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Several recent studies carried out in the Himalayan
region suggest enhanced receding rate of glaciers
during the last two decades. Glacier health can be
assessed by monitoring various glacier dynamics that
includes mass balance, accumulation area ratio
(AAR), equilibrium line altitude (ELA), etc. Here
AAR, ELA and regressed mass balance for nine glaci-
ers of the Bhaga basin, Western Himalaya during
2008-18 are presented using high resolution Sentinel 2
(10 m) and Landsat 7/8 (30 m) data with improved
AAR and degree day/temperature index (DD/TI)
model. Transient snow line (TSL) and AAR derived
from the model were used in different regression equ-
ations to estimate the mass balance in both glacier and
basin scale. In situ precipitation and temperature data
obtained from the automatic weather station located
at Keylong, Himachal Pradesh were used in this model
based approach. Overall, the data reveal that most of
the glaciers have experienced critical thinning and lost
huge ice mass in the range —6.07 m.w.e. to —9.06 m.w.e.

Keywords: Accumulation area ratio, glaciers, mass
balance, snow line, temperature index.

THE Indian Himalaya is estimated to have 25,041+
1726 sq. km of glaciated area'?, which is the largest
amount of freshwater storage outside the polar region’.
This large geographic extent, with complex and extreme
topography along with variable climatic conditions,
results in an inhomogeneous set of glacial recessions’.
The Himalayan glaciers are the major freshwater source
for the northern states of India during summer months’.
Recent studies have shown that from the beginning of the
21st century, glaciers of the Himalaya are shrinking at a
faster rate® . Local temperature and precipitation play an
important role in the amount and time of melt of a glacier’.
The literature related to the study of Himalayan glaciers
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suggests that their melting will accelerate in the near
future'® "%, This constant mass loss of glaciers could lead
to retreat in glacier area until a new equilibrium with cli-
mate is reached'’. This will further reduce run-off from
the glaciers leading to water scarcity at the end of the
century'®. In addition, increasing population of the loca-
lity also demands proper management of water resources.
Hence, it is important to understand the glacier-stored
water to maintain and manage water resources in the
Himalayan region.

Mass balance is one of the important metrics to meas-
ure the growth or decline of water stored in a glacier'.
The study on mass balance of a glacier in spatial and
temporal scale can provide information on glacier beha-
viour towards climatology and hydrology''. There are
direct and indirect methods to measure glacier mass
balance. The direct measurement (glaciology method)
includes in situ specific mass balance measurements us-
ing stakes and snow pits. Considering the fact that glaci-
ers of the Himalaya are situated in a harsh environment,
direct method is challenging and difficult both in terms of
logistics and accessibility. Whereas satellite remote sens-
ing offers a potential mode for monitoring glaciers on a
large scale'®. Mass balance of glaciers on a large scale is
analysed using indirect methods such as geodetic, area
accumulation ratio (AAR) and gravimetric methods using
satellite data'’'®. Among these methods, the geodetic
method is frequently used to estimate region-wide long-
term mass balance’ **. However, the digital elevation
model (DEM) used in the geodetic method provides mass
balance in a temporal gap of 5 to 10 years'>**. The inter-
annual and seasonal variations in mass balance cannot be
estimated using the geodetic method. The satellite-based
gravitational method can be used to estimate mass bal-
ance of high glacierized regions with coarser spatial reso-
lution (~400 km). Hence individual glacier mass balance
cannot be obtained using the gravimetric method'**%%’
An empirical relation-based approach between surface
mass balance and AAR provides an option to calculate
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Table 1. Mass balance data for various glaciers in the Indian Himalaya from 1974 to 2018 using different
methods. Measurements by GRACE (Gravity Recovery and Climate Experiment) satellites are not reported
due to varying estimates of glacier mass changes for the Himalaya®

Glacier Year Method Mass balance reported (m.w.e.)  Reference
Gara 1974-75 Glaciological 0.55 46
1977-81 -0.75 47
1982-83 0.34 48
1986-87 +0.034 19
1987-88 —-0.086
2000-11 Geodetic —0.98 £ 0.26/year 7
AAR —0.81 + 0.26/year
TI —0.73 £ 0.24/year
1985-86 TI 0.7+041to-1.1+0.41 49
2013-14
Gor Garang 1982-83 Glaciological 1.02 47
1986-87 47 19
1987-88 0.016
Shaune Garang 1982-83 0.11 50
1982-92 -0.42 51
Naradu 1983-84 -0.26 52
Kolahari -0.29
Gor Garang 1985-86, TI 1.5+£0.6to-1.6+0.6 49
2013-14
Naradu 2000-11 Geodetic —0.83 £ 0.28/year 7
AAR —0.63 £ 0.19/year
TI —0.61 + 0.23/year
1985-86 TI -0.2+0.44t0 0.8 £ 0.44 44
2013-14
2000-03 Residual —0.40/year 53
accumulation and
ablation techniques
Shaune Garang 2000-11 Geodetic —0.99 + 0.35/year 7
AAR —-1.01 £ 0.30/year
TI —1.09 £ 0.33/year
1985-86 TI 0.8 £0.54 to —0.9 £ 0.54/year 49
2013-14
Nineteen glaciers of Baspa 2001-02 AAR —0.9 to —0.78/year 17
basin
Baspa basin 2000-11 Geodetic —0.49/year 44
AAR —0.36/year
TI —0.43/year
Chotta Shigiri 1955-99  Geodetic —0.3/year 54
2000-14 —0.6/year
2002-03 Glaciological -1.42 37
2015-16 -0.84 45
2016-17 -0.28
2017-18 -0.4
Hamtah 2000-01 -1.31 55
Chandra basin 1999-2011 Geodetic —0.68 + 0.15/year 21
2000-12 —0.65 + 0.04/year 22
2003-08 —0.65 + 0.4/year 23
Bara Shigiri 2016-17 Glaciological -0.56 45
2017-18 -0.82
Twelve selected glaciers 1999-2000 TAAR —0.79 £ 0.34/year 15
of Chandra basin
2008-09
146 Glaciers in the 1984-2012 —0.61 = 0.46/year 13
Chandra basin
Waren and Bhut basin 2004-05 Geodetic —0.19/year 35
2005-06 —0.27/year
2006-07 —0.23/year
Patsio 2000-13  Geodetic —0.31/year 25
2015-16 Glaciological —0.68 45
2016-17 -0.45
(Contd)
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Table 1. (Contd)
Glacier Year Method Mass balance reported (m.w.e.)  Reference
Dokirani 2015-16 —-0.26
Chorabari 2003-04 Geodetic —0.74/year 20
2015-16 -0.72 45
Batal 2016-17 -0.42
2017-18 —0.54
Gepang Gath 2016-17 —-1.50
2017-18 -1.51
Pensilungapa 2016-17 Glaciological -0.23
2017-18 —-0.56
Samundra Tapu 2016-17 -1.12
2017-18 -1.56
Sutri Dhaka 2016-17 —-0.87
2017-18 -1.34
Siachen 1987-91 Hydrological —0.48 to —1.084 55

AAR, Accumulation area ratio; TI, Temperature index.

mass balance of glaciers at a high temporal resolution',
which can then be scaled to basin-wide mass bal-
ance' %30 A regression equation was developed by
Kulkarni ef al.'” between AAR and specific mass balance
using field data for the Gor Garang glacier (1976—-1984)
and Shaune Garang glacier (1982-1988). To calculate
AAR, knowledge about equilibrium line of altitude
(ELA) is required, which is derived by interpolating
field-specific mass balance to the altitude of zero mass
balance®'. In India, in sifu mass balance data are limited
and available for a few glaciers only due to the rugged
Himalayan terrain'’. However, satellite data are being
used to derive the transient snowline at the end of hydro-
logical year which coincides with ELA for a temperate
glacier™****. Hence, studies reported in different parts of
the Himalaya used transient snow line from satellite im-
ages to derive AAR and mass balance®* . To overcome
the challenges of identifying ELA from satellite images,
Tawde et al." developed an approach by calculating TSL
using degree day/temperature index (DD/TI) model'.
The resultant model-derived TSL and AAR were in the
regression equation developed for the basin to estimate
mass balance at the glacier as well as basin scale. This
improved AAR (IAAR) method has been applied for the
Chandra basin, which suggests regional-scale negative
mass balance of —0.61 £ 0.46 m.w.e/year (ref. 15). Mass
balance derived for glaciers in the Chandra basin using
the TAAR equation correlate well with in situ specific
mass balance reported by Azam et al.® and Wagnon et
al’’. Hence the IAAR method has been adopted in this
study to estimate AAR and regressed mass balance for
the Bhaga basin. Mass balance for various glaciers of the
Himalaya reported using different methods is given in
Table 1, which shows that majority of the glaciers are
losing mass and thinning subsequently from 1990 on-
wards.
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Study area

Bhaga, a sub-basin of Chenab basin (Figure 1), is situated
in the north of Pir Panjal range at Lahaul and Spiti valley,
Himachal Pradesh, India (32°2819.7”"N-33°0"9.9”N and
76°56’6.3”"E~77°25"23.7”E) covering an area of 1684 sq.
km. The Bhaga river originating from Suraj Tal lake joins
the Chandra river at Tandi (2950 m amsl). Jankar Nala
and Milang river join the Bhaga at an altitude of
3307 m amsl at Darcha Dangma, a village near the Bhaga
basin.

The importance of the Bhaga basin lies in the fact that
this region falls under the monsoon — arid transition zone
marking the boundary between wet climate in the south
and dry climate in the north. South Asian monsoons in
summer and the westerlies in winter influences glaciers
of the Bhaga basin'®.

This region is bounded by high peaks from all sides
with most of the glaciers of the Bhaga basin located on
the Leh—Manali highway. The Bhaga basin consists
of 231 glaciers with slope ranging between 5° and 25°
(Figure 2; ref. 14). Nine glaciers of the Bhaga basin were
selected for the present study based on topography (ele-
vation, orientation, area, length, slope) and cloud-free
satellite data availability (Table 2). Two unnamed
glaciers with GLIMS ID GO077301E32493N and
G076977E32847N are named as Karparaikal (heavy
debris-covered) and Shadvaktra (six tributary glaciers
joining the central flow line) respectively, in this study.

Methodology
Data used
Meteorological data: The present study utilizes meteo-

rological data of daily temperature and precipitation
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Table 2.

Topographic characteristics of nine selected glaciers indicating area, aspect/orientation, mean

altitude and slope. The selected glaciers cover an area of 125.50 sq. km with Mulkila being the largest

benchmark glacier

of the Bhaga basin

Basin Glacier Area (sq. km) Aspect/orientation =~ Mean altitude (m) Slope (degree)
Bhaga Patsio 2.61 15/N 4549 21
Panchinala 6.40 10/N 4997 16
Mulkila 30.35 310/NW 4884 22
Bugsubgang 5.74 317/NW 5000 33
Kelasbung 7.50 123/SE 5363 16
Gangstang 22.60 7/N 5220 17
Shadvaktra 15.09 26/N 5354 15
Lady of Keylong 13.21 100/SE 6061 16
Karparaikal 22.00 287/NW 4624 15
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Figure 1. Map of Bhaga basin, Western Himalaya showing the location of the selected glaciers.

Bhaga basin has a glaciated area of 351.89 sq. km. Colour scale indicates elevation details of the
basin. In situ data-recording AWS station in Keylong, Himachal Pradesh (3120 m amsl) is indi-

cated by a triangle.

recorded using AWS installed at Keylong, Himachal
Pradesh (32°20"24”N and 77°01’12”E) at an elevation of
3120 m amsl by India Meteorological Department (IMD).
In situ data include minimum, maximum and average
temperatures (°C) along with rainfall and snowfall data
(mm) on a daily basis for the period 2008-2018.

Remote sensing data: Landsat 7 (Enhanced Thematic
Mapper plus), Landsat 8 (Operational Land Imager) and
Sentinel 2 A & B (multi spectral instrument) with mini-
mum cloud cover (less than 10%) were used for identifi-
cation of transient snowline (TSL; Table 3). Landsat 7
datasets acquired after 31 May 2003 contain scan-line
errors due to failure of on-board scan-line corrector.

1964

Scan-line error corrections have been carried out using
GDAL nodatafill tool of Quantum Geographic Informa-
tion System (QGIS 3.4.4.), which is a free and open-source
cross-platform application. This tool calculates the sur-
rounding pixel values with the help of an inverse distance
weighting algorithm. The spatial resolution of Landsat
7/8 data is 15-60 m, with a temporal resolution of 16
days. Sentinel 2 (A & B) data have a spatial resolution of
10-60 m, with a temporal resolution of 10 days. Com-
bined revisit period of Sentinel 2 A & B is five days. In
total, 61 images (45 images from Landsat 7/8 and 16 im-
ages from Sentinel 2) for a study period 2008-2018 were
processed. The year 2010 was not included due to unavai-
lability of cloud-free data. ALOS PALSAR (Advanced

CURRENT SCIENCE, VOL. 119, NO. 12, 25 DECEMBER 2020
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Table 3. Spatial resolution and acquisition details of satellite data used in this study. Landsat 7/8 data require
preprocessing as they are available in the form of digital numbers
Satellite Spatial resolution (m) and band used Year/path and row
Landsat 7 30; 2008-11;
band 2 (green), band 4 147/37
(NIR) and band 5 (SWIR)
Landsat 8 30, 2012-16;
Band 3 (green), band 5 (NIR) and band 6 (SWIR) 147/37
Sentinel 2 (A and B) 10; 2017-18;

Band 3 (green) band 8 (NIR) and band 11 (SWIR)

ALOS PALSAR DEM 30 and 12.5

R105, T43SFS/T43SGS
High-resolution and low-resolution
digital elevation model
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Figure 2.
degree of inclination relative to the horizontal plane.

Land Observing Satellite Phased Array L-band Synthetic
Aperture Radar) — Radiometrically  Terrain-Corrected
(RTC) Digital Elevation Model (DEM) products with a
spatial resolution of 12.5-30 m from the Alaska satellite
facilities were used. Glacier boundaries available from
Randolph Glacier Inventory (RGI V 6.0.)*® were manually
modified for delineation of glaciated area from satellite
images.

Data processing

The present study is based on the IAAR model proposed
using in situ and satellite data. Data processing was
carried out for the selected nine glaciers of the Bhaga
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Bhaga basin. a, Aspect map showing the direction of physical slope face. b, Slope map showing the

basin in the following phases (Figure 3): (i) Preprocess-
ing of satellite data and identification of transient snow
line (TSLs,), (ii) Calculation of total melt during summer
for every 50 m elevation interval, (iii) Estimation of
vertical precipitation gradient and total accumulation dur-
ing winter for every 50 m elevation interval. (iv) Model-
derived transient snow line (TSL,,) and AAR calcula-
tion. For the present study, October to May (243 days)
and June to September (122 days) were considered for
calculating accumulation and ablation respectively, for a
given hydrological year'.

Preprocessing of data: Sentinel 2 Level 1C top of
atmospheric (TOA) data product is available with radi-
ometric and geometric corrections at sub-pixel accuracy.
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Satellite images

elevation intervals

elevation intervals

Temperature data Preprocessing Landsat 7/8 and
(°C) Sentinel 2
DEM
y
Temperature = 3
lapse rate ‘ Delineation of TSLsat ‘
DD/TI model
DD/TI < Winter precipitation
model data
Precipitation gradient
v
Melt at defined Accumulation at defined

‘ Derived TSL elevation

v

Estimation of AAR

Figure 3.

Flow chart showing the data processing adopted for the present study. It includes: (i) Prepro-

cessing of data and identification of transient snow line (TSLy,) from multispectral satellite images; (ii)
calculation of total melt during summer at every 50 m elevation interval; (iii) estimation of vertical pre-
cipitation gradient and total accumulation during winter at every 50 m elevation interval and (iv) Model-
derived transient snow line (TSL,,,q) and accumulation area ratio (AAR) calculation.

Landsat 7 and 8 images are available in the form of digi-
tal numbers (DNs) to the users from the US Geological
Survey (USGS) website. The images are radiometrically
corrected by converting DN to radiance and to TOA in
preprocessing™.

Identification of transient snow line from satellite
images

For identification and delineation of TSL,, TOA reflec-
tance data obtained from preprocessing of satellite
images were used. It is important to distinguish between
snow-covered accumulation region and ice-exposed abla-
tion region to map the TSLg, of a glacier, which is used
for calculating precipitation gradient. False colour com-
posite (FCC) images of green, near infrared (NIR) and
shortwave infrared (SWIR) bands of Landsat 7/8 and
Sentinel 2 data were used to differentiate between snow
and ice (Figure 4). Nearest neighbour resampling algo-
rithm was used in Sentinel 2 SWIR band to convert the
resolution to 10 m. Snow has a high and low spectral
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response in visible and infrared bands respectively, which
makes FCC (green, NIR and SWIR) images suitable for
the identification of TSL,,;.

Calculation of melt during summer
(June—September)

Temperature (7},) at an average altitude of every 50 m
elevation interval was calculated with base station
temperature data and temperature lapse rate using eq. (1).
Using eq. (2), positive degree days (PDD) were calcu-
lated from 7). Ablation melt for every 50 m elevation
interval was computed using eqs (3) and (4) with a
snowmelt factor of 4 mm °C™' day ' (ref. 14) from 1 June
to 30 September (122 days).

T, =T, + TLR *Ah, €))
where / is the average altitude of every 50 m elevation

interval, 7, the temperature at elevation i (°C), T, the
temperature at the base station (°C), TLR the temperature

CURRENT SCIENCE, VOL. 119, NO. 12, 25 DECEMBER 2020
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June 2018 July 2018

Figure 4.

August 2018 September 2018

Identification of TSL of Mulkila glacier from satellite images for the ablation period (June—September) during hydrological year (HY)

2017-2018. TSL at the highest altitude is observed in August 2018. TSL shifted to mid altitude in September 2018, which may be due to snowfall.

lapse rate (°C/km) and Ah is the elevation difference of
base station and 4.

0 for 7,<0

PDD = , )
T, for T,>0

S, = ZSMF *PDD, 3)

i=1

where S, is the melt (mm/day) at elevation # and SMF the
snowmelt factor

CS, =S, *122 days, 4

where CS. is the cumulative melt (mm) for summer
period at elevation 4.

Calculation of precipitation gradient, total
accumulation and model-derived TSL

Mass balance at ELA is zero. As melt balances the accu-
mulation at ELA*’, TSL altitude is assumed as a proxy of
ELA'". This definition forms the basis for calculating
precipitation gradient and total accumulation for every
50 m elevation interval using eqs (5) and (6).

F,%= ﬁ %100, (5)
(hr —hy)* K

where P, is the precipitation gradient (%m'") between

elevation of TSLy, and meteorological station; Pt the

precipitation at the TSL,, Ps the precipitation recorded

at the base station, /4y the elevation of TSL, and /g is the

elevation of the meteorological station.

4, = By +(B, xAh), )

where A, is the cumulative accumulation, P, the station
precipitation data and A# is the elevation difference of 4
and the station.

The elevation at which the cumulative ablation in
summer balances the cumulative accumulation in winter
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is considered as model-derived transient snow line
(TSLy0q) elevation for that particular year. Altitudinal
distribution of accumulation area and ablation area of
glaciers was calculated using precipitation gradient and
temperature data obtained from AWS. The 50 m eleva-
tion interval at which ablation balances accumulation was
considered for estimating model-derived TSL. The model-
derived transient snow line (TSL,,q) elevation agreed
remarkably well with TSLg, obtained from satellite
images, which were then used to calculate AAR. Area
covered under this particular 50 m elevation interval was
then averaged and distributed between accumulation and
ablation regions for AAR estimation.

Uncertainties

Delineation of snow line manually from satellite data
introduces a small degree of uncertainty during the calcu-
lation of TSL and AAR. For calculation of accumulation
and ablation area, 50 meter elevation bins were generated
using DEM. The elevation bin at which the accumulation
balances ablation was considered for calculation of mod-
elled TSL. Area covered by the respective elevation bin
was proportioned between the accumulation and ablation
regions. This can cause an overestimation or underesti-
mation of AAR within negligible range'”. The uncertainty
z was estimated using eq. (7).

2 2 2
(a—szj +[B_Z§Pj + 257/
oT oP oy

2 2
0z 0z
+| ——OP, + =
[ anrad e j [ ap pj

where OPgyg, 0T, Oy and OP are the uncertainties meas-
ured from precipitation gradient (Pg.q), temperature (7),
temperature lapse rate (y) and precipitation (P) respec-
tively. As the Chandra basin is adjacent to the Bhaga
basin, the standard values reported for the former were
adopted in eq. (14) for uncertainty calculation. For a
+ 210 m variation of TSL estimation, the percentage of

z =

; (7
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change in AAR was observed to be approximately 19.
Figure 5 represents standard error in the range 2—5% for
estimated mean mass loss obtained from eqs (9)-(12)
for the nine glaciers.

Results and discussion
Equilibrium line of altitude

ELA is a glacier’s most fundamental feature that divides
it into accumulation and ablation zones*'. As the glacier
retreat, ELA shifts upwards with altitude, which helps us
understand that the glacier is retreating. Moreover, ELA
is a suitable but not precise method to analyse changes in
a glacier*”. Overall, 61 satellite images have been used to
delineate TSL (which is the proxy of ELA) for the abla-
tion period 2008-2018. The Bhaga basin is covered by
two different orbits of Sentinel 2 satellites. Sixteen im-
ages of Sentinel 2 were merged into eight images to ob-
tain the study area for the ablation period of 2016-2018.
A total of 424 transient snow lines have been delineated
from 61 satellite images of Landsat 7/8 and Sentinel 2 A
and B for the study period. Figure 6 shows the monthly
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Figure 5. Standard error of mean mass loss calculated from the re-

gression equations, viz. eqs (9)—(12).
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Figure 6. Average elevation of satellite-derived TSL during ablation
time from 2008 to 2018. The colour dots represent position of TSL in
each year. The vertical bar represents standard deviation in the snow-
line altitude. *Year 2010 not included due to satellite data gap.
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averaged snow line altitude estimated for the nine glaci-
ers of the Bhaga basin. It is observed that mean altitude
of snow line increases progressively from 4831 %
124 m amsl in June to 4968 + 290 m amsl in July. Maxi-
mum altitude of 551653 mamsl was observed in
August. In September, mean elevation of transient snow
line was 5210 £ 219 m amsl which decreased by 306 m
compared to August. The standard error estimated in the
satellite-derived snow line was approximately £ 171 m.
The variations in mean altitude of snow line from glacier
to glacier indicate that every glacier and its response to
environmental factors are different. It has been also re-
ported that due to topography'® and variations in tempera-
ture as well as precipitation®, snowline altitude varies
with each glacier.

In order to compare satellite-derived TSL and model-
derived TSL, ATSL = (TSLg, — TSL0q) Was calculated.
Average ATSL falls within £ 150 m (Figure 7). Analysis
of TSL, suggests that altitude of snow line will be
lowest at the beginning of the ablation period (June) due

5680
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Figure 7. Satellite-derived TSL (TSLs,) and modelled TSL (TSLy04)
calculated for the selected nine glaciers averaged for each year.
ATSL = (TSLgy — TSLipoa) falls within £ 150 m for the study period.
*Year 2010 not included due to satellite data gap.
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Figure 8. Estimated precipitation gradient (% km') for the nine
glaciers represented as vertical bars. Kelasbung and Lady of Keylong
exhibit low precipitation gradient as they are situated on the leeward
side of the westerlies.
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to the presence of snow. TSLy, gradually increases due to
melting of snow and reaches its maximum altitude at the
end of the ablation season (September). According to
Azam et al.®, the melt season extends up to September
end or first week of October. For the present study, satel-
lite-derived TSL (at higher elevation) for the study area
occurred in August, which is considered as ELA for the
calculation of AAR. The melt season extended till the end
of September, when in situ measurements were taken.
Hence, decline in elevation of satellite-derived TSL was
obse3rved during September, possibly due to fresh snow-
fall”.

Precipitation gradient

The precipitation gradient was calculated from 72 highest
averaged TSL altitudes (Figure 8), which varied from
66% to 322% km'. The mean precipitation gradient for
the nine selected glaciers was calculated as approximately
193 £93%km ™" or 379+ 113 mmkm ' at 60th percen-
tile, indicating distortion in the distribution. For calcula-
tion mean precipitation gradient, winter cumulative
precipitation for study period 2008-2009 and 2011-2018
was considered. Since the regional topography of the
glacier controls precipitation of the region, standard devi-
ation of the precipitation gradient was higher®®. A posi-
tive correlation of 0.67 was observed between the slope
and precipitation gradient of glaciers, which is possibly
due to steep slopes facing the westerlies. For the Chandra
basin situated next to the Bhaga basin, a positive correla-
tion of 0.65 has been reported'”. Precipitation gradient of
the Chandra basin obtained from the Kaza station
(3600 m amsl) correlates well with that of the Bhaga
basin, which has been estimated from Keylong station
(3120 m amsl) data. Southeast-facing glaciers (Kelasbung
and Lady of Keylong) have low precipitation gradient
possibly because they are situated in the leeward side of
the westerlies. North (Patsio, Panchinala, Gangstang,
Shadvaktra) and northwest (Mulkila, Bugsubgang and
Karparaikal) glaciers show a high precipitation gradient,
probably because they are located in the windward side of
the western disturbances.

Modelled accumulation area ratio

To estimate conventional AAR, satellite-derived TSL was
used. TSL was projected on a hypsometric curve for a
given glacier, where the area above and below the TSL
represents the accumulation and ablation region respec-
tively. Glacier shapefiles from RGI V.6.0 were modified
manually to estimate glacier area using open source
QGIS software to compute glacier hypsometry. Figure 9
represents the hypsometry curve of Mulkila glacier. Simi-
larly, hypsometry for all nine glaciers were computed for
AAR calculation. From eq. (8), modelled AAR for the
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nine glaciers was computed from DD/TI method using
modelled TSL. Mean modelled AAR and conventional
AAR lie in the range 10-30% and 10-34% respectively,
for the nine glaciers (Figure 10). Glaciers like Mullkila,
Panchinala, Lady of Keylong, Patsio and Karparaikal
have debris-covered ablation region with low AAR
values'®. The variability in AAR can be related to the
diverse behaviour of glaciers and limitations in the avail-
ability of meteorological data from more than one station.
Basin-wide mean AAR was observed to be 0.5+ 0.06,
which varied by 10% in comparison with conventional
AAR of 0.4 + 0.04.

_ Accumulation area. ®)

Total glacier area

Figure 11 shows year-wise AAR for Mulkila glacier. The
variations observed between conventional AAR and
modelled AAR were around 20% for 2011, 2012, 2016
and 2018 followed by 10% for 2017 and 5% for 2009 and
2014. This study suggests that model-based TSL and
AAR can be used as an alternative to the satellite-derived
TSL and AAR, with a standard error of 12—16%.

Large AAR value indicates that the glacier ice is cov-
ered with snow, protecting the ice from melting due to
exposure. When the glacier remains snow-covered, melt-
ing of snow results in lesser mass loss due to density
difference between snow and ice. AAR of smaller value
indicates that large area of bare ice is exposed resulting in
increased mass loss. Hence, AAR is one of the crucial
parameters in assessing glacier health.

AAR and mass balance

Annual mass balance (MB) for a glacier or at regional
basin scale can be estimated with regression equations

6500
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Figure 9. Hypsometry curve for Mulkila glacier derived using ALOS
PALSAR DEM representing percentage of glacier area with respect to
elevation. For representation purpose, TSL of HY 2017-2018 has been
projected on the hypsometry.
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Figure 10. Mean AAR of nine glaciers for 2008-2009 and 2011-2018 using conventional and DD/TI
methods. The vertical bar represents standard deviation in AAR calculation. Model-derived AAR of
Gangstang is an underestimation when compared with conventional AAR.

estimates of mass balance and satellite-derived AAR
from 1982 to 1988 and 1976 to 1984 respectively. Equa-
tion (11) has been subsequently modified as eq. (12) for
the Western Himalaya by Pratap er al.** using four

L ° decades of mass balance observations of ten glaciers in
x 30 the region since 1970. Regression equation, viz. eq. (12)
2 has been developed for the Chandra basin using modelled
10 AAR and field mass balance of Chhota Shigri from
5 1987-1989 to 2002-2009. Equation (11) has been
2008 2010 2012 2014 2016 2018 200 improved into eq. (12) with data available from 1987—
Year 1989 to 2002-2012 (ref. 13).
—— Conventional AAR method (%) —&—T1/DD method (%)

MB =243.01 * AAR — 120.187, Q)

Figure 11. AAR calculated for Mulkila glacier from 2008-2009 and
2011 2015 e comventonal and DDVTL nethod The sl b\ 5057+ AAR - 1215, (10
MB =174.6 * AAR — 123.2, (11)
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020 MB =186.3 * AAR — 122.8, (12)
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Figure 12. Regressed mean mass loss for the nine selected glaciers in

Bhaga basin using different equations from the literature.

relating AAR and field mass balance. Different regres-
sion eqs (9) to (12) available in the literature have been
used to calculate mass balance of the nine glaciers
(Figure 12) and the Bhaga basin. Equation (9) was deve-
loped by Kulkarni et al'’” for Shaune Garang and
Gor-Garang glaciers in Himachal Pradesh based on field

1970

Only limited studies on glacier mass balance are available
in the literature for the Bhaga basin. Angchuk ez al.** and
Kuhn*® have reported the mass balance of Patsio glacier
using glaciology (2012-2013) and geodetic (2000-2013)
methods respectively. Average mass loss for the Bhaga
basin was estimated as approximately —0.98, —1.03,
~1.074 and —1.06 m.w.e.a' using eqs (9—12) respectively.
Variations in mass balance of the nine glaciers shown in
Figure 12 can be possibly due to distinct behaviour of
these glaciers and limitations in the application of different
regression equations*’. Considering modelled mass bal-
ance obtained from [AAR (eq. (12)), it can be observed
that irrespective of glacier size, small and large glaciers
have undergone a considerable amount of thinning
around —7.74 £ 0.3 to —9.06 + 0.45 m.w.e., expect for the
Mulkila glacier (-6.07 £ 0.5 m.w.e) during the study
period. The Karparaikal glacier of an area 22.04 sq. km,
which is heavily debris-covered from snout to middle
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Table 4. Comparison of mass balance of Patsio glacier using different methods
Present study Geodetic method Glaciological
Glacier Year (m.w.e./year) (m.w.e./year) method (m.w.e.)
Patsio 2012-13 -1.14£0.30 -0.26 £ 0.11 0.04 £ 0.40
2015-16 -0.92 £0.30 - —0.68
2016-17 -1.15+£0.30 - —0.45

Table 5. Details of in situ data collected
Glacier ID RGI50-14.12673
Glacier type Debris-free glacier
Basin Indus
Date of validation 18 August 2018
Model-derived transient snow line (TSL) (a) 5344 m amsl
In situ measured TSL using GNSS survey (b) 5331 m amsl
Difference (a)—(b) 13 m amsl

Figure 13. Field photographs indicating mapping of snow-line eleva-
tion using spectra precision SP80 DGPS in static mode.

accumulation region, has a cumulative mass loss of
—9.06 m.w.e. with a standard error of £ 0.09. Mass loss
obtained from AAR methods for heavy debris-covered
glaciers may sometimes result in overestimation of mass
loss.

Patsio glacier mass balance analysis

Annual mass balance measured for the Patsio glacier by
glaciological method showed positive mass balance of
0.04 £ 0.40 m.w.e. during 2012-2013 (ref. 51) and nega-
tive mass balance of —0.68 and —0.45 m.w.e during 2015—
2016 and 2016-2017 respectively®. Geodetic based mass
balance for Patsio glacier for the period 2000-2013 re-
ports thinning of the glacier with negative mass balance
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of <026 £0.11 m.w.e.a'. Mass balance from model-
based AAR (eq. (12)) for the Patsio glacier was compared
with geodetic and glaciological-based mass balance
(Table 4). Model-based mass balance of -1.14%
0.30 m.w.e. for 2012-2013, -0.92+0.30 m.w.e. for
2015-2016 and —1.15 £ 0.30 m.w.e. for 20162017 was
found to be an overestimation compared to other me-
thods. This may be possibly due to the following reasons:
(a) spatial interpolation of specific mass balance, (b)
limitations of InSAR (synthetic aperture radar interfero-
metry)-based DEMs for mountainous terrain and combin-
ing DEMs of different sensors/techniques (photogrammetry
and InSAR-based) and spatial resolution, (c¢) mass bal-
ance of a glacier or a basin averaged over the study
period and (d) application of regression equations relating
AAR and mass balance developed for different glaciers.

Field-based TSL

The method of estimating satellite-derived and model-
derived AAR and TSL was validated on a debris-free
glacier with glacier ID RGI 5.0-14.12673 near Khard-
hungla, Leh (Figure 13). Validation was carried out on 18
August 2018 in synchronization with satellite data acqui-
sition using DGPS (differential global positioning sys-
tem) of spectra Precision SP80. TSL and snout of the
glacier were mapped using static mode of GNSS (global
navigation satellite system) survey. GNSS base unit was
set for an occupation time, a minimum of 10 h to achieve
the desired level of accuracy. Post-processing of GNSS
data was carried out with Spectra Precision Survey
office ver. 4.10.3. Individual snow-line elevation points
obtained from the field and satellite image were averaged
to estimate the mean TSL altitude. From Table 5, it can
be observed that the in sifu measured TSL altitude
matches well with the model-derived TSL altitude of the
glacier, making the methodology of the present study
more robust. The appropriateness of the proposed metho-
dology to estimate modelled mass balance has been
assessed with field estimates of Chhota Shigiri during
1999-2011 (ref. 15).

Conclusion

Field data of mass balance are available for only a few
glaciers of the Himalaya, as they are least explored due to
harsh climate and inaccessibility to glaciers. Hence, in
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this study we calculate glacier mass loss using different
regression equations developed based on field estimates
of mass balance and AAR. Mass balance, TSL and AAR
have been calculated using satellite data, meteorological
data and model-based improved AAR method for nine se-
lected glaciers of the Bhaga basin. Using IAAR method,
the mean mass loss calculated for the nine glaciers of the
Bhaga basin was —1.01 + 0.3 m.w.e. a ', with basin-wide
mean mass loss of —1.06 + 0.03 m.w.e. a”' for 2008-2009
and 2011-2018. Results indicate that glaciers of the Bhaga
basin have undergone significant amount of mass loss
and thinning during the study period. Also, it has been
observed that estimation of mass loss for a specific glaci-
er varies with altitude, size, shape, temperature and other
environmental factors. Synergetic use of meteorological
data which are available throughout the year, makes the
present method and study more robust for the Himalayan
glaciers.
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