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Abstract The reconstruction of glacio-hydrological records for the data deficient Himalayan
catchments is needed in order to study the past and future water availability. The study
provides outcomes of a glacio-hydrological model based on the degree-day approach. The
model simulates the discharge and mass balance for glacierised Shaune Garang catchment.
The degree-day factors for different land covers, used in the model, were estimated using daily
stake measurements on Shaune Garang glacier and they were found to be varying between 2.6
±0.4 and 9.3±0.3 mm °C−1day−1. The model is validated using observed discharge during
ablation season of 2014 with coefficient of determination (R2) 0.90 and root mean square error
(RMSE) 1.05 m3 sec−1. The model is used to simulate discharge from 1985 to 2008 and mass
balance from 2001 to 2008. The model results show significant contribution of seasonal snow
and ice melt in total discharge of the catchment, especially during summer. We observe the
maximum discharge in July having maximum contribution from snow and ice melt. The
annual melt season discharge shows following a decreasing trend in the simulation period. The
reconstructed mass balance shows mass loss of 0.89 m we per year between 2001 and 2008
with slight mass gain during 2000/01 and 2004/05 hydrological years.
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1 Introduction

Mountains cover around 24 % of total global surface area and inhabit around 12 % of world’s
population (Schild 2008). Around 10 % of the total world’s population is dependent on
mountains directly for their livelihoods while another 40 % are dependent indirectly on them
for timber and non-timber forest products, fresh water, and river valley projects for industrial,
agricultural and domestic purposes (Schild 2008). These ecosystem services are not only
relevant for inhabitants of the mountains, but also for those living in plains or coastal areas.
The mountains of high Asia or Hindu Kush-Himalaya (HKH) have around 50 % of all the
glacial area falling outside the polar region (Mayewski and Jeschke 1979). The total number of
glaciers in the HKH region is 54252 which cover an area of around 60000 km2 (Bajracharya
and Shrestha 2011). The signatures of changing climate in terms of changes in temperature
(Bhutiyani et al. 2007; Dimri and Dash 2012; Liu and Chen 2000; Shrestha et al. 1999),
precipitation (Archer and Fowler 2004; Bhutiyani et al. 2010; Shrestha et al. 2000) and change
in area and volume of glaciers (Bolch et al. 2012; Gardelle et al. 2013; Kääb et al. 2012; Shea
et al. 2015) is evident in the Himalaya. However, these trends of changes vary temporally and
spatially across the HKH due to the orographic complexity of the region (Arora et al. 2006;
Basistha et al. 2008; Bookhagen and Burbank 2010). The changes in climate parameters,
glacier area, and volume will in due course affect the supply of water downstream (Immerzeel
et al. 2010; Lutz et al. 2014), influencing the livelihood and economy of the densely populated
HKH region and downstream areas (Tiwari and Joshi 2012; Xu et al. 2009). The change in
stream flow will also distress the sediment load (Jain et al. 2003) affecting the hydropower
plants in downstream areas (Garg and Jothiprakash 2012). The proportion of melt contribution
from snow and glacier ice increases with increasing altitude (Singh et al. 2008) and is a
significant component of total stream flow in Himalayan rivers (Immerzeel et al. 2010; Singh
et al. 2016). Therefore, accurate estimation of discharge from high altitude catchments depends
on accurate estimation of melt from seasonal snow cover and ice (Hock 2003).

There are two main approaches to model melt from a glaicerised catchment namely energy
balance approach and temperature index or degree-day approach (Hock 2003). The energy
balance approach to estimate melt in a glacierised catchment requires several weather param-
eters (incoming and reflected shortwave radiation, downwelling long-wave radiation, air and
surface temperature, relative humidity and wind speed and direction) collected on or near the
glacier (Azam et al. 2014a; Fujita and Ageta 2000; Kayastha et al. 1999; Lejeune et al. 2013;
Mölg et al. 2012; Zhang et al. 2013). However, such in situ parameters are very difficult to
collect on a regular basis in the Himalaya. In such scenario, the temperature index or degree-
day approach is more apt for the region as it is comparatively simple in computation and
requires readily-available temperature data. In addition, despite its simplicity, the model gives
competitive results with respect to energy balance models at catchment scale (Hock 2003).
According to Ohmura (2001), air temperature is a good index for snow and ice melt estimation
as it can be used as a proxy for the components of energy balance models such as, long-wave
downwelling and absorbed shortwave radiation.

Due to computational simplicity and fewer input parameters, the degree-day approach has
been widely used in mountainous catchments (Hock 2003). Many studies in the Himalayan
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region (Arora et al. 2008; Jain et al. 2010; Pradhananga et al. 2014; Li et al. 2015; Singh and
Bengtsson 2003; Singh and Jain 2003; Singh et al. 2008) use degree-day approach to model
melt-runoff satisfactorily.

Mass balance is an important climate indicator and is closely associated to temperature
index models (Ohmura et al. 2007). These models have been previously used to estimate
mass balance of glaciers (Bøggild et al. 1994; Braithwaite and Zhang 1999). Recently,
Azam et al. (2014b) have reconstructed the mass balance of Chhota Shigri glacier in the
western Himalaya using degree-day approach and they have found the reconstructed
values to be in good accordance with observed glaciological mass balance. A recent
study by Shea et al. (2015) has used modified degree-day model calibrated using geodetic
mass change, glacier velocity and terminus fluctuation to model mass changes of glaciers
in the Everest region.

Presently, the oversimplified empirical temperature index models are unable to model melt
from debris-covered part of the glacier (Nicholson and Benn 2006; Juen et al. 2014) due to
complex relationship between melting of ice under debris cover and altitude (Pratap et al.
2015; Srivastava et al. 2014). Another aspect, which is often ignored in such models, is the
occurrence of both, solid and liquid precipitations in higher reaches of a catchment. The solid
precipitation naturally results in a delayed discharge (Bookhagen and Burbank 2010) and the
liquid precipitation results in increased melting (Singh 2001) and consequently discharge,
which is often difficult to model. Therefore, such events should be closely recorded and
incorporated in modelling runoff from a high altitude glacierised catchment.

In the present study, we are trying to address several existing research gaps in glacio-
hydrological modelling of a debris-covered Himalayan catchment. The highlights of our study
are: (1) long-term (1985–2008) melt season discharge simulations for debris-covered
glacierised Shaune Garang catchment within the western Indian Himalaya, (2) mass balance
reconstruction for the glacierised area in Shaune Garang catchment, (3) a first-time incorpo-
ration of melt factor estimates based on in situ measurements for debris-cover parts in different
altitude ranges, and (4) inclusion of temporal seasonal snow and land cover areal changes for
entire catchment as an input for reconstruction of mass balance and discharge. The overall
objective of this study is to estimate discharge and mass balance of glacierised area in Shaune
Garang catchment. We have used stake measurements on Shaune Garang glacier during
ablation season of 2014 to compute degree-day factors separately for snow, ice and debris-
covered ice surfaces. These inputs were used in a semi-distributed glacio-hydrological model
which was validated against observed discharge (July, 2014 to September, 2014) and then was
used to reconstruct long-term monthly discharge (1985–2008) and annual mass balance
(2001–2008).

2 Study Area

Shaune Garang (31.25° to 31.38° N latitude and 78.25° to 78.41° E longitude) is a small
glacierised catchment situated in the Pir Panjal range of Western Himalaya (Fig. 1). The
catchment is influenced by westerlies during winter season, and Indian summer monsoon
during summer season (Bookhagen and Burbank 2010). The catchment contributes its dis-
charge to the Baspa river which is a second-order tributary to the Sutlej river. The total area of
the Shaune Garang catchment is around 60 km2. The area of the catchment above discharge
gauge (3963 m asl) is 38.13 km2, 24 % of which consist of four glaciers. Shaune Garang
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glacier (31.28° to 31.30° N latitude and 78.31° to 78.36° E longitude) is the largest glacier
(4.94 km2) in the catchment, and the main contributor of glacier-melt to total stream flow. The
glaciers in the catchment are highly debris-covered, with a trend of gradually decreasing debris
thickness with increasing altitude.

3 Data Used

3.1 Temperature and Precipitation

An automatic weather station (HOBO U-30 NRC, referred as ‘AWS-1’) was installed at an
elevation 4569 m asl on lateral moraine near snout of the Shaune Garang glacier (Fig. 1). The
temperature data was collected at hourly interval. This data was used for calculating daily
mean temperature and degree-day factor for different land surfaces during the ablation season
of 2014. Monthly temperature data collected at Rakchham (3045 m asl) from 1985 to 2007
was used for long term simulation of monthly discharge (Fig. 1). Another automatic weather
station (Davis Vantage Pro-2, referred as ‘AWS-2’), (Fig. 1) calibrated and validated with
respect to AWS-1 under laboratory conditions, was installed at lower elevation (4166 m asl)
for estimation of temperature gradient in the catchment which was found to be 0.0061 °C per
meter on an average from July to September.

The monthly totals of precipitation data collected at AWS-1 were used in the model for the
validation period. Due to unavailability of long-term observed precipitation (1985–2000) near

Fig. 1 Map showing location of Shaune Garang catchment and glacierised area in the catchment (Landsat 8,
20th August, 2014) with location of stations and discharge gauge
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the basin, gridded reanalysis precipitation data product Asian Precipitation – Highly Resolved
Observational Data Integration towards Evaluation (APHRODITE) data (Yatagai et al. 2012)
was used, which gives the competitive estimate for precipitation in Himalaya, with limited
accuracy in high altitude (Andermann et al. 2011; Krakauer et al. 2013). APHRODITE has
been used in other such studies in Himalaya (Panday et al. 2014; Shea et al. 2015). The daily
precipitation product of APHRODITE (APHRO_MA_V1003R1) in comparison with daily
sum of precipitation collected at Chhitkul (3462 m asl) (Fig. 1), showed significantly high
estimates of precipitation, particularly in winter. Therefore, the precipitation recorded at
Chhitkul from 2001 to 2008 was used to bias-correct the APHRODITE data using method
suggested by Gudmundsson et al. (2012). The bias-corrected APHRODITE data was used for
simulation period 1985–2000 while the precipitation data collected at Chhitkul station was
used for simulation period 2001–2008.

Monthly precipitation sum from Rakchham and Chhitkul station was compared for the
period January, 2005 to June, 2008 to estimate the precipitation gradient in the basin. The
analysis shows that the precipitation in the basin increases at an average rate of 0.015 mm per
meter. The temperature and precipitation data used in the study for different time periods has
been summarised in Table 1.

3.2 Discharge Measurement

For measurement of discharge of Shaune Garang catchment, discharge gauging site was
established at a distance of around 3 km from the snout of Shaune Garang glacier (4467 m
asl) and at an elevation of 3963 m asl. The site chosen was suitable for discharge measurement
due to low turbulence and comparatively more laminar flow. The discharge was measured
using the area-velocity method (Eq. 1). The parameters used in the equation were estimated in
the field following the procedure suggested by Herschy (1993).

Qo ¼ Acs*v ð1Þ
Where,

Qo observed discharge (m3 sec−1)
Acs area of cross section of river bed (m2)

Table 1 Details of steps followed, parameters used each step, their source and period for which they have been
used

Step Parameter Source Period

Validation Temperature AWS-1 11 July to 27
September, 2014

Precipitation AWS-1 11 July to 27
September, 2014

DDF Temperature from AWS-1 and stake measurements 11 July to 27
September, 2014

Simulation Temperature Rakchham station 1985–2008

Precipitation Chhitkul station 2001–2008

Precipitation Bias-corrected (using daily data from Chhitkul station)
APHRODITE data

1985–2000
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v velocity of water (m sec−1)

In order to avoid the inclusion of errors due to any change in the cross-section area
during the observation period, we measured the cross-section area of the river bed at
regular intervals (thrice during the observation period). We further modified the
measured cross-section area at daily resolution using manual measurement of water
level, twice a day. The velocity of water was also measured twice daily (09:00 and
15:00 h), using Digital Metric Price type Current Meter (Make- Gurley Precision
Instruments, USA, Model 622A).

3.3 Satellite Data

Elevation is a very important factor that governs changes in temperature, precipitation,
and thus, melting. In the present study, the elevation information at various modelling
stages was extracted from ASTER GDEM V2 of 30 m resolution. The catchment up
to the discharge measurement site was divided into eight elevation zones with equal
elevation difference of 200 m. The temporal land cover of the catchment was
delineated using Landsat images for different acquisition dates, through manual
digitization. We classified glacier covered area into ice, snow and debris cover, and
glacier free area into snow and non-snow cover. There was a limited availability of
seasonal snow-free and cloud-free images for the study area and we have tried to
utilise images with minimum cloud cover for optimal mapping of land cover changes.

MODIS/Terra Snow Cover 8-Day L3 Global 500 m Grid product from 4 July 2002 to 23
October 2008 was used to estimate monthly average of snow cover in each elevation zone of
the catchment (reported accuracy ~93 % by Hall and Riggs 2007). For the simulation period
before 2002, cloud free Landsat images were used to obtain NDSI image based on the method
proposed by Cea et al. (2007). The study suggests that the accuracy of using Landsat-derived
NDSI for mapping snow cover is even better than the MODIS snow cover product. The snow
covered area within a Himalayan catchment is primarily controlled by elevation and aspect
(Jain et al. 2009). Therefore, multiple linear regression was used to develop an equation
between month, temperature, and precipitation at each altitudinal band to estimate snow cover.
The equation was then used for the estimation of snow cover for each altitudinal band for the
months where cloud-free satellite images were not available.

The area of the catchment above discharge gauge is 38.13 km2, out of which
around 75 % is non-glacierised, 5 % debris-covered glacierised area and remaining
20 % is debris-free glacierised area. The comparison of area delineated from images
of Landsat 3 (1980) and Landsat 8 (2014) shows reduction of glacierised area from
33 % in 1980 to 24 % in 2014 of the total catchment area above discharge gauge.
The debris-covered fraction of the glacierised area in the catchment reduced from
about 25 % in 1980 to 24 % in 2014. The area mapped using monthly images of
Landsat 8 from July, 2014 to September, 2014 were used in the model for the
validation period (Fig. 2). In the mass balance reconstruction of Chhota Shigri glacier
by Azam et al. (2014b), the hypsometry of the glacier was assumed to be unchanged
during 1969 to 2012 due to very less areal loss of glacier area mapped by Pandey and
Venkataraman (2013) during 1988 to 2010.

Due to unavailability of continuous cloud-free images for the catchment, the simulation
period was divided into three parts, 1985–1992, 1993–2000 and 2001–2008, with at least one
seasonal snow and cloud-free scene as representative of each period.
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4 Estimation of Stream Flow

4.1 Form of Precipitation

It is an important factor affecting surface runoff from both glacierised and non-glacierised area
of a catchment. Temperature is the governing factor controlling the form of snow and since the
temperature varies with each altitudinal band, the form of precipitation also varies. In the
present study, the critical temperature of 2 °C (Singh and Jain 2003; Singh et al. 2008) has
been considered in the model to distinguish and estimate the amount of liquid and solid
precipitation. It means, if Tm≥2 °C, the precipitation will be in liquid form contributing
directly to the runoff, while if Tm<2 °C, the precipitation will be in solid form and its
contribution to stream flow would be delayed.

4.2 Surface Runoff from Glacierised Area

The basic equation (Eq. 2) relating melt with temperature indexed in a unit time can be written
as (Hock 2003).

M ¼ DDF*Tm ð2Þ
Where,

M melt (in mm) for a given time period
DDF degree-day factor (in mm °C−1 day−1)
Tm mean temperature (in °C)

The discharge contribution from the glacierised area for an altitudinal band can be
calculated by using Eq. 3.

Qg ¼ c* Qi þ Qs þ Qd þ Qri þ Qrs þ Qr½ � ð3Þ
Where,
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Fig. 2 Hypsometric distribution of land cover for Shaune Garang catchment above discharge gauge (mapped on
Landsat 8 image acquired on 20th August, 2014)
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Qg is runoff from glacier covered area (m3 sec−1)
c is conversion factor for melt, changing m3 day−1 to m3 sec−1.

For estimating surface runoff from three different types of surfaces (Qi, Qs and Qd) in a
particular altitudinal band can be estimate using Eqs. 4, 5 and 6.

Qi ¼
DDFi * ai*Tm½ �

1000
ð4Þ

Qs ¼
DDFs *as*Tm½

1000

�
ð5Þ

Qs ¼
DDFd *ad*Tm½

1000

�
ð6Þ

Where,

Qi,Qs and Qd are melt contributed by ice, snow and debris surface respectively in m3

day−1

DDFi, DDFs and
DDFd

are degree-day factor calculated for ice, snow and debris-covered surface
respectively in mm °C−1 day−1

ai, as and ad are area covered by ice, snow and debris for the altitudinal band (m2)
Tm is temperature specific for altitudinal band calculated using lapse rate (°C).

Apart from melt caused by temperature, another contributor to surface runoff of a
glacierised area, is melt by heat transfer from rain to snow and ice surfaces. Rainfall on snow
and ice surface during ablation season is very common in Himalaya and contributes signifi-
cantly to the total runoff. In the present study, this has been calculated using Eqs. 7 and 8
(Singh 2001).

Qri ¼ c*
Qp

ρ*hf *B
� �*ai ð7Þ

Qrs ¼ c*
Qp

ρ*hf *B
� �*as ð8Þ

Where,

Qrs is melt contributed by rainfall on snow surface (m3 sec−1)
Qri is melt contributed by rainfall on ice surface (m3 sec−1)
c is conversion factor for melt, changing m3 day−1 to m3 sec−1

ρ is density of water (1000 kg m−3)
hf is Latent heat of fusion of water (335 kJ kg−1)
B is Thermal quality of surface (for snow, B=0.95–0.97 and for ice, B=1)
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Qp is energy supplied to the surface by rain (kJ m−2 day−1) which has been calculated using
Eq. 9

Qp ¼
ρ*Cp*Pr Tr−Tsð Þ� �

1000
ð9Þ

Where,

Cp is specific heat of water (4.2 kJ m−2 °C−1)
Pr is amount of rain (mm)
Tr is temperature of rain (°C) for which mean air temperature has been taken in

present study
Ts is temperature of snow/ice surface which has been considered to be 0 °C in present study
Qr is runoff contributed by liquid precipitation (m3) which can be calculated using

Eq. 10.

Qr ¼
Pr*a f

1000

� �
ð10Þ

Where,

Qr is runoff contributed by rainfall in glacier covered area (m3 sec−1)
Pr is total rainfall (mm)
af is total glacier covered area in the elevation band (m2)
c is conversion factor for runoff, changing m3 day−1 to m3 sec−1.

The total runoff from glacierised area of the catchment was estimated by adding Qg

from all the elevation zones.

4.3 Estimation of Runoff from Glacier Free Area

There are three sources of runoff from glacier free area which are considered in the present
study. The first source is melt contribution from seasonal snow cover (Qs’) in glacier free area
which is calculated by the Eq. 5 used for estimation of discharge from snow covered area on
glacier (Qs). The second source is melt caused by liquid precipitation on snow covered area
(Qrs’) in the non-glacierised part of the catchment, which is calculated by the Eq. 8 used for
calculation of Qrs. Third is rainfall Qr’, which is calculated for a given elevation zone by
following the Eq. 10 used for calculation of Qr.

The total runoff contributing from the non-glacierised area (Qf) (m
3 sec−1) in the basin can

be calculated by using Eq. 11.

Qf ¼ Q
0
r þ Q

0
rs þ Q

0
s ð11Þ

4.4 Estimation of Total Stream Flow from the Catchment

Apart from the surface runoff, groundwater also contributes to the discharge at the outlet of the
catchment. This is also known as base flow, and needs long term continuous discharge
measurement in the catchment for its computation (Subramanya 1994). Due to unavailability
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of continuous long term daily discharge measurement in the catchment, the average
flow measured during 12th to 15th February, 2015 has been considered as the base
flow (Qb = 0.27 m3 sec−1) in present study. Therefore, total discharge in the basin Q
(m3 sec−1) can be calculated by using Eq. 12.

Q ¼ Qg þ Qf þ Qb ð12Þ

The loss caused by evaporation and sublimation, and the delay caused by infiltra-
tion of melt water and rainfall is not considered here due to insufficient data, which is
one of the limitations of the study.

4.5 Estimation of Mass Balance

The Eq. 13 is used to estimate the mass balance of the glacierised part in the
catchment in a hydrological year (October-September of following year).

MB ¼ Ac− Ab ð13Þ

Where,

MB is specific Mass balance (m we)
Ac is total solid precipitation on the glacierised part of the catchment (m)
Ab is summation of total melt from glaciered covered part of the catchment (m) calculated

using Eq. 14

Ab ¼
X Qi

ai
þ
X Qs

as
þ
XQd

ad
þ
X Qrs

as
þ
X Qri

ai
ð14Þ

∑
Qi

ai
Sum of ice melt from each elevation band in a hydrological year (m)

∑
Qs

as
Sum of snow melt of glacier-covered area from each elevation band in a hydrological
year (m)

∑
Qd

ad
Sum of ice melt of debris-covered glacierised area from each elevation band in a
hydrological year (m)

∑
Qrs

as
Sum of snow melt caused by rain on snow covered part of glacier from each elevation
band in a hydrological year (m)

∑
Qri

ai
Sum of ice melt caused by rain on ice from each elevation band in a
hydrological year (m)

5 Results and Discussion

The study successfully simulated the runoff for the catchment. In addition, we were able to
simulate the mass balance for the glacierised part of the catchment during the years of available
precipitation observations. The results of this study are discussed in the sections below.
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5.1 Degree-Day Factor (DDF)

The stake measurements were taken on the glacier during ablation season of 2014. Bamboo
stakes were installed on the snow surface (during early ablation season), ice surface and debris-
covered ice surface using Heucke steam-driven ice drill (Heucke 1999). A large part of the
glacier is covered by debris during most of the ablation season, with thickness ranging from
thin dirt to big boulders of up to few meters. Therefore, stakes were installed on the ice surface
with varying debris-cover at different elevations (Table 2). The stakes were monitored daily
from 2nd June 2014 to 25th September, 2014 with few data gaps. As suggested by Hock
(2003), the relation of air temperature extrapolated using temperature gradient for particular
altitudinal band and ablation was used for calculating the DDF. The mean of the ablation
observed was used for calculating DDF for debris-covered ice, debris-free ice and snow-
covered area. Since heterogeneity in estimation of DDF for debris-covered part of the glacier
was high, the model incorporates different DDF calculated for different altitudinal bands. The
DDF for debris-covered part of the glacier has been observed to be increasing with altitude,
caused by decrease in debris thickness. Since, the debris thickness was observed to be similar
within an altitudinal band, for each altitudinal zone, a single representative DDF value was
calculated. The DDF calculated for different surfaces, details of data used for the calculation of
DDF with number of stake position observed, and resulting data points have been summarized
in Table 2.

5.2 Validation of the Model

The model used in the study for computation of stream flow in Shaune Garang catchment was
validated against the daily observed discharge from 11 July 2014 to 27 September 2014 with
few data gaps (Fig. 3a and b). In general, the simulated and observed discharge hydrograph
matches well with coefficient of determination (R2) of 0.90. The root mean square error
(RMSE) in estimated average discharge of 7.70 is 1.05 m3 sec−1for the entire validation period,
as compared to the mean observed discharge of 8.15 m3 sec−1. During validation of the model,
we observed overestimation in the simulated stream-flow on days of high precipitation. On the
remaining days of the validation period, the model was found to give a continuous underes-
timation of the discharge. The storage capacity of the basin and the contribution in discharge

Table 2 Details of in-situ observed data used for calculation of DDF and the estimated values used in the model

Surface
type

Density kg
m−3

Number of stake positions
monitored

Elevation
range (m)

Number of data
points

DDF mm °C−1

day−1

Snow 550 1 4812 6 5.1 ± 0.3

Ice 890 3 4370–5185 91 8.1 ± 0.2

Debris
covered

890 1 4981–5185 24 9.3 ± 0.3

Debris
covered

890 1 4777–4981 24 5.2 ± 0.25

Debris
covered

890 2 4573–4777 57 3.8 ± 0.8

Debris
covered

890 2 4370–4573 42 2.6 ± 0.4
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through groundwater flow can be considered as one of the probable reasons for the underes-
timation by the model.

5.3 Estimation of Long Term Monthly Discharge

The discharge of the catchment for 24 years (1985–2008) was reconstructed using the model.
The temporally varying input parameters for monthly discharge estimation were monthly mean
temperature, monthly total precipitation and area covered by different surface features.

Figure 4a and b shows the simulated monthly discharge from 1985 to 2007 for
Shaune Garang catchment in comparison to mean monthly temperature and precipita-
tion. The figure shows strong exponential relation of simulated discharge with tem-
perature while relationship with total monthly precipitation is not significant. It
establishes the fact that the simulated discharge primarily depends on the temperature
change.

Shaune Garang glacier is one of the best monitored glaciers in the Indian Himalayan
Region in terms of glaciological mass balance and melt season discharge. The average of
melt season (May-September) of simulated discharge data from 1985 to 2007 is compared
with average melt season discharge measured (Raina et al. 2008) from 1983 to 1989 (Fig. 5).

The simulated discharge is significantly high as compared to the observed discharge during
early years of simulation period. As already mentioned, the model works satisfactorily during
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the validation period as we are using station observed precipitation inputs for that period. But
during the simulation period 1985–2000, overestimation is caused primarily due to use of
APHRODITE data. The linear trend line in Fig. 5 shows decreasing simulated melt season
discharge. There might be two probable reasons for decreasing trend of discharge in the basin.
The first is high precipitation estimates of APHRODITE data used during first 16 years of
simulation (1985–2000) and the second is temporally decreasing glacierised area in the
catchment.

The proportion of contribution from different components to total discharge of
Shaune Garang catchment is analysed from the simulation output. The analysis
shows that seasonal snow melt from glacierised and glacier free part of the catch-
ment is the highest contributor to the total discharge with maximum contribution
during June. The average contribution of snow melt to the total discharge was
estimated to be more than 30 % during the entire simulation period. The ice melt
also shows very significant contribution (29 %) with maximum contribution during
July.
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5.4 Estimation of Annual Specific Mass Balance

Due to significantly high estimates of total monthly precipitation during winter in
the bias-corrected APHRODITE data used during the simulation period 1985–2000,
the reconstructed mass balance shows continuous mass gain by the glacierised
region in the catchment. Therefore, the mass balance estimated for simulation period
2001–2008 is a true representative of the model outcomes as the temperature and
precipitation input data used for this period was collected near the catchment and
model shows good performance with in situ observed input parameters (Fig. 3a and
b). The mass balance simulation shows average mass loss of 0.89 m we per year
during the 7 years of simulation with slight mass gain during hydrological year 2000–
01 and 2004–05 (Fig. 6). The result is in accordance with other studies of mass
balance measurements using different methods in western Himalayan region. The
specific glacier wide mass balance of Chhota Shigri glacier in the Himachal
Himalaya, monitored using glaciological method, shows average mass loss of
0.67 m we per year with slight mass gain during hydrological year 2004–05, 2008–
09 and 2009–10 (Azam et al. 2012). The geodetic mass balance of nearby Lahaul and
Spiti region shows mass loss at the rate of 0.44 ± 0.09 m we per year for the period
1999–2011 (Vincent et al. 2013).

5.5 Comparison of Simulated Discharge and Simulated Mass Balance

Analysis of annual net mass balance and average melt season discharge in the Indian

Himalayan Region for four well-studied glaciers, including Shaune Garang, for around

23 years show high discharge during more positive mass balance years (Thayyen and

Gergan 2010; Singh et al. 2016). Our study supports this conclusion by comparing the

simulated mass balance and average melt season discharge for respective hydrological

years (Fig. 7). It is obvious that during the years of positive mass balance, the amount of

solid precipitation is higher in the basin. As per our understanding, the reason of higher

discharge during years of more positive mass balance can be attributed to the contribu-

tion of seasonal snow melt from glacier free area of the catchment.
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6 Conclusions

The estimation of discharge contributed by a glacierised basin is complicated due to change in
storage and drainage properties of the basin during ablation season. In addition, liquid
precipitation on glaciers (in present case, up to altitudinal band 5135–5389 m asl during
maximum temperature months as per the model results) is a common situation in the Himalaya
that further exaggerates the problem of modelling the stream-flow. We have used degree-day
approach to model stream-flow and its different components. The degree-day factors for
different land covers were found to be between 2.6±0.4 and 9.3 ±0.3 mm°C−1day−1, with
decrease in degree-day factor for debris-covered part of glacier with altitude. The model was
established and validated using in situ measurements carried out in the field. After validation,
the model was used to simulate long term mean monthly stream-flow (1985–2008) and mass
balance (2001–2008). The temporal land cover mapping of the catchment suggested a decrease
in the glacierised area and an increase in the debris-cover proportion during the simulation
period. The simulation results show an overall decreasing trend during the period of simula-
tion. The reconstructed mass balance is in accordance with the past studies in the region and
shows a continuous loss of mass with slight mass gain during 2001–02 and 2004–05. The
simulated discharge shows insignificant positive correlation with net annual mass balance and
is in agreement with the past observations for several other glaciers in the Indian Himalayan
region.

We, for the first time, report degree-day factors (separately for snow, ice and supraglacial
debris) for Shaune Garang glacier, and for different altitudinal zones of any Himalayan glacier,
estimated using daily stake measurements. Also, our study presents the first-hand account of
reconstruction of mass balance and discharge of a Himalayan glacier using a glacio-
hydrological model. In addition, we are improving the model robustness and performance
by including temporally varying snow-cover, glacier area and debris cover observations,
derived from remotely sensed data. The overall analysis shows the applicability of temperature
index-based glacio-hydrological model for estimation of stream-flow and mass balance in a
Himalayan catchment with debris-covered glaciers. The premise of this study is not based on
the utilization of reanalysis data, but it is based on the incorporation of in situ observations and
remote sensing inputs in the model. When we are using in situ data, the acceptable perfor-
mance of the model is an indicative of the fact that it is working satisfactorily for debris-
covered glaciers. The incorporation of reanalysis data is just an add-on to highlight the
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problems in case of future use of such data for running our model in data-deficient Himalayan
region.
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