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Abstract: With the acceleration of urbanization in a river basin, the changes in the underlying surface
structure of the basin are more and more intense, which causes frequent floods. This article aims
to analyze the applicability of the HEC-HMS model in flood simulation in urbanization basins and
the influence of land use changes on catchment runoff. Pu River Basin is a typical urbanization
basin and is taken as the research project. Based on land use changes, soil types, and long-term
hydrological data in the Pu River Basin, the HEC-HMS hydrological model is constructed using
GIS and HEC-geoHMS. Then, the relative error of flood peak and runoff, Nash–Sutcliffe efficiency
coefficient, and correlation are used to evaluate the model simulation rating. The results show
that the HEC-HMS model is suitable for an urbanization basin, and its performance grade before
urbanization is better than that after urbanization. Finally, sensitivity analysis of nine parameters
on model performance shows that curve number, initial abstraction, imperviousness, and time lag
are the main parameters. The research results will provide a reference for urbanization basins’ flood
simulation and stormwater management.

Keywords: urbanization; HEC-HMS model; flood simulation; model calibration; parameters
sensitivity analysis

1. Introduction

Flood disaster is one of the most serious natural disasters human beings face. With
the development of society and economy, the massive concentration of the population, and
the changes in the underlying structure, the probability of flood disasters are increasing,
and the losses caused by flood disasters are also increasing [1]. Studying the flooding
process and its laws, and accurately simulating the flooding process, is an effective way
to reduce flood hazards, and it is also the key to water conservancy project planning and
management, which is of great significance to flood warning, flood control, and disaster
reduction [2–4].

Hydrological models are effective tools for flood simulation, including lumped hy-
drological models and distributed hydrological models [5–7]. The lumped hydrological
model regards the basin as a whole and calculates the hydrological processes such as
precipitation, evaporation, and infiltration on the surface of the basin. Because it does
not consider the spatial distribution of hydrological variables, its simulation accuracy is
not high [8]. Considering the difference in underlying surface conditions, the distributed
hydrological model divides the basin into several hydrological response units, which makes
up for the deficiency of the lumped hydrological model and is widely used in flood simula-
tion. Currently, the commonly used distributed hydrological models include TOPMODEL,
HEC-HMS, SWAT [9,10].

The HEC-HMS hydrological model is a distributed hydrological model developed
by the Hydrologic Engineering Center of the U.S. Army Corps of Engineers. It takes
the undersurface of the input basin as the symbol and is developed with the support of
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GIS technology. Its core technology is to construct the flow generation and convergence
model based on DEM. Compared with other hydrological models, the most prominent
feature of this model is that it takes into account the characteristics of the basin and the
changes in underlying surface elements. Therefore, this model has been widely used in
flood research at home and abroad [11,12]. For example, Wu Bo [13] took The Village
of Gedong in Sanchuan River as an example and used the HEC-HMS hydrologic model
to simulate the field floods in the river basin, building a linear functional relationship
between land use change and the parameters of runoff and yield in the basin. Yucel [14]
used HEC-HMS to analyze the response of different precipitation products from a rain
gauge, radar, satellite, and a mesoscale NWP model to the flash flood event. Giannaros [15]
used the GPM-IMERG-based HEC-HMS to indicate the forthcoming flash flood and could
provide the peak at least 2 days in advance. Liu Chang et al. [16] constructed HEC-HMS
in the Jinjiang River basin as a typical region and conducted zoning calibration for model
parameters. Kang YanFu et al. [17] established the distributed HEC-HMS hydrological
model of the Zijingguan Basin as the research object and carried out parameter calibration
and model validation to improve the simulation accuracy. Xing ZiKang et al. [18] took the
Yangquan watershed of the Taohe River as an example to explore the feasibility of the HEC-
HMS model in mountain flood forecasting in data-deficient areas. Sardoii et al. [19] used
the HEC-HMS and Geographic Information System to simulate the rainfall-runoff process
in the Amirkabir watershed. Tassew et al. [20] used the Hydrologic Modelling System
(HEC-HMS) to simulate surface runoff for the Gilgel Abay Catchment, Upper Blue Nile
Basin, Ethiopia. Zelelew and Melesse [21] assessed the applicability of the Hydrological
Modelling Software (HEC-HMS) for a simulation of runoff. Juan Du et al. [22] compared
the flooding responses to urbanization processes in the Xiang River Basin (XRB) using the
Hydrologic Engineering Center-Hydrologic Modeling System (HEC-HMS) model.

Although the HEC-HMS model has been used and assessed widely, little effort has
been made to the model application evaluation before and after basin urbanization. During
the rapid development of urbanization, natural landscapes were transformed into imper-
vious surfaces and energy consumption increased. As a result, the city will be seriously
vulnerable to environmental and ecological changes such as water and air quality and urban
runoff [23,24]. In this paper, the Pu River Basin is taken as the research objection, and the
application evaluation before and after basin urbanization has been analyzed. The Pu River
is a middle-sized river with the largest drainage area and the longest length in Shenyang.
Shenyang is the old industrial base of Northeast China. The expansion of Shenyang City
and the construction of the development zone have changed the land use structure of the
Pu River Basin dramatically. Problems of water shortage and flood disasters in the basin
become more and more prominent. With the ecological corridor construction, the Pu River
has become a new economic highlight, not only in the city of Shenyang but also in the
province of Liaoning. Therefore, an accurate simulation of the flood process is critically
important to implement appropriate flood control and utilization of flood resources in
time. Using hydrological and remote sensing data, the HEC-HMS hydrological model is
built. Based on historically measured flood data, the model calibration and validation are
completed, too. Furthermore, the applicability of the HEC-HMS model before and after
urbanization and the parameter sensitivity are analyzed. The results can provide technical
support for the HEC-HMS model application in other urbanization basins.

2. Materials and Data
2.1. Study Area

Pu River (122◦40′48′′ E–123◦56′32′′ E, 41◦21′53′′ N–42◦4′15′′ N) has a total length of
205 km and a drainage area of 2610 km2. In Shenyang, the river length is 179.72 km,
and the drainage area is 2248 km2. Pu River Basin belongs to the temperate continental
monsoon climate, with an average annual rainfall of 647.4 mm, annual average evaporation
of 1435.1 mm, and an annual average temperature of 8.2 ◦C. The hilly area is mainly
distributed in the middle and upper reaches of the river, while the plain area is mainly
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distributed in the lower reaches of the river. The terrain of the Pu River Basin is shown in
Figure 1.
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Figure 1. General map of the Pu River Basin.

2.2. Hydrological Data

There are ten rain stations and six hydrological stations in the basin, the earliest year
for which data are available at all stations is 1975. In 2016, the construction of the Pu River
ecological corridor and water system connection was started. Considering the consistency
of flood data and the data integrity of all stations, we selected the rainfall-runoff data from
1975 to 2015 to analyze the model applicability before and after urbanization. Through
analyzing the change in land use and watershed runoff, it was known that 1995 was a
turning point in the process of urbanization [25]. In order to evaluate the application of the
HEC-HMS model in different urbanization periods, seventeen typical flood events (Table 1)
were screened out, among which ten flood events happened before 1995 and the others
happened after 1995. Before 1995, six flood events were used for model calibration and
4 flood events for model validation. After 1995, four flood events were used for model
calibration and three flood events for model validation.

Table 1. Statistics of floods.

Urbanization
Period

Calibration Validation
Start Date End Date Start Date End Date

Before
urbanization

7 July 1977 20 August 1977 21 July 1988 31 August 1988
22 June 1979 25 July 1979 21 July 1991 24 August 1991
7 June 1980 27 July 1980 29 July 1992 18 August 1992

22 June 1981 31 July 1981 25 June 1993 25 July 1993
23 July 1984 27 September 1984
24 July 1987 23 August 1987
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Table 1. Cont.

Urbanization
Period

Calibration Validation
Start Date End Date Start Date End Date

After
urbanization

1 July 2003 27 August 2003 30 July 2007 31 August 2007
22 July 2004 25 August 2004 10 July 2008 10 August 2008

1 August 2005 30 August 2005 1 July 2010 20 August 2010
30 July 2006 25 August 2006

3. Research Methods
3.1. Hydrological Model Methods Selection

HEC-HMS4.3 version consists of five parts to build the hydraulic model, which are
the grid regions, the basin models, the meteorological models, the control specifications,
and the time-series data. Among them, grid regions, basin models, and meteorological
models are completed by HEC-geoHMS. Grid regions and basin models in vector form are
imported into HEC-HMS. The Tyson polygon method is generally selected to determine
the weight of sub-basins in meteorological modules and the distribution of rainfall across
rainfall stations.

3.2. Loss Model

Considering the change in land use, the loss method selected is the SCS curve number.
In this method, the net rainfall is estimated as a function of accumulated rainfall, land cover,
land use, and previous humidity, as shown in Formula (1) [26].

Pe =
(P− Ia)

2

P− Ia + S
(1)

where Pe is effective rainfall; P is rainfall; Ia is an initial abstraction, assumed to be 20 percent
of S; S is potential maximum retention after runoff begins, which can be estimated by
Equation (2) [26].

S =
25400− 254CN

CN
(2)

where CN is the runoff curve number.

3.3. Transform Model

The unit hydrograph model describes the relationship between direct runoff and
rainfall. In this paper, the SCS unit hydrograph model is selected. Its core is a dimensionless
unimodal unit hydrograph.

The delay time of the SCS unit hydrograph model can be estimated by the confluence
time Tc, and the relationship is as follows:

Tlag = 0.6Tc (3)

where Tlag and Tc are in minutes.
The time of concentration can be estimated based on basin characteristics including

topography and the length of the reach by Kirpich’s formula [27].

Tc = 0.0078× (
L0.07

S0.385 ) (4)

where L is the reach length in feet, and S is the slope in (ft/ft).
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3.4. Base Flow Model

In this paper, the exponential recession model is used to consider the effect of base flow
on runoff. The parameters of the model include initial discharge Q0, recession constant k,
and ratio to peak. The base flow model is given by:

Qt = Q0kt (5)

3.5. Routing Model

The momentum equation and continuum equation in the Muskingum model are used
to calculate the confluence evolution of the river. The water storage in the river is assumed
to be a prism or a wedge, and the simplified finite difference method is used to approximate
the formula as follows [28].(

It−1 + It

2

)
−
(

Ot−1 + Ot

2

)
=

(
St − St−1

∆t

)
(6)

where It−1 and It are the vertical coordinates of the inflow process at time t − 1 and t of the
reach, respectively; Ot−1 and Ot are the vertical coordinates of the outflow process at time
t − 1 and t of the reach, respectively; St−1 and St are the water storage capacity of the reach
at time t − 1 and t, respectively.

The Muskingum model defines the storage capacity as:

St = KQt + KX(It −Qt) = K[XIt + (1− X)Qt] (7)

In which the prism storage in the reach is KQt, where K is a proportionality coefficient,
and the volume of the wedge storage is equal to KX(It −Qt), where X is a weighting factor
having a range of 0 ≤ X ≤ 0.5.

3.6. Accuracy Evaluation Methods

The performance of the model is mainly evaluated by PEV, PEPF, R2, and NSE.
The Percentage Error in Volume (PEV) accuracy evaluation formula is shown in

Formula (8):

PEV =
QS −Q0

Q0
× 100% (8)

In which Qs is the modeled flood volume, and Q0 is the observed flood volume.
The Percentage Error in Peak Flow (PEPF) accuracy evaluation formula is shown in

Formula (9):

PEPF =
qs − q0

q0
× 100% (9)

where qs is the modeled value of peak discharge and q0 is the observed peak discharge.
The Coefficient of correlation (R2) and the Nash–Sutcliffe Efficiency (NSE) can be

calculated by Equations (10) and (11), respectively.

R2 =

 ∑N
i=1
(
Oi −O

)
(Si − S)

[∑N
i=1 (Oi −O)

2
]0.5[∑N

i=1 (Si − S)
2
]
0.5


2

(10)

NSE = 1− ∑N
i=1 (Oi − Si)

2

∑N
i=1 (Oi −O)

2 (11)

where Oi and Si represent the observed and the simulated flow, respectively; O and S
denote the average values of the observed and the simulated flow, respectively.

The evaluation levels of each index are shown in Table 2 [29].
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Table 2. Evaluation standard and grade of hydrological model accuracy.

No. Performance Rating PEPF (%) PEV (%) NSE R2

1 Very good <±15 <±10 0.75–1 0.75–1
2 Good ±15–±30 ±10–±15 0.65–0.75 0.65–0.75
3 Satisfactory ±30–±40 ±15–±25 0.50–0.65 0.50–0.65
4 Unsatisfactory >±40 >±25 <0.50 <0.50

4. Results and Analysis
4.1. Model Building

According to the natural water division line, the sub-basins are generated. The
HEC-geoHMS module will extract DEM (30 m × 30 m) of Pu River Basin to analyze the
spatial unevenness of the underlying surface and the distribution of the river system,
and through sink filling, flow direction calculation, flow accumulation calculation, water
network extraction, and watershed boundary division, then a large watershed is divided
into several sub-basins by natural water division line (Figure 2). The characteristic values
of each sub-basin are also calculated by HEC-geoHMS (Table 3).
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Table 3. Characteristic values of each sub-basin in the study area.

Sub
Code

Area
(km2)

Perimeter
(km)

Basin Slope
(%)

Main River Flow
Flow Length (m) Slope (m/m)

W300 166.53 87.842 11.13 19,989 0.00070
W310 225.87 139.481 5.21 38,916 0.00257
W320 52.929 54.878 7.63 - -
W330 223.22 104.992 9.83 13,421 0.00052
W340 62.786 62.119 10.55 - -
W350 121.4 101.181 11.54 16,117 0.00056
W380 94.783 103.277 12.31 - -
W400 180.82 98.513 5.95 19,718 0.00036
W450 146.89 104.229 14.83 22,713 0.00048
W470 434.45 238.947 7.38 13,048 0.00031
W480 115.65 96.608 5.93 - -
W490 72.744 76.791 5.91 14,210 0.00035
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Table 3. Cont.

Sub
Code

Area
(km2)

Perimeter
(km)

Basin Slope
(%)

Main River Flow
Flow Length (m) Slope (m/m)

W500 87.549 81.364 2.39 - -
W520 70.729 73.742 6.28 9986 0.00030
W540 159.22 103.086 5.65 7355 0.00027

4.2. Determination of CN Value

As the most important parameter of the selected model method, CN value is an
empirical parameter obtained by the Soil Protection Agency through experimental analysis
of many small catchments in the United States, which is used to describe the relationship
between rainfall and runoff in a natural state. Later, it was extended to urban watersheds
to make the model predict approximate runoff. The major factors that determine CN are
soil type, land use type, and hydrological conditions [26]. A higher CN value represents
more runoff, and the CN value of the water body is 100 by default, which means that all
rainfall is converted into runoff.

In this paper, remote sensing images of 1985, 1989, 1995, 2000, 2005, and 2010 in the
study area were interpreted by the maximum likelihood method, and the soil texture was
determined by superimposed FAO soil data. The soil impervious rate of each sub-basin
was obtained, which was listed in Table 4.

Table 4. Statistics of impervious rate of sub-basins.

Sub Code
Impervious Rate

1985 1989 1995 2000 2005 2010

W310 0.41% 0.50% 16.10% 23.54% 37.42% 19.75%
W300 5.38% 5.76% 22.44% 67.14% 63.37% 52.10%
W320 58.45% 62.99% 84.37% 93.40% 91.40% 85.64%
W330 1.48% 1.73% 15.39% 24.56% 27.54% 32.79%
W340 2.79% 3.19% 6.11% 11.70% 15.79% 18.66%
W350 8.20% 10.05% 44.19% 67.31% 65.70% 61.54%
W380 4.09% 8.63% 11.33% 23.27% 27.86% 37.47%
W400 3.33% 5.98% 9.68% 26.33% 32.64% 45.99%
W450 5.50% 6.22% 18.41% 35.08% 49.36% 57.48%
W470 3.86% 6.84% 12.98% 35.20% 42.86% 58.70%
W480 4.69% 5.22% 10.81% 26.79% 35.51% 56.35%
W490 1.25% 6.35% 4.78% 20.86% 38.49% 51.10%
W500 1.75% 5.87% 7.94% 24.46% 37.35% 60.99%
W520 2.22% 5.15% 8.03% 24.90% 39.16% 52.75%
W540 2.23% 4.66% 10.09% 20.96% 32.51% 54.31%

It can be seen from Table 4 that 1995 was a turning point in the urbanization process.
Before 1995, most of the impervious rates were lower than 10% while after 1995, the
impervious rates increase deeply. In general, as the impervious area of the watershed
increases, the CN value should increase. The soil type and land use type in Pu River Basin
were treated by GIS and HEC-geoHMS to generate CNGrid [30]. Then, the weighted CN
value will be used to present the CN of each sub-basin. The formula of weighted CN is
as follows:

WCN =

n
∑

i=1
AiCNi

n
∑

i=1
Ai

(12)

where WCN is the weighted Curve Number; Ai is the drainage area of subdivisions; CNi
represents the CN initial value of subdivisions is calculated through CNGrid. It is worth
noting that the CN value is a parameter with high sensitivity to estimate runoff error.
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According to the urbanization process of Pu River Basin, two groups of parameters
are calculated respectively (Table 5).

Table 5. Computed values of WCN in sub-basins.

Sub-Basins W300 W310 W320 W330 W340 W350 W380 W400

WCN
before urbanization 71 76 68 78 82 72 75 67
after urbanization 84 91 81 85 95 87 89 85

Sub-basins W450 W470 W480 W490 W500 W520 W540

WCN
before urbanization 77 63 66 66 66 64 66
after urbanization 85 81 80 86 89 82 82

4.3. Model Calibration and Validation before Urbanization

Table 6 indicates the simulated and observed peak discharge and total runoff during
the calibration and validation periods before urbanization. It is found that the simulated
peak flow and volume are obviously close to the observed values. In both calibration and
validation periods, the values of PEPF are lower than ±15%, the performance rating is very
good. The values of PEV are lower than ±15%, which performance rating is good. To the
NSE and R2, only one event’s value is lower than 0.75 while others are all bigger than 0.75,
which performance is very good. All the evaluation results indicate the reliability of the
model and parameters.

Table 6. Evaluation results before urbanization.

Period Events
Peak Discharge (m3/s) PEPF Total Volume (mm) PEV

NSE R2
S O (%) S O (%)

Calibration

77,707 85.4 84.9 0.59 106.08 112.13 −5.4 0.877 0.888
79,622 71.5 73 −2.05 93.03 108 −13.86 0.906 0.919
80,607 67.1 63.7 5.34 61.7 54.27 13.69 0.895 0.902
81,622 69.7 64.6 7.89 77.52 69.92 10.87 0.841 0.854
84,723 120.7 134 −9.93 173.06 172.64 0.24 0.72 0.735
87,724 55.1 54 2.04 44.61 45.94 −2.9 0.874 0.912

Validation

88,721 77.5 80.5 −3.73 88.09 84.11 4.73 0.776 0.795
91,721 99.2 116 −14.48 100.71 88.54 13.75 0.87 0.882
92,729 46.9 49.8 −5.82 22.14 25.48 −13.11 0.886 0.917
93,625 59.8 63.5 −5.83 43.13 38.87 10.96 0.903 0.912

Notes: S and O respectively stand for simulated and observed values.

Figures 3 and 4 are the comparison between the simulated process and the observed
process in the calibration period and validation period respectively. It clearly indicates the
model’s feasibility for flood simulation in the urbanization basin.

4.4. Model Calibration and Validation after Urbanization

Table 7 indicates the simulated and observed peak discharge and total runoff during
the calibration and validation periods after urbanization. It is found that the values of
PEPF in both calibration and validation periods are lower than ±30%, and the performance
rating is good. The values of PEV are lower than ±10%, which performance rating is very
good. To the NSE and R2, all the values are bigger than 0.65, which performance is good.
The results indicate the reliability of the model and parameters.
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Table 7. Evaluation results after urbanization.

Period Events
Peak Discharge (m3/s) PEPF Total Volume (mm) PEV

NSE R2
S O (%) S O (%)

Calibration

03701 88.1 103 −14.47 151.99 146.96 3.42 0.875 0.879
04722 86.8 109 −20.37 83.28 76.62 8.69 0.847 0.858
05801 34.6 35.5 −2.54 34.26 34.61 −1.01 0.864 0.865
06730 20.7 18.4 12.5 21.61 23.67 −8.07 0.771 0.828

Validation
07730 38.2 48.2 −20.75 48.18 46.36 3.93 0.717 0.728
08710 88 125 −29.6 86.49 91.05 −5.01 0.687 0.689
10701 157 187 −16.04 194.98 215.87 −9.68 0.764 0.777

Note: S and O respectively stand for simulated and observed values.

Figures 5 and 6 are the comparison between the simulated process and observed
process in the calibration period and validation period respectively. It indicates the model’s
feasibility for flood simulation in the urbanization basin.
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While contrasting the evaluation results before and after urbanization, it can be seen
that the simulation accuracy of the model before urbanization is higher than that after
urbanization. The reason is that the loss method of the model is SCS, which is mainly
affected by the topography, soil type, land use, and other basin factors. Especially in
the river basin with a rapid urbanization process, the effect of model simulation will
be decreased.
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4.5. Parameters Sensitivity Analysis

A sensitivity analysis of the parameters is necessary for model calibration. It is
mainly to adjust sensitivity parameters for manual calibration. The fluctuation range of
the parameters is taken as ±30%, and the parameter value is changed at 5% as the interval
point to simulate until the simulated flood curve is close to the observed curve [31]. Then,
through the influence of the sensitivity of parameters on the peak flow (Figure 7a) and
runoff (Figure 7b), the optimized parameters are determined to complete the calibration
process of the model. In this paper, the HEC-HMS4.3 version was used to select the goal
minimization, and the parameter optimization was carried out in combination with the
root mean square error function.
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The sensitivity of parameters is mainly judged by the magnitude of difference value
increase or decrease. The larger the magnitude of the difference, the greater the sensitivity of
the parameters. The intuitive performance on the graph is the absolute value of the tangent
slope of the curve. The greater the tangent slope, the greater the sensitivity. Prioritize
the adjustment of sensitive parameters and combine the simulated peak flow and runoff
changes to quickly find parameters and optimize the model.

The sensitivity ranking of the parameters affecting the peak discharge is Time Lag > Curve
Number > K > Impervious > Initial Abstraction > X > Recession Constant > Initial Dis-
charge > Ratio to Peak. The sensitivity ranking of the parameters affecting the runoff is Curve
Number > Initial Abstraction > Impervious > Time Lag > Recession Constant > Initial Dis-
charge > Ratio to Peak > K > X. Comparing the size of the two sequences, it can be concluded
that the main parameters that affect the model are curve number, initial abstraction, impervi-
ousness, and time lag. In the actual process, the specific changes of peak discharge and runoff
are combined to achieve precise parameter adjustment.

5. Conclusions

The study shows that the HEC-HMS model is suitable for the flood simulation of
urbanization basins and can obtain good performance. Arcgis and HEC-geoHMS are used
to process hydrological elements and calculate watershed characteristic values, laying
a certain foundation for selecting appropriate methods for the construction of the HEC-
HMS model. For parameter sensitivity analysis, manual parameter adjustment can be
carried out quickly. In combination with HEC-HMS target minimization, model parameter
adjustment can be carried out by mean-variance function, and appropriate parameters can
be finally determined. Through parameter sensitivity analysis, it is concluded that the main
parameters affecting the model are curve number, initial abstraction, imperviousness, and
time lag.
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Furthermore, it should be noted that the selection of loss of the SCS method should
fully consider the changes in terrain, soil types, and land use. For the basins with rapid
urbanization development, it needs an interval of time to calibrate the model. Based on the
study of this paper, we can further deepen the analysis of hydrological phenomena in the
urbanization basin, and study the impact of the change of underlying surface structure of
urbanization on the process of flood yield and concentration. In the future research process,
the reliability of the model should be further verified by comparing the changes of the main
sensitive parameters in the years with rapid urbanization development.
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