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This study presents a recent estimate (for year 2017) of ice thickness and volume of a small glacier called
Patsio Glacier located in Western Himalayas. Also, the present study aims to examine whether the
improvement in GlabTop2 based estimates obtained for Chhota Shigri Glacier through the use of relatively accurate and high-resolution Digital Elevation Model (DEM) and glacier speciBc model parameterisation is consistent and can be extended to other glaciers. The version of GlabTop2 model used in this
study is GlabTop2˙IITB (Glacier Bed Topography version 2˙Indian Institute of Technology Bombay).
For validation purpose, ground penetrating radar (GPR) survey-based ice thickness estimates available
at four cross-section proBles collected during July 2017 was used. Root mean square error (RMSE) of the
modelled ice thickness estimates is about 14 m. Average and the maximum thickness of the modelled
glacier ice is about 45 and 129 m, respectively. The obtained results when compared with an earlier study
carried out using velocity-based approach indicate a significant improvement in the modelling accuracy.
Moreover, a 16 percentage points reduction in uncertainty of the estimated ice thickness is seen when
compared with a previous study involving different version of GlabTop2 model for Himalaya–Karakoram
region. This is perhaps due to the use of a relatively accurate and high-resolution DEM and model
parameterisation scheme adopted in this study, thus conBrming the consistency of the modelling
approach for different glaciers. Based on the obtained ice thickness estimates, the modelled volume of the
glacier stored ice was calculated to be 0.11198 ± 0.0162 km3 in 2017.
Keywords. Glacier ice thickness; GlabTop2˙IITB; GPR; TanDEM-X DEM.

1. Introduction
Glaciers are long-term reservoirs of freshwater
(Armstrong 2010), generally present at the higher
altitudes and latitudes of Earth. Although comprising only a small fraction of Earth’s cryosphere,

the net mass/volume loss of mountain glaciers
worldwide has become one of the most widely
recognised indicators of the climate change. Glaciers play a vital role in sustaining the permanent
water supply to the downstream population
(Bajracharya and Shrestha 2011) and therefore
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shrinking Himalayan glaciers pose challenges to
societies and policymakers. These include issues
such as changing glacier melt contributions to
seasonal runoA and the risk of glacial lake outburst
Coods. Glacier ice thickness distribution is one of
the essential variables to assess the present status
of glacier storage as well as for modelling of future
glacier evolution according to given climate change
scenarios (Jouvet et al. 2009, 2011). Yet, substantial gaps in Beld-based ice thickness knowledge
exist for the Himalayan glaciers (GlaThiDa Consortium 2019). In Indian Himalayas, only few glaciers have some Beld measured ice thickness,
e.g., Chhota Shigri Glacier (Azam et al. 2012),
Satopanth Glacier (Mishra et al. 2018), Hamtah
and Parang Glacier (Swain et al. 2018), Patsio
Glacier (Singh et al. 2018).
In this context, ground penetrating radar (GPR)
oAers a powerful tool to investigate the geometry
and internal structure of glaciers, making GPR a
standard tool in glaciological surveys (Dowdeswell
and Evans 2004; Navarro and Eisen 2009). For nonpolar glaciers, GPR is typically applied to study ice
thickness (Vincent et al. 1997; Binder et al. 2009;
Campbell et al. 2012; Fischer and Kuhn 2013).
However, these measurements are expensive, laborious and extremely difBcult due to logistical reasons, hostile environment and can only be conducted
during speciBc time of year, which has favourable
weather conditions. Moreover, the determination of
a complete glacier wide ice thickness cannot be
carried out directly but is necessarily linked to interor extrapolation of direct (point) measurements.
Hence, modelling approaches are known to complement the GPR-based measurements, where there
are sparse observations for a glacier. Elsewhere,
these approaches provide an alternative to glacier
monitoring where the ground-based surveys are
difBcult to carry out.
The existing models for glacier ice thickness
estimation differs in terms of complexity of the
physical processes, assumptions and the number of
inputs required (Farinotti et al. 2017). These
models have been applied at global and regional
scales including Himalayas (Huss and Farinotti
2012; Frey et al. 2014; Farinotti et al. 2019).
Among these available approaches, shear-stressbased approach such as Glacier Bed Topography
(GlabTop) and its variants (Linsbauer et al. 2012;
Frey et al. 2014; Ramsankaran et al. 2018), which
requires minimum and readily available input such
as Digital Elevation Model (DEM) and glacier
outline is found to be a useful approach in the
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context of the Himalayas considering inadequacy
of the Beld data measurements (Ramsankaran et al.
2018). Several recent studies have demonstrated
the applicability of GlabTop2 variants for glacier
ice thickness estimation and/or volume estimations
in different regions (Frey et al. 2014; Farinotti et al.
2017, 2019; Pandit and Ramsankaran 2020). The
GlabTop model (Linsbauer et al. 2009), a predecessor of GlabTop2, was Brst applied over the
Swiss Alps which involved laborious process of
manually drawing branch lines. Later, Frey et al.
(2014) presented a modiBed version called GlabTop2 by eliminating the manual work of drawing
branch lines, which was applied over entire HK
region. In their study, Shuttle Radar Topography
Mission (SRTM) 90m DEM and a uniform model
parametrisation was for used all study glaciers.
However, studies suggest that the SRTM DEM can
lead to erroneous estimates especially over the
Himalayas due to high slope angles (Mukul et al.
2017). Farinotti et al. (2017) coordinated an
intercomparison experiment of different ice thickness estimation models that included different
versions of GlabTop (GlabTop2: Frey et al. 2014
and RAAJglabtop2: an independent re-implementation of GlabTop2, which was later rereferred to
as GlabTop2-Indian Institute of Technology
Bombay (IITB) in Farinotti et al. 2019; Pandit and
Ramsankaran 2020). The experiment included 15
glaciers, three ice caps and three synthetically
generated test cases. Here, they used DEM taken
from different sources and a common value of
shape factor parameter for all the test cases (Farinotti et al. 2017). Similarly, in Farinotti et al.
(2019) which presented a consensus estimate of
worldwide glacier ice thickness, these GlabTop
models used freely available SRTM 90m DEM for
Himalayan glaciers and a common shape factor
parameter determined either empirically using
cross-validation (GlabTop2: Frey et al. 2014) or
considering mean of the possible shape factor values (GlabTop2˙IITB: Ramsankaran et al. 2018).
Results of the intercomparison experiment showed
that individual ice thickness estimates from each
model differ considerably when compared with the
observed data. Similar differences were observed in
the cross-validation of consensus ice thickness
estimates by individual models (Farinotti et al.
2019). It is to be noted that the modelled estimates
for the glaciers in Indian Himalayas were not validated using corresponding Beld measurements
(Frey et al. 2014; Huss and Farinotti 2012; Farinotti et al. 2017). Generally, the difference in
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timestamps between these modelled estimates and
the Beld measurements available in Himalayas are
in decadal range and hence casts doubts on the
reliability of the modelled estimates.
Recently, a study by Ramsankaran et al. (2018)
for Chhota Shigri Glacier showed that using a relatively accurate and high-resolution DEM in
combination with glacier speciBc shape factor
parameterisation of GlabTop2 can lead to more
accurate glacier ice thickness estimates. However,
this needs to be validated for other glaciers.
Towards addressing these gaps, the present study
aims to examine whether the improvement in ice
thickness estimates obtained by Ramsankaran et al.
(2018) can be consistently achieved and extended to
other glaciers through use of a relatively accurate
and high-resolution DEM and glacier speciBc model
parameterisation of GlabTop2˙IITB, which eliminates the use of Beld measured data. This has a
significant importance in Indian Himalayas where
Beld measurements are not available for almost any
of the glaciers. In conjunction to this, the study aims
to present a recent estimate of ice thickness distribution and volume of glacier stored ice for the study
glacier called Patsio Glacier. For validation purpose, GPR-based ice thickness survey was conducted at four cross-section proBles across the
glacier, adding to the previously reported GPRbased ice thickness measurements available near
snout region (Singh et al. 2018).

2. Study area description
The present study was performed in Patsio Glacier,
which is in the state of Himachal Pradesh, India as
shown in Bgure 1. This glacier is one of the continuously monitored glaciers in Himalayas since last decade. It lies in the Bhaga river basin, a sub-basin of
Chenab river basin (Western Himalayas). The glacier
extends between the latitudes 32°440 5000 –32°460 11.200 N
and longitudes 77°180 42.200 –77°200 24.100 E. It spans a
length of *2.7 km and covers an area of *2.37 km2.
This glacier lies within the altitudinal range of
4875–5694 m a.s.l with an average elevation of 5342 m
a.sl and equilibrium line altitude (ELA) at 5136 m a.s.l
(Kumar et al. 2020). The glacier wide average slope is
228. The mean slope in the accumulation zone is 26°,
where majority of accumulation area (in the main
tongue of glacier) is moderate-sloped (with maximum
slope of 15°). The mean slope in ablation zone is 22°
with a relatively steeper snout region of slope around
15–30°. The glacier is of compound type, fed by two

tributaries. Unlike other nearby glaciers, the Patsio
Glacier has few medial moraines. The average snow
contribution for this glacier during 1993–2015 is
around 450 cm (Singh et al. 2018) which is dominated
by snowfall caused by western disturbances during the
winter season (Kumar et al. 2020).

3. Data collection
3.1 GPR survey
GPR survey was carried out using Geophysical
Survey Systems Inc. (GSSI) SIR 3000 system. With
Multiple Low Frequency (MLF) antenna at central
frequency of 35 MHz, data was collected at four proBles (Bgure 1c) over the surface of Patsio Glacier
during July 2017. Considering the parameters adopted in earlier studies conducted in Himalayan region
(e.g., Singh et al. 2012, 2018; Mishra et al. 2018; Swain
et al. 2018) and the recommendations suitable for
deep sub-surface investigations using low frequency
antenna given in the GSSI RADAN 7.0 manual,
appropriate parameter values were chosen for GPR
data acquisition. Accordingly, this survey was carried
out in point-mode in which the transmitter and
receiver were shifted together in steps of 1 m,
throughout. The receiver and transmitter antenna
were separated by a constant distance of 2 m to avoid
any signal interference. The input parameters to the
GPR system during data collection, e.g., dielectric
constant, samples per scan, stacking and other details
are summarised in table 1.

3.2 Differential global navigation satellite
system (DGNSS) data
Locations of the GPR survey points were precisely
measured using Geo-XH GNSS system in differential mode. A base station (latitude: 32.768°N,
longitude: 77.339°E) was established at a
stable region near the glacier snout (Bgure 1c).
After the standard post-processing using the postprocessed kinematic (PPK) module in Trimble
Business Centre V4.1, the horizontal accuracy of
the measured locations was found to be 5–10 cm.

3.3 Snow and debris thickness
Snow depths over the surveyed proBles (1–4) were
measured through snow proBler placed at the same
locations where GPR data were collected. These
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Figure 1. (a) Inset map of Himachal Pradesh, India showing the location of Patsio Glacier. (b) Patsio Glacier: Blue lines show
the surveyed proBles. ProBles 1,3 and 4 represent cross-sectional proBles while proBle 2 is a longitudinal proBle near the central
Cowline of the glacier.

Table 1. Details of the GPR data acquisition parameters.
GPR parameter

Setting

Antenna central frequency
Antenna separation
Samples/scan
Stacking

35 MHz
2m
2048
64

Dielectric constant
Radar velocity in ice
Range
High pass Blter (IIR)
Low pass Blter (IIR)

3.14
0.168 m/ns
4500 ns
10 MHz
105 MHz

measurements were performed simultaneously
during the GPR and DGNSS survey. Snow thickness
was varying between 25 and 260 cm. The debris
thickness at two points was measured only near
proBle-1 as other proBles were free of debris. The
debris thickness noted at point 1 (lat. 32.7626°; long.
77.3335°) and point 2 (lat. 32.7628°; long. 77.3333°)
along proBle-1 are 18.9 and 21 cm, respectively,
giving an average depth of 20 cm. These depth
information were used for adjusting the Beld
measured ice thickness.
3.4 Topography and glacier outline dataset
In addition to the above-listed datasets, DEM and
glacier outlines were used for modelling ice thickness. TerraSAR-X add-on for digital elevation
measurement (TanDEM-X) co-registered single

Remarks
–
–
To ensure Bner depth proBle of scans
To reduce the eAect of noise
from individual signals
–
–
–
–
–

look slant range complex (CoSSC) product was
used for generating DEM of 10 9 10 m spatial
resolution. The product (acquisition date: 27
October 2013) was obtained under TanDEM-X
Science proposal XTI˙GLAC7043. Accuracy of the
generated DEM was estimated at Chhota Shigri
Glacier (Ramsankaran et al. 2018) which lies in the
same scene of TanDEM-X DEM using 190 DGNSS
points collected over the glacier. Accordingly, the
overall RMSE of the generated DEM is estimated
to be 7.41 m. More details about the DEM generation process and accuracy assessment can be
obtained from Pandit et al. (2014). In this study,
the TanDEM-X DEM is found to be relatively good
(both in terms of accuracy and spatial resolution)
than some of the freely available DEMs such as
SRTM DEM and ASTER GDEM with reported
accuracy of 12.5 m and *20 m, respectively
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(Pandey et al. 2017). It shall be noted that the
available TanDEM-X DEM is for the year
2013 and the GPR-based measured ice thickness
was obtained for 2017. Therefore, to have
equitable comparison between the modelled estimates and the measured values, before modelling
the DEM was adjusted to match the time stamp of
the Beld measurements by considering a surface
elevation change of –0.13 m/yr reported by Kumar
et al. (2020) for Patsio Glacier. It shall be noted
that the other freely available DEM such as CartoDEM V3 (generated using data between 2005
and 2014) ASTER GDEM and Tandem-X global
DEM were not used in this study because these
DEMs are not having single time stamp, thus can
aAect the reliability of estimated ice thickness and
volume. The glacier outline required for ice thickness modelling is taken from the Randolph Glacier
Inventory (RGI 6.0).

Figure 2. Flowchart for glacier ice thickness estimation using
GlabTop2˙IITB model. Figure reproduced from Ramsankaran
et al. (2018) and Pandit and Ramsankaran (2020).

4. Methods
4.1 Ice thickness modelling and volume
The spatially distributed ice thickness of Patsio
Glacier was estimated from the GlabTop2˙ IITB
version model (previously referred to as GlabTop2
model in Ramsankaran et al. 2018; RAAJglabtop2
in Farinotti et al. 2017), which is an independently
implemented version of the GlabTop2 (Frey and
Paul 2012) model. It is a fully automated model
and requires only DEM, slope, and glacier outlines
as inputs. Major steps involved in calculating ice
thickness distribution using GlabTop2˙IITB model
are: (1) Calculation of ice thickness at automatically chosen random DEM cells selected inside the
glacier and (2) calculation of ice thickness for the
remaining cells by interpolation of the previously
chosen cells and the ice thickness at the glacier
margins assumed to have zero ice thickness. A
detailed Cow diagram of the GlabTop2˙IITB
model is given in Bgure 2. The ice thickness calculations at the randomly selected cells are based
on the concept of shallow ice approximation (SIA)
and the assumption of perfect plasticity of ice
(Haeberli and H€
olzle 1995; Cuffey and Paterson
2010).
hf ¼

s
;
f qg sin a

ð1Þ

where s is the average basal shear stress along the
central Cowline calculated using equation (2), g is

the gravitational acceleration (9.8 m s2), a is the
mean surface slope, q is the density of ice (900 kg
m3) and f is a dimensionless shape factor that
accounts for resistance provided by valley walls and
the underlying bed. The value of f depends on the
valley cross-sectional form, which generally ranges
between 0.60 and 0.90 for valley glaciers (Cuffey and
Paterson 2010). The value of basal shear stress s (in
kPa) is estimated from an empirical relation
(Haeberli and H€
olzle 1995; Frey et al. 2014)
between s and glacier elevation range DH (in km)
is calculated as:
s ðkPaÞ ¼ 0:5 þ 159:8DH þ 43:5ðDH Þ2 ;
DH  1:6 km
s ðkPaÞ ¼ 150;

DH [ 1:6 km:

ð2aÞ
ð2bÞ

The shape factor (f ), a sensitive parameter to this
model has been calibrated using a self-calibration
approach proposed by Ramsankaran et al. (2018).
For this purpose, Brstly, the spatially distributed
average ice thickness (havg) of the glacier was
calculated from different model runs by varying
shape factor values ranging between 0.6 and 0.9 (at
an interval of 0.01). Following this, shape factor at
different cross-sections (fcs) was calculated using the
cross-sectional average ice thickness (hcs) (obtained
from the model runs with different shape factor
values) and width (wcs) using equation (3).
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2
wcs
:
fcs ¼ arctan
p
2hcs
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ð3Þ

Based on the above-obtained shape factor at each
cross-section, following Ramsankaran et al. (2018),
glacier wide average shape factor favg (considered as
optimal shape factor) has been calculated by simple
averaging. Further details about the shape factor
parameterisation scheme adopted here can be
obtained from Ramsankaran et al. (2018).

4.2 Uncertainty analysis of the estimates
The uncertainty in the modelling of ice thickness
using GlabTop2˙IITB depends on uncertainty in
the input parameters such as average basal shear
stress (s), shape factor (f ), the density of ice (q)
and slope (a). Following the error propagation
method as done in Ramsankaran et al. (2018), the
uncertainty due to input parameterisation was
estimated using the relation:
  sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

 
 
 

u hf
uðsÞ 2 uð f Þ 2 uðqÞ 2 u ðsin aÞ 2
¼
þ
þ
þ
;
s
f
q
sin a
hf
ð4Þ
where a relative uncertainty of 5% has been
considered in s which is calculated using the relationships given by Driedger and Kennard (1986)
and Haeberli and H€
olzle (1995). Likewise, based on
the difference between the shape factor determined
from equation (3) using Beld measured ice thickness (i.e., f = 0.76) and the calibrated glacier wide
average shape factor favg (f = 0.78), uncertainty in
f is set to ±0.02 (3.9%). Following Gantayat et al.
(2014), a relative uncertainty of 10% in the ice
density is considered. The uncertainty in the term
u (sin a)/sin a was assumed to be ±0.07 considering
the quality of the TanDEM-X DEM as reported in
Ramsankaran et al. (2018).
Similarly, the uncertainty in the total volume
depends on the ice thickness (hf) and glacier area
(A) derived from glacier outline. Following the
error propagation method, the total uncertainty in
the volume is given by:
u ðV Þ
¼
V

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

   2
u ð AÞ 2 u h f
þ
:
hf
A

ð5Þ

The quality of the glacier outlines depends on
the source and the date of inventory, as well as on

the accuracy of the digitisation. Accordingly, based
on the 5% average difference obtained in
glacier outlines between multiple digitisation of
the glacier boundary on Google Earth image and
the reference glacier boundary (RGI 6.0), a relative
uncertainty of ±0.11 km2 is assumed for glacier
area (A).
4.3 GPR data processing
The raw GPR data collected during the survey was
processed using GSSI-RADAN ver.7.0, a propriety
software by GSSI. Processing steps common to
almost all GPR-based survey (Singh et al. 2012;
Mishra et al. 2018) included the following: (1)
horizontally appending individual data Bles comprising multipart survey lines; (2) static position
correction also known as time zero correction to
bring air-wave return to the top of the scan time
window; (3) application of an inBnite response Blter
with a 10/105 MHz Blter for the 35 MHz survey
data; (4) background removal, and (5) auto-gain
adjustment. Additional processing steps, eAective
for noise removal in geophysical surveys of glaciers,
included (6) migration, and (7) deconvolution.
These additional processing steps being followed
are discussed below:
Migration: The radar antenna radiates energy
with a wide beam width pattern such that objects
that are several feet away may be detected. Consequently, objects of Bnite dimensions may appear as
hyperbolic reCectors on the radargram. Objects or
layers lying beneath may be obscured by shallower
objects above them. This causes diAracted reCections of radar energy and can mask other reCections
of interest and cause misinterpretation of the depth
being measured. To avoid this misinterpretation,
following some previous studies on glacier ice
thickness measurements (Jouvet et al. 2009, 2011;
Navarro and Eisen 2009; Bohleber et al. 2017),
migration has been applied to the collected data.
Deconvolution: This Bltering method was used
to remove the noise due to multiple reCections
between sub-surface objects (Singh et al. 2012;
Lapazaran et al. 2016).

4.4 Uncertainty in GPR measurements
The uncertainty in the GPR measurements can be
due to two factors: the uncertainty due to radar
wave velocity of the GPR signal c and the two-way
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travel-time t (Lapazaran et al. 2016). Thus, the
total uncertainty in ice thickness (Dd/d) was
estimated as:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 2  2
Dd
Dc
Dt
þ
¼
:
ð6Þ
d
c
t
Following Mishra et al. (2018), uncertainty in Dc
was assumed to be *7%. Likewise, Dt is assumed
to be the width of positive and negative wave
reCections that occur on the glacier bed region
(Mishra et al. 2018). The Dt was measured to be 15
nanoseconds for the survey proBles.
5. Results
5.1 Measured ice thickness
The processed radargram for four survey proBles
are shown in Bgure 3. For illustration, Bgure 3(a
and b) shows the raw radargram and processed
radargram, respectively, for proBle 1. The raw
radargram shows noise with more pronounced
bands of constant horizontal reCections (Bgure 3a),

which got significantly reduced after the processing
(Bgure 3b). Similar processing steps were followed
for each proBle. Figure 3(c–e) shows the processed
radargram of the proBles 2–4, respectively. It
should be noted that the thickness due to snow and
debris measured at different proBles (section 3.3)
have been subtracted from the Beld measured
GPR-based ice thickness at the respective locations. This was done to facilitate an equitable comparison with the modelled ice thickness
estimates. The ice thickness obtained from the
radargram (after adjusted for snow and debris
thickness) of the surveyed proBles is shown in
Bgure 5. It shall be noted that these GPR-based
cross-section proBles (Bgure 5: observed ice thickness) do not exhibit a parabolic shape, which is
possibly because the surveyed proBles do not cover
a full cross-section of the glacier. Table 2 gives the
mean observed ice thickness, mean elevation and
length of each surveyed proBle.
The uncertainty in the GPR derived ice thickness was estimated to be ±7.8%.

5.2 Modelled ice thickness

Figure 3. Radargram of proBle 1 (a) before and (b) after
processing. Processed radargrams of proBles 2–4 (c–e). Yellow
line denotes the depth (in m) of bedrock topography.

Figure 4(a) shows the spatially distributed ice
thickness estimates of Patsio Glacier obtained at
an optimum shape factor of 0.78. The modelled ice
thickness ranges between 0 and 129 m, where the
glacier boundary was constrained with zero ice
thickness. Figure 4(b) shows the 13 cross-sections
(spaced every 100 m altitude) used for calculating
an optimum shape factor (favg). Table 3 gives
details such as width, ice thickness and shape factor at each cross-section used for estimating favg.
A maximum ice thickness of 129 m is observed
at central Cowline around 5220 m a.s.l. (Bgure 4a)
that lies closely above the 13-yr (2000–2013)
steady state ELA of 5136 m a.s.l (Kumar et al.
2020). It is also observed that the maximum ice
thickness obtained along the central Cowline of
the glacier appears to be at the widest part of the
glacier. This appears to be realistic because along
the central Cowline, the rate of glacier Cow would
be faster, leading to higher mass contributions
and thus, resulting in higher ice thickness (Cuffey
and Paterson 2010). Similarly, it was found that
the ice thickness distribution across the glacier
agrees well with the empirical relation between
the width and ice thickness of a glacier which says
that wider the glacier, more the depth (Frey et al.
2014). Both at lower elevations near the snout
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Table 2. Details of the surveyed proBles. The locations of these proBles are
shown in Bgure 1(c).
Survey proBle
ProBle
ProBle
ProBle
ProBle

1
2
3
4

Mean measured
ice thickness (m)

Mean elevation
(m)

Length
(m)

36
53
57
103

5020
5075
5090
5200

300
115
260
260

Figure 4. (a) Modelled glacier ice thickness estimates at optimal shape factor (f = 0.78) using GlabTop2˙IITB model, (b) crosssections used for calculation of optimal shape factor, (c) slope map (in degree) of Patsio Glacier.

and upper reaches of the glacier, the estimated ice
thickness was found to be in the order of 0–40 m
as expected, where generally the ice thickness
would be less. This is due to relatively higher
slope in these regions (Bgure 4c). Field photographs taken near the snout region are shown in
Bgure 5. Figure 5(a) shows the snout region,
revealing a steep slope in this region. Figure 5(c) shows the glacier snout. Figure 5(b, d and
e) shows the photographs taken close to proBle 3.
From these photographs, a steep slope below
proBle 3 (i.e., the region between snout and proBle
3) and a relatively moderate slope above this
proBle (i.e., the region between the proBle 3 and

accumulation region) can be seen. Likewise, over
the middle region of the glacier (i.e., between 5100
and 5200 m a.s.l.) which is characterised by lesser
slope, relatively higher ice thickness is observed.

5.3 Glacier volume
Based on the obtained ice thickness estimates and
the glacier area extracted from RGI 6.0, volume of
the glacier stored ice was estimated to be 0.11198
km3 for the year 2017. The total parameter
uncertainty in the estimated volume of Patsio
Glacier was found to be ±0.0162 km3 (14%).
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6. Discussion
6.1 Comparison of the modelled ice thickness
estimates with Beld estimates
The obtained ice thickness distribution proBles for
four cross-sections (i.e., proBles 1–4) are plotted
and shown in Bgure 6 along with the corresponding
measured ice thickness obtained from GPR survey.
The errors in the modelled ice thickness vary

between 0 and 29 m at different cross-sections. The
modelled ice thickness is in closer agreement with
the measured ice thickness at higher elevations
(Bgure 6: proBles 2–4).
The overall RMSE of the modelled estimates was
14.4 m, whereas the individual RMSE for the
proBles 1–4 are 28.5, 9.2, 11.7 and 8.5 m, respectively. The overall RMSE of the modelled estimates when using the commonly adopted shape
factor of 0.8 was 19 m. This reduction in overall

Table 3. The details of each cross-sectional proBle (width wcs, ice thickness
hcs and shape factor fcs) used to determine optimum shape factor favg.
ProBle
1
2
3
4
5
6
7
8
9
10
11
12
13

wcs

hcs

fcs

328.70
367.79
378.39
359.97
498.84
549.66
511.04
597.33
265.23
527.70
607.53
132.96
335.87

65
73
82
69
81
123
88
56
43
57
29
63
60

0.76
0.75
0.74
0.76
0.80
0.73
0.78
0.88
0.80
0.86
0.93
0.51
0.78

Figure 5. Field photographs taken during GPR survey at Patsio Glacier. (a) Near snout region showing very steep slope,
(b) near proBle 3, (c) glacier snout, (d) and (e) photographs taken near proBle 3 looking towards accumulation region. The
location of the region where each photograph was taken are highlighted in red. The arrows in (b, d and e) show the glacier Cow
direction.
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Figure 6. Modelled and observed ice thickness at the surveyed proBles of the glacier.

RMSE by 26% using the calibrated shape factor
justiBes the validity of the self-calibration
approach adopted here.
The total parameter uncertainty in the modelled
ice thickness was of ±13.9%. This uncertainty of
±13.9% when compared with uncertainty of ±21%
(obtained using SRTM (90 m) DEM and uncalibrated GlabTop2˙IITB model specifically for Patsio
Glacier) shows a difference of seven percentage
points. Similarly, a reduction of 16 percentage points
in uncertainty was observed when compared with
previously reported uncertainty of 30% in GlabTop2
model when applied for Himalaya–Karakoram
region (Linsbauer et al. 2016). It shall be noted that
the uncertainty reported in Linsbauer et al. (2016)
was calculated from validation with GPR measurements available in Swiss Alps.
6.2 Comparison of modelled ice thickness
estimates with previous studies
The ice thickness estimates in the present study
was compared with previously reported ice

thickness estimates of Patsio Glacier (for year
2014–2015) by Singh et al. (2018), which is based
on glacier surface velocity-based approach. Their
study utilised Landsat 8 images and ASTER
GDEM as model inputs. It shall be noted that the
ASTER GDEM used by them would increase the
error in estimated ice thickness and volume. It is
because the ASTER GDEM was generated from
mosaic of satellite imagery acquired at different
time periods from which one cannot ascertain the
surface elevation accurately on glaciated surfaces
which are subjected to accumulation and melting.
Here, a comparison was made between the
modelled ice thickness estimates from both the
studies against the GPR-based ice thickness measurements used in the present study. The GPRbased ice thickness Beld measurements reported by
Singh et al. (2018) was not used in this comparison
as the locations in Singh et al. (2018) and the
present study do not coincide spatially. It shall be
noted that two cross-sections in Singh et al. (2018)
(Bgure 7: cross-sections 2 and 3) are in close
proximity to the GPR surveyed proBles 3 and 4 of
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Figure 7. Comparison between the modelled ice thickness at different cross-sections obtained from the present study and Singh
et al. (2018) which used a velocity-based approach. The black lines denote the estimated ice thickness reported by Singh et al.
(2018) and red lines show the estimated ice thickness in the present study using GlabTop2˙IITB model with TanDEM-X DEM.

the present study (Bgure 1c). Therefore, the
comparison was done only for these respective
cross-sectional estimates. The two years temporal
difference between the modelled estimates by Singh
et al. (2018) and the observed ice thickness has
been taken care of by adjusting the surface elevation change at a rate of 0.13 m/y. This adjustment
is similar to the DEM adjustments made before
GlabTop2˙IITB modelling. The reported ice
thickness estimates by Singh et al. (2018) (Bgure 7
at cross-sections 2 and 3) exhibit an RMSE of *50
m and *23 m, when compared with the observed
ice thickness. Here, the present study estimates
(Bgure 7: ProBles 3 and 4) show an improvement
over the estimates from Singh et al. (2018) with
RMSE of 11.7 and 8.5 m, respectively. The main
reasons for the difference could be input errors
from ASTER GDEM and surface velocity, model
structure, and model parameterisation.
To explore how the present method performs in
comparison to other well-known methods adopted
globally, the error estimates from the present study
were compared with other models participated in the
Ice Thickness Models Intercomparison eXperiment
(ITMIX) by Farinotti et al. (2017). The participating
models in ITMIX were applied and validated for 18
different glaciers worldwide. Since each model gave
varying error for different glaciers, an average error
(in % of mean observed ice thickness) per model is

considered for a qualitative comparison. The present
study (with an error of 21% in mean ice thickness) performed comparatively better than the
neural network-based approaches (average error
*30–60%), similar to velocity-based approaches
(average error *20–30%) and slightly under-performed when compared with rigorous complex and
mass-balance-based modelling approaches (average
error *18–22%). Considering the model simplicity
and non-dependency on Beld measured datasets for
shape factor calibration, the present study results
seem to be reasonably good. However, detailed oneto-one model comparison in different glaciers is
required to get more insights about the performance
of the GlabTop2˙IIT B model while adopting the
self-calibration approach for shape factor.
6.3 Comparison of glacier volume estimates
with previous studies
This estimated glacier volume was found to be less
than the earlier reported volume estimates (0.158
km3) of 2015 as reported in Singh et al. (2018). Considering the small difference in the time period of both
these studies, the discrepancy in the volume estimates seems to be significant. The plausible reasons
behind this discrepancy could be due to (1) the differences in the modelling approaches used in the
present study and Singh et al. (2018), (2) usage of
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ASTER GDEM by Singh et al. (2018) which can
introduce huge uncertainty in the estimates as discussed in section 5.2) and (3) differences in the glacier
area considered. The mass loss appears to be plausible
considering the increasing trend in the mean annual
temperature and decreasing winter precipitation
observed from the climate data collected at Snow and
Avalanche Study Establishment (SASE) meteorological station, Patsio (Negi et al. 2013). It is noteworthy to mention that the estimated ice volume
uncertainty is significantly lower than the ice volume
uncertainty reported by Frey et al. (2014) using
GlabTop2 model for the Western Himalayas. One of
the main reasons for such reduction is the use of a
relatively accurate and high-resolution DEM and
optimally parameterised shape factor while
modelling.
7. Summary and conclusions
This study demonstrates an application of GlabTop2˙IITB, a simple model for estimation of glacier ice thickness distribution and glacier volume.
In the present study, ice thickness and volume
estimates for Patsio Glacier are presented for the
year 2017. The total volume of the glacier stored
ice in 2017 was estimated to be 0.11198 ± 0.0162
km3. The overall RMSE of the ice thickness was
about 14 m when compared with the available
GPR-based ice thickness measurements, which was
much lesser than the earlier estimates. Results
indicate that the use of a relatively accurate and
high-resolution DEM, i.e., TanDEM-X DEM and
optimal shape factor parametrisation led to
improvement in the overall results. This conBrms
the consistent performance of the given approach
for more than one glacier. Consequently, this study
eAectively demonstrates that even using a simple
model but with accurate and high-resolution DEM
and optimal shape factor parameterisation, one can
have reliable volume estimates, where no ground
observations of ice thickness are available. Additionally, the GPR-measured ice thickness for Patsio Glacier presented in this study shall be useful to
other glaciologists and would contribute to the
existing Beld-based glacier ice thickness database.
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