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Highlights

 Glaciological mass balance (MB) of Dokriani glacier is computed for 2014.
 Glaciological and geodetic MBs are compared for corresponding period (1999-2014).
 Geodetic MB is less negative than glaciological MB.
 Dokriani glacier is less suitable to be considered as a regional representative.
 Differential ablation resulted in drastic modification of the epiglacial morphology.

Abstract

Glaciological mass balance (MB) is considered as the most direct, undelayed and unfiltered response of 

the glaciers to the climatic perturbations. However, it may inherit errors associated with stake under-

representation, averaging over entire glacier and human error. Therefore, proper validation of 

glaciological MB with geodetic MB is highly recommended by the World Glacier Monitoring Service 

(WGMS). Present study focuses on the Dokriani Glacier, central Himalaya which is one of the bench-

mark glaciers in the region and has glaciological MB records since 1993 to 2013 with intermittent gaps. 

In the present study, firstly the glaciological MB series is extended to 2014 i.e., field-based MB for one 

more year is computed and, to compare with it, the geodetic MB is computed for 1999–2014 period using 
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high resolution Cartosat-1 digital elevation model (DEM) and SRTM DEM. Finally, the study assesses 

the regional representation of the Dokriani Glacier in terms of MB and evaluates the influence of mass 

balance regime on its morphological evolution. Results show that the average glaciological MB (−0.34 

±0.2 m water equivalent (w.e.) y−1) is more negative than the geodetic MB (−0.23 ±0.1 m w.e. y−1) for 

1999-2014 period. This is likely because of the partial representation of glacier margins in the 

glaciological MB where melting is strikingly low owing to thick debris cover (>30 cm) whereas geodetic 

MB considers all marginal pixels leading to a comparatively low MB. A comparative assessment shows 

that the MB of Dokriani Glacier is less negative (possibly due to its huge accumulation area) than most of 

other glacier specific and regional MBs restricting it to be a representative glacier in the region. 

Moreover, continuous negative MB has brought peculiar change in the epiglacial morphology in the 

lower tongue of the glacier as differential debris thickness-induced differential melting has turned glacier 

surface into a concave one. This concavity has led to development of a large (10–20 m deep) supraglacial 

channel which is expanding incessantly. This supraglacial channel is also connected with snout wall and 

accelerates terminus disintegration. Given the total thickness of about 30-50 m in lower glacier tongue, 

downwasting at its current pace, deepening/widening of supraglacial channel coupled with rapid terminus 

retreat may lead to complete vanishing of lower one km glacier tongue. 

Keywords: Glacier mass balance; Debris cover; epiglacial morphology; Supraglacial channel; Dokriani 

Glacier; Central Himalaya

Handling Editor: C.J. Spencer

1. Introduction

Glaciers all over the world have undergone substantial mass loss at least since middle of the last 

century with varied pace of mass wastage rate (Zemp et al., 2015; WGMS, 2017). However, 

exceptions are there with only a few regions such as the Karakoram, Pamir and western Kunlun 

which remained almost balanced (Gardelle et al., 2013; Brun et al., 2017; Zhou et al., 2018). The 

declining glaciers have strong bearing on regional water supply (Barnett et al., 2005), sea level 

rise (Chen et al., 2013) and natural hazards (Huggel et al., 2004; Kääb et al., 2005), warranting 

their frequent and regular monitoring. Glaciological glacier mass balance (MB) is most direct 

parameter of glacier monitoring which represents an undelayed and unfiltered response of a 

glacier system to seasonal/annual meteorological conditions as well as to long term climate 

change (Azam et al., 2018; Kumar et al., 2021). However, field based MB is limited to only 24 
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glaciers in the entire Himalayan region (Azam et al., 2018; Soheb et al., 2020; Angchuk et al., 

2021) including 15 glaciers in the Indian Himalayan region (IHR). Further, most of the MB 

series in the Himalaya are limited to <10 years and, hence, cannot be used as reference glaciers 

for which >30 observation years are needed. 

The glaciological MB method is primarily based on in situ stakes and pit measurements 

over representative points which are interpolated (between measured points) and extrapolated (to 

unmeasured regions) to have glacier wide coverage (Cogley et al., 2011; Zemp et al., 2013). The 

representativeness of these points and the method used for interpolation/extrapolation (e.g. 

kriging, contour, profile) form the major sources of systematic errors in glaciological MB 

estimations (Hock and Jensen, 1999; Pelto, 2000; Zemp et al., 2013). Therefore, it is highly 

recommended that glaciological MB series are homogenized (i.e. validated and calibrated) with 

decadal geodetic balances for common survey period in order to model and remove the 

systematic biases which lead to disagreements between measured and true values ( Cogley et al., 

2011; Zemp et al., 2013). Despite of coarse resolution, geodetic method is advantageous as it 

provides spatially distributed MB even in inaccessible areas. However, prior to homogenization, 

rigorous uncertainty estimations of both the methods is mandatory.  Zemp et al. (2013) suggested 

that homogenization process needs to become a ‘standard procedure’ for every MB program. 

Such exercises have been carried out at several glaciers of the world (Thibert et al., 2008; Huss 

et al., 2009; Andreassen et al., 2012) including a few glaciers of the Himalaya (Nuimura et al., 

2011;Vincent et al., 2013; Pelliciotti et al., 2016; Berthier et al., 2016). Azam et al. (2018) 

highlighted that harsh conditions of the Himalayan region limit the number of point 

accumulation measurements; therefore, it becomes even more crucial to check the biases in 

glaciological MB series. However, most of the available glaciological MB series in the 

Himalaya, particularly in IHR, have never been validated/calibrated with the geodetic one (Azam 

et al., 2018).

Himalaya is one of the worst affected region by climate change where temperature rise 

has exceeded the world average (INCAA, 2010; Bolch et al., 2012; IPCC, 2013) leading to 

significant and accelerated decline in the Himalayan glaciers (Kääb et al., 2012; Gardelle et al., 

2013; Brun et al., 2018). This is manifested with the MB rates of −0.22 ± 0.13 m w.e. during 

1975–2000 which have almost doubled to −0.43 ± 0.14 during 2000-2016 (Maurer et al., 2019). 
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The continuous mass loss has led to glacier slowdown (Azam et al., 2012; Tiwari et al., 2014; 

Garg et al., 2017a; Dehecq et al., 2018), concomitant debris growth in ablation zone of glaciers 

(Shroder et al., 2000; Scherler et al., 2011; Garg et al., 2017b) and changes in the epiglacial 

morphology (Quincey et al., 2009; Benn et al., 2012; Garg et al., 2021). These morphological 

evolution need due attention in order to understand current status as well as future response of a 

glacier system to different forcing factors.

Present study focuses on the Dokriani Glacier, central Himalaya which in one of the well 

monitored glaciers in terms of glaciological MB, glacier thickness, air temperature variability, 

surface elevation changes, debris cover influence, snout retreat and surface morphology (Gergan 

et al., 1999; Dobhal et al., 2008; Dobhal and Mehta, 2010; Pratap et al., 2015; Azam et al., 2018; 

Yadav et al., 2019, 2020). Glaciological MB measurement on this glacier first started in 1993 

and available since then upto 2013 with intermittent gaps (Pratap et al., 2016). Here, considering 

the above discussed constrains, the major objectives of the paper are to:

 Extend glaciological MB of the Dokriani Glacier up to 2014.

 Estimate geodetic MB for 1999–2014 period and validation of glaciological MB with 

that of geodetic one for this common survey period.

 Assess regional representativeness of the Dokriani Glacier MB. 

 Understand morphological evolution of the glacier during the study period. 

In-situ (2013/14) and satellite remote sensing data (2000–2014) have been utilized to 

quantify the mass balance and assess the morphology of the glacier. Further, the paper has been 

organized into several sections. First, a concise description of the study area is given followed by 

the details of data and methodology used. Then, results of glaciological and geodetic mass 

balance are given. Finally, comparison of results with previous studies, regional 

representativeness and morphological changes of glacier are presented followed with 

conclusions.

2. Site description

The Dokriani Glacier (snout coordinates: 30.86°N, 78.79°E) is located in the Bhagirathi basin of 

the central Himalaya, lying ~40 km (aerial distance) from Uttarkashi town of Uttarakhand, India. 
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Its meltwater forms Din Gad stream which contributes to the Bhagirathi River. The glacier has 

two accumulation areas- first on the north slope of Draupadi ka Danda peak (5716 m asl), and 

second on western slope of Janoli peak (6632 m asl) (Fig.1). Based on 2014 Landsat image, total 

area of the Dokriani Glacier is 6.34 ±0.16 km2 with a total length of 5.75 ±0.06 km (Garg et al., 

2017b). Accumulation area of the glacier is quite wide (~2.5 km) with strikingly narrow lower 

ablation portion (~80 m) which is constrained between 40-60 m elevated lateral moraines 

(Dobhal et al., 2004). Glacier snout is well defined and located at 3869 m asl (Garg et al., 

2017b). As per recent estimates (2014), ~18% of the total glacier area is covered by debris. The 

central portion (along center flowline) of the glacier is either clean or have very thin debris cover 

(< 2–5 cm) whereas towards margins the debris thickness reaches upto 25–40 cm (Pratap et al., 

2016). The debris is of schist and gneiss/granite origin which ranges in size from fine grain silt to 

boulders exceeding several meters (Fig.2). Various morphological features such as ogives, 

crevasses, moulin and supraglacial channels are well-developed on the glacier (Dobhal et al., 

2008; Dobhal and Mehta, 2010). 

3. Data and methods

3.1. Glaciological mass balance measurement

The field-based (glaciological) MB of the Dokriani Glacier is available since 1993 upto 2013 

(Dobhal et al., 2008; Pratap, 2015; Pratap et al., 2016). The present work is an attempt to validate 

the glaciological MB for the period after 1999 using the geodetic one. For post-1999 period, the 

glaciological MBs are available for 2000 and 2008–2013 (Dobhal et al., 2008; Pratap, 2015). We 

add the glaciological MB for one more year i.e., for 2014 with complete details of methodology 

as follows.

 

3.1.1. Ablation Measurement

To observe the surface ablation of the Dokriani Glacier (2013/14), a network of 28 ablation 

stakes were drilled over the glacier surface using steam-driven ice drill machine along the 

different altitudinal zones (3995–5000 m asl) at the end of ablation season, i.e., in the end of 

October 2013 (Figs. 1 and 2). The stakes were set up as per established methodology (Østrem 

and Brugman, 1991; Dobhal et al., 2008, 2013; Cogley et al, 2011). Considering the discrete 

surface conditions, dense network was put in the lower ablation zones, while the smaller number 
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of stakes were installed in the upper ablation zones (Fountain and Vecchia, 1999) (Fig. 1). Thus, 

each stake situated at every 100 m elevation could be representative of debris-covered and 

debris-free zones. The exposed length of each stake was measured for every 15 days interval 

throughout the summer period following the international norms (Østrem and Brugman, 1991; 

Cogley et al., 2011). The winter ablation was computed using cumulative melt between October 

and March whereas the annual ablation was based on the summation over the summer and winter 

ablations. The net monthly ablation in water equivalent unit was estimated using following 

relation as Eq.(1):

                            (1)𝑨𝒕 = 𝑳𝒆 ∗  𝝆𝑨𝒗𝒈

Where, At = net monthly ablation in water equivalent (w.e.); Le = exposed length of stakes;  = 𝝆

average ice density (i.e, ~0.85 g m−3 in the ablation zone for Dokriani Glacier; Pratap, 2015).

3.1.2. Accumulation measurement

Accumulation occurring over the glacier surface is mainly contributed and regulated through the 

solid precipitation, snow avalanches, and drifting of snow by wind. Generally, in the summer 

season, occasional solid precipitation was identified in the accumulation zone of Dokriani 

Glacier and, therefore, only residual accumulation was estimated at the end of October month. 

The residual snow depth was estimated by digging the snow pits (Fig. 2) nearby the central line 

of the accumulation zone where avalanche and snow drifting by wind are found to be minimal 

(Fig. 1). Estimated snow depth was further extrapolated to obtain snow depth at several elevation 

bands in the upper reaches of Dokriani Glacier. Multiplying the snow depth of these bands with 

measured average snow density 560 ±40 kg m−3 (Dobhal et al., 2008; Pratap, 2015) provided the 

accumulation amounts in meter water equivalent (m w.e.) (Fig. 2).  

3.1.3. Annual glaciological mass balance computation
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The annual accumulation was computed by multiplying snow depth (in m w.e.) with area 

corresponding to each elevation band determined from Shuttle Radar Topographic Mission 

Digital Elevation Model DEM version-3 (SRTM DEM-v3). The annual MB of Dokriani Glacier 

was estimated using following Eq.(2): 

                                                            (2)𝐵𝑎 =  𝐶𝑎 ―  𝐴𝑎

Where, Ca and Aa are the annual accumulation and annual ablation (conventionally, both are 

taken as positive), respectively. Ba is essentially the annual change in the volume of the glacier, 

which was converted into m w.e. by multiplying with the density factor (Dobhal et al., 2008; 

Pratap, 2015). The specific mass balance (Bs) was obtained by averaging the annual mass 

balance over the area of the glacier as given in the Eq. (3): 

                                                               (3)𝐵𝑠 =  
1
𝑆∬𝑏𝑛𝑑𝑠

Where bn is net surface mass balance and  S is the total surface area of glacier.

3.2. Geodetic mass balance estimation

For geodetic MB estimations, the Shuttle Radar Topographic Mission SRTM Digital Elevation 

Model DEM version-3 (SRTM DEM-v3) having 1-arc second resolution (30 m spacing) was 

acquired for the study area from USGS Earth Explorer website (https://earthexplorer.usgs.gov/). 

The SRTM provides horizontal and vertical accuracy of 20 m and 10 m, respectively. Then, high 

resolution and snow-free Cartosat-1 stereo-pair (19 November 2014) was procured from 

National Remote Sensing Centre, India (https://www.nrsc.gov.in). For hilly terrain, accuracy of 

Cartosat-1 DEM is reported to be in order of ~4–8 m in vertical and ~15 m in horizontal 

direction (Ahmed et al., 2007; Muralikrishnan et al., 2013) which makes it suitable for 

cryospheric studies (Bolch et al., 2011; Agarwal et al., 2017; Bhushan et al., 2017). The detailed 

steps for geodetic MB computations are discussed in following sub-sections.

3.2.1. DEM preparation

https://earthexplorer.usgs.gov/
https://www.nrsc.gov.in
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The Rational Polynomial Coefficients (RPC), provided along with Cartosat-1 data, were used to 

generate DEM from the stereo-pair without ground control points (GCP). The RPCs are real time 

calculated based on the position of the satellite at the time of image acquisition and have high 

fitting accuracy (Ahmed et al., 2007). Though, GCPs can be used to improve the correlation 

between the image pair, they need to be well-distributed and two to three time more accurate 

than the spatial resolution image (Agarwal et al., 2017). To achieve the proper overlapping of the 

stereo-pair, a total number of 127 well-distributed tie points were collocated and the overall 

image RMSE was minimized to <2 pixels after several iterations. Finally, the DEM was 

extracted in 30 m spacing with region strategy set to high mountains and geocoded in Universal 

Transverse Mercator (UTM) World Geodetic System 1984 (WGS84) Zone 44 North. 

3.2.2. Horizontal coregistration

Prior to comparison on pixel to pixel basis, temporal DEMs must be coregistered (Nuth and 

Kääb, 2011). Here, the SRTM DEM-v3 was taken as a reference DEM and Cartosat-1 DEM was 

coregistered to it. The congruence between the two DEMs was achieved by minimizing the 

standard deviation of elevation difference over glacier free stable terrain (Fig. 3). The least error 

prone stable ground pixels were obtained by (a) masking glaciated region using Global Land Ice 

Measurement from space (GLIMS) glacier outlines, (b) excluding slope <4° and >45° and (c) 

removing elevation difference outliers (i.e. ±100 m) (Berthier et al., 2016; Garg et al., 2019). 

Statistics of pre-and post-coregistration of Cartosat-1 DEM relative to SRTM DEM-v3 are given 

in Table 1. 

 

3.2.3. Vertical biases correction

Various vertical biases potentially affecting the elevation difference between the two DEMs were 

carefully checked and corrected using all the reliable pixels over stable terrain (Fig. 3; Table 1). 

Here, in addition to above discussed masks, the outlier mask was further narrowed down to ±50 

m (roughly 3 times of standard deviation; Table 1). First we correct for along/cross track biases 

which can be introduced by anomaly in the attitudes (rolls, pitch or yaw) of the satellite. Azimuth 
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of Cartosat-1 ground track was used to rotate the coordinate system followed by the computation 

of elevation difference along and cross track over stable terrain and then biases were corrected 

using high order polynomial (Berthier et al., 2007; Nuth and Kääb, 2011; Gardelle et al., 2013). 

The SRTM DEM is reported to have systematic biases as a function of altitude (Berthier et al., 

2007). In our study area, we plotted elevation difference over stable terrain as a function of 

altitude and used sixth order polynomial to correct the bias. Subsequently, slope and aspect 

dependent biases were also detected and corrected using high order polynomial functions. The 

difference in spatial resolution of the two DEMs may result is elevation-implicit bias in 

mountainous terrain (Gardelle et al., 2013) which were checked and corrected using relationship 

between maximum curvature and elevation difference over stable areas. All the corrections have 

resulted in an overall improvement of 50.27% in the standard deviation of elevation difference 

(Fig. 3). 

3.2.4. C-band penetration and seasonality correction 

DEMs derived by SAR-interferometry are potentially biased by penetration effects of the radar 

waves into ice and snow and hence, might reflect some lower surface than the actual glacier 

surface (Rignot et al., 2001; Gardelle et al., 2012; Zhou et al., 2018). The SRTM DEM in C-band 

have varying capability of penetration (ranging from 0 to 10 m; Gardelle et al., 2012)  in 

different glacier facies (e.g. snow, ice, debris), with varying physical and dielectric properties 

(Agarwal et al., 2017; Zhou et al., 2018). Kääb et al. (2012) computed penetration values by 

extrapolating elevation difference trends derived from Ice Cloud and Elevation Satellite (ICESat) 

measurements to 2000 for several sub-regions in High Asia. For our study region (i.e. 

Uttarakhand), they reported penetration values to be 2.3 ± 0.6 m, 1.7 ± 0.6 m and 0.4 ± 0.8 m for 

firn/snow, clean ice and debris-covered ice, respectively. However, classifications of regions by 

Kääb et al. (2012) was very broad and they combined Himachal Pradesh, Uttarakhand and West 

Nepal in a single region. Recent studies have calculated penetration depth values by comparing 

the SRTM C-band with simultaneously acquired SRTM X-band data which vary from region to 

region (Gardelle et al., 2013; Vijay and Braun, 2016; Agarwal et al., 2017; Zhou et al., 2018). 

For the proximity to our study area i.e., central Himalaya, Gardelle et al. (2013) reported a 

penetration value of 1.9 m (average for Bhutan and Everest region). Zhou et al. (2018) also 
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calculated penetration values of 1.9 m for the nearby western Nepal region. Recently, 

Bandyopadhay et al. (2019) have estimated an average penetration depth value of 3.5 m 

dedicatedly for the Uttarakhand region. In present study, we have used C-band penetration depth 

values of 3.5 m for snow/ice as suggested by Bandyopadhay et al. (2019) for our study area, and 

0.4 ±0.8 m for debris-covered ice as suggested by Kääb et al. (2012). To distinguish among the 

various facies, we have adopted the classification from Garg et al. (2017b) and applied the 

penetration correction to each pixel belonging to particular facie separately. 

Seasonality bias is introduced in elevation difference calculations when the two DEMs 

are acquired in different months (Gardelle et al., 2013; Vincent et al., 2013). The SRTM DEM is 

acquired during February2000 and Cartosat-1 DEM that we used in present study is of 

November 2014. Therefore, possible mass change during these winter months (i.e. November-

February) needs to be considered to make both the dataset comparable. In present study we have 

applied a seasonality correction values of 0.1475 m w.e. per winter month which is based on 

average accumulation rate measured for the Dokriani Glacier on field by present study and 

Pratap (2015). This value compares well with mean value of winter MB (0.15 m w.e. per month) 

of 35 glaciers of Northern Hemisphere (Ohmura, 2011; Gardelle et al., 2013).

3.2.5. Outlier/data gap removal and mass balance calculation

The elevation change over entire glacier is not homogenous and varies with altitude following a 

non-linear trend. For a glacier with negative MB, maximum and minimum down wasting will 

typically occur at snout region and higher altitudes (i.e. accumulation region), respectively 

(Schwitter and Raymond, 1993). This phenomenon requires different thresholds to be applied 

while filtering outliers in the accumulation and ablation zones (Pieczoncka and Bolch, 2015; 

Zhou et al., 2018). Here, we used an approach proposed by Zhou et al (2018) to determine 

maximum allowable thickness change (∆hmax) at certain altitude which is a simplified version of 

the ‘sigmoid approach’ presented by Pieczoncka and Bolch (2015), as Eqs.(4) and (5).  

                                                               (4)𝐸norm =  
𝐸max ― 𝐸glacier

𝐸max ― 𝐸min

                                                  (5)∆ℎmax = 𝐴 ∗ 𝐸norm
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Where, Emax and Emin are the maximum and minimum glacier elevation, Eglacier is elevation of 

individual glacier pixel, and A is the empirical coefficient which represents the maximum 

elevation change at the glacier front. Here, for the Dokriani Glacier a value of −60 m has been 

chosen based on field measurements (Dobhal et al. 2008; Pratap et al. 2015) along with earlier 

reported geodetic observations (Dobhal and Mehta 2010; Bandyopadhay et al., 2019). The 

missing and discarded values using ∆hmax were replaced by the mean values of the respective 100 

m elevation band. In the next step, area-weighted mean of elevation change for each 100 m 

altitude band was calculated. Finally, the mass budget for the Dokriani Glacier was determined 

using the average densities of 850 ± 60 kg m−3 and 560 ± 40 kg m−3, respectively for ice and 

snow/firn as measured in the field on this glacier (Dobhal et al. 2008; Pratap, 2015).

3.3. Uncertainty estimation

Quantification of uncertainties is essential for substantiating results of any study and thus aiding 

proper interpretation and resolutions. Previously reported error in the surface mass balance series 

data by glaciological method lies between ±0.2 and ±0.4 m w.e. (Cogley and Adams, 1998; 

Braithwaite et al., 1998; Jansson, 1999; Cox and March, 2004; Kumar et al., 2021). We have 

considered various roots which introduce errors in the MB measurements. The movement of the 

Dokriani Glacier was very slow (average velocity: 10.53 m y−1) in 2015 (Shukla and Garg, 

2017). Therefore, error linked due to this factor may be negligible. Mechanical error like joints, 

tilting of stakes, inexact choice of bottom surface of stakes, emergence of stakes by filling of 

water in the hole during extreme melting have been seriously taken into account in the MB 

measurement. These issues were attempted to minimize by averaging the results of large number 

of stakes installed over the glacier surface. Further, error raised due to temporal variation of the 

glacier area was reduced by demarcating the area of the most recent image of the Dokriani 

Glacier. The error occurred due to stake height measurement, density and snow/ice depth 

measurement contribute major uncertainty in the MB measurement. The total error in these 

points’ measurement is estimated as ±0.21 m w.e., which is comparable to other MB studies in 

the IHR (Azam et al., 2018). Density and depth measurement in the accumulation area may 
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introduce hidden error and were tried to rectify by taking careful measurement while doing field 

visit. 

The uncertainty in geodetic MB was quantified using sequential steps. In order to 

quantify vertical accuracy, we have considered all the pixels over stable terrain with slope less 

than or equal to 45° (~1.2 million pixels). The standard deviation of the elevation difference in 

stable terrain (δsi) was used to approximate the error in elevation change computations (δi) for 

each 100 m altitude band (Gardelle et al., 2013; Zhou et al., 2018) using Eq.(6) and  (7).

                                                               (6)𝛿𝑖 =  
𝛿𝑠𝑖

𝑁𝑒

                                                               (7)𝑁𝑒 =  
𝑁𝑡 ∗ 𝑅

2𝑑

Where Nt   and Ne are the total and effective observations, respectively. R represents pixel 

resolution and d is the distance of autocorrelation which is equal to the range of influence of the 

obtained modelled spherical semi-variogram for elevation change values on stable terrain and is 

equal to ~600 m (Bhushan et al., 2018; Zhou et al., 2018). In the next step, overall uncertainty in 

glacier elevation change (δgi) was computed taking into account the penetration uncertainty (δp) 

of 1.5 m (i.e. 50% of the value applied for penetration correction) using Eq. (8). Finally, the mass 

budget uncertainty (δmb) were quantified as per Eq. (9).

                                                (8)𝛿𝑔𝑖 =  (𝛿𝑖)2 +  (𝛿𝑝)2

                                               (9)𝛿𝑚𝑏 =  (𝛿ℎ𝑖 ∗ 𝛿𝜌

𝑡 ∗ 𝜌𝑤 )2
+ (𝛿𝑔𝑖 ∗ 𝜌𝑖

𝑡 ∗ 𝜌𝑤 )2
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Where δhi is the observed thickness changes over glacier, δρ is the uncertainty in density 

estimates (i.e. ±60 kg m˗3), ρi is the density of ice used in the present studys (i.e. 850 ± 60 kg m−3 

for ice and 560 ± 40 kg m−3, for snow/firn), ρw is the density of water (i.e. 1000 kg m−3) and t is 

the time period (i.e. 15 years). 

4. Results

4.1. Glaciological mass balance of the Dokriani Glacier for 2014

Ablation area of the Dokriani Glacier is enclosed between well-elevated right lateral and left 

lateral moraines (Fig. 1). The ablation zone is covered by debris of varying thickness (Pratap et 

al., 2015), which was limited in the elevation range of 4000–4400 m asl, whereas clean ice areas 

is found from 4400 to 5000 m asl. However, most of the areas around central flowline of the 

glacier are debris free (Fig. 1). The observed melting rate for 2013/14 reflects the distinct pattern 

in ablation and accumulation period, as well as varies along the altitudes and with the dimension 

of debris. Results reveal that the rate of surface ablation (−1.8 to −6.3 m w.e.) significantly 

varied within the elevation bands with maximum near the snout (Fig. 4). Ablation stakes along 

central line showed higher surface melting (>4.0 m w.e.) while stakes nearby the lateral moraines 

had lower surface melt (<2.0 m w.e.). Conversely, change in accumulation along elevations was 

almost constant. Equilibrium line altitude (ELA) was established by drawing a relationship 

between mass balance and altitudes to be ~5055 m asl resulting in the area accumulation ratio 

(AAR) of 0.682 (Fig. 4). The annual MB of the Dokriani Glacier was estimated to be −0.29 

±0.21 m w.e. for the year 2013/14. 

4.2 Geodetic mass balance of the Dokriani during 1999-2014

The study conducted for the period of 2000-2014 indicates that the Dokriani Glacier underwent 

significant thinning particularly in the lower ablation tongue. It may be noted that after applying 

seasonality corrections, the SRTM DEM represents the glacier surface of ablation period of the 

year 1999 making total period of study to be 15 years. During this 15 year period, the average 

glacier-wide thinning was −10.13 ±1.82 m (or −0.68 ±0.12 m y−1). The highest lowering 

(average of altitude bands) of −38.63 ±1.57 m (2.58 ±0.10 m y−1) was observed at the altitude 
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band 4100-4200, followed by −38.21 ±1.58 m (2.55 ±0.11 m y−1) at 4000-4100 m (Fig. 5). 

Notably, much higher surface lowering was observed along the central flow line of the glacier 

(maximum up to 53.73 ±1.82 m), which made a linear pattern upto 1 km distance from the snout 

(Fig. 5). Interestingly, margins showed low surface lowering. The surface lowering was 

dominant up to 2.5 km distance from snout which constitute the narrow ablation tongue of the 

glacier. Ahead of this there was no uniform pattern and the surface elevation change was very 

less in magnitude. Accumulation zone has shown minimal change and remained relatively stable 

during the study period of 15 years. Finally, after applying the seasonality correction, the 

geodetic MB of the Dokriani Glacier equals −3.48 ±1.35 m w.e. during 1999-2014 which 

corresponds to the specific MB of −0.23 ±0.1 m w.e. y−1. 

5. Discussion 

5.1. Understanding glaciological and geodetic mass balance of the Dokriani Glacier

The Dokriani Glacier has been monitored for glaciological MB since 1993 and, inspite of 

intermittent gaps, it has one of the longest records of field based MB measurements in the IHR 

(Pratap et al., 2016; Azam et al., 2018). Results reveals that below 4200 m asl glacier 

experienced a greater mass loss due to calving of ice near the snout position. The mass balance 

decreases almost with a constant rate above the elevation 4400 m. This change may be attributed 

to presence of clean ice and gentle slope. Elevation zone 5000-5100 covering the largest area 

evinces least ablation. This may be controlled by temperature effect with altitudes (Pratap et al., 

2015).   

Results of field and geodetic measurements validate each other in terms of spatial 

variation of downwasting. A relatively higher downwasting at 4000-4100 m asl altitude band is 

well evident with elevated values along the central flowline in the ablation stake and geodetic 

measurements. The field-based MB ranges from −0.24 m w.e. y−1 in 2011 to −0.46 m w.e. y−1 in 

1999 leading to an average of −0.34 m w.e. y−1 during 1999-2014. It is notable that there is a 

large gap of 7 years (2001-2007) in glaciological measurements which restricts interpolation of 

MB values for gap years. In this context, geodetic MB is not only useful in validating the long-

term glaciological MB series but it also gives an idea about the magnitude of change 

representing the gap years. The geodetic results show that the MB of the glacier was −0.23 ±0.1 
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m w.e. y−1 during 1999-2014 which, though follow the similar negative trend (Fig. 6), are less 

negative than the glaciological MB (−0.34 m w.e. y−1) (Fig. 6). The glaciological MB involves 

interpolation of the stake points over different altitude bands which makes capturing spatial 

variability challenging (Zemp et al., 2015; Azam et al., 2018). The major hindrance in the stakes 

measurement is that (a) inaccessible glacier areas (e.g. heavily crevassed) often remained 

unsampled and (b) stakes are seldom installed in the extreme glacier margins. In debris-covered 

glacier margins, melting is usually low as compared to central portion of the glacier owing to 

typical debris thickness distribution pattern which insulates the undelaying ice (Nicholson and 

Benn, 2006; Anderson and Anderson, 2018). 

In case of the Dokriani Glacier, despite a dense network of ablation stakes in the lower 

ablation tongue, only a few stakes could be installed in the extreme margins. From spatial 

distribution of the geodetic mass balance, it is apparent that the down wasting is remarkably 

higher in the central portion of the glacier than that in margins (Fig. 5). Thus, a tenuous 

representation of margins in the glaciological MB would have probably led to relatively more 

negative MB. Contrarily, geodetic MB includes margin pixels where less melting occurred. 

Moreover, some boundary pixels may represent transition between glacier and non-glacier area 

and, hence, show low average elevation change (Fig. 5) leading to less negative geodetic MB. A 

recent study by Azam and Srivastava (2020) have reconstructed the MB of the Dokriani Glacier 

for 1979-2018 period and reported an average MB of −0.25 m w.e y−1  (Fig. 7) which is 

consistent with the geodetic measurement presented in this study. However, Azam and 

Srivastava (2020) reported a large variability on the decadal scale. They found that the glacier 

was in almost stable condition during 1989-1997 with MB of –0.02 m w.e. y−1. However, for 

1998-2006 and 2007-2018 periods the MBs were −0.28 m w.e. y−1 and −0.33 m w.e. y−1, 

respectively, showing an increase in mass loss rates. These values are in line with glaciological 

MB and validate them. 

5.2. Comparison of mass balance of the Dokriani Glacier and other mass balance series across 

the Himalayan region



16

There are 26 Himalayan glaciers which have been surveyed for glaciological MB (Pratap et al., 

2016; Azam et al., 2018; Supplementary Data, Table S1) at varying time periods. Considering 

average MB of all glaciers, the MB of Dokriani Glacier is less negative than 70% glaciers (i.e.18 

glaciers) (Supplementary Data, Table S1). 

In the central Himalayan region limited to IHR, only 4 glaciers have been surveyed for 

the glaciological MB namely the Tipra Bank (1981-1988; −0.14 m w.e. y−1), Dunagiri 

(1984−1990; −1.04 m w.e. y−1), Chorabari (2003-2010; −0.73 m w.e. y−1) and Dokriani (1993-

2014; −0.32 m w.e. y−1) (Fig. 6). The MB of Dokriani has been more negative than the Tipra 

Bank but considerably less negative than the Dunagiri and Chorabari glaciers (Fig. 6).  

Moreover, a few studies have estimated the MB of Uttarakhand glaciers on the regional scale as 

well as on individual glacier scale (Kääb et al., 2012; Bhattacharya et al., 2016, Bhushan et al., 

2017; Brun et al., 2017; Bandyopadhyaya et al., 2019; Maurer et al., 2019). Fig. 7 compares 

important previous geodetic measurements performed in the study region (Uttarakhand) which 

clearly shows that the MB of Dokriani is less negative than all the geodetic measurements. It is 

notable here that, on the regional scale, only one study (Bandyopadhaya et al., 2019) has 

estimated MB exclusively for the Uttarakhand. Other regional studies have included Uttarakhand 

in west Nepal region. When glaciers from Himachal and Nepal are included, the MB values 

become comparatively less negative (−0.34 m w.e. y−1; Kääb et al., 2012; Brun et al., 2017) (Fig. 

7). However, for Uttarakhand region only, the geodetic MB is −0.58 m w.e. y−1 

(Bandyopadhyaya et al., 2019), which is considerably higher negative than the Dokriani Glacier 

(Fig. 7). This entire exercise of comparison shows that the MB of Dokriani Glacier is less 

negative than other regional geodetic measurements and, hence, it cannot be the representative of 

the region. The less negative MB of the Dokriani Glacier can be attributed to its huge 

accumulation area (area accumulation ratio = ~68%) (Fig. 1) which likely compensates for the 

mass loss in the lower tongue. For Bhagirathi basin only, Bandyopadhyaya et al. (2019) 

estimated the MB of −0.35 m w.e. y−1 (Fig. 7), which, though higher than geodetic MB of 

Dokriani (−0.23 m w.e. y−1), is comparable with its glaciological MB (−0.34 m w.e. y−1).
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5.3. Morphological evolution of the Dokriani Glacier 

From the above discussion (sections4.2 and4.3) it is clear that the MB of Dokriani Glacier is less 

negative than the regional MB. However, the Dokriani is one of high retreating glaciers of the 

region (Garg et al., 2017b). It is to be reiterated that the MB is a direct while snout retreat is a 

delayed response of the glaciers to climate change (Armstrong, 2010; Azam et al., 2018; 

Abdullah et al., 2020). The MB and snout retreat are often not in phase. For instance, out of 4 

glaciers in Uttarakhand that were surveyed for their MB measurements, the Tipra bank (−0.14 m 

w.e. y−1) and Dokriani (−0.33 m w.e. y−1) have low rates of mass loss whereas the Chorabari 

(−0.73 m w.e. y−1) and Dunagiri (−1.04 m w.e. y−1) experienced high mass loss during their 

respective monitoring periods (Fig. 6; Pratap et al., 2016; Azam et al., 2018). However, the snout 

retreat was much higher (more than double) in the Dokriani (18.30 m y−1) and Tipra bank glacier 

(17.78 m y−1) as compared to Chorabari (7.36 m y−1) and Dunagiri (6.1 m y−1) during 1994-2015 

(Garg et al., 2017b). Though the time period between MB and retreat measurements differs, it 

can be deciphered that retreat cannot be used as a proxy for MB. It is because, snout retreat is 

largely influenced by the terminus environment such as debris thickness, presence of proglacial 

lakes, lake- or dry-calving, impact of surrounding moraines or side valley walls (Armstrong, 

2010; Garg et al., 2017b). 

The tongue of the Dokraini glacier lies between high rising right and left moraines (Figs. 

1 and 8). Usually, in the debris-covered glaciers, typical debris distribution is such that the debris 

thickness reduces with increasing distance from snout towards upglacier but increases with 

increasing distance from central flow line towards margins (Schauwecker et al., 2016; Anderson 

and Anderson, 2018). This generalization is reaffirmed by the field measurements of debris 

thickness at the Dokraini glacier which shows that the central portion of the glacier is either 

clean or have very thin debris cover (< 2−5 cm) whereas towards margins the debris is very thick 

(25−40 cm; Pratap et al., 2016). This debris thickness distribution has resulted in differential 

melting, i.e., maximum melting at the center (near or along center flowline) and minimum at the 

margins which is well-evident in the ablation stake measurements as well as in geodetic 

measurements (Fig. 5). A recent study by Azam and Srivastava (2020) has also observed similar 

phenomenon while modeling the MB of Dokriani Glacier using mass balance-runoff model. 

They reported MB in order of −12 to −13 m w.e. in the central portion which is almost twice 
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than at margins (−6 to −7 m w.e.) during 1979−2018. To study the epiglacial morphology of 

glacier tongue more emphatically, we have created dense cross profiles of it (Fig. 5). Since it is 

narrow in width, the tongue of Dokriani Glacier has become concave in shape as a consequence 

of differential melting (Figs. 5 and 8). 

It is obvious that the free flowing water follows the general slope of underlying 

topography. Thus, the meltwater generated at the surface of glacier tongue would have followed 

the concave profile and started flowing through the center of the glacier forming a supraglacial 

channel. Recently, Shukla and Garg (2020) have assessed surface ice velocity of the Dokraini 

glacier, which shows that glacier was moving with an average rate of 22.14 ±5.8 m y−1 in 

1993/94, which reduced only slightly to 18.08 ±3.1 m y−1 in 2000/01. However, the average 

velocity reduced drastically to 10.53 ±1.7 m y−1 in 2015/16. The sudden reduction in glacier 

velocity might also have contributed in formation of supraglacial channel. Field photographs 

affirm that the formation of supraglacial channel is quite recent (Fig. 9). There was no such 

supraglacial channel on the surface of Dokriani Glacier in 1995 but a well-developed channel 

can be seen in 2014 (Fig. 9). The appearance of this supraglacial channel and sudden change in 

ablation pattern of the Dokriani Glacier due to change in epiglacial morphology has also been 

reported earlier (Dobhal et al., 2008; Dobhal and Mehta, 2010; Pratap et al., 2016). Study of 

cross profiles show the presence of supraglacial channel upto ~1.5 km distance from the snout 

towards upglacier (Fig. 5). After that the glacier surface remains no longer concave and becomes 

almost flat and, hence, melting is almost uniform across the glacier (Fig. 5). Melting patterns 

(Fig. 5), field photographs (Fig. 9) and Google earth image (Fig. 8) clearly show that the 

supraglacial channel is wider in upper reaches and becomes progressively narrow towards snout. 

Recent field photographs (Fig. 9c, d) show that the supraglacial channel is now connected with 

the snout wall which causes instability and seems to be one of the likely reasons for the frequent 

breaking-off of ice slabs from the snout wall.  With passes of time the channel is also becoming 

progressively deep and wide. As per Pratap et al. (2016) the channel was about 10 m deep in 

2012/13. Cross profiles (Fig. 5) show that the down wasting in the center (along central flow line 

where supraglacial channel exists) was about 20−25 m higher than the surrounding area. Thus, 

the channel can also be 20−25 m deep in some places. 
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Gergan et al. (1999) measured the thickness of the Dokraini glacier using ground 

penetrating radar (GPR) and reported glacier thickness in range of 15 to 120 m. The glacier has 

the maximum thickness in upper reaches (>100 m) whereas thickness in the lower glacier tongue 

(upto 1 km upglacier) is 25−50 m (Gergan et al., 1999). These results are in line with our 

geodetic measurements, as in the snout region (upto 500 distance from snot) we found a lowering 

on the order of 25−30 m. Gergan et al. (1999) also reported thickness of <25 m near snout. 

Considering the snout retreat between 2000 and 2014, it can be estimated that about ~250 m 

lower tongue of glacier has been completely vanished (Garg et al., 2017b). Therefore, in this 

region ~25 m lowering should have occurred which is well corroborated in geodetic 

measurements (Fig. 5). Moreover, if we consider average thickness of ablation tongue to be 50 m 

and average downwasting to be 10 m between 2000 and 2014, the remaining thickness can be 

estimated to be 40 m. If the current pace of downwasting continues coupled with progressive 

deepening/widening of supraglacial channel, the lower tongue (at least upto 1 km) of the 

Dokriani Glacier may completely vanish in coming decades.  

6. Conclusions

The present study aimed at assessing the glaciological and Geodetic MB of the Dokriani Glacier 

for the 1999−2014 period. The study also examines the impact of prevailing MB regime on the 

morphological evolution of the glacier. The following major inferences can be drawn from the 

study.

 The MB of the Dokriani Glacier has been continuous negative during the study period of 

1999−2014. 

 The glaciological MB of the glacier for the year 2013/14 is −0.29 ±0.21 m w.e. y−1 

whereas average MB for 1999−2014 period (with intermittent gaps) is −0.34 m w.e. y−1. 

The geodetic MB for the 1999−2014 period is −0.23 ±0.1 m w.e. y−1 which is less 

negative than the glaciological one. Tenuous representation of margins in the 

glaciological MB measurements in the Dokriani Glacier, in contrast to geodetic MB 

where all margin (including transient) pixels are included, explains this difference.



20

 Rigorous comparison of MB of the Dokriani Glacier (glaciological as well as geodetic) 

with that of previous glacier specific and regional MB studies in the study region 

(Uttarakhand, central Himalaya) show that the MB of Dokriani Glacier is less negative 

restricting it to be a regional representative. 

 Owing to the differential debris cover, differential surface melting occurred in the glacier 

(i.e. maximum along central flow line and minimum at margins in lower tongue) which 

transformed lower tongue cross-profile into a concave one. This has eventually led to 

development of a supra-glacial channel in the lower glacier tongue (upto 1.5 km 

upglacier). The channel is progressively deepening and widening. It is now connected 

with snout wall and accelerating block disintegration leading to rapid terminus retreat.

 Considering the total thickness (25−50 m) of lower tongue of the Dokriani Glacier, it can 

be said that if the current pace of downwasting continues along with progressive 

deepening/widening of the supraglacial channel, the lower tongue (at least upto 1 km) 

may completely vanish in coming decades.
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List of Figure Captions

Fig. 1. Location map of the Dokriani Glacier (A and B). Temporal glacier boundaries in Panel 

(C) show a clear terminus retreat during 2000-2014. Supraglacial debris (SGD) is also 

identifiable in the lower ablation zone. Notice huge accumulation zone (ACZ) of the glacier. 

Ablation stake networking on the glacier during October 2013 is shown in Panel (C). The stakes 

were set up as per methodology proposed by several researchers (Østrem&Brugman, 1991; 

Dobhal et al., 2008 and 2013; Cogley et al, 2011). The lower portion has denser network of the 

stakes to cover the spatial heterogeneity in the melting. The snowline shown on Panel (C) is for 

the year 2014 and obtained from Garg et al. (2017b). Background image shown in the panel (C) 

is a pan-merged Landsat Enhanced thematic mapper plus (ETM+) image of 20 August 2014. 

Fig. 2. Steam drill operation (panels (A) to (D)) for ablation stake networking on the Dokriani 

Glacier during October 2013. Panels (E) and (F) show snow pitting in the accumulation zone. 

The stakes were set up as per methodology proposed by several researchers (Østrem & Brugman, 

1991; Dobhal et al., 2008 and 2013; Cogley et al, 2011). 

Fig. 3. Map showing before (A) and after adjustment (B) elevation difference images deduced by 

differencing 2000 SRTM DEM from 2014 Cartosat 1 DEM. Various corrections include 3-D 

coregistration, along/across track, elevation, slope and terrain curvature related error corrections. 

A good congruence between the temporal DEMs can be seen on stable terrain (mean difference = 

−0.02 m y−1). The black polygons show the GLIMS glacier boundaries.
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Fig. 4. Specific mass balance for the year 2013/14 versus elevation and area distribution of 

Dokriani Glacier derived from field measurements (stakes and pits). Notice a higher ablation 

below 4400 m asl owing to the presence of a supraglacial channel. 

Fig. 5. Surface elevation change profile on the Dokraini glacier between 1999 and 2014 along 

the central flow line (A−A’) and across different profiles (1−12). Notice a clear deepening in 

central portion of the glacier which indicates presence of a supraglacial channel. The supraglacial 

channel initiates from profile 8 (about 1.5 km distance upglacier from the snout) and continues 

upto snout but gradually becomes narrow and deep. Above profile 8, the glacier experience 

almost uniform downwasting across the width. Blue dots on the map show intersection of cross 

profiles and central flow line.

Fig. 6. Glaciological mass balance measurements in the Himalaya. Figure also shows the 

geodetic mass balance of the Dokriani Glacier for the comparison purpose. Notice that geodetic 

mass balance of the Dokriani Glacier is less negative than glaciological one.

Fig. 7. Comparison of geodetic mass balance of the Dokriani Glacier to that of other geodetic 

measurements in the region (Uttarakhand, India, central Himalaya). Notice, the mass balance of 

Dokriani which is less negative than most of the other measurements and, hence, restricts it to be 

a representative glacier of the region. Details of references in the figure can be found in list of 

references given at the end of manuscript. 

Fig. 8. Google Earth image of 2014 showing various prominent morphological feature present in 

the lower tongue of the Dokriani Glacier.

Fig. 9. Field photographs of the Dokriani Glacier for different years. Notice that no supraglacial 

channel was there in 1995 in the ablation tongue (Panel A). However, in 2013 a well-developed 

supraglacial channel can be seen clearly (Panel B). Arrows in panels (B) and (C) shows exposed 

rocky face due to intense down wasting of the glacier between 1995 and 2013. Panel (C) shows 

panoramic view of the glacier tongue created by merging two overlapping photographs that were 

taken from the single observation point. It is evident in the panel (C) that the supraglacial 

channel is connected with the snout wall and, hence, causes instability leading to rapid terminus 



32

disintegration. Panel (D) shows active disintegration of snout wall due to instable conditions. 

(Source of photograph in Panel (A): Pratap et al., 2016).

Table 1. Statistics of the elevation differences on the non-glaciated terrain for the raw and 
corrected difference images. The corrections 1–5, respectively denotes the 3-D coregistration, 
along/across track, elevation, slope and terrain curvature related error corrections. The 
improvement in standard deviation (SD) shows the improvement after each correction compared 
to the previous step.

SRTM-Cartosat 1 
(non-glaciated 
terrain)

Raw Corr. 1 Corr. 2 Corr. 3 Corr.4 Corr.4

Mean (m) −31.49 −0.45 0.35 0.07 −0.35 −0.02
Standard deviation 
(m)

20.31 15.84 10.71 10.49 10.50 10.10

Improvement in SD 
(%)

˗ 21.97 42.42 2.08 −0.12 3.81
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