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INTRODUCTION

The research on the hydrological processes 
in river basins benefits from a variety of rainfall 
products coming from remote sensing [Artan et 
al. 2007; Bitew and Gebremichael 2011; Khan 
et al. 2011]. However, the use of satellite-based 
rainfall estimates in stream flow modeling has 
been limited because of the perceived uncertainty 
associated with such data [Chiang et al. 2007]. 

It has been suggested by some researchers 
that using the merging method is expected to 
have the ability to extract the useful information 
from all data sources [Gebregiorgis and Hos-
sain 2011; Nerini et al. 2015; Seo 1998; Tugrul 
Yilmaz et al. 2010]. However, using complex 
algorithms such as Bayesian merging actually 
may not be better than the simple algorithms 
even though they are relatively perfect in theory 
since it is difficult to meet the required assump-
tions [Nerini et al. 2015]. 

For this study, the authors selected the bias-
corrected coefficient since this algorithm is easy 

and it performs better than other commonly used 
algorithms. It considers the spatial variability 
and seasonal variations of the bias coefficient, 
ensures the quantitative accuracy of the entire 
magnitude of monthly precipitation which are 
confirmed as important points in the merging 
methods [Nie et al. 2015]. GSMap was selected 
since it is provided with high resolution and fair-
ly good picture of near real time. The usefulness 
of merged rainfall between satellite and gauge-
observed data for hydrologic modelling was in-
vestigated in the Lam river basin. 

MATERIALS AND METHOD

Study sites and datasets

The Lam River basin has the area of 27.200 
km2. The flood season usually occurs in April, 
July to October and November on the trunk river 
of the Lam River and its tributaries in the mid-
dle stream and upstream. On other tributaries, 
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the simulated streamflow from a SWAT model driven by merging rainfall between satellite and gauge-observed 
rainfall for the Lam River Basin. The results demonstrate the usefulness of merging rainfall data for stream flow 
modelling at a monthly time step.
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the flood season occurs from August or Septem-
ber to December. A mean annual precipitation 
is 1,400 mm and the mean annual runoff is 430 
m3/s at Dua station (20,800 km2). There are 16 
rain gauges in this study area (Fig. 1). Therefore, 
the gauge density in the Lam river basin is 0.6 
gauge/1000km2. The rain gauge networks in this 
study areas are low compared with the recom-
mended minimum densities of station of World 
Meteorological Organization (four stations per 
1000 km2) [WMO 2008]. 

Datasets 

The gauged weather data for the Lam River 
Basin used in this study were supplied by Hydro-
Meteorological Data Center of Vietnam (HMDC). 
In which, the gauged rainfall data were collected 
from 2 meteorological and 16 hydrological stations. 
Other meteorological data, such as temperature, 
relative humidity and wind speed were collected 
from 2 meteorological stations (Vinh, Ha Tinh sta-
tion) located within the study area. These data were 
used as input to SWAT model. Figure 1 displays 
the location of the gauge-observed rainfall data. All 
data covered the period from 2010 to 2016.

Additionally, a digital elevation model with 
30 m resolution, the soil map scale of 1:50,000, 
the vegetation map scale of 1:50,000 was derived 
Environment and Natural resource department of 
Nghe An, Ha Tinh province were also provided as 
driver for SWAT model.

GSMaP-MVK was developed by the Japan 
Aerospace Exploration Agency (JAXA) Near-real-
time and reanalyzed hourly precipitation products 
are available at 0.1° spatial resolutions. These are 
based on both microwave and infrared satellite ra-
diometry, combined using a Kalman filter [Ushio 
et al. 2009]. The authors used the daily-aggregated 
version of the reanalysis product from 2010–2016.

The simulated streamflow was calibrated and 
validated using the discharge data collected at 
three stations: Nghia Khanh (with an upstream 
area of around 4,020 km2), Hoa Duyet (with an 
upstream area of around 1,880 km2), Dua (with an 
upstream area of around 20,800 km2) (Figure 1), 
located in the Lam river.

Merging method 

1. The monthly observed rainfall from 16 stations 
within the river basin were interpolated onto a 

Fig. 1. The Lam river basin
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10-km grid corresponding to the grid solution 
of GSMap-MVK using a Universal Kriging 
algorithm,

2. The monthly bias- corrected coefficients were 
identified by matching the monthly rainfall of 
the GSMap-MVK and observed data over each 
10×10 km grid box [Bui and Ishidaira 2015], 

3. The monthly rainfall matching procedure was 
calculated for 12 calendar months to consider 
the seasonal variations of the bias in the target 
data and ensures the quantitative accuracy of 
the entire magnitude of monthly precipitation. 

4. The GSMap-Gauge merging data at the corre-
sponding location was retrieved for daily time 
step by multiplying the monthly bias coeffi-
cients with daily GSMap-MVK product. 

Those steps are displayed in the Figure 2 
showing the diagram of how the bias-corrected 
coefficients of the satellite data in a grid box were 
obtained.

SWAT model 

SWAT2012 model was used in our modeling 
for hydrologic simulation. SWAT is a basin-scale 
semi-distributed model developed by the Agri-
cultural Research Service of the United States 
Department of Agriculture [Arnold et al. 2012]. 
SWAT requires digital elevations, land use, 
soils, etc. and weather information (temperature, 

precipitation, solar radiation, humidity, and wind 
speed) as input of the model. Considering the hy-
drologic behavior, the model provides the infor-
mation on streams and rivers within the watershed 
under varying conditions. In this study, SWAT 
was used to simulate the stream flows from dif-
ferent rainfall products including gauge-observed 
rainfall, satellite (GSMap) and satellite – gauge 
merging product (Figure 3). SWAT is calibrated 
against in situ streamflow data automatically with 
the SWAT-CUP optimization techniques [Abba-
spour 2015]. The hydrologic model is recalibrat-
ed with satellite and merging data since its useful-
ness was confirmed in the study of Artan G et al., 
(2007) [Artan et al. 2007]. The parameters and 
the default range recommended by the previous 
studies [Abbaspour 2015; Li et al. 2018; Ren et 
al. 2018; Ruan et al. 2017; Tuo et al. 2016] were 
first selected for sensitivity analysis and calibra-
tion in the current study.

Statistic evaluations

The visual and statistical comparisons are 
conducted between the simulated and observed 
flows, and visual comparison is conducted be-
tween satellite and observed rainfall for the whole 
river basin.

For the statistical ‘‘goodness of fit’’ of the 
simulated streamflows, the authors employed 
a commonly used measure – the Nash-Sutcliffe 

Fig. 2. The diagram of how the merging satellite-gauge are retrieved based on the bias-corrected coefficients
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Coefficient of Efficiency (NSE) (Nash and Sut-
cliffe 1970); coefficient of determination R2, 
RMSE-observations standard deviation ratio 
(RSR) and percent bias (PBIAS) [Yuemei et al. 
2007]. These statistical measures are calculated 
between the gauge-observed or in situ and simu-
lated streamflow.

RESULTS AND DISCUSSIONS

In the Figure 4, the daily rainfall from gauge 
observation (Gauge rainfall) (Fig. 4a), GSMap 
satellite products (GSMap – Fig. 4b) and merging 
between GSMap and gauge observation (Merg-
ing rainfall – Fig. 4d) over the Lam river basin. 

The datasets show the value of Sep 19, 2016. The 
result shows the discernable differences on the to-
tal rainfall and spatial distribution of rainfall. The 
Merging rainfall (Fig. 4d) kept the spatial distri-
bution of GSMap rainfall while its total accumu-
lated rainfall highly matched with gauge rainfall. 

The SWAT model was validated with the 
gauge-observed streamflow (gauge streamflow) 
for the period from 2010 to 2016 on the Lam river 
basins. The hydrographs showing the simulated 
and observed flows of the Lam river basin at three 
stations are displayed in Figure 5. The graphs 
show that the model was able to capture the gauge-
observed hydrograph quite well when forced with 
gauge rainfall and merging rainfall both the tim-
ing and the magnitude of the streamflow of the 

Fig. 4. Rainfall distribution on the Lam river basin (September 13, 2016) (a) gauge 
rainfall; (b) GSMap rainfall; (c) Corrected bias coefficients; (d) merging rainfall

Fig. 3. General framework of the research
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basins at Dua and Nghia Khanh station with only 
few differences. There are large discrepancies be-
tween the observed and simulated streamflows in 
the Hoa Duyet which can be partly explained by 
the insufficiencies of gauge rainfall in the upper 
basin. Poor agreement is seen between stream-
flow forced by GSMap and gauge rainfall at all 
stations. It suggests that the streamflows forced 
by GSMap only show poor prediction. 

The simulated streamflow with the model 
driven with the merging rainfall yields better re-
sults compared with the Simulated streamflow 
forced with gauge rainfall at Dua station (NSE = 
0.89 and NSE = 0.82), Hoa Duyet station (NSE = 
0.84 and NSE = 0.75) and has comparable results 
at Nghia Khanh (NSE = 0.84 and NSCE = 0.83). 

The coefficient of determination (R2) of the 
streamflow forced by gauge and merging rainfall 
are high from around 0.8 to 0.9 on a monthly time 
scale. The streamflow simulated from merging 

rainfall show the  strongest correlation with R2 
values being 0.9 to 0.94 at all three stations. The 
R2 coefficient is much lower at all three stations 
with the streamflow forced by GSMap rainfall, 
from 0.68 to 0.73. These results show that the cor-
relation for the merging rainfall is highest, and the 
highest is seen at the Hoa Duyet station despite 
the poorer rain gauge distribution in this section. 

At the Dua station, the agreement between 
simulated streamflow forced by gauge and merg-
ing rainfall is high, with only a small PBIAS from 
-2.22% to -9.85% respectively. PBIAS was sig-
nificantly large in the simulated streamflow when 
the hydrologic model was simulated using the 
GSMap rainfall, with a bias of -19.68% (Table 1). 
At the Nghia Khanh station, the simulated flows 
forced by merging rainfall and gauge rainfall 
have a minor positive bias (+0.38% and +10.35% 
respectively), whereas the simulated flows forced 
by GSMap rainfall were significantly negatively 

Fig. 5. Streamflow simulation obtained when the hydrologic model was forced with rain from gauge, satellite and 
merging method and gauge measured streamflow at: a) Nghia Khanh station, b) Hoa Duyet station, c) Dua station
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biased (-16.36%). The overall water balance 
agrees to within 10% of the observed flows with the 
the Nghia Khanh and Dua stations. However, the 
simulated flows in Hoa Duyet show significantly 
negatively biased -39.83% with merging rainfall 
and -48.75% with gauge rainfall. This value even 
amplified to -70.35% with GSMap rainfall.

These results suggested that for the Nghia 
Khanh station, the hydrologic model forced by 
merging rainfall agrees well with gauge rainfall 
in most of the statistical index, notably the PBIAS 
shows significant improvement compared with 
the model forced by gauge rainfall, the difference 
between the simulated flows forced by merging 
rainfall and observed flows was minimized. In 
contrast to the hydrologic model for Dua, high 
correlation but also high PBIAS are gained be-
tween the simulated and observed streamflows 
when compared with hydrologic model forced by 
the gauge rainfall. 

It can be seen that the contribution of gauge 
observed rainfall are obviously showing better 
prediction for hydrological simulation, even with 
only one gauge observed rainfall is available and 
the contribution is larger with higher gauge density. 

CONCLUSION

The authors have investigated the fitness of 
such data for streamflow modeling. The result in-
dicates that merging rainfall between satellite and 
gauge-observed rainfall according to the correct-
ed-bias coefficient provides better spatial rainfall. 
The gain achieved in the simulated streamflow 
from merging rainfall between remote sensing 

and gauge-observed rainfall was significant even 
when the number of available rainfall gauge was 
very low. It is therefore justifiable to suggest that 
merging rainfall can be used to drive hydrologic 
models for better streamflow prediction. Howev-
er, this research has only considered one merging 
method and also the analysis with different time 
scales should be performed to give out more com-
prehensive picture. 
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