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Abstract: The potential risk of flood or waterlogging in irrigation districts has increased due to
global climate change and intensive human activities. This paper employed a waterlogging process
simulation model for flat irrigation districts in the paddy fields to simulate floods under different
scenarios. The scenarios of the rainfall conditions, initial storage depths, and work scales are designed,
respectively. The risk of flood damage increases as rainfall increases, with a maximum increase of
62.8%, comparing the extreme scenario with the current scenario. A moderate rise in pumping station
flow and using pre-rain drainage measures in the paddy fields can effectively reduce waterlogging
loss. The total regional flood damage was reduced by up to 10.9%, 15.8%, and 35.9% when the pump
station flow in the study area was increased by 10%, 20%, and 30%. The insights from this study of
the possible future extreme flood events may help flood control planning.

Keywords: waterlogging; modeling; paddy field drainage; flood risk reduction

1. Introduction

Flood disaster commonly causes fatalities, socioeconomic damage, and damage to
the natural environment [1-3]. The Sixth Assessment Report of the IPCC [4] points out
that global climate change has significantly altered the global water cycle, increasing
the frequency of extreme hydrological events such as heavy rainfall, flood, and drought,
threatening social and economic development and ecosystem stability. Moreover, research
indicates that the frequency and intensity of flooding are increasing [5-7]. The largest
increases tend to occur in short-duration storms lasting less than a day, which could lead to
an increase in the intensity and frequency of flash flooding [8,9]. Thus, the potential flood
hazards and adverse impacts are larger. As reported in the literature, the size of extreme
flood events increased by about 20%, and extreme flood event frequency increased by as
high as 200%. As a result, flood risk increased by 30-127% [10]. Furthermore, flood risk
and damage may increase with social development [11,12]; researchers have conducted a
number of studies on flood risk assessment [13,14].

Agricultural systems are generally sensitive to flooding [15]. In agriculture-dominated
countries, the extent of damage incurred on cropland by heavy and frequent floods is great.
China has the world’s largest population, and its arable land accounts for 7% of the world’s
arable land [16]. According to the Ministry of Water Resources of the People’s Republic of
China, the flooded area of crops reached 7190.0 thousand hectares, with a direct economic
loss of 266.98 billion yuan, accounting for 0.26% of the GPD in 2020 [17]. Moreover, it can
be confirmed that flood risk has increased in many places in China and is likely to grow
further due to anthropogenic and climatic factors [18]. The number of extreme rains in the
Yangtze River Basin’s lower middle region is also increasing [19]. Given the importance of
agriculture in the Chinese economy and its contribution to food production for a growing
population, much more attention should be given to agricultural flood risk mitigation.
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Other than extreme rainfall events, flood risk is also influenced by the landscape and
anthropogenic activities. Accurate flood evolution simulation could provide scientific
support for water security management in flat irrigation districts of plain river network
regions [20,21]. It is a critical way to evaluate the flood risk and the performance of
flood management practices. Several well-known hydrological models, such as the HEC-
HMS/HEC-RAS model [22-24], the Xin’anjiang model [25], MIKE FLOOD [26], and the
tank model [27,28], were used in flood simulation. Yet, these hydrological models generally
worked well in natural watersheds [29] while less efficient in plain irrigation districts with
artificial ditches and hydraulic structures. The calculation method of rainfall-runoff suitable
for large-scale watersheds is not applicable in plain irrigation districts and needs to be
improved. Researchers have tried this in many ways, Xiu and Wu [30] used MIKE II to
develop a hydrodynamic model to analyze the hydrological conditions of the river courses
in a plain river network system named the Ruiping water system. Liang [31] presented a
whole basin hydrological system model for the Taihu lake drainage basin, which included
five aspects: river and lake simulation, boundary condition simulation, rainfall and runoff
simulation, engineering situation and control operation mode simulation, and water flow
movement simulation in the main river network. Patel [32] assessed the flood and found
inundation in low-lying areas of Surat city, Lower Tapi Basin, by using the HEC-RAS
model and validated this for the year 2006. Chen [33] applied a distributed-framework
basin modeling system (DFBMS) in the Taihu Basin. Hu [34] established a hydrologic and
hydrodynamic processes model of the complex river network to simulate the rain-runoff
processes of the rural and city regions in the Suzhou district, respectively. Nevertheless,
plain irrigation districts have many variables with drainage works, complex river and lake
networks, and frequent human interventions, making it difficult to simulate accurately. A
hydrological model competent in simulating the flooding process with drainage works
in the complex river network region is lacking. The tank model has been widely used in
various terrain and climate conditions because of its simple principle and flexible structure.
Studies have shown that the tank model can more accurately simulate the rainfall-runoff
process in paddy fields and flat, low-lying agricultural areas [35,36]. Therefore, the tank
model can be a useful tool for complex river network regions.

In the current research, with the Gaoyou irrigation District’s flat and affluent river
networks as a case, we conducted a scenario simulating analysis to investigate the flood
risk under extreme rainfall. A Waterlogging Process Model for a flat irrigation district is
applied to simulate the flooding process and flood loss for the flat irrigation district, and
to schedule the optimal operation of drainage works under different simulation scenarios.
An improved tank model and hydrodynamic model based on Saint-Venant equations are
adopted in the runoff generation and confluence module, respectively. The waterlogging
loss is calculated under inconstant inundated depth by linear interpolation. We simulated
the flood risk response to rainfall with 10-year, 50-year, and 100-year return periods.

2. Study Areas

Gaoyou Irrigation District is a typical plain irrigation area of 650 km?, located in
Yangzhou, Jiangsu Province. The annual average rainfall is 1030 mm, and summer makes
up about 50% of the yearly precipitation. We selected Longben Polder as one specific
agricultural field of Gaoyou Irrigation District, of which the entire area is 26.6 km?. It is
high in the south and low in the west, and the flow direction is from south to north. The
drainage system comprises the embankment, drainage ditch, barrier pond, river course,
and gate station. The map of the study area and generalized drainage system is shown in
Figure 1. The drainage system included seven pump stations with gates. The study area was
divided into 23 field units with 32 nodes and 31 riverways (including hydraulic structures).
The riverways connect by nodes. Each channel is divided into five equally spaced sections
in the hydrodynamic calculation of the river network. All the pumping stations and culverts
are generalized as river channels with a length of zero and numbered uniformly.
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Figure 1. Study area map and drainage system generalization.

3. Methodology and Data
3.1. Waterlogging Process Model for the Paddy Fields
3.1.1. Framework and Assumptions of the Model

The Waterlogging Process Model was built [37] to simulate the flooding process and
waterlogging loss for flat irrigation districts. This model was established by incorporating
the hydrological model of the waterlogging process and the waterlogging loss estimation.
The model of the waterlogging process was built based on a modified tank model and
hydrodynamic model for the ditch-river system. The waterlogging loss is calculated
under inconstant inundated depth by linear interpolation. Figure 2 shows the internal
relationships between modules and their framework.

3.1.2. Waterlogging Process Simulation

The tank model simulated the rainfall-runoff process in the paddy fields. According
to the hydrological and geological characteristics of the irrigated district, the rice field
between two channels was regarded as a hydrological unit, and a two-layer tank model
developed by Chen [36] was run on each unit. In the rainfall drainage process, the excess
water from the paddy field was drained into the river channel through the outlet of the
drainage ditch. Figure 3 shows the structure of the two-layer tank model.

In this model, the rice field drainage was uniformly drained into the canal or river
along with the water flow and used as the side stream of the river channel. According to
the study [28], the broad-crested weir overflow formula can be applied to calculate the
paddy field discharge. Therefore, the submersed discharge formula and the free discharge
formula of the broad-crested weir overflow formula were used to calculate the release from
the side holes of the first layer of the tank model.
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Figure 3. The structure and meaning of the two-layer tank model.

The 1D Saint-Venant equations [38] were used as the basic confluence equations of the
plain river network. This paper uses Preissmann’s implicit scheme to solve the Saint-Venant
equations, including the dynamics and continuity equations.

This model was calibrated based on data collected, including the river water level, the
paddy field runoff process, and the water storage depth in paddy fields. It confirms that
the performance of the waterlogging process model is excellent. Detailed information for
the model calibration can be found in an article by Xiong et al. 2021 [37].

3.1.3. Waterlogging Loss Estimation

The yield reduction rate in each unit was calculated as a function of the inundated
water depth and the waterlogging process, according to the planting structure of crops
in the study area. The total loss of waterlogging was calculated by multiplying the yield
reduction rate with the local average yield and price. The mathematical expression of the
waterlogging loss [39,40] in the stage of crop growth is as follows:

AD(i) = 2 [Dui (i, K)CRP4 (i, k)mn (k)] 1)
k=1
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Dy = CPyE.DCy(i) @)

where AD is the total loss of farmland in the irrigated district, ten thousand Yuan; # is
the number of crop species in the study area; D,, is economic losses of crop k per unit
area in this flood, yuan/ m?2; CRP,—The planting area of crop k in cell i, hm?; mn is the
loss coefficient of crop k at different growth stages, mainly related to rice varieties; CPj
is the price of crop k, yuan/kg; F is the average yield of crop k, kg/m?; DCy is yield
reduction rate of crop k per unit area (as a percentage of average annual yield), %, the
detailed introduction and proof process can be found in an article by Liu [39,41].

3.1.4. Rules for Optimization of Drainage System Operation

Based on the Waterlogging Process Model, we developed a Model of Optimal Oper-
ation of Drainage Works (MOODW) to simulate and optimize the operation of drainage
works. MOODW aims to minimize the sum of loss caused by waterlogging and energy cost
of drainage works by scheduling the worktime of each pumping station and was solved by
a genetic algorithm. It proved helpful in simulating the water flooding process and opti-
mizing the drainage works operation. Hence, we applied this model in scenario simulation
analysis to determine the optimal operation strategy before discussing the dynamics of
flooding water and losses in the irrigation district’s different scenarios. To match the actual
operation practice, several rules for drainage works management were made as follows:

(1) Ignore the duration to open and close a specific drainage work; every drainage
work is operated (open or close) once for one waterlogging event.

(2) All drainage works only have two states of fully opened and fully closed: the sluice
is opened with an opening height above the water surface, or the pumping station is in
operation at the rated flow. For the pump station with a gate, the pump is launched only
when the gate is closed. A pump station with multiple pumps is considered one work.

(3) The flow rate and power consumption of a specific pump station are assumed to
be constant and are calculated according to the rated value.

All the results for scenario simulation analysis, flooding water levels, and yield
losses, illustrated in this article, are the data with the optimal operation strategy for multi-
drainage works.

The Nash-Sutcliffe Efficiency Coefficient [42] was taken as an evaluation index of
the hydrological models effectiveness, and an adaptive genetic algorithm was adapted
for optimization [43]. Important parameters involved in the model, including calibrated
parameters and fixed parameters, are shown in Table 1.

Table 1. Parameters in models.

Module

Parameters Value Source

b1, b2, Weir width per unit area in 1st layer

h11, Height of upper hole in 1st layer 0.047 m

b1:0.000014 m™?;
b2: 0.00076 m~!

{31, Infiltration coefficient inlst layer 0.008 Calibration by measured rainfall data

Waterlogging process 21, x22, Outflow coefficient in 2nd layer 0‘262221': 0061119 and water level data of the paddy field
. . h21: 0.50 m.
h21, h22, Height of upper hole in 2nd layer h22: 0.40 m
{32, Infiltration coefficient in 2nd layer 0.032
F 1.05kg/ m? Collected from Agricultural Bureau,
CPy 3 yuan/kg Gaoyou, China
i P be i
Waterlpgglpg loss DCriee = aH’T, His the.p ercentag_e of flooded a=236.909, calibrated by data collected from
estimation water depth to plant height, %; T is flooded _ . -
. b=2.084, Jiangsu Province, and the model was
duration, day; a4, b and c are parameters of the _ o . "
model c=0.437 verified by Xiong [44]
Generation Number 200
Individual Number 50 Th ter of th "
Optimal operation Chromosome Number 16 1 e.p}?rami ero he gene 1ch
Mutation Rate 0.1 algorithm refers to the researc

Crossover rate 0.6
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3.2. Scenario Setting

The Pearson-III curve was used to fit the extreme distribution of the maximum daily
rainfall in Gaoyou [45,46], which was recommended by China’s standard guidelines under
the AM framework for a rainstorm and flood design [47]. In this paper, we collected the
data from short-term rainstorms from 1971 to 2012 in the Gaoyou Irrigation District from the
National Meteorological Information Center (https://data.cma.cn/, accessed on 13 January
2019.) of the China Meteorological Administration and applied it for statistical analysis.
According to the standard for flood control in the agricultural polder area of Gaoyou, three
levels of extreme rainfall were selected: 100-year return periods (1% frequency), 50-year
return periods (2% frequency), and 20-year return periods (5% frequency).

Thus, the Gaoyou irrigation district had high and concentrated rainfall characteristics.
Calculation results according to the Pearson-III curve were presented as contour maps
to describe the daily rainfall characteristics in 20, 50, and 100-year return periods, with
maximum daily rainfall of 196.1, 228.41, and 250.46 mm. The maximum 1, 3, 6, and 24-h
rainfall in 1976 occurred simultaneously from 5:00 on June 29 to 5:00 on 30 June 1976.
Therefore, this hour-by-hour rainfall process was selected as a typical rainstorm process.
The calculation results and typical rainfall process distribution map are shown in Figure 4.

100

B P1% 0 P2% ®P5%

Rainfall (mm
LMy g

[\
(=]

o e P ﬁm i

1 3 5 7 9 11 13 15 17 19 21 23
Time (h)

Figure 4. Time distribution diagram of a typical rainfall process.

Studies have shown that the 24-h extreme rainfall in China will increase by 10% to
20% every 10 years [48,49]. Therefore, we set a scenario of extreme rainfall that increased
by 15% on top of the current precipitation. The maximum extreme 24-h rainfall of 20, 50,
and 100-year return periods in the Gaoyou irrigation area is 225.52 mm, 262.67 mm, and
288.03 mm, respectively.

The moisture condition before rainfall affects the water storage capacity of the paddy
fields, which involves confluence and waterlogging in the irrigation districts [50]. In this
paper, we considered two paddy field moisture states: the state of no water layer before
irrigation and the state of water layer after irrigation. Therefore, we set scenarios of initial
paddy water storage depths at 0 cm and 3 cm, respectively. Based on the current scale of
drainage works, we designed three ampliative pump station flow rates, which are 110%,
120%, and 130%, respectively. Rice is sensitive to waterlogging at the jointing and booting
stages [51,52], so the loss evaluation in all scenarios is carried out at the jointing and booting
stage. The initial water level of the outer river was assumed to be 1.5 m (the average water
level of the local outer river).
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4. Results and Discussion
4.1. Paddy Loss under Current and Extreme Rainfall

In the jointing and booting stage of rice, waterlogging losses were simulated under
different rainfall frequencies at an initial filed water layer of 3 cm. The drainage works in
the study area meet the standard of a 20-year return period.

When rainfall occurs in a 20-year return period, the irrigation district can avoid
waterlogging loss by proper scheduling (Figure 5a). In this case, the flooded depth of
paddy fields did not reach the critical depth of flood disaster at the jointing and booting
stage. However, as seen in Figure 5, the flooded depth increased rapidly with rainfall. The
maximum flooded water depth under the 100-year return period increased by 2 cm and
7 cm, respectively, compared with that of 50-year and 20-year return periods.
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Figure 5. Variation and distribution of submerged depth under different rainfall return periods of
the current scenario ((a). P5% (b). P2% (c). P1%, unit: m).

The waterlogging loss of paddy fields increased by about 20% in the case of the
100-year return period compared to the 50-year return period. Figure 6 analyzed the
yield loss of paddy fields under different rainfall conditions. The 20-year return period
rainfall did no damage, while the waterlogging loss under the 50-year return period
and the 100-year return period were 49.2-141.8 x 103 yuan/km? and 52.2-197.0 x 10°
yuan/ km?, respectively.
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Figure 6. Waterlogging loss under different rainfall return periods of the current scenario ((a). P2%
(b). P1%).

Figure 7 shows that as rainfall increased, the area of the paddy fields suffered water-
logging loss. Comparing Figures 6 and 7, the waterlogging losses on paddy fields due to
different rainfall frequencies in the extreme climate were more severe. When the rainfall
return period is 20 years, there is no loss in the current rainfall scenario, and in the extreme
scenario, it is 49.3-123.9 x 10% yuan/km?. However, Waterlogging loss increased from
50.7-143.3 x 103 yuan/ km? in the present scenario to 58.2-204.5 x 103 yuan/ km? in the
extreme scenario when 50-year rainfall occurred. While with the 100-year rainfall, the
waterlogging loss increased to 68.7-331.3 x 10° yuan/km? in the extreme scenario, with a
maximum increase of 62.8%. Table 1 analyzes the difference between farmland flood losses
under extreme and current conditions.

With 20-year, 50-year, and 100-year return periods of extreme rainfall, the summed
waterlogging loss in the study area was 1.95 million, 3.13 million, and 4.82 million yuan,
respectively (Table 2). When rainfall increases by 15%, the loss of waterlogging caused
by 20-year rainfall is almost equivalent to that caused by 50-year rainfall in the current.
In contrast, the loss caused by 50-year rainfall is virtually comparable to that caused by
100-year rainfall in the current.

For drainage works, in the same scenario, the total operating hours increased signif-
icantly as the return period increased. For example, when the return period changed to
100-year from 20-year, the entire pump operating hours increased by 49.6% in the extreme
scenario, compared to 44.5% in the current scenario (Figure 8). Therefore, with future
climate change, the risk of flood damage increases as extreme rainfall increases. Assuming
the drainage works remain the same, the extremes in rainfall lead to lower flood mitigation
standards. In other words, the drainage pressure of the existing drainage works is growing.

4.2. Effects of Initial Storage Depths on Flood Removal

To understand the mechanism of the influence of initial storage depth on field storage
depth and yield reduction, four typical fields in different directions of the study area were
selected. Figure 9 analyzed the variation patterns of the waterlogging depth and the yield
reduction rate of paddy fields with different initial water storage when encountering a
current 50-year rainfall. From the figure, the four typical fields showed a consistent pattern,
while the effect of the water storage depth on paddy fields 9 and 22 was more evident that
the inundation loss of paddy fields is doubled when there is a water layer compared with
no water layer. The inundation depth experienced a rapid increase to a gradual decrease,
while the inundation depth of paddy fields with aquifers was always higher than that of
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paddy fields without aquifers. The cumulative yield reduction rate increased with the
inundation depth and remained constant after reaching the peak. Therefore, the initial

water layer increased the submerged depth and prolonged the submerged time of the
paddy field.

(1%-3cm)

Figure 7. Distribution of waterlogging loss under different rainfall return periods of extreme scenario.
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Table 2. Waterlogging loss under extreme and current rainfall conditions (unit: 103 yuan).

Scenario Frequency Crop Loss Pump Fee Total Loss
5% 1881.2 69.6 1950.8

Extreme 2% 3039.3 97.7 3137
1% 4709.2 109.0 4818.2
5% 0 56.5 56.5

Current 2% 2261.7 69.2 2330.9
1% 2772.7 88.2 2860.9
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Figure 8. Scheduling schemes under different frequency rainfall conditions in the current and extreme
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Station: PO: Heping, P1: Zhongxinhe, P2: Nijia, P3: Hongqi, P4: Jiangmahe, P5: Zhongshihe, P6:
Lvyanghe. C: current scenario, E: extreme scenario.
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Figure 9. Variation of waterlogging depth and yield reduction rate of paddy fields with different
initial storage depths under a 50-year rainfall of the current scenario.

Table 3 compares the waterlogging losses between paddy fields with and without
water storage in the status quo scenario. It can be concluded that keeping paddy fields
free of water before rainfall reduces the likelihood and severity of flooding and the pump
fee decreases.
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Table 3. Waterlogging loss of study area under different initial storage depths in the current condition
(unit: 10% yuan).

Scenario (a-b 1) Crop Loss Pump Fee Total Loss
5%-0 0.0 43.3 43.3
5%-3 0.0 56.5 56.5
2%-0 1447.2 67.0 1514.1
2%-3 2261.7 69.2 2330.9
1%-0 1801.8 86.6 1888.4
1%-3 2772.7 88.2 2860.9

Note: a: rainfall frequency; b: initial storage depth.

In the event of 50-year and 100-year rainfall, the waterlogging loss of paddy fields
without water storage was reduced by 35% and 34%, respectively, compared with the 3 cm
initial water level. Paddy fields are similar to reservoirs when it rains; the rainfall is first
stored in the paddy field, and only when a certain amount of water is stored it produces
flow. Keeping the paddy field free of water before rainfall increases the space for storing
water in the paddy field and helps relieve the pressure of flooding. Therefore, pre-draining
before rain or reducing the time of paddy water accumulation can effectively reduce the
risk of waterlogging loss.

As the rainfall increases by 15%, the distribution of flood damage in paddy fields
without the initial water layer under extreme rainfall conditions is shown in Figure 10. In
the case of no water layer, the waterlogging loss was 48.9 yuan/km? for a 20-year rainfall,
50.7 to 152.5 yuan/km? for a 50-year rainfall, and 61.0 to 225.6 yuan/km? for a 100-year
rainfall, respectively. Comparing Figures 7 and 10, the waterlogging losses of paddy fields
without a water layer were significantly less than those of paddy fields with an initial water
layer of 3 cm under the same rainfall conditions. Keeping the waterless layer before rain can
reduce 26.7% of flood damage compared with a 3 cm water layer as the frequency of rainfall
is 5%; for 2% and 1% frequency rainfall, it decreased by 32.7% and 23.2%, respectively.
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Figure 10. Waterlogging loss of paddy fields with an initial storage depth of 0 cm under different
rainfall frequencies.
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Meanwhile, comparing Figures 8 and 11 showed that the operating time of the pump
stations and gates of 0 cm initial depth was significantly shorter than that of 3 cm initial
depth. Therefore, proper pre-rainfall paddy-water layer management can reduce regional
waterlogging losses. Pre-drainage before rain increases the rainfall storage capacity of
paddy fields, thus effectively intercepting rainfall and reducing the drainage of paddy fields.
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Figure 11. Scheduling schemes under different frequency rainfall conditions in the current and
extreme climate scenario (initial storage depth of 0 cm).

4.3. Effects of Drainage Capacity on Flood Remouval

Figure 12 shows the scheduling schemes of different work scales and initial water
storage depths under 20-year, 50-year, and 100-year rainfall events. With the same initial
water depth and rainfall frequency, the more the work scale is increased, the shorter the
time required to operate the pump station. Still, the pump fee is likely more expensive
because the bigger work scale requires a higher hourly operating cost. Therefore, scaling
up the project requires a comprehensive estimation of efficiency and overall cost.

Based on 50-year and 100-year rainfall events under extreme rainfall scenarios, Fig-
ures 13 and 14 showed the effect of work scale and the depth of the initial water layer on
waterlogging loss. The average waterlogging loss per km? tended to decrease with the
increase in the scale of flood drainage works. For example, when paddy fields with an
initial water layer of 0 cm were subjected to a 50-year rainfall event, the average losses per
km? were reduced by 6.9%, 11.9%, and 17.7% when the drainage flow of pump stations
was increased by 10%, 20% and 30%, respectively, compared with the waterlogging loss of
the current work scale. Furthermore, the average losses per km? with an initial water layer
of 3 cm were 5.1%, 9.9%, and 15.8% lower than the status quo scale, respectively.

In the event of 100-year rainfall, the effects of the scale of the works on waterlogging
loss mitigation were more prominent. For example, for Paddy field 22, with an initial water
layer of 3 cm, which was most severely affected, the average losses per km? were reduced
by 11.2%, 16.1%, and 40.9% when the work scale was increased by 10%, 20% and 30%,
respectively, compared with that of the current work scale. From Table 4, overall, the total
loss for a 1% frequency of extreme rainfall at an initial water layer of 3 cm and a 10%, 20%,
and 30% increase in pump station flow in the study area was 4.373 million, 4.241 million
and 3.144 million yuan, which were 10.6%, 13.2% and 35.0% less than the total loss of 4.999
million yuan at the status quo scale, respectively.
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Figure 12. Scheduling schemes under different frequency rainfall conditions and work scale in the

extreme climate scenario. (a—c, a: rainfall frequency, b: initial water level, c-work scale increased).
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Figure 13. Distribution of averaged waterlogging loss with different initial storage depths and work
scales under 2% frequency.
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Table 4. Waterlogging loss under different conditions.

Scenario Waterlogging Loss (10° Yuan)
Work Scale Initial Storage Rainfall Pump Fee Crop Loss Total Loss
Depth Frequency
5% 69.6 1881.2 1950.8
3 cm 2% 97.7 3339.3 3437.0
1% 109.0 4909.2 5018.2
current 5% 524 1377.5 1429.8
0cm 2% 77 4 2234.4 2311.8
1% 90.6 3610.5 3701.1
5% 59.3 1837.8 1897.1
3cm 2% 95.5 3168.1 3263.6
Increased by 1% 108.4 4373.1 4481.5
10% 5% 459 1307.5 1353.4
0cm 2% 82.2 2081.2 2163.4
1% 100.9 3451.2 3552.1
5% 65.6 1748.9 1814.5
3cm 2% 97.4 3007.9 3105.3
Increased by 1% 113.3 4241.4 4354.7
20% 5% 47.8 1271.5 1319.2
0cm 2% 79.6 1968.1 2047.6
1% 90.1 3144.4 3234.5
5% 62.7 1628.1 1690.8
3cm 2% 92.5 2810.2 2902.7
Increased by 1% 115.6 31444 3260.0
30% 5% 484 1209.6 1257.9
0cm 2% 77.6 1837.8 19154
1% 101.8 2920.3 3022.1

Thus, combining water layer control and pumping station capacity improvement can
effectively relieve flood damage.

5. Conclusions

The present study modeled the hydrologic and hydrodynamic processes of the com-
plex river network in the Gaoyou district. Based on the observed data and existing research,
the current flood control planning scenarios and the extreme condition are designed, re-
spectively. It can be concluded that the combined application of flood process simulation,
flood loss estimation, and operation optimization scheduling, can simulate and optimize
the scheduling of multi-drainage projects and achieve disaster reduction.

In general, climate change increases the frequency uncertainty of heavy rainfall and
increases the potential risk of flood in irrigated districts. For example, when rainfall
increases by 15%, the growth of waterlogging loss is up to 62.8% compared to the current.
Therefore, we simulated the effects of two mitigation strategies. The result indicated that a
moderate increase in the flow of pumping stations for flood removal in irrigation districts
and using pre-rain drainage measures in rice fields could effectively reduce waterlogging
losses. In addition, the combination of the two strategies can achieve better results.

Thus, strengthening the capacity of drainage works and taking appropriate field water
management measures help to reduce the impact of future extreme floods. The results
can provide a reference for the drainage works construction planning. The modeling
approach and the evaluation parameters are practical for the flood severity estimation of
the catchment, similar to the Gaoyou District. Future studies should focus more on the
difference in runoff characteristics of different land use forms, or the combined impact of
other flood mitigation measures.
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