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Abstract

In this study, the Shanxi Reservoir watershed, which is greatly affected by typhoons, is used as the
research object, two daily scale SWAT models are established for the dry and wet seasons. Two different
typhoon processes in 2007 and 2008 are selected to analyze the pollutant loads during the typhoon
period and the reduction of the pollution loads by filter strips. This study focuses on the pollutant
load during the typhoon and the reduction effect of management measures, proves seasonal modeling
according to regional climate characteristics dramatically improves the accuracy of the model, broadens
the perspective of watershed pollution prevention and control. The results show that: the pollutant
output of the Shanxi Reservoir watershed is mainly agricultural land, and is positively correlated with
precipitation and runoff; loads of organic nitrogen and nitrate nitrogen during typhoon 1 and typhoon
2 accounted for 22.18% and 9.14%, 22.53%, and 18.08% of the whole year, respectively. The pollution
loads of typhoon 2 relative to typhoon 1 is relatively small; when the width of the filter strips reaches
3m, the reduction of ammonia nitrogen loads can reach more than 50%, which proves a visible effect on
reducing pollutant loads during typhoons.
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Introduction

In recent years, the global climate has continued
to warm, and issues such as rainstorms and droughts
have received continuous attention [1-2]. Among the
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many extreme weather conditions, the frequency of
typhoons shows an upward trend [3]. Scholars have
conducted a lot of research from confluence and flood
formation, soil erosion, and sediment transport [4-5].
Extreme rainfall events will have a significant impact
on river water quality risks, especially in areas that
are significantly affected by non-point source pollution
(NPS). However, there are relatively few studies on this
aspect. At the same time, due to the characteristics of



2500

Chen H., et al.

NPS, such as strong randomness, wide distribution,
long incubation period, and difficult to estimate [6]. It
is difficult to control its pollution and has a high cost.
For the research of NPS, empirical models, such as the
LOADEST model [7] or mechanism models such as the
SWAT model, HSPF, etc. [8], are mostly used.

Among the many models, the SWAT (Soil and
Water Assessment Tool) model is an essential tool
for hydrological simulation of large-scale complex
watersheds. It has been widely used in hydrological
cycles, soil erosion, pollutant loads, climate change,
and the impact of landuse changes [9, 10]. Li et al.
[11] simulated the SWAT model and the QUAL2E
model with tight coupling and loose coupling. The
results showed that the simulation results of TN and
TP were not significantly different between the high
water period and the average water period. Under
mixed precipitation and runoff conditions, there was

a significant difference in the amount of NPS into the
river. It was not enough to just determine the pollutant
changes throughout the year. NPS slope generation-
transport process brought by extreme precipitation
causes pollutants to carry pollution loads on land
slopes along with the runoff and sediment transport
[12]. Based on the SWAT model, Che et al. [13] found
that the pollutant loads showed a significant increasing
trend during heavy rains through the change process
of the main pollutant flux during the extreme
rainfall process in the Dongjiang River Basin and its
impact on water quality. It has the characteristics of
a short time and a strong effect of pollutant loads.
However, the above research also has certain limitations.
They did not take into account the variability of the
model parameters within the year, making the model
unable to simulate the actual situation in the study
area.
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Fig. 1. Location of the study area.
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Shanxi Reservoir watershed is a vital water
source in the southeast of Zhejiang Province, China,
and has high requirements for water quality. Due to
geographical location, it is often affected by extreme
weather such as typhoons. The objectives of this study
are to clarify the pollutant changes during typhoons and
seek the best management measures for the protection
of the water quality of the water source. In this study,
with full consideration of the difference between the
underlying surface during the flood season and the non-
flood season within the year in the study area, two daily
scale SWAT models are established for the dry and wet
seasons to discuss the changes in the nitrogen pollution
loads of the Shanxi Reservoir watershed during
the typhoon. At the same time, the research on the
interception of nitrogen pollution load by filter strips is
studied to provide a basis for decision-making for water
pollution control and treatment under the limited data
and changing scenarios.

Material and Methods
Study Area

The study area of this paper is the Shanxi Reservoir
watershed, which is located in the middle reaches of the
Feiyun River in southeastern Zhejiang Province, China.
The reservoir is a protection zone for water source
(Fig. 1). Most of the rivers in the study area are
mountainous rivers, which have a sizeable specific
drop, steep bank slopes, and short confluence time.
The area of the reservoir controlled watershed is 1529
km?, accounting for 47% of the total area of the Feiyun
watershed. The multi-year average runoff of the basin
is 1.8 billion m?, and the full storage capacity of the
reservoir is 1.804 billion m*. The annual water supply
of the reservoir is 1.34 billion m®. The water supply area
is the Wenrui Plain and the area south of the Feiyun
River. The water supply area benefits 5 million people.
There are three counties of Taishun, Wencheng, and
Jingning in the watershed, and the agricultural economy
dominates the economic composition of each county.
The landuses in the basin are mainly forest land, which
accounts for about 71% of the total area, followed by
agricultural land, which accounts for about 20%. In
forest land, the proportion of coniferous forest and the
broad-leaved forest is 70% and 10%, respectively [14].

The Shanxi Reservoir watershed is located in
a low-latitude area, relatively close to the East China
Sea, with sufficient precipitation, and belongs to the
subtropical monsoon climate zone. In the late winter
and early spring, due to the influence of the northward
advance of the subtropical high, the precipitation was
dominated by light rain. In late spring and early summer,
due to the warm Pacific high pressure gradually
advancing toward the mainland and moving in the
basin, continuous precipitation was formed, commonly
known as “plum rain.” From July to September, due to

the influence of the subtropical high, typhoon activity
was frequent in the study area, which would cause
significant floods. In the fall, the subtropical high moves
eastward, and precipitation decreases. Winter weather is
mainly sunny and cold, with little rain and snow.

Data Source

The data required by the research include the
digital elevation model (DEM), soil, land use,
hydrometeorology, and pollution data. Among them, the
DEM data scale is 1: 50000, and the spatial resolution
is 30 m, which is derived from ASTER Version2 data.
Land use data is based on Landsat TM 30 m remote
sensing image, interpreted according to the national
land wuse classification method, and divided into
6 first-level categories and 25 second-level categories.
Then 13 kinds of land were reclassified, which can be
identified by the SWAT model (Fig. 1b) [15]. Using the
HWSD data downloaded from the Science Data Center
of Cold and Arid Regions, with a spatial resolution of
1 km, reclassified it to obtain a total of 16 soil types
(Fig. 1c). Meteorological data are derived from daily
observations from four stations in the study area and
provided by the local meteorological department. The
time series is from 1956 to 2012. The data includes
precipitation, temperature, evaporation, etc. The location
of the meteorological station in the basin is shown in
Fig. 1a). The hydrological data is the daily runoff data
from 2007 to 2012, which was monitored by the local
Water Resources Bureau. The hydrological station is
located at the outlet of the basin, and its location is
shown in Fig. 1a). The pollutant data comes from the
statistical yearbook of the city where the study areca
is located. TN in Shanxi Reservoir was monitored by
the local Water Resources Bureau on an approximately
monthly basis during 2009-2012.

SWAT Model

In this study, SWAT2012 is used as a research tool,
and the collected data are used to establish the spatial
database and attribute database required by the model.
Apply the SUIF-2 calculation method of SWAT-CUP
software to calibrate the model parameters, and analyze
the uncertainty and sensitivity of the model parameters
[16].

The SWAT water quality model is constructed under
the principle of calibrating hydrological parameters first
and then calibrating pollution load parameters. Firstly,
we established a monthly runoff model of the Shanxi
Reservoir watershed to make the parameters meet the
model requirements. Generally, routine water quality
monitoring in China does not include organic nitrogen
and nitrate nitrogen. After the hydrological model
calibration is completed, we use TN data to calibrate the
water quality parameters. Due to the lack of observed
data of organic nitrogen and nitrate nitrogen, we use
the simulated output data of the established SWAT
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water quality model to study the pollution load. In the
monthly scale model, the warm-up period is from 2004
to 2006, the calibration period is from 2007 to 2010,
and the validation period is from 2011 to 2012.

As for water source, Shanxi Reservoir has
exceptionally high water quality requirements. Among
the many management measures built into the SWAT
model, the filtered zone is considered to be an effective
measure to intercept sediment, nutrients, pesticides, and
bacteria [17]. In this study, we sought the best pollutant
interception solution by setting filter strips of different
widths (1-10m). To evaluate the effect of filter strips on
pollutant load reduction in the watershed, we use the
following equation:

.where, R is the pollutant load reduction rate, L, is
the pollutant load at the outlet of the watershed before
setting filter strips, and L is the pollutant load at the
outlet of the basin after placing filter strips.

Selection of Typical Typhoons

The Shanxi Reservoir watershed is a typical area
affected by typhoons. Extreme meteorological factors
such as heavy precipitation will exacerbate NPS and
soil erosion. This research selected two typical typhoon
processes to study their impact on water quality. At the
same time, the effect of filter strips on reducing nitrogen
pollution load during typhoon was studied. The first
typhoon process we chose occurred from August 13
to August 20, 2007. The name of the typhoon is Sepat,
and the typhoon number is 200709, which is called
typhoon 1. The reason why the typhoon was selected
was that the precipitation for two consecutive days
reached 347 mm on August 18-19, 2007, which was the
most massive two-day precipitation from 2007 to 2012.
The two days of precipitation accounted for the annual
rainfall of 14% of the amount. At the same time, on
August 19, 2007, the runoff reached 2391m?/s.

The second typhoon process we chose occurred from
July 15 to July 30, 2008. It included two consecutive
typhoon processes, namely Typhoon Seagull, No.
200807, and Typhoon Phoenix, No. 200808. This
typhoon process is called typhoon 2. The reason why
this typhoon was selected is that the typhoon process
lasted for 16 days of continuous precipitation.

Results and Discussion
Simulation Results of Runoff and Pollutants
This study uses the three statistical parameters ENS,

R?, and PBIAS, to evaluate the applicability of the
model. Generally, ENS>0.75 indicates that the model

calibration is excellent, and 0.36<ENS<0.75 suggests
that the model calibration results are acceptable. For
R2, the closer to 1, showing that the model is more
accurate. For PBIAS, the result is within 10%, meaning
that the model calibration result is outstanding, which
is acceptable in the range of 15%<PBIAS<25%. For
the pollution load, the result within 40%<PBIAS<70%
could be acceptable [18]. First, we establish a monthly
runoff and water quality model of the Shanxi Reservoir
watershed. When the calibration results of runoff and
water quality meet the accuracy requirements of the
model, we used the calibrated water quality parameters
and daily runoff data to establish the daily scale
model. Since the study area is located in a region with
extremely uneven distribution during the precipitation
year, when constructing the daily scale model, we
consider dividing the whole year into dry season and
wet season, and carry out the model establishment and
parameter calibration respectively. According to the
precipitation characteristics of the study area, we define
the wet season from April 1 to September 30 each year,
and the dry season from October 1 to March 31 of the
following year. First, calibrate the runoff parameters of
the two daily scale models in the dry and wet seasons.
When the calibration results meet the applicability
requirements of the model, substitute the calibrated
pollution load parameters of the monthly scale
hydrological and water quality models to establish the
Shanxi Reservoir watershed daily Scale SWAT model
of nitrogen pollution.

The applicability parameter results of the SWAT
model are shown in Table 1, and the simulated and
observed values of monthly runoff and TN load are
shown in Fig. 2. It can be seen from Table 1 that the
ENS and R? of the model runoff calibration and
validation period on the monthly scale are above 0.84,
and the PBIAS is within 2%. It can be seen from
Fig. 2a) that the trends of the simulated and observed
values of monthly runoff are in good agreement, and the
fitting of peak and valley values is ideal. For TN load,
both ENS and R? during calibration and verification are
higher than 0.7, and PBIAS is within 40%. For the NPS
model, the simulation results are relatively good. It can
be seen from Fig. 2b) that the simulated and observed
trends of TN load are the same, the peak fitting is
slightly biased, and the fitting effect in other periods is
good.

The calibration of the daily scale model runoff
and the fitting of the observed values are shown in
Fig. 3, and the relevant parameter results are shown in
Table 1. It can be seen from Fig. 3 that both the dry-
season and wet-season daily-scale models have realized
the simulation of runoff and are consistent with the
simulation trends. The fit of extreme values is also
high. It can be seen from Table 1 that the effect of the
dry season model is better than that of the wet season,
especially the validation period of the dry season,
where both ENS and R? are above 0.9. This may be
due to the frequent occurrence of typhoons during the
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Fig. 2 Comparison between the observed value and simulated value of monthly runoff and TN load.

wet season in the Shanxi Reservoir Basin, resulting
in a significant annual change in precipitation, which
increases the uncertainty of the model parameters. The
research on the SWAT model by Lin et al. also proved
that the more stable weather conditions in the dry
season improved the accuracy of the simulation [19].
During the calibration and validation period of the wet
season model, both ENS and R? are higher than 0.67.
The PBIAS for the calibration and validation periods of
both models is within 10%.

Table 1. Calibration and validation results of runoff and TN load.

The Impact of Different Typhoon Periods on the
Pollution Load at the HRUs

The HRUs (Hydrological Response Units) output
of the SWAT model includes the nitrate nitrogen and
organic nitrogen output of each HRU in the watershed.
Because the HRU output file does not contain ammonia
nitrogen, this study uses only nitrate nitrogen and
organic nitrogen to assess the impact of typhoons on
nitrogen pollution load. The nitrogen pollutant loads of

Calibration Validation
Time Scale Simulation
ENS R? PBIAS(%) ENS R? PBIAS(%)
Runoff 0.94 0.95 -0.07 0.84 0.85 1.85
Monthly

TN 0.70 0.73 -13.0 0.75 0.86 -31.3

Runoff (dry) 0.76 0.74 9.3 0.91 0.92 -6.8

Daily

Runoff (wet) 0.73 0.73 4.4 0.67 0.68 -7.0
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Fig. 3. Comparison between the observed value and simulated value of daily runoff: a) Calibration period of dry and wet seasons from
2007 to 2008; b) Validation period of dry and wet seasons from 2009 to 2010.

different landuses in the Shanxi River Basin in 2007
and 2008 is shown in Table 2. It can be seen that the
pollutant load of agricultural land (including paddy
fields and dry fields) in the past two years is the largest
among all landuses, which is dozens of times that of
forest land and grassland.

The analysis of the nitrogen pollution loads of
different landuses in the study area in 2007 and
2008 show that the pollution loads is mainly organic
nitrogen and nitrate nitrogen, which is directly related
to the backward agricultural cultivation methods in the
basin. Abuse of manure and inorganic fertilizer and
unscientific fertilization methods are essential causes of
nitrogen pollution [20]. In most agrarian farming areas
in China, fertilizers are directly applied to the surface

of the land, which causes a large amount of fertilizer
to be lost into the river along with surface runoff
without being effectively used [21]. By consulting the
statistical yearbook, we can find that there is also the
abuse of chemical fertilizers in the study area [22]. For
non-agricultural areas, their soil and water conservation
capabilities are better, less affected by human activities,
and have fewer sources of pollutants, so the pollution
loads is smaller [23]. The pollutant loads of various
landuses in the Shanxi Reservoir watershed also exhibit
the above characteristics.

The output of HRUs is used to analyze the change
of pollutants during two typhoons quantitatively. The
simulation results show that the pollutant load during the
typhoon is huge (Table 3). The daily load per unit area
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Table 2. Pollution load of different landuses in 2007 and 2008.

tandues | P |
2007
Agricultural land 3.18 17.98
Grassland 0.82 0.04
Forest 0.13 0.92
Orchard 1.88 8.95
2007 average 0.34 1.24
2008
Agricultural land 3.17 9.62
Grassland 1.13 0.01
Forest 0.08 0.49
Orchard 1.38 3.44
2008 average 0.27 0.60

of organic nitrogen and nitrate nitrogen during typhoon
1 was 3.44 t/km*day and 5.17 t/km?/day, respectively.
During typhoon 2, loads of organic nitrogen and nitrate
nitrogen were 1.11 t/km?/day and 1.98 t/km?/day. A load
of organic nitrogen and nitrate nitrogen during typhoon
1 accounted for 22.18% and 9.14% of the whole year,
respectively. For typhoon 2, organic nitrogen and nitrate
nitrogen load accounted for 22.53% and 18.08% of the
year, respectively. Although organic nitrogen accounts
for the same proportion of the whole year, it should be
noted that the duration of typhoon 1 is only half of the
number of typhoons.

Table 3. Pollution load of different landuses during typhoon 1
and typhoon 2.

Typhoon 1
Agricultural land 41.21 64.45
Grassland 14.13 0.05
Forest 1.12 2.7
Orchard 20.42 20.64
Avggﬁf)jﬁmg 3.44 5.17
Typhoon 2
Agricultural land 11.13 25.17
Grassland 2.46 0.05
Forest 0.57 1.01
Orchard 6.02 6.27
Average duting L1l 198

The comparison of the pollution loads during the
two typhoons found that there is some consistency
between them. For example, agricultural land is the
primary source of nitrogen pollution load, and the
unit load is more than ten times the average. For the
two typhoon periods, the load of the forest land during
the typhoon period accounted for the smallest annual
average load. Due to the massive runoff generated by
typhoon 1, and the long typhoon period of typhoon 2,
the characteristics of the two typhoons are different,
showing different correlations between rainfall and
runoff and pollution loss.

The analysis of the nitrogen pollutant load during
the two typhoons indicates that the heavy precipitation
and extreme runoff brought by the typhoon are the
main causes of water pollution in the Shanxi Reservoir
watershed. The result is consistent with other studies
on NPS caused by soil erosion [24-25]. Therefore, the
focus of the water environment management work of
the Shanxi Reservoir watershed should be implemented
in the prevention and control of water pollution during
extreme weather.
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Impact of Filter Strips on Pollution
Reduction

In this study, the filter stripe is selected as the
management measure. In the SWAT model, different
land use can be chosen as the areas for setting filter
strips, such as habitat, grasslands, and agricultural land.
In addition, the time when the filter strips take effect,
and the width of it can be set, which makes the scenario
settings more flexible [17]. In this study, we selected
the arecas most affected by NPS, set up filter strips on
the HRUs where agricultural land is located. The time
when filter strips take effect is set to be from July 1 to
September 30 every year. This period is the foremost
time affected by the typhoon in the Shanxi Reservoir
basin and part of the wet season time series.

It can be seen from Fig. 4. That filter stripe has an
excellent effect on reducing nitrogen pollution. The
filter strips show the best result of reducing ammonia
nitrogen load during both typhoon periods. The impact
of lowering organic nitrogen and nitrate nitrogen is
different during the two typhoons. When the width
of the filter stripe is 3 m, the reduction of ammonia
nitrogen load can reach more than 50%. When the
width of the filter strips reaches 10 m, the effect of
reducing the pollution load is the best. The buffer zone
composed of different plants can effectively intercept
pollutants into the water, and this point has been proved
in some annual and monthly model studies [26-27]. This
research shows that during typhoons, due to extreme
precipitation and runoff, a sudden increase in pollution
load requires a wider filter strip [28].

However, filter strips only intercept pollution load
from the perspective of engineering measures, and
cannot reduce the source of pollution. A comparison
of the output of pollutants from different landuses
found that agricultural land is the most critical
output type during typhoon periods or other periods.
Therefore, changing the nature of farmland and farming
methods is an effective way to protect water sources
and improve water quality. Many studies have also
shown that reducing the application of fertilizers and
improving the processes of fertilization are effective
means to reduce the pollution load on agricultural
land [29]. The determination of management measures
should not only consider the reduction of pollution
loads but also consider the impact on ecology and
socio-economic [30]. Changing the type of agricultural
land, reducing the amount of fertilizer application,
and to a certain extent leading to a reduction in
food production will inevitably reduce the income
of local farmers, which will bring a series of social
problems and even affect national food safety [31]. In
the short term, the filter strips have a small impact
on the social economy and is a relatively feasible
measure. Still, in the long run, source control should
be implemented to reduce the pollutant load in the
watershed [32].

Conclusions

1) Whether it is runoff simulation or pollutant
simulation, the applicability parameter results of the
monthly scale model are excellent. The method of
modeling dry season and wet season separately respond
well to the characteristics of the frequent occurrence of
extreme weather in the Shanxi Reservoir Watershed,
and improves the accuracy of the model simulation

2) In 2007 and 2008, the primary land use type of
pollution load was agricultural land, and the load was
several tens of times that of other landuses. The main
types of pollutants are organic nitrogen and nitrate
nitrogen, which are mainly related to the abuse of
manure and inorganic fertilizers in the study area and
the unscientific addition methods.

3) The load of organic nitrogen and nitrate nitrogen
during typhoon 1 accounted for 22.18% and 9.14% of
the whole year, respectively. For typhoon 2, organic
nitrogen and nitrate nitrogen load accounted for 22.53%
and 18.08% of the year, respectively. The effect of the
typhoon on organic nitrogen output is more prominent,
which is directly related to the soil erosion caused by
the typhoon. The focus of the watershed management
agency should be on pollution prevention during
typhoons.

4) Filter strips can intercept nitrogen pollution.
When the width of the filter strips is 3 m, the reduction
of ammonia nitrogen load can reach more than 50%.
When the width of the filter strips reaches 10 m, the
effect of reducing the pollution load is the best. In
the short term, this measure can be used for pollution
prevention and control in the watershed, but in the long
run, the source of pollution should be intercepted from
the source.
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