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Towards understanding various
influences on mass balance

of the Hoksar Glacier in the Upper
Indus Basin using observations

Shakil Ahmad Romshoo"?, Khalid Omar Murtaza & Tariq Abdullah

Mass balance is a good indicator of glacier health and sensitivity to climate change. The debris-
covered Hoksar Glacier (HG) in the Upper Indus Basin (UIB) was studied using direct and geodetic
mass balances. During the 5-year period from 2013 to 2018, the glacier’s mean in situ mass balance
(MB) was - 0.95+0.39 m w.e. a’~. Similarly, the glacier's mean geodetic MB from 2000 to 2012 was
-1.20:0.35 m w.e. a*. The continuously negative MB observations indicated that the HG is losing
mass at a higher rate than several other Himalayan glaciers. The glacier showed increased mass

loss with increasing altitude, in contrast to the typical decreasing MB with increasing elevation,

due to the existence of thick debris cover in the ablation zone, which thins out regularly towards

the accumulation zone. Rising temperatures, depleting snowfall and increasing black carbon
concentration in the region, indicators of climatic change, have all contributed to the increased mass
loss of the HG. During the lean period, when glacier melt contributes significantly to streamflow, the
mass loss of glaciers has had a considerable impact on streamflow. Water availability for food, energy,
and other essential economic sectors would be adversely affected, if, glaciers in the region continued
to lose mass due to climatic change. However, long-term MB and hydro-meteorological observations
are required to gain a better understanding of glacier recession in the region as climate changes in the
UiB.

Outside the polar regions referred to as ‘the third pole, the Himalaya has favorable climatic and topographic
setting for hosting a large number of glaciers. The snow and glacier melt from the third pole contributes signifi-
cantly to streamflow of the major Himalayan rivers, sustaining irrigation, hydropower, and a variety of other
water-related activities in the region and beyond'?. Therefore, research into a vast number of glaciers in the region
continues to focus on their status, dynamics, hydrological significance and their responses to climate change
and environmental pollution®~>. The mass balance of Indian Himalayan glaciers is largely negative with a recent
increase in mass loss®’. Because most glaciers in the Himalaya are small, they have a higher rate of mass loss.
Several studies have found spatial variation in glacier mass loss across the Himalaya*®-1°. The Kashmir and the
Lahaul-Spiti glaciers in the western Himalaya have experienced the highest relative mass loss®'!. The glaciers in
the central and eastern Himalaya have comparatively experienced lower rates of mass loss'>!>. However, to a few
studies, glaciers in the Karakoram region are more or less in a stable state and a few glaciers are even advancing
or surging'’.

Glaciers in the Upper Indus Basin (UIB) are important because glacier-melt accounts for a major compo-
nent of the streamflow and supports agriculture, water supply, energy generation and tourism, all of which are
important sectors of the economy in the basin'®'”. Glaciers in the UIB, like those elsewhere in the Himalaya, have
experienced significant recession and mass loss in recent decades®'®. Several studies have shown that glaciers in
the UIB have receded since the end of the Little Ice Age'®*. Recent research has also revealed that some of the
glaciers in the basin may be melting at a faster rate in recent decades'”*..

Glacier MB is the most reliable metric for assessing the health of a glacier and its response to climate
change”?*?*. However, studying glacier MB in the Himalaya is difficult due to a combination of adverse factors
such as rugged topography, remoteness, security concerns, logistical constraints, and a lack of hydro-meteoro-
logical observations®**°. As a result, there are only a few mass balance records for Himalayan glaciers®. Despite
a clear indication of climate change impacts on glaciers, no other glacier in the Kashmir Himalaya has been
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studied for mass wastage using field observations except the Nehnar Glacier in the JThelum sub-basin, which has
an MB record of 9 years from 1975%. Mass balance studies of two more glaciers in the Jhelum, the Kolahoi and
Sheshram Glaciers were conducted for a single year and then discontinued before being abandoned?, however
authenticity of the data has been questioned?. But, a few remotely sensed mass balance studies for a few glaciers
have been carried out®'s.

An increase in air temperature, change in the form and phase of precipitation®*** and the increasing emission
of black carbon® are all factors and processes that contribute to glacier mass loss in the Himalaya. The grow-
ing anthropogenic effects such as emission of black carbon, whose concentration significantly contributes to
atmospheric warming®>*® and its deposition on glaciers, which reduces albedo and causes absorption of solar
radiation prompting enhanced glacier-melting. Black carbon has been found to be an important factor that
influences the melting of Himalayan glaciers in a number of studies®**°. Glaciers across the Himalaya have
been negatively influenced by climate change” and the observed mass loss, if it continues, will have a consider-
able impact on regional hydrology, and water supplies in the downstream areas®. The Himalayan glaciers must
be monitored and assessed on a regular basis in order to understand their health and evolution in the face of
changing climate. The knowledge gained from cryosphere research shall inform the national policymaking for
sustainable water resources management in the Himalayan catchments, which are home to more than a billion
people in south Asia®.

The current study investigated annual field-based glaciological mass balance measurements from 2013 to
2018 and geodetic mass balance utilizing digital elevation data from 2000 to 2012 to better understand glacial
mass wasting of the HG. The observed mass balance estimations were compared to the climatic parameters that
influence glacier mass balance. The findings are expected to provide a better understanding of the health and
evolution of glaciers in the UIB in the recent past.

29,30

The Hoksar Glacier

The Hoksar Glacier (HG), a small valley type glacier with an area of ~ 1 km?, is located between 34° 10'-34° 11’
N and 75° 17'-75° 18’ E on the northern slopes of the Greater Himalayan range in the Jhelum sub-basin, a major
tributary of the Indus (Fig. 1). The HG has a mean elevation of ~ 4000 m a.s.l, is oriented north-west with a slope
of 20°-30°, and drains into the Lidder river, which is one of the tributaries of the Jhelum in the UIB*. The HG’s
current snout elevation is 3680 m. The central flowline length of the glacier measures ~ 2.2 km with width rang-
ing from ~ 300 to 1200 m. The glacier is covered with debris, which currently covers around 80% of the ablation
area, with varying debris thickness made up primarily of rock fragments measuring a few millimeters to tens of
centimeters and large boulders exceeding half a meter in size. Figure S1 depicts a few of the glacio-geomorphic
features present in the Hoksar glacial valley, which indicate past extents of the HG.

Materials and methods
Datasets used. Several datasets were used to assess the mass change of the HG, which are briefly discussed
below and listed in Table 1.

Remote sensingdata. Geodetic mass balance of the HG was estimated using two Digital Elevation Models
(DEMs), the Shuttle Radar Topography Mission (SRTM) DEM and TanDEM-X DEM, from 2000 to 2012. The
SRTM DEM was acquired in two frequencies (X-band and C-band) between 11 and 22, February 2000. In this
research, the non-void filled version of the SRTM DEM with a spatial resolution of 90 m was used. The TanDEM-
X mission is a TerraSAR-X-Add-on for Digital Elevation Measurements, which was acquired between 2010 and
2015 and was time-stamped as 2012 in this study. The TanDEM-X 90 m DEM, which was used in this study, is a
product variant of the global DEM with vertical accuracy up to 2 m*!.

Climatic data. Climate data (1980-2018), namely daily precipitation and temperature, were obtained from
the nearest Indian Meteorological Department (IMD) observatory located at Pahalgam in the Lidder valley,
which is approximately 19 km away (aerial distance) from the glacier site (Fig. 1), and were used to determine
the trends in the time series during the observation period.

Black carbon data. The portable AE-42 Athalometer (Magee Sci., Inc., Berkeley, CA, USA) * was used to
measure black carbon (BC) concentration on the ablation zone of the HG during one of the field expeditions
from 21 to 24 September 2013 for roughly 5-7 h every day. Furthermore, the long-term variation in BC concen-
tration in the Lidder valley was determined using the area-averaged BC concentration from 1980 to 2017, which
was obtained from the Modern-Era Retrospective Analysis for Research and Applications (MERRA).

Field-observed data. The glacier melt and accumulation measurements were carried out during the obser-
vation period at different altitudinal ranges of the HG using stakes and snow pit/probes, respectively. We also
used the Differential Global Positioning System (DGPS) to monitor the snout position and altitude over the
course of the study from 2013 to 2018.

Methods. The purpose of the research was to use diverse approaches to understand and quantify the mass
wastage of the HG and the reasons behind it. The methodology adopted to achieve the objective of the present
study is described in the following sub-sections.
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Figure 1. (a) Map showing the location of the Kashmir valley (blue color boundary) with respect to India
country map, Lidder valley (dotted dark blue color) and other key landmarks including the Hoksar Glacier
(dotted yellow color) and location of the meteorological station at Pahalgam (star). (b) Satellite imagery of

the Hoksar Glacier showing the contour lines generated from SRTM DEM (dotted pink color), distribution

of debris-cover, location of stakes (green diamond boxes), accumulation pits (blue square boxes), and (c)
Cumulative hypsometric curve of the HG, two green dots depict the glacier area with a thick debris-cover. Maps
(a,b) were generated in ArcGIS version 10.4.1 (https://www.esri.com) by utilizing the imageries provided by
National Geographic, Esri and Planet Labs dated 23rd Sep 2019, respectively, (c) hypsometric curve was plotted

using Microsoft office excel 2019.

Dataset Spatial/temporal resolution | Acquisition date Source

SRTM DEM 90 m 11-22 Feb 2000 http://srtm.csi.cgiar.org
TanDEM-X DEM 90 m December, 2010-Janurary, 2015 l%t]gp;;l’g(;i/"w“k’ad'geose”ice'dl"de/
Climate data

Temperature and precipitation Station data/daily data 1980-2018 IMD Pahalgam

Non-climatic data

Black carbon 0.5°x0.625° 1980-2017 MEERA v2

Black carbon 5 min 21-24 Sep 2013 In-situ

Table 1. Description of the datasets used in this study.
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Glacier mass balance approaches. Glace mass balance is calculated by several methods, viz.,
glaciological®, geodetic*’, AAR*, hydrological®, empirical model*® and gravitational®’. However, in this study,
we used glaciological, and geodetic methods to calculate the mass balance of the HG to gain insight into the
recent glacier mass changes and the controlling factors thereof.

Glaciological method. The glaciological mass balance method is an in-situ measurement of accumulation
and ablation over the entire glacier during a hydrological year that provides a direct indication of mass changes*.
In this study, glacier melting was measured using a network of bamboo stakes anchored in the ablation zone of
the HG. Whereas, snow accumulation was accounted for using several snow pits dug into the accumulation zone
of the glacier complemented by a number of snow probes. The annual glacier-wide mass balance, b,, is calculated
as follows:

bn = éZbisi (1)

where b; is the MB of the altitudinal area (s;) obtained from the corresponding stake readings or net accumulation
measurements and S is the total glacier area.

Mass balance measurements on the HG began in the year 2013 with the objective of creating a long-term
mass balance dataset for the glacier to investigate glacier-climate interactions and the influence of other con-
trolling factors on glacier response like debris, etc. The mass balance was calculated using 14 stakes and 3 snow
pits (supplemented by several snow probes), positioned over the ablation and accumulation zones respectively
(Fig. 1) and the glacier-wide mass balance was obtained by applying an integration over the entire glacier surface.
The number of stakes remained constant throughout the observation, however, the number of accumulation
pits increased from one in 2013 to 2014 to three in subsequent years. The number of snow pits is limited by the
complexity of the accumulation area as well as other logistical considerations. For snow depth and density meas-
urements, 3-5 snow pits, supplemented by snow probes, are usually recommended*®. However, in this study, a
large number of snow probes placed across the accumulation zone augmented the data from the snow pits. All
three snow pits were located on the right side of the accumulation area. Though, there should have been at least
one snow pit on the left side of the accumulation area. It was not possible to locate one there due to the complex
terrain, crevasses and logistical constraints. Using DGPS, the precise location of each stake and snow pit, and
snow probe was determined. The hydrological year extends from October to September in the Kashmir Himalaya.
The mass balance measurements were accordingly carried out towards the end of September or the beginning
of October every year during the annual glacier field expeditions from 2013 to 2018. Steam-driven Heucke ice
drill was used to drill 5-6 m deep ablation stakes*. For volume to mass conversion, the average density of the
annual layer of snow/firn and ice was measured altitude-wise from the accumulation area (550 kg m™) and ice
density of 900 kg m™ for the ablation zone of the glacier was used from literature®'.

To assess the influence of non-climatic factors on glacier mass balance such as debris-cover and thickness
variability, the mass change measured at stakes located in the clean and debris-covered portions of the glacier
were analyzed separately. The supra-glacial debris extents were mapped from the satellite images and validated
on the ground (110 sites), while the debris thickness was measured manually on the ground around each stake
(point specific) and averaged over the observation period.

Geodetic method. Geodetic mass balance approach involves comparing two glacier surface elevation data-
sets from topographic maps or digital elevation models to determine the volume change over the considered
time span. By applying the density of snow/ice at different parts of the glacier, the volume change can be con-
verted into mass change®. The geodetic mass balance, Bg, within the time period At is calculated by multiplying
the glacier volume change (AV) by the mean estimated glacier density (p) as follows:

Bgeo = AV X p (2)

The participating DEMs in this study were corrected for vertical and horizontal off-sets using the universal
co-registration algorithm®. The algorithm employs a slope normalized cosine relationship between aspect and
elevation change to minimize the offsets as follows:

" _ b-w)+C
tan(@) @rcos ®)
c= @
o

where a is slope; ¥ is glacier aspect; and the variables a, b, and ¢ are the magnitude, direction, and mean bias,

respectively. dH and dH is elevation difference and overall elevation bias, respectively. The minimization pro-
cess was repeated till either the magnitude of shift was <0.5 m or the normalized median absolute difference
(NMAD) on off-glacier terrain was < 5% than the previous pass®. The voids in the DEMs were filled using the
Natural Neighbour (NN) algorithm?®.

The DEMs were corrected for radar penetration bias before generating the DEM difference map at a pixel
level. The relative penetration bias was calculated as a function of altitude®!!. Hoksar Glacier boundary was used
to calculate the mean glacier elevation changes between 2000 and 2012 and the volume changes thereof. Using
the density conversion factor of 850 kg m™>, the volume changes were then converted into glacier mass changes™.
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Equilibrium line altitude (ELA) changes. ELA is the average altitude at which accumulation exactly
balances ablation over a period of 1 year. ELA of the HG was estimated each year using regression analysis of the
altitudinal mass balance measurements taken throughout the observation period®. ELA is a good short-term
indicator of glacier health®*” and it has been used to calculate the mass balance of a glacier for which historical
data is available*!. The ELA changes were used as corroborating evidence for the observed mass losses of the HG.

Climate data analysis. Temperature and precipitation records were analyzed from 1980 to 2018 to deter-
mine the trends and demonstrate a link between changing climatic variables and glacier mass loss. The daily
climate data used in this study were obtained from the Indian Metrological Department (IMD) Pahalgam sta-
tion which is the nearest observatory to the glacier. The data was checked for quality, consistency, and gaps. It is
important to note that the data gaps were minimal-less than 1%. Therefore, we do not need to correct the data.
The significance of the trends in the meteorological parameters was determined using the Mann-Kendall statis-
tical nonparametric test®®*. Temperature lapse rates (TLRs) are commonly used to demonstrate the relationship
between temperature and glacier mass loss in absence of the meteorological observations near or on the surface
of a glacier®. The temporally and spatially variable TLRs used in this study were adopted after Romshoo and
others®!. At the HG altitude, the extrapolated temperatures indicated mean minimum and maximum tempera-
tures of — 4.51 °C and — 1.42 °C, respectively.

Black carbon data analysis. The AE-31 series Aethalometer, used in this study, records optical measure-
ments at seven different wavelengths ranging from 370 to 950 nm**. BC concentrations were measured at 5-min
intervals. The data was retrieved and analyzed using a spreadsheet program to investigate BC patterns at the
glacier site during September, 2013 field expedition. Furthermore, trend analysis of the area-averaged MERRA
reanalysis of BC concentration data from 1980 to 2017 was used to determine the changes in BC concentration
in the Lidder valley. We removed a few outliers observed in the MERRA time series data by averaging data of the
3 years preceding and succeeding the outlier.

Accuracy estimation

Glaciological mass balance. The accuracy of the glaciological mass balance estimations depends on vari-
ous factors, which include the precise measurement of ice loss at each stake location, the spatial averaging of the
measurements over the entire glacier, the accuracy of the ice density measurements and the representativeness of
stakes and accumulation pits®*-%%. To account for the uncertainty caused by the extrapolation of mass balance in
the accumulation zone, we used three different approaches including using a single constant accumulation value
for all the glacier elevation bands in the accumulation zone, a linear gradient in accumulation values and an
inverse gradient in the highest two elevation bands of the accumulation zone to account for the annual accumu-
lation following Kenzhebaev et al.%®. Based on the three techniques, the standard deviation in the accumulation
was interpreted as the uncertainty of MB in the accumulation zone®. For the ablation zone, the MB uncertainty
was calculated from one-sigma confidence intervals of the regression coefficients®. Based on the accumulation
and ablation uncertainties, we calculate an annual glacier-wide mass balance uncertainty of+0.39 m w.e. a™* for
the HG. The mass balance uncertainty estimates of this study are consistent with those of earlier studies con-
ducted in the Himalaya®"®,

Geodetic mass balance. The uncertainties of the geodetic mass balance estimates arise due to several fac-
tors including the uncertainty due to DEM differencing, radar signal penetration, uncertainty due to void filling
of the source DEMs, delineating glacier outlines, and mass conversion using a single value for the ice density. All
these factors were considered for the uncertainty assessment following the methodology of Huber et al.®®, with
an additional term to account for the radar penetration error following Abdullah et al.%, assuming that all the
errors are uncorrelated and random. The uncertainties analysis of geodetic mass balance is discussed in detail
in Supplementary Sect. 1.

Results and discussion
Glaciological mass balance. Field-based glaciological mass balance measurements of the HG between
2013 and 2018 revealed a significant and continuous mass loss with a 5-year mean mass balance of — 0.95+0.39 m
w.e.a”! (Fig. 2; Fig. S2). Mass balance vs elevation of the HG is shown in Fig. 2 (2013-2018). However, the
measured mass loss shows significant interannual variability (Table 2) with average annual mass balances of —
0.72+0.39, - 0.78 £0.39, - 1.01 £0.39, — 1.14 £ 0.39 and — 1.11 £0.39 m w.e.a ! across the five hydrological years
from 2013 to 2018. In recent years, there has been a higher rate of mass loss with a consistently increasing trend
in mass wastage from 2013 to 2018 (Fig. S2). The higher positive mass balance at the 4100-4200 elevation zone
is attributed to the fact that this elevation zone has relatively steeper slopes and is situated around the glacier
ELA and as a result, the zone witnesses more mass turnover from the accumulation zone. Besides, at times there
is additional snow accumulation from the frequent snow avalanche observed in this zone due to its peculiar
geomorphology. Therefore, due to these two reasons, there is a relatively higher positive mass balance observed
in this elevation band. Furthermore, the hump at 3734 m in Fig. S2 may be attributable in part to the existence
of thick debris thickness at the left side of the flowline, and in part to the extra mass turnover from snow ava-
lanches, which is a common occurrence on the eastern flank of the glacier. As a result, for the entire observation
period, the mass loss is nearly the same at the spot.

Supplementary Table S1 shows field-based mass balance data for other Himalayan glaciers, which indicates
an overall negative mass balance trend for the glaciers analyzed. Studies of the in-situ mass balance in the
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Figure 2. Specific mass balance of the Hoksar Glacier w.r.t. elevation during 2013-2018 derived from the
spatially averaged measurements over the given altitudinal band.

Glaciological mass balance | (m w.e.a™) ELA (m)
2013-2014 -0.72£0.39 4022

2014-2015 -0.78+0.39 4031

2015-2016 -1.01+£0.39 4053

2016-2017 -1.14£0.39 4059

2017-2018 -1.11%£0.39 4062

Average -0.95+0.39 Mean ELA =4045
Geodetic mass balance (mw.e.)

2000-2012 -120+0.35a"

Table 2. Mass balance, and ELA changes of the Hoksar Glacier.

Indian Himalaya have indicated a negative but fluctuating trend in the rate of mass loss (Table S1). The mean
specific balance of the Indian Himalayan glaciers varies from — 0.24 to — 1.43 m w.e. a”'. Recent studies also
suggest that glacial mass loss in the region has accelerated in the region over the past few decades, with some
variance, primarily due to glacier geometry, debris thickness, and local climatic variability””°. It was further
observed that the HG is among the top three glaciers in the Indian Himalaya that has consistently shown a
higher rate of mass loss (Table S1).

Debris-cover influences on the observed mass loss. During the various annual field expeditions to
the Hoksar Glacier from 2013 to 2018, and also corroborated by recent satellite data analysis®, it was observed
that~80% of the HG ablation zone is covered by debris of varying thickness, ranging from rock fragments
as small as one centimetre to boulders as large as 60 cm in size (Fig. 3a). The debris-cover for the glacier was
mapped manually from satellite images using the visual image interpretation technique. Furthermore, since the
glacier size is relatively small, we were able to extensively validated the remotely-sensed debris cover area in the
field during annual glacier field expeditions to the HG. The debris-cover thickness was manually measured in
the field using a metal scale. The majority of the debris cover on the glacier mostly comes from the weathered
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Figure 3. (a) Interpolated debris thickness map generated from the In-situ measurements, and (b) impact of

debris thickness on mass loss of the Hoksar Glacier. Stakes when viewed facing the snout were categorized into
stakes along the central flowline, stakes on the right side of the central flowline, and stakes on the left side of the
central flowline.

material falling from the steep valley slopes on either side of the glacier valley, with a less amount coming from

aeolian material deposited on the glacier surface.

The impact of the non-climatic factors such as debris-cover on the glacier mass changes was assessed inde-
pendently for stakes along the central flowline, the right side of the central flowline when viewed from the snout,
and on the left side of the central flowline. From the analyses of the data (Fig. 3b), it is found that the stakes on
the right side of the central flowline have a higher annual mass loss of — 1.43 £0.39 m w.e., the stakes along the

central flowline have a mass loss of — 1.35+0.39 m w.e. and the stakes on the left side of the central flowline have
a comparatively lower mass loss of — 1.26 +0.39 m w.e. The presence of a thin debris-cover of 6.9 cm on the right

side of the central flowline may have enhanced the ablation due to the increased absorption of solar radiation

and a shorter vertical distance for heat conduction”, and thus the higher observed mass loss on the right side of
the central flowline. The debris layer on the left side of the central flowline, on the other hand, is comparatively

thicker, with an average depth of 22 cm, resulting in the lowest measured mass loss on the left side of the HG.

Because the average thickness of the debris along the central flowline of the glacier is 16 cm, stake data along
the central flowline revealed a medium mass loss of — 1.35+0.39 m w.e. Several studies on the impact of debris-

cover on glacier recession in the Indian Himalaya have concluded that debris-cover has a substantial impact on
glacier melt'*’2, and that the thickness and distribution of debris-cover affect the pattern and degree of glacial

mass balance”’.

Differential thinning of the debris-covered and clear-ice parts of glaciers has been reported in studies and var-
ies depending upon debris-cover distribution, lithology, pattern and thickness’*”°. Thin debris-covered ice melts
at a rate of around 9% faster than clean ice”. Thick debris-covered ice melts at a third of the pace of clean ice’®.
Popovnin and Rozova’ found that a glacier with debris thickness of 7-8 cm melts faster. Due to the absorption

of incident solar radiation’! and the concomitant low albedo of debris-cover relative to snow and ice’®, it has been

hypothesised that thin debris-cover increases sub-debris melt rates. The findings of this study are consistent with
earlier studies that suggest that glaciers with heavy debris cover have slower thinning rates and vice versa

Altitudinal variation of the mass balance.

Glacier mass balance varies significantly with altitude

51,71

64,72

The mean mass balance data of the debris-covered HG (point specific) was analysed by altitude ranges; 3690-
3750 m, 3750-3800 m, and 3800-3850 m at around 50 m intervals in the ablation zone and a single zone with
3850-4350 m altitude in the steep ablation and accumulation zone to understand the altitudinal variation of the
observed point mass balance. From Table 3, it is evident that the ablation zone at the lower elevations (3690-
3750 m) showed a mean mass loss of — 1.29£0.39 m w.e (SD of 0.20) based on the average of the measurements
from 6 stakes, while the ablation zone at the mid-altitudes (3750-3800 m) showed a mean mass balance of —
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Mass balnce Debris thickness
Altitude (m) (mw.e.) SD (cm)
3690-3750 -1.29 0.20 |-17
3750-3800 -1.38 0.07 | -14
3800-3850 - 1.44 0.12 | -5
3850-4350 0.51 0.20 | -2

Table 3. Altitudinal variation of mass balance of the Hoksar Glacier.

1.38+0.39 m w.e (SD of 0.07) based on the average of the measurements from 4 stakes and the three ablation
stakes in 3800-3850 m altitude zone showed a mean mass loss of — 1.44+0.39 m w.e (SD of 0.12). The mean
mass loss observed from one stake (because of the steep slope and highly crevassed glacierized areas in the eleva-
tion zone) and three snow pit measurements in the accumulation zone situated between 3850 and 4350 m was
positive (0.51+0.39 m w.e SD of 0.20). In contrast to the less negative mass balance trend with the increasing
altitude that is typical of most mountain glaciers’”, this study found an opposite altitudinal trend of the mass
balance in the ablation zone. The presence of the extensive and thick debris cover with an average thickness of
17 cm in the lower ablation zone (3690-3750 m) that thins out gradually to 14 cm in the mid-altitude ablation
zone (3750-3800 m) and 5 cm in the upper ablations zone (3800-3850 m) is the most plausible explanation for
the observed mass loss increase with increasing altitude up to around the ELA. The insulating effect of the thick
debris cover reduces ablation rates due to the reduced thermal conductivity of the debris cover”. The higher
negative mass balance of — 1.44+0.39 m w.e. observed at higher altitudes is explained by the presence of thinner
debris coverage (~5 cm thick), which results in more absorption of the incident solar radiation, promoting gla-
cier melting?!. The intricate interplay of controlling factors for debris-covered glaciers, according to Pellicctiotti
etal.”!, defies the application of standard glaciological notions such as the elevation-wise mass-balance gradient.

Geodetic mass balance. The mean geodetic mass balance estimated using the SRTM and TanDEM-X
DEMs (2000-2012) was — 1.20+0.35 m w.e.a”'. The HG thickness change varies from +3.70 to — 3.67 m w.e.a!
(Fig. 4). The glacier mass loss diminishes as it approaches the accumulation area® which contradicts the direct
mass loss findings. This could be attributed to the recent significant increase in the debris cover of the HG,
which has increased from ~23% in 2001 to ~37% in 2016*%!, as observed from satellite data. The marginal mass
gain was found in the lower ablation zone of the glacier, which might be explained justified by an increase in
debris thickness in the lower ablation zone of the glacier during the observation period®>®. Thinning reaching
up to around — 4 m a™! on the eastern flank of the glacier can be attributed to the ice-calving at the ice-fall of
the glacier. The mean geodetic mass balance (2000-2012) of the HG is broadly consistent with the glaciological
mass balance (2013-2018) of — 0.95+0.42 m w.e. a~* observed for the Greater Himalayan range®. The assessment
offers insight into the changes in the glacier melting pattern of the glacier from the recent past, despite the fact
that geodetic and in situ mass balances are estimated for two separate time periods. The geodetic approach has
been primarily used to estimate the glacial mass balance in the Kashmir Himalayan region, and the results sug-
gest a heterogeneous behaviour of negative mass balance in the region *%13.

Equilibrium line altitude (ELA). The ELA, demarcated in the field during the annual field expeditions
from 2013 to 2018 showed a clear upward shift of 40+3 m ranging between 4022 m in 2013 and 4062 m in
2018 with an average ELA of 4045 + 5 m (Table 2). There is a direct relationship between mass balance and ELA
changes**¢. The mass loss trend is followed by the up-glacier movement of the end-of-melt-season snowline,
which is an approximation of ELA for Himalayan glaciers.

Climatic influences on glacier mass balance. The two key factors that control glacier mass balance are
temperature and precipitation®*3+%°. The Western Disturbances, bring precipitation in the Lidder basin, both in
the form of rain and snow®®. From October to April, snowfall is the most common form of precipitation®. Dur-
ing these 39 years, the mean annual lapse-rate-adjusted temperature of the study area showed a continuously
increasing trend from 1980 to 2018 with inter-annual variations and ranged from a minimum of — 4.51 °Cto a
maximum of — 1.42 °C. The analysis showed that the mean annual temperature is increasing at the rate of 0.05 °C
a’l. The lapse-rate adjusted temperature data at the HG site showed a significant increasing trend (p<0.01)
(Fig. 5a). Several studies have found a strong negative relationship between mass balance and temperature?*#>%,
Changes in the form and amount of precipitation have an impact on glacier mass balance. Similarly, precipi-
tation data analysis revealed that the highest precipitation of 1691 mm was observed in 2014 and the lowest
of 705 mm in 1985 with an average annual precipitation of 1260 mm based on the long-term meteorological
observations from 1980 to 2018. Trend analysis of the precipitation data showed that there is no statistically
significant trend in total precipitation during the period (Fig. 5b). However, it has been reported that, while the
total amount of precipitation has remained largely unchanged, the precipitation phase has changed from snow
to rainfall as a result of the rise in the average minimum and maximum temperatures in the area®. During the
last few decades, the amount of snowfall in the region has decreased and correspondingly, the amount of rainfall
has increased®*. The long-term impact of the reduced snowfall during winters in the Kashmir Himalaya has
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Figure 4. Interpolated elevation changes of the Hoksar Glacier from 2000 to 2012.

resulted in less snow accumulation over glaciers in the region, leading to a negative mass balance of glaciers in
the region, as evidenced by the consistent negative mass balance of the HG from 1980 to 2018.

In the short term, the increasing summer temperatures and depleted snow precipitation during winters
(Fig. 6a,b) is reflected in the mass balance of the HG. A direct and significant correlation was found between
the observed glacier mass loss and summer temperature (r=- 0.80, p<0.01) and winter precipitation (r=0.72,
p<0.01) during the 5 years of the in-situ glacier mass balance measurements from 2013 to 2018.

Black carbon impacts on glacier mass balance. Various studies on black carbon (BC) have found that
an increase in BC concentration in the atmosphere contributes significantly to atmospheric warming since BC
is a strong heat-absorbing atmospheric constituent, thus enhancing glacier ablation>!. The BC concentration in
the area has significantly increased from ~ 90 ng m™ in 1980 to ~235 ng m™2 in 2017 (Fig. 7a). Furthermore, the
analysis of the in-situ measurements of BC concentration on ablation of the glacier revealed that BC concentra-
tion varied from 105 to 959 ng m™ with an average of 531 ng m~ (Fig. 7b), which is significantly higher than the
BC concentration reported at other glacier sites in the Himalaya®. It is thus inferred that the increasing trend
of the BC in the valley has impacted the glacier health?, as is evident from the growing trend of mass loss. Bhat
and others™ have also reported higher BC concentration over the Kashmir Himalaya and suggested its adverse
impacts on glacier health. However, it needs detailed investigation to ascertain the magnitude of the impact of
the increasing BC concentration over the glacier melting at a regional scale.
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Figure 5. Temporal variations of (a) average annual temperature on the Hoksar Glacier from 1980 to 2018
calculated by using the temperature lapse-rate from the nearest observatory at Pahalgam (19 km away), and (b)
total annual precipitation observed from 1980 to 2018 at Pahalgam.

Conclusions
Given the lack of knowledge about glacier mass loss in the UIB, this paper contributes significantly by offering
insights into the mass balance of one of the glaciers in the UIB’s Jhelum sub-basin. The two approaches used
in this study produced a good agreement in MB estimations, indicating that the Hoksar Glacier is increasingly
losing a significant amount of ice mass. The in situ glaciological measurements from 2013 to 2018 revealed that
the mean annual mass loss of the HG is — 0.95£0.39 m w.e., with an increasingly negative mass balance trend
recorded during the five hydrological years. The geodetic mass balance estimates from 2000 to 2012, revealed
a higher mean negative mass balance of — 1.20 +0.35 m w.e.a™. The analysis revealed that the debris-cover had
a significant impact on the glacier melting with the thick debris-covered ablation zone at lower altitudes show-
ing less mass loss than the thin debris-covered ablation zone at higher altitudes. This shows that the regulating
mechanisms for debris-covered glaciers that defy the normal elevation mass-balance gradient are complexly
intertwined. The increasing mass loss of the HG has influenced its extent and health as evidenced by the glacier
ELA changes, which have shifted 40 + 3 m between 2013 and 2018, indicating the glacier imbalance. The growing
negative mass balance and ascending ELA suggests that the HG is losing mass at a faster rate than the recorded
mass balance estimates of the Nehnar®®, Kolahoi and Sheshram?® glaciers situated in the vicinity of the glacier.
Several other studies in the Jhelum have also revealed that the glaciers in the region are receding significantly'”%.
The significant rise in temperatures, decrease in snow precipitation and increasing concentration of black
carbon in the basin, have all led to the increased mass loss of the HG. Streamflow in the basin has depleted due
to the significant reduction of glacier cover and mass during the last several decades. Recent studies have sug-
gested that glacier-fed streams saw an increase in the streamflow for a certain period of time due to the increased
glacier melting, and then, exhibited a drop because of the reduction in ice mass*>*'. However, continuing and
strengthening glacier mass balance, glacio-hydrological, climatic and non-climatic data observations in the UIB
is important for developing a robust understanding of glacier mass loss under changing climate and its impacts
on streamflow in the UIB, so that existing gaps in knowledge are adequately addressed for developing long-term
strategies for sustainable use of the depleting water resources in the UIB.
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Figure 6. Correlation of the observed annual mass balance with (a) annual summer temperature and (b)
annual winter precipitation from 2013 to 2018.
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