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Abstract

Due to the limitation of data sources, the application of Distributed Hydro-
logical Models (DHMs) using earth observation data to research water re-
sources is necessary. In this study, the BTOPMC (Block-wise use of
TOPMODEL) model was applied for 2 basins in the tropical monsoon region.
This is the first time that the land cover map of the CCI (Climate Change In-
itiative Land Cover Team) was prepared for input data instead of IGBP (In-
ternational Geosphere-Biosphere Programme) land cover map as proposed in
the demo version of the BTOPMC model. The calibration and validation re-
sults showed that the Nash-Sutcliffe coefficients for daily stream discharge
were 77.5% and 68.7% at Cung Son station (Ba basin). The Nash-Sutcliffe
coefficients for daily stream discharge were 79.4% and 69.0% at Binh Tuong
station (Kone basin), respectively. Because of a stop in measuring the dis-
charge at Binh Tuong station in 2007, this model was applied to simulate
discharge during the period of 2008-2015. Furthermore, the effect of land
cover on discharge at Cung Son station was considered. The annual discharge
in 2010 at Cung Son decreased 8 m*/s in the comparison between two scena-
rios (land cover of 2000 and 2010). According to this result, it is possible to
propose a wide application range of the DHMs model to the tropical mon-
soon river basins using earth observation data.
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1. Introduction

In Vietnam, there are 2360 rivers with the length of over 10 km, comprising
eight large basins with the total area of more than 10,000 km”. Besides these
eight basins, there are also 18 internal basins that have areas from 1000 to 10,000
km® which are referred to as small basins. Most of these basins locate in the
Central part of Vietnam where the distribution of water resources is very severe
with flash floods, inundations in the rainy season and droughts in the dry sea-
son. In recent years, Vietnam has been facing an increasing frequency of natu-
ral disasters, particularly typhoons and droughts. Therefore, integrated water
resources management is an urgent task for monsoon tropical countries like
Vietnam. Due to limited data sources (only 70 discharge gauging stations in
total), especially for small-ungauged basins, the application of hydrological
models using earth observation data for the water balance calculation is of ne-
cessity.

Being the prime focus of hydrological research over the past decades, the si-
mulation of rainfall-runoff relationship has resulted in an abundance of models
that have been proposed. According to the process description, these models can
be classified into three categories: metric, conceptual and physics-based models
while based on the classification of spatial representation, they are either lumped
or distributed. There exists no universal hydrological model that is applicable to
all conditions of all basins and for various modeling purposes. However, the
most promising developments in this respect are Distributed Hydrological Mod-
els (DHMs), especially ones that identify physically based on parameters. Dis-
tributed models in hydrology are physics-based models which are defined in
terms of theoretically acceptable continuum equations. Distributed hydrological
models can fulfill the necessity of describing basin heterogeneity, and assess the
impact of natural as well as human induced changes. Furthermore, they enable
researchers to take advantage of currently available satellite observations, which
are rapidly improving in quality. Moreover, previous research that has utilized
the application of DHMs to large basins, such as the Yellow River, Jinjiang and
Mekong River basins obtained satisfactory results (Fu & Chen, 2005; Zhou,
Ishidaira, Hapuarachchi, Magome, Kiem, & Takeuchi, 2006; Ishidaira, Ishikawa,
Funada, & Takeuchi, 2008; Sun, Wang, Li, Yao, & Yu, 2014). Small basins in
tropical monsoon region with limited observed data have not been considered.
Moreover, the abundant source of earth observation data will be an effective
source of input data for hydrological models.

In this study, the BTOPMC model was applied for 2 difference basin scales in
the tropical monsoon region using earth observation data. Especially, the land
cover map of the Climate Change Initiative Land Cover Team (CCI program,
2017) was prepared for data input instead of the land cover map of IGBP as
proposed by the demo version of BTOPMC model.

2. Study Area and Data

The Kone and the Ba river basins are typical tropical monsoon basins (Figure 1).

DOI: 10.4236/gep.2019.71003

24 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2019.71003

P.T.T.Hang

105°0'0"E 110°00"E 115°0'0"E

20°0'0"N

Ba River basin

Kone River basin

15°0'0"N

10°0'0"N 15"0'0"N\ 20°0'0"N

10°0'0"N

0 125250

105°0'0"E 110°0'0"E 115°0'0"E

5°0'0"N

50&ilome!ers < §
Figure 1. Locations of the Kone and the Ba river basins.

The Kone basin has an area of about 3640 km? covering territories of An Lao,
Vinh Thanh, Tay Son, Phu Cat, An Nhon, Van Canh, Tuy Phuoc districts in Qui
Nhon city which belongs to Binh Dinh province, and K’Bang district which be-
longs to Gia Lai province. It locates in the west and south of Binh Dinh province
at Central Vietnam from the latitude of 13.49" to 14.62°N and from the longi-
tude of 108.42° to 109.32°E (Figure 2).

Surface water in this basin is plentiful but uneven in spatial and temporal dis-
tribution. The flood season in the Kone river is the latest in Vietnam (October to
December) which accounts for 72.2% of total annual runoff in the country
(Vietnam Meteorological and Hydrological Administration). High water volume
is concentrated in 3 months, causing bad effect to the surface of the basin such as
inundation. However, in the remaining 9 months (January to September) low
flow season is very severe (Vietnam Meteorological and Hydrological Adminis-
tration).

The Ba river basin has an area of about 13,900 km?, extending from 12.56°N
to 14.62°N and from 108.00°E to 109.46°E (Figure 3). The Ba river basin is the
largest basin in the South-Central region of Vietnam and locates in four prov-
inces which are Kon Tum, Gia Lai, Dak Lak and Phu Yen (Vietnam Meteoro-
logical and Hydrological Administration). Over 71% of annual flow concentrates
is in the flood season (from September to December), causing difficulties for
water use in the basin (Vietnam Meteorological and Hydrological Administra-
tion).

Daily discharge data from 1979 to 2007 is obtained at Binh Tuong station in
the Kone river basin (Figure 2). Data in 1998 is used for model calibration and
data in 1999 is used for model validation. Daily discharge data from 1979 to 2016
is obtained at Cung Son station in the Ba river basin (Figure 3). Data in 2000 is
used for model calibration and data in 2009 is used for model validation.

For this study, daily precipitation at gauged stations through the basin is ob-
tained from 1979 to 2016 in both basins (the Kone basin Figure 2 and the Ba ba-
sin Figure 3). The distributed daily precipitation is obtained by applying the
Thiessen polygon method.
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Figure 2. Location of meteorological stations and hydrological stations in the Kone river
basin (Vietnam Meteorological and Hydrological Administration).
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Figure 3. Location of meteorological stations and hydrological stations in the Ba river
basin (Vietnam Meteorological and Hydrological Administration).

3. Methodology

The BTOPMC model is a physically based distributed hydrological model was
developed by Takeuchi’s Laboratory at the University of Yamanashi (Takeuchi,
Tianqi, & Ishidaira, 1999). This model divides the whole basin into many grid
cells to account for spatial heterogeneity within the basin. At the same time, grid
cells are grouped into several blocks in order to keep the model structure in a
relatively simple manner.

The core module of t the BTOPMC model consists of four sub-models namely
topographic, parameter identification, runoff and flow routing. In this applica-
tion, soil properties of all catchments are obtained by using the Food and Agri-
culture Organization (FAO, 2006) soil map and for Land cover map IGBP (In-
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ternational Geosphere Biosphere Program) will be used. The DEM (digital eleva-
tion model) and river network are generated from the USGS 30 arc second
GTOPO30 data set. Spatial variation of precipitation is considered based on the
Thiessen polygon method. Spatially distributed monthly average potential eva-
potranspiration is calculated by using the Shuttle Worth-Wallace (S-W) method.
In the BTOPMC model, runoff generation is based upon the concepts of
TOPMODEL which assumes that groundwater flow is driven by the surface to-
pographic gradient, and flow routing is carried out using the Muskingum-Cunge
method (Takeuchi, Tianqi, & Ishidaira, 1999; Takeuchi, Hapuarachchi, Zhou,
Ishidaira, & Magome, 2008).

Five model parameters (Saturated transmissivity—T,, Decay factor of trans-
missivity—m, Soil drying function parameter—a, Manning’s Roughness coeffi-
cient—n and Maximum root zone storage—Srmax) are calibrated by trial and
error method. The result evaluation is based on the Nash-Sutcliffe coefficient
(Nash & Sutcliffe, 1970).

T 2

NSE:I—M (1)
> -9

T
t

where:

Q, is simulated discharge; Q' is observed discharge at time £ O, : the mean
of observed discharges.

Topographic data

The BTOPMC model heavily depends on the DEM for the channel network
extraction, sub-basin division and the soil-topographic index computation. The
S-W model also uses the DEM to correct some parameters. The DEM of the
Kone and Ba river basins are downloaded from USGS GTOPO30 Elevation Data
for GIS use. GTOPO30 is a global digital elevation model (DEM) resulting from
a collaborative effort led by the staff at the U.S. Geological Survey’s EROS Data
Center in Sioux Falls, South Dakota. With the aim of meeting the needs for re-
gional and continental scale topographic data of geospatial data user communi-
ty, GTOPO30 is a global data set that was developed to cover the full extent of
latitude from 90 degrees south to 90 degrees north, and the full extent of longi-
tude from 180 degrees west to 180 degrees east. The name GTOPO30 is derived
from the fact that elevations in GTOPO30 are regularly spaced at 30-arc seconds
(approximately 1 kilometer). Since the horizontal grid spacing is 30-arc seconds,
dimensions of the DEM are 21,600 rows and 43,200 columns.

Land cover

The land cover is represented by the International Geosphere Biosphere Pro-
gram (IGBP). IGBP classifies the global land cover into 17 types at 1km resolu-
tion. However, the time series of consistent global land cover maps at 300 m spa-
tial resolution on an annual basis from 1992 to 2015 (24 years) that shows 22
different types of global land cover classes were used in this study. This data is

the product from the Climate Change Initiative Land Cover team, led by the
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Université catholique de Louvain (CCI program, 2017). The maps propose a le-
gend that was based on the FAO/UNEP Land Cover Classification System in or-
der to be compatible with previous products. This legend was converted to 17
types of land cover classes which are similar to IGBP’s classification.

Soil type

The Food and Agriculture Organization (FAO)’s soil map is used in this study
(Fao, 2006). There are altogether 7 soil textural classes in the Kone river basin
and 8 soil textural classes in the Ba river basin, representing the content percen-
tage of sand, silt and clay. However, when transferred into USDA soil classifica-
tion, only four types remain: sandy loam, loam, sandy clay loam and clay. The
FAO’s classification is used for distributing to over the basin. The values of T,
for sand, silt and clay are obtained by model calibration. The transferred USDA
classes are used to assess the maximum soil moisture storage capacity of the root
zone, S, ..

NDVI data

Based on the data of meteorological observation satellite NOAA of the United
States, Normalized Difference Vegetation Index (NDVT) of resolution 1km, from
April, 1997 to December, 2007 is produced by the Geospatial Information Au-
thority of Japan. Moreover, NDVI of the space resolution 250 m is also made by
this organization and has been being offered in the dataset since April, 2004 that
the MODIS sensor of Advanced Earth Observing Satellite Terra of the United
States observed since March, 2007. NDVI maps are collected from this source to
prepare input data for the BTOPMC model (Geospatial Information Authority
of Japan, 2012). The basin part of NDVI is clipped using the basin boundary and
transferred into the Lambert Azimuthal Equal Area projection in Arc/Info soft-
ware.

Meteorological data

Required meteorological data include precipitation, temperature, humidity,
radiation and wind speed. The CRU (Climate Research Unit, University of East
Anglia, 2002) TS 2.0 provides time series data of monthly mean temperature,
diurnal temperature range, cloud cover and actual vapor pressure from 1901 to
2000 and mean monthly wind speed averaged in 1961-1990 for the globe at 0.5 x
0.5 grids. The wind speed is measured at a majority of 10 m height. In construc-
tion of CRU TS 2.0, climatic variables are separated into two categories: primary
and secondary variables. Regarding the data that is used in this study, primary
variables are constructed directly from station observations, including mean
temperature and diurnal temperature range. Secondary variables are constructed
by merging the station observations including cloud cover and vapor pressure.
For the synthetic data, the cloud cover is related to the diurnal temperature
range using an empirical equation and the actual vapor pressure to the daily
minimum temperature using a conceptual equation. The CRU data sets are ex-
tracted at the Kone and Ba river basins and transferred into the Lambert Azi-
muthal Equal Area projection at 8 km resolution without interpolation involve-

ment.
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4. Results and Discussion

4.1. Calibration and Validation

River discharge data relative to the period of 1998 for Kone river and 2000 for Ba

river was used to calibrate the model and other years for validating the model. In

order to assess the performance of the model, the Nash-Sutcliffe efficiency coef-

ficient (Nash & Sutcliffe, 1970) was calculated. Nash-Sutcliffe coefficient reached

79.4% and 77.5% for Kone and Ba river basin, respectively, which implied that

the model has a good performance in these areas. The calibration results are il-

lustrated in Figure 4 for Kone river basin and in Figure 5 for Ba river basin. The

overall model performance in the validation period as well as is rather good. Ex-

cept for the peak values, which are slightly underestimated, the variation of the

simulated discharge coincides with the observed discharge well from visual in-

spection.
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Figure 4. Simulated and observed discharge of 1998 at Binh Tuong station in the Kone
river basin where P is observed precipitation in 1998, Q (blue line) is simulated dis-
charge and Q (red line) is observed discharge by BTOPMC.
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Figure 5. Simulated and observed discharge of 2000 at Cung Son station in the Ba
river basin where P is observed precipitation in 2000, Q (blue line) is simulated dis-
charge and Q (red line) is observed discharge by BTOPMC.
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As an example, Figure 6 shows one year of simulation time series of discharge
in the Kone basin of 1999 compared to the observations while Figure 7 shows
one year of simulation time series of discharge in the Ba basin of 2009 compared
to the observations. The evolution of the simulated discharge is consistent with
the observed discharge. This is also true for the other year of the period in two
basins. However, there are some discrepancies in the timing of the flood events,
which lead to differences between the observed and simulated discharge. Overall,
the simulation is not as expected as compared to the calibration Nash-Sutcliffe
coefficients only reached 69% at Binh Tuong station and 68.7% at Cung Son sta-
tion (Table 1). This confirms that the model simulates the evolution of the dis-
charge reasonably well, whereas the underestimated peak values which is re-
flected from relatively low Nash-Sutcliffe coefficients value. The calibration and
validation results show that the BTOPMC model can reproduce the discharge,
except for extreme discharge. Two parameter sets of the BTOPMC model at two

stations in the Ba and Kone river basins are shown in Table 2.
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Figure 6. Simulated and observed discharge in 1999 at Binh Tuong station in the Kone
river basin where P is observed precipitation in 1999, Q (blue line) is simulated dis-
charge and Q (red line) is observed discharge by BTOPMC.
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Figure 7. Simulated and observed discharge of 2009 at Cung Son station in the Ba riv-
er basin where P is observed precipitation in 2009, Q (blue line) is simulated discharge
and Q (red line) is observed discharge by BTOPMC.
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Table 1. The BTOPMC model performance in 2 basins.

Calibration Validation
Station name Basin
Period NSE Period NSE
Binh Tuong Kone 1998 79.4% 1999 69.0%
Cung Son Ba 2000 77.5% 2009 68.7%

Table 2. Parameter sets of the BTOPMC model at two stations.

Parameter Description Unit Binh Tuong Cung Son

m Decay factor of transmissivity - 0.03 0.05
n Manning’s Roughness coefficient - 0.01 0.02

a Soil drying function parameter - 3 4
Maximum root zone storage (Forest) m 0.06 0.08
Simax Maximum root zone storage (Shrublands) m 0.04 0.06
Maximum root zone storage (Croplands) m 0.02 0.03

T,-clay Saturated transmissivity Clay m?*h 8 10
T,-sand Saturated transmissivity Sand m?*h 15 15
To-silt Saturated transmissivity Silt m?*h 12 12

4.2. Application of the Distributed Hydrological Model to Simulate
Discharge in the Tropical Monsoon Basin

The measurement of discharge data at Binh Tuong station in the Kone river ba-
sin was stopped in 2007. This paper presented the results of using the parameter
set of Kone basin to simulate discharge at Binh Tuong station with observed
precipitation data from 2008 to 2015 and land cover maps (CCI program, 2017).
Simulated discharge is illustrated from Figure 8.

Those results are scientific basis to implement integrated water resources
management for tropical monsoon basins, especially for ungauged small ba-
sins. Moreover, this model can be applied to predict discharge for tropical
monsoon basins under climate change condition according to different scena-

rios.

4.3. Effect of Land Cover Change on Discharge in Tropical
Monsoon Basin

Research on the effect of the land cover change on discharge has been done in
many basins as well as by many models (Khoi & Thom, 2015; Quyen, Lie, &
Loi, 2015; Tan, Ibrahim, Yusop, Duan, & Ling, 2015; Deng, Zhang, Li, & Pan,
2015; Wang, Wang, Ning, & Hiroshi, 2018). This study used land cover maps
that are available during 1992-2015 (CCI program, 2017) and applied the
BTOPMC model to consider the effect of the land cover change on discharge
in the Ba river basin. Land cover maps were chosen in the year of 2000 and

2010 (Figure 9). The changes of land cover in the Ba river basin concentrated in
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Figure 8. Simulated discharge in the period of 2008-2015 at Binh Tuong station in the
Kone river basin where P is observed precipitation and Q is simulated discharge by
BTOPMC model.

DOI:

10.4236/gep.2019.71003 33 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2019.71003

P.T.T.Hang

108°00°E 109°00'E

z z
o <]
7 e
s 3
z z
o o
=l e
= =

0 510 20 30 40

e ormeters
108°00°E 100°00'E
108°00'E 109°00'E

. o

¥
[ In

z z
< o
7 e
= =z
z z
o o
2 54
i i

0510 20 30 40

E Kilometers
108°0'0"E 109°0'0"E

Figure 9. Land cover map of the Ba river basin in 2000 and 2010 (CCI program, 2017).
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the classes of 50 (Tree cover, broadleaved, evergreen, closed to open) and 120
(Shrubland). They increased from the year 2000 to the year 2010. Almost all of
the other classes had the decreasing trend. The changes in land cover in the Ba
river basin are illustrated in Figure 10. To estimate the effect of land cover
changes on discharge in the Ba river basin, the approach of one factor at a time
while keeping others constant is used. Climate data of 2010 and land cover map
for 2010 is presented as baseline: Scenario 1. Land cover of 2000 and climate data
of 2010 is presented as Scenario 2. Simulated results of discharge at Cung Son
station in two scenarios by applying the BTOPMC model with parameter set are
presented in Figure 11.

The discharge in 2010 at Cung Son decreased 8 m’/s in the comparison be-
tween two scenarios (land cover of 2000 and 2010). There is a decrease in dis-
charge during the period of four months (from July to October) in the Ba river
basin. These months presume the transitional months from dry season to flood
season. The increase of 121 (evergreen shrubland), 100 (Mosaic tree and
shrub/herbaceous cover), 40 (Mosaic natural vegetation (tree, shrub, herbaceous
cover)/cropland, 30 (Mosaic cropland/natural vegetation (tree, shrub, herba-
ceous cover)), 20 (Cropland, irrigated or post-flooding), 11 (Herbaceous cover)
and 10 (Cropland, rainfed) classes and the decrease of 120 (Shrubland) and 50
(Tree cover, broadleaved, evergreen, closed to open) classes are parts of reasons
why discharge in 2010 decreased in transitional months in comparison to 2000
and 2010. The period of transition months is the period of water scarcity in

210 - Water bodies ==
200 - Bare areas |
190 - Urban areas |
170 - Tree cover, flooded, saline water |
150 - Sparse vegetation (tree, shrub, herbaceous cover) (<15%)
130 - Grassland
122 - Deciduous shrubland | =2010 =2000
121 - Evergreen shrubland
120 - Shrubland ==

100 - Mosaic tree and shrub (>50%) / herbaceous cover (<50%)
70 - Tree cover, needleleaved, evergreen, closed to open (>15%)

)
61 - Tree cover, broadleaved, deciduous, closed (>40%)
60 - Tree cover, broadleaved, deciduous, closed to open (>15%)
50 - Tree cover, broadleaved, evergreen, closed to open (>15%)
40 - Mosaic natural vegetation (tree, shrub, herbaceous cover) (>50%) / cropland...
30 - Mosaic cropland (>50%) / natural (tree, shrub, cover)...
20 - Cropland, irrigated or post-flooding ~ Fe——
11-+ cover
10 - Cropland, rainfed
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Figure 10. Changes of land cover in the Ba river basin duration 2000-2010.
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Figure 11. Simulated monthly discharge at Cung Son station in two scenarios (Base-
line LC 2010 and Scenario 2-LC2000).
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tropical monsoon basins. The amount of precipitation in these periods is not
enough to fill the evaporation loss and saturated soil moisture. Therefore, land

cover plays an important part in water balance for tropical monsoon basins.

5. Conclusion

Integrated water resources management is an urgent task not only for Vietnam
but also for other tropical monsoon countries. With limited data sources, espe-
cially for small-ungauged basins, the application of computational models using
earth observation data for the water balance is necessary. This is the first-time
that land cover map of the Université catholique de Louvain (CCI program,
2017) was used like input data in BTOPMC model. Using land cover map of CCI
program in BTOPMC model can simulate discharge for ungauged small basins
as well as consider the effect of land cover (land use) on river discharge.

Nash-Sutcliffe coefficients were 77.5% and 68.7% for calibration and valida-
tion at Cung Son station (Ba basin) and 79.4% and 69.0% at Binh Tuong station
(Kone basin). Because of a stop in measuring the discharge at Binh Tuong in
2007, this model was applied to simulate discharge during the period of
2008-2015. Furthermore, the effect of land cover on discharge at Cung Son is
considered. The discharge in 2010 at Cung Son decreased 8 m’/s in the compar-
ison between two scenarios (land cover of 2000 and 2010).

The results of this research show that the BTOPMC (Distributed Hydrological
Model) model using earth observation data can be applied to other basins in
tropical monsoon region to simulate discharge especially for ungauged small ba-
sins. The effect of land cover on discharge was also considered in this research.
Combination of the prediction model of land cover under climate change scena-
rios and the BTOPMC model is a task that will be implemented in the future to
consider the effects of climate change on the water resources for tropical mon-

soon basins.
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