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Evaluation of the SWAT model performance for simulating
river discharge in the Himalayan and tropical basins
of Asia
Sangam Shrestha, Manish Shrestha and Pallav Kumar Shrestha

ABSTRACT
This study evaluated the Soil and Water Assessment Tool (SWAT) model performance for 11 basins
located in two contrasting climatic regions of Asia: the Himalayan and the Southeast Asian tropics. A
large variation existed among the case study basins in relation to basin size (330–78,529 km2),
topography (377–4,310 metres above sea level) and annual rainfall (1,273–2,500 mm). Performance
of the model was evaluated using R2 and wR2 for a low discharge event; Nash–Sutcliffe efﬁciency
(NSE), R2 and RMSE-observation standard deviation ratio (RSR) for high discharge events; and NSE, R2,
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PBIAS, RSR, NSErel and wR2 for the overall hydrographs. SWAT was found to be suitable for both
climatic regions but yielded better performance in the Himalayan basins (NSE 0.72–0.81 at
calibration) compared to the tropical basins (NSE 0.36–0.72 at calibration). Although most of the
models underperformed in either low or high discharge events, a few of those remaining showed a
balance between the extremes, proving that it is possible to achieve a balanced hydrograph with the
SWAT model. The consistency of model performance across numerous Himalayan and tropical basins
in the area conﬁrmed the versatility and reliability of SWAT as a hydrological model and suitable tool
for water resources planning and management.
Key words

| Himalayan basins, model evaluation, river discharge, SWAT, tropical basins

INTRODUCTION
The Soil and Water Assessment Tool (SWAT) is a physically

Himalayan and Southeast Asian tropics – were selected

based, spatially distributed, continuous time hydrological

for the evaluation of SWAT to simulate streamﬂow.

model that has been successfully applied worldwide for

One of the major advantages of SWAT is its ability to

the assessment and management of water resources and

model ungauged or poorly gauged watersheds (Arnold

nonpoint source pollution problems, over a wide range of

et al. ). This makes it attractive for use in developing

scales, topographies and climate conditions (Arnold et al.

countries with inadequate infrastructures to measure the

; Grusson et al. ; Francesconi et al. ). With an

required inputs for hydrologic and nonpoint source pol-

open access policy and detailed documentation, SWAT is

lution modelling. Several individual studies show that the

presently a widespread and recognised hydrological model

SWAT model is successful in simulating the hydrological be-

among water researchers and its application has been both

haviour of both Himalayan and tropical basins. Many

successful and extensive (Krysanova & White ). In

studies show the successful application of the SWAT

view of the contemporary issues related to climate change

model in Alpine regions as well (Abbaspour et al. ;

impact on snow-dominant hydrology and extreme hydrologi-

Majone et al. ; Dobler et al. ; Grusson et al. ).

cal events, two contrasting regions – the mid-latitude

Similar good results have been reported for Himalayan
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basins (Singh et al. ; Neupane et al. , ; Shrestha

Himalayan basins and six tropical basins in the Southeast

et al. ). Successful applications in tropical basins have

Asian tropics have been selected for SWAT model evalu-

also been registered through various SWAT-based hydrologi-

ation. The study area varies signiﬁcantly in basin size

cal research works (Ndomba et al. ; Beskow et al. ;

(330–78,529 km2), topography (377–4,310 metres above

Plesca et al. ; Cornelissen et al. ; Aung et al. ;

sea level) and annual rainfall (1,273–2,500 mm).

Pereira et al. ; Rocha ; Rodrigues ; Yira et al.
). However, conclusive research on model suitability
in contrasting climatic regions via the multi-basin evaluation

METHODS

approach is seldom found in the literature. Moreover, evaluation of model-simulated discharge is usually based on a

Description of study area

handful of statistics, missing any dissected evaluation of
speciﬁc hydrograph portions such as the effect of snow-

Five Himalayan basins and six tropical basins were selected

dominant hydrology on the Himalayan basins and hydrolo-

for this study (Figure 1). The Himalayan basins include:

gical extremes in tropical basins.

Indrawati, Melamchi, Tamakoshi, Tamor and Kathmandu

This study evaluates the suitability of the SWAT model

and the tropical basins include: Bago, Belu, Sekong,

for river discharge simulation in the Himalayan and tropical

Sesan, Srepok and the 3S River Basin. As shown in

regions of Asia via the multi-basin evaluation approach. Five

Table 1, the study area lies within latitude 12 N–28 N

Figure 1

|

Location map of study basins in the Himalayan and tropical regions.
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Physiographic and climatic characteristics of selected study basins

Location
Basin, country

Lat.

Long.

Area (km2)

Altitude (masl)

Rainfall (mm/yr)

1

Indrawati, Nepal

27.64

85.71

1,230

3,200

2,000

2

Melamchi, Nepal

28.04

85.53

330

2,134

2,000

3

Tamakoshi, Nepal

27.88

86.27

2,926

4,082

1,900

4

Tamor, Nepal

27.15

87.71

4,377

4,310

1,925

5

Kathmandu, Nepal

27.63

85.29

664

1,350

2,000

6

Bago, Myanmar

17.33

96.29

4,883

377

2,500

7

Belu Chaung, Myanmar

19.66

97.20

8,329

760

1,273

8

Sekong, Laos

14.81

106.78

28,766

1,101

1,840

9

Sesan, Vietnam

14.34

108.01

18,684

1,210

1,840

10

Srepok, Cambodia

13.55

106.53

31,079

1,199

1,890

11

3S (Laos, Cambodia and Vietnam)

13.50

106.00

78,529

1,060

2,450

No.

Himalayan

Tropical

W

W

and longitude 84 E–110 E and covers the basin from

stochastic weather generator model (WXGEN) to deal with

Nepal, Myanmar, Laos, Vietnam and Cambodia. The area

missing days. The climate statistics for WXGEN include

of the basin ranges from 330 km2 (Melamchi RB, Nepal)

average and standard deviations of precipitation, maximum

2

to 78,529 km (3S RB, Laos, Cambodia and Vietnam). The

and minimum temperature for each month, probability of

physiographic and climatic characteristics vary signiﬁcantly

wet days, average solar radiation, wind speed, dew point

among the basins. The altitude of the basins ranges from 760

temperature and skew coefﬁcient of precipitation. Based

metres above sea level (masl) (Belu Chaung, Myanmar) to

on these statistics and WXGEN, SWAT generates rainfall

4,310 masl (Tamor, Nepal) and the average annual rainfall

and temperature for missing days at all stations. The solar

ﬂuctuates

to

radiation and RH are generated based on the presence

2,500 mm (Bago, Myanmar). On average, 80% of the total

and absence of rainfall for a particular day, before ﬁnally

rainfall

generating wind speed independently (see Neitsch et al.

from

occurs

1,900 mm
during

the

(Tamakoshi,
monsoon

Nepal)

season

(May–

September).

 for more details). The digital elevation model (DEM)
used for the study at 30 m resolution was collected from

Data used

the Advanced Spaceborne Thermal Emission and Reﬂection
Radiometer (ASTER), except for Bago basin which was col-

The input requirement for SWAT includes meteorological

lected from the Shuttle Radar Topography Mission (SRTM)

data, land use, land cover, soil properties and topography

at 90 m resolution. The soil map for the Nepalese basins was

(Shrestha et al. ). The meteorological data required on

obtained from the Soil and Terrain Database (SOTER)

a daily basis include rainfall, maximum and minimum temp-

whereas the Digital Soil Map of the World (DSMW) was

erature, relative humidity (RH), solar radiation and wind

used for the basins in Myanmar. The land use information

speed, all of which were collected from the meteorological

for the basins in these two countries was abstracted from

departments of the respective countries (Table 2). As most

the global database of the European Space Agency (ESA)

of the regions covered were located in developing countries,

except for Tamor which utilised the local land use map

the issue of data continuity persisted. However, SWAT

from the relevant government department. In the case of

includes a provision for weather generation using its inbuilt

the 3S River Basin (including Sekong, Sesan and Srepok),
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Summary of data and its corresponding resolution and sources

Spatial data
DEMa

Land use map

Soil map

Basin, country

Resolution

Source

Resolution

Source

Scale/Resolution

Source

Indrawati, Nepal

30 m

ASTERb

300 m

ESA

1:1,000,000

SOTER

Melamchi, Nepal

30 m

ASTER

300 m

ESA

1:1,000,000

SOTER

Tamakoshi, Nepal

30 m

ASTER

300 m

ESA

1:1,000,000

SOTER

Tamor, Nepal

30 m

ASTER

1:50,000

Srv Dept.

1:1,000,000

SOTER

Kathmandu, Nepal

90 m

ICIMOD

30 m

ESA

1:1,000,000

SOTER

Bago, Myanmar

90 m

SRTMc

300 m

ESA

1:1,000,000

DSMW

Belu Chaung, Myanmar

30 m

ASTER

300 m

ESA

1:1,000,000

DSMW

Sekong, Laos

250 m

MRC

250 m

MRC

250 m

MRC

Sesan, Vietnam

250 m

MRC

250 m

MRC

250 m

MRC

Srepok, Cambodia

250 m

MRC

250 m

MRC

250 m

MRC

3S (Laos, Cambodia and Vietnam)

250 m

MRC

250 m

MRC

250 m

MRC

Meteorological data
No. of stations
Basin, country

Rainfall

Temp.

RH, wind speed, solar radiation

Period

Source

Indrawati, Nepal

6

1

–

1992–2009

DHMd, Nepal

Melamchi, Nepal

6

1

–

1992–2009

Tamakoshi, Nepal

2

1

–

2000–2008

Tamor, Nepal

9

4

2

2000–2006

Kathmandu, Nepal

11

3

–

1999–2009

Bago, Myanmar

3

3

–

1994–2008

Belu Chaung, Myanmar

9

6

–

1976–2005

Sekong, Laos

16

6

6

1994–2008

Sesan, Vietnam

16

6

6

1994–2008

Srepok, Cambodia

16

6

6

1994–2008

3S (Laos, Cambodia and Vietnam)

16

6

6

1994–2008

DMHe, Myanmar
MRC

a

DEM ¼ digital elevation model.

b

SRTM ¼ Shuttle Radar Topography Mission.
ASTER ¼ Advanced Spaceborne Thermal Emission and Reﬂection Radiometer.

c

d

DHM ¼ Department of Hydrology and Meteorology, Nepal; Srv Dept. ¼ Survey Department, Nepal.

e

DMH ¼ Department of Meteorology and Hydrology, Myanmar; MRC ¼ Mekong River Commission.

meteorological, land use and soil maps were provided by the

plant growth, nutrients, land management, channel routing

Mekong River Commission (MRC).

and pond/reservoir routing components. However, in this
study, the hydrological, weather and channel routing com-

SWAT model

ponents were used. The water cycle in the SWAT model is
based on the water balance equation shown below:

The Arc-SWAT is a semi-distributed hydrological model
incorporated into an ArcGIS interface. The SWAT model
consists of hydrological, sedimentation/erosion, weather,
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where SWt is the ﬁnal soil water content, SW0 is the initial

basic data required to set up a SWAT model consist of

soil water content, t is time in days, Rday is the amount of

DEM, land use, soil map and climate data such as rainfall,

precipitation, Qsurf is the amount of surface runoff, Ea is

temperature (max and min), RH, solar radiation and wind

the amount of evapotranspiration, Wseep is the amount of

speed. However, climate data in many regions are not

water entering the vadose zone from the soil proﬁle and

always available or may be of low quality or with values

Qgw is the amount of return ﬂow. All are expressed in

missing. In this case, the SWAT model consists of a built-

millimetres.

in stochastic weather generator model (WXGEN) to gener-

The snow component of the SWAT is estimated through

ate and ﬁll in missing, measured data. Therefore, the

a degree-day approach. The snowfall is stored at the surface

SWAT model can also be used to simulate the hydrology

in the form of a snowpack. The mass balance for a snow-

in an ungauged or data-scarce area.
The watershed of any model is ﬁrst divided into a

pack in the model is provided in Equation (2):

number of sub-basins and then further divided into hydroloSNO ¼ SNO þ Rday  Esub  SNOmlt

(2)

gical response units (HRUs). SWAT forms the HRUs based
on similar land use, soil type and slopes (Shrestha et al. )

where SNO is the total amount of water in the snowpack on

which are areas in the watershed which respond similarly to

a given day (mm H2O), Rday is the amount of precipitation

given inputs such as rainfall and temperature (Neitsch et al.

(mm H2O), Esub is the amount of sublimation (mm H2O)

). Elevation data, land use and soil data are used to drive

and SNOmlt is the amount of snowmelt (mm H2O). The

discharges and direct sub-basin routing (Easton et al. ).

melting of snow is the function of air temperature, degree-

All the hydrological processes are simulated in HRUs.

day factor and the threshold value of the ice melt. For

SWAT consists of numerous parameters (such as snowfall,

more information on water balance and the snow com-

temperature, soil, groundwater, etc., related parameters)

ponent, please refer to Neitsch et al. ().

that govern the response of the model. These parameters

The general framework of the SWAT modelling

were calibrated either manually or by using an automated

approach adopted in this study is shown in Figure 2. The

calibration tool (SWAT-CUP) so that the simulated

Figure 2

|

General framework of the SWAT modelling approach adopted in this study.
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discharge is close to the observed discharge. The calibrated

on model performance evaluation). Although computation-

model was then run using a new set of data for its validation.

ally less demanding, this approach has many drawbacks; it
is more time-consuming and inter-parameter sensitivity is
hard to track (sensitivity of one parameter through a range

Calibration and validation

in value of another parameter). In the case of automatic caliSWAT parameters are process-based and must be within a

bration using the SWAT-CUP optimisation tool, parameter

realistic uncertainty range (Arnold et al. ). Sensitivity

sets with randomly selected values are generated to obtain

analysis was performed to determine the most appropriate

multiple runs (usually 500–1,500 runs), eliminating the

parameters for a given watershed. In some basins, it was per-

drawbacks of manual calibration. The drawbacks of this

formed by changing one parameter value at a time (local

approach include the cost for its licensed use, time required

approach), whereas in others the SWAT-CUP tool (global

for setting up the analysis, and higher computational

approach) was used. The sensitive parameters were then

requirements. However, if a set of sensitive parameters

used to calibrate the model against the observed discharge

were to be available along with the value range for similar

data. A manual calibration was performed in some basins

geographical and climatological regions, manual calibration

and auto-calibration using an automated calibrating tool

is the relatively easier option.

(SWAT-CUP) in others. Model validation was conducted

All the models were calibrated against the observed dis-

to ensure its accurate simulation capability using new sets

charge at the basin outlet with the exception of the 3S River

of input data. The calibration and validation period for

Basin. The Sekong River, Sesan River and Srepok River are

each basin is shown in Table 3.

collectively called the 3S River Basin. In the 3S River Basin,

The two contrasting applications for model parameteri-

the model was calibrated in each of the three rivers and at

sation and calibration each have pros and cons. Manual

their conﬂuence. The calibration is usually taken over a

calibration offers a one parameter at a time approach

longer period so that the model can properly capture the

wherein the sensitivity of the model is checked by the ﬂuctu-

physical parameters and the long-term trends. For this

ating value of a single parameter. The modiﬁed value reverts

study, the calibration period is taken as roughly 60% of

back unless a signiﬁcant improvement in evaluation stat-

the total data available.

istics and hydrography is observed (refer to next section
Model performance evaluation
Table 3

|

Model calibration and validation period for selected study basins

In this study, both graphical and statistical methods are
used to determine the model performance in an attempt

Period

to evaluate the hydrological behaviour (i.e., discharge

Available
Basin, country

data

Calibration

Indrawati, Nepal

2006–2009

2006–2008

2009

were selected in such a way that the set of criteria

Melamchi, Nepal

1990–2008

1992–2003

2004–2008

checks both water balance as well as extreme events of

Tamakoshi, Nepal

2000–2008

2004–2008

2000–2001

the discharge data. To evaluate the performance of

Tamor, Nepal

2000–2006

2000–2003

2004–2006

models for water balance, statistical parameters such as

Kathmandu, Nepal

2003–2006

2003–2004

2005–2006

the coefﬁcient of determination (R2), NSE, percentage

Bago, Myanmar

1994–2008

1994–2003

2004–2008

bias (PBIAS), RSR and relative Nash–Sutcliffe efﬁciency

Belu Chaung, Myanmar

1976–2005

1976–1990

1991–2005

(NSErel), along with the visual hydrographs were selected

Sekong, Laos

2001–2005

–

2001–2005

as recommended by Moriasi et al. () and Krause

Sesan, Vietnam

1994–2005

2000–2005

1994–1999

et al. (). Furthermore, the top and bottom 5% slices

Srepok, Cambodia

2000–2008

2000–2004

2005–2008

of the discharge distribution were then evaluated to

3S (Laos, Cambodia and
Vietnam)

2000–2008

2000–2004

2005–2008

check the model performance in simulating extreme
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were utilised, whereas for the bottom 5%, low discharge R2

value of the model represents underestimation whereas

and weighted R2 (wR2) were used. In addition to all the

negative value represents overestimation.

statistical measures, ﬂow duration curves (FDCs) and quantile box plots were employed as graphical measures to
illustrate the SWAT model performance in replicating the

Pn
PBIAS ¼

(Qi  Q0i )
Pn
100
i¼1 Qi

i¼1

(5)

extreme values of discharge. A brief description of each
statistical parameter is set out below.

RSR (RMSE-observation standard deviation ratio)

R2 (Coefﬁcient of determination)

The lower value of RMSE (root mean square error) is com-

R2 estimates the combined dispersion against the single dispersion of the observed and predicted series and provides
the relationship strength between observed and simulated
values. Its value ranges from 0 to 1; a value close to 0
means very low correlation whereas a value close to 1 represents high correlation between observed and simulated
discharge.
Pn 

 
 2
Qi  Qi  Q0i  Q0i
R ¼P 
 2 Pn  0
2
n
 i¼1 Qi  Q0i
i¼1 Qi  Qi
2

i¼1

cators for hydrological model performance (Shrestha et al.
). Its value ranges from ∞ to 1, where 1 indicates a perfect model and a value of less than 0 indicates that the mean
value of the observed time series would have been a better
predictor than the model.

Q i  Qi

2
2

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
0 2
RMSE
i¼1 (Qi  Q i ) =n
RSR ¼
¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 ﬃ
Pn 
STDEVobs
 2
i¼1 Qi  Qi =n

(6)

between the observation and prediction of absolute values

et al. ) and is one of the most widely used statistical indi-

n
i¼1

tary indicator to RMSE. The optimum value of RSR is 0
and higher value indicates lower model performance.

According to Krause et al. (), NSE quantiﬁes the difference

iance compared to that of the measured data (Moriasi

NSE ¼ 1  Pi¼1 

is case speciﬁc. Therefore, RSR is chosen as a complemen-

NSErel (relative Nash–Sutcliffe efﬁciency)

NSE determines the relative magnitude of the residual var-

Qi  Q0i

parameters. However, the satisfactory threshold of RMSE

(3)

NSE (Nash–Sutcliffe efﬁciency)

Pn 

monly acceptable and one of the widely used error

(4)

whereby an over- or underprediction generally has a greater
inﬂuence on higher rather than lower values. This reaction
to peak values (discharge) could be suppressed by the derivation of the relative form of NSE as shown in the following
expression. Krause et al. () found NSErel to be sensitive
to low discharge only and not reactive to peak discharge at
all, making it an ideal statistic for evaluating the base discharge
simulation performance of a hydrological model.
2
Pn 
Qi  Q0i =Qi
NSErel ¼ 1  Pi¼1 

n
  2
i¼1 Qi  Qi =Qi

(7)

wR2 (weighted coefﬁcient of determination)
PBIAS (percentage bias)
R2 quantiﬁes only the ability of the model to explain the disPBIAS indicates the average tendency of the simulated

persion present in the observed data. Therefore, if the model

results to be greater or larger than their observed data. It

under- or overestimates, at all times maintaining the pattern

measures the difference between the simulated and

of the hydrograph, it will still result in good R2 values.

observed quantity and its optimum value is 0. The positive

Krause et al. () advise taking into account the gradient
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b of the regression on which R2 is based. For good modelling

watershed, as depicted in Table 5. The Indrawati model

results, b should be close to 1, and if not, this will be cap-

shows a slight underestimation whereas the Tamor model

2

has slightly overestimated the discharge during the cali-

tured by the following expression of weighted R .

bration period. However, all the basins show good

(
wR2 ¼

jbjR2
1

jbj R

agreement between the simulated and observed discharge.

for b  1
2

(8)

for b > 1

During the calibration period, the NSE and R2 models
range from 0.72 to 0.81 and 0.76 to 0.83, respectively.

Q0i

¼ simulated daily
where Qi ¼ measured daily discharge,

discharge, Qi ¼ average daily discharge for observed
 0 ¼ average daily discharge for simulated period,
period, Q
i

n ¼ number of daily discharge values, STDEVobs ¼ standard
deviation of measured discharge.
The threshold value of goodness-of-ﬁt for all models was

These ﬁgures correspond to a ‘very good’ rating and thus
show that the SWAT model is capable of capturing both
the daily variation and pattern of discharge. Similarly,
PBIAS and RSR also fall within the rating of ‘good’ with
values ranging from 14.8 to 11.62% and 0.19 to 0.53,
respectively.
In the validation period, for Melamchi and Kathmandu,

based on Moriasi et al. (), as shown in Table 4.

the statistics show underperformance compared to the calibration period. Looking into the hydrographs for these two
basins (Figure 3), it is noted that the observed hydrograph in

RESULTS AND DISCUSSION

the validation portion has more varied features for some of
the years than those covered by calibration. For instance, in

Evaluation of SWAT in the Himalayan basins

Melamchi, the inability of the model to match the low discharge for 2006 and 2008 has inﬂuenced the model

General hydrology

performance statistics, while for Kathmandu, the annual
The SWAT models for the Himalayan basins were calibrated

volume discharge in the validation period is visibly much

against the discharge data at the basin outlet of each

less than for the calibration years. However, the models
for Indrawati, Tamor and Tamakoshi show a good or
better performance compared to the calibration period.

Table 4

|

Model performance rating based on Moriasi et al. (2007)

This shows that as long as good decisions are made in the
selection of calibration and validation years and duration,

Performance rating

NSE

PBIAS

RSR

Very good

0.75

<± 10

0 to 0.5

Good

0.65 to 0.75

±10 to ±15

0.5 to 0.6

Acceptable

0.5 to 0.65

15 to ±25

0.6 to 0.7

Unsatisfactory

<0.5

>± 25

>0.7

Table 5

|

the SWAT model ﬁts well hydrographically, with a high-performance rating.
Of the ﬁve basins, apart from Kathmandu, the remaining
are snow-fed watersheds, adding one more hydrological process, and thus complexity, to the model. Of the indicators,

Goodness-of-ﬁt statistics for general daily discharge simulated by the SWAT model in the Himalayan river basins

Calibration

Validation

Basin

NSE

R2

PBIAS (%)

Indrawati, Nepal

0.81

0.83

11.62

0.19

0.69

0.87

0.90

3.37

0.19

0.79

Melamchi, Nepal

0.76

0.76

2.17

0.35

0.59

0.55

0.58

2.15

0.36

0.67

RSR

NSErel

NSE

R2

PBIAS (%)

RSR

NSErel

Tamakoshi, Nepal

0.76

0.76

1.69

0.53

0.75

0.84

0.85

5.24

0.28

0.90

Tamor, Nepal

0.72

0.79

14.8

0.53

0.91

0.78

0.79

6.5

0.47

0.90

Kathmandu, Nepal

0.81

0.86

6.21

0.43

0.81

0.52

0.69

8.68

0.69

0.70
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Observed and simulated daily river discharge during calibration and validation of the SWAT model in the Himalayan basins: (a) Indrawati, (b) Kathmandu Valley, (c) Melamchi,
(d) Tamor and (e) Tamakoshi.

PBIAS, R2 and NSErel help in controlling simulations with

Hydrological extremes

snow-fed hydrology. PBIAS checks the annual volume/
water balance effect of snow, R2 checks the induced season-

For the evaluation of SWAT to simulate the extreme dis-

ality pattern, while NSErel helps to check the snowmelt

charge values, the top and the bottom 5% of discharge

contribution in low discharge periods. PBIAS has improved

were selected. The bottom 5% (Q95, i.e., discharge exceeds

in all these four basins in the validation period, falling into

this value 95% of the time) is evaluated using R2 and wR2.

the ‘very good’ range, indicating good water balance agree-

R2 helps to evaluate the pattern of low discharge while

ment with the SWAT simulations. Whereas for the major

wR2 assists in checking the R2 bias. A good performance

snow-fed basins – Tamor and Tama Koshi – R2 and NSErel

of low discharge yields was in the high range for both indi-

show high-performance values throughout the modelling

ces in the Melamchi, Tamor and Tamakoshi Basins. The

years as well. These results support the SWAT model’s abil-

degraded wR2 values for Indrawati and Kathmandu indi-

ity to reproduce the hydrological variation brought about by

cates an underestimation of low discharge, although an

the snow component.

acceptable range for R2 may have been achieved.

The overall impression is that all ﬁve SWAT models for

On the other hand, the top 5% (Q5, i.e., discharge

the Himalayan basins performed very well in calibration. All

exceeds this value only 5% of the time) is evaluated using

statistics were satisﬁed and the hydrograph matched well.

NSE, R2 and RSR. NSE and RSR are added to help check

The performance of two models degraded during validation

the peak variations among the ﬂood events. As seen from

which may be attributed to the selection of modelling

the hydrograph (Figure 3), in addition to the high-perform-

periods.

ance statistics, the SWAT model for Kathmandu is seen as
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highly effective in simulating peak discharge. Considering a

of the FDC and bottom whiskers of the box plots for

liberal range for the extreme value statistics, a good match in

Tamor and Tamakoshi show very close agreement with

the Indrawati and Melamchi basins can be implied.

that of the observed, while the rising end of the FDC and

Although the pattern of the peaks has been captured for

upper whiskers show closer results for Indrawati and Kath-

the remaining two basins, the models have lagged in simulat-

mandu. In the SWAT model for Melamchi, all of these are

ing the sharp magnitude of such events.

seen to be toning (whiskers of the box plots or the start

Two of the ﬁve SWAT models at the Himalayan basins –

and end portions of its FDC) resulting in a balance between

Tamor and Tamakoshi – seem to have focused on matching

the two hydrological extremes. Thus, it was found that a

the base ﬂow (consisting of Q95), while two others at Indra-

highly accurate hydrograph is possible using SWAT for

wati and Kathmandu have peak matching hydrograph

ﬂood events, low discharge or a balance between the two.

outputs (Table 6). This is also evident from the FDCs and

However, although successful in extremes, the middle por-

quantile box plots, as shown in Figure 4. The starting end

tion of the FDC for Melamchi (representing general
discharge between 5 and 95%) shows a distinct mismatch,
as previously discussed.

Table 6

|

Goodness-of-ﬁt statistics of daily hydrological extremes simulated by the SWAT
model in the Himalayan river basins

Evaluation of SWAT in tropical basins
Low discharge

High discharge (Q5)

(Q95) statistics

statistics

Basin

R2

wR2

NSE

R2

RSR

Indrawati (Nepal)

0.327

0.056

0.459

0.806

0.735

The SWAT model was also calibrated against the dis-

Melamchi (Nepal)

0.958

0.925

0.380

0.948

0.788

charge data at the outlet of each watershed in the

Tamakoshi (Nepal)

0.940

0.685

0.852

0.981

1.361

tropical basins (refer to Table 7 and Figure 5). In general,

Tamor (Nepal)

0.983

0.767

0.459

0.965

1.208

the model shows good agreement between the simulated

Kathmandu Valley
(Nepal)

0.540

0.005

0.889

0.939

0.332

and observed discharge for all basins. However, the

Figure 4

|

General hydrology

model shows the highest underestimation for the Sesan

Observed and simulated daily FDCs and quantile box plots for river discharge in the Himalayan basins.
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Goodness-of-ﬁt statistics of general daily discharge simulated by the SWAT model in the tropical river basins

Calibration

Validation

Basin

NSE

R2

PBIAS (%)

RSR

NSErel

NSE

R2

PBIAS (%)

RSR

NSErel

Belu, Myanmar

0.53

0.56

0.05

0.68

1.41

0.70

0.75

0.09

0.54

0.63

Bago, Myanmar

0.69

0.70

5.40

0.21

0.87

0.81

0.82

4.54

0.15

0.93

Sekong, Laos

–

–

–

–

–

0.80

0.80

8.01

0.19

0.79

Sesan, Vietnam

0.36

0.60

9.56

0.41

0.40

0.60

0.58

24.41

0.18

0.72

Srepok, Cambodia

0.54

0.54

6.9

0.33

0.17

0.57

0.58

3.82

0.25

1.49

3S (Laos, Cambodia and Vietnam)

0.72

0.72

8.21

0.21

5.22

0.68

0.68

2.86

0.36

17.71

Figure 5

|

Observed and simulated daily river discharge during calibration and validation of the SWAT model in tropical basins: (a) Bago, (b) Sekong, (c) Sesan, (d) Srepok and (e) 3S Basin.

River whereas it shows the highest overestimation for the

The Sekong, Sesan and Srepok Rivers form the 3S River

Bago River during the calibration period. During the cali-

and were modelled as one basin and calibrated at the outlet

bration period, the NSE and R2 of the models ranges from

ﬁrst. The model was then recalibrated at each station of the

0.36 to 0.72 and 0.54 to 0.72, respectively. These values

three rivers, Sekong, Sesan and Srepok. Finally, the opti-

show that the model falls within the acceptable rating

mum set of model parameters was selected for the overall

and that the SWAT model is therefore capable of captur-

3S River Basin. In this process, it can be seen that the stat-

ing both the daily variation and pattern of discharge.

istical value of the 3S River outlet was much better than

Similarly, PBIAS and RSR also fall within the rating of

for the three individual rivers. Due to the limitation of

‘good’ with values ranging from 9.56 to 8.21% and

data at the Sekong River, all the data were used for the vali-

0.21 to 0.68, respectively.

dation period only.
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During the validation period, the models performed

although the pattern of low discharge is followed well. For

better compared to the calibration period. All the statistical

the 3S Basin (the combination of Sesan, Sekong and

values lie within the rating of ‘very good’ and ‘good’.

Srepok), there is a larger deviation in the low discharge
simulations which is also visible from the hydrograph as

Hydrological extremes

well as the corresponding FDC and box plots in Figure 6.
Due to the fact that most of the Q95 values for the Bago

As for the Himalayan basins, the Q95 and Q5 values were

Basin were zero, it was not possible to calculate the evalu-

extracted for analysis of the tropical basin models. The

ation statistics.

Sekong and Srepok Basins show the best results in terms

On the other hand, the Q5 discharge values show that

of low discharge simulation based on statistics R2 and wR2

the models for the Bago, Belu and Sekong Basins perform

(see Table 8). SWAT models for the Sesan and Belu Basins

well in simulating the peak events. The location of upper

indicate either over- or underestimation of discharge,

whiskers is also seen to match better with that of the

Table 8

|

observed box plots. In the remaining three basins, the
Goodness-of-ﬁt statistics of daily hydrological extremes simulated by the SWAT
model in the tropical river basins

values show deviations as indicated by the rising end of
their corresponding FDC and the upper whiskers of the

Low discharge

High discharge (Q5)

(Q95) statistics

statistics

Basin

R2

wR2

NSE

R2

RSR

the models for the tropical basins lag in either the ﬂood

Bago, Myanmara

–

–

0.666

0.981

0.578

events or low discharge, the SWAT model for the Sekong

Belu, Myanmar

0.955

0.002

0.836

0.953

0.405

shows that a balanced hydrological model is possible.

Sekong, Laos

0.959

0.457

0.711

0.935

0.537

Sesan, Vietnam

0.862

0.162

0.141

0.841

0.927

Srepok, Cambodia

0.936

0.435

0.155

0.982

0.919

3S (Laos, Cambodia and
Vietnam)

0.453

0.243

2.464

0.992

1.861

box plots, even though they manage to get the pattern correct for the peaks (high values of R2). Although most of

Sensitivity parameters
The sensitivity analysis results are summarised in Tables 9

a

and 10. Since all river basins in the Himalayan region

quently, the statistics could not be calculated.

originate from melting snow, it is obvious that the

The observed low discharge data (Q95) mostly comprises zero discharge values; conse-

Figure 6

|

Observed and simulated daily FDCs and quantile box plots of river discharge in the tropical basins.
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The eight most sensitive SWAT parameters in the Himalayan basins. Numbers in parentheses show the ﬁtted values of parameters in the corresponding basin

Rank

Indrawati

Melamchi

Tamakoshi

Tamor

1

TLAPS (7)

TLAPS (7)

TLAPS (5.5)

Alpha_BF (0.185)

2

SFTMP (0.5)

SFTMP (0.5)

CH_K1 (79)

CH_N2 (0.019)

3

SMTMP (1.5)

SMTMP (1.5)

SFTMP (0.2)

CH_K2 (349.15)

4

Lat_Time (30)

Lat_Time (30)

CN2 (60–85)

GWQMN (774.2)

5

CANMX (3)

CANMX (3)

PLAPS (±150)

SNO50COV (0.536)

6

Alpha_BF (0.0128)

Alpha_BF (0.0128)

SOL_K (190)

TIMP (0.672)

7

GW_Delay (500)

GW_Delay (500)

SMFMX (9)

ECPO (0.767)

8

SNO50COV (0.5)

SNO50COV (0.5)

CH_K2 (267)

SOL_K (36–260)

Note: TLAPS: temperature lapse rate ( C/km); SFTMP: snowfall temperature; SMTMP: snowmelt base temperature; SMFM: maximum melt rate for snow during year (occurs on summer
W

solstice); PLAPS: precipitation lapse rate (mm/km); Lat_Time: lateral ﬂow travel time; CANMX: maximum canopy storage; Alpha_BF: baseﬂow alpha factor (days); GW_Delay: groundwater
delay (days); SNO50COV: snow water equivalent that corresponds to 50% snow cover; CH_K1: effective hydraulic conductivity in tributary channel alluvium; CN2: initial runoff SCS curve
number; SOL_K: saturated hydraulic conductivity (mm/hr); CH_K2: effective hydraulic conductivity in main channel (mm/h); CH_N2: Manning’s n value for the main channel; GWQMN:
threshold depth in the shallow aquifer required for return ﬂow to occur; TIMP: snowpack temperature lag factor; ECPO: plant uptake compensation factor.

Table 10

|

Rank

Sekong

The eight most sensitive SWAT parameters in the tropical basins. Numbers in parentheses show the ﬁtted values of parameters in the corresponding basin
Sesan

Seprok

3S River

Bago

Belu

1

CN2 (55–84)

CN2 (55–84)

CN2 (55–84)

CN2 (55–84)

ESCO.hru (0.2)

CN2 (51–80)

2

SOL_K (1.4–8.07)

SOL_K (1.4–8.07)

SOL_K (1.4–8.07)

SOL_K (1.4–8.07)

CN_N1 (0.014)

CH_K2 (1.68)

3

SOL_Z (300)

SOL_Z (300)

SOL_Z (300)

SOL_Z (300)

ESCO.bsn (0.5)

GW_Delay (300)

4

CANMX (8.93)

CANMX (8.93)

CANMX (8.93)

CANMX (8.93)

REAVPMN (500)

ESCO.hru (0.85)

5

Alpha_BF (0.86)

Alpha_BF (0.86)

Alpha_BF (0.86)

Alpha_BF (0.86)

Alpha_BF (0.55)

Alpha_BF (0.048)

6

GW_Delay (49.61)

GW_Delay (49.61)

GW_Delay (49.61)

GW_Delay (49.61)

RCHRG_DP (0.6)

CH_N2 (0.014)

7

CH_K2 (146.61)

CH_K2 (146.61)

CH_K2 (146.61)

CH_K2 (146.61)

GW_Delay (10)

SOL_K (0.33–7.91)

8

CH_N2 (5.99)

CH_N2 (5.99)

CH_N2 (5.99)

CH_N2 (5.99)

GWQMN (0)

SOL_Z (400)

Note: CN2: initial runoff SCS curve number; SOL_K: saturated hydraulic conductivity (mm/hr); SOL_Z: soil depth (mm); CANMX: maximum canopy storage; Alpha_BF: baseﬂow alpha factor
(days); GW_Delay: groundwater delay (days); CH_K2: effective hydraulic conductivity in main channel alluvium; CH_N2: Manning’s n value for the main channel; ESCO.hru: soil evaporation
compensation factor; CN_N1: Manning’s n value for the tributary channels; ESCO.bsn: soil evaporation compensation factor; REAVPMN: threshold depth of water in the shallow aquifer for
‘revap’ or percolation to the deep aquifer to occur (mmH2O); RCHRG_DP: deep aquifer percolation fraction; GWQIMN: threshold depth of water in the shallow aquifer required for return ﬂow
to occur (mm H2O).

parameters relating to snowfall and snowmelt play a vital

which helped to improve the discharge of the model.

role in calibration. The snowfall temperature (SFTMP par-

The temperature lapse rate (TLAPS parameter) and pre-

ameter) determines the rainfall to be converted to

cipitation lapse rate (PLAPS parameter) determine the

snowfall. The snowfall is stored at the surface in the

precipitation and temperature for each of the elevation

form of a snowpack and starts to melt once the snowpack

bands. However, these parameters showed no effect in

temperature exceeds that of the snowmelt (SMTMP par-

the tropical basins.

ameter) deﬁned by the user. The snowpack temperature

Soil parameters such as SOL_K (saturated hydraulic con-

is the function of the previous day’s temperature and cur-

ductivity), SOL_AWC (available water capacity of the soil)

rent day snowpack temperature, controlled by a lagging

and SOL_Z (soil depth), along with CN2 (initial runoff SCS

factor (TIMP parameter). Similarly, the orographic effect

curve number), Manning’s n value and effective hydraulic

on temperature and precipitation also plays a signiﬁcant

conductivity for both main and tributary channels played a

role in the Himalayan basins. Elevation bands were cre-

signiﬁcant role in basins in the tropical region compared to

ated for each of the sub-basins in the Himalayan region

the Himalayan. This might be due to the slow surface runoff
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compared to the Himalayan region, where water ﬂows much

This multi-basin study with resulting parameterisation of

faster compared to percolation. This can be further supported

the different basins yielded a useful table of model parameters

by the sensitivity of groundwater parameters like Alpha_BF

for SWAT in the two contrasting geographical/climatological

(baseﬂow alpha factor), GW_Delay (groundwater delay),

regions. It was found that parameters relevant to topographi-

REVAPMN (threshold depth of water in the shallow aquifer

cal variation and snow had higher sensitivity during model

to deep aquifer) and GWQIMN (threshold depth of water

calibration for the Himalayan regions whereas parameters

in the shallow aquifer required for return ﬂow to occur).

related to soil and groundwater were more sensitive for modelling in the tropical regions. However, it was also noted that
although there is referable information regarding the sensitive

CONCLUSIONS

parameters for a particular region, the complete set of sensitive parameters for each basin model were case speciﬁc. This

This study evaluated the hydrological responses of SWAT

kind of comprehensive multi-basin study highlighting model

models for 11 basins in two contrasting climatic regions of

performance and parameterisation would help future

Asia. The results suggest that SWAT is a suitable tool for

researchers in developing the SWAT model in regions similar

modelling hydrological responses over a wide range of

to those incorporated herein.

basin scales, geographical regions and climatological settings.
For the Himalayan basins, a very good hydrographic ﬁt
was observed during the model calibration (NSEcal
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