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snowlines and a temperature index model

S. A. Tawde"*, A. V. Kulkarni® and G. Bala"*?

!Centre for Atmospheric and Oceanic Sciences,
Divecha Centre for Climate Change, and

*Interdisciplinary Centre for Water Research, Indian Institute of Science, Bengaluru 560 012, India

Mass balance is an important metric to assess the
growth or decline of water stored in a glacier. The
Accumulation Area Ratio (AAR) method where mass
balance is proportional to AAR has been used to esti-
mate glacier mass balance by several studies in the
past. Since field estimates of AAR are not feasible on
every glacier, it is usually estimated by identifying the
snowline at the end of ablation season as a proxy of
Equilibrium Line Altitude (ELA) on satellite images.
However, locating ELA on satellite images is challeng-
ing due to temporal gaps, cloud cover and fresh snow-
fall on glaciers. Hence, the highest observed snowline
has been traditionally used to estimate AAR, which
usually leads to an underestimate of mass loss. To rec-
tify this problem we propose a method to estimate the
position of ELA by combining satellite images with
in situ meteorological observations and a snowmelt
model. The main advantage of this method is that it
can be used to estimate the mass balance of individual
glaciers and basins. Application of the method to eight
glaciers in the Chandra basin, Western Himalaya is
found to reduce the bias in mass balance estimates
compared to the traditional AAR technique and the
modelled estimates are in good agreement with the
geodetic method. When applied to 12 selected glaciers
in the Chandra basin, the modelled cumulative mass
balance is -1.67+0.72 Gt (-0.79+0.34m w.e.a’)
during 1999/2000-2008/09. This method can also be
used to estimate the future deviations in mass balance
using climate change projections of temperature and
precipitation.

Keywords: Accumulation area ratio, equilibrium line
altitude, glacier mass balance, temperature index model,
transient snowline.

GLACIATED area covers 40,800 sq. km in the Himalaya
and Karakoram region'. Melt water from glaciers and
seasonal snow is one of the major resources of the Hima-
layan rivers for sustaining the hydrological and socio-
economic activities of the downstream population®’.
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However, the diverse topography and climate of the
Himalaya affect the amount and seasonality of water
released from the glaciers. The water availability can be
affected due to current and future climate change*''. This
can affect biodiversity and ecosystems of the region'®.
Therefore, it is important to assess the future water security
in this region so that sound climate change adaptation poli-
cies can be developed.

Inter-annual variation in glacier run-off is correlated
with annual change in mass of the glacier'*'*. Annual cy-
cles of mass balance control glacial flow as well as
expansion/contraction of glacier length and area". Nega-
tive mass balance for several consecutive years could
lead to thinning and retreat of the snout of glaciers. This
process eventually reduces glacier area. The change in
glacier area enhances/reduces the contribution to glacier-
derived stream flows. In the initial decades of glacier
retreat more melt water would be released, followed by
cessation of melt water'>'®. Therefore, mass balance is
one of the most important metrics to assess future
changes in freshwater resources from glacier storage.

In the Himalaya, glacier mass balance is presently
estimated by several methods. Glaciological method (also
known as field estimate) is one of the most commonly
used methods, where mass balance is estimated using in
situ field studies. However, due to mountainous terrain
and logistic reasons, this method is limited to a few gla-
ciers. Hence, mass balance for most of the glaciated ter-
rains is not available from field estimates. In the Western
Himalaya, field measurements are available only for ten
glaciers out of which only two — Hamtah and Chhota Shi-
gri glaciers — have continual field mass balance records
since the last decade!”. Therefore, other methods such as
geodetic and area accumulation ratio (AAR) have been
used to estimate basin-wide glacier mass balance. The
geodetic method uses digital elevation models (DEM) of
different years. The geodetic method can provide infor-
mation about volumetric loss on a regional scale and has
been used in the Himalaya where satellite-derived DEMs
are available'® ',

The AAR method relies on a linear regression between
mass balance and AAR??%. Kulkarni** found a good
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correlation between field mass balance and AAR meas-
urements on Shaune Garang and Gor Garang glaciers in
the Baspa basin, Western Himalaya and developed a re-
gression between these two variables. The calculation of
AAR requires a knowledge of Equilibrium Line Altitude
(ELA), which can be derived in field by interpolating ob-
served mass balance to the elevation of zero net mass
balance®. Field-estimated ELA is not feasible for every
glacier in a basin because of difficulties associated with
access to mountainous terrain. However, snowlines are
easily identifiable on satellite images and the transient
snowline (TSL) at the end of the glaciological year coin-
cides with ELA on temperate glaciers'>**’. Therefore,
many studies in different parts of the Himalaya have used
satellite-derived ELA™?*! and the resultant AAR in the
regression developed by Kulkarni es al.> for estimation
of glacier mass balance.

However, identifying ELA on satellite images could be
a challenge because of temporal gaps in data, cloud cover
and fresh snowfall events on the glacier during summer
months*>**. Therefore in practice, the highest snowline in
ablation season is used as a proxy for ELA. Hence, the
mass balance estimates from the AAR method are likely
to deviate from field observations which usually take
place at the end of September. Therefore, to improve
mass balance estimates of the AAR method, we require a
method to locate the position of TSL at the end of abla-
tion season. Huss ef al.** have demonstrated a method to
monitor TSL in ablation season using terrestrial photo-
graphs, temperature index (TI) models. In the present
study, we propose an approach similar to that of Huss et
al**, to identify snowline at the end of ablation season
using satellite images; in situ meteorological data and TI
model to improve the conventional AAR method. We
demonstrate that this method improves the mass balance
estimates for some selected individual glaciers in the
Chandra basin, Western Himalaya. Further, we demon-
strate that this method can be applied on the basin scale
by extending the mass balance estimates to 12 selected
glaciers in the same basin.

Study area and data

The Chandra Basin

The study area, Chandra basin, is situated in the Lahaul—
Spiti valley, Western Himalaya, Himachal Pradesh, India
(Figure 1). This basin receives precipitation predomi-
nantly from western disturbances in the post-monsoon
and winter period (October—April) (Figure 2). The area of
the basin is ~2.44 x 10’ sq. km, with an elevation range
2800-6600 m amsl (ref. 35). There are 201 glaciers con-
stituting 29.54% of the total basin area, of which we have
selected 12 for the present study (Table 1). Two of the 12
(Chhota Shigri and Hamtah) glaciers have extensive field
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measurements. The basis for selection of the 12 glaciers
is: easily identifiable on satellite images, different orien-
tations, and located in different regions of the basin so
that the entire basin is approximately represented.

In situ data

The present method requires meteorological observations
of temperature and precipitation. In this article, near-
surface air temperature and precipitation data from Kaza
meteorological station (Figure 1) are used. The station is
located at 3600 m asl and ~25 km from the boundary of
the Chandra basin. The minimum and maximum tempera-
ture, and precipitation (rainfall and snow water equivalent
(s.w.e.)) records from 1984 to 2009 available at this
station are used. Kaza station is located in the orogenic
interior, and 28% of the average annual precipitation falls
during summer and 72% in winter (Figure 2).

The temperature lapse rates (TLRs) at 3 month inter-
vals required for the method are taken from the Snow and
Avalanche Study Establishment (SASE) observatory at
Patseo (pers. commun.). The observations of TLR are
from the Automatic Weather Station (AWS) located at
SASE Patseo observatory at 3800 m asl and near the
snout of Patsio glacier (~4900 m asl), Chandra—Bhaga
river basin, in the orogenic interior of the Greater Hima-
laya. The surface snow density, another variable required
for the method to model monthly changes in the snow-
melt factor of TI model, is also from Patseo observatory.
Though the Patseo observatory is located at a lower ele-
vation, we use snow density observed at Patseo for higher
elevation glaciers assuming similar rate of change of
snow density with time at all elevations.

Mass-balance data for Chhota Shigri from 2002/03 to
2008/09 from the glaciological method are obtained from
the literature’™’. Mass-balance estimates from field mea-
surements for Hamtah glacier from 2001 to 2008 are
taken from unpublished reports of the Geological Survey
of India (GSI).

Remote sensing data

To locate the position of snowlines in the ablation season,
Landsat-5 Thematic Mapper (L5 TM), Landsat-7 En-
hanced TM Plus (L7 ETM+) and Advanced Wide Field
Sensor (AWiFS) remote-sensing data for 10 years (2000—
2009) are used. A total of 59 satellite images (33 from
Landsat and 26 from AWiFS) with least cloud cover are
selected. Data for year 2003 are not used because of gap
in the satellite imageries.

The Global Digital Elevation Model (GDEM) of
Advanced Space-borne Thermal Emission and Reflection
Radiometer (ASTER) is used in this study to delineate
elevation contours on glaciers. The data have a 1 arc-sec
horizontal resolution with a vertical accuracy of 17 m
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Figure 1.

Map of the Chandra basin, Western Himalaya showing location of the selected individual glaciers

(Table 1). The colour scale indicates elevation range (m asl). The locations of two in situ monitoring stations,
Patseo (3800 m asl) and Kaza (3600 m asl) are marked by triangles. Temperature and precipitation records for the
present study are taken from Kaza station, and data for temperature lapse rate and snow density are from Patseo

station.
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Figure 2.

Climatological mean monthly precipitation at Kaza meteorological station from 1984 to

2009. The histogram shows both monthly precipitation and percentage contribution of monthly precipita-
tion to the annual total precipitation. Blue colour indicates snowfall and green colour indicates rainfall.
This station is situated in the orogenic interior of the Western Himalaya and receives the highest precipi-
tation in winter months due to western disturbances: 28% of annual mean precipitation is received in

summer and 72% in winter.

(11 m) on global scale (Himalayan terrain)*®. In addition,
the glacier numbers, boundaries and attributes are adapted
from Randolph Glacier Inventory version 4 (RGI v4)*’.

Methodology

The method involves estimation of: (i) transient snow-
lines on satellite images in the ablation season; (ii) total
summer ablation (May—September) at each altitude; (iii)
precipitation gradient in the vertical for the basin; (iv) post-
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monsoon and winter accumulation (September—May) at
each altitude; (v) model-derived ELA and AAR, and (vi)
annual specific mass balance using a regression developed
between mass balance and AAR (Figure 3 and Table 2).

Satellite-derived transient snowlines

The visible and infrared bands of Landsat TM and
AWIFS are used to identify transient snowlines (TSLg,).
For determining the elevation of TSL, we rely on the
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Table 1. Topographic characteristics of the 12 selected glaciers in the Chandra basin, Western Himalaya
Minimum Maximum
elevation elevation Slope Aspect
Index Glacier number Area (km?*) (m asl) (m asl) (degree) (degree)
1 20,668 8.95 4770 6195 20 135
2 20,689 14.74 4555 6425 15 90
3 20,715 13.91 4062 5752 26 0
4 20,726 7.42 3881 5594 27 225
5 20,739 77.87 4153 6069 14 135
6 20,770 26.56 4506 6047 16 90
7 20,986 5.16 5096 6064 16 0
8 21,094 14.12 4340 5924 18 180
9 21,887 2.14 5121 6096 19 0
10 20,313 22.70 4453 6169 15 0
11 21,083 (Chhota Shigri)  15.57 4240 6089 18 0
12 21,138 (Hamtah) 3.77 4036 4984 20 0

Glacier number, area, slope and aspect are taken from RGI v4 global glacier inventory and elevation information

is taken from ASTER DEM.

hypsometric curves of individual glaciers. The uncertainty
in satellite-derived snowline elevation is estimated by
adding independent sources of uncertainty®"*%: (i) altitude
estimation by DEM (11 m); (ii) variations in slope near

TSL and (iii) spatial variation of elevation along TSL.

Total ablation

Cumulative ablation during summer at elevation bands of
50 m interval is obtained using TI model. Ablation during
October—April is assumed to be negligible because the
temperature is mostly below freezing point. At a given
altitude j, the cumulative amount of ablation M; (mm) at
the glacier surface on the nth day from 1 May is given by

n
M; =stn0W,i,j "PDD, ;, (D
i=l

where Fyoy is snow melt factor (mm °C™' d™') and PDD
is positive degree-days (°C). The daily minimum and
maximum temperature, and PDD are computed at each
elevation using temperature data and TLR observations.
The snowmelt factor is derived using the empirical rela-
tionship between snow density and melt factor*'

Faow =11-(ps/py,), (2)
where p, and p,, are the density (kg m™) of snow and
water respectively. To account for the metamorphic trans-
formation of snow, ps at each altitude is increased when
air temperature at that elevation is above freezing point
(PDD > 0), i.e. melting begins at that elevation. The date
in the ablation season when the melt starts at each eleva-
tion is recorded. The time interval between that date and
30 September is divided into five equal intervals, and o
is increased in those intervals. This takes into account
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spatial as well as temporal variations in snow density and
hence melt factors. Our estimates of snow melt factor
range between 2.31 and 3.85 mm °C'day ', which is
comparable with constant snow melt factor of 4 mm °C"'
day ' used by Huss et al.**.

Precipitation gradient and total accumulation

At the elevation of transient snowline, the amount of
snow melt balances accumulation®’. This definition is
used to calculate total accumulation at TSL,, and esti-
mate the precipitation gradient between TSL, and the
meteorological station. The cumulative melt from 1 May
to TSLy, day and altitude are calculated using the TI
model. All TSLg, used in this analysis are before the first
summer snowfall on glacier, i.e. between 1 June and 30
September, so that winter accumulation remains uninter-
rupted by summer snowfall. The precipitation gradient
Pgrad (%m ") is then derived using the equation

° C, |*100
(Prsp — Bopn) *100 (zn:]“n - o)*
grad — =

(Az* Fyry) (Az*Cy)

NE)

where Prsp and Psry are precipitation accumulated at the
elevation of TSL and meteorological station respectively.
The elevation difference between TSL, and the meteoro-
logical station is Az, a, is the ablation (mm d') at the
level of TSLg, on day and the summation in the term
gives the cumulative ablation from 1 May up to TSLgy
day (D). The parameter C, is post-monsoon and winter
accumulation (mm) at the meteorological station.

The average precipitation gradient for the basin is cal-
culated using snowlines on the 12 glaciers. This is then
used to calculate total accumulation at each elevation.
Accumulations by avalanches and wind drift are not
taken into account.

CURRENT SCIENCE, VOL. 111, NO. 12, 25 DECEMBER 2016
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Figure 3. Flow chart representing the methodology adopted in the present study. It includes the following major
procedures: calculation of (a) satellite-based transient snowlines; (b) altitudinal distribution of melt; (c¢) precipita-
tion gradient; (d) altitudinal distribution of accumulation equilibrium line altitude; (¢) ELA and area accumulation

ratio (AAR), and (f) mass balance.

Table 2. Parameters used in the present study for the 12 selected
glaciers
Parameter Values
Elevation (m asl) 3875-6475
Lapse rate (°C km™) 7.7 (MAM)
7.9 (JJA)
9.1 (SON)
Snow melt factor (mm °C™' day™) 2.31
2.37
3.08
3.63
3.85
Precipitation gradient (% km™") 190 + 180

Modelled ELA, AAR and mass balance

The model altitudinal distribution of ablation and accu-
mulation is used to monitor positions of TSL in summer
months. The TSL calculated at the end of a glaciological
year, i.e. 30 September is referred to as the modelled
ELA (ELA04). The ELA,,,q and hypsometry of glaciers
are used to obtain the modelled AAR (AAR,q). How-
ever, as discussed earlier, elevation of ELA ¢ will be
close but may not necessarily be the same as field-
derived ELA, which could lead to errors in mass-balance
estimates. In order to minimize this error, we have
regressed modelled AAR with field mass balance for
Chhota Shigri glacier. This regression relationship is then
applied to other glaciers in the basin to calculate mass
balance.
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The general regression equation between AAR and
mass balance is*

B= axAAR -b, 4

where B is the annual specific mass balance (cm water
equivalent (w.e.)) of the glacier and AAR is accumulation
area to the total glacier area ratio.

Uncertainty analysis

The uncertainty in modelled mass balance is estimated by
adding uncertainty in (i) TSL estimation and (ii) AAR-
mass balance relationship. Uncertainty in TSL estimates
mainly arise from (i) station temperature (T); (ii) station
snowfall (P); (iii) TLR (y); (iv) precipitation gradient
(Pgrad), and (v) snow density (p). The uncertainty in mod-
elled TSL is calculated using error propagation formula
for multiple, repetitive and independent variables*’. The
uncertainty in any quantity z which is a function of a set
of independent variables is given as

2 2 2
(géTj +(25P) + 8—257/
or oP oy
S5z = 5 , Q)
+ iépgrad +(6_2ng
OFyraa op

where 6T, OP, Oy, 6Py and Jp are the uncertainties in
the measurements of the variables 7, P, y and Pg,q and p
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Figure 4. a, Estimated precipitation gradients *(% km

Shigri

: in the vertical direction) for the 12 selected glaciers in the Chandra basin. Dashed line

represents the mean value of precipitation gradient used in this analysis. L (W) on the bars indicates whether the glacier is located on the leeward
(windward) side of the westerly winds. b, Variation of precipitation gradient (% m'; along the radial axis) with orientation (azimuth). The gradi-
ents are averaged for glaciers with the same aspect. Glaciers in the southwest direction exhibit the highest precipitation gradient likely due to the

influence of westerlies in the winter season.

respectively. Here, values for 67 and OP are taken from
standards of World Meteorological Organization (WMO)
as 0.1°C and 2% respectively**. We take standard devia-
tion in our estimate of precipitation gradient for the basin
as the uncertainty in Pg,4. The uncertainty in Jy is taken
as 0.5°C/km. Further, we set dp to be 30% of the mean
measured snow density in ablation season which takes
into account the change in melt factor by 1 mm °C ' d".
The calculated uncertainty in TSL is converted into
uncertainty in AAR and mass balance by combining all
hypsometric information of selected glaciers.

To estimate error due to the use of eq. (4) developed
for the Chhota Shigri glacier on other glaciers with vary-
ing geomorphology, we compare mass-balance estimates
using eq. (4) and field observations on Naradu glacier,
Baspa basin. We chose Naradu glacier because Baspa
basin is adjacent to Chandra basin. Field AAR of Naradu
glacier for the years 2000/01-2002/03 (ref. 45) is used in
eq. (4) to obtain modelled mass balance. The RMSE
between field and model mass balance of Naradu glacier
is used to assess the applicability of the regression deve-
loped in Chhota Shigri to neighbouring glaciers.

Results

Precipitation gradient over the Chandra basin

Potentially one could construct 708 glacier snowlines
from the 59 satellite images on the 12 selected glaciers.
However, since we consider only cloud-free days and
days before first summer snowfall on the glacier, we are
left with only 272 snowlines to calculate the mean pre-
cipitation gradient. We calculate the mean precipitation
gradient for the 12 selected glaciers in the Chandra basin
as 190 + 180% km ™' or 440 + 60 mm km'. The precipita-
tion gradient ranges from 53 to 393% km ™' (Figure 4 a),
with the mean at 70th percentile, indicating skewness in
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the distribution. The large standard deviation in precipita-
tion gradient is likely due to large variability in regional
orography which controls spatial distribution and amount
of precipitation®®***,

The highest (lowest) precipitation gradient is calculated
for glaciers oriented in southwest (east and southeast)
direction (Figure 4 b), possibly because the southwest-
facing glaciers are situated on the windward side of the
westerlies. A positive correlation of 0.65 is found
between the slope and precipitation gradient of glaciers,
suggesting that the glaciers in the Chandra basin with
steep slopes and slopes exposed to western disturbances
receive more precipitation during winter.

Our estimate of 190 + 180% km™' for precipitation gra-
dient is likely to result in reasonable estimates of accu-
mulation on the glaciers in the Chandra basin, because
the estimated accumulation in post-monsoon and winter
season (September—May) on the Chhota Shigri glacier for
2001-2009, ie. +1.17m w.e.a' is close to +0.94 m
w.e.a ' (November—April for 2001-2012) reported by
Azam et al.*®, though the precipitation gradient in their
study (0.20 m km™") is smaller than the present analysis
(0.44 m km™"). This difference in the precipitation gradi-
ents may be due to topography and location of weather
stations. The aforementioned study uses data from Bhun-
tar station (1039 m asl) situated at the orogenic front,
which receives most of the annual precipitation in the
monsoon season. However, we used data from Kaza
station (3600 m asl) situated in the same valley of the
Chandra basin, which predominantly receives precipita-
tion from the westerlies.

Satellite-derived and modelled transient snowlines

Monthly averaged snowlines over 12 glaciers are
estimated using satellite-derived transient snow lines

CURRENT SCIENCE, VOL. 111, NO. 12, 25 DECEMBER 2016
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Figure 5. a, Elevation of satellite-derived transient snowlines and b, monthly averages in the ablation

season from 2001 to 2009 averaged over the 12 selected glaciers (see Figure 1). The vertical bar in
(a) indicates the standard deviation in snowline altitude which includes glacier-to-glacier variability, and
in (b) it also includes the year-to-year variability. The colour dots represent positions of the
snowline in different years. The mean for each month is shown by the large filled circle in (b).

(Figure 5). A total of 497 snowlines during the entire ab-
lation period from 2001 to 2009 are used. The mean alti-
tude of snowline increases progressively from 4716 £
357 m asl in June to 5029 + 324 m asl, i.e. maximum in
August. Here, the uncertainty estimates are given by the
standard deviation. In September, mean elevation of tran-
sient snowline declines by 432 m to 4597 + 462 m asl.
Variability in mean altitude of snowline from glacier to
glacier is possibly due to topography and orientation of
the glaciers®. However, inter-annual variation is likely
due to temperature and precipitation’’. Here, the uncer-
tainty estimated in satellite-derived TSL altitude is
+ 230 m.

The present analysis indicates that the satellite-derived
highest average snowline of the study area occurs in
August, which is considered as ELA in the conventional
AAR method. However, the melt season extends to the
end of September or early October, when the field meas-
urements take place®. The simulated fraction of monthly
snowmelt with respect to the total melt in summer (May—
September) increases progressively from May (6.25%)
to August (33.53%), and also shows 17% of melt in
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September. Therefore, the elevation of modelled snow-
lines increases throughout the ablation season and
reaches a maximum in September (Figure 6), unlike satel-
lite-derived snowlines (Figure 5). Hence, the decline in
the elevation of TSL in September in satellite images
(Figure 5) is likely erroneous, because of fresh snowfall.

The correlation between satellite-derived and modelled
snowlines before the first summer snowfall on the gla-
ciers is 0.58. The mean ATSL (satellite-derived TSL-
modelled TSL) is calculated as 2.07 £433.96 m. Approxi-
mately 83% of all the ATSL values are within + 500 m.
The vertical movement of satellite-derived and modelled
TSLs for four glaciers and for four different years, shown
in Figure 6, indicates that overall the present model is in
qualitative agreement with satellite-derived snowlines in
the ablation season. The quantitative difference between
modelled and satellite-derived TSLs is likely due to (i)
use of mean precipitation gradient for all the glaciers; (ii)
assumptions in the TI model that the snowmelt depends
only on temperature and (iii) modelled TSL elevation
represents one point on the glacier while satellite-derived
TSL is spatially averaged elevation of TSL.
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Vertical movement of satellite- and model-derived transient snowlines in the ablation season. The snowlines are shown only

for glaciers (and years) where there are at least four satellite images in the ablation season. The solid lines with squares indicate the mean
modelled snowlines in the ablation season and the shading represents uncertainty (£ 210 m; see text). The dotted lines with triangles show
the satellite-derived snowlines from the start of ablation season to the highest elevation in summer. Though there is some overestima-
tion/underestimation in the altitude of the modelled snowlines, the model successfully captures the typical upward migration of observed

snowlines in the ablation season.

New regression and mass balance of Chhota Shigri
and Hamtah glaciers

Once we estimate ELA and AAR using the present
method, we develop a regression fit between field mass
balance and modelled AAR for Chhota Shigri glacier
from 1987/88—88/89 to 2002/03-2008/09 (ref. 17). The
regression relation is

B=174.6%xAAR 1232, (6)

where B is the annual specific mass balance (cm w.e.) of
the glacier. We find a good correlation between field
mass balance and modelled AAR, with 7 of 0.83.
According to eq. (6), the AAR representing zero mass
balance is 0.7 whereas it is 0.5 in Kulkarni ef al.**. When
compared with Kulkarni er al.”, the slope of eq. (6) is
reduced which implies more negative mass balance for
the same AAR. A comparison of mass-balance estimates
using eq. (6) and other regressions in the literature for the
Western Himalaya is given in Table 3, which shows
that the RMSE between field and modelled mass balance
using eq. (6) for Chhota Shigri is the lowest. Equation (6)
also converges to the regression developed for the
Western Himalayan glaciers (Table 3), indicating that it
can also be used for other glaciers in the Western Hima-
laya.

For comparing the modelled mass balance with
conventional AAR method (Figure 7), we calculate the
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annual specific mass balance using the highest satellite-
derived snowline in the ablation season in eq. (4). The
values for a and b for the conventional AAR method are
adapted from Kulkarni et al’. The uncertainty in the
conventional AAR method is estimated using uncertainty
in satellite-derived TSL and AAR—mass-balance equation
of Kulkarni ef al.* for Naradu glacier. While the conven-
tional method underestimates the mass loss, there is good
agreement between modelled and field estimates of mass
balance (Figure 7). The cumulative mass balance using
the conventional AAR method is —0.24 + 3.00 m w.e. for
the period 2003/04-2008/09. This is an underestimate of
mass loss when compared to field estimates of —4.27 +
2.40 m w.e. for the same period. RMSE and correlation
between field and conventional AAR method is 0.81 m
w.e and 0.68 respectively. For the same period, model-
estimated mass balance is —4.68 £ 2.04 m w.e. and RMSE
and correlation are 0.26 m w.e. and 0.94 respectively.
Hence the present method improves mass-balance esti-
mates by reducing the mean absolute error by 50.44%
compared with conventional AAR technique.

Since satellite images and Kaza station data are avail-
able, we are also able to calculate mass loss for the same
period of available geodetic studies for Chhota Shigri
glacier (Table 4). For the period 1999/2000-2003/04,
annual mass balance of Chhota Shigri glacier derived
using geodetic method is —1.03 + 0.44 m w.e.a ' (ref. 20).
In agreement with the aforementioned study, the present
method estimates mass loss of —1.16 + 0.34 m w.e.a ' for
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Table 3.

Estimation of glacier cumulative mass balance for Chhota Shigri glacier for the period 2002/03—-2008/09 using

different regressions between mass balance and accumulation area ratio (AAR). Modelled AAR is used in all these regres-
sions to estimate mass balance. RMSE is calculated between regression-predicted annual mass balance and glaciological
mass balance measurements. The cumulative mass balance from glaciological measurements for this period is —5.66 m w.e.

Regression relation

Regression (x is AAR and y is Cum. mass

developed for Reference mass balance) balance (m w.e.) RMSE (m w.e.)
Western Himalaya 17 y=2057*x—-121.8 -5.14 0.26
Baspa Basin 23 y=243.0*x - 120.2 —4.42 0.34
Chhota Shigri glacier 17, 36 y=3813%x—242.5 -10.73 0.95
Chhota Shigri glacier This present study y=174.6%x - 123.2 -5.76 0.25

Table 4. Comparison of mass balance using different methods for Chhota Shigri and Hamtah glaciers in the Chandra basin
Present study ~ Conventional AAR Glaciological Geodetic method
Glacier Study period (mw.e.a')  method* (m w.e.a™') method (m w.e. a™") (mw.e. a)
Chhota Shigri 1999-2004  -1.16 £0.34 -0.24 £0.50 —1.03 £ 0.44 (ref. 20)
1999-2011 -0.93 £0.34 —-0.06 £0.50 -0.39£0.15
(refs 19, 20)
2002-2008  —0.95+0.34 —-0.09 £0.50 -0.97 £0.40 —0.69 £ 0.43 (ref. 51)
(refs 36, 37)
Hamtah 2000-2002  —-1.23 £0.34 -0.87 £0.50 —1.53%%*
2003-2008
1999-2011 -1.23£0.34 -0.79 £0.50 —0.45 £ 0.15 (ref. 20)

*Mass balance estimates by the conventional AAR method do not include the year 2003 due to satellite data gap.
#*GSI unpublished reports. m.w.e.a”', Meter water equivalent per annum.
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The annual specific mass balance (m w.e.) of Chhota Shigri glacier from 2002/03 to 2008/09 using

field***” (blue), the present method (red) and conventional AAR method (orange). The shading around the red line
represents the uncertainty in the modelled estimate (£ 0.34 m w.e.; see text).

the same period (Table 4). However, mass balance of
Chhota Shigri glacier from 1999/2000 to 2003/04 using
the conventional AAR method is underestimated at
~0.24+£0.50m w.e.a .

For the years 2002/03-2007/08, mass loss of approxi-
mately —0.69 + 0.43 m w.e. a ' for Chhota Shigri glacier
is available using elevation change over a 2° x 2° cell
around the glacier using ice, cloud and land elevation
satellite (ICESat) altimetry data (Table 4)’'. The mod-
elled mass balance of —0.95 + 0.34 m w.e.a ' for the same
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period is comparable with the results of Kiib ef al.>' and
glaciological mass balance (—0.97 +0.40 m w.e.a').
However, mass loss is underestimated by the conven-
tional AAR method at —0.09 £0.50 m w.e.a ' for this
period too. The annual mass loss estimated for the longer
period of 1999/2000-2010/11 using geodetic approach®
is smaller (-0.39+0.15m w.e.a’') than the modelled
mass loss of Chhota Shigri calculated for the years
1999/2000-2008/09 (—0.93 + 0.34 m w.e.a'). Even for
this longer period, we find that the conventional AAR
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Table 5.

Comparison of modelled mass balance (in m w.e.) for the period 1999/2000-2008/09 with geodetic mass

balance from Gardelle ef al." for the period 1999/2000-2010/11 for eight glaciers in the Chandra basin

Present study

Conventional AAR method

Geodetic method
(mw.e.a)

Departure of model
from geodetic (%)

Glacier (mw.e.a) (mw.e.a)
Chhota Shigri -0.93 £0.34 —0.06 £0.50
Hamtah -1.23£0.34 -0.79 £0.50
20689 —0.70 £ 0.34 —0.05 £0.50
20313 —0.63 £0.34 +0.13 £ 0.50
20770 -0.72 £0.34 —0.07 £0.50
20739 —0.76 £ 0.34 —0.09 £0.50
21887 -0.34 £0.34 -0.13 £0.50
20986 -0.39 £0.34 0.04 +0.50
Mean -0.71 £0.34 -0.13 £0.50

—0.39+£0.15 —138.46

—0.45+0.15 -173.33
—0.87 19.54
-0.26 —-142.31
-0.49 —46.94
-0.59 -28.81
—-0.50 32
—0.51 23.53
—0.51 -39.22

method underestimates the mass loss over Chhota Shigri
glacier.

Mass balance for Hamtah glacier calculated for
2000/01-2001/02 and 2003/04-2007/08 using the present
model is —1.23 +0.34 m w.e.a ', which agrees well with
field-observed mass loss of —1.53 m w.e.a”' (Table 4).
However, for the same period the conventional AAR
method underestimates the mass loss at —0.87 £ 0.50 m
w.e.a '. The field and modelled estimates of mass loss on
Hamtah for the years 1999/2000-2008/09 are quite high
compared to the geodetic mass balance value for years
1999/2000-2010/11 (ref. 20) (Table 4). The aforemen-
tioned study suggests that the discrepancy between geo-
detic approach and field estimates could be due to lack of
field survey in accumulation zones of some glaciers in
this region.

Mass balance of eight selected glaciers in Chandra
basin

The model-derived mass balance is also compared with
the available geodetic estimates of eight glaciers includ-
ing Chhota Shigri and Hamtah in the Chandra basin
(Table 5). The modelled mass balances (1999/2000—
2008/09) differ on individual glaciers compared to geo-
detic mass balance (1999/2000-2010/11) using data of
Gardelle ef al.”®. The departure of modelled mass balance
from geodetic approach ranges from —173.33%
to +32.00%. However, mean modelled mass loss
(-0.71+£0.34m w.e a') is comparable with geodetic
estimates (—0.51 m w.e.), indicating that it may converge
at a larger scale as suggested by Vincent er al.*’. How-
ever, in all the cases, the conventional AAR method
(1999/2000-2001/02, 2003/04-2008/09) highly underes-
timates the mass loss.

The reason for discrepancy between modelled and
geodetic mass balance estimates on individual glaciers
(Table 5) could be: (i) elevation biases on small glaciers
and data gaps due to presence of clouds and shadows
in the geodetic data®; (ii) glacier-to-glacier variations in
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seasonal mass balance corrections™’; (iii) geodetic
approach includes basal and internal mass changes of the
glaciers on longertime scale’”, whereas modelled mass
budgets are restricted to the surface, and (iv) variations in
incoming solar radiation received due to different aspects
of glaciers are ignored in the present model.

Application of the method on basin level

To demonstrate that the present approach can be applied
on a basin scale, the annual specific mass balance for the
12 selected glaciers is simulated for the decade of 1999/
2000-2008/09 (Table 1; Figure 8 a and b). We find that
the highest positive annual mass balance is obtained for
2004/05, when there was comparatively heavy winter
precipitation and low temperature in the ablation season
(Figure 8a). The largest negative annual mass balance
was in the year 2000/01, when it was warmer and winter
precipitation was smaller. Almost all the analysed gla-
ciers were losing mass during 1999/2000-2008/09
(Figure 85b). The largest negative cumulative mass
balance of 0.59 £ 0.26 Gt is simulated for Samudratapu
glacier (glacier no. 20739), while nearly stable mass
balance of +0.007 + 0.007 Gt is estimated for glacier no.
21887 (Figure 8 b). The 12 glaciers in the Chandra basin
experience a mean mass loss rate of 0.79 + 0.34 m w.e.a .
This translates to a total volume loss of 1.67 £ 0.72 Gt for
the same period. Our results agree with recent studies™**
that found a similar mass loss and retreat of glaciers in
the Chandra basin.

Uncertainty estimates

The calculated change in snowline elevation with precipi-
tation at Kaza station (0Z/0P) is —64 m per 10 mm
increase in total winter precipitation, and the change in
snowline elevation with temperature (0Z/07) is calculated
as +107 m per 1°C rise in temperature. Similarly, partial
derivatives of ELA with respect to precipitation gradient,
temperature lapse rate and snow density are calculated.
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a, The modelled mean annual mass loss averaged over the 12 selected glaciers (Table 1) in the Chandra basin (bars).

The blue colour triangles indicate total accumulation (September—May) at Kaza station in snow water equivalent (mm). The posi-
tive degree days (PDD) in the ablation season (May—Sept) at Kaza are indicated by orange-coloured dots. b, The modelled cumula-
tive mass loss for selected glaciers in the Chandra basin from 1999/2000 to 2008/09. We can see that all the 12 selected glaciers

are losing mass.

The change in snowline altitude with snow density
(0Z/0p) is calculated as +81 m for a 30% change in snow
density, which accounts for 1 mm °C"' day ' change in
melt factor. Uncertainty in ELA is found to be less sensi-
tive to changes in snow melt factor, which is also obser-
ved by Huss et al.**. The elevation of snowline changes
by =77 m for a 0.5°C km™' increase in lapse rate (62/07)
and by —178 m for a 0.18% m ' increase in precipitation
gradient (0Z/0Praq).

Substituting all these values in eq. (5), we estimate that
the uncertainty in the modelled snowline is 210 m. This
uncertainty in ELA translates to an uncertainty in AAR of
1 0.19. When it is used in eq. (6), we calculate an uncer-
tainty of = 0.34 m w.e. for model-derived annual specific
mass balance. The uncertainty due to the use of eq. (6)
developed on Chhota Shigri glacier to Naradu glacier is
found as 0.01 m w.e., which adds negligible uncertainty
to the total uncertainty in model mass balance.
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Discussion and conclusion

Identification of ELA on satellite images is challenging;
therefore in practice, the highest available satellite-derived
transient snowline in the ablation season is considered as
ELA in the conventional AAR method. However, this
assumption usually leads to underestimation of mass loss.
Therefore, we have developed a method that combines
satellite images, a snowmelt model and meteorological
measurements to locate the position of ELA. From the
modelled ELA, modelled annual AAR is calculated and
regressed against the field estimates of mass balance on
Chhota Shigri glacier in the Chandra basin. This regression
relationship is then used on several selected glaciers in the
same basin to calculate mass balance. One advantage of our
method is that the annual mass balance estimates are fea-
sible even for years without satellite images as long as
station meteorological data are available for that year.
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We compare our modelled mass balance with field ob-
servations, the conventional AAR method and available
geodetic estimates for the Chandra basin. We find that the
conventional AAR method substantially underestimates
the mass loss compared to field measurements on Chhota
Shigri and Hamtah glaciers. Application of our method
reduces the mean absolute bias in mass balance by
50.44% compared to the conventional AAR technique for
Chhota Shigri glacier (Table 4). We also apply our
method to six other glaciers where geodetic estimates are
available (Table 5). The mean annual mass loss of
—0.71+0.34m w.e.a' for 1999/2000-2008/09 using the
present method is comparable to the geodetic estimate of
—0.51 m w.e.a”' when averaged over all the eight selected
glaciers. However, modelled mass loss differs from geo-
detic estimates on individual glaciers for longer time-
period. For all the eight glaciers, the conventional AAR
method underestimates mass loss, i.e. —0.13 +0.50 m
w.e.a . For some glaciers, the conventional method indi-
cates mass gain whereas other approaches show mass loss.

As discussed earlier, the present method can be applied
on basin scale. For the 12 selected glaciers in the Chandra
basin, the analysis shows that cumulative loss is
1.67+£0.72 Gt (-0.79+0.34m w.e. a') for the years
1999/2000-2008/09. Application of the method to all
glaciers in the basin and estimation of mass balance of
the entire basin will be the focus of our next study.

There are several limitations to the method proposed
here. First, application of the approach needs in sifu me-
teorological data from at least one station in or near the
basin. Second, lack of field observation in a basin could
limit validation of the method in that basin. The third
limitation is that the method assumes the spatial distribu-
tion of snow depth within elevation zones is constant.
However, in reality world snow depth could have spatial
variations because of differences in snowfall and shadow-
ing over rugged terrain. This could introduce some uncer-
tainty in mass-balance estimates. Fourth, calculation of
melt using TI model ignores the changes in incoming
solar radiation due to different aspects and slopes of gla-
ciers. However, this limitation can be avoided by includ-
ing finer topographic features of the glaciers. Fifth, the
situations where ELA crosses the highest elevation of
glacier or mass balance changes with no shifts in the
former, constrain the application of AAR-mass-balance
relationship. Another limitation is that the method cannot
be applied on glaciers extensively fed by avalanches, i.e.
Turkestan-style glaciers. Further, the present method is
applicable to alpine glaciers having distinct accumulation
and ablation seasons.

The model-derived mass balance estimates clearly in-
dicate that the 12 selected glaciers in the Chandra basin
show retreat in the last decade. This could be because of
the on-going climate change. There are indications that
the current mass loss of glaciers could accelerate in the
future”'". Since the present approach can be implemented
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on a basin or regional scale when meteorological data are
available, it can be used to infer the future deviations in
mass balance when climate change projections of
temperature and precipitation are incorporated into the
method while keeping non-climatic variables constant.
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