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Discharge sensitivity to snowmelt parameterization: a
case study for Upper Beas basin in Himachal Pradesh,
India
Trine J. Hegdahl, Lena M. Tallaksen, Kolbjørn Engeland, John F. Burkhart
and Chong-Yu Xu

ABSTRACT
Snow- and glacier melt are important contributors to river discharge in high-elevated areas of the
Himalayan region. Thus, it is important that the key processes controlling snow and glacier
accumulation and melting, are well represented in hydrological models. In this study, the sensitivity
of modelled discharge to different snowmelt parameterizations was evaluated. A distributed
hydrological model that operated on a 1 × 1 km2 grid at a daily time resolution was applied to a highelevated mountainous basin, the Upper Beas basin in Indian Himalaya, including several sub-basins
with a varying degree of glacier covered areas. The snowmelt was calculated using (i) a temperatureindex method, (ii) an enhanced temperature-index method including a shortwave radiation term, and
(iii) an energy balance method. All model conﬁgurations showed similar performance at daily,
seasonal, and annual timescales and a lower performance for the validation period than for the
calibration period; a main reason being the failure to capture the observed negative trend in annual
discharge in the validation period. The results suggest that model performance is more sensitive to
the precipitation input, i.e. interpolation method than to the choice of snowmelt routine. The paper
highlights the challenges related to the lack of high quality data sets in mountainous regions, which
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are those areas globally with most water resources.
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INTRODUCTION
The large Himalayan rivers, Indus, Ganges, Brahmaputra,

alone in the order of 30% (e.g. Bookhagen & Burbank

Yangtze and Yellow river, are the main water supply for

). Due to the importance of glacier- and snowmelt in dis-

some of the most densely populated areas of the world.

charge generation, the Intergovernmental Panel on Climate

The glacier- and snowmelt contribution to discharge in

Change fourth assessment report (IPCC ) expressed

these regions is important and inﬂuences the availability of

great concern for the water availability in the Himalayan

water for domestic, agricultural and industrial use, as well

region, based on the climate change and glacier retreat prog-

as for hydropower production (Winiger et al. ). The con-

noses. The report erroneously referred that most of the

tribution of glacier- and snowmelt to annual discharge varies

Himalayan glaciers could disappear by 2035 under current

widely throughout the Himalayas. For the smaller Upper

climatic conditions (Cruz et al. ). The prediction was

Indus basins, studies report that snowmelt contributes up

later strongly modiﬁed suggesting a much longer time hor-

to 60% of annual discharge (Jeelani et al. ; Li et al.

izon for the Himalayan glaciers (IPCC ). However, it

), whereas other studies indicate glacier contribution

created a focus on the region in which there is limited
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STUDY AREA AND DATA

laya are retreating though some glaciers show a different
behavior of mass gain, referred to as the Karakoram

The Upper Beas basin is situated in Northwest India in the

anomaly (Hewitt ; Bhambri et al. ; Bolch et al.

state of Himachal Pradesh, in Western Himalaya, Figure 1.

; Kääb et al. ).

This part of Himalaya is subject to two distinct weather sys-

Hydrological models are simpliﬁcations of the physical

tems determining the hydrological regime of the region (Xu

processes that take place in the natural environment. Differ-

et al. ; Bookhagen & Burbank ; Shekhar et al. ).

ent methods for snowmelt calculations exist and the choice

The area receives winter precipitation from the west by

of model complexity is determined by the objective of the

extratropical cyclones, referred to as the Western Disturb-

study, the available data and the nature of the environment

ance, and summer precipitation entering the Indian

to which the model is applied (Haan et al. ). The temp-

continent from the Bay of Bengal, the summer Monsoon.

erature-index

sole

The basin is delineated from the Thalout discharge station

parameter controlling snow melt, and it is widely used due

method

uses

temperature

as

the

in the Beas River, which is a tributary to the Indus River.

to its simplicity and good performance (WMO ; Hock

The total basin area is 4,960 km2, with glaciers covering

). The latter is because a close correlation between

about 12.6%, and an elevation range from 977 to 6,545

temperature and shortwave radiation exists in most regions.

meters above sea level (masl). The Upper Beas basin is

Sicart et al. () showed, however, that for a high altitude

further deﬁned by four sub-basins, Tirthan, Sainj, Parvati

and low latitude glacier in Bolivia, the energy budget was

and Manali (where Parvati and Manali are sub-basins of

controlled by the net shortwave radiation and had low cor-

Bhuntar; Figure 1). All basins, except Manali, have observed

relation with temperature. This indicates that in some

discharge. For Manali the discharge was calculated by sub-

regions, glacier- and snowmelt cannot accurately be

tracting the discharge at Parvati from the observations at

described by temperature alone, and improved glacier- and

Bhuntar.

snowmelt modelling can be achieved by taking into account

The glacier coverage varies among the sub-basins, from

the shortwave radiation. A combined temperature-radiation-

1.5% in Tirthan to 28.3% in Parvati. Table 1 provides

index method is suggested by Pellicciotti et al. () for

some key characteristics of the ﬁve sub-basins. Input data

modelling snowmelt in the Hunza River basin in Karakoram

consist of daily observations of precipitation, temperature,

Himalaya. The challenge using the temperature-radiation-

and humidity from a network of six climate stations

index or a complete energy balance method is the extended

(Figure 1). The stations are located at elevations ranging

need for input data. Both methods need shortwave radi-

from 904 masl at Pandoh Dam, to 1,971 masl at Manali.

ation; in addition, the energy balance method needs

Pandoh Dam is the only station measuring potential evapor-

longwave radiation, wind, and humidity data. These climate

ation, whereas Banjar and Sainj only measure precipitation.

observations are not readily available, speciﬁcally not for the

In Table 2 the annual mean of the observed variables

remote areas of the Himalayas. An alternative is the use of

(station values) in the Upper Beas basin is presented for

global data sets or remotely sensed data from which certain

the calibration and validation period separately. Gridded

input data may be derived.

daily wind and shortwave incoming radiation were obtained

In this study, a gridded hydrological model is set up for a

from the WATCH Forcing Data (WFD) set, a biased cor-

high mountainous basin in the Indian Himalayas, the Upper

rected version of the ERA-40 reanalysis data set with a

Beas basin. The aim of this study is two-fold: (i) to evaluate the

spatial resolution of 0.5 (Weedon et al. ). In WFD no

sensitivity of simulated discharge to increased complexity in

bias correction is applied to wind, whereas the shortwave

the snowmelt routine; and (ii) to assess the water balance

incoming radiation is corrected with respect to the average

components contribution to seasonal and annual water bal-

cloud cover and effects of changing atmospheric aerosol

ance. The model applies local as well as global data sets,

loading given in the CRU TS2.1 data set (New et al. ,

and three different snowmelt routines are evaluated.

; Mitchell & Jones ).
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Topographic map of the Upper Beas basin. Glacier covered area in white. Five discharge stations and six meteorological stations are marked. Location on the Indian subcontinent marked as star on the inlay map.

Table 1

|

Key basin characteristics for Upper Beas basin and sub-basins (Manali and Parvati are sub-basins of Bhuntar)

Upper Beas

Manali

Parvati

Bhuntar

Sainj

Tirthan

Area (km2)

4,960

1,469

1,740

3,209

745

678

Glaciered area (%)

12.6

3.3

28.3

16.9

9.0

1.5

Mean elevation (m)

3,450

3,136

4,148

3,685

3,535

2,830

Elevation range (m)

977–6,575

999–6,017

999–6,575

999–6,575

989–6,221

989–5,314
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Mean annual observed precipitation, temperature, relative humidity and dis-

networks) as described in Table 3. The model was run on

charge (Thaoulot station) in the Upper Beas basin for the calibration period

daily time steps for a grid with a spatial resolution of 1 ×

(1991–1996) and validation period (1997–2001)

1 km2. The model parameterizations were applied globally
Variable

Precipitation

Temperature

Relative humidity

Discharge

period

(mm/year)

( C)

(%)

(m3/s)

1991–1996

1,205

18.4

82.4

106

1997–2001

1,303

19.1

82.3

85

W

to each grid cell. Precipitation was interpolated using an
inverse distance weighting routine with a ﬁxed elevation gradient (PrecGrad, Table 4), and the temperature was
interpolated using 3D kriging and a temperature lapse rate
(PriTgrad, PriSDtgrad, Table 4). Humidity and shortwave

The topographic data for the model was built from a digital elevation model based on the Advanced Spaceborne
Thermal Emission and Reﬂection Radiometer (ASTER)
using the Global Digital Elevation Model version 2
(GDEM2). ASTER GDEM2 has an overall accuracy of
about 17 m at a 95% conﬁdence level (METI/NASA ).
The original GDEM2 resolution of 30 m was resampled to a
1 km resolution. Glacier covered area (GCA) is derived
from the glacier inventory of the Upper Beas basin (Berthier
et al. ; Frey et al. ) downloaded from the Global Land
and Ice Measurements from Space database (www.glims.
org). Land use and land cover information for the basin
have been prepared based on the Indian Remote Sensing
(IRS) satellite IRS-P6 data (NRSC/ISRO ).

radiation were interpolated using an inverse distance
weighting routine. The actual evapotranspiration was calculated by adjusting mean monthly values of potential
evaporation (measured at Pandoh Dam) with respect to
anomalies in temperature, wind, moist air during rainfall,
vegetation height, and presence of snow-cover. The actual
evapotranspiration increases with temperature and wind,
and is reduced during rainfall events, for grid-cells with
low vegetation, and for snow covered area. The snow
accumulation and snowmelt routine was based on the
snow depletion curve (SDC) model (Kolberg & Gottschalk
; Kolberg et al. ). The SDC is represented by a
gamma distribution, speciﬁed by a coefﬁcient of variation
and a possible initial bare ground fraction. Daily snow covered area is calculated based on daily updated SDC
throughout the melting season.
Snowmelt was calculated by three separate routines: (i)

METHODS

the complete energy balance method (GamSnow routine),
(ii) the temperature index method (GamDDF routine) and

Modelling framework

(iii) the combined radiation and temperature index method
(GamSRF routine). All parameter values are given in

ENKI

(https://bitbucket.org/enkiopensource/enki)

is

a

Table 4.

modelling framework that allows the running of a customized hydrological precipitation-runoff model, built from a

GamSnow

library of subroutines, for a region that is speciﬁed by geographical information system (GIS) data (grids and point

The GamSnow routine adopts an energy balance approach
as described by Equation (1) (DeWalle & Rango ):

Table 3

|

Maps used in the model setup

Map name

Description

Elevation

Elevation map, local elevation (m) all grid cells (1 ×
1 km2)

VegCov

Area with high vegetation cover

VegHegt

Deﬁnes vegetation height in areas of high vegetation

Catchments

Sub-basin delineation grid

Glacier

Fraction of grid cells covered by glacier
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where ΔE is the net energy ﬂux at the surface available for
snow melting, S is incoming shortwave radiation, Lin and
Lout are incoming and outgoing longwave radiation, respectively, HSE and HL are turbulent sensible and latent energy
ﬂuxes, and EG is the subsurface energy ﬂux. All terms are
given in W·m–2.
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Parameters for the three models GamSnow, GamSRF and GamDDF. Calibration range and constant values (only lower limit assigned) are shown. Uniform distribution of parameter during calibration was used

Parameter

Description and units

Lower

Upper

Optimized

limit

limit

values

3

0.025

–0.4

–0.64

PrecGrad

Precipitation gradient (mm/100 m)

0

MaxIntDist

Maximum distance to include stations (m)

500,000

MaxIntStat

Maximum stations to be included (–)

25

Tnugget

Nugget in the semivariogram (unit2)

0.2

Tsill

Sill (variance) in the semivariogram (unit2)

10

Trange

Range in the semivariogram (map units)

80,000

Tzscale

XY distance with the same semivar as one vertical unit

PriTgrad

Prior expectation of lapse rate ( C/100 m)

20
–0.8

W

W

PriSDtgrad

Prior standard deviation of laps rate ( C/100 m)

TX

Temperature threshold rain/snow ( C)

–3

3

1.4

PcorrRain

Correction factor for rain (–)

1

2

1.1

PcorrSnow

Correction factor for snow (–)

1

2

1.6

3

2

0.05

W

W

Tvlow

Threshold temperature for start canopy development ( C)

10

Ehgt

Dependency of potential evapotranspiration on vegetation height

0.1

Etmp

Temperature dependency on potential evapotranspiration

0.1

Dveghgt

Default vegetation height

1

Tvsum

Sum degree-days for complete canopy

300

Esnw

Relative magnitude of potential evaporation from snow compared to that from water

0.1

Ewnd

Dependency of potential evaporation on windspeed

0.1

Eprc

Relative potential evapotranspiration during precipitation events compared to that in
dry periods

0.1

Epcorr

Correction factor for potential evapotranspiration

0.5

2

Laicap

Storage capacity in LAI (leaf area index) mm/m

0.2

BETA

Non-linearity of the soil-water retention rate

1

LP

Transpiration is reduced if soil-moisture <LP*ﬁeldcap

0.9

infcap

Inﬁltration capacity (mm/day)

100

ﬁeldcap

Field capacity in forested areas

50

350

220

k2

Outlet coefﬁcient. Quick outﬂow upper tank

0.17

0.4

0.3

k1

Outlet coefﬁcient. Slow outﬂow upper tank

0.04

0.12

0.08

k0

Outlet coefﬁcient. Outﬂow lower tank

0.006

0.03

0.02

65

Perc

Percolation rate from upper to lower tank

1.5

3.5

2.2

Rtreshold

Threshold height for fast outﬂow in upper tank

20

50

35

The snow albedo (αt) determines the amount of shortwave radiation reﬂected by the surface at day t, and was

W

Equation (2), whereas for temperature below 0 C there is
a slow linear decay in snow albedo, Equation (3):

calculated for each time-step and grid cell. The snow
albedo has a maximum and minimum value deﬁned by
the parameter αmax and αmin. For air temperatures above
W

0 C there is a fast exponential decay in snow albedo,
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SRF (mm·day–1·rad–1) is the shortwave radiation factor and
α is the albedo. The GamSRF method uses the albedo as
deﬁned by Equations (2) and (3).

The parameters FastDecayRate (days) and SlowDecayRate (days) can be interpreted as the time it takes for the
albedo to decrease 95% of the value deﬁned by the difference between the maximum and minimum albedo. After
snowfall larger than a predeﬁned depth (ResetSnowDepth),
the albedo is reset to maximum albedo (MaxAlbedo). Glacier albedo is set to a constant.
Incoming and outgoing longwave radiations, Lin and
Lout, are calculated following the Stephan–Boltzmann law.
Lin is based on air temperature Ta, whereas snow surface
temperature Tss, calculated as Tss ¼ 1.16·Ta–2.09, with 0 C
W

as maximum value, is used to estimate the outgoing longwave radiation. The latent and sensible heat ﬂuxes, HL
and HSE, are calculated using a bulk-transfer approach
that depends on wind speed, temperature and air humidity.
The two parameters deﬁning the wind proﬁle, intercept
(windconstant) and slope (windscale), are determined by
calibration. HL and HSE are assumed always positive, and
W

set to zero for temperatures below 0 C. The subsurface
ﬂux EG is calculated assuming a linear temperature proﬁle
in the snow surface layer, where temperature at the
W

bottom of the layer is set to 0 C. Snowmelt in mm is derived
by multiplying the available energy ΔE with the latent heat
of fusion for water.

Glacier melt occurs when glaciers are exposed due to a
reduction in snow cover, i.e. when the snow covered area is
less than the GCA within a grid-cell. The glacier melt routine
has unique parameters for α, DDF and SRF, all determined
by calibration.
The soil moisture and response routines adopted are
schematically similar to the HBV model (Bergstrom ).
An overview of all parameters included their calibration
range and optimized values (for those that were calibrated),
are given in Table 4. Simulated discharge is calculated by
accumulating runoff from all grid cells within a basin for
each time step, without any delay. In the following, the
different versions of the model are named by the snowmelt
routine used, i.e. GamSnow, GamSRF and GamDDF
models.
Model calibration and evaluation
To separately assess the effect of the snowmelt routine on
the simulated discharge, a two-step calibration procedure
was performed. First, the parameters listed in Table 4
and those related to the GamSnow routine (Table 5)
were calibrated. Subsequently, the calibrated parameter
values related to the soil and response routines were held
constant (optimized values speciﬁed in Table 4), whereas
parameters related to snowmelt calculations (GamDDF

GamDDF and GamSRF

and GamSRF) models were calibrated (Table 5). Four
observed discharge series were included in the calibration

Snowmelt M (mm·day–1) is in the GamDDF routine calcu-

of the Upper Beas basin: Thalout, representing the whole

lated

Upper Beas basin, and the sub-basins Tirthan, Sainj and

according

to

Equation

(4),

and

in

GamSRF

according to Equation (5) (Hock ; Pellicciotti et al.
).

M¼

M¼

Bhuntar.
The global optimization algorithm Shufﬂed Complex
Evolution-University of Arizona (Duan et al. ) was

DDF  ðTa  T0 Þ
0

Ta > T0
Ta  T0

(4)

used for the automatic calibration. The Nash–Sutcliffe efﬁciency (NSE, Equation (6)) (Nash & Sutcliffe ), was
chosen as the objective function. The percent bias (Pbias,

DDF  ðTa  T0 Þ þ SRF  S  ð1  αÞ
0

Ta > T0
Ta  T0

(5)

Equation (7)) was used to asses volume deviation in simulated discharge (Gupta et al. ). The correlation
coefﬁcient (Pearson’s r, Equation (8)) is used to assess the

where DDF (mm·day–1· C–1) is a degree day factor, Ta ( C) is
W

W

W

the air temperature, T0 ( C) is a critical melt temperature,
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Speciﬁc snowmelt parameters for the three models

Parameter

Description and units

GamSnow

Windscale

Slope in turbulent wind function (s/m)

2.978

Windconst

Intercept in turbulent wind function (–)

T0

Threshold temperature for onset melt ( C)

GamSRF

GamDDF

–2.726

0.327

0.164

W

W

DDF

Degree-day factor for snowmelt (mm/day C)

DDF_GL

Degree-day factor for glacier melt (mm/day C)

SRF

Shortwave radiation factor (mm/day)

MaxLWC

Maximum liquid water content (–)

SurfaceLayer

Snow surface layer magnitude (mm)

Maxalbedo

Maximum albedo value

Minalbedo

Minimum albedo value

0.65

0.65

FastDecayRate

Albedo decay rate during melt (days)

5

5

SlowDecayRate

Albedo decay rate during cold conditions (days)

15

15

ResetSnowDepth

Snowfall required to reset albedo (mm)

20

20

GlacierAlb

Glacier, ﬁxed albedo

0.35

0.35

W

1.406

3.404

3.826

11.096

0.0687
0.1

0.1

0.1

30

30

30

0.87

0.87

used as analyzing tools only, and not in the optimization of

annual change in storage was calculated according to

the models.

Equation (9) (Dingman ):

Pn
½Si  Oi 2
NSE ¼ 1  P i¼1

n
 2
Oi  O

½∞, 1

(6)

i¼1

Pbias ¼

Pn
i¼1 ðSi  Oi Þ
Pn
 100
1¼1 Oi

½∞, ∞

(7)

ΔS
¼ P  ðQ þ ET Þ
Δt

(9)

where P is precipitation, Q is discharge, ET is evapotranspiration, and ΔS/Δt is change in storage per time unit.
The storage term is here deﬁned as changes in snow and gla-

 

1 Xn 
  Si  O


Oi  O
i¼1
N
r ¼ sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
2ﬃ sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
2
P
P
N  ni¼1 O2i 
N  ni¼1 S2i 
i¼1 Oi
i¼1 Si

N  ðN  1Þ
N  ðN  1Þ
½1, 1

(8)

cier storage only. The Upper Beas has a hydrological regime
strongly inﬂuenced by snow and glacier melt and limited
groundwater storage due to its steep narrow valley in
young sedimentary rocks with limited glacial and periglacial
deposits (Kahn et al. ). A positive storage change represents snow accumulation whereas a negative change

where Si is simulated discharge, Oi is observed discharge, i is
 is the mean of observations and N is total number of
year, O

represents snow and glacier ablation. Annual values are pre-

observations.

water balance components was evaluated for the years

Water balance estimation

(mm·day–1).

The following water balance component, basin averages of

discharge for the period 01.08.1991 to 31.07.1996 and vali-

precipitation, discharge and evapotranspiration were calcu-

dated from 01.08.1996 to 31.07.2001. A warm-up period

lated for both annual and a monthly time resolution. The

was set from 01.01.1989 to 31.07.1991.

sented as basin average (mm·year–1). Seasonality in the
1991–2001 and is presented as monthly mean values
The three models were calibrated using observed daily
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Tirthan, Sainj, Parvati and Manali. In Table 7 Pearson’s r
based on simulated and observed annual discharge is presented. Both visual inspection of the plots and a

Model calibration and evaluation

signiﬁcant Pearson’s r above 0.7, reveal that simulated
The model performances in terms of NSE, Pbias and Pear-

annual discharge for all models are better represented in

son’s r are shown in Table 6 for the Upper Beas basin and

Tirthan than in the other basins. Sainj and Parvati both

the three sub-basins Tirthan, Sainj and Bhuntar. Discharge

show underestimation of discharge volumes for the ﬁrst

data for Bhuntar was used for the calibration, whereas its

part of the period followed by an overestimation towards

sub-basins Manali and Parvati were used in the more

the end of the period (Figure 2). This is reﬂected in low or

detailed analyses, resulting in a total of four sub-basins

negative Pearson’s r values. Simulated discharge in Manali

(Tirthan, Sainj, Parvati and Manali). Acceptable NSE

is overestimated for most years. The models show a similar

values (∼0.7) are found for the Upper Beas basin for the cali-

pattern in volume deviation for all sub-basins. The Mann–

bration period, whereas lower values are seen for the

Kendall trend test (Mann ; Kendall ) revealed a

validation period (∼0.55). Notably low NSE was obtained

strong negative trend in observed discharge for Sainj, Par-

for Bhuntar and to some degree also for Sainj for the vali-

vati and Manali (95% signiﬁcance level).

dation period, whereas Tirthan showed consistent values

The cumulative annual Pbias for the four sub-basins is

for both the calibration and validation period, and all sub-

shown in Figure 3. The plot shows that Tirthan and

basins (∼0.60–0.64). The volume deviation, Pbias, varies

Manali have a positive bias over the period, whereas Sainj

from negative values for Sainj (–15.7%) and the GamDDF

and Parvati have a negative bias until 1996, followed by a

model, to positive values (8.2%) for Upper Beas and the

positive bias. GamSRF gives the highest deviation for all

GamSRF model during the calibration period. Only positive

basins except for Tirthan, where GamSnow has the highest

values are seen for the validation period, ranging from 4.8 to

deviation. For Tirthan GamSRF and GamDDF have very

55%, where the highest deviation is found for Bhuntar for

similar values, whereas for Sainj, similar values are seen

the GamSRF model. Pearson’s r is in the range 0.8–0.9 for

for GamSnow and GamSRF.

all models and sub-basins, both for the calibration and the
validation period.

Annual water balance

Annual discharge

Time series of annual water balance components using the
GamSnow model are plotted in Figure 4 for the four sub-

Figure 2 shows the annual observed and simulated discharge

basins. Estimated evapotranspiration is a minor com-

from 1991 to 2001 for all three models and sub-basins

ponent. All sub-basins show a similar temporal variability

Table 6

|

Model performance: NSE, Pbias and Pearson’s r, for daily discharge for Upper Beas basin and sub-basins
Calibration (01.08.1991–31.07.1996)

Validation (01.08.1996–31.07.2001)

Upper Beas

Bhuntar

Sainj

Tirthan

Mean

Upper Beas

Bhuntar

Sainj

Tirthan

Mean

GamSnow

NSE
Pbias
r

0.753
0.5
0.874

0. 722
–7.3
0.860

0.705
–11.7
0.852

0.629
7.2
0.797

0.703
–2.8

0.549
23.2
0.851

0.245
38.0
0.813

0.277
33.9
0.798

0.605
9.8
0.802

0.419
26.2

GamSRF

NSE
Pbias
r

0.748
8.2
0.878

0.714
4.1
0.863

0.725
–11.1
0.857

0.642
4.1
0.798

0.707
1.4

0.511
30.7
0.857

0.035
53.4
0.821

0.413
31.2
0.810

0.636
4.8
0.806

0.398
30.0

GamDDF

NSE
Pbias
r

0.7 50
3.8
0.879

0.714
–0.6
0.865

0.709
–15.7
0.859

0.644
3.6
0.803

0.704
–8.9

0.562
24.3
0.864

0.167
44.5
0.831

0.476
24.0
0.826

0.636
4.7
0.808

0.460
24.4
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Observed and simulated annual discharge for the Upper Beas sub-basins in mm·year–1 over the period 1991–2001. From top: Tirthan, Sainj, Parvati and Manali sub-basins.

Pearson’s r for annual discharge for Upper Beas basin and sub-basins
1991 to 2001
Upper Beas

Bhuntar

Sainj

Tirthan

Manali

Parvati

GamSnow

0.232

0.166

0.209

0.768

0.103

0.459

GamSRF

0.296

0.178

0.121

0.723

0.194

0.340

GamDDF

0.427

0.008

0.033

0.749

0.180

0.300

in annual precipitation pattern with, for example, 1996

show a similar decreasing trend in simulated discharge

being a particularly dry, and 1997 a particularly wet,

despite the precipitation decline. The observed data in

year. A trend towards lower interpolated precipitation

Table 2 for the hydro-meteorological stations within the

totals can be seen from 1998 for all sub-basins, and is

basin support the same general tendencies. The mean dis-

also reﬂected in decreasing simulated discharge for

charge is decreasing from the calibration to the validation

Manali and Tirthan. Conversely, Parvati and Sainj do not

period (∼20%), not supported by precipitation and
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Cumulative annual Pbias in % based on simulated and observed discharge for three models and Upper Beas sub-basins. From top: Tirthan, Sainj, Parvati and Manali.

temperature that shows an increase for the station values

the annual water balance calculations. The northern parts

(∼8% and ∼4%, respectively).

of Upper Beas, as represented by Manali and Parvati,

Furthermore, Parvati shows a high positive change in

show a positive storage change through the period ana-

estimated storage from 1994, which is a result of inter-

lyzed, whereas the two southern basins, Sainj and

polated precipitation being larger than the sum of

Tirthan, both have a negative storage change. Cumulative

estimated evapotranspiration and simulated discharge for

precipitation shows that the highest precipitation was mod-

most years. In Tirthan, the simulated discharge volume is

elled for Manali, followed by Parvati, Sainj and Tirthan.

similar to the estimated basin precipitation and there is a
negative change in storage, speciﬁcally in the second part

Seasonal water balance

of the period. As demonstrated by Figure 4 there is a
marked difference in simulated water balance elements

Seasonal variation in the water balance components for the

among the sub-basins, notably after 1998 when the highest

Upper Beas basin is shown in Figure 6, using the GamSnow

elevated sub-basins, Sainj and Parvati, fail to capture the

model. Precipitation shows two distinct peaks, one in March

declining discharge. Figure 5 presents the cumulative

caused by winter precipitation, and one in July/August during

change in storage (left) and precipitation (right), based on

the summer Monsoon. Precipitation in March is stored as
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Annual water balance components: precipitation, evaporation, storage change, observed and simulated discharge (GamSnow) for the Upper Beas sub-basins: Tirthan, Sainj,
Parvati and Manali over the period 1991–2001. All values are given as basin average (mm·year–1).

snow, as also reﬂected by the low discharge. Snowmelt

increase in pre-monsoon discharge from May to June, not pre-

induced ﬂow is predominantly in the pre-monsoon period

sent in Manali and Tirthan. GamSnow produces a large

of April, May and June, whereas high precipitation during

discharge for Sainj and Tirthan for the months April to

the monsoon coincides with the months of the highest ﬂow.

August, whereas GamDDF gives the highest discharge for

Evaporation in the basin plays a minor role, 7.4% of precipi-

July and August for Manali and Parvati. In the spring

tation for the Upper Beas basin, and is largest during the pre-

months March–May, all models overestimate discharge for

monsoon month of May, where around 17% of precipitation

the sub-basins Tirthan, Sainj and Manali. The deviation is

is calculated to evaporation.

less for Parvati. In Manali, discharge is overestimated for all

Estimated discharge and storage change for the four subbasins (Figure 7), shows that Sainj and Parvati have an
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Cumulative storage change (left) and cumulative precipitation (right) for the Upper Beas sub-basins: Tirthan, Sainj, Manali and Parvati over the period 1991–2001 (GamSnow
model). Cumulative storage and precipitation are given as basin average (mm).

performance for the validation period is reﬂected in the
values for NSE and Pbias, and less in the correlation coefﬁcient

(daily

values).

The

three

models

evaluated,

representing different snowmelt routines, mainly deviate in
their volume prediction, whereas there are smaller differences in the timing of ﬂow events, reﬂected in relatively
high Pbias and high correlation coefﬁcient, respectively.
At the seasonal scale, the largest volume deviation in
model prediction was found for July and August for all
sub-basins, reﬂecting the high melt contribution during
these months. For the highest elevated basins (Sainj and Parvati), the largest discharge in the monsoon period in Sainj
was obtained by GamSnow, whereas GamDDF gave the
Figure 6

|

highest and GamSnow the lowest simulated discharge in
Seasonal water balance components for the Upper Beas basin (GamSnow
model). All components are given as monthly average (mm·day–1) over the

Parvati. This suggests a lack of consistency among models

period 1991–2001.

in simulating snowmelt discharge for the highest elevated
basins during the monsoon months.
None of the models was able to predict the negative

DISCUSSION

trend in annual discharge observed for Sainj, Parvati and
Manali. The negative Pbias for annual values for these sub-

Model performance

basins could implicate error in the input data, other explanations

are

glacier

dynamics

or

interpolation

of

Overall, the performance criteria shows that all models are

precipitation. However, all models acceptably simulated

able to satisfactorily simulate daily discharge for the cali-

Tirthan, which experienced no trend in discharge.

bration period. The NSE values for the calibration period
are similar to results obtained for the same data set in
other studies using different hydrological models (Li et al.

Annual water balance

, ). This indicates that the calibration result is limited
by the quality of the hydro-metrological data and to a lesser

Highest precipitation was estimated for the northern sub-

degree by the choice of model. A reduced model

basins Manali and Parvati, whereas lowest precipitation

Downloaded from https://iwaponline.com/hr/article-pdf/47/4/683/367959/nh0470683.pdf
by guest
on 14 August 2018

T. J. Hegdahl et al.

695

Figure 7

|

|

Discharge sensitivity to snowmelt parameterization

Hydrology Research

|

47.4

|

2016

Seasonal observed and simulated discharge and storage change for Upper Beas sub-basins for three models GamSnow, GamDDF and GamSRF. From top: Tirthan, Sainj, Parvati
and Manali. All values are given as the daily average each month (mm·day–1) over the period 1991–2001.

was obtained in Tirthan, at the lowest altitude. The precipi-

the highest elevations will, due to all year round low temp-

tation dependency with altitude is described by a power-law

erature, be retained as snow storage, not affecting

relationship in the interpolation routine. Negi ()

simulated discharge when temperature is stable. However,

suggests that a shadow effect occurs for the high mountains

the overestimation of precipitation and the development of

east in the Beas basin, where typically the valleys lying

too large snow storage will potentially become a source of

northeast of the basin, in Lahul and Spiti, are mountain

error in a warmer, future climate. In the high-elevated Par-

desert areas with annual precipitation around 400 mm. It

vati sub-basin, precipitation has been declining since 1998,

is likely that a reduction in precipitation would occur

as has observed discharge. A similar reduction is not seen

above some elevation. Overestimation of precipitation at

in simulated discharge, which is assumed to be sustained
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by questionably large snow storage developed during the

explanation to the deviation we see in the data for the differ-

ﬁrst years of simulation. A smaller fraction of precipitation

ent years.

is stored as snow in the model for Manali sub-basin. Due

The observed and measured reduction in GCA in the

to its lower mean altitude the discharge is more directly con-

Beas basin during 1991–2001 (Kulkarni et al. ) is not

nected to precipitation. Manali does however have the

accounted for in the model, which assumes a static GCA

largest volume deviation between simulated and observed

with an inﬁnite volume of ice. The Parbati glacier is located

discharge. Precipitation and observed discharge in Manali

within the Parvati sub-basin, and is one of the glaciers with

would indicate a volume increase in the reservoirs of peren-

the largest areal reduction in the Western Himalaya. The

nial snow and glacier growth. This implies that the volume

glacier snout has retreated to about 6,000 m in the period

deviation between observed and simulated discharge in Par-

1962–1990, with a somewhat slower retreat from 1992 to

vati and Manali could arise from erroneous precipitation

2001 (Kulkarni et al. , ). A reduction in the GCA

interpolations. For Tirthan and Sainj, the simulated dis-

and increased elevation of the snowline support an increase

charge is larger than can be sustained by precipitation

in discharge due to additional melt. If, however, the rate of

alone. The basins have no snow storage from previous

reduction is slowing down or the retraction has passed a

years, suggesting that excess water originates from glacier

critical point, further retraction will reduce the melt

melt. This is supported by the negative storage change calcu-

volume ( Jansson et al. ). Reduced glacier melt may

lated for the two southern sub-basins for most years. Sainj

explain the trend in observed discharge for the study

show the same pattern as Parvati, as the simulated and

period seen for the northern sub-basins Manali and Parvati,

observed discharge has different behavior in the later part

which cannot be explained by a reduction in precipitation

of the period. Observed discharge follows the reduction in

and, further, has not been captured by the model.

precipitation, whereas this is not the case for simulated discharge which is kept high for both sub-basins, probably by

Seasonal water balance

simulating melt at higher elevations.
Evaporation is an overall minor component in the

The pre-monsoon simulated discharge in March and April

annual water balance budget for all sub-basins. The highest

was overestimated by all models, indicating a too early

evaporation is found in the valleys at lower altitude regions

start of model snowmelt compared to observed discharge

where annual mean temperatures are higher. Hence,

(Figure 7). Precipitation in the pre-monsoon period is typi-

Tirthan has the highest average evaporation (215 mm/

cally low, so discharge is mainly fed by snowmelt and

year), followed by Manali (133 mm/year), Sainj (102 mm/

hence, is dependent on simulating snowmelt satisfactory.

year) and Parvati (44 mm/year).

Thus, an overestimation of pre-monsoon discharge suggests

The observed data show a decrease in discharge
(Figure 4) whereas there is an increase in both precipitation

the presence of snow at low elevations or a too early start of
the melt season in the model.

and temperature (Table 2). This indicates a non-stationarity
in precipitation and discharge. Li et al. () highlight non-

Model uncertainty

stationarity in the precipitation to discharge ratio analyzing
the annual water balance for the 1997–2005 period for the

Important factors contributing to the uncertainty in our

Bhuntar sub-basin. Their results show that the linear

modelling study include: (i) spatial interpolation based on

relationship between precipitation and discharge during

a sparse network of station date; (ii) downscaling coarse res-

the early period (1997–2001) is different from the relation-

olution WDF data in challenging terrain; and (iii) model

ship during the later period (2002–2005). This could imply

structure and parameterization.

deﬁciencies in the data quality, but also it raises the question

Generally, the quality of input data will have a large

as to how the two dominant weather systems, the summer

inﬂuence on model performance. Data used in this study

Monsoon and Western Disturbance, will affect the annual

is largely drawn from manual measurements and hence, is

precipitation/discharge ratio. This could be an additional

subject to human errors. Precipitation measurements
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might under-estimate the real precipitation, and losses due

models, the general conclusion is that the model perform-

to extreme precipitation or snow events under windy con-

ance is still not comparably good to that of using observed

ditions are particularly difﬁcult to account for (Wolff et al.

data. Different downscaling methods for regional climate

). The Upper Beas basin is characterized by large

models (RCM) for climate projections studies was tested

elevation differences and lack of observations in the highest

on the Beas basin by Li et al. (). The bias correction sig-

elevated areas. The input temperature and precipitation is

niﬁcantly reduced the difference from RCM to in situ

based on extrapolation of their respective laps-rates. This

observations, and similar methods should be investigated

implies that the interpolation of climate variables is highly

for the downscaling of global data sets. The use of wind

uncertain in the region and depends on good observation

and radiation from WFD for energy balance modelling in

networks, both in terms of spatial representation and quality

this region with a complex topography is challenging, and

of observations. However, the lack of observation sites at

local topography was not accounted for when interpolating

high altitude is considered the most critical factor in deter-

these inputs. Validation of downscaled wind and radiation

mining uncertainty in interpolated input data, precipitation

by surface observations is not possible, since local data is

in particular, as suggested by overestimation of precipitation

missing.

for the highest elevations in this basin. In addition, the

The Beas River with tributaries is prone to large annual

marked seasonality in hydroclimatology suggests that the

variations and extensive ﬂooding, and both low and high

model simulations could gain from seasonal speciﬁc par-

ﬂows can be inaccurate. There is an extensive sediment

ameters related to the interpolation of temperature and

transport in the rivers (Jain et al. ), implying unstable

precipitation. Thayyen et al. () found a non-linear temp-

river-proﬁles, and by this it is assumed difﬁcult to establish

erature lapse-rate for a valley in the Din Gad basin in

stable rating curves.

Central Himalaya. They demonstrated that the valley

In GamSnow a simpliﬁed algorithm for the calculation

lapse-rate was smaller compared to the alpine lapse-rates

of snow surface temperature assumes turbulent ﬂuxes

at higher elevations during the monsoon months, and that

always to be positive, an empirical relationship ﬁtted for

the alpine zone showed, in addition, a higher annual vari-

Norwegian conditions. Energy balance modelling at the

ation than the lower valley zone. This could give

Chhota Shigri glacier just north of the Beas basin (Pithan

additional information to the large inter-annual differences

), found a strong negative latent heat contribution in

found in the precipitation to discharge ratio in this study

the pre-monsoon period as also supported by ﬁndings for

and by Li et al. (). However, these ﬁndings are not

a low latitude glacier in Bolivia (Sicart et al. ).

necessarily representative for our study region as large

Hence, these results are in conﬂict with the snow surface

regional variations can be expected since the wet and dry

temperature calculations adopted in our model setup.

adiabatic lapse-rates depend on atmospheric moisture con-

Wind is highly variable and dependent on local roughness

tent and hence, on precipitation and temperature in the

in addition to the overall topography. This will inﬂuence

area (Aguado & Burt ).

the calculations of turbulent ﬂuxes, and hence the surface

The high snow accumulation simulated for Paravati is

temperature. Shortwave radiation will also be inﬂuenced

questionable when confronted with the areal retreat

by the topographic parameters, slope and aspect, which

observed for glaciers in this sub-basin (Kulkarni et al. ,

modiﬁes the exchange surface for radiation, in addition

). Rather, it may be a result of an excessive precipitation

to steep terrain leading to shading (DeWalle & Rango

gradient in the model overestimating precipitation at high

). These effects were ignored in the interpolation of cli-

altitudes. Additional information from remotely sensed

mate input data and may result in reduced model

data of snow covered areas might help determining more

performance for GamSnow and GamSRF model. The

realistic values. Alternative data sources like Tropical Rain-

importance for this model setup is however questionable,

fall Measuring Mission (Huffman et al. ) and WFD

since all three models experience problems with the

(Weedon et al. ) were considered. Previous studies (Li

water balance, independently of the method used for snow-

et al. , ) have used these data to force hydrological

melt calculations.
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Glacier dynamics are not implemented in the models, and

overestimated in the pre-monsoon period for all models

the static GCAs are hence an inﬁnite water source. For the

and sub-basins, suggesting a too early melt onset in the

southern, low altitude, sub-basins Sainj and Tirthan glacier

model.

melt contributed to simulated discharge in most years, indicated by a consistent negative change in storage. The glacier
melt contribution was, especially for Tirthan, high relative to
the comparable small GCA. This underlines the problem
with a relatively coarse resolution in steep terrain. In case
only a small part of the grid cell is glaciated, its temperature,
which is derived based on the mean altitude for the grid,
may overestimate the melting. Methods to reduce erroneous
glacier melt, for example introduce model limitations for the
maximum glacier melt, from each grid and time step based
on the glacier-covered area should be investigated.

Increased model complexity did not enhance the model
performance for the Upper Beas basin, implicating that
downscaling the WFD gives too rough estimates for wind
and radiation to be representative for challenging regions
with complex topography. Validation of downscaled radiation and wind by surface observations is difﬁcult since
local data is missing. Further studies evaluating optimum
downscaling strategies for this region should be encouraged.
Implementation of a dynamic glacier module and different
precipitation interpolation routines should be further investigated for improved simulation of glacier- and snowmelt.
Seasonality in model parameters and a better differentiation
in sub-basins parameter values should be considered in
future calibration schemes.

CONCLUSIONS
Water from glacier- and snowmelt is important for both
early spring ﬂow and peak ﬂow during the summer mon-
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