RESEARCH RESULTS AND APPLICATIONS

APPLICATION OF VIC HYDROLOGICAL MODEL
FOR SIMULATING RIVER FLOW OF RED RIVER SYSTEM
TO SUPPORT WATER RESOURCE MANAGEMENT

Nguyen Duc Luong™

Abstract: This study aimed to apply the Variable Infiltration Capacity (VIC) hydrological model for simulat-
ing the daily river flow during the period of 2005-2014 for the Red River System, Vietnam. For this purpose,
the VIC-3L hydrological model forced with satellite meteorological datasets was set up for the Red River
Basin at the spatial scale of 0.1° x 0.1° (~11km % 11km). The daily monitored river flow data at four hydrolog-
ical monitoring stations (Lao Cai, Yen Bai, Son Tay, and Ha Noi) along the Red River System for the period
of 2005-2014 were used to evaluate the VIC-3L model performance. The study results showed that with the
selection of appropriate soil parameters, it is possible to utilize the VIC-3L model to generate the daily river
flow data for the Red River System. The VIC-3L model could capture the river flow dynamics of the Red
River System. However, for the better model performance, future studies with respect to model calibration
and validation should be carried out for more down-stream stations of the Red River System.
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@ 1. Introduction

The Red River Basin (Fig. 1)isamong the larg- . . . e e owe  wosme oe
est river basins in the world which stretches across &
three countries including China, Laos, and Vietnam.
Its total area is approximately 169,020 km?, of which
81,240 km? (48%) in China, 1,100km? (0.65%) in
Laos, and 86,660 km? (51.35%) in Vietnam. Admin-
istratively, the Red River Basin covers 26 provinces
and cities in the North of Vietnam, including Ha Noi -
the capital city of Vietnam. In terms of socio-economic
development of the Red River Basin, water resources
play an important role in contributing to the develop-
ment of key economic sectors, especially agriculture.
In the recent years, anthropogenic activities have put
huge pressure on the water resources (surface wa-
ter pollution, over-exploitation of groundwater, etc...).
This pressure is further increasing under the impact
of climate change. Sustainable management of Wa- m  wumigca vontering ststons
ter resources in the Red River Basin which required @ saweecicrantover tooomw
related scientific knowledge is indeed one of the most = ™o [ meresmersaen
critical issues for the regional development. Figure 1. Study map of Red River Basin
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Traditionally, hydrological monitoring network plays an important role in providing necessary hydro-
logical data to support water resources management decision-making activities. In addition, hydrological
modeling of the basin has also been used as an alternative approach to generate hydrological data need-
ed for water management. Through such modeling, hydrological variables, such as runoff, infiltration rate,
evapotranspiration, and river flow, which are important for water resource management, can be routinely
generated in a spatially distributed manner at the expense of equally routine but easier to measure meteoro-
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logical forcing data (e.g., precipitation, wind speed, temperature). A hydrological model can yield information
on water availability at closer space—time resolutions, where it is very hard to place gauges. Thus, a hydro-
logical model can bridge gaps in in situ measurement as well as keep track of the terrestrial component of
the dynamic water cycle [1].

As there is a general lack of in situ meteorological data availability for forcing a hydrological model,
there is often a need to use the more widely available satellite-based forcing products [2]. Satellite-based
geodetic and remote sensing platforms are increasingly common in collecting hydrological measurements
[3]. The ability to collect data and monitor rivers by using satellite-based techniques is likely to become in-
creasingly necessary. There are also satellite-based precipitation products like the Climate Prediction Center
morphing technique [4], Precipitation Estimation from Remotely Sensed Imagery Using Artificial Neural Net-
works [5], and Tropical Rainfall Measuring Mission-based 3B42RT [6]. There are also new satellite missions
proposed for enhancing the availability of such hydrological data, such as precipitation (Global Precipitation
Measurement (GPM) mission [7]), streamflow (Surface Water and Ocean Topography (SWOT) mission [8]),
and soil moisture (Soil Moisture Active and Passive (SMAP) mission [9]). Fairly high spatial (0.25°) and tem-
poral resolution (3 hourly) satellite precipitation data are already routinely available [1].

Although a hydrological model can be a potential tool for simulation of water management variables
(runoff and river flow), there have been very few studies on the application of hydrological model for estimat-
ing the daily flow of the Red River System in the Red River Basin. There has been only one previous study
using MIKE 11 hydrological model for the simulation of the flow during the period of 1996-2006 in the Red
River Basin [10]. However, that study divided the Red River Basin into five sub-basins and just used the
observed rainfall data provided by only five hydrological monitoring stations as the input data for MIKE 11
model. This could limit the evaluation of the flow dynamics of the Red River System and affect the accuracy
of simulated results. Thus, in this study, we apply a macroscale and spatially distributed hydrological model
forced with satellite meteorological datasets for estimating the daily river flow of Red River System in the Red
River Basin which can be used to complement the monitored river flow data towards supporting the water
resource management.

@ 2. Material and methods
2.1 Hydrological model input data

In this study, the foIIowing types of data 100°E  101°E  102°E  103°E  104°E  105°E  106°E  107°E
were collected, processed, and analyzed for set- N
ting up the hydrological model: 1) topographic =z | A
data, 2) meteorological forcing data, 3) vegeta-
tion data, and 4) soil data.
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For topographic data, a digital elevation
model (DEM) was created for the Red River Ba-
sin (Fig. 2) by collecting elevation data from the
Shuttle Radar Topographic Model (SRTM). The
resolution of this DEM was 0.1°.
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The meteorological data including daily
rainfall (mm), max and min air temperature (°C),
and wind speed (m/s) during the period of 2005-
2014 for the entire Red River Basin were collect-
ed from 19 U.S. NCDC weather stations (Fig. 1).
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The land cover properties for the Red River Ba- High : 3269 Low: 71

sin were taken from the U.S. Geological Survey I Lo Border of Country

(USGS), Wh|Ch ShOWﬂ |n Flg 3 Main River (Red River) River Network of the Red River Basin
Vegetation data such as the leaf area Figure 2. Map of elevation and river network of

index (LAI) was obtained from Terra Moderate Red River Basin

Resolution Imaging Spectroradiometer (MODIS) satellite and regridded to 0.10 grid cells for integration
in the hydrological model. Soil type data (Fig. 4) was collected from Food and Agriculture Organization
including soil parameters such as porosity and saturated hydraulic conductivity.
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Figure 3. Land cover properties for Red River Basin
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Figure 4. Soil type for Red River Basin

Table 1. Summary of hydrological model input data

No Data Resuor;:xt:ion Frequency Ca‘;:r;:t?on Validation Source

1 | Topography 90 m - 2005-2009 2009-2014 SRTM

2 | Rainfall mm Daily 2005-2009 2009-2014 GSOD (NCDC)
3 | Maximum Temperature Daily 2005-2009 2009-2014 GSOD (NCDC)
4 | Minimum Temperature Daily 2005-2009 2009-2014 GSOD (NCDC)
5 | Wind speed m/s Daily 2005-2009 2009-2014 GSOD (NCDC)
6 | Vegetation - - 2005-2009 2009-2014 MODIS

7 | Soil Type - - 2005-2009 2009-2014 FAO

The input data for VIC hydrological model used in this study is summarized in Table 1.

2.2 VIC hydrological model

The Variable Infiltration Capacity (VIC) mod-
el, first developed [11], was used as the macroscale
distributed hydrological model. VIC is a large-scale,
semi-distributed macroscale hydrological model. It
is capable of solving full water and energy balances.
The basic structure of the VIC model was described in
detail [11]. In this study, the version of VIC-3L model
was used for the simulation of river flow of the Red
River System. The schematic of the VIC-3L model
with mosaic representation of vegetation coverage is
shown in Fig. 5. The more details on the VIC-3L mod-
el’s features can be found in [11].

The spatial resolution of model is 0.1°x0.1°
(~11kmx11km). We apply the VIC-3L model to sim-
ulate the daily river flow for the Red River System for
the period 2005-2014. For evaluating the simulated
results, we use the daily monitored river flow data ob-
tained from four hydrological monitoring stations (Lao
Cai, Yen Bai, Son Tay, and Ha Noi with their locations
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Figure 5. Schematic of the VIC-3L model with
mosaic representation of vegetation coverage
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shown in Fig. 1) along the Red River System for the same period of 2005-2014.

In order to evaluate the VIC-3L hydrological model performance, this study used the metrics of Pear-
son’s correlation coefficient (R) and Nash-Sutcliffe efficiency (NSE). The R values which range from -1 to 1,
is an index of the degree of linear relationship between the observed and simulated data. The NSE which
calculated by the equation (1) is used to assess the predictive power of the VIC-3L model, and the values
can range from - « to 1.0, with NSE = 1 being the optimal value. With the NSE values between 0.0 and 1.0,
the model performance can be acceptable; whereas the NSE values < 0.0 means that the model perfor-
mance is unacceptable [12,13].
n n —\2
NSEzl—[Z(obsi —siml.)z}/[Z(obsi —obs) } (1
i=1 i=l1

where 0bs represents the mean observed flows; obs, and sim, represent the observed and simulated flows
being evaluated, respectively; and subscript i refers to the time (day).

@ 3. Results and discussions

The VIC-3L hydrological model simulation period was divided into two parts: 2005-2009 and 2010-
1014. The daily simulation period 2005-2009 was used for calibration, while the period 2010-2014 was used
for validation (at daily time step). The daily river flows simulated by the VIC-3L model for the period 2005-
2009 at four hydrological monitoring stations of the Red River System are shown in Fig. 6.

It can be seen that the trend of daily simulated river flows relatively agree well with the daily monitored
river flows at all hydrological monitoring stations. The overall trend indicates that the river flows increase
rapidly during the rainy season (May to Oct) and decrease during the dry season of every year. In the year
of 2008, the simulated river flows were overestimated during the peak flows during the rainy season at the
stations of Lao Cai, Son Tay, and Ha Noi. At Son Tay station, the simulated river flows were underestimated
in comparing to the monitored river flows during the early months of the years.

Fig. 7 provides a summary of the correlation of the simulated river flows with the monitored ones for
four hydrological monitoring stations. The relative correlations were found between the simulated and moni-
tored river flow data for three stations of Yen Bai, Son Tay, and Ha Noi (R=0.61, 0.77, and 0.68, respectively).
The lowest correlation (R=0.55) was seen for the Lao Cai station. This suggests that further studies with
respect to model calibration might be needed for improving the model performance.
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Figure 6. Comparison between simulated and monitored river flows for the period 2005-2009
at four stations of the Red River System
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Figure 7. Correlation between simulated and monitored river flows for the period 2005-2009

at four stations of the Red River System

Among the model parameters to Table 2. Calibrated soil parameters for VIC-3L model
be. calibrated, the ones rec.:omm.nd.ed gre Soil parameter Range used for sensitivity studies
soil parameters such as variable infiltration —
curve parameter (b_infil), fraction of the DS- b_infil OO e
max parameter (Ds), fraction of maximum Ws >0.5
soil moisture (Ws), and thickness of each Ds <1.0
§oi| moisture layer (depth). Previous stud- first_layer 0.40
ies have shown that these parameters are | Depth
s . . . second_layer 0.60
the most sensitive set requiring calibration

[1,11]. A set of parameters with different combinations were used for model simulation for sensitivity analysis.
The calibrated soil parameters for the VIC-3L model are shown in Table 2.

The NSE values obtained for the calibration case were 0.355, 0.320, 0.458, and 0.372 for the Lao
Cai, Yen Bai, Son Tay, and Hanoi station, respectively. These results implied that the model performance
can be acceptable.

The VIC-3L model’s validation was made for the period of 2010-2014 with the use of calibrated param-
eters in the previous step to see how well the VIC-3L model can indeed simulate the hydrological trends in
the Red River Basin. The daily river flows simulated by the calibrated VIC-3L model for the period 2010-2014
at four stations of the Red River System are shown in Fig. 8. It is shown that the trend of the river flows sim-
ulated by the VIC-3L model stills following the trend expressed by the monitored river flows at all hydrological
monitoring stations. This suggests that the VIC-3L hydrological model with the satellite products used as the
inputs has sufficient skill to simulate the expected interseasonal hydrological trends in the Red River Basin.

The correlation between the simulated and monitored river flows for the period 2010-2014 at four sta-
tions of the Red River System is shown in Fig. 9. It is found that the correlation between the simulated and
monitored streamflow data was significantly improved for the stations of Lao Cai, Yen Bai, and Ha Noi. The NSE
values obtained for the validation case were 0.272, 0.350, 0.487, and 0.113 for the Lao Cai, Yen Bai, Son Tay,
and Hanoi station, respectively. These results implied that the VIC-3L model performance was still good enough.

It can be seen that this study with the application of VIC-3L model using both ground- and satel-
lite-based datasets could satisfactorily simulate the river flow dynamics over the basin-wide scale for the
Red River Basin which could overcome the limitation of previous study [10] where the Red River Basin was
divided into five sub-basins for simulation. On the other hand, the simulation skill of the VIC-3L model in this
study is similar to those reported by the other studies in the world [14,15].
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Figure 8. Comparison between simulated and monitored river flows for the period 2010-2014
at four stations of the Red River System
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Figure 9. Correlation between simulated and monitored river flows for the period 2010-2014
at four stations of the Red River System

@ 4. Conclusions

In this study, the VIC-3L hydrological model forced with the satellite meteorological datasets was
applied for simulating the daily river flow of Red River System. It is generally shown that the VIC-3L model
could be used to generate the daily river flow of the Red River System which agreed relatively well with the
monitored data and the model could capture the river flow dynamics of the Red River System. The simulated
river flow data could be used to complement the monitored data for supporting water resources manage-
ment decision-making activities. The model provided a platform for conducting various future studies, such
as satellite precipitation error propagation, developing tools to improve precipitation estimation and to as-
sess the skill of climate model forecast precipitation data.
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However, for the better model performance, future studies with respect to model calibration and vali-
dation are recommended. The VIC-3L hydrological model was calibrated only at one up-stream station (Lao
Cai station) and three mid-stream stations (Yen Bai, Son Tay, and Ha Noi stations) of the Red River System.
Probably, the calibration for more down-stream stations of the Red River System should be carried out to
improve the model’s predictability and achieve a better representation of the physical parameters.
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