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Himalayan glaciers are a storehouse of fresh water and play a significant role in
influencing the runoff through numerous perennial rivers flowing over the Indo-Gangetic
plains, providing freshwater to the second largest populated country in the world.
For suitable management of this water resource, measurement of glacier-ice volume
is extremely important in the current scenario of climate change and water scarcity.
To address this concern, the present study endeavors to find a suitable methodology
to quantify glacier volume and retreat in the Central Himalaya. Herein, two methods
were implemented to estimate the total glacier ice volume – conventional area-based
scaling method and glacier-surface velocity based modeling technique. The availability
of field data allowed a validation assessment to be carried out on two Himalayan
glaciers (Chhota Shigri and Satopanth). Here, we propose a volume-area power law,
appropriate for the application in the context of Himalayan glaciers. The ice volume
of 15 glaciers larger than 1 km2 calculated using a spatially distributed ice thickness
model is 3.78 × 109 m3 (f = 0.8), with an overall uncertainty of 18.4%. The total volume
of the remaining glaciers in the basin, calculated using a tuned volume-area scaling
relation is 2.71 × 109 m3. A sensitivity analysis is performed to evaluate the influence
of input parameters on the model and volume-area scaling performance. The study
also incorporates investigation of the glacier bed topography for discrete identification
of the overdeepening sites in the glacier valley which are potential lake formation sites
in the future. A total of 54 overdeepening sites covering an area of 2.85 km2 have
been identified. In addition, the relative glacier area loss of the glaciers is investigated
using historical CORONA and Landsat satellite imageries. Glaciers with a smaller area
and those with lower mean ice thickness near the terminus shrank significantly more,
as compared to the larger ones. The total area of the selected larger glaciers is estimated
to be 68 km2 in 2015 and deglaciation of 4.7 km2 is observed over the period of 48 years
that accounts for 6.9% of the total area in 1968.
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INTRODUCTION

The Himalayan-Karakoram region accounts for the maximum
glacier cover outside the polar regions. It has gained widespread
interest owing to the accelerated rate of glacier mass loss that
affects processes like runoff of glacier-fed rivers and global
sea level rise (Dyurgerov and Meier, 1997, 2005; Huss et al.,
2008; Radić and Hock, 2011). Equally noteworthy is the socio-
economic impact it has on the regions along the foothills of
the Himalaya, for which glaciers serve as a perennial source of
fresh water (Kaser et al., 2010). The significance of estimating
the total glacier volume could be realized, from the fact that it
gives an insight into the total freshwater storage in the glaciers.
In spite of a growing awareness of its importance, the knowledge
about accurate glacier volume in the Himalaya is very limited
(Armstrong, 2010). Inaccessible and difficult terrain primarily
account for the inadequacy of information on in situ/ground
ice thickness measurements. Despite these shortcomings, glacier
volume estimates can be obtained by using area-based scaling
and modeling techniques (Chen and Ohmura, 1990; Bahr et al.,
1997). In one of the widely used methods, mean ice thickness
and total volume of a particular glacier are derived from its
total surface area (Bahr et al., 1997). The inability to determine
the spatial distribution of ice thickness is a major drawback of
such area-based scaling methods. Moreover, its application in
different geographical regions needs adequate calibration using
accurate ground measurements of ice thickness to fine-tune the
scaling coefficients. Huss and Farinotti (2012) emphasized on the
inapplicability of any single area-based relation for all glaciers
present on the globe. Thus, it is intuitive that more realistic and
reliable estimates of ice volume can be derived by employing
a volume-area scaling relation derived using more realistic
modeled ice volume estimates. A number of alternative methods
have been proposed by various researchers to obtain more precise
ice volume estimations using physically based models, sensitive
to mass conservation, basal stress, slope, velocity, ice flux etc.
(Farinotti et al., 2009a; Linsbauer et al., 2012; Gantayat et al.,
2014). Several other models were employed to calculate glacier-
ice volume using spatially distributed ice thickness (Huss and
Farinotti, 2012; McNabb et al., 2012; Clarke et al., 2013). Farinotti
et al. (2019) presented the latest consensus estimate of ice
thickness of the globe apart from the ice sheets.

Glacier response to climate change can be related to individual
glacier-properties like ice thickness and velocity near the
terminus (Johannesson et al., 1989). Kulkarni et al. (2007)
performed a retreat analysis for 466 glaciers located in three
major basins in the Himalaya. The results reveal that glacier
area loss is a function of its total area. The Himalayan glaciers
have been showing an accelerated recessional behavior from the
past decade (Kulkarni et al., 2006, 2007; Bhambri and Bolch,
2009). Moreover, their non-synchronous response is indicated
by the wide-ranging rate of glacier fluctuation over different
geographical and climatic zones in the Himalayan cryosphere
(Bolch et al., 2012). The changes thus brought about are often
reflected in a gradual reduction of the total glacier area. In this
present investigation, we estimate the total area loss for the larger
glaciers (>1 km2) in the basin selected based on the criteria given

in Section “Glacier Selection Criteria” and evaluate the relative
glacier-area changes to understand the behavior of the individual
glaciers based on size and ice thickness.

Previously, statistical scaling methods have been employed
to estimate the global ice volume (Bahr et al., 1997). Huss and
Farinotti (2012) presented the first global comprehensive glacier
volume estimate, using a physically based dynamic modeling
approach. A readily available updated database on glacier-ice
thickness observations worldwide has been made accessible using
a user interface called GlaThiDa (WGMS, 2016). Farinotti et al.
(2019) presented the most recent ice thickness and volume
estimates of the glaciers apart from the Greenland and Antarctic
ice sheets. The total glacier-stored water in the Indian Himalaya
estimated using scaling method is 3,600–4,400 Gt with a total
of 13% reduction in the glaciated area in the past few decades
(Kulkarni and Karyakarte, 2014). Kulkarni and Karyakarte (2014)
suggested the scope for improved estimates of total glacier-
stored water in the Himalaya, emphasizing on the consideration
of slope and velocity of the glacier. The current study is an
attempt to coalesce remote sensing data and numerical modeling
techniques for estimating glacier volume of 15 larger glaciers in
Dhauliganga basin, Central Himalaya. The study incorporates
the modifications defined in the algorithm (Gantayat et al.,
2014) by calculating ice thickness along multiple flowlines, and
spatially interpolating between adjacent flowlines to obtain an ice
thickness distribution (Gantayat et al., 2017).

Farinotti et al. (2017) presented a comprehensive assessment
of glacier-ice thickness model performances (ITMIX),
concluding that the most reasonable ice thickness estimates
can be obtained by averaging between the given models.
However, with specific reference to Tasman glacier (valley
glacier) and the ice caps, the model by Gantayat et al. (2014) was
found to be efficient and a highly reliable method for estimating
ice thickness. Moreover, its small model bias as compared to
various other ice thickness models revealed its performance
(Farinotti et al., 2017). Based on the average model performance
of the various models, the model by Gantayat et al. (2014) has
been ranked as the third best of the 17 participating models,
when considering the ice thickness of glaciers, ice caps and
synthetic glaciers together (Farinotti et al., 2017). In case of
glaciers only, the small model bias of Gantayat-v2, makes it a
comparatively reliable model to derive ice thickness for valley
glaciers (Farinotti et al., 2017). The method was adopted in
the study, primarily due to its simplicity and the fact that the
inputs required (glacier-surface velocity and slope) are easily
retrievable using remote sensing datasets. Despite being relatively
undemanding, the model by Gantayat et al. (2014) produced
as reliable outputs as those produced by models that take into
consideration the glacial mass turnover and ice flow mechanics
(Farinotti et al., 2017). However, complications may arise in
deriving satellite-based glacier-surface velocities due to snow
and cloud cover. The mass conservation approaches require
glacier mass balance information to reconstruct ice thickness
(Farinotti et al., 2009a,b; Morlighem et al., 2011; Huss and
Farinotti, 2012; Clarke et al., 2013; Brinkerhoff et al., 2016). In
addition, shear stress models also involve mass balance inputs to
calculate glacier volume (Clarke et al., 2013). Thus, the absence
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of mass balance data appears to be a major shortcoming for
the application of these models over the Himalayan glaciers.
Frey et al. (2014) estimated glacier volume of the Himalaya-
Karakoram region using different approaches, of which two
ice thickness distribution models (HF-model and GlapTop2)
resulted in highly comparable ice volumes. Farinotti et al. (2017)
reported the HF-model (Huss and Farinotti, 2012) as the most
efficient automated method which can handle large sample size.
Due to very sparse glacier mass balance data for the Himalayan
glaciers (Bolch et al., 2012), the approach adopted in the present
study can be assumed reliable for ice thickness reconstruction, as
it maintains the same order of accuracy as that of models taking
into account the glacier mass balance like the HF-model (Huss
and Farinotti, 2012; Farinotti et al., 2017).

In our study, we present empirically derived glacier-ice
volume for 15 larger glaciers in the Dhauliganga Basin, derived
using a modeled ice thickness distribution approach. The study
also undertakes an investigation of the glacier bed topography,
aiming at the identification of overdeepening sites in the basin,
which are likely the potential lake formation sites in the
future (Bennett and Evans, 2012). A descriptive methodology
of the model adopted in the study is presented in Section
“Methodology.” The model is calibrated over Chhota Shigri
glacier, Western Himalaya, for which ground ice thickness
estimates were available. A validation assessment is performed
on the Satopanth glacier system, Central Himalaya (see section
“Calibration and Validation of the Model”). Section “Results”
presents the modeled volume of the larger glaciers and the total
volume of the remaining glaciers using a tuned volume-area
scaling method. The sensitivity of the model and the scaling
method, to different input parameters, is given in Sections
“Model Sensitivity” and “Volume-Area Scaling- Uncertainty
and Sensitivity,” respectively. The present study uses previously
published GPR measurements of ice thickness to calibrate
and validate the model. For, inter-comparison of the obtained
model output in the present study, distributed ice thickness
obtained using a well-established model by Huss and Farinotti
(2012) is exploited.

STUDY AREA

The present study is carried out in the Dhauliganga basin, a major
basin located in the state of Uttarakhand, Central Himalaya
(Figure 1). The basin is drained mostly by glacier-fed rivers, a
premier being the Dhauliganga River, a major tributary of the Kali
River. The enduring flow of the river is attributable to its steep
slopes, intensive monsoon precipitation, and seasonal snowmelt,
possessing great potential for hydropower generation. The lower
and upper bounds of the basin lie between latitudes 29◦58′N
to 30◦31′N and longitudes 80◦21′E to 80◦34′E encompassing a
total area of 1,667 km2. Over 85% of the basin is covered with
seasonal snow. Moreover, the area above 5,000 m a.s.l is restricted
to permanent ice and snow. We pre-select 15 glaciers that are
larger than 1 km2. They cover a total surface area of 69 km2

and lie in the elevation band between 3,400 and 6,445 m a.s.l.
The majority of the selected glacier lie on the western flank of

the basin that directly contributes its meltwater to the lesser Yanti
river and the remaining in the eastern flank, to the Dhauliganga
river. The remaining 159 glaciers in the basin (Randolph Glacier
Inventory- RGI 6.0) (RGI Consortium, 2017) cover an area of
82.8 km2 and span an elevation range from 3,980 to 6,427 m
a.s.l. The primary importance of the study area lies in the fact
that there is a direct contribution of glacier meltwater to the
mainstream of a hydropower dam, located at the lowest point of
the catchment, at Gargua in Pithoragarh district. Moreover, it has
a direct influence on the runoff of the mainstream that provides
water resources to more than twelve minor settlements along the
banks of the river.

DATA

The present study exploits glacier outlines available in Randolph
Glacier Inventory (RGI) which is an open-source database for
the existing glaciers in the globe. The latest available version
of glacier boundaries (RGI 6.0) is employed for calculating
the total volume in the basin (RGI Consortium, 2017). The
data can be freely downloaded from http://www.glims.org/
RGI. A projection system of UTM-44 was defined to the
glacier outlines based on the location of the study region.
The Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) global digital elevation model (DEM) (v2)
was used to extract topographic information. ASTER GDEM
(v2) is a latest version of publicly available elevation model1 that
provides elevation information between 83◦ N and 83◦ S with a
spatial resolution of 30 m and a vertical accuracy of ∼10–20 m
for hilly terrains (Fujita et al., 2008; Tachikawa et al., 2011).

We use Landsat TM and OLI/TIRS (30 m) for glacier mapping
in the basin. Two Landsat-8 panchromatic bands (15 m) acquired
for consecutive years were used for glacier velocity estimation in
the basin, including the validation glaciers. The historical extent
of the glaciers was mapped using cloud-free declassified aerial
photographs of Corona KH-4 (7.5 m). The Corona database
is a collection of very high-resolution aerial images acquired
from 1960 to 1972 during a space reconnaissance program,
operated jointly by the Central Intelligence Agency (CIA) and
the US Air Force (USAF) (Dashora et al., 2007). The Landsat
and Corona data used in the study are freely downloaded from
https://earthexplorer.usgs.gov/. The acquisition dates and sensor
information for the remote sensing datasets are given in Table 1.

For the calibration and validation glaciers, available ground
measurements of ice thickness were used to compare the model
outputs. Ground penetrating radar (GPR) measurements along
five transects with a positional accuracy of ±0.1 m and overall
uncertainty of ±15 m in ice thickness were used for Chotta
Shigri glacier system to calibrate the model inputs (Azam et al.,
2012). Similarly, GPR measurements of ice thickness along two
transects with a positional accuracy of 1 cm and 7% uncertainty
in ice thickness have been used to validate the model for
Satopanth glacier system (Mishra et al., 2018). In addition to
this, spatially distributed ice thickness of the HF-model by

1https://earthexplorer.usgs.gov/
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FIGURE 1 | (A) Himalayan arch showing the state of Uttarakhand, Central Himalaya. (B) The location of Dhauliganga Basin, North–east Uttarakhand.
(C) Dhauliganga basin showing the glaciers selected for the study.

Huss and Farinotti (2012) were employed to compare modeled
ice thickness of the calibration and validation glaciers and one
glacier in the Dhauliganga basin.

METHODOLOGY

In the first phase of the study, satellite imagery has been
employed to modify the existing glacier outlines available in RGI

TABLE 1 | Details of the satellite data used.

Purpose Satellite/sensor Date of acquisition

Glacier mapping; glacier-
surface velocity.

Landsat TM October 23, 1990

(Dhauliganga) Corona (KH4) September 27, 1968

Landsat OLI/TIRS September 03, 2015 and
September 03, 2016

Basin delineation; slope
estimation

ASTER GDEM

Validation and Sensitivity

(Chhota Shigri) Landsat TM October 15, 2000 and
October 18, 2001

Glacier-surface velocity Landsat OLI/TIRS October 03, 2016 and
October 06, 2017

(Satopanth Glacier)

Glacier-surface velocity Landsat OLI/TIRS November 06, 2016 and
October 24, 2017

Slope ASTER GDEM

(Version 6.0), by mapping the glaciers using a multiple-criteria
decision algorithm (Paul et al., 2004). The glaciers chosen for the
present study are based on the criteria given in Section “Glacier
Selection Criteria.” Furthermore, the investigation incorporates
glacier-ice volume estimation of the selected glaciers, using a
distributed ice thickness model (see section “Ice Thickness”). The
second phase of the study comprises of a multitemporal analysis
of satellite imageries to study the glacier fluctuation over the years
(see section “Glacier Area Loss”). The description of the methods
adopted for the study is given in the following sections.

Glacier Selection Criteria
The 15 larger glaciers (>1 km2) selected for ice thickness
modeling, satisfy the following criteria: (i) the obtained velocity
field of the glacier is directional with movements from higher to
lower elevation, (ii) the glaciers lie entirely within the delineated
basin boundary, (iii) the size of the glacier is large enough to map
the total area lost using 15 m pan corrected Landsat composite
image. Most of the glaciers in the basin fulfill these criteria. The
glaciers with an area of less than 1 km2 are not considered for
thickness modeling due to an inappropriate yield of the velocity
field. However, the remaining 159 glaciers with a total area of
82.8 km2, have been considered to obtain the total glacier volume
in the Dhauliganga basin using a volume-area scaling approach.

Mapping
The remote sensing datasets selected for mapping of the 15 larger
(>1 km2) glacier outlines fulfill the following criteria: (i) acquired
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at the end of ablation season ensuring minimum snow cover,
(ii) the presence of minimum cloud coverage in the satellite scene,
and (iii) identifiable glacier terminus in both Landsat and Corona
satellite imageries. Glacier outlines mapped using Landsat TM
and OLI has been considered to estimate ice volume. A few
larger glaciers have not been taken into consideration in the
retreat analysis due to the unavailability of cloud-free Corona
data to map past glacier extent. Unsupervised classification to
map glacier boundaries may lead to high level of uncertainties, as
most of the glaciers are debris covered in the Himalaya (Kumar
et al., 2017). Normalized difference snow index (NDSI) and
band ratio method alone is inefficient to map debris-covered
glaciers (Bhambri et al., 2011). Hence, the multiple-criteria
decision analysis (MCDA) for mapping debris-covered glaciers
by thresholding values of TM 4/TM 5, hue, and slope have been
exploited (Paul et al., 2004). A band ratio of band 4 (TM 4) and
band 5 (TM 5) is computed and a threshold value of 2.0 is applied
to distinguish the glacier from its surrounding. Paul (2000) fully
justified the accuracy of TM 4/TM 5 band ratio method for
glacier mapping by comparing it with the outlines derived using
high-resolution SPOT (Satellites Pour l’Observation de la Terre)
imageries and thereby establishing an error of less than 1%. The
vegetation is distinguished by thresholding the hue component
to a value of 126 of an intensity hue-saturation color model
developed from TM bands of red, near infra-red (NIR), and
short wave infra-red (SWIR). Calculation of glacier slope has
been achieved using ASTER GDEM (Abrams et al., 2015). As
parts of the glaciers are debris covered a threshold value of
<24◦ is applied to delineate glacier surfaces using slope (Paul
et al., 2004). Lastly, an overlay operation of the thematic layers
satisfying all the above-mentioned threshold criteria is used to
classify glacier surfaces and to map glacier outline (Paul et al.,
2004). The terminus of the glacier has been identified by the
presence of indicators like a proglacial lake, glacial stream or
minimum surface velocity at the snout.

Another challenging task is to orthorectify Corona KH-4
imagery with the aid of ground control points (GCP). Three
Corona strips acquired on September 27th, 1968 covering the
study area with minimum snow and cloud cover have been
employed to map glacier extent in the past. A two-dimensional
curve fitting orthorectification technique has been adopted by
selecting GCPs on high-resolution orthorectified base imagery.
The spline curve fitting method, when applied to a larger
spatial extent, may result in residual geometric distortions.
Thus, rubber sheeting method for orthorectification is applied
to the extracted subsets of the Corona image for each glacier
(Bhambri et al., 2011). A total of 70–100 GCPs have been
acquired for each Corona subset from Landsat pan-image and
high-resolution geo-referenced CNES/Airbus imagery tiles of
google-earth. The GCPs were evenly distributed following a
gridded pattern to ensure accurate and even co-registration.
However, additional GCPs have been collected in and around
the glacier boundary to improve local accuracy. A root mean
square error (RMSE) for geometric correction in the range of
11–18 m has been achieved. A manual approach to delineate
historic glacier boundaries for the year 1968 is employed using
the rectified Corona images.

Glacier-Ice Thickness, Glacier Volume
and Overdeepings in the Modeled
Glacier Bed
Glacier Velocity Estimation
Glacier-surface velocity is obtained by image-to-image corre-
lation at a sub-pixel level using COSI-CORR (Co-registration
of Optically Sensed Images and Correlation), a module in
ENVI image-processing software. The technique performs
co-registration and correlates optical satellite images to calculate
the resultant displacement (Scherler et al., 2008). In the present
study, we use two Landsat 8 Pan bands, with a temporal interval
of 1 year to derive the surface velocity of the glaciers in the
Dhauliganga Basin. This method of velocity estimation yields an
accuracy of 1/4 of a pixel (Heid and Kääb, 2012). The approach
produces N-S and E-W displacement components that are used
to estimate the resultant surface movement. A signal to noise filter
is finally applied to avoid the anomalous velocity values.

Inaccurate co-registration of the images most often transfer
the error to the image matching process, leading to erroneous
velocities. To justify the accuracy of the correlation technique,
we investigate the RMSE of the displacement measurements
obtained over the stable ground in the Dhauliganga basin. In the
present study, ice free ground within the basin is assumed to be
stable. A total of 334 measurements well spread over the basin
is considered, to reveal the shift over the stable ground. The
RMSE for E-W component, N-S component, and the resultant
displacement is calculated to be 1.4, 0.9, and 0.8 m, respectively
(Table 2). The displacement over the stable ground is negligible
when compared to the mean resultant displacement of the
glaciers in the basin that is measured to be 28 m.

Ice Thickness
The present study aims at calculating the glacier-ice volume using
two distinct approaches: velocity-slope based modeling and area-
based scaling method. In the first approach, the ice thickness
distribution of the selected glaciers is computed by equation 1
(Gantayat et al., 2014).

H = 4

√
1.5 Us

A
(
f ρgsinα

)3 (1)

Where H is the ice thickness in meters, Us is the surface velocity
(derived using image to image correlation of optical satellite
image), α is the slope estimated for every 100 m interval, ρ is the

TABLE 2 | Root mean square error (RMSE) of displacement components obtained
over over 149 point locations on the stable ground (assumed to have zero
displacement) over 1 year.

Displacement RMSE (stable

component ground) (in m) n

E-W (x) 1.40 149

N-S (y) 0.96 149

Total offset 1.76 149

The number of point measurements is given by n. The total offset is calculated as
sqrt(x2

+ y2).
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ice density, g is the acceleration due to gravity (9.8 ms−1), f is
the shape factor, which is defined as the ratio between the driving
stress and basal stress along a glacier (Haeberli and Hoelzle,
1995) and has a range of 0.6 to 1.0, A is the creep parameter
which is assigned a constant value of 3.24 × 10−24 Pa−3 s−1

for temperate glaciers (Cuffey and Paterson, 2010). Owing to
the unavailability of ground ice thickness measurements in the
Dhauliganga Basin, f is calibrated on Chhota Shigri glacier to
constrain the value for shape factor (see section “Calibration
and Validation of the Model”). The slope calculation has been
performed for each elevation distance of 100 m using ASTER
GDEM. The ice thickness calculated using pixel-based velocity
measurements for different elevation bands using equation 1. It is
further mosaicked and converted to individual pixel-based ice
thickness point-values using the raster to point GIS-conversion
tool. The ice thickness values extracted along the manually
digitized flowlines (Linsbauer et al., 2012; Gantayat et al., 2017)
are interpolated to obtain a U-shaped ice thickness distribution
over the entire glacier area, assuming zero ice thickness along the
boundary. The ice volume is thus determined by summing the
pixel-wise product of ice thickness and the area of each pixel.

Several scaling methods based on shallow ice approximation
enable calculation of mean ice thickness and glacier volume (Bahr
et al., 1997). These methods gained widespread acceptance due
to the simplicity in both concept and application. In this study,
a volume-area scaling is first calibrated to 15 glaciers for which
we could directly infer a thickness map using the approach by
Gantayat et al. (2014). An intercomparison has been made with
the existing power law given by Bahr et al. (1997). The derived
volume-area scaling relation is then validated using the total
glacier volume of Chhota Shigri glacier (Western Himalaya) and
Satopanth glacier (Central Himalaya). The spatially distributed
modeled ice thickness of the glaciers is used to calculate the
total volume, validated along cross-sections for which ground
measurements are available. The total volume of the remaining
glaciers in the basin is calculated using a volume-area scaling
relation for which the scaling parameters were tuned.

Uncertainty Analysis
The principal causes of the uncertainty are (1) error in surface
velocity, (2) uncertain shape factor, (3) glacier-ice density
variation, and (4) slope calculation errors. The combined relative
uncertainty in glacier-ice volume estimation is determined by the
equation derived by taking the natural logarithm of both sides of
equation (1) and differentiating:

dH
H
= 0.25

[
dUs
Us
−

dA
A
− 3

df
f
− 3

dρ
ρ
− 3

d(sin α)

(sin α)

]
(2)

The image-to-image orthorectification errors lead to uncertainty
in surface velocity estimation. This, when combined with the
error due to image-to-image georectification gives rise to a
cumulative error that lies in the range of 3–9 m. The value of
dUs is the difference between the observed and correlated velocity
measurements. Since no observed ground velocity measurements
were available for the glaciers in the current basin, a value of
3.5 m per year is considered, that is the difference between the
observed (Swaroop et al., 2003) and satellite-based glacier-surface

velocity outputs as obtained by Gantayat et al. (2014). As f is
assumed to be 0.8, which has a range of 0.6 to 1.0, thus the value
of df is considered as ±0.2. The value for creep parameter (A)
has been considered as 3.24 × 10−24 Pa−3 s−1 (Gantayat et al.,
2014). A uniform ice density (ρ) of 900 kg m−3 throughout the
glacier is considered due to unavailability of actual in situ data.
It is assumed the ice density may decrease up to 850 kg m−3.
An uncertainty of 5.5% calculated when dρ is 50 kg m−3. Also,
the unavailability of ground elevation measurement for the study
area to estimate the uncertainty in slope calculation bound
us to consider 11 m as vertical inaccuracy for ASTER DEM
calculated for the Himalayan region (Fujita et al., 2008). The
uncertainty due to inherent DEM error is given by d (sin α) and
is calculated to be 0.11 m.

Identification of the Overdeepening Sites
The spatial distribution of glacier-ice thickness obtained using
raster-based modeling technique can be used to extract
information pertaining to glacier bed topography (Linsbauer
et al., 2009). The overdeepening sites in the glacier bed are
potential lake formation sites, as these depressions may hold
water after the withdrawal of the overlying ice in the future
(Linsbauer et al., 2012; Frey et al., 2014; Maanya et al., 2016).
The bed topography of the individual glacier is determined by
subtracting the ice thickness from the surface topography of the
respective glaciers using GIS-based tools. The sinks in the glacier
bed thus formed, are filled with the aid of arc-hydro tools for
discrete identification of the overdeepening sites.

Glacier Area Loss
The overall glacier area loss has been determined by calculating
the difference in the spatial extent of the glaciers in 1968 and 2016,
derived using Corona and Landsat imagery, respectively. In order
to understand the behavior of the individual glaciers based on
their size and ice thickness, a statistical analysis has been adopted
to determine the dependency of the relative area change of the
glaciers to that of the total glacier area in 1968. Also, a similar
analysis has been performed by plotting relative area loss versus
mean modeled ice thickness near the terminus. Figure 2 shows
a loss in glacier area and lake growth of the highest lake in the
Dhauliganga basin over a period of 48 years from 1968 and 2016.

CALIBRATION AND VALIDATION
OF THE MODEL

The distributed ice thickness model adopted in the present
study is calibrated on the Chhota Shigri glacier (Western
Himalaya) and validated on the Satopanth glacier system (Central
Himalaya). Ice thickness distribution was calculated for each
glacier as in Section “Ice Thickness.” Glacier-surface velocity
was calculated using the same approach as Section “Glacier
Velocity Estimation.”

For Chhota Shigri glacier, surface velocity is calculated for
2000–2001 and 2016–2017, revealing mean velocities of 20 and
21 m yr−1, respectively. A near-zero displacement is evident over
the ice free stable ground. The velocity vectors show a directional
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FIGURE 2 | Glacier area loss and change in the lake extent from 1968 to 2016 for glacier IN 5O103 04 030 (∗GSI ID) shown over base imagery of (A) Corona- KH4
and (B) pan-corrected L8 composite image. (∗Geological survey of India).

FIGURE 3 | Satellite-derived velocity field of Chhota Shigri glacier for (A) 2000–2001 and (B) 2016–2017; displacement over stable ground is nearly zero; discarded
vectors are based on signal to noise filtering. (C) Satellite-derived velocity (2000–2001 and 2016–2017) and field-based velocity (2003–2004) (Azam et al., 2012) at
different elevations. (D) Glacier velocity (2000–2001) versus glacier velocity (2016–2017).

flow with surface velocities up to 25–28 m yr−1 at the central
part of the glacier. Figures 3A,B shows the velocity-vector field
calculated based on the correlation of remotely sensed images.
The satellite-derived velocity measurements were validated using
the available ground velocities given by Azam et al. (2012)
(Figure 3C). The accuracy of the satellite-derived velocity was
evaluated by direct comparison with the field-based velocity
measurements obtained for the year 2000–2001 and 2016–2017
resulting in an RMSE of 2.2 and 2.5 m yr−1, respectively. Also,
glacier velocity (2000–2001) versus glacier velocity (2016–2017)
shows a high correlation with a linear correlation coefficient
of 0.91 (Figure 3D). Thus, it can be assumed that the glacier-
surface velocity does not change much over the given period
of time and therefore the output velocities are assumed to
be suitable for thickness reconstruction, despite their temporal
separation. Ice thickness calculation was performed for two
different shape factors (f ) (0.6 and 0.8) to better constrain the
value of f. The modeled ice thickness was validated using GPR
bed profiles (Azam et al., 2012) along five cross-sections. The
RMSE is calculated by taking the difference in the ice thickness
at 10 uniformly distributed points along each cross-section.

The value f = 0.8 yielded ice thickness, highly comparable to the
ground measurements with an RMSE of 12–23% and therefore
seems reasonable to assume the applicability of the present
approach and the given model parameters to other Himalayan
glaciers. Moreover, the modeled glacier-bed profiles show a mean
difference of ∼15% when compared to the ones obtained using
Huss and Farinotti (2012). Figure 4 shows the modeled ice
thickness distribution plot and a comparison of the glacier bed
profiles along the cross-sections.

The Satopanth glacier system, over which we perform
a validation assessment is located in the adjacent basin
(Alaknanda) of the present study area in Central Himalaya. The
glacier-ice thickness distribution is calculated using the same set
of model inputs as that in the calibration setup. Since f was
calibrated on the Chotta Shigri glacier to a value of 0.8, we validate
the model by directly comparing the modeled ice thickness
(f = 0.8) of Satopanth glacier to the GPR measurements available
along two transects, one near the terminus and the other at 10 km
upstream of the snout (Mishra et al., 2018). Figure 5 shows the
glacier-surface velocity field, modeled ice thickness distribution
and the modeled glacier-bed profiles (f = 0.6 and f = 0.8).
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FIGURE 4 | (A–E) Comparision of the model-derived glacier bed profiles of Chhota Shigri glacier (f = 0.6 and f = 0.8) with the GPR measurements by Azam et al.
(2012) and Huss and Farinotti (2012). (F) Ice thickness distribution of Chhota Shigri glacier (Western Himalaya) showing transects of the glacier bed profiles; the
outlines of the overdeepening sites have been marked by red (Present Study) and yellow (Huss and Farinotti, 2012).

The modeled glacier-bed profile is plotted against the GPR
measurements along a transverse transect near the terminus
(Figure 5C) and also compared at a point location along a GPR
transect in the upper part of the glacier (Figure 5D). The RMSE
when f = 0.8 is calculated to be 8.03 m. The results obtained
using Huss and Farinotti (2012) is compared to the modeled ice
thickness (f = 0.8) along each transect (Figures 5C,D), resulting
in an RMSE of 12.1 m.

RESULTS

In the present study, glacier volume was calculated for 15 larger
(>1 km2) glaciers in the Dhauliganga Basin, Central Himalaya.

The study applies a glacier-surface velocity based method to
model the ice thickness distribution for the given glaciers. The
method was first applied to Chotta Shigri and the Satopanth
glacier for model calibration and validation, respectively. In
addition, the total volume of the basin is calculated using a
volume-area scaling power law in the form of V = c × Sγ for
which the scaling parameters were tuned based on regression of
the modeled volumes.

Since field measurements of glacier-surface velocity are very
sparse and involve rigorous fieldwork, a remote sensing based
method to estimate glacier velocity was employed in the
study. The satellite-based velocity measurements yielded a mean
velocity of 27 m yr−1 for all the glaciers selected for the study.
The maximum velocity of the glaciers occurs in the range of
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FIGURE 5 | (A) Satellite-derived velocity vectors of Satopanth glacier (Western Himalaya). (B) Distributed ice thickness of the Satopanth glacier. (C,D) Comparison
of the model-derived glacier bed profiles (f = 0.6 and f = 0.8) with the GPR measurements by Huss and Farinotti (2012) and Mishra et al. (2018).

50–70 m yr−1. The glaciers exhibit highly directional flow with
higher velocities in the upper part of the ablation zone, gradually
decreasing toward the terminus of the glaciers. The glacier-
surface velocity and the modeled ice thickness distribution of
the glacier GSI ID-IN 5O103 04 015 are shown in Figures 6A,C,
respectively. The observed mean velocity of the illustrated glacier
is estimated to be 23 m yr−1 with a mean thickness of 63 m
and total ice volume of 7.2 × 108 m3. The empirically derived
ice thickness distribution of the glacier is compared to estimates
calculated using Huss and Farinotti (2012) (Figure 6B). The
cross-sectional glacier bed profiles are plotted along four transects
aa′, bb′, cc′, and dd′ as shown in Figure 6D. The comparative
analysis of the cross-sections yields an average RMSE of 21 m for
all cross-sections.

The sparingly available ground ice thickness measurements for
validation is a major limitation of the approach when applied
over the Himalaya. A calibration and validation assessment on
the Chotta Shigri and Satopanth glacier system (see section
“Methodology”), has shown good agreement between GPR
measurements and modeled ice thickness. The calibration of
the model constrained the value of the valley shape factor (f )
to 0.8. For Satopanth glacier, an overestimation of the total
modeled glacier volume by 14.7% using the present approach
was evident when f = 0.6. The total modeled volume (f = 0.8)
of the 15 selected larger (>1 km2) glaciers in Dhauliganga
basin is estimated to be 3.78 × 109 m3 which is equivalent to
3.3 ± 0.5 Gt of ice mass. A total uncertainty is modeled volume
is estimated to be 18.4% (see section “Uncertainty Analysis”).
The details of the glacier area, ice thickness, and volume are
enlisted in Table 3.

The empirically derived glacier volume versus area regression
analysis has been performed for the 15 individual glaciers in the
basin. Two sets of modeled volume calculated using different
shape factor (f = 0.6 and f = 0.8) are plotted against the respective
total glacier area. In both cases, a linear trend is clearly evident.
However, the analysis yielded two different volume-area scaling
power-law relationships. The level of agreement between the data
points for f = 0.6 and f = 0.8 yielded a coefficient of determination
of 0.87 and 0.92, respectively. The power law relation obtained
for f = 0.6 can be stated as V = 0.030× S1.31 and that of f = 0.8 is
V = 0.029× S1.34 where ‘V ’ is the total volume and ‘S’ is the total
area of the glacier. Figure 7 shows the volume-area regression
plots of the selected glaciers, for which volume is calculated for
different values of f (0.6 and 0.8) and also using the volume-area
scaling given by Bahr et al. (1997). The obtained scaling (f = 0.8)
relation is applied to Chhota Shigri glacier (Western Himalaya)
and Satopanth glacier (Central Himalaya), for which modeled
ice thickness was validated using the available ground truth. The
derived volume-area scaling thereby yielded a total volume with
an accuracy of 95.6 and 95.1% for Chhota Shigri and Satopanth
glacier, respectively, when compared to their modeled volume.
Further tuning of the scaling parameters on the Chhota Shigri
and the Satopanth system for better accuracy, yielded a relation
which is given by V = 0.030 × S1.34. The total modeled volume
(f = 0.8) of the selected glaciers has a difference of less than
1% when compared to the calculated volume using the proposed
volume-area scaling (V = 0.030 × S1.34). The overestimation of
the modeled glacier volume (f = 0.8) of the selected glaciers
by 1.4 × 108 m3 (3.8%) using Bahr et al. (1997) suggested the
scope of minor tuning in the scaling coefficients of the volume
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FIGURE 6 | (A) Satellite-derived glacier-surface velocity of Glacier 8 (GSI ID-IN 5O103 04 015). (B) Ice thickness distribution of Glacier 8 (Huss and Farinotti, 2012).
(C) Empirically derived ice thickness distribution for Glacier 8 (Present Study). The central part of the main trunk has a maximum ice thickness of 230 m. Near the
terminus, the thickness is estimated to be approximately 20 m. The overdeepening sites are marked in gray; subset shows the longitudinal glacier-bed profile along
ee′. (D) Comparison of the modeled cross-sectional glacier bed profiles with Huss and Farinotti (2012), along four cross-sectional profiles given as aa′, bb′,
cc′, and dd′.

TABLE 3 | Glacier volume derived from the calibrated volume-area scaling relation.

Vscaling

Glacier (in 106 m3)

ID Glacier name Hmean (m) Stot (km2) Vmod (in 106 m3) Novr 1E (m) 1Eovr (m) Sovr (km2) (f = 0.8)

8 IN 5O103 04 015 (GSI ID) 63 11.54 720 5 2191 1349 0.22 800

9 Meola 36 9.22 330 2 2113 308 0.05 590

4 Damolija 59 8 470 5 838 536 0.13 490

1 IN 5O103 04 034 (GSI ID) 68 7.67 530 6 1665 327 0.38 460

2 Mabang 92 5.59 510 0 1792 – 0 300

12 IN 5O103 04 002 (GSI ID) 40 5.01 200 1 1060 270 0.02 260

11 Chipagal 62 4.13 250 7 1312 753 0.34 200

15 Rama Bhitar 57 3.51 240 2 1191 921 0.15 160

7 Nipchikang 63 3.39 210 3 1996 517 0.37 150

6 Jhulang 68 2.39 60 2 1926 576 0.16 100

10 Nipagal 29 2.11 60 13 2130 621 0.84 80

14 IN 5O103 04 075 (GSI ID) 32 1.61 60 4 1132 536 0.05 60

5 Ghugtan 65 1.34 80 3 754 291 0.12 40

13 IN 5O103 04 057 (GSI ID) 38 1.32 40 0 667 – 0 40

3 IN 5O103 04 030 (GSI ID) 17 1.16 20 1 1060 270 0.02 40

Mean ice thickness (Hmean), total glacier area (Stot), modeled glacier volume (Vmod ), number of overdeepening sites (Novr), elevation range of glacier (1E), elevation range
of overdeepening sites (1Eovr), total area of the overdeepenings (Sovr) and scaled glacier volume (Vscaling).
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FIGURE 7 | Glacier volume (km3) versus glacier area (km2) for different values of f ; the volume-area scaling relations derived from these results in the form of
V = c × Sγ are V = 0.037 × S1.31 (f = 0.6), V = 0.029 × S1.34 (f = 0.8), and V = 0.030 × S1.36 (Bahr et al., 1997).

area scaling relation. As area-based scaling method is region
specific, the revision of the scaling parameters in the present
study yields a more realistic area-volume relation for the given
geographical region.

The ice volume for the remaining glaciers excluding the 15
larger glaciers was calculated using the above derived volume-
area scaling is 2.71 × 109 m3. The total calculated glacier-ice
volume of the basin is calculated to be 6.5 × 109 m3. The
total ice volume of the selected glaciers estimated using the
present approach is ∼8% higher than the estimates calculated
using the approach by Huss and Farinotti (2012). Also, the total
volume calculated relation by Bahr et al. (1997) overestimates
it by 1.6× 108 m3.

In addition, evaluation of the glacier bed led to the discrete
identification of topographic depressions on the glacier bed. The
presence of these depressions at the frontal part of the glacier
may lead to formations of proglacial lakes in the near future,
as compared to those sites identified in the higher elevation
ranges of the glaciers. A total of 54 overdeepening sites with a
total area of 2.93 km2 were identified, as enumerated in Table 3.
The highest number of overdeepening sites are identified in the
bed of Nipagal glacier covering an area of 0.84 km2. The total
overdeepening sites identified in the basin has a volume capacity
to hold 15.1× 107 m3 of water.

Furthermore, the analysis using multi-temporal satellite
imagery showed a total of approximately 4.65 km2 loss in the
total glacier area for the selected glaciers over a span of 48 years
from 1969 to 2016. The mean rate of loss is thus calculated to
be 0.09 km2 yr−1. To understand the behavior of the individual
glacier based on its size and ice thickness, a statistical analysis
has been adopted to determine the dependency of the relative
area change of the selected glaciers to that of the total glacier
area in 1968. It is evident that, of the 15 glaciers selected for the

study, smaller glaciers show higher relative change as compared
to the larger ones. The smallest glacier reacts very individually.
The study is in line with similar findings by Paul (2002) where
the dependency of relative area change shows a similar trend,
in which the smallest glaciers reacting individually and the
larger glaciers show a similar relative change in glacier area.
The dependency of relative area change to the modeled mean
ice thickness near terminus reveals a similar trend as that of
relative area change versus area in 1968. This may be attributed
to the fact that larger glaciers have greater ice thickness near
the terminus as compared to the smaller glacier (Kulkarni et al.,
2011). Figure 8 shows the plot of the relative change (%) in the
glacier area between 1968 and 2016 versus glacier area in 1968
and mean ice thickness near the terminus. Also, the growth of
the highest pro-glacial lake due to the retreat of the associated
glacier in the Dhauliganga basin (Figure 2) is a potential threat to
the downstream regions. The formation of such lakes invariably
hastens glacier mass loss as they are in direct contact with the
glacier (Linsbauer et al., 2012).

DISCUSSION

Model Sensitivity
The sensitivity of the ice thickness to surface velocity (Us),
valley shape factor (f ), and creep-factor (A) and ice density (ρ)
was computed for Chhota Shigri glacier. Results indicated that
the total glacier volume changes by 1.4 × 108 m3 (10.1%) and
2.5 × 108 m3 (17.8%) with an increment or decrement of the
shape factor by 0.1 and 0.2, respectively. This sensitivity can be
traced in the glacier thickness profiles along the central-line for
different f -values as shown in Figure 9B. A shape factor (f )
of 0.6 yielded glacier-ice thickness with a maximum thickness.
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FIGURE 8 | Relative area changes between 1968 and 2016 versus (A) glacier area in 1968 and (B) mean ice thickness near the terminus.

FIGURE 9 | Sensitivity of modeled ice thickness to (A) surface velocity Us, (B) the shape factor f, (C) the ice density ρ, and (D) the creep parameter A.

An increase in f by 0.1 and 0.2 resulted in the maximum thickness
by 10.8 and 19.2%, respectively. The sensitivity of ice thickness
to creep parameter (A) is shown in Figure 9D. The glacier
volume changes by 4.0 × 107 m3 (2.8%) when the creep factor
is changed from 3.24 × 10−24 Pa−3 s−1 (Gantayat et al., 2014)
to 2.4 × 10−24 Pa−3 s−1 (Farinotti et al., 2009a). In addition, the
sensitivity of the model to surface velocity is tested by increasing
the remotely derived velocity by 10 and 20% yielding ice volume
higher by 3.6 and 7.4%, respectively. Figure 9A shows the ice
thickness for different surface velocities. The sensitivity of ice
thickness to ice density change was performed by taking into
consideration different ice densities (ρ) of 850 and 900 kg m−3.
The resultant glacier-ice volume had a difference of 3.0× 107 m3

(2.2%). The glacier-ice thickness for the different ρ values is
shown in Figure 9C. The method of selecting branch lines also
affect the ice thickness measurements. In case of a single branch
line, a V-shaped glacier bed profile is obtained. The present

study follows the rules by Paul and Linsbauer (2012) to obtain
a U-shaped bed profile. The ice thickness model results are
least sensitive to changes in the basal velocity (Ub) (Gantayat
et al., 2014) and which has been neglected in the present study.
The linear error propagation of the distributed ice thickness
model assuming certain input uncertainties in the various input
parameters is given in Section “Uncertainty Analysis.”

The analysis shows that the ice thickness model adopted in the
present study is most sensitive to changes in valley shape factor
(f ) as compared to the other input parameters. Therefore, it is
suggested to calibrate the model to better constrain the value of f,
wherever direct measurements on ice thickness are available. The
model sensitivity versus uncertainty is analyzed to confirm the
overall calculated uncertainty in the ice thickness distribution.
The total ice volume calculated in the sensitivity analysis varied
by 17.6%, considering the same parameter ranges as given in
Section “Uncertainty Analysis.”
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FIGURE 10 | Modeled volume (km3) versus area (km2) of respective random glacier subsets (Blue) and tuned area-based scaled volume (km3) versus glacier area
(km2) for the given subsets (V = 0.030 × S1.34) (Red).

FIGURE 11 | Glacier volume (km3) versus glacier area (km2) using different values of (A) the shape factor f, (B) the creep parameter A, and (C) glacier-density ρ; total
number of glaciers is given by n.

Volume-Area Scaling- Uncertainty
and Sensitivity
The uncertainty and the sensitivity of the volume-area scaling
proposed in the present study are described in this section.
For this, we have divided the 15 glaciers selected for the study
into 75 different parts (subsets) based on random area. The
scaling relationship is tested using regression of empirically
derived glacier volume for 75 random parts, by plotting their
respective area versus its modeled volume calculated for each
part. This regression analysis yields a power law which is given as
V = 0.037× S1.34. The scaling parameters obtained are compared
to the tuned volume area relation. The exponent γ in V = c × Sγ

remains unchanged and a difference of 23% in the value of c
is calculated when compared to the tuned volume-area scaling
(V = 0.030× S1.34). Figure 10 shows the plot of modeled volume
versus area for the 75 glacier subsets and also volume versus area
using the tuned volume-area scaling.

The sensitivity of the derived volume-area scaling is evaluated
by varying the model parameters and computing ice volume
for the 15 glaciers. The scaling parameters were recomputed
for all the glaciers to see the effect on the total glacier volume.
The sensitivity of the volume-area scaling to valley shape

factor (f ), and creep-factor (A), and ice density (ρ) was computed
(Figure 11). Results indicate that the total glacier volume increase
or decrease by 4.1 × 108 m3 (11%) and 7. 5 × 108 m3

(20%) when f is varied by 0.1 and 0.2, respectively. Similarly,
total volume changes by 2.4 × 108 m3 (6.4%) when A is
changed from 2.4 × 10−24 Pa−3 s−1 (Farinotti et al., 2009a) to
3.24 × 10−24 Pa−3 s−1 (Gantayat et al., 2014). The sensitivity of
the volume-area scaling is tested for ice density (ρ) by changing
the density by 50 kg m−3. The total volume of the glaciers
changes by 3.1% after density variation is applied. The volume-
area scaling is most sensitive to the shape factor (f ) as compared
to the other model input parameters. From the sensitivity analysis
it is conclusive that both, the distributed ice thickness model and
the derived volume-area scaling are most sensitive to changes in f.

CONCLUSION

The current study is an assessment of the two most vital aspects
of the Himalayan cryosphere- glacier-ice volume and glacier-area
loss. Previous efforts to estimate glacier volume using velocity-
based modeling technique mainly focused on a single glacier.
In this comprehensive study, the total glacier-ice volume has
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been estimated for an entire central Himalayan basin. The study
also provides insight into the temporal fluctuations of glacier
extent over a period of 48 years. The future shrinkage of the
glacier area needs a more detailed investigation to understand
its intrinsic relationship with its surrounding climate. Moreover,
sustainability assessment of the glaciers by knowing the total
glacier volume at present would help in the strategic management
of the stored freshwater reserves in the Himalaya.

The raster-based modeling technique enabled determination
of spatially distributed glacier-ice thickness and expansion of
the study over a broader geographical area. We characterized
15 larger glaciers in the basin in terms of its distributed ice
thickness. The mean ice thickness of the glaciers range from 17
to 92 m. The comparison of the modeled ice thickness and GPR
measurements of two Himalayan glaciers shows that the method
is well suited to estimate total glacier volume in the region. The
total modeled volume of the 15 larger glaciers is computed to be
3.78 × 109 m3 (f = 0.8) with an uncertainty of 18.4%. Huss and
Farinotti (2012) presented a distributed ice thickness and volume
of all the glaciers in the world. An inter-comparative evaluation
of our model-derived glacier ice thickness to that of Huss and
Farinotti (2012) was performed.

The area-based scaling approach (Bahr et al., 1997) resulted
in an overestimation of total glacier volume by 1.4 × 108 m3 for
the selected larger glaciers. This led to the scope of minor tuning
in the scaling coefficients. In the calibration of the volume-area
scaling relation (V = c× Sγ) c remains unchanged and γ changes
from 1.36 to 1.34, when compared to Bahr et al. (1997). Thus,
a volume-area scaling power law (V = 0.030× S1.34) is derived for
the given Himalayan basin by tuning the scaling parameters. The
volume of the remaining glaciers apart from the 15 larger glaciers
in the basin calculated using volume area scaling is 2.71× 109 m3.
The total volume of the basin is computed to be 6.5 × 109 m3.

The ice thickness model was employed to discretely map the
glacier bed and identify the overdeepening sites. A total of 54
overdeepening sites were identified in the basin with a volume
capacity to hold 15.1 × 107 m3 of water. The identification of
these sites on the glacier bed is crucial, as these depressions
identified over the glacier bed may form high altitude lakes in the
future (Linsbauer et al., 2012).
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