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Modeling Soil Erosion within Small Moutainous
Watershed in Central Vietnam Using GIS and SWAT
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Abstract Soil erosion has been considered the primary cause of soil degradation because soil erosion leads to the loss of
topsoil and soil organic matter, which are essential for the growing of plants. The purpose of this study is to integrate
Geographic Information System (GIS) and Soil and Water Assessment Tools (SWAT) for simulating soil erosion within
small mountainous watershed that is an upstream of Bo River watershed in Central Vietnam. The results of this study found
that the largest amount of soil erosion was 92.33 t ha™' in 2007, followed by 2010 (85.41 tha™) and 2005 (76.79 t ha™). The
average soil loss in the whole period from 2000 to 2010 was 62.50 tha™'. Additionally, this study indicated that high soil
erosion level still occupies high percentage in 2000 and 2010 with more than 30 %, and this trend tends to increase mainly in
the Southwest and North of the watershed. Soil loss occurred mainly in Dry agriculture land area with slope above 25%n
Ferralic Acrisols (Fa) while there is very low amount of soil loss in slope from 8° to 15° with land use type of forest mixed in
Ferralic Acrisols (Fs). The case study also provides an example quantitative indication of how well GIS and SWAT may
perform under limited availability of input meteorological data. These results will be useful for water and soil conservation

management and the planning of mitigation measures.
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1. Introduction

Adverse impacts of natural factors and human’s resource
exploitation cause significant changes in surface soil and
degradation of land in quality (Nguyen D.K. et al., 2007).
These factors will be accelerated under increasing climate
change. Vietnam’s statistic data indicate that the total
erosion-risk areas are 13 millions of hectares accounting for
40 percent of natural areas (Nguyen A.H., 2010). The average
of arable land per capita is decreasing yearly from 0.101
hectare to 0.036 hectare per capita. The fragmentation of
agricultural land and inappropriate farming techniques lead
to low crop productivity and poverty in mountainous region
(Le V.D, 2011). The A A watershed is the smallest one in
Thua Thien Hue Province (Le P.C.L and Pham T.T., 2012).
In recent 10 years, most of forest land in the watershed has
been changed into other land use types such as agricultural
and residential land. These changes have negative impacts
on vegetation cover, surface run-off speed which lead to an
increasing soil loss in the watershed (Tran T.P and Huynh
V.C., 2013).

Soil erosion causes loss of fertile top soil cover, delivers
millions of tons of sediments into reservoirs and lakes,
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resulting in a significant negative environmental impact and
high economic costs by its effect on agricultural production,
infrastructure and water quality (Lal, 1998, Pimentel et al,.
1995). Not surprisingly soil erosion and sediment delivery
have become important topics for local and national policy
makers. This has led to an increasing demand for watershed
or regional-scale soil erosion models to delineate target
zones. Result of model will suggest the most effective
conservation measures.

Literature review shows that there are many soil erosion
models such as AGNPS (Agricultural Non-Point Source)
model, HSPF (Hydrological Simulation Program Fortran)
model, SWAT (Soil and Water Assessment Tool) model, and
WEPP (Water Erosion Prediction Project) model. Among
these models, the SWAT model is frequently used to
evaluate sediment yield in many catchments around the
world (e.g. Xu et al., 2009; Wang et al., 2010; Betrie et al.,
2011; Oeurng et al., 2011).

Some recent studies show that SWAT is capable of
simulating soil erosion in large areas, even in situation of
limited data. That is an important advantage for modelers in
developing countries. Mekonnen et al. (2009) applied SWAT
to simulate hydrological regimes in the two Ethiopian
catchments. Quyang et al. (2010) investigated soil erosion
dynamics in the upper watershed of the Yellow River, China.
The Mekong River Commission has been using SWAT since
2000 to facilitate the joint planning and management of the
Mekong River Basin (Rossi et al., 2009). Although SWAT is
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applied in many other large areas all over the world, few
studies are carried out in small watershed scale, especially it
is rare to find the studies in the small watershed of Central
Vietnam. Therefore, implementation of this research offers
an opportunity to apply the results to other small watersheds
in the whole Vietnam.

The objective of this study is to develop a Soil and Water
Assessment Tool version 2009 model (Neitsch et al., 2009)
combining with GIS in the small watershed in Central
Vietnam. This study is also an additional test case for the
efficacy of the SWAT2009 model to represent and simulate
spatially variable watershed processes on a small scale
watershed in developing countries where data reliability is
often a big issue.

2. Study Site

The selected watershed of this study is located in the
mountainous region of Thua Thien Hue Province, Central
Vietnam with total areas of 14,047.60 hectares. Among them,
hilly land accounted for 98.33% of the total natural area of
the watershed and most of them are steep slope. This is a
complex terrain region which is separated by many large and
small streams and often influenced by natural disasters such
as hail, flash floods and landslides. In addition, the selected
watershed is a poor mountainous area of A Luoi District with
89% of the population being ethnic minorities such as Pa Co,
Pa Hy, Ta Oi and Co Tu. The main branches of this river
originate from mountain region with height of 636m in the
Southeast of A Luoi District. This river goes through
communes of Huong Lam, Huong Phong, Hong Thuong and
is also basis boundaries of communes such as: Hong Thuong
and Phu Vinh communes, Hong Thai and Hong Thuong
communes, Hong Thai and Hong Nham communes. The

final point of this river converge on the Sekon river whose
part go through The People’s Democratic Republic of Laos.
The watershed has abundant flow dividing the whole basin,
and has rainfall intensity, which occur in steep terrain and
cover of mountain ranges. Therefore, the risk of erosion and
landslide of riverbanks are very high. The study site is
divided into twelve Sub-watersheds (called Sub) numbered
from 1 to 12. Most of areas in of the watershed are natural
forest, plantation forest, annual crop land, perennial crop
land and a part of paddy rice land.

3. Material and Methods

3.1. SWAT Model Input

The ArcSWAT 2009 (Soil and Water Assessment Tool)
model was used to assess soil erosion. SWAT is a basin scale,
continuous time hydrology model that can produce
simulation results on a daily, monthly, or annual basis
(Arnold and Fohrer, 2005).

The input data required for SWAT include weather data, a
land use map, a soil map and a Digital Elevation Map (DEM).
The ArcGIS interface of the SWAT 2009 version was used to
delineated and sub-divided into 12 sub-watershed.
Sub-watershed parameters such as the slope gradient and
slope length of the terrain were derived from the DEM.

Table 1. The area of land use types in the study site

Land use type Area (ha) %
Bare land 80.16 0.49
Dry Agriculture land 295.66 1.79
Forest-mixed 14855.54 90.01
Residential land 433.43 2.63
Wet Agriculture land 706.35 4.28
Water body 132.43 0.80
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Figure 1.

Location map of the study site (Source: Department of Natural resource and Environment in Thua Thien Hue Province)
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Figure 2. Four main thematic maps for SWAT model input (Source: Department of Natural resource and Environment;Science and Technology in Thua

Thien Hue Province)

This study obtained Land use map in 2010 from
Department of Natural resource and Environment in Thua
Thien Hue province. The main land use types of the area are
forest land, dry agriculture land, wetagriculture land,
residential land, water body and bare land.

The soil types of the study area were derived from

Department of Science and Technology, Thua Thien Hue
province.

The DEM was extracted from topographic map (scale:
1/25.000) of Thua Thien Hue province.

SWAT requires the climatic data at daily time step which
can be obtained from a measures dataset or generated by a
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weather generator algorithm. The required climatic variables
include rainfall, minimum and maximum temperatures,
relative humidity, wind speed, and solar radiation. In this
study, data taken at two rain gauges and one weather station
located within and around the watershed from 2000 to 2010,
obtained from Hydro-Meteorological Center in Hue city and
Institute of Geography, Vietnam.

3.2. Watershed Configuration

SWAT divides a watershed into sub-watersheds and the
sub-watersheds can be further sub-divided into Hydrologic
Response Units (HRUs). Within each sub-watershed, HRUs
in are formed as unique soil and land use combinations that
are not necessarily contiguous land parcels. In this study, the
ArcGIS interface (Winchell et al., 2010) of the SWAT 2009
version was used to describe a watershed and extract the
SWAT model input files. The DEM was used to delineate the
watershed and provide topographic parameters for each
sub-watershed. The watershed was delineated and described
into 12 sub-watersheds.

3 0 3

6 Kilometers
.

Figure 2. Map of sub-watershed

3.3. Model Calibration and Validation

The SWAT calibration method was used for the study,
which included calibration of model manually by adjusting
hydrologic and sediment parameters in SWAT. The
calibration process was basically trial-and-error to yield the
highest Nash-Sutcliffe coefficient. Validation is taken to
mean ‘model testing’ and validated model not necessarily be
a perfect predictor. Rather, good validation results are simply
stronger evidence that the calibrated model is a good
simulator of the measured data and does not over measure
data in the calibration period. In this study, the model was
calibrated and validated only for flow due to lack of data on
annual sediment load in outlet station. The flow monitoring
data in 2000 and 2010 were used for calibration and

validation.

The Nash-Suttcliffe coefficient-NSE (Nash and Suttcliffe,
1970) and percent pias (PBIAS) were used to quantitatively
assess the ability of the model to replicate temporal trends in
measured data.

The NSE value is calculated using the following equation

(1):
(s — i)’}
NSE =1-—4=1 M
{Z (Qll;bs - Q(l;bs—mean )2}

i=1

Where: n is the number of registered data points, Q l

obs

i .
and Qsim are the observed and simulated data,

respectively, on the i time step, and Q;bs_mea,,

is the
mean of observed data across the n evaluation time steps.
The NSE value indicates how well the observed data versus
simulated results fit the 1:1 line (Nash and Sutcliffe, 1970).
NSE values range from -ooto one, with values less than or
very close to zero indicating the unacceptable or poor
model performance and values equal to one indicating
perfect performance.

The PBIAS is used to determine if the average tendency
of the simulated data is either larger or smaller than its
observed counterparts (Gupta et al., 1999). The optimal
value of PBIAS is zero, with low-magnitude values
indicating accurate model simulation. Positive PBIAS
values indicate model underestimation bias, while negative
values indicate model overestimation bias (Gupta et al.,
1999). PBIAS is calculated using the following equation

):
Z Q(i)bs - Q;zm x100
PBIAS = {=— } @)
(Do)

i=1

Similarly, all parameters shares the same definitions as
that shown in Equation (1).

3.4. Soil Erosion Assessment Using SWAT

Erosion and sediment yield in SWAT are estimated for
each HRU with the Modified Universal Soil Loss Equation
(MUSLE) developed by Wischmeier and Smith (1965;
1978). While the USLE uses rainfall as an indicator of
erosive energy, MUSLE uses the amount of runoff to
simulate erosion and sediment yield. The hydrology mode
supplies estimates of runoff volume and peak runoff rate,
which are used to calculate the run off erosive energy with
the sub-basin area. The crop management factor is
recalculated every day that runoff occurs.
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This calculation is a function of aboveground biomass, residue on the soil surface, and the minimum USLE (Universal Soil
Loss Equation) cover and management factor (Cys;r factor) for the plant. The modified universal soil loss equation is given
by (3):

sed=11.8 .(Qqu - Qpeak -ar€an)>® Kuyste -Custe -Puste -LSuste -CFRG (3)

Where sed is the sediment yield on a given day (metric tons); Qg is the surface run off volume (mm H,0/ha); gpea is the
peak runoff rate (m3/s); are a., 1s the area of the HRU (ha); Kyg;g is the USLE soil erodibility factor (0.013 metric ton
mzhr/(m3-metric ton cm)); Cysz is the USLE cover and management factor; Pyg; g is the USLE support practice factor; LSys; £
is the USLE topographic factor and CFRG is the coarse fragment factor.

4. Results and Discussion
4.1. The Soil Loss of the Whole Watershed

Output data on total eroded soil for the whole watershed are simulated monthly per year and presented in the file
output.std/Annual summary for watershed in year of simulation.

As can be seen from Figure 3, the amount of soil erosion over months varies and most of them have reached the peak in
October annually. The correlation between graphs in Figure 3 shows that the amount of soil erosion at some point follows the
rules of change in rainfall and water flow.
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(SED YIELD (metric tons/ha): Sediment from the sub-basin that is transported into the reach during the time step; PREC (mm): Water
that percolates past the root zone during the time step; SURQ (mm H,0): Surface runoff contribution to stream flow during time step)

Figure 3. The monthly amount of soil loss
Table 2. Soil loss, rainfall and surface run-off in the whole watershed from peak when the amount of rainfall and surface run-off were

2000 to 2010 . . . .. .
i . the highest in 2007 respectively. In remaining years, soil
Year Rainfall Surface run-off Soil loss erosion tended to change followed the amount of rainfall and

2000 1(613;_1 :0 3(;11312)2 (t;);_/(:l; ! sprface runoff. The level of soil erosion is considered high

2001 2725.40 1296.70 3784 risk and severely threatens land resource of the whole

2002 3154.10 1730.04 50.44 watershed.

o 238570 215637 39.73 4.2. Soil Erosion at Sub-watershed Level

2004 2988.00 1806.48 55.58 ) .

2005 3788.70 242726 76.79 . The amgunt of soil erosion for each sub-watershed are

2006 3672.70 2305.23 5031 1ll}lstrated in the file of output.sub/SYLD (ton/ha). Ther.e isa

2007 5624.00 4053.82 92.33 falr'correlatlon between soil erosion and surface runoff in the

2008 3353.80 1893.16 51.50 period from 2000 to 2010 (Figure 3). However, there has

2009 3828.70 2421.49 75.48 been still a difference among them at some point of time such

2010 3961.90 2475.44 85.41 as 2001, 2008 and 2010. The causes for that are the
Average 3488.76 2086.32 62.50 differences of sub-watershed in soil type, land use and slope.

These factors also have decisive influence on the amount of
The Table 2 revealed that amount of soil erosion reached a  soil loss due to erosion.
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The soil loss of each sub-basin is varied and there is a
deviation between the amount of soil erosion and runoff in
the beginning period of 2000 and 2001. Since 2001, there has
been a significantly positive correlation between soil erosion
and surface run-off. The amount of soil erosion has tended to
vary and depend upon the amount of surface runoff. Average
soil loss in each sub-watershed is displayed in figure 4.

As can be seen from Figure 4, the minimum average
amount of soil loss occurs in Sub-watershed No 8 while the
highest average amount of soil loss is in Sub-watershed
No 12.

The monthly detailed soil loss of these two Subs is
described in Figure 5. The results in Figure 5 show that

maximum amount of soil erosion in Sub 8 is 19.064 ton/ha in
2000; while this largest figure in Sub 12 is 153.479 ton/ha in
2010, which is eight-fold in comparison with Sub 8. So it is
noted that there is a large difference in the amount of soil
erosion because of differences in features of each sub in
terms of area, width, height, soil type, land use type and
slope. The Table 3 presents differences in features of Sub 8
and Subl2.

The Table 3 shows that soil loss occurs mainly in Dry
agriculture land area with slope above 25° in Ferralic
Acrisols (Fa) while there is very low amount of soil loss in
slope from 8° to 15° with land use type of mixed forest in
Ferralic Acrisols (Fs).
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Figure 4. Average soil loss at sub-watershed level from 2000 to 2010

e Sub8-SYLD (tons/ha) Sub8-SURQ (mm)

80 0
-~ 500
AGO | | '
© - 1000
()
>
©
£ 40 1500
[7/]
c
2
~ - 2000
§20
= - 2500
.‘g
0 e e e e e e il 101010
OO NN LWL OMNOOO OO
[cNoNoNeoNolNolololollolNolNol o B
eNeoNoNoNoNoNoloNoNoNoNolNolNo)
AN AN AN AN AN AN AN AN AN AN AN NN
e e T e e

Subl12-5YLD (tons/ha) SublZ-5URQ (mm)

MM
80
sl -
< 60 1000
©
(]
: |
] - 1500
K-
% 40 I
(=
L l II - 2000
o - 2500
5
| e e e 101010
OO0 1T AN N<TINWLWOIMNOOO OO
[oNoNoNoelNololollololololNo R B
eNeoNoNeoNolNolololololNolNololNo)
AN AN AN AN AN AN AN AN AN AN aNANAN
e e e e e e T
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the reach during the time step; SURQ (mm H,0): Surface runoff contribution to stream flow during time step)

Figure 5. Monthly soil loss from 2000 to 2010 in Sub-watershed 8 and Sub-watershed 12
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Table 3. Land use, soil type, slope and soil loss in Sub-watershed 8 and 12

Sub-watershed Land use type Soil type in FAO-UNESSCO Slope Soil loss (ton/ha)
8 Forest mixed Ferralic Acrisols (Fs) 80— 15° 8.77
12 Dry agriculture land Ferralic Acrisols (Fa) >25° 103.02

4.3. Soil Loss at Different Land Use Types

According to Neitsch et al (2009), the canopy affects
erosion by reducing the effective rainfall energy of
intercepted raindrops. Water drops falling from the canopy
may regain appreciable velocity but it will be less than the
terminal velocity of free-falling raindrops. The average fall
height of drops from the canopy and the density of the
canopy determine the reduction in rainfall energy expended
at the soil surface (GeiBler et al, 2013). The soil loss in
different land use types in 2000 and 2010 are shown in Table
4.

Table 4. The estimate of soil loss in different types of land use in 2000 and
2010

Soil loss (ton/yr) Change
Land use type 2000 2010 (+/-)g
Wet Agriculture land 617.59 267.90 -349.69
Bare land 388.00 844.62 +456.62
Water body 0 0 0
Dry Agriculture land 2631.08 24667.44 +22036.36
Forest mixed 1540.75 1099.58 -441.17
Residential land 3644.52 2060.58 -1583.94

The Table 4 indicates differences in amount of soil loss in
each land use type. Total soil loss in Dry agricultural land in
2010 increase by 837.54 percent in comparison with 2000.
Throughout field trip survey, land cover in this area is mainly
the plants with small canopy so this land use is strongly
affected by erosion. Meanwhile, wet agriculture land was
considered as low soil erosion risk. The largest area in the
watershed is forest mixed (Table I and Land use map).
However, they are distributed in high slope areas, and a part
of natural forest has changed into plantation forest having
trees with small canopies of leaves such as rubber, acacia and
pine. Therefore, soil loss of forest mixed land use type in
2000 is quite high compared to 2010 with 1540.75 ton/ha.
This is a good sign - thanks to efforts of local authorities and
people in protecting forest and greening barren hill under the
government's guideline and policies. The soil erosion was
decreased 1583.94 tons in 2010 compare to 2000 because
this type of land use is increasingly being covered by
buildings. The water bodies were neglected because the area
of water bodies was not considered in soil erosion risk
assessment.

4.4. Model Evaluation

Data on sediment measuring in the study site cannot be

collected, so in this research run-off data is used to calibrate
the model. Process of analyzing sensitivity of run-off is done
automatically by SWAT model in "Sensitivity Analysis"
function of ArcSWAT. The results of this process show
parameters such as Surlag (The surface runoff lag time), Cn2
(infiltration  factor), Esco (The soil evaporation
compensation factor), Alpha Bf (The Alpha factor on
base-flow), Sol_Awc (Available water capacity of the soil
layer), Gw_Delay (Ground water delay) having strong
influence on changing value of run-off volume in rivers of
the watershed. Based on results of this process, the
parameters are selected for process of calibration so that
coefficients of evaluation satisfy requirements and obtain the
highest accuracy.

Table 5. Calibrated Parameters of the Model

No Parameters Range Calibrated value
1 Cn2 35-98 89.00
2 Esco 0-1 0.20
3 Surlag 1-24 6.00
4 Alpha_Bf 0-1 0.48
5 Sol_Awc 0-1 0.28
6 Gw_Delay 0-100 31.00

In this study, the flow data was applied during calibration
process due to lack of sediment data. According to Moriasi et
al (2007), model simulation judged as satisfactory if NSE >
0.5 and PBIAS = + 25% for flow (Table 6). Therefore, the
calibration and validation results of this study can be
accepted. The results of daily flow calibration processes
showed good fit between simulated and observed data.

Table 6. Model Evaluation Values for Simulated and Observed Stream

Flow
Mean flow (m*/s
Periods ( ) NSE PBOIAS
Observed Simulated (%)
Calibration 25.37 27.42 0.87 3.79
Validation 24.43 28.61 0.65 -8.46

4.5. Soil Erosion Mapping

After erosion database is sorted and formatted
appropriately, soil erosion map is simulated by using ArcGIS
software and adding a field of erosion results SYLD (ton/ha)
into attribute table of HRUs database layer. Soil erosion map
in the whole watershed is displayed in Figure 5.
Continuously using calculation functions in ArcGIS 9.3,
respective area of each erosion level is counted and
illustrated in Table 7.



146

Tran Thi Phuong et al.:
Watershed in Central Vietnam Using GIS and SWAT

Table 7. The area of soil erosion classes in the study site

Modeling Soil Erosion within Small Moutainous

Soil erosion classes

Year
Low Percent (%) Moderate Percent (%) High Percent (%)
2000 2129.76 15.16 7134.30 50.79 4783.54 34.05
2010 535.81 3.81 8512.18 60.60 4999.62 35.59
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Figure 5. Classification map of soil erosion in the study area in 2000 and 2010

Results of erosion assessment in the study site by using
SWAT and usage of decentralised limitation according to
Land Degradation Investigation Process of Ministry of
Resource and Environment in 2012 indicate that the majority
of area in the watershed in 2000 accounting for more than 50
percent is moderate erosion level. Especially, soil erosion at
high level in the watershed still occupies high percentage in
2000 and 2010 with more than 30 percent and this trend is
likely to increase mainly in the Southwest and North of the
watershed. The cause is that these areas are often influenced
by surface run-off speed which strengthens process of
separating soil particles; and hence, increases erosion.

5. Conclusions

The findings of this research state that the largest amount
of soil erosion was 92.33 t ha™' in 2007, followed by 2010
(85.41 tha™) and 2005 (76.79 t ha™). The average soil loss in
the whole period from 2000 to 2010 was 62.50 tha™.
Additionally, this study indicated that high soil erosion level
still occupies high percentage in 2000 and 2010 with more
than 30 %, and this trend tends to increase mainly in the
Southwest and North of the watershed. Soil loss occurred
mainly in Dry agriculture land area with slope above 25° in

Ferralic Acrisols (Fa) while there is very low amount of soil
loss in slope from 8° to 15° with land use type of forest mixed
in Ferralic Acrisols (Fs).

Approach method integrating SWAT2009 model and GIS
in this research allow to simulate the amount of soil loss and
its spatial distribution in the small watershed scale
effectively and quickly. This study also proves that flow data
can be used during calibration process to replace sediment
data in context of lack of this data. The results of daily flow
calibration processes show good fit between simulated and
observed data.Therefore, the results of applying these tools
are reliable and prove that is a good support tool for
resources managers, especially land policy-makers and
stakeholders in building scenarios of land use and identifying
potential level of soil erosion respectively. Hence,
recommendations and policy decisions are made in order to
use land resource reasonably and reduce negative impacts of
soil erosion.
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