J. Earth Syst. Sci. (2017) 126:55
DOI 10.1007/s12040-017-0839-6

c Indian Academy of Sciences


Reconstruction of specific mass balance for glaciers
in Western Himalaya using seasonal sensitivity
characteristic(s)
Vinay Kumar Gaddam1,* , Anil V Kulkarni2 and Anil Kumar Gupta3
1

Cryosphere Science Division, National Center for Antarctica and Ocean Research, Goa, India.
Center for Climate Change, CAOS, Indian Institute of Science, Bangalore 560 012, India.
3 Department of Civil Engineering, Dr. Ambedkar Institute of Technology, Visvesvaraya Technological
University-RC, Bangalore, India.
*Corresponding author. e-mail: Gaddam vinay@ymail.com; vinay@ncaor.gov.in
2 Divecha

MS received 9 September 2016; revised 10 February 2017; accepted 12 February 2017;
published online 12 June 2017

Seasonal sensitivity characteristics (SSCs) were developed for Naradu, Shaune Garang, Gor Garang
and Gara glaciers, Western Himalaya to quantify the changes in mean speciﬁc mass balance using
monthly temperature and precipitation perturbations. The temperature sensitivities were observed
high during summer (April–October) and precipitation sensitivities during winter months (November–
March), respectively. The reconstructed mass balance correlates well with the ﬁeld and remote sensing
measurements, available between 1980 and 2014. Further, SSCs were used with the monthly mean
temperatures and precipitation estimates of ERA 20CM ensemble climate reanalysis datasets to
reconstruct the speciﬁc mass balance for a period of 110 years, between 1900 and 2010. Mass balance
estimates suggest that the Shaune Garang, Gor-Garang and Gara glaciers have experienced both positive
and negative mass balance, whereas the Naradu glacier has experienced only negative mass balance since
1900 AD. Further, a cumulative loss of −133 ± 21.5 m.w.e was estimated for four glaciers during the
observation period. This study is the ﬁrst record from Indian Himalaya in evaluating the mass balance
characteristics over a century scale.
Keywords. Speciﬁc mass balance; seasonal sensitivity characteristic; Baspa basin; Western Himalaya.

1. Introduction
Himalayan glaciers play a signiﬁcant role in
providing the melt runoﬀ to ∼1.3 billion people
for domestic and industrial applications (Rathore
et al. 2009; Immerzeel et al. 2010; Bolch et al.
2012; Kulkarni 2014). Due to their rapid wastage
and huge mass turnover, these glaciers are highly
sensitive to the climate change (Adhikari and
Hybrechts 2009; Maurer et al. 2016; Zhao et al.
2016). At present, they are under threat due to

ongoing rise in temperatures, rapid industrialization and other anthropogenic factors (IPCC 2014;
Kulkarni et al. 2007, 2013; Immerzeel et al. 2010;
Gaddam et al. 2016). Understanding the glacier
response/sensitivity to climate change is therefore
necessary to assess evolution over long-term and
possible changes in water resources at regional
level (Kulkarni 2014). Glacier’s sensitivity is determined by the factors such as glacier shape/size,
hypsometry, bed topography and mass balance
(Adhikari and Hybrechts 2009). Out of these, mass
1
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balance is a crucial parameter which governs the
extent of a glacier, by forming a vital link with the
changing climate (Paterson 1998; Oerlemans 2001).
Several mass balance investigations were carried in
Indian Himalaya, and suggests that the glaciers
(except Karakoram) have experienced negative
mass balance (Bolch et al. 2012; Gardelle et al.
2013; Vincent et al. 2013; Azam et al. 2014;
Gaddam et al. 2016; Pratap et al. 2016). However, these studies are based on the mass balance
observations of few glaciers and for short durations starting after 1970s. Long-term mass balance characteristics of Himalayan glaciers are still
unknown.
Glacier mass balance studies in Indian Himalaya
have many limitations like (a) ﬁeld-based investigations are rare due to harsh weather, rugged
topography and limitations in providing the high
altitude logistics. As a result, ﬁeld mass balance
exists only for 12 glaciers (Kulkarni and Karyakarte
2014; Gaddam et al. 2016). (b) Remote sensing
(AAR/ELA and geodetic) studies are limited to
the availability of satellite data and for very short
period (Kulkarni et al. 2004; Gardelle et al. 2013;
Gaddam et al. 2016), and (c) limitation exists in
regression-based analysis, since it includes more
number of predictands, diﬀer from glacier to glacier
for a given climate setting (Rabatel et al. 2013).
Therefore, in order to estimate the long term (century scale) mass balance of individual glaciers,
Oerlemans and Reichert (2000) have deﬁned a
method based on seasonal sensitivity characteristic (SSC: 2×12 matrix). This gives the dependence
of speciﬁc mass balance on monthly perturbations
in temperature and precipitation. Therefore, in the
present study, the SSC method is adopted to evaluate the long term mass balance of four glaciers
located in Western Himalaya (ﬁgure 1). The SSCs
are developed using meteorological data obtained
from Rakcham Observatory (3050 m.a.s.l) and a
temperature index melt model, which were further forced with ERA 20CM ensemble climate
reanalysis datasets available from European Centre for Medium-range Weather Forecasting center
(ECMWF) to reconstruct the glacier’s speciﬁc
mass balance for a period of 110 years between 1900
and 2010, respectively.

2. Study area
Baspa basin is a ﬁfth order basin of Sutlej river,
Western Himalaya and consists of 89 glaciers
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covering a geographical area of 238.65 km2
(Raina and Srivastava 2009). Out of these glaciers,
three glaciers namely Naradu (3.7 km2 ), Shaune
Garang (6.0 km2 ), Gor-Garang (3.8 km2 ) along
with Gara glacier, located in Gara Khad basin
(adjacent to Gor-Garang glacier, Baspa valley)
were selected for the study. These four glaciers
were considered for the study because of the availability of long term ﬁeld mass balance measurements (GSI 1992; Sangewar and Siddiqui 2007;
Koul and Ganjoo 2010). The altitude of these
glaciers varies between 4400 and 5800 m,
with the equilibrium line altitudes (ELAs) at
5100–5200 m.a.s.l (Koul and Ganjoo 2010;
Gaddam et al. 2016). Glaciers in this basin receive
precipitation from both the westerlies and monsoon
(Kulkarni et al. 2004). The discharge of Baspa
River starts to rise in April/May due to snow
melt and reaches its maximum in July/August with
monsoonal rainfall (Wulf et al. 2010).
3. Methodology and data
Mass balance is a diﬀerence between amount of
accumulation of snow and then ablation of snow/
ice. Accumulation of snow is estimated using precipitation and ablation by temperature or energy
balance parameters. Energy balance approach needs
several parameters such as radiation ﬂuxes, albedo,
cloud cover, latent heat, etc., whereas temperature index relies solely on air temperature (Hock
2005). Due to lack of energy balance components
in Himalaya, temperature is generally used to
assess the ablation (Kulkarni et al. 2002; Hock
2005). Many hydrological and mass balance studies being carried in the Himalaya have utilized
the temperature index models frequently at various spatio-temporal scales, because of the easy
interpolation, computation simplicity and good
forecasting possibilities of air temperature (Hock
2003, 2005; Pellicciotti et al. 2008; Shea et al. 2009;
Carenzo et al. 2016; Zhao et al. 2016). Hence,
in this study the temperature index approach is
considered to estimate the mass balance.
3.1 Estimation of mass balance between
1985–1986 and 2013–2014
The daily maximum and minimum temperatures,
snow water equivalent and rainfall obtained from
Rakcham Meteorological Observatory, located at
3050 m (ﬁgure 1) are used in this study for
mass balance estimation. Daily melt was computed
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Figure 1. Geographical location of selected glaciers (1. Naradu, 2. Shaune Garang, 3. Gor-Garang and 4. Gara) and meteorological observatory in Baspa valley, Himachal Pradesh, India.
Table 1. Seasonal variations and melt factors (Kulkarni et al. 2002)
considered for the study.
Period

Melt factors
(cm ◦ C−1 d−1 )

March 21–July 10
September 11–November 30
July 11–September 10
December 1–March 20

0.5
0.6
0.55
0.5

Season
Summer
Autumn
Monsoon
Winter

using the temperature index melt model, which
relates the ice/snow melt (M-mm) with the sum of
positive air temperatures of each time interval
(T + ), during ‘n’ intervals of time (Δt). The factor of proportionality is the melt factor, expressed
in mm d−1 k−1 for Δt (given in days) and temperature in ◦ C (equation 1; Hock 2003).
n
n


M = Melt factor
T + Δt.
(1)
i=1

i=1

Temperatures were adjusted using a lapse rate
of 7.14 ◦ C/km (Singh and Bengtsson 2004)
for various altitudes and then melt factors (table 1)
were used to calculate the ablation. Diﬀerent
melt factors were considered since they vary
from day to day according to the seasonal variations,
high altitude topography and steep slopes
(Kulkarni et al. 2002). Accumulation is calculated
using precipitation with a gradient of ∼0.12 m/km
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Figure 2. Speciﬁc mass balance (m.w.e) of Naradu, Gara, Shaune Garang and Gor-Garang glaciers derived using Rakcham
meteorological data, for a period of 30 hydrological years between 1985–1986 and 2013–2014.

(Wulf et al. 2010). Further, mass balance is estimated by integrating the melt (m) and accumulation (m) over a period of 30 years, between 1985
and 2015 (ﬁgure 2).
3.2 Estimation of SSC and mass balance using
ERA20CM datasets
SSC (CT,k , Cp,k ) is a 2 × 12 matrix, which contains
the sensitivity of Bm (speciﬁc mass balance) to
monthly perturbations in temperature (T ) and
precipitation (P ) (equations 2, 3). These can be
calculated with a simple or complex mass balance model (Oerlemans and Reichert 2000). In this
study, CT,k and Cp,k (24 values) were obtained
by computing Bm from a run of temperature
index melt model. First, the observed balance

proﬁle is simulated by adjusting the climatological input (within the range of uncertainty). The
mean observed balance over the time span of measurements is not zero, and to provide a reference
state (Bm =0) the annual mean air temperature
was adjusted within ±2 K (de Wildt et al. 2003;
Hersbach et al. 2015). During this process, the
basic assumption suggested by Oerlemans and
Reichert (2000) is considered, i.e., SSC works only
when the perturbations are small (the abrupt values were discarded by considering the temperature
and precipitation anomalies, which exceed more
than 2 K and 40%). Then CT,k and Cp,k were determined for all four glaciers individually by running
the model with the monthly temperature and perturbations of ±1 K and ±10% (between 1985 and
2014), respectively.
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∂Bm
∂Tk
Bm (Tref, k + ΔT ) − Bm (Tref, k − ΔT )
=
2ΔT

CT,k =

Cp,k

(2)
∂Bm
=
∂Pk
Bm (Pref, k + ΔP ) − Bm (Pref, k − ΔP )
=
2ΔP
(3)

where k is the month and ΔT and ΔP are 1 K and
10%, respectively.
12

Bm = Bm, ref +
[CT, k (Tk − Tref, k )
k=1

+ Cp, k (pk − Pref, k ) /Pref , k ]

(4)

where Bm, ref is the mean speciﬁc mass balance
when T and P are not perturbed.
With the CT,k and Cp,k , long term speciﬁc mass
balance (Bm ) can be reconstructed using monthly
perturbation in T and P (equation 4), either
from instrumental records or General Circulation
Model (GCM)’s data (Oerlemans and Reichert
2000; de Wildt et al. 2003). However, the instrumental records (AWS data) in Indian Himalaya are
only available from 1960 onwards (BBMB 2014).
Therefore, ERA-20 CM climate reanalysis gridded
datasets available with 0.125◦ spatial resolution
were considered for mass balance reconstruction for
a period of 110 years between 1900 and 2010.
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suggest that all the glaciers, except Shaune Garang
glacier have experienced negative mass balance in
this period. Shaune Garang has showed a positive
mass balance of 0.23 m.w.e, during the 1988–1989
hydrological year. Despite this, the linear trends for
four glaciers indicate an increase in mass loss (ﬁgure 2). This is due to rapid warming temperatures
and precipitation deﬁciency in this basin (ﬁgure 6;
Gaddam et al. 2016). The mass loss of all the four
glaciers during the hydrological years 1985–1986 to
1994–1995 (≈− 0.45 m.w.e.a−1 ) was less compared
to the mass loss (≈−0.8 m.w.e.a−1 ), after 1995–
1996. Similar results were observed by the studies
being carried in Western Himalaya (Kulkarni 2014;
Gaddam et al. 2016; Zhao et al. 2016).
To analyse the uncertainties of temperature
index model, estimated values were compared with
the ﬁeld mass balance measurements of Naradu
and Shaune Garang glaciers, available between
1985 and 2014 (ﬁgure 3). Gara and Gor-Garang
glaciers were not chosen for the uncertainty analysis due to lack of ﬁeld observations during the same
period (1985–2014). The analysis suggests that the
model is able to calculate the speciﬁc mass balance
with higher accuracy. The uncertainties (root mean
square diﬀerence) in deriving the mass balance for
Naradu and Shaune Garang are ±0.23 and ±0.33
m.w.e, whereas the root mean square errors for
Gara and Gor-Garang are ±0.28 and ±0.24 m.w.e,
respectively.
4.2 Seasonal sensitivity characteristics (SSCs)

3.3 Uncertainty estimation
The root mean square error (RMSE) in mass balance estimates are calculated using the formula,
given by Chai and Draxler (2014) (equation 5).

 n
1 
e2
(5)
RMSE = 
n i=1 i
where n is the number of samples of model ei (i =
1, 2, . . ., n).
4. Results and discussion
4.1 Mass balance observations and uncertainties
during 1985–2010
Annual speciﬁc mass balances are calculated for
Naradu, Gara, Shaune and Gor-Garang glaciers for
a period of 30 hydrological years, between 1985–
1986 and 2013–2014 (ﬁgure 2). The observations

SSCs of the four glaciers were obtained individually (ﬁgure 4), by imposing temperature (T ) and
precipitation (P ) perturbations of 1 K and 10%
(separately for each month). Each time, the model
is run from 1985 to 2014 and the sensitivities
are then averaged over the years. The temperature is perturbed at unperturbed precipitation,
and vice versa to remove the natural correlations of T and P (Oerlemans and Reichert 2000).
The SSCs of four glaciers (ﬁgure 4) and reconstructed mass balance of Shaune Garang glacier
(ﬁgure 5a and b; developed using temperature
and precipitation perturbation individually) indicates that the temperature is a major factor,
than the precipitation which highly inﬂuences the
glacier’s sensitivity (Adhikari and Hybrechts 2009;
Engelhardt et al. 2015; Huss and Fischer 2016).
Also, SSCs indicate the phenomena of both the
westerlies (November–March) and monsoon precipitation (April–October). In the accumulation
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Figure 3. Comparison of mass balance from ﬁeld and temperature index methods for Shaune Garang and Naradu glaciers
between 1985–1986 and 2013–2014.

(a)

(c)

(b)

(d)

Figure 4. Graphic representation of SSCs for four glaciers developed using meteorological data of Rakcham Observatory,
between 1985–1986 and 2013–2014.
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Figure 5. Calculation is for the present geometries of the glaciers. (a) Represents the inﬂuence of temperature only. (b)
Shows the inﬂuence of precipitation and (c) shows speciﬁc mass balance derived using both temperature and precipitation
anomalies for Shaune Garang. (d, e and f ) Represent the speciﬁc mass balance of Naradu, Gara and Gor-Garang glaciers
derived using ERA20CM, temperature index melt models and glaciological measurements for a period of 110 yrs, between
1900 and 2010.

season, westerlies have more contribution for solid
precipitation and temperatures are well below the
freezing point at glacier altitude. Whereas, temperature perturbations are higher than the normal
during the ablation (May–October) season, which
enhances the glaciers melt. Hence, precipitation
perturbations are higher during accumulation season and temperature perturbations in ablation
season, respectively.
4.3 Mass balance observations and uncertainties
during 1900–2010
SSCs were forced with ERA-20CM ensemble climate reanalysis (temperature and precipitation)

datasets of ECMWF centre (downloaded from
http://apps.ecmwf.int/datasets/data/era20cm-ed
mo/levtype=sfc/) to reconstruct the speciﬁc mass
balance (m.w.e) for a period of 110 yrs, as shown
in ﬁgure 5(c, d, e and f). The details of the
ERA-20CM ensemble datasets can be found in
Hersbach et al. (2015). Precipitation and temperature measurements estimated using ERA20CM
datasets and Rakcham Observatory are in good
agreement with the recent meteorological observations, available in the same geographical region
(ﬁgure 6; Shekhar et al. 2010; Davatlab and Wang
2015). The reconstructed speciﬁc mass balance
measurements using SSC were correlated well with
the ﬁeld (shown with red colour in ﬁgure 5c, e
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Figure 6. Precipitation and temperature anomalies derived using ERA 20CM datasets. Rapid changes in temperature and
precipitation were observed after 1995.

and f) and the modelled mass balance estimates
using meteorological data from Rakcham Observatory (shown with orange colour in the same
ﬁgures). The observations/analysis strongly suggest that the selected glaciers, except Naradu have
experienced positive mass balance from 1900 to
1910 AD, and then negative mass balance after
1911 AD. Naradu glacier has experienced continuous negative mass balance from 1900 AD,
because of its size, orientation and low-altitude
location. High variations were observed in mass
balance estimates for four glaciers and are −0.2 ±
0.44 to −0.8 ± 0.44 m.w.e (Naradu), 0.7 ± 0.41 to
−1.1 ± 0.41 m.w.e (Gara), 0.8 ± 0.54 to −0.9 ±
0.54 m.w.e (Shaune Garang) and 1.5 ± 0.6 to
−1.6 ± 0.6 m.w.e (Gor-Garang), respectively. The
mass balance pattern observed was declined during
1901–1920 and after 1940, with stable conditions
during 1921–1940 AD. Mass balance was more negative after 1995, due to the snowfall deﬁciency
and higher temperatures (ﬁgure 6) in this basin
(Gaddam et al. 2016). In addition, other factors
such as black carbon or mineral dust, emitted from
forest ﬁres has also shown severe eﬀect on glaciers
in this basin during the recent decade (Kulkarni
et al. 2013).
5. Conclusion
An attempt was made in this study to evaluate
the long term mass balance characteristics of four

glaciers, in Western Himalaya using seasonal sensitivity characteristics (SSCs). The reconstructed
mass balance correlated well with the ﬁeld and
remote sensing estimates and strongly suggests
that the Gara, Shaune Garang and Gor-Garang
glaciers have experienced both positive and negative mass balances, whereas Naradu has experienced only negative mass balance since 1900 AD.
The observations also suggest that the glaciers in
this region are losing mass in long term, with a
higher rate after 1995. Since most of the glaciers
in this basin are small in size valley glaciers
(<2 km2 ), the basin may experience more mass loss
in the coming decades and can cause a severe threat
to the water supply for downstream communities.
Hence, planning of mini or micro watershed management systems is necessary to avoid the critical
scenario of water resources for Baspa basin in the
near future.
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