thick debris (>2 m) completely insulated the ice over
Zone-I through III and the observed slight thinning here is
mainly caused by subsidence. Overall, the mass balance of the
Companion Glacier was −0.12 ±0.1 m w. e. a−1 which is much
less than the regional mass balance.

• The peculiar observation is that Zone-IV is sandwiched
between slow-moving Zone-III and fast-moving Zone-V,
which led to buckling up. As a result, several mounds have
formed over Zone IV. The debris slid down these mounds,
exposing the tops to direct melting. The meltwater originating
from these mounds is accumulating behind them, facilitating
the development of ponds, which in turn further promote the
melting. Thus, spot melting is dominant in Zone-IV and the
highest and most substantial thinning (−0.59 ±0.1 m w. e. a−1)
is observed here.

Overall, the results reveal that the supraglacial morphology of
the glacier is changing in response to the prevailing mass balance
regime, changing glacier velocity, and the presence of debris cover.
Debris cover particularity regulates the spatial distribution of
ablation rates and velocity. The changing supraglacial
morphology is leading to the development of various features,
viz., supraglacial channels, mounds, ice cliffs, and ponds. These
features possess the capability of altering the ablation process.
Therefore, it is important to understand the evolution of
supraglacial morphology in order to comprehend the glacier state
and its future behaviour.
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