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Abstract: The Soil and Water Assessment Tool (SWAT) model has been used worldwide
for many hydrologic and Non-Point Source (NPS) Pollution analyses on a watershed scale.
However, it has many limitations in simulating the Vegetative Filter Strip (VFS) because it
considers only ‘filter strip width’ when the model estimates sediment trapping efficiency
and does not consider the routing of sediment with overland flow which is expected to
maximize the sediment trapping efficiency from upper agricultural subwatersheds to lower
spatially-explicit filter strips. Therefore, the SWAT overland flow option between
landuse-subwatersheds with sediment routing capability was enhanced by modifying the
SWAT watershed configuration and SWAT engine based on the numerical model
VFSMOD applied to South-Korean conditions. The enhanced SWAT can simulate the VFS
sediment trapping efficiency for South-Korean conditions in a manner similar to the desktop
VFSMOD-w system. Due to this enhancement, SWAT is applicable to simulate the effects
of overland flow from upper subwatersheds to reflect increased runoff volume at the lower



Water 2011, 3 820

subwatershed, which occurs in the field if no diversion channel is installed. In this study, the
enhanced SWAT model was applied to small watersheds located at Jaun-ri in South-Korea
to simulate a diversion channel and spatially-explicit VFS. Sediment can be reduced by
31%, 65%, and 68%, with a diversion channel, the VFS, and the VFS with diversion
channel, respectively. The enhanced SWAT should be used in estimating site-specific
effects on sediment reduction with diversion channels and VFS, instead of the currently
available SWAT, which does not simulate sediment routing in overland flow and does not
consider other sensitive factors affecting sediment reduction with VFS.

Keywords: Vegetative Filter Strip; HRU Routing; SWAT; VFSMOD

1. Introduction

In recent years, sediment transport in runoff has been considered one of the serious environmental
problems in South-Korea as well as other countries [1,2], there are many methods to prevent soil
erosion and sediment inflow into water bodies, through structural and non-structural best management
practices (BMPs) to prevent or manage sediment transport. Vegetative Filter Strip (VFS) is one of
most effective BMPs to reduce sediment load and pollutants from agricultural fields [3-8]. VFS is
usually installed at the edge of agricultural areas or the areas along streams, and it is designed to
remove not only sediment load but also other pollutants, such as nutrients from runoff by filtration,
infiltration, adsorption, absorption, deposition, decomposition, and plant uptake [4]. The dimension of
VEFS needs to be determined from experimental data under various field and rainfall conditions to
obtain the desired pollutant removal results. However, these data are rarely available for site-specific
design of VFS. Thus, a physically-based model, capable of simulating the sediment behavior both in
VFS and sediment source areas such as agricultural areas, has been used to design the site-specific
dimensions of the VFS for expected VFS efficiency. To maximize the effects of VFS on sediment
reduction, the amount of runoff volume coming from the upper areas is often controlled with a
diversion channel. Significant amounts of runoff can flow into the agricultural area if an agricultural
area is located as a lower subwatershed to extensive forest areas. Moreover, if a diversion channel is
not installed, the chances are that soil erosion in the agricultural area will be increased by runoff from
the forest. Thus, both VFS and the diversion channel are often utilized together to increase sediment
deposition and reduce runoff flowing into agricultural areas from upper forest areas. The effects of
VFS and diversion channel need to be evaluated before installation in fields to maximize the effects of
sediment reduction and to determine the best places and dimensions of VFS and diversion channels.

The semi-distributed, continuous daily time step, and watershed-scale, Soil and Water Assessment
Tool (SWAT) model [9,10] has been extensively applied to watersheds [11-15], and has been used
as an effective tool for assessing watershed management plans on hydrologic and water quality
impacts [16-18]. The SWAT model divides the watershed into subwatersheds, and they are further
divided into Hydrologic Response Units (HRUs), which are unique combinations of land use/cover
and soil types within each subwatershed. In the current SWAT model/interface, the SWAT model does
not simulate overland flow and overland flow-driven sediment from upper subwatersheds to lower
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subwatersheds; only channelized flow and sediment transport through stream networks are simulated if
the SWAT ArcView GIS interface is used in delineating subwatersheds and stream networks [19].
Thus, the effects of spatially explicit VFS and diversion channels cannot be simulated with the current
SWAT model/interface. The effect of VFS for sediment reduction, moreover, is simulated as a
function of only VFS width in the current SWAT, although many other factors affect the trapping
efficiency of the VFS [4,20-23]. Thus, the current SWAT needs to be enhanced to properly model VFS
and diversion channels for sediment reduction analysis.

The objectives of this study were to modify SWAT to enable flow and sediment routing (either
overland or channelized flow) from upper to lower subwatershed to simulate spatially explicit VFS and
diversion channels. We also aim to enhance the SWAT VFS module based on the numerical model
VFSMOD to consider upland runoff volume and filter width together for more accurate evaluation of
VES efficiency within SWAT for South-Korean conditions.

2. Materials and Methods
2.1. Limitations of the SWAT for VFS and Diversion Channel Simulation
2.1.1. Limitation of SWAT for Flow and Sediment Routing in Overland Flow

The SWAT model simulates hydrology and water quality from each field (HRU) in the
subwatershed, and then simulates flow, sediment, chemicals, and nutrient changes through the stream
network with simulated values for all HRUs in each subwatershed. The model reflects various field
conditions at a watershed scale. Although the model has been widely used for various researches and
applications in many countries over the years, it has limitations in simulating some processes. One of
the limitations is the capability of overland flow simulation between an upper subwatershed (i.e.,
single-landuse subwatershed, such as agricultural field) and lower subwatershed (i.e., single-landuse
subwatershed, such as Vegetated Filter Strip). To simulate effects on flow and sediment reduction of
various BMPs using SWAT, the subwatersheds (single-landuse subwatershed) are often delineated
based on field boundaries and flow paths at micro-scales. To simulate the effects of VFS and diversion
channels with SWAT, subwatersheds need to be configured as shown in Figure 1 (single landuse
subwatershed for forest and single landuse-subwatershed for agricultural field, i.e., FRST and AGRL),
and the flow type needs to be modified so it is described as either overland flow or channelized flow,
or sometimes both flow types, depending on the field flow condition. As shown in Figure 1(a), SWAT
users need to specify the overland flow option manually with edits in the “fig.fig” SWAT watershed
configuration file, which is not an easy task for most SWAT users. In the current SWAT model,
sediment routing for overland flow conditions is not enabled as shown in Figure 1(b).
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Figure 1. Limitation of the current Soil and Water Assessment Tool (SWAT) model for
overland flow and sediment routing.

(a) Channelized flow which is default option in current SWAT GIS interface.

Runoff (Channelized Flow)

=

Sediment (Channelized Flow)

AGRL

| J

(b) No sediment routing under overland flow condition, also, no overland flow option
enabled in the SWAT ArcView GIS interface.

—> Runoff (Overland Flow)
— = Sediment (Overland Flow)

Through modification of the model and revision of the “fig.fig” that is configuration file of the
model, overland flow and sediment routing by overland flow was able to be simulated between
subwatersheds to evaluate the effects on sediment reduction by the VFS and diversion channel, which are
commonly utilized BMPs in South-Korea and other countries to reduce sediment leaving source areas.
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The current SWAT engine/interface assumes only channelized flows are dominant flow types and
flow routing is determined when delineating the subwatersheds and stream networks. Thus, to simulate
the effects of the VFS and the diversion channels properly, flow type and flow routing need to be
modified to reflect the water flow patterns occurring in the real field. Figure 2 partially shows the
‘fig.fig’ file which was modified for our study. Column 1 is the command to route (i.e., 2) or add
(i.e., 5) to other storage, the numbers in column 2 represent the hydrograph storage locations which
identify the result location after routing simulations. The numbers in column 3 are the reach that the
inflow and inputs are routed through, which are identical to the subwatershed numbers if they are
written on route command rows. The numbers in column 4 are hydrograph storage locations which
contain the data to be routed through the reach. The numbers in column 6 are area fractions of overland
flow volume, and if they have no values or ‘0’, it assumes a 100% channelized flow [19]. When the
user modifies the file, the number which is already taken as a hydrograph storage location number
cannot be overlapped, and the hydrograph storage number cannot be duplicated.

Figure 2. Revision of SWAT configuration file for diversion channel and Vegetative Filter
Strip (VFS) simulation.
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To simulate overland flow type between subwatersheds (single-landuse subwatersheds), flow type
between upper a single landuse subwatershed and lower single landuse subwatershed needs to be
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defined manually before SWAT routing, which is confusing and time-consuming even for experienced
SWAT users. Although the revision of the file is not convenient, it is required to mimic the flow in the
real field that is hardly considered to be channelized flow in the real field. The limitation of the model
is that it does not consider the transportation of sediment from the upper subwatershed to the lower
subwatershed under ‘overland flow’ option, only sediment transport through the stream networks is
simulated. Therefore, spatially distributed VFS in the model does not receive sediment occurred in
upper subwatersheds.

Only the filter strip width parameter named ‘FILTHW’ is available to estimate the reduction of
pollutants, based on a regression equation derived from other studies [19]. Figure 3 shows how the
model estimates the effects of VFS on sediment reduction. The model estimates VFS by assuming that
there is no flow and sediment coming from other places, and that only sediment generated from the
agricultural fields (single landuse subwatershed) is reduced with no spatially explicit VFS defined by
the parameter.

Figure 3. Limitation of the current SWAT for VFS simulation—No spatial location of the
VES in sediment reduction simulation with the VFS. Only filter width is considered for
sediment reduction estimation.

‘Filter Strip
Width' input
value

AGRL SWAT model
Sediment Reduction =
i "No Spatially f (Filter Strip Width)
1 Explicit VFS |

To simulate the effects of VFS and diversion channels in the model with more accuracy, overland
flow type and sediment routing from upper to lower subwatershed, and spatially explicit VFS with
overland flow type specified need to be made, with modifications in the SWAT model engine and
interfaces. To define the spatially explicit VFS installed along agricultural fields, the area of the
agricultural field (AGRL) needs to be adjusted to the area of the VFS (Figure 4). In the current SWAT,
the spatial location of VFS is not considered, only VFS width specified in the SWAT input parameter
is used to estimate sediment reduction with the VFS. To correctly simulate the effects of VFS and
diversion channels together with SWAT, flow and sediment from forest areas (FRST) to agricultural
areas (AGRL) in overland flow (or with partially overland and partially concentrated flow types), also
from agricultural area (AGRL) to the VFS that is located at the edge of agricultural fields (Figure 4)
have to be simulated with modifications to the model. This is because the model and its interface are
unable to consider the spatial location of the VFS.
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Figure 4. Proposed Runoff and Sediment Simulation reflecting spatially-explicit VFS.
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2.1.2. Limitation of SWAT to Estimate Sediment Trapping Efficiency

As described earlier, both transported sediment by overland flow from upper to lower subwatershed
and spatially explicit VFS receiving overland flow need to be enabled in the simulation of VFS and
diversion channels with the model. However, the sediment trapping efficiency of the filter strip in the
model is only a function of filter strip width. Equation 1 shows the sediment trapping efficiency that is
used in the model [19].

trap,= 0.367 - (Widthger surip) " (1)

Where trap.r is sediment trapping efficiency and widthgy., strip is the width of the vegetative filter
strip (m).

However, numerous studies have shown that the sediment trapping efficiency of VFS is affected
by many factors, such as VFS slope, runoff volume from upland areas, soil type, and vegetation
characteristics [4,23,24]. Therefore, these factors need to be considered to evaluate pollutant reduction
efficiency of the VFS [24] in the VFS simulation. White and Arnold [25] suggested empirical models
to estimate sediment reduction efficiency based on runoff loading (mm), saturated hydraulic
conductivity (mm h™"), and sediment loading (kg/m?).

When Equation (1) is used for sediment trapping efficiency simulation, the sediment trapping
efficiency becomes ‘1’ (i.e., 100% sediment trap with the VFS) with a filter width of 30 m or greater,
as shown in Figure 5, irrespective of the magnitude of the storm events and runoff generated from it.
Thus, the sediment trapping efficiency module of the SWAT needs to be enhanced or modified to
estimate sediment trapping efficiency reflecting other sensitive factors, such as runoff volume.
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Figure 5. Limitation of sediment trapping efficiency module in current SWAT.
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2.2. Enhancement and Application of SWAT for VES and Diversion Channel Simulation
2.2.1. Enhancement of SWAT for Flow and Sediment Routing in Overland Flow

The model has limitations in simulating diversion channels and spatially explicit VFS. The model
does not calculate sediment from upper subwatersheds to lower subwatersheds for overland flow, but
considers it only by channelized flow. Thus, in this study, the model was modified to route the
sediment from upper subwatersheds to lower subwatersheds with overland flow. This updated process
is used in the enhanced SWAT to simulate sediment routing from upper upland subwatersheds to lower
subwatersheds. The subroutine for the overland flow, called ‘RTOVER’, routes runoff from upper to
lower subwatersheds in overland flow. However, no sediment routing is enabled in this subroutine
under the ‘overland flow’ option. To consider sediment deposition in a field or subwatershed, the
area-based sediment delivery ratio by Vanoi [26] was used in the modified subroutine.

As shown in Figure 6, the ‘ROUTE’ subroutine calls the ‘RTOVER’ subroutine when the overland
flow option is given in SWAT. Runoff and pollutant loads, except sediment, are transferred to the
receiving watershed in the ‘RTOVER’ subroutine in SWAT and these values are used in the ‘ROUTE’
subroutine. In this study, the ‘RTOVER’ subroutine was modified to transfer sediment from upper
subwatersheds to lower subwatersheds after considering the area-based sediment delivery ratio to
explain potential sediment deposition.
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Figure 6. Enhancement of SWAT Sediment Routing under Overland Flow Type
Enhancement of Filter Strip Module in the Current SWAT.

(a) Current SWAT model (b) Enhanced SWAT model
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o Sediment<—

: Calculate SDR using :
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...... —

: SDR xsediment yield ~—

Although the sediment trapping efficiency of filter strips is affected by not only the filter width but
also other factors, the filter strip subroutine (named ‘READHRU’ for SWAT2000 and ‘READMGT’
for SWAT2005) considers only filter strip width when it calculates sediment trapping efficiency using
Equation 1, and the reduced sediment is calculated in the subroutine ‘FILTER’ of both SWAT2000
and SWAT2005. One of the most effective models to simulate VFS is the Vegetative Filter Strip
Modeling System. The model is a field-scale, mechanistic, and storm-based numerical model. The
model simulates hydrograph in the source area and calculates outflow, infiltration, and sediment
trapping efficiency through VFS [4,21,22,27,28]. Park et al. [23] used the desktop-based VFSMOD-w
model [29,30] to identify the most sensitive factors affecting the sediment trapping efficiency and
derived a regression equation (Equation 2) to explain VFSMOD-w model behaviors with filter strip
width and incoming overland flow volume, which were the most sensitive factors regarding 10,000
VFSMOD-w runs with various field and rainfall conditions [23]. The EI and R? values for the
comparison of the VFSMOD-w simulated results with the values from the regression equations were
0.99 and 0.98, respectively [23], indicating that the regression equation with filter width and incoming
runoff volume from source areas could explain the VFSMOD-w behaviors.
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Sediment Trapping Efficiency =

(—0.00007345046 x L* + 0.001558 x L* — 0.006376xL —0.001189) x (In(¥) )* +
(0.0009688469 x L* —0.020779 x L* + 0.095153 x L +0.019348) x (In(¥) )* +
(—0.004274 x L* + 0.092846 x L* —0.487355 x L —0.10563) x (In(V) ) +
(0.006381 x L* —0.140713 x L* + 0.869293 x L + 0.19386)

(2)
Where L is filter strip width, V' is overland flow volume from field.

The subroutine ‘READMGT’ in the current SWAT reads the filter width parameter ‘FILTERW”,
and then calculates the sediment trapping efficiency with only filter width using Equation 1. With this
trapping efficiency, the subroutine ‘FILTER’ in the current SWAT calculates runoff and pollutant
reduction with the VFS (Figure 7(a)). In this study, the ‘“TRAPEFF _VFSMOD’ module was written
and added to SWAT to calculate sediment reduction with Equation (2) to consider the sediment
trapping efficiency with the filter width and runoff volume (Figure 7(b)). Thus, the enhanced
VFSMOD-W based module of SWAT can simulate the VFS sediment trapping efficiency for
South-Korean conditions in a manner similar to the desktop VFSMOD-W system, since the EI and R?
values were 0.99 and 0.98, respectively.

Figure 7. Enhancement of the SWAT Filter Strip Module.
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2.2.2. Application of Enhanced SWAT for VFS and Diversion Channel Effects Simulation

In this study, a small study watershed, located in Jaun-ri, Gangwon province, South-Korea, was
selected to simulate the effects of a diversion channel and VFS on sediment reduction with the
enhanced SWAT, which were not possible to simulate with the currently available SWAT model
(SWAT 2000/2005). The study watershed, located at coordinate 37°42°32°°N 128°21°34"’E, has two
dominant land uses; forest (23.83 ha, 96.17%) and agriculture (1.06 ha, 3.83%). The study watershed
soils are composed of clay 7.8%, silt 28.2%, and sand 63%. Maximum and minimum annual
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precipitation was 1,876 mm and 867 mm from 2000-2006 with an annual average precipitation of
1,396 mm. Approximately 60% of annual precipitation is concentrated during the summer in the
watershed, causing significant soil erosion and sediment yield. Average temperature ranged from
-24.6~36.5 °C, with a mean temperature of 11.21 °C. Extensive highland agricultural farming is
performed at the downstream areas of the study watershed (Figure 8). Thus, the South-Korea
government designated this area as a nonpoint source pollutant hotspot area. It is expected that various
soil erosion Best Management Practices (BMPs) will be introduced in the study watershed to reduce
soil erosion and sediment yields.

Figure 8. Location of Study Watershed—Jaun-ri Watershed, Gangwon, South-Korea.

o 300 600 Meters

Four scenarios were planned to compare the effects on sediment reduction of a diversion channel
and VFS as shown in Table 1. Scenario 1 represented the current situation with no BMPs. Scenario 2
included diversion channel and was compared with scenario 1 to investigate the effects of a diversion
channel on sediment reduction. Scenario 3 included VFS, the results were compared with scenario 1 to
identify the effects of the VFS. Scenario 4 included both diversion channel and the VFS, it was
compared with scenario 1 to determine the effects of both diversion channel and the VFS. Scenarios 3
and 4 were compared to investigate the effects on sediment reduction of the VFS with and without a

diversion channel.



Water 2011, 3 830

Table 1. Summary of Scenarios.

Diversion Channel VEFS
Scenario 1 Non-Existence Non-Existence
Scenario 2 Existence Non-Existence
Scenario 3 Non-Existence Existence
Scenario 4 Existence Existence

In this study, 24 subwatersheds for simulations of scenarios 1 and 2 (diversion channel simulation)
(Figure 9) and 26 subwatersheds for simulations of scenarios 3 and 4 (VFS simulation) (Figure 10)
were delineated for application of the enhanced SWAT model with an agricultural area boundary
burned with the DEM for isolation of the agricultural area as a separate subwatershed (i.e.,
single-landuse subwatershed). To simulate (1) overland flow/sediment from forest watersheds to the
agricultural area for diversion channel effect; (2) overland flow/sediment from the agricultural area to
VES for VFS effect, the 24 and 26 subwatersheds were regrouped as shown in Figure 11 and Figure 12
to explain effects of diversion channel and the VFS on sediment reduction.

Figure 9. Subwatersheds Delineated for Simulation of Diversion Channel.

.~ Stream
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Figure 10. Subwatersheds Delineated for Simulation of VFS.

Added Outlet
*  Outlet by ArcGIS

Figure 11. Twenty-four Subwatersheds and Four Subwatersheds Groups for Diversion
Channel Simulation.
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Figure 12. Twenty-Six Subwatersheds and Five Subwatershed Groups for Diversion
Channel and VFS Simulation.

T

s ])

SG! : Forest, Upland of cultivated Area
SG2 : Cultivated Area

SG3 : Forest

-1 SG*: Forest, Drainage Area

SG® : Pasture, Vegetative Filter Strip

For the simulations of scenarios 1 and 2 with 24 subwatersheds, the 1st subwatershed group
(denoted as SG! hereafter) includes subwatersheds 1, 4, 5, 11, 10, and 22 which are the upper
subwatersheds of the agricultural area (subwatershed marked with no. 2). The 2nd subwatershed group
(denoted as SG* hereafter) is the agricultural area (subwatershed marked with no. 2). The 3rd
subwatershed group (denoted as SG® hereafter) includes forest dominant subwatersheds. For the 3rd
subwatershed group, subwatersheds numbered 6—9 and 12-21, no overland flow type was specified
because the flow and sediment from the 3rd subwatershed group do not affect sediment with the
diversion channel and VFS at the agricultural area, marked as the 2nd subwatershed group (i.e.,
subwatershed no. 2) in Figure 11. The 4th subwatershed group (denoted as SG* hereafter) includes
subwatersheds 3, 23, and 24. For simulation of scenarios 3 and 4 with 26 subwatersheds, the 1st
subwatershed group (denoted as SG! hereafter) includes subwatersheds 1, 6, 7, 12, 13, and 24 which
are the upper subwatersheds of the agricultural area (subwatershed marked with no. 2). The 2nd
subwatershed group (denoted as SG” hereafter) is the agricultural area (subwatershed marked
with no. 2). The 3rd subwatershed group (denoted as SG’ hereafter) includes forest dominant
subwatersheds. For the 3rd subwatershed group, subwatersheds numbered 811 and 14-23, no
overland flow type was specified because the flow and sediment from the 3rd subwatershed group do
not affect sediment with the diversion channel and VFS at the agricultural area, marked as the 2nd
subwatershed group (i.e., subwatershed no. 2) in Figure 12. The 4th subwatershed group (denoted as
SG* hereafter) includes subwatersheds 5, 25, and 26. The 5th subwatershed group (denoted as SG’
hereafter) contains only subwatershed no. 4 which is spatially-explicit filter strips.
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2.2.3. Effect of Diversion Channel on Sediment Reduction

As stated before, the current SWAT model cannot simulate the effects of a diversion channel
because SWAT 1is not a fully distributed model, but is rather a semi-distributed model. To
verify sediment reduction effects of a diversion channel, two scenarios (scenarios 1 and 2)
were created as shown in Figure 13. Flow and sediment from SG' flow into SG” as overland flow, and
flow and sediment from SG* and SG’ flow into SG* in “Scenario 1-no diversion channel”. For
“Scenario 2—diversion channel”, the flow and sediment from the SG' do not flow into SGZ, instead
those flow into SG” through a diversion channel. Scenarios 1 and 2 were run with modification in the
file named ‘fig.fig’ (watershed routing structure file in the SWAT2005) manually (Figure 13).

Figure 13. Watershed Configuration for Diversion Channel Simulation with

Enhanced SWAT.
Scenariol ) Scenario 2 )
SG! — SG* )
' SG3 SG*
SG?2 ) SG2 )
SG4 ) > SG* )

'''' >Qverland Flow
—>Channelized Flow

2.2.4. Effect of Diversion Channel and Diversion Channel with VFS on Sediment Reduction

To verify sediment reduction effects of a diversion channel and VFS, two scenarios (Scenario 3 and
Scenario 4) were created as shown in Figure 14. The subwatersheds were rearranged with modification
in the file “fig.fig” to be compatible with “Scenario 3 and Scenario 4” overland flow and channelized
flow (Figure 14). It is assumed that flow and sediment from SG' flow into SG” as overland flow, and
flow and sediment from SG? flow into VFS subwatershed group SG’ as overland flow, and flow and
sediment from SG® and SG’ flow into SG* as channelized flow for “Scenario 3—with VFS”. For
“Scenario 4-with VFS and diversion channel”, flow and sediment from SG! flow directly into SG4,
and flow and sediment from SG” flow into VFS subwatershed group SG’ (Figure 14). First, sediment
reduction with the VFS was analyzed by comparing the sediment values from Scenarios 1 and 3 with
the enhanced SWAT. Second, sediment reduction with VFS and a diversion channel was analyzed
with Scenarios 1 and 4. Third, sediment reduction of a diversion channel when the VFS is installed at
the edge of the agricultural areas was analyzed with Scenarios 3 and 4.
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Figure 14. Watershed Configuration for VFS and Diversion Channel with VFS Simulation

with Enhanced SWAT.
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3. Results

3.1. Effects of Diversion Channel on Sediment Reduction (Scenario 1 vs. Scenario 2)

Average monthly flow rates at the watershed outlet from Scenarios 1 and 2 were 0.01387 m’/s and
0.01390 m’/s, respectively (Table 2). The maximum flow value of scenario 1 was 0.13860 m’/s in July
2006, and the minimum value was 0.00003 m®/s in February 2005. The maximum flow value of
scenario 2 was 0.13860 m?/s in July 2006, and the minimum value was 0.00003 m’/s in February 2005.
There was very little difference in estimated flow rates with a diversion channel, as expected.
However, the average monthly sediment values of scenarios 1 and 2 were 2.69 metric tons and 1.85
metric tons, respectively. The maximum sediment value of scenario 1 was 39.85 metric tons in July
2006, and the minimum value was 0.00013 metric tons in February 2005. The maximum monthly
average sediment value of scenario 2 was 33.84 metric tons in July 2006, and the minimum value was
0.00011 metric tons in February 2005. For the entire simulation period (2000-2006), it is expected that
a diversion channel can reduce sediment by 31% (Figure 15).

Table 2. Flow Rate and Sediment Load.

Flow Rate(m?/s) Sediment Load(ton/month)
minimum | average | maximum | minimum | average | maximum
Scenario 1 0.00003 0.01387 0.13860 0.00013 2.687 39.850
Scenario 2 0.00003 0.01390 0.13860 0.00011 1.854 33.840
Scenario 3 0.00023 0.01184 0.11750 0.00007 0.933 6.263
Scenario 4 0.00005 0.01194 0.11860 0.00011 0.860 14.650
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Figure 15. Comparison of Simulated Monthly Sediment for Scenarios 1 and 2.
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3.2. Effects of VF'S on Sediment Reduction (Scenario 1 vs. Scenario 3)

Average monthly flow rates of scenarios 1 and 3 were 0.014 m’/s and 0.012 m’/s, respectively
(Table 2). The maximum flow value of scenario 3 was 0.118 m’/s in July 2006, and the minimum
value was 0.00023 m’/s in February 2005. There was little difference in the estimated flow rates with
VFS, as expected. The average monthly sediment values of scenarios 1 and 3 were 2.69 metric tons
and 0.93 metric tons, respectively. The maximum monthly average sediment value of scenario 3 was
6.26 metric tons in July 2006, and the minimum value was 0.00007 metric tons in February 2005. For
the entire simulation period (2000-2006), it is expected that sediment can be reduced with VFS at the
study watershed by 65% (Figure 16).

Figure 16. Comparison of Simulated Monthly Sediment for Scenarios 1 and 3.
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3.3. Effects of VF'S with Diversion Channel on Sediment Reduction (Scenario 1 vs. Scenario 4)

Average monthly flow rates of scenarios 1 and 4 were 0.0139 m’/s and 0.0119 m’/s, respectively
(Table 2). The maximum flow value of scenario 4 was 0.119 m’/s in July 2006, and the minimum
value was 0.00005 m’/s in February 2005. There was little difference in estimated flow rates with
diversion channel and VFS together, as expected. The average monthly sediment values of scenarios 1
and 4 were 2.69 metric tons and 0.86 metric tons, respectively. The maximum monthly average
sediment value of scenario 4 was 14.65 metric tons on July 2006, and the minimum value was 0.00011
metric tons on February 2005. For the entire simulation period (2000-20006), it is expected that 68% of
sediment can be reduced with a combined diversion channel and VFS in the study watershed
(Figure 17).

Figure 17. Comparison of Simulated Monthly Streamflow for Scenarios 1 and 4.
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3.4. Effect of Diversion Channel when VFS is Installed at the Edge of the Agricultural Area
(Scenario 3 vs. Scenario 4)

As stated above, average monthly flow rate of scenarios 3 and 4 were 0.01184 m’/s and
0.01194 m’/s, respectively. There was little difference in estimated flow rates with the diversion
channel when VEFS is installed at the edge of the agricultural areas, as expected. The average monthly
sediment values of scenario 3 and scenario 4 were 0.93 metric tons and 0.86 metric tons, respectively.
The maximum values of scenarios 3 and scenario 4 were 6.26 and 14.65 metric tons on July 2006,
respectively, and minimum values were 0.00007 and 0.00011 metric tons of scenarios 3 and scenario 4
on February 2005, respectively. For the entire simulation period (2000-2006), it is expected that
sediment can be reduced at the study watershed outlet by an additional 3% when a VFS is combined
with a diversion channel compared only to the diversion channel (Figure 18).
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Figure 18. Comparison of Simulated Monthly Sediment for Scenarios 1 and 4.
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Simulated sediment values from scenario 4 (with both diversion channel and the VFS) are lower
than those from scenario 3 (with the VFS) in most cases, except for August 2002, September 2002,
July 2004, June 2005, and July 2006 (Figure 19, marked with arrows). The simulated sediment values
at subwatershed 4 (VFS subwatershed in SG°) for scenario 3 were higher than the sediment values at
subwatershed 4 (VFS subwatershed in SG°) for scenario 4 (Figure 20) in most periods. However, the
sediment values from subwatershed 5 (receiving subwatershed in SG*) of scenario 4, which is the
downstream area of SG°, were greater than the sediment from subwatershed 5 of scenario 3 for August
2002, September 2002, July 2004, June 2005, and July 2006 (Figure 21). This can be explained as
follows: The sediment generated from SG' (upper watershed, forest areas) is transferred directly into
subwatershed 5 (receiving subwatershed in SG*) under scenario 4 with diversion channel, while the
sediment generated from SG' (upper watershed, forest areas) of scenario 3 are transported into
agricultural areas and also into the VFS, resulting in deposition and filtration with the VFS. In the case
of heavy rainfall, soil erosion and sediment need to be controlled at the forest watershed (SG') to
ensure the effectiveness of the diversion channel. This result indicates that site-specific BMPs need to
be developed and implemented for effective erosion control.
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Figure 19. Comparison of Simulated Monthly Sediment for Scenarios 3 and 4.
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Figure 20. Simulated Monthly Sediment at Subwatershed 4—receiving subwatershed in SG*.
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Figure 21. Simulated Monthly Sediment at Subwatershed 5-receiving subwatershed in SG*.

16.00 “

1400

12.00

1000 -

Sediment [ton/month]

8.00

GO0 -

400

2.00 +—

=

200208 2002-09 2004-97 200506 200607

0,00

O Scenario 3 W Scenario 4 monih

4. Conclusions and Discussion

The current SWAT model cannot be used to simulate the effects of diversion channels and VFS
because it cannot simulate the sediment routing with overland flow type between single landuse
subwatersheds, and the filter strip module of the current SWAT is only based on the filter strip width.
Thus, the sediment routing in overland flow type and filter strip module considering filter strip width with
the incoming runoff volume from source areas were enabled in the SWAT runs. Without considering
these aspects, the SWAT model cannot be used to simulate the effect of various non-structural soil erosion
BMPs on sediment reduction. In this study, a new VFS module reflecting the VFSMOD-w behaviors was
integrated with the SWAT engine codes and SWAT watershed and the flow configuration file, called
“fig.fig”, was modified manually to define overland flow type between subwatersheds.

The effect of a diversion channel and VFS for sediment reduction was analyzed using the enhanced
SWAT. The results showed that there was little difference in simulated flow at the watershed outlet, as
expected. However, it was found that a diversion channel and VFS were effective ways to reduce
sediment. Sediment reduction of 31% would be expected with a diversion channel, 65% with VFS, and
68% with the combined diversion channel and VFS for the study watershed.

This study showed that the enhanced SWAT should be used in estimating the site-specific effects on
sediment reduction with a diversion channel and the VFS, and the enhanced model needs to be
validated with measured data in the field to insure the predictive ability of the SWAT for the
site-specific assessment of soil erosion. The study was implemented with that VFS was distributed
spatially in the model, that sediment loading was estimated under overland flow condition, and that
sediment trapping efficiency by VFS was calculated by overland flow and filter strip width. However,
the empirical model to calculate sediment trapping efficiency needs to be evaluated through various
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applications to confirm that it is still effective in the SWAT model and that it is available to other
countries. The configuration file was revised to simulate the diversion channel, this work would hardly
be possible with other watersheds that have a huge number of subwatersheds in the model.
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