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ABSTRACT 
 

The impact of climate change on society is one of the most serious challenges of this century. 
Observations have shown that the Earth’s hydrologic cycle has intensified during past century as 
the Earth’s temperatures have increased. Such change in hydrology will affect nearly every aspect 
of human well being, from agricultural productivity and energy use to flood control as well as 
municipal and industrial water supply. This study therefore, focuses on using climate projection 
data (precipitation and temperature) from an ensemble of 16 Global Climate Models (GCMs) and 
Thornthwaite Monthly Water Balance Model (TMWB) to assess changes in the basin hydrology in a 
high altitude mountainous Bagmati basin of Nepal. This region is considered as one of the most 
disaster (landslides and flood) prone basins in Hind-Kush-Himalaya due to the summer monsoon. 
The assessments were conducted for short (2020-2029), medium (2060-2069) and long (2090-
2099) terms relative to the base period of the 1990-1999 in high (A2), medium (A1B) and low (B1) 
emission scenarios. According to GCMs the basin is expected to witness higher temperatures from 
about 2ºC (B1) to 4.5ºC (A2) and receive higher precipitation from about 7% (B1) to 20% (A2) in 
2099. The increased precipitation is primarily expected to occur during the monsoon season, 
suggesting a wetter monsoon. The results from TMWB modeling show generation of higher runoff, 
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especially during the wet monsoon season, compared to 1990-1999. This implies that the basin will 
most likely become more vulnerable to floods and landslides during future monsoon seasons. 
 

 
Keywords: Climate change; water resources; hydrologic cycle; runoff; evapotranspiration; 

mountainous basin; flood; landslide. 
 

1. INTRODUCTION 

 
The Intergovernmental Panel on Climate Change 
(IPCC) Fourth Assessment Report (AR4) 
mentions negative impacts of climate change on 
water resources [1]. By the middle of the 21st 
century, annual average river runoff and water 
availability at high latitudes and in some wet 
tropical areas are projected to increase as a 
result of climate change. A decrease may be 
observed with time over some dry regions at mid-
latitudes and in the dry tropics as well [2]. An 
increased stress on water resources from 
population growth, and economic and land-use 
change, including urbanization, is also expected. 
By the 2020s, as a result of climate change and 
population growth, nearly half a billion people 
could see increased water resources stress as a 
result of climate change [1,3]. The amount of 
water available for human uses depends on the 
runoff, groundwater recharge and aquifer 
conditions. Climate-induced changes in both the 
seasonal runoff and inter-annual runoff variability 
can be as important for water availability as 
changes in the long-term average annual runoff 
[4], whereas the runoff is mainly dependent upon 
precipitation and temperature. The change in 
climate is expected to bring changes in rainfall 
characteristics. A warmer climate is expected to 
accelerate the hydrologic cycle, altering 
precipitation patterns and timing of runoff. Warm 
air holds more moisture and increases 
evaporation of surface moisture [1,5]. The 
increase in atmospheric water holding capacity 
results into high precipitation amount and 
intensity, therefore increasing the chances of 
flooding after a rainfall event. As the temperature 
increases, it generally takes the air parcels more 
time to be saturated with water vapors prior to be 
perceptible rain drops, thus likely resulting in 
longer dry spell periods [6,7]. With little or no 
moisture in the soil to evaporate and thus to cool 
the air, the incident solar radiation will raise the 
surface temperature, which could also likely 
contribute to longer and more severe droughts. 
 

The impact of climate change is expected to vary 
around the globe. The IPCC AR4 predicts a 
grimmer picture in southern Asian, where climate 
change is expected to have a severe impact on 

agriculture and natural resources, as well as, 
forestry and fisheries sectors [8]. A similar 
scenario for the eastern Himalayas has been 
argued in [9]. Although research about climate 
change and its impacts on water resources has 
been one of the overarching themes of climate 
impact studies during the past two decades, such 
debates, particularly in the marginalized 
developing regions of the world, lack clarity. They 
are far too subjective; both in terms of how one 
can expect a changing climate will affect local 
environments and livelihoods of communities. 
Therefore, any discussion regarding climate 
change and its impacts follows a very general 
assumption of cause (low or high precipitation, 
decrease or increase in temperature, etc.) and 
effect (drier or wetter climate, drought or flooding, 
etc.) of scenario, and extrapolation of conditions 
in the coming decades rather than substantive 
arguments with concrete facts. This situation 
leads to a poor planning to mitigate and propose 
adaptive measures to minimize such impacts 
[10,11,12,13]. Furthermore, the people in 
marginalized regions of the world rely mainly on 
climate-sensitive natural resources, such as rain-
fed agriculture. They have a poor capacity to 
withstand and recover from natural hazards (e.g. 
floods, landslides and droughts) compounded by 
global climate change. This research is 
motivated due to these very realities. This study, 
therefore, intends to fill existing knowledge gaps 
by investigating the impact of climate change in 
one of these marginal regions of the world: a 
small mountainous basin of Nepal. The 
objectives of this study are to: determine the 
projected precipitation and temperature changes 
in the basin for three IPCC Special Report on 
Emissions Scenarios (SRESs) A2, A1B and B1 
[14] determine potential changes of 
evapotranspiration and runoff due to changed 
precipitation and temperature for 2020-2029, 
2060-2069 and 2090-2099 over the base decade 
of 1990-1999; and finally, assess the water 
availability based on the projected runoff.  
 
This paper has four sections. The first section 
provides background information, previous works 
and objectives of the study. The second section 
explains the study area, data used and 
methodology. The third section provides analysis 
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on projected temperature and precipitation from 
the 16 GCMs in the basin and compares it with 
the historical trend. This section also provides 
the results from the TMWB modeling on surface 
water availability. The paper concludes in fourth 
section.   

 
2. MATERIALS AND METHODS  
 
2.1 Study Area 
 
The Bagmati basin, with an area of 14,384 km2 

[15], is a trans-boundary basin. In Nepal, the 
Bagmati basin extends from 27º48'-26º44' N 
latitude to 85°57'-85°2' E longitude, which is only 
about a quarter of the total area. This will be the 
study basin. The Bagmati River is the main river 
in the study basin that originates in the central 
mountainous region of Nepal at an elevation of 
around 2,700m and drains southward into Bihar, 
India to join the Ganges River. Within Nepal, the 
basin has three distinct climatic zones: 
subtropical sub-humid zone (<1,000m), warm 
temperate zone (1,000m-2,000m) and cool 
temperate humid zone (<3,000m). The basin has 
a discharge station located at Pandhera Dovan 
near the Karmaiya town, Nepal for which 
discharge data is available since 1985 (Fig. 1). 

 
Forest cover, which is about 58% of the study 
basin area, dominates the northern part of the 
study basin, followed by cultivated land, which 
accounts for about 38% of the study basin. The 
dominant soil type in the basin is loamy soil [16]. 
The climate in Bagmati is driven by the South 
Asian monsoon, which is a seasonal reversal of 
wind flow due to changing low- and high-
pressure patterns in the Indian peninsula [17]. 
The temperature varies from 10ºC to 30ºC and 
the higher mountains in the basin receive 
snowfall occasionally during the winter months 
(November-February). The annual average 
rainfall in this basin is about 1,500 mm, with 90% 
of the precipitation occurring during the four 
monsoon months, June to September [18,19]. 
The months of October through May are dry; the 
rainfall occurrence is scanty; and ground water 
contributes to the flow in the Bagmati River. 
During the winter, rainfall is governed by the 
easterly Mediterranean winds. 

 
Rice, wheat, corn and millet are the predominant 
crops in the study area. In the upper 
mountainous regions of the basin, corn is a 
dominant crop, while it is rice in the lower regions 
[20]. The agrarian economy of the Bagmati basin 

is very much dependent on the monsoon-fed 
agriculture. The space-time variation of monsoon 
rainfall over the Bagmati basin, therefore, has a 
large bearing on the resources and livelihood in 
the study area. The basin increasingly faces a 
number of serious environmental and ecological 
challenges. Urbanization, due to population 
growth and migration, in the headwater regions 
(particularly in the Kathmandu valley, including 
the capital city of Nepal) has contributed to water 
quality deterioration both at the middle and lower 
reaches of the Bagmati River [21,22]. This has 
impacted human health, as well as, aquatic 
ecosystems in the basin. As mentioned earlier, 
the people in the middle mountain region depend 
on rain-fed agriculture. Increasing population 
pressure on the fragile mountain slopes has also 
resulted in the rapid degradation of the natural 
resources in this basin. As a consequence, 
deforestation, soil erosion, landslides and 
siltation are occurring in the upper and middle 
sections of the basin, whereas, sedimentation 
and flooding are frequent in the lower stretches 
of the basin. Understanding basin hydrology due 
to climate change is, therefore, an important task 
to mitigate impacts on the environment and the 
people’s livelihood in Bagmati. 
 

2.2 Data  
 
The primary source of climate data for the study 
includes precipitation (mm/month) and 
temperature (ºC) data from the 16 Global Climate 
Models (GCMs) at 0.5º x 0.5º resolutions, which 
were made available through the World Climate 
Research Program's (WCRP) Coupled Model 
Intercomparison Project 3 (CMIP3) [23,24]. The 
data covers the entire globe and are available for 
the A2, A1B and B1 Special Report Emissions 
Scenario (SRES). Each scenario represents a 
different prediction of the effects of greenhouse 
emissions depending on factors such as 
population growth, economic development and 
technological change. A2 is the most aggressive, 
A1B is the balanced and B1 is the most 
conservative emission scenario [14]. The 
temperature and precipitation data are extracted 
for the study area of the Bagmati basins. The 
available data cover the period from 1950 to 
2099. For this study the average temperature 
and precipitation from 16 GCMs is used so as to 
have the best possible representation of future 
climate [25]. The seasonal weather in Nepal 
Himalaya varies considerably from year to year, 
especially for the monsoon and winter weather 
regimes, depending on the strength of the 
Tibetan high and subtropical jet stream (SJT). 
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Monsoon precipitation in Nepal occurs mainly 
from cumulus convection; the daily amount of 
precipitation at each station has a strong random 
component even if the stations are located at a 
short distance from each other. In the summer 
months, the Himalayan region gets much hotter 
than the Bay of Bengal, thus creating a massive 
convection cell. The moist air from the Bay of 
Bengal moves into the Himalayan barriers gets 
pushed up the mountains cools as it rises, and 
condenses in the form of rain [26]. 
 
The in-situ climatic data in Nepal have relatively 
short records. Only handfuls of stations have 
records of more than 50 yrs.  Therefore, studies 
on Nepal’s climatology and long term 
hydrological analysis are sparse. However, from 
the available studies, it has been found that 
temperatures in Nepal are increasing at a rather 
high rate. For 1971–1994, a warming trend, 
ranging from 0.06 to 0.12ºC per year in most of 
the Middle Mountain and Himalayan regions after 
1977, has been detected [20,27]. The warming is 
more pronounced in the high altitudes. The 
magnitude of the long-term trend in precipitation 
is not as noticeable as temperature. The overall 
average trend for Nepal indicates that the annual 
average precipitation is decreasing at the rate of 
9.8 mm/decade [28]. Nevertheless, a large inter-

annual and decadal variability is observed. The 
monsoon record for all of Nepal is highly 
correlated with the Southern Oscillation Index 
(SOI) series. The exceptionally dry year of 1992 
recorded in Nepal coincides with the elongated 
El Niño-Southern Oscillation (ENSO) of 1992-
1993 [29].  
 
The in-situ (gauge) daily precipitation data for 
this study were obtained from 24 stations within 
and surrounding the region of the Bagmati basin 
for 1985-2006. These stations are located mainly 
on the upper reaches of the basin (Fig. 1). The 
discharge data were obtained at Pandhera 
Dovan. There is no discharge-measuring station 
in Nepal downstream of Pandhera Dovan; 
although, the river continues to Bihar, India and 
joins the River Ganges (Fig. 1). The precipitation 
and discharge data from 1985-1998 are on 
monthly timescales, and from 1999-2006, they 
are on daily timescales. These daily datasets 
were accumulated on a monthly scale, as well. 
The average monthly temperatures from the 24 
stations were also obtained for the same time 
period of 1985-2006. For the purpose of this 
research, the individual station data (both 
temperature and precipitation) were averaged 
over the basin and also used for the bias 
correction of the projected climatic data. 

 

 
 

Fig. 1. Location of the study area, the Bagmati basin in Nepal 
 



 

The precipitation and runoff records show that 
the basin has a strong seasonal signature driven 
by the south Asian monsoon. The Bagmati River 
is fed mainly by monsoon precipitation and 
natural spring [30]. The months of June to 
September are wet, while the rest of the months 
are much drier (Fig. 2b). The basin also has a 
pronounced orographic effect that impacts the 
precipitation pattern [22]. As rain gauges stations 
are concentrated mainly in the northern most part
of the basin and virtually none at the higher 
elevated area immediately south any orographic 
effects, if any, could not be made. Fig. 2a shows 
that, during some years, runoff is larger than 
precipitation, thus indicating the basin might have 
spring source contribution. The basin average 
runoff coefficient, calculated on the basis of 
1985-2006 data, is about 0.82. This shows that 
the basin has relatively steeper slopes with a 
shorter time of concentration. Runoff is 
generated much quicker after the rainfall
 
2.3 Methodology 
 
2.3.1 Bias correction 
 
The basin average monthly time series CMIP3 
temperature and precipitation data from the 
 

 
Fig. 2. a) Observed average monthly precipitation and runoff (mm/month) in the Bagmati basin, 

and b) Seasonal characterist
 

 
Fig. 3. CMIP3 vs. gauge temperature for 198
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The precipitation and runoff records show that 
the basin has a strong seasonal signature driven 
by the south Asian monsoon. The Bagmati River 
is fed mainly by monsoon precipitation and 

hs of June to 
September are wet, while the rest of the months 
are much drier (Fig. 2b). The basin also has a 
pronounced orographic effect that impacts the 

. As rain gauges stations 
are concentrated mainly in the northern most part 
of the basin and virtually none at the higher 
elevated area immediately south any orographic 
effects, if any, could not be made. Fig. 2a shows 
that, during some years, runoff is larger than 
precipitation, thus indicating the basin might have 

contribution. The basin average 
runoff coefficient, calculated on the basis of 

2006 data, is about 0.82. This shows that 
the basin has relatively steeper slopes with a 
shorter time of concentration. Runoff is 
generated much quicker after the rainfall. 

The basin average monthly time series CMIP3 
temperature and precipitation data from the 

ensemble of 16 Global Climate Models 
for the period 1950-2099 are extracted for the 
Bagmati basin. The CMIP3 temperature and 
precipitation was bias-corrected and spatially 
downscaled [23,31,32]. Compared to the 
observed data at the Bagmati Basin, the monthly 
temperature and precipitation from t
simulations are found underestimated
18% in all emission scenarios using the Equation 
1 (Figs. 3 and 4).  
 

% ���� =
∑ ���(�)�∑ ���(�)�

���
�
���

∑ ���(�)�
���

 
Where, Sim is CMIP3 estimation of monthly 
temperature/precipitation and Obs is gauge 
observed data for monthly 
temperature/precipitation for 1985-
 
It is observed that the CMIP3 data could not 
capture precipitation higher than 400 mm/month 
(which is the case during most of the monsoon 
seasons) evidently showing limitations of CMIP3 
data to capture variability within this basin. 
data is then bias corrected with the help of 1985
2006 gauge data. Bias correction helped improve 
the validation indices for both te
(Table 1) and precipitation (Table 2). 

a) Observed average monthly precipitation and runoff (mm/month) in the Bagmati basin, 
and b) Seasonal characteristics of precipitation and runoff 

CMIP3 vs. gauge temperature for 1985-2006 a) A2, b) A1B, and c) B1
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Global Climate Models (GCMs) 
2099 are extracted for the 

basin. The CMIP3 temperature and 
corrected and spatially 

downscaled [23,31,32]. Compared to the 
observed data at the Bagmati Basin, the monthly 
temperature and precipitation from the CMIP3 
simulations are found underestimated by about 
18% in all emission scenarios using the Equation 

× 100        (1) 

is CMIP3 estimation of monthly 
temperature/precipitation and Obs is gauge 
observed data for monthly 

-2006. 

It is observed that the CMIP3 data could not 
capture precipitation higher than 400 mm/month 

ring most of the monsoon 
seasons) evidently showing limitations of CMIP3 
data to capture variability within this basin. The 
data is then bias corrected with the help of 1985-

Bias correction helped improve 
the validation indices for both temperature     
(Table 1) and precipitation (Table 2).  

 

a) Observed average monthly precipitation and runoff (mm/month) in the Bagmati basin, 

 

2006 a) A2, b) A1B, and c) B1 



 

 
Fig. 4. CMIP3 vs. gauge precipitation for 198

 
Table 1. Bias correction of predicted temperat

 
Scenario Condition

A2 Before bias correction
After bias correction

A1B Before bias correction
After bias correction

B1 Before bias correction
After bias correction

 
Table 2. Bias correction of predicted precipitat

 
Scenario Condition 

A2 Before bias correction
After bias correction

A1B Before bias correction
After bias correction

B1 Before bias correction
After bias correction

 
Tables 1 and 2 show that both temperature and 
precipitation are underestimated in the CMIP3 
data, although the correlation coefficients (CC) 
are quite high, above 0.9 in all the cases. The 
CC assesses the agreement between the CMIP3 
data and the ground observation. The root mean 
square error (RMSE) measures the average 
error in simulated runoff but gives greater weight 
to the larger errors. The RMSE value for 
temperature is 4ºC, while it is more than 70 
mm/month for precipitation. The higher values of 
RMSE in precipitation indicate larger errors, as 
precipitations higher than 400 mm are 
underestimated in the CMIP3 data (Fig. 4). 
 
In this study, a second round of bias correction is 
done based on the bias calculated using 
Equation 1.First, the bias quantified durin
baseline data (1990-1999) is used to correct 
biases for projected decades of 2020
2060-2069 and 2090-2099, respectively.
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CMIP3 vs. gauge precipitation for 1985-2006 a) A2, b) A1B, and c) B1

Bias correction of predicted temperature improved validation indices

Condition CC Bias (%) RMSE(ºC)

Before bias correction 0.96 -18.08 3.82 
After bias correction 0.96 0.07 1.75 
Before bias correction 0.96 -18.19 3.84 
After bias correction 0.96 -0.07 1.75 
Before bias correction 0.96 -18.13 3.83 
After bias correction 0.96 0.01 1.74 

Bias correction of predicted precipitation improved validation indices

CC Bias (%) RMSE(mm)

Before bias correction 0.93 -18.49 72.73 
After bias correction 0.93 -0.46 53.06 
Before bias correction 0.92 -17.63 70.66 
After bias correction 0.92 0.60 51.89 
Before bias correction 0.92 -18.23 71.52 
After bias correction 0.92 -0.14 51.94 

1 and 2 show that both temperature and 
precipitation are underestimated in the CMIP3 
data, although the correlation coefficients (CC) 
are quite high, above 0.9 in all the cases. The 
CC assesses the agreement between the CMIP3 

on. The root mean 
square error (RMSE) measures the average 
error in simulated runoff but gives greater weight 
to the larger errors. The RMSE value for 

C, while it is more than 70 
mm/month for precipitation. The higher values of 

cipitation indicate larger errors, as 
precipitations higher than 400 mm are 
underestimated in the CMIP3 data (Fig. 4).  

In this study, a second round of bias correction is 
done based on the bias calculated using 

First, the bias quantified during the 
1999) is used to correct 

biases for projected decades of 2020-2029, 
2099, respectively. Then 

the bias-corrected projection data is used for the 
analysis in temperature and precipitation 
changes and subsequently as an input into the 
Thornthwaite Monthly Water Balance (TMWB) 
model for the three projection periods. The 
TMWB model is a simple non-data intensive, 
robust model requiring only mean monthly 
temperature (T), monthly total precipitation (P) 
and latitude (in decimal degree) of the study area 
[33,34]. The selection of the model is based on 
two simple facts. Most of the countries in 
emerging regions have very limited data. TMWB 
model is one of the non-data intensive models 
and it has proven its utility to analy
hydrology in different parts of the world. In this 
study, the model is calibrated for the period 
1990-1999. The calibrated model is validated for 
the period 2000-2006. The calibrated model is 
used to determine the actual evapotranspiration 
(AET) for the base period of 1990
actual evapotranspiration in the TMWB model is 

 
 
 
 

Article no.BJECC.2015.020 
 
 

 

2006 a) A2, b) A1B, and c) B1 

ure improved validation indices 

C) Slope 

0.868 
1.015 
0.868 
1.014 
0.868 
1.015 

ion improved validation indices 

RMSE(mm) Slope 

0.692 
0.901 
0.689 
0.908 
0.691 
0.899 

corrected projection data is used for the 
analysis in temperature and precipitation 

as an input into the 
Thornthwaite Monthly Water Balance (TMWB) 
model for the three projection periods. The 

data intensive, 
robust model requiring only mean monthly 
temperature (T), monthly total precipitation (P) 

decimal degree) of the study area 
. The selection of the model is based on 

two simple facts. Most of the countries in 
emerging regions have very limited data. TMWB 

data intensive models 
and it has proven its utility to analyze monthly 
hydrology in different parts of the world. In this 
study, the model is calibrated for the period 

1999. The calibrated model is validated for 
2006. The calibrated model is 

used to determine the actual evapotranspiration 
for the base period of 1990-1999. The 

actual evapotranspiration in the TMWB model is 



 

derived from potential evapotranspiration (PET). 
In the model, monthly PET is taken as the water 
loss due to a large homogenous, vegetated area 
with no limitation to water for evapotranspiration. 
The runoff is produced from surplus from the 
precipitation. The runoff factor determines the 
fraction of surplus that becomes runoff in a 
month. The remaining surplus is carried over to 
compute total surplus [34].  
 
2.3.2 Model calibration and validation
 
For model calibration, the quantitative 
comparison between simulated and observed 
runoff is carried out using the percentage bias 
and correlation coefficient. First, reduction of bias 
is the main objective in order to best match
total runoff volume generated by the model 
(simulated) to the observations, with the ideal 
case of a zero bias within the basin for the 
calibration period. Then, the CC was used for 
testing the goodness of fit for the simulated 
runoff. The calibrated model for 1990
shows a bias of about -10.86%, predicting a 
lower runoff for the decade than gauge 
observation (Fig. 5a). The model has been able 
to match the runoff volume fairly well, but it failed 
to capture the runoff higher than ~400 
mm/month. This may be due to underestimation 
of the higher rainfall in the basin, as noted in 
earlier in the section. 

 

Fig. 5. Calibration and validation of TMWB model a) Calibration for the period 1990
b) Seasonal runoff for calibration period, c) Validation for the  period 2000

Seasonal runoff for validation period
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derived from potential evapotranspiration (PET). 
In the model, monthly PET is taken as the water 
loss due to a large homogenous, vegetated area 

r for evapotranspiration. 
The runoff is produced from surplus from the 
precipitation. The runoff factor determines the 
fraction of surplus that becomes runoff in a 
month. The remaining surplus is carried over to 

calibration and validation 

For model calibration, the quantitative 
comparison between simulated and observed 
runoff is carried out using the percentage bias 

First, reduction of bias 
is the main objective in order to best match the 
total runoff volume generated by the model 
(simulated) to the observations, with the ideal 
case of a zero bias within the basin for the 
calibration period. Then, the CC was used for 
testing the goodness of fit for the simulated 

model for 1990-1999 
10.86%, predicting a 

lower runoff for the decade than gauge 
observation (Fig. 5a). The model has been able 
to match the runoff volume fairly well, but it failed 

noff higher than ~400 
This may be due to underestimation 

of the higher rainfall in the basin, as noted in 

The seasonal variability of the observed and 
simulated runoff shows that the model performed 
better in the drier periods compared to the wetter 
periods (Fig. 5b). The calibrated model is 
validated for the period of 2000
validation indices showed some improvement in 
the correlation (0.9), but overestimated the runoff 
volume by 13% (Fig. 5c). The seasonal trend 
shows that for the validation period, the runoff 
mostly follows the seasonal trend, except for the 
pre-monsoon (drier) period from April to June 
(Fig. 5d).  
 
2.3.3 Benchmarking and projection of 

hydrologic components 
 
Once the model is calibrated and validated, PET 
and AET are benchmarked for the base period 
1990-1999. Next, the bias-corrected climatic data 
(P and T) are used as the input into the model to 
estimate PET, AET and runoff in the A2, A1B 
and B1 scenarios for the periods of 2020
(short-term), 2060-2069 (medium
2090-2099 (long-term). Finally, an analysis of the 
basin average decadal and seasonal variability of 
the hydrological components (P, T, PET, AET 
and R) are conducted to determine the states of 
the hydrologic cycle for short-, medium
long-term compared to the base period of 1990
1999. To bench mark, gauge data for P, T, R, 
and simulated values for PET and AET are 
taken. 

 
Calibration and validation of TMWB model a) Calibration for the period 1990

runoff for calibration period, c) Validation for the  period 2000-2006, and d) 
Seasonal runoff for validation period 
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The seasonal variability of the observed and 
simulated runoff shows that the model performed 
better in the drier periods compared to the wetter 

The calibrated model is 
validated for the period of 2000-2006. The 
validation indices showed some improvement in 
the correlation (0.9), but overestimated the runoff 

The seasonal trend 
eriod, the runoff 

mostly follows the seasonal trend, except for the 
monsoon (drier) period from April to June 

Benchmarking and projection of 

Once the model is calibrated and validated, PET 
ed for the base period 
corrected climatic data 

(P and T) are used as the input into the model to 
estimate PET, AET and runoff in the A2, A1B 
and B1 scenarios for the periods of 2020-2029 

2069 (medium-term) and 
term). Finally, an analysis of the 

basin average decadal and seasonal variability of 
the hydrological components (P, T, PET, AET 
and R) are conducted to determine the states of 

, medium- and 
to the base period of 1990-

1999. To bench mark, gauge data for P, T, R, 
and simulated values for PET and AET are 

 

Calibration and validation of TMWB model a) Calibration for the period 1990-1999,  
2006, and d) 
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3. RESULTS AND DISCUSSION 
 
3.1 Changes in Temperature  
 
The observed temperature data showed an 
increasing trend until about 1995, which is 
expected to continue, as shown by the climatic 
projection data.  All scenarios (A2, A1B and B1) 
have almost the same rate of increase in mean 
annual temperature until 2030. For the B1 case, 
the rate of increase in temperature after 2030 is 
less compared to the A2 and A1B scenarios   
(Fig. 6). For emission scenarios A2, A1B and B1, 
the temperature are expected to increase in the 
basin by about 4.5, 3.5 and 2ºC, respectively, 
compared to the base period of 1990-1999. 
 
The seasonal changes in temperature (ºC) show 
a decrease of about 1.2ºC over the months of 
November to February for the 2020-2029, while 
from April to October there is a possible increase 
of up to 1.4ºC. For 2060-2069 and 2090-2099, all 
months are expected to experience an increase 
in temperature from 3.7ºC to 5.5ºC compared to 

1990-1999 (Fig. 6). It is clear that for all 
scenarios, the three decades show a very similar 
tendency: higher seasonal variability-the 
difference between summer highs and winter 
lows will all be increasing through at different 
extents. The difference in 2020-2029 from the 
latter two decades simply due to the fact that 
much higher elevated temperature making 
summer hotter in 2060-2069 and 2090-2099. 
 
3.2 Changes in Precipitation  
 
In Bagmati, climate projection shows a marginal 
change in average annual precipitation until 2050 
compared to the 1990-1999 (Fig. 7a). However, 
there are some decrements noted during the 
period of 2030-2040.  Again, after 2050, there is 
a continuously increasing trend in precipitation in 
all emission scenarios.  It can be noted that by 
the end of 2099, a change of 20%, 15% and 7 % 
are predicted, compared to the base period of 
1990-1999, in average annual precipitation for 
the A2, A1B and B1 scenarios, respectively.  

 

 
 

Fig. 6. a) Anomaly in temperature compared to the 1990-1999 for the A2, A1B and B1 
scenarios, a) time series for 2000-2099 and seasonal anomalies for b) 2020-2029, c) 2060-2069, 

and d) 2090-2099 
 



 

Fig. 7. a) Percentage anomaly in precipitation compared to the 1990
B1 scenarios, a) time series for 2000

c) 2060
 
The seasonal analysis of projected precipitation 
shows that for 2020-2029 most of the months 
receive higher precipitation (~30%) in all 
scenarios, except for June-August and 
November-December compared to the 1990
1999, when it is lower than the base period. In 
the decade of 2060-2099, similar wetter seasons 
are expected, except for December, which is 
going to be drier. The trend is expected to 
continue for the periods 2060-2069 and 2090
2099 (Figs. 7c and 7d). A shift from a rainy 
season towards the end of the year is likely, 
which may be concluded from the anomaly in the 
last decade of the 21

st
 century. During this 

decade, September and October could be the 
wettest months for A2 and A1B scenarios (Fig. 
7d). Compared to 2020-2029 th
months from May to August are expected to 
become wetter in 2060-2069 and 2090
Such change may be attributed to the 
assumptions made while creating emission 
scenarios: A2, A1B and B1. The main drivers for 
emission scenario are the 
development, socio-economic development and 
technological change. For A1B and B1 scenario, 
the population peaks in mid-century (2050) while 
population continuously increases till 2099 
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a) Percentage anomaly in precipitation compared to the 1990-1999 for the A2, A1B and 

B1 scenarios, a) time series for 2000-2099 time frame and seasonal anomalies for b) 2020
c) 2060-2069, and d) 2090-2099 

The seasonal analysis of projected precipitation 
2029 most of the months 

receive higher precipitation (~30%) in all 
August and 

December compared to the 1990-
lower than the base period. In 

2099, similar wetter seasons 
are expected, except for December, which is 
going to be drier. The trend is expected to 

2069 and 2090-
. 7c and 7d). A shift from a rainy 

season towards the end of the year is likely, 
which may be concluded from the anomaly in the 

century. During this 
decade, September and October could be the 
wettest months for A2 and A1B scenarios (Fig. 

2029 the summer 
months from May to August are expected to 

2069 and 2090-2099. 
Such change may be attributed to the 
assumptions made while creating emission 

A2, A1B and B1. The main drivers for 
 demographic 

economic development and 
technological change. For A1B and B1 scenario, 

century (2050) while 
population continuously increases till 2099 [14]. 

The switches from drier to wetter summer most 
likely happen around 2050. 
 

3.3 Decadal Anomaly in Hydrology
 
The calibrated model was first used to 
benchmark the hydrological components for the 
base period of 1990-1990 and then was used to 
project their states in the short (2020
(2060-2069) and long (2090-2099) terms. The 
model inputs (P, T and latitude of the study 
area), outputs (PET, AET and R) and the 
predicted anomalies for different emission 
scenarios are presented in Tables 
 
The Bagmati basin is expected to receive higher 
precipitations in all emission scenarios compared 
to the base period of 1990-1999 (Table 3a, 3b 
and 3c). The increase in precipitation is at its 
highest, with about 21%, 15% and 10% for 2090
2099 for A2, A1B and B1, res
continuous rise in temperature is predicted over 
the coming decades. By the end of the 21
century a rise of almost 4ºC (A2), 3ºC (A1B) and 
2ºC (B1) respectively is projected, subsequently 
increasing the AET. With the possibility of higher 
precipitation with increasing temperature, the 
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1999 for the A2, A1B and 
2099 time frame and seasonal anomalies for b) 2020-2029, 

The switches from drier to wetter summer most 

Hydrology 

The calibrated model was first used to 
benchmark the hydrological components for the 

1990 and then was used to 
project their states in the short (2020-2029), mid 

2099) terms. The 
e of the study 

area), outputs (PET, AET and R) and the 
predicted anomalies for different emission 

 3a, 3b and 3c.  

basin is expected to receive higher 
precipitations in all emission scenarios compared 

1999 (Table 3a, 3b 
and 3c). The increase in precipitation is at its 
highest, with about 21%, 15% and 10% for 2090-
2099 for A2, A1B and B1, respectively. A 
continuous rise in temperature is predicted over 
the coming decades. By the end of the 21

st
 

century a rise of almost 4ºC (A2), 3ºC (A1B) and 
2ºC (B1) respectively is projected, subsequently 

With the possibility of higher 
ecipitation with increasing temperature, the 
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PET is modeled to increase over the coming 
decades. Such an increase is followed by the 
same trend as that of temperature. The increase 
in precipitation accounts for the combined 
percentage rise on the AET and runoff. At the 
same time, since the basin has a high runoff 
coefficient (~0.82), the rainfall translates into the 
runoff quickly. 
 

3.4 Seasonal Anomaly in Basin 
Hydrology 

 

Table 4 shows the trend in PET, AET and 
temperature for the base period of 1990-1999. 
The month of January has the lowest PET            

(34 mm), while it is the maximum (130 mm) in 
July. The PET follows that of the temperature 
trend in the basin. November through March is 
the coolest months in the basin, during which 
both PET and AET are lowest. The value of AET 
starts to increase in May and peaks around mid-
July, coinciding with the peak monsoon season. 
During the monsoon rain, AET is highest with 
highest temperature and availability of abundant 
soil moisture. 

 
Figs. 8, 9 and 10 present the seasonal anomalies 
of the key hydrological components for different 
emission scenarios.  

 
Table 3a. Decadal anomaly in hydrologic components for scenario A2 

 

Components 1990-1999 A2: Changes over the base period 
2020-2029 2060-2069 2090-2099 

Precipitation (mm/month) 124.0 0.3 (0.2%) 14.0 (11.3%) 25.7 (20.7%) 
Temperature (monthly mean ºC) 16.3 0.5 (3.1%) 2.3 (14.1%) 4.1 (25.2%) 
PET (mm/month) 62.5 4.2 (6.7%) 11.4 (18.2%) 19.8 (31.7%) 
AET (mm/month) 24.8 0.1 (0.4%) 2.8 (11.3%) 5.1 (20.6%) 
Runoff (mm/month) 99.2 0.2 (0.2%) 11.2 (11.3%) 20.5 (20.7%) 

 
Table 3b. Decadal anomaly in hydrologic components for scenario A1B 

 
Components 1990-1999 A1B: Changes over the base period 

2020-2029 2060-2069 2090-2099 
Precipitation(mm/month) 124.0 5.5 (4.4%) 15.1 (12.2%) 18.5 (14.9%) 
Temperature (monthly mean ºC) 16.3 0.7 (4.3%) 2.4 (14.7%) 3.3 (20.2%) 
PET (mm/month) 62.5 4.7 (7.5%) 11.7 (18.7%) 16.2 (25.9%) 
AET (mm/month) 24.8 1.1 (4.4%) 3.0 (12.1%) 3.7 (14.9%) 
Runoff (mm/month) 99.2 4.4 (4.4%) 12.1 (12.2%) 14.8 (14.9%) 

 
Table 3c. Decadal anomaly in hydrologic components for scenario B1 

 
Components 1990-1999 B1: Changes over the base period 

2020-2029 2060-2069 2090-2099 
Precipitation (mm/month) 124.0 2.8 (2.3%) 9.4 (7.6%) 12.3 (9.9%) 
Temperature (monthly mean ºC) 16.3 0.5 (3.1%) 1.6 (9.8%) 2.1 (12.9%) 
PET (mm/month) 62.5 4.2 (6.7%) 8.3 (13.3%) 10.3 (16.5%) 
AET (mm/month) 24.8 0.6 (2.4%) 1.9 (7.7%) 2.5 (10.1%) 
Runoff (mm/month) 99.2 2.2 (2.2%) 7.5 (7.6%) 9.8 (9.9%) 

 
Table 4. Seasonal P, PET, AET and T for the base period 1990-1999 

 
  Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec 

P (mm) 14.1 15.8 22.8 44.7 108.2 257.3 400.2 374.3 180.0 49.9 9.7 11.6 
PET (mm) 33.4 38.7 63.2 87.7 115.2 125.8 130.1 116.3 94.1 71.1 47.8 36.1 
AET (mm) 3.4 3.9 5.6 10.9 26.4 62.8 97.7 90.3 45.1 12.2 2.4 2.8 
TEMP(ºC) 9.3 11.2 14.6 17.5 19.3 20.3 20.6 20.3 19.7 17.3 14.2 10.8 



 

 
Fig. 8. Projected seasonal changes for the major hydrologic components a) Precipitation, b) 

Temperature, c) AET, and d) Runoff compared to th
 

 
Fig. 9. Projected seasonal changes for the major hydrologic components 

a) Precipitation, b) Temperature, c) AET, and d) Runoff compared to the 1990

 
 

Adhikari et al.; BJECC, 5(3): 269-284, 2015; Article no.BJECC.20

 
279 

Projected seasonal changes for the major hydrologic components a) Precipitation, b) 
Temperature, c) AET, and d) Runoff compared to the 1990-1999 for the A2 scenario

Fig. 9. Projected seasonal changes for the major hydrologic components 
a) Precipitation, b) Temperature, c) AET, and d) Runoff compared to the 1990-1999 for the A1B 

scenario 
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Projected seasonal changes for the major hydrologic components a) Precipitation, b) 
scenario 

 

Fig. 9. Projected seasonal changes for the major hydrologic components  
1999 for the A1B 



 

Fig. 10. Projected seasonal changes for the major hydrologic components a) Precipitation, b) 
Temperature, c) AET, and d) Runoff compared to the 1990

 
In the A2 scenario, precipitation is almost at the 
same level as that of the base period (1990
1999) from November to May. For the wetter 
season, precipitation is higher than the base 
period. The same trend is observed in AET and 
runoff. The basin is projected to have more runoff 
in wetter months, indicating possible f
those months. The temperature is projected to 
increase in all seasons of the selected decades, 
except for the 2020-2029, which is projected to 
decrease in the months from November to 
February (Fig. 8). 
 
For the A1B scenario, precipitation is alm
the same level as that of the base period from 
November to May, the drier months.  However, 
for the wetter season, precipitation is higher than 
the base period for 2060-2069 and 2090
similar trend is observed for AET and runoff. The 
basin is projected to generate higher runoff in the 
wetter months of 2060-2069 and 2090
possibly causing flooding (Fig. 9). 
 
For the B1 scenario, precipitation is almost at the 
same level as that of base period from November 
to May, as in the A2 and A1B scenarios. The 
temperature is expected to increase in the 
summer for 2060-2069 and 2090
decrease for 2020-2029 may be observed, 
particularly in the winter months. For the 2020s, 
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Projected seasonal changes for the major hydrologic components a) Precipitation, b) 

Temperature, c) AET, and d) Runoff compared to the 1990-1999 for the B1 scenario

In the A2 scenario, precipitation is almost at the 
that of the base period (1990-

1999) from November to May. For the wetter 
season, precipitation is higher than the base 
period. The same trend is observed in AET and 
runoff. The basin is projected to have more runoff 
in wetter months, indicating possible flooding in 
those months. The temperature is projected to 
increase in all seasons of the selected decades, 

2029, which is projected to 
decrease in the months from November to 

For the A1B scenario, precipitation is almost at 
the same level as that of the base period from 
November to May, the drier months.  However, 
for the wetter season, precipitation is higher than 

2069 and 2090-2099. A 
similar trend is observed for AET and runoff. The 

projected to generate higher runoff in the 
2069 and 2090-2099, 

For the B1 scenario, precipitation is almost at the 
same level as that of base period from November 
to May, as in the A2 and A1B scenarios. The 
temperature is expected to increase in the 

2069 and 2090-2099, but a 
be observed, 

particularly in the winter months. For the 2020s, 

the seasonal precipitation, as well as AET and 
runoff, is expected to be lower than the base 
period. For 2060-2069, precipitation, as well as 
the AET and runoff, is almost at the same level to 
that of the base period.  Though, for 2090
the basin is projected to receive higher 
precipitation for the wetter season compared to 
the base period, as well as in 2020
2060-2069.  The same trend is observed in AET 
and runoff (Fig. 10).  
 

3.5 Extreme Precipitation  
 
Bagmati basin is probably one of the most 
disaster-prone, mountainous basins in the Hind
Kush-Himalaya region. The basin has a history of 
moderate (greater than 0.25 cm/hr) to heavy 
(0.76 cm/hr) rainfall [35] and is known for it
ferocity to induce landslides and floods. The 
rainfall amount measured on July 19, 1993 (540 
mm/day, or2.25 cm/hr) in one of the stations 
within the basin was a record for Nepal. This was 
close to the basin average monthly accumulation 
of 550 mm/month for the month of July in 1993. 
This event triggered massive landslides and 
floods killing 1,120 people [36]. This event was 
compared with that of future decades for the A2, 
A1B and B1 scenarios (Table 5).  
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Projected seasonal changes for the major hydrologic components a) Precipitation, b) 
1999 for the B1 scenario 

the seasonal precipitation, as well as AET and 
runoff, is expected to be lower than the base 

2069, precipitation, as well as 
the AET and runoff, is almost at the same level to 
that of the base period.  Though, for 2090-2099, 
the basin is projected to receive higher 
precipitation for the wetter season compared to 
the base period, as well as in 2020-2029 and 

2069.  The same trend is observed in AET 

Bagmati basin is probably one of the most 
prone, mountainous basins in the Hind-

Himalaya region. The basin has a history of 
moderate (greater than 0.25 cm/hr) to heavy 

and is known for its 
ferocity to induce landslides and floods. The 
rainfall amount measured on July 19, 1993 (540 
mm/day, or2.25 cm/hr) in one of the stations 
within the basin was a record for Nepal. This was 
close to the basin average monthly accumulation 

r the month of July in 1993. 
This event triggered massive landslides and 

. This event was 
compared with that of future decades for the A2, 
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Table 5. Number of predicted extreme precipitation events, compared to the historical 1993 
record 

 
Time Period Scenarios 1993 Monsoon season (J-J-A-S) 

( ≥ 1530 mm) 
1993 Yearly total 
( ≥ 1,800 mm) 

2020s A2/A1B/B1 0/1/0 2/7/6 
2060s A2/A1B/B1 8/7/6 10/10/8 
2090s A2/A1B/B1 10/8/7 10/10/10 

 
The values in Table 5 show how many years in 
the given decades the basin average 
precipitation is expected to exceed the historical 
record of 1993 (monsoon season: June-July-
August-September and annual) in the basin. The 
monsoon season precipitation is not expected to 
exceed the monsoon precipitation of 1993 (which 
is 1,530 mm) in the 2020-2029, except for one 
year, in the A1B scenario. Still, in the 2060-2069 
and 2090-2099, the monsoon seasons, as well 
as the annual rainfall totals, are expected to 
exceed the record in 1993. In the 2060-2069, 
monsoon season rain is expected to outweigh 
the 1993 season total in 6 (B1) to 8 (A2) years, 
while in the 2090-2099, it is expected to exceed 
in 7 (B1) to 10 (A2) years. The annual 
precipitation for all future decades is expected to 
exceed the annual precipitation of the 1993 case, 
which accumulates to 1,800 mm. In the 2060-
2069 and 2090-2099, almost all the years are 
expected to be wetter while in the 2020-2029; 
only 2 (A2) to 7 (A1B) years are expected to 
exceed the records of 1993. With the prediction 
of higher precipitation in the coming decades, the 
possibility of higher incidences of landslides and 
floods are more likely to occur and an increasing 
risk to life and property in the basin will become a 
reality, especially during the 2060-2069 and 
2090-2099. 
 

4. CONCLUSION 
 
The current research investigated the impact of 
climate change on the basin hydrology of 
Bagmati, a mountainous basin of Nepal 
Himalayas. The study area potentially has 
orographic effects and lacks a desirable level of 
in-situ measurements. It should be noted that the 
gauging stations used in this study are 
concentrated in the upper reach of the study 
basin, which may not have captured the spatial 
variability of the basin, including any orographic 
effect. Further the CMIP3 has just 3 grid points 
within this basin. Despite these limitations, this 
study showed possible states of basin hydrology 
in future. According to Coupled Model 
Intercomparison Project 3 (CMIP3) data, the 
Bagmati basin is expected to receive higher 

precipitation in all emissions scenarios in the 
coming decades. The most conservative lowest 
emission scenario projects an 8% increase in 
precipitation, while the most extreme one 
predicts 18%. The temperature is also projected 
to increase by about 2ºC to 4.5ºC more than the 
base period (1990-1999) in different scenarios. 
The projected data, however, underestimated 
both temperature and precipitation by about 
18%, which shows the limitation of CMIP3 data.  
 
It is found out that the summer months from May 
to August are expected to become hotter and 
wetter in 2060-2069 and 2090-2099 compared to 
2020-2029. Such change may be attributed to 
the assumptions made while creating emission 
scenarios: A2, A1B and B1. The main drivers for 
emission scenario are the demographic 
development, socio-economic development and 
technological change. For A1B and B1 scenario, 
the population peaks in mid-century (2050) while 
population continuously increases till 2099 [14]. 
The switches from drier to wetter summer most 
likely happen around 2050. 
 
The higher precipitation and temperature, as a 
result of climate change, causes a significant 
increase in actual evapotranspiration and runoff 
under all emission scenarios in the Bagmati 
basin. The seasonal variability shows that in all 
scenarios and decadal time frames, the basin is 
projected to receive almost the same amount of 
rainfall in the drier periods (November-April). 
However, higher rainfall will occur during rainy 
seasons, generating more runoff, especially for 
the mid- (2060-2069) and long-term (2090-2099) 
time periods, possibly indicating a positive 
feedback in the basin as the result of climate 
change. The prediction of higher runoff means 
surface water availability in the basin over the 
coming decades may not be a critical issue. 
Having the seasonal rainfall be at the same level 
or higher compared to the 1990-1999 means no 
negative impact on existing levels of rain-fed 
agriculture practices in the basin. A rise in 
precipitation, and consequently higher runoff, in 
the upper mountainous regions of the basin 
during the wet season may trigger landslides, 
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while lower parts of the basin may have higher 
incidence of flooding events for 2060-2069 and 
2090-2099, increasing risk to life and property. 
This finding is important because the study basin 
has a history of high intensity rainfall. When the 
projected precipitation for 2020s, 2060s and 
2090s are compared for all emission scenarios 
with the 1993 historical precipitation event, the 
decades of 2060s and 2090s are expected to be 
wetter both during monsoon season and 
annually. This shows that the basin likely 
become more vulnerable to landslides and 
flooding during 2060-2069 and 2090-2099. 
Therefore, proper water management and 
emergency plans need revisiting to minimize 
possible impacts of climate change, especially 
the issue of flooding and landslides. 
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