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ABSTRACT
Koshi river basin which is one of the largest river basins of Nepal has its headwaters in the northern
Himalayan region of the country covered with perennial snow and glaciers. Increased warming
due to climate change is most likely to impact snowpack of this Himalayan region. Snowmelt
Runoff Model, a degree day based method, was used in this study to assess the snowmelt hydrology
of the five sub-basins, viz. Tamor, Arun, Dudhkoshi, Tamakoshi and Sunkoshi of the Koshi river
basin, with and without climate change impacts. The model has been fairly able to simulate the
flow. Daily bias-corrected RCM data of PRECIS-ECHAM05 and PRECIS-HadCM3 for the period
of 2041-2060 were used for future projection. A period of 2000-2008 was set as baseline period
to evaluate changes in future flow. In climate change scenarios, magnitude and frequency of peak
flows are expected to increase and snowmelt contribution to total river flows are likely to be more.
Simulated flow results indicate that the annual flow would still be governed by monsoon flow
even in the future under the climate change impact. A high probability of having more flows and
snowmelt in 50’s decade than that in 40’s decade is seen. The estimated future flow by ECHAM05
is found more than those estimated by HadCM3 both seasonally and annually.
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1. INTRODUCTION
The Himalayan catchments contribute large
quantity of snowmelt flow, particularly during
dry season (Chaulagain, 2015). The hydrology
of this river is, thus, expected to be more
susceptible to climate change because of its
effects on the seasonal, altitudinal and latitudinal
shift in freezing line (Jones, 1999). It is because
of the impacts of rising temperature, which is
more likely to decrease the amount of snowfall

over most of the Himalayan regions combined
with more rapid melting at lower altitudes and
latitude, and reducing snow cover durations
(Singh and Bengtson, 2004). As the temperature
goes up, ratio of snowfall to rainfall declines,
which adversely affects the water storage
capacity of the Himalayan catchment in two
ways: firstly, it will create a direct runoff and
contribute in possible flooding, and secondly,
it will accelerate the process of snow and ice
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melting (Chaulagain, 2006). Furthermore,
decrease in snow-to-rain ratio brings wetter
monsoon and drier low flow seasons, which
would adversely affect the hydropower
potential of mountain rivers (Agrawala et al.,
2003). Bohner and Lekmkhul (2005) predicted
that there was a probability of decrease in snow
cover area by 43-81% by 2100 with an increase
in temperature by 1-6°C at higher elevation in
Asia. Mirza and Dixit (1997) stated that a 2°C
rise in temperature would cause a 4% decrease
in runoff, while a 5°C rise in temperature and
10% decrease in precipitation would cause
a 41% decrease in the runoff of the Ganges
River. Qin (2002) concluded that with a 2°C
increase in temperature by 2050, 35% of the
present glaciers would disappear and the runoff
would increase, peaking between 2030 and
2050 in western China. The runoff for the most
glaciated sub-catchments of the Himalayan
region (glaciation ≥ 50%) may attain peaks of
150 and 170% of initial flow around 2050 and
2070 in the west and east respectively before
declining until the respective glaciers disappear
in 2086 and 2109 (Rees and Collins, 2006). All
these studies show that climate change is going
to significantly affect the runoff in the snow-fed
rivers.
For sustainable management of the water
resources under the impact of climate change,
better assessment and understanding of
snowmelt contribution in river runoff has thus
become very demanding (Abudu et al., 2012).
Suitable hydrological models are generally
used to explore the snow-melt dynamics in
the catchment. Since snowmelt is the result
of different heat transfer process in the snow
pack, generally two types of models for snowmelt studies have been adopted worldwide,
viz., Energy balance model and Temperature
index or degree day models (Richard et al.,
Journal of Hydrology and Meteorology, Vol. 9, No. 1
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2001; Prashad and Roy, 2005; Konz et al.,
2006; Aggarwal et al., 2014). Energy balance
model is ideal for understanding the melting
process. However, it requires large data sets
and it is rarely utilized for large-scale modeling
studies (Bash and Marshall, 2014; Aggrawal et
al., 2014). On the contrary, degree day model,
which requires less data, is widely used to
catchment or regional scale snow and glacier
melt studies (Kayastha et al., 2005; Prashad and
Roy, 2005; Li et al., 2008). This model utilizes
the air temperature expressed in degree day for
computing the snow melt.
This research paper assesses the hydrological
phenomena in the five sub-basins of the Koshi
River Basin, which are the repositories of snow
and glaciated ice, lying in the Himalayan region.
Snowmelt Runoff Model (SRM) (Version 1.12,
2009), which is basically a temperature index
model originally developed by Maritnec (1975),
was used that integrates climate data with
remote sensing and Geographic Information
System (GIS). For assessing the changes in
total flow under climate change scenarios, daily
bias-corrected temperature and precipitation
data of PRECIS-ECHAM05 and HadCM3 were
used to simulate the future runoff. In this study
snowmelt includes melt from combined form of
snow lake ice, lake and precipitation in the form
of snowfall.

2. STUDY AREA
The study was carried out in the Koshi River
Basin lying in the Himalayan region. The study
area is divided into five sub-basins, viz., Tamor,
Arun, Dudhkoshi, Tamakoshi and Sunkoshi,
which are located from the east to the west
of the Koshi basin. Out of these five subbasins, Arun, Tamakoshi and Sunkoshi has its
SOHAM-Nepal
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Table 1: Characteristics of sub-basins of Koshi river basin.
Sub-basins
Tamor
Arun
Dudhkoshi
Tamakoshi
Sunkoshi
Physical Characteristics
Elevation range, m a.s.l.
358-8387
874-8776
432-8848
797-7311
545-7938
Drainage area,km2
4267.03
28225.43
3968.46
3132.23
5187.45
% of Basin area >5000 m
21.58
39.18
29.47
55.75
37.98
% of Basin area (3000-5000 m)
37.01
59.18
32.72
38.45
25.32
Mean SCA,km2
784.36
2537.33
705.18
741.52
689.17
% of SCA in average
18.45
8.99
17.96
23.78
13.35
% of SCA 3000-5000 m
12.99
3.7
10.02
14.07
9.78
1
No. of Glacial lakes*
209
81
243
24
29
No. of Glaciers*2
262
108*
287
27*
76*
No. of elevation zones
12
11
13
11
11
Hydro-meteorological Information
Flow gauging station
Majhitar
Uwagaon
Rabuwabazar
Busti
Pachuwarghat
Elevation of gauging station, m
432
1294
460
849
589
Precipitation stations (No.)
3
Aphrodite
4
4
6
Temperature stations (No.)
1
1
2
2
2
*Within Nepal; 1Bajracharya et al., 2014;2ICIMOD, 2011; Snow Cover Area (SCA);** excluding year 2002

Figure 1: The study area within the Koshi River Basin, Nepal.
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catchment area in China. The study sub-basins
are situated from the lowest elevation of 432
m to high mountainous region above 7000 m
with large area of perennial snow and ice. The
physical characteristics of each sub-basin and
hydro-meteorological information are given in
Table 1 and Figure 1.

3. METHODOLOGY
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through Nash Sutcliffe coefficient of Efficiency
(NSE) and percentage of volume difference (Dv)
and also through visual inspection of measured
and simulated discharge. Generally closer the
NSE value to 1 and Dv to zero, the more precise
is the model simulation.
3.1. Data input

Two types of data, viz., hydro-meteorological
The Snowmelt Runoff Model (SRM), a concepand geo-spatial data are required for model
The
Snowmelt
Runoff
Model
(SRM),
a
conceptual,
lumped,
degree-day
based
model
initially
tual, lumped, degree-day based model initially
setup. The hydro-meteorological data includes
developed by Martinec in 1975 was used in this
temperature, precipitation and discharge data,
developed by Martinec in 1975 was used in this study to simulate runoff from five sub-basins
study to simulate runoff from five sub-basins
which is obtained from the Department of Hyof
Koshi
River
Basin.
of Koshi
River Basin.
The model
simulatesThe
the dailymodel
runoff with simulates
an input of precipitation,drology and Meteorology (DHM) of Nepal.
the daily runoff with an input of precipitation,
Besides observed precipitation data, a daily
temperature and snowand
coversnow
data. Thecover
daily discharge
computed
usingdisthe followinggridded precipitation data of Asian Precipitatemperature
data.isThe
daily
charge
tion Highly Resolved Observational Data Inteequation. is computed using the following equation.
gration Towards Evaluation of Water resources
(APHRODITE) for the period of 2000-2007
………… (1)
was also used for Arun sub-basin due to inadWhere Q is average 3 daily discharge (m3/s);
isequate coverage of meteorological stations in
Q is average daily discharge (m /s); is runoff coefficient for snowmelt;
cWhere
is runoff coefficient for snowmelt; cRn is
sn
that basin. Two Regional Climate Models of
runoff
coefficient
a ˚C/d);
is degree
runoff coefficient
for rainfall; a isfor
degreerainfall;
day factor (cm/
T is number day
of degree daysPRECIS-ECHAM05 and PRECIS-HadCM3
factor (cm/ ˚C/d); T is number of degree days
data were obtained from DHM Data Portal,
°
the temperature
which is doneadjustment
by temperature lapse
rate for different
((°C);
C);∆T is∆T
is the adjustment
temperature
which
which are based on IPCC SRES A1B scenario.
is done by° temperature lapse rate for different
elevation zones ( C); S is ratio of the snow covered area to the zonal area; P is precipitationPower transformation approach (Terink, et al.,
elevation zones (°C); S is ratio of the snow
2010; NDRI, 2013) for the bias correction of
covered
to the
zonal
area;
(cm); A is areaarea
of the basin
or elevation
zone/band
(kmP2); is
k isprecipitation
recession coefficient indicating
precipitation data was used in this study. More(cm); A is area of the basin or elevation zone/
the decline of discharge in a period without snowmelt or rainfall; n is sequence of days duringover, a delta change method as discussed by
band (km2); k is recession coefficient indicating
Leadner and Buishand (2007) was used for corthe
decline
of period;
discharge
in ais a period
without
the discharge
computation
and 10000/86400
conversion factor
from runoff depthrecting biases in the temperature data.
snowmelt or rainfall; n is sequence of days
Moderate
Resolution
Imaging
to discharge.the
It is noted
here that T, S, computation
and P in equation (1) areperiod;
three model and
variables whileA
during
discharge
Spectroradiometer
(MODIS)
derived
snow
10000/86400 is a conversion factor from runoff
a, Cs, CR, ∆T and k are parameters. TCRIT and the lag time (L) are other two additional
cover data was used in this study. The data set
depth to discharge. It is noted here that T, S, and
needed to be(1)
estimated
while usingmodel
SRM model.
The simulation
by the model isused is L3 global 500 m grids, a daily product
Pparameters
in equation
are three
variables
while
from both MOD10A1Aqua and Terra Version
a, Cs, CR, ∆T and k are parameters. TCRIT and the
evaluated through Nash Sutcliffe coefficient of Efficiency (NSE) and percentage of volume(Gurung et al., 2011) that were extracted for the
lag time (L) are other two additional parameters
period of 2000 to 2011. In Nepal, precipitation
needed
bealso
estimated
SRM
through visualwhile
inspectionusing
of measured
and model.
simulated discharge.
difference ( to) and
as snowfall is considered at an elevation above
The simulation by the model is evaluated
3. Methodology

Generally closer the NSE value to 1 and to zero, the more precise is the model simulation.

Journal of Hydrology and Meteorology, Vol. 9, No. 1
3.1. Data input

Two types of data, viz., hydro-meteorological and geo-spatial data are required for model

SOHAM-Nepal

32

Impact of Climate Change on the Snow Hydrology of Koshi River Basin August 2015

3000 m (WECS, 2011). Thus, snow cover area
above this elevation is only used as a model
input.
The geo-spatial data includes digital elevation
model (DEM) and remotely sensed satellite
data of snow cover. The Advanced Space borne
Thermal Emission and Reflection Radiometer
(ASTER) DEM with 30 m spatial resolution
was used in this study to delineate catchment
boundaries and for reclassifying it into desired
elevation bands. In this study, each sub-basin
is divided into different elevation bands with
an equal interval of 500 m above 3000 m and
approximately by 1000 m below it. The numbers
of elevation bands, thus, generated in each subbasin, are given in Table 1.
3.2. Estimation of variables and parameters
(i)

Temperature and Precipitation

An average of maximum and minimum air
temperature was used in the model. The
available temperature data in the basin was
lapsed with hypsometric mean elevation of the
zone and this extrapolated temperature data was
used to estimate the daily snowmelt depth for
each elevation band.
Precipitation was found to be a function of
altitude in the snow and glacier dominated
catchment in Nepal (Higuchi et al., 1982).
Studies conducted in Langtang Valley showed
that precipitation at the elevation of 5000
m was 1.3 times greater than that at 4000 m
(Seko, 1987). The Equation (2) that relates
precipitation with elevation, developed by
Seko (1987), has been generally used in Nepal
(Kayastha, 2005). So Equation (2) was used in
this study to estimate the zonal precipitation for
all sub-basins except for the Arun river basin
where APHRODITE data were used.
Journal of Hydrology and Meteorology, Vol. 9, No. 1

Pj,n = PBH		 when hj < 4000m
Pj,n = PBH {1 + 0.003 (hj - 4000)}
when 4000m< hj <5000m …………….. (2)
Pj,n = 1.3PBH		

when hj > 5000m

Where, Pj,n is precipitation at hypsometric
elevation hj of the zone n and PBH is the
precipitation at base station. It is noted here
that if multiple stations within an elevation
zone were present, precipitation data was
estimated as an average of daily precipitation
records from those multiple stations within
that zone for PBH
(ii)

Snow cover area (SCA)

The snow cover data derived from MODIS/
MOD10A1 data set from the year 2000 to 2011
for the five sub-basins was plotted (Figure 2) to
see if there is any annual trends in snow cover
area. The figure shows annual variation of snow
cover area in each sub-basin. However, no clear
trend is visible. Singh et al. (2011) also indicated
that the SCA for Hindu Kush Himalaya (HKH)
region was more or less stable. Since this short
term data could not provide a distinct trend, no
annual changes in SCA was assumed.

Figure 2: Annual variation of snow cover area in sub-basins
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Degree day factor (a)

The14 index temperature and the degree-day
12
factor
determine the melt depth from snow and
Lapse rate in the mountain terrains shows great
10
are
generally
differentyfor
snow and +
ice.
It is not
= 1.3964ln(x)
1.6171
8
diurnal and seasonal variations around the mean
R² = seasonally
0.9965
a constant
parameter but varies
i.e. it
6
(Barry, 1990), ranging from 5.0 to 7.0 °C/km
changes
with changing snow properties during
4
(Panday et al., 2013; Prasad and Roy, 2005). Due
2
snowmelt season (Martince et al., 2008) and
to scarce climatological station within the basin,
also 0with respect to elevation (Kayastha, 2003).
a global mean lapse rate of 6.5 °C/km was used
0
500 1000 1500 2000 2500
The
degree
day
factors for snow
and ice in the
in all the sub-basins except in Tamakoshi subBasin area (km2)
study ranges from 0.7-1.05 cm/°C/day and is
basin. The lapse rate for Tamakoshi sub-basin
with respect to elevation (Kayastha
(5.32 °C/km) was generated using temperature
Figure 3:distributed
A regression
plot for basin area versus time lag
et
al.,
2005).
The
different values of degree day
data from Jiri and Tsho Rolpa stations.
Degree day factor (a) factor as recommend by Kayastha et al. (2005)
were used in this study and are given in Table 2.
Critical temperature or base temperature
The index temperature and the degree-day factor determine the melt depth from sn
(TCRIT)
Table 2: Degree day factor and rainfall
differentthe
for snow and ice. It is not a constant parameter but varies seaso
Critical
temperature generally
distinguishes
contributing area
precipitation event as rain or snow. The critical
changes for
withallchanging
season
(Martince et al.
Elevation (m)during snowmelt
a
RCA
temperature of 0°C was assumed
zones snow properties
)

Time lag(hr)

Lapse Rate (

<3500
0.7
1
also with respect to elevation (Kayastha,
3500-4000 2003). The
0.75degree day1 factors for snow
4000-4500
0.8
1
Time lag (L)
the study ranges from 0.7-1.05
cm/°C/day
and
is
distributed
4500-5000
0.95
1/0*with respect t
The time lag verses catchment area for this
5000-5500
1.05
1/0*
(Kayastha
et al., 2005).
values of degree day factor as recommend b
study was calculated using
a regression
plot The different
>5500
1.05
0

in this study.

of basin area and the time lag generated for
* May-Sept=1; Oct-Apr = 0
et al. (2005) were used in* Elevation
this study
and
arem given
in Table
2. The
<4000 m
&> 5000
= Snow; Elevation
4000-5000
= ice simplest an
inter-comparison test (WMO, 1986) as shown
in Figure 3. The time lag for Tamor, Arun,
The daily
simplest
and the to
most
expression
common expression relating
snowmelt
thecommon
temperature
index is shown i
Dudhkoshi, Tamakosi and Sunkoshi sub-basins
relating daily snowmelt to the temperature
are 13.33, 15.92, 13.10,(3)
12.11, 13.48 hours,
index is shown in Equation (3)
respectively.

( -

)................................. (3)

=Meltinproduced
cm of=water
in
Where, M =Melt producedWhere,
in cm M
of water
a unit ofintime;
Degree-day
factor
a unit of time; a = Degree-day factor (cm /˚C/
(˚C);
= Base
temperature
day); = Index air temperature
day); T
= Index air
temperature
(˚C); (˚C)
TCRIT =
i
Base temperature (˚C)
Table 2: Degree day factor and rainfall contributing area
contributinga area (RCA)
Elevation Rainfall
(m)
RCA
<3500For rainfall contributing
0.7 area, a value of 1 was1
used for elevation up0.75
to 4500 m. For elevation1
Figure 3: A regression plot for basin area versus time lag3500-4000
4000-4500
0.8
1
4500-5000
0.95
1/0*
Journal of Hydrology and Meteorology, Vol. 9,5000-5500
No. 1
SOHAM-Nepal
1.05
1/0*
>5500
1.05
0
* May-Sept=1; Oct-Apr = 0
* Elevation <4000 m &> 5000 m = Snow; Elevation 4000-5000 = ice
a = degree day factor; RCA = Rainfall contributing area

g area (RCA)
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ng area, a value
was used m,
forRCA
elevation
4500
m. Foravailable
elevationdata i.e. discharge, precipitation and
rangeof
of14500-5500
value up
of 1towas
also
e of 1 was used for elevation up to 4500 m. For elevation
used during the month of May to September
temperature data. The parameters calibrated
m, RCA value
of 1 was
also used
duringthetheripe
month
of May to September
(Table
2). This
indicates
condition
were then validated in the year 2000, 2002 to
f 1 was also used during the month of May to September
of the snowpack that is ready to melt and all
2008. A monthly value of these coefficients
ates the ripe condition of the snowpack that is ready to melt and all
thatthat
falls
during tothemelt
simulation
was used for Tamor, Dudhkoshi and Sunkoshi
ondition ofprecipitation
the snowpack
is ready
and all
period
will immediately
transformedbeinto
sub-basin.
s during the
simulation
period willbeimmediately
transformed
into However, in Arun and Tamakoshi,
runoff will
and will
not be stored
in the snowpack.
which are trans-boundary rivers, the value of
imulation period
immediately
be transformed
into
zero
value wasAused
forvalue
elevation
runoff
coefficient generated based on observed
e stored in Athe
snowpack.
zero
wasabove
used 5500
for elevation
above
snowpack.mAbecause
zero value
was
used
for
elevation
above
all precipitation above this elevation
stations was not suitable. This unsuitable value
considered
as snowfall
(Table 2).
recipitationwas
above
this elevation
was considered
as This
snowfall generated
(Table 2). is due to poor representation of
ove this elevation
asofsnowfall
2).
signifieswas
the considered
dry condition
the snow(Table
pack and
precipitation data in these basins. To avoid this
condition ofthat
theall
snow
andabsorbed
that all and
fall will
betoabsorbed
and added an annual value of 0.458 and 0.432
fall pack
will be
added
the
discrepancy,
e snow pack and that all fall will be absorbed and added
snowpack.
has been estimated for Arun and Tamakoshi
sub-basin. Moreover, for Tamakoshi sub-basin,
a value used by Shilpakar et al. (2009) has
Recession coefficient (k)
(k)
been used in this study. The monthly runoff
Recession coefficient (k) was determined
coefficient
t (k) was through
determined
through
historical
discharge
data where
the for Tamor, Dudhkoshi and Sunkoshi
historical
discharge
data
where
the
in this study ranges from 0.6-0.9; 0.5-0.74 and
ermined through historical discharge data where the
observed stream flow on day n+1 is divided by
respectively.
). 0.3-0.56,
SRM uses
on day n+1 is divided by discharge on day n (k =
discharge on day
).. SRM uses
uses
divided by discharge
day nn (k =
To simplify the calibration process, assumption
x and
y coefficient
to estimate
the recession
estimate the
recession
coefficient
using Equation
4. The parameters
of equal xvalue of runoff coefficients have
ecession coefficient
coefficientusing
usingEquation
Equation4.4. The
The parameters
parameters xx
generally been practiced in previous studies.
or each month
andeach
by month
plotting
and ybyareEquation
generated4 for
bydischarge
Equation on n day with
Yichi et al. (2007) used similar values of
by Equation
andbybyplotting
plottingdischarge
dischargeononnn day
day with
with
4 4and
runoff coefficient for snow and rain in Kaidu
A slight adjustment
of parameter
range was of
made to
generate
discharge on
n+1 day. Awithin
slightaadjustment
river basin (0.5-0.75) with respect to elevation.
tment of parameter within a range was made to generate
parameter within a range was made to generate
Similarly, Martinec et al. (2008) in Illecillewaet
asins duringa best
calibration.
rangeduring
of estimated
values
fit result The
for basins
calibration.
The of x and y are
libration. The range of estimated values of x and y are
basin of Canada (0.7 for Jul-Sept/0.8 for Oct);
range of estimated values of x and y are from
Agrawala et al. (2014) in Baghirathi basin in
from 0.004 to 0.138 respectively.
0.98 to1.58 and from 0.004 to 0.138 respectively.
.138 respectively.
India (0.1-0.8) had also used same value for
.............. (4)
snow and rainfall runoff coefficients. As used in
.............. (4)
other studies, equal values of runoff coefficients
r rainfall and snow (CR and Cs)
were used in this study too. A daily and monthly
Cs) coefficient for rainfall and snow (CR
snow (CR and
Runoff
calibrated and validated hydrographs of
computed based
on precipitation and runoff data. Runoff coefficients
in River is depicted as an illustration
and Cs)
Dudhkoshi
d on precipitation and runoff data. Runoff coefficients in
in Figures 4a and 4b respectively. A scatter plot
These parameters are computed based on
ated on monthly basis through calibration in the year 2001. It is because
of observed and simulated flows of daily data of
precipitation
andin
runoff
data.2001.
RunoffItcoefficients
y basis through
calibration
the year
is because
Dudhkoshi
thisavailable
study were
estimated
monthly
f SCA wasinonly
from
March on
2000;
a yearbasis
2001 was
selected sub-basin is also shown in Figure 5.
These graphs depict a fair simulation of runoff
calibration
the 2001
year was
2001.
It is
ly availablethrough
from March
2000; ainyear
selected
by SRM
model. The calculated Nash Sutcliffe
becauseoftheavailable
MODIS product
of discharge,
SCA was only
on the quality
data i.e.
precipitation
and
ty of available
data
i.e.
discharge,
precipitation
and
coefficient
of efficiency (NSE) and percentage
available from March 2000; a year 2001 was
of 2002
volume
e parametersselected
calibrated
were thenbased
validated
the year
to difference (Dv) for all sub-basins as
for calibration
on theinquality
of 2000,
alibrated were then validated in the year 2000, 2002 to
of Hydrology
and
Vol. 9, No.and
1 Sunkoshi
SOHAM-Nepal
ue of these Journal
coefficients
was used
forMeteorology,
Tamor, Dudhkoshi
fficients was used for Tamor, Dudhkoshi and Sunkoshi
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Table 3: Performance evaluation of the model in sub-basins
Tamor
Arun
Dudhkosi
Tamakosi*
Year
Calibration
NSE
Dv%
NSE
Dv%
NSE
Dv%
NSE
Dv%
Year
2001
0.837
-4.73
0.847 6.28
0.872
-3.44
0.908
9.37
Validation year (2000 and 2002-2008)
Average
0.771
-4.19
0.800 4.02
0.736
2.35
0.823
9.20
* Due to missing hydrological data for the year 2002, validation was not performed for this year.
4a)

Observed

4b)

Simulated

2500
Discharge, m3/s

Discharge in m3/s

3000
2000
1500

1000
500

Observed

1200

Sunkoshi
NSE

Dv%

0.884

7.32

0.812

4.74

Simulated

900
600
300

0

0

Figure 4: Daily simulated (4a) and monthly simulated (4b) flow in Dudhkoshi sub-basin

Figure 4: (page 35)
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2005: Observed and simulated flows (2000-2008) in Dudhkoshi sub-basin
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given0in Table 3 also indicates a close agreement
between the observed and simulated runoff by
the model.
Figure 6: (page 37)
4. RESULTS AND DISCUSSION
4.1. Runoff simulation

Based on statistical and graphical evaluations
(Table 3 and Table 4; Figure 4 and Figure5)
Journal of Hydrology and Meteorology, Vol. 9, No. 1

0

the model has been fairly able to simulate the
flow during both calibration and validation
period. The model has adequately represented
most of the monthly values with the exception
of some low and high flow values where it
tends to over or underestimate the historic
conditions (Table 4). The SRM model has
slightly under estimated the mean annual
flow that ranges from -1.85% to –4.75%
(Table 4) in all sub-basins except in Tamor
SOHAM-Nepal
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sub-basin which is slightly over estimated
by 4%. Graphically the base flow has been
well simulated by the model while the few
extreme peaks during the summer months
are under estimated. Underestimation of peak
stream flows has been highly experienced by
SRM model users worldwide. These sharp
variations in daily stream flow are may be due
to more precipitation as rainfall in the lower
part of the sub-basins. While in upper part of
the sub-basins where SCA is in pre-dominant,
the winter snow pack melts in longer duration
of time and the new snow in summer melts
in just one or two days that leads to peak
flows. Also these extreme peaks might be due
to flooding cases or due to abrupt release of
stored water following failure of some natural
impoundments like glaciers, glacial moraines
and mass movement deposits (Shilpakar et
al., 2009; Tahir et al, 2011) which have not
been accounted by the model. When the
extrapolated temperature becomes lower than
the critical temperature, the model also fails
to capture the sharp peaks (Martinec, 2008)
while in reality critical temperature varies
with respect to elevation as well as season
and can often go beyond 0˚C. So using 0˚C as
threshold for all elevation ranges in this study
might have underestimated the result.

4.2. Characteristics of flow in baseline period
The hydrograph of observed flow (Figure
6) during the baseline period of 2000-2008,
demonstrates maximum peak flow during the
month of August in all sub-basins expect in
Dudhkoshi sub-basin which is during the month
of July. Of the total flow, 68-79% of flow occurs
in monsoon season, while rest of the flow i.e.
21-32% occurs in other seasons. This implies
that the runoff is highly influenced by monsoon
rainfall in the study basins. This phenomenon is
common in almost all rivers in Nepal.
The mean discharge during the baseline period
ranges from 142.1-235.7 m3/s, with the highest
value in Tamor sub-basin and the lowest one
in Tamakoshi sub-basin (Table 4). However,
the recorded historical mean flows (19712008 for Tamakoshi and Dudhkoshi; 19712010 for Sunkoshi; 1976-2010 for Tamor and
1986 to 2008 for Arun sub-basins ) in Tamor,
Arun, Dudhkoshi, Tamakoshi and Sunkoshi
sub-basins are 226.20m3/s, 281.60m3/s, 205.64
m3/s, 153.92 m3/s and 220.24 m3/s, respectively.
Analysis based on historical annual average
stream flows showed a decreasing trend in
all sub-basins except in Tamor sub-basin,
where the annual flow is in increasing trend.
The decreasing trend of the flow in the Koshi

Table 4: Statistics of measured and simulated discharge for baseline period
Sub-basins

Mean

Observed (m3/s)
Daily
Qmax
S.D

Simulated (m3/s)

Qmin

Mean

Daily S.D

Qmax

l

Qmin

% change
Qmean

l

Tamor

235.7

269.2

2740

32.7

245.5

250.2

1474.9

29.8

4.15

Arun

224.0

216.3

1560

56.6

213.3

198.5

920.2

34.7

-4.76

Dudhkoshi

229.6

300.2

2593

13.5

220.8

277.2

1737.6

18.3

-3.82

Tamakoshi

142.1

214.2

1310

13.2

139.5

215.0

839.4

14.4

-1.85

Sunkohsi

197.3

174.7

1990

39.1

188.1

160.5

1195.8

32.6

-4.70
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Figure 6: Hydrograph for sub-basins for observed flow data (6a) and simulated flow data (6b) for the baseline period
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River at Chatara was also found (Devkota and
Gyawali, 2015; Sharma et al., 2000a) which
is the cumulative effect of the flow in these
basins where the flows of all these five rivers
ultimately accumulate.
4.3. Characteristics of flow during projection
period
A daily bias corrected temperature and
precipitation data of PRECIS-ECHAM05
(Case I) and PRECIS-HadCM3 (Case II)
for the period of 2041 to 2060 were used for
future discharge simulations. The simulated
result shows that there is a high possibility of
increase in mean stream flow for the period
of 2041-2060 in comparison to the baseline
period (comparison was made with simulated
flow to give consistency) in three sub-basins
Tamor, Tamakoshi and Sunkoshi (Table 5).
On the contrary, results indicate a probability
of declining annual mean discharge in Arun
and Dudhkoshi sub-basins for both cases.
This decline in runoff could be possibly due to
inadequate precipitation representation over the
basin. Moreover runoff values obtained from
the simulation using APHRODITE precipitation
data was also found lower than the one simulated
with the observed precipitation data in Hunza
Journal of Hydrology and Meteorology, Vol. 9, No. 1

and Tamor river basin (Tahir et al., 2011; Pandey
et al., 2013). Thus this could be the possible
reason for decline in discharge in Arun subbasin. Since Dudhkoshi sub-basin varies greatly
ranging from 432 to 8848 m asl, precipitation
input data acquired from stations located nearly
below 2500m might be the major source of
uncertainty, leading to decline in total runoff.
The increase in mean flow is expected to be
more than 50% (56% in Case I and 45% Case
II) in Tamokoshi river while it may go as low
as 25% (22% in Case I and 30% in Case II) in
Dudhkoshi River (Table 4 and 5). However the
change in total flow contributed by all sub-basins
to the Koshi River is less than 5% (2% in Case
I and -4.9% in Case II). Trend analysis shows
an increase in stream flow in all sub-basins.
Based on Case I, the mean annual discharge
is expected to increase at a rate of 3.68, 1.87,
2.17, 2.70, 1.05 m3/s per year in Tamor, Arun,
Dudhkoshi,Tamakoshi and Sunkoshi sub-basins
respectively. Likewise in Case II, it is expected
to rise at a rate of 1.43, 0.97, 0.63, 2.25 and 0.75
m3/s per year in those respective basins.
To assess the magnitude and frequency of flows
in 2041-2060 periods (Table 5), comparison
of high flows (Qmax in Table 5) with respect to
SOHAM-Nepal
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Table 5: Statistics for projected discharge

Tamor

260.1

Case I (ECHAM05) in m3/s
Daily
N*
Qmax
Qmin
S.D
303.8
7045.9
35.6
51

Arun

186.0

149.8

988.1

15.7

4

183.2

149.1

712

35.1

98

Dudhkoshi

172.5

222.8

3799.2

20.9

15

155.1

192.7

2758

19.0

0

Tamakoshi

216.1

273.5

3617.6

17.2

147

202.4

250.7

2077

17.1

170

Sunkohsi

193.4

214.6

2384.5

35.3

30

192.8

220.0

2172

34.7

26

Sub-basins

Mean

Mean
224.7

Case II (HadCM3)in m3/s
Daily
N*
Qmax
Qmin
S.D
235.0 2636
13.2
12

*N is the number of peaks greater than historically simulated maximum daily flow.

simulated flows of the baseline period (Qmax´ in
Table 4) was carried out. The results indicate
greater magnitude of peak flows (Qmax) in future
in all sub-basins except in Arun sub-basin
in both cases. In Tamakoshi and Tamor subbasin, it may be more than 4 times for Case I
and more than double in Case II. For Sunkoshi
and Dudhkoshi sub-basin, it would be nearly
double in both cases. Furthermore, these peak
flows are much greater in Case I (ECHAM05)
as compared to Case II (HadCM3). Similarly,
the frequency (N in Table 5) of high flows in
projected period is expected to be more. The
numbers of such high flows ranges from 4
(Arun river) to 147 (Tamakoshi river) for Case
I and for Case II, it ranges from 0 (Dudhkoshi
river) to 170 in (Tamakoshi river). Analysis
of extreme events of precipitation data using
probability of exceedance, in the Koshi basin,
had depicted increase in frequency of such
events in PRECIS-ECHAM05 (2020-2060) and
PRECIS-HadCM3 (2030-2060) data compared
to historical observed data (NDRI, 2013). Thus
increases in frequency of extreme floods in this
study are in correspondence to the extreme
events of the RCM data. It thus, points out the
need of appropriate flood management in the
plain areas of Nepal and even in India, while
constructing any water resources management
works in this basin.
Journal of Hydrology and Meteorology, Vol. 9, No. 1

5. IMPACT OF CLIMATE CHANGE
At the start of the study, the flow data from DHM
were only available up to 2008 while the snow
covered data were available from March 2000
to December 2011. Baseline simulation using
SRM model could, therefore, be done from 2000
to 2008 i.e. for 9 years (nearly one decade). To
have consistency in the comparison of future
flow and snowmelt characteristics with respect to
corresponding baseline values as well as to assess
if there is any difference in these phenomena in
considered projected period, simulation period
2041-2060 was divided into two decadal spans
i.e. 2041-2050 and 2051-2060. In the following
sub-sections comparison of flow and snowmelt
phenomena are made accordingly.
5.1. Impact of climate change on snowmelt
Table 6 compares the annual and seasonal
percentage change in snowmelt for ECHAM05
and HadCM3 data in the projected periods
from the baseline values. Figure 7 shows the
snowmelt hydrograph of Dudhkoshi sub-basin
for two climate data in two different decades.
Annual hydrograph of snowmelt generally
shows two peaks: a) during spring season
when snowmelt beings to rise after a winter
minimum and b) during monsoon months when
the temperature is at its peak. Snowmelt results
SOHAM-Nepal
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based on ECHAM05 data, when compared
to baseline data (Table 6), indicate more melt
during the pre-monsoon season followed by
the post-monsoon season in Tamor, Arun and
Tamakoshi sub-basin in both decades. While, it
was found to be more during winter and postmonsoon season in Dudhkoshi and Sunkoshi
sub-basin respectively. However, results based
on HadCM3 data depicted varied responses
compared to ECHAM05 results, in which
case snow melting is most pronounced during
the post-monsoon season. Snow accumulated
during winter season, generally melts during
spring and monsoon season, which exposes
the underlying ice for further melting. Hence,
increased contribution during post-monsoon
season indicates more melting from ice or
glaciers in sub-basins of Koshi River Basin.
Since temperature is an important factor
for inducing melt, the contrasting results
for snowmelt based on ECHAM05 and
HadCM3 signifies the differences in projected
temperature data, though both climate models
shows an increase in average daily mean
temperature at a range of 0.044-0.060ºC per
year for ECHAM05 (2020-2060) and 0.0380.048ºC per year for HadCM3 (2030-2060)
data. Figure 8 shows the annual variation of
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temperature and precipitation data for the
period of 2031 to 2060 in Dudhkoshi basin,
where the two climate model though show a
consistent pattern of increasing, they highly
differ in terms of their annual value. Thus the
differences in the flow projection relates to the
variation in two climate data.
There are only 9 cases out of 100 that show
negative values in Table 6. It clearly indicates
that the melting of snowpack in the future
would be higher than that of the baseline period.
The melt rate is predicted to be more in 50’s
than in 40’s decade in all seasons and in all subbasins for both cases. This increase in melting
is highly attributed to increased warming trends
projected in the sub-basins.
5.2. Impact of climate change in catchment
flows
The percentage change in predicted annual
as well as seasonal flows with respect to
corresponding baseline values in all sub-basins
for both ECHAM05 and HadCM3 are given
in Table 7. The simulation results projects
decrease in monsoon flows in first decade in
all sub-basins expect in Tamakosi sub-basin.
However, this is likely to increase after 2050 in
Tamor, Tamakoshi and Sunkoshi sub-baisn. The

Figure 7: Snowmelt hydrograph using (a) ECHAM05 and (b) HadCM3 data in Dudhkoshi sub-basin.
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Table 6: Percentage change in snowmelt in sub-basins from the baseline.
Season
2041-2050
Average
Winter
Pre-monsoon
Monsoon
Post-monsoon
2051-2060
Average
Winter
Pre-monsoon
Monsoon
Post-monsoon

ECHAM05
HadCM3
Tamor Arun Dudhkoshi Tamakoshi Sunkoshi Tamor Arun Dudhkoshi Tamakoshi Sunkoshi
52
70
81
38
76

55
48
68
42
61

95
192
32
89
153

61
3
293
53
-22

59
113
51
53
84

-1
-21
7
-4
11

24
-5
34
20
11

56
91
11
56
90

26
-44
216
23
-56

38
55
30
38
52

95
119
181
62
107

95
88
129
63
99

139
269
92
129
193

107
42
506
80
4

85
159
101
65
104

19
1
44
8
45

45
4
66
28
51

91
150
44
86
145

68
-21
380
50
-20

50
65
59
41
62

Figure 8: Projected annual temperature and precipitation in Dudhkoshi basin, where E and H represents ECHAM05 and
HadCM3 datasets.

highest percentage change in flow is expected to
be in Tamakoshi sub-basin in all seasons except
in winter. It may be more than double (158%) in
pre-monsoon period as predicted by ECHAM05
for 50’s decade. Minimum change is expected in
Tamor among the five sub-basins and in winter
season among the four seasons, in general.
Journal of Hydrology and Meteorology, Vol. 9, No. 1

Table 7 demonstrates that there are only four
values (out of 50) which are lower in 50’s
decade as compared to 40’s decade. It clearly
indicates that there is a high possibility of
having more flows in 50’s decade than that of
40’s decade both annually and season wise. It
is also clearly seen from Figure 8. Seasonally,
SOHAM-Nepal
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Table 7: Percentage change in annual average flow based on base year simulated flow (2000-2008)
Season
2041-2050
Average
Winter
Pre-monsoon
Monsoon
Post-monsoon
2051-2060
Average
Winter
Pre-monsoon
Monsoon
Post-monsoon

ECHAM05
HadCM3
Tamor Arun Dudhkoshi Tamakoshi Sunkoshi Tamor Arun Dudhkoshi Tamakoshi Sunkoshi
-1

-17

-26

59

1

-9

-15

-29

51

2

3
9
-3
7

6
-2
-22
-15

-1
-16
-29
-23

-1
114
63
35

4
19
-1
4

3
-6
-14
11

10
-3
-21
-1

-3
-26
-32
-16

-3
72
57
26

11
6
-4
42

16

-6

-15

82

7

-5

-11

-28

52

6

13
21
12
39

15
11
-14
11

0
-11
-17
-6

-1
158
86
55

6
34
5
13

4
4
-10
15

14
3
-18
-1

-3
-19
-31
-20

5
93
55
30

8
9
3
18

*Winter: DJF; Pre-monsoon: MAM; Monsoon: JJAS; Post-monsoon: ON

the rate of increase in stream flow is witnessed
mostly during the pre-monsoon months
followed by the post-monsoon season in most
of the sub-basins. Also the earlier rise in stream
flow might be due to increased temperature that
reduces the snowpack accumulation during
monsoon months and increases the melting
process during spring and summer months. The
rate of increase, based on HadCM3 data are less
as compared to the ECHAM05 data. Variation
in rainfall pattern (Figure 7) in projected data
(NDRI, 2013) might be highly responsible for
such seasonal variation in flows generated by
the model.

6. CONCLUSION
Snowmelt Runoff Model was successfully
applied in five sub-basins of Koshi River basin
to assess the impact of climate change on
snow hydrology. The simulated result shows
that there is a high possibility of increase in
mean stream flow for the period of 20412060 in comparison to the baseline period
in three sub-basins Tamor, Tamakoshi and
Journal of Hydrology and Meteorology, Vol. 9, No. 1

Sunkoshi while decline in the flows in Arun
and Dudhkoshi sub-basins in future under
the impact of climate change. The magnitude
of peak flows (Qmax) in future will be much
more in all sub-basins except in Arun subbasin. In Tamakoshi and Tamor sub-basin,
it may be more than 4 times greater than the
historical maximum daily flow. Similarly, the
frequency of peak flows in projected period is
expected to increase considerably. The highest
percentage change in flow is expected to be in
Tamakoshi sub-basin in all seasons except in
winter. It may be more than double (158%) in
the pre-monsoon period. Minimum change is
expected in Tamor among the five sub-basins
and in winter season among the four seasons,
in general. Further the simulated results
clearly indicate that there is a high possibility
of having more flows and contribution from
snowmelt in 50’s decade than those of 40’s
decade, both annually and seasonally. The
future flow estimated by ECHAM05 is found
larger than those estimated by HadCM3, thus
indicating the uncertainty in the climate model
leading to uncertain projections.
SOHAM-Nepal
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