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Abstract: A waterlogging assessment framework based on the stormwater management model
(SWMM), considering the microtopography, is proposed (taking into account the complexity of the
underlying surface, which contains various micro-surface features within the Chinese ancient city
site). We used the ancient city site of PuZhou as the study case and the framework is detailed in
this paper. First, the land cover was classified by combining the analysis of UAVs and field surveys;
subsequently, a revised sub-catchment division method considering the land cover was proposed
to obtain more accurate and reliable sub-catchments; thirdly, the parameters used in SWMM were
determined by analyzing the micro-surface features; finally, the inundation area was calculated
based on the SWMM-GIS. To verify the advantage of our proposed framework, two comparative
experiments where the land cover and the micro-surface features were not considered in the stages of
the sub-catchment division and parameter estimations were carried out. The simulated inundation
area derived from our proposed framework with the return periods of 10a., 50a., 100a., and 1000a.
were (separately) 22,500 m2, 29,500 m2, 33,600 m2, and 44,200 m2, which are more in line with the
actual situation compared with the two designed comparative experiments. The experimental results
show that our proposed framework has significant meaning to the waterlogging assessment on the
Chinese ancient city site.

Keywords: waterlogging assessment; oblique UVAs images; SWMM; Chinese ancient city site

1. Introduction
1.1. Background

China’s ancient city sites are important parts of our cultural heritage and have impor-
tant historical, cultural, and economic values. As global warming and extreme weather
events intensify, the natural disaster risks of China’s ancient city sites increase [1]. China’s
ancient city sites, which are surrounded by city walls, have relatively closed spaces and
are more seriously damaged by waterlogging, which is caused by accumulated rainwater
that cannot be drained in time. To further protect the cultural heritages within the ancient
city sites, it is necessary to carry out research on waterlogging risk assessments in China’s
ancient city sites [2,3].

A hydrological hydrodynamic simulation method based on the stormwater manage-
ment model (SWMM), which can effectively simulate waterlogging mechanisms, is one
of the most popular methods used for waterlogging risk assessments. Many previous
works have demonstrated that selecting the parameters is the key to the success of this
type of method [4]. In other words, the parameters used in the SWMM should be modified
according to the specified study object. For example, Janet Barco et al. [5] proposed an
automatic calibration method of the U.S. EPA SWMM model for the large urban catchment;
Kong F. et al. [6] explored the hydrological responses of stormwater runoff characteristics
to four different land use conversion scenarios at the city scale using GIS-based SWMM,;
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G. Krebs et al. [7] presented a high-resolution SWMM model for a highly-urbanized small
catchment located in Southern Finland.

For China’s ancient city sites, there are various micro-surface features (such as small
soil slopes, ponds, paddy fields, etc.) due to ancient human farming and long-term natural
erosion. These micro-surface features have important impacts on the parameter selection
in the process of constructing the SWMM as there are various cultural heritages within
the ancient city sites. On the one hand, survey data with higher resolutions are required
to obtain micro-terrain characteristics; on the other hand, some micro-surface features
have their own influence mechanisms of hydrological characteristics, such as surface
runoff, rainfall infiltration, and surface water storage, which cannot be ignored [8]. Hence,
how to construct the hydrodynamic model for Chinese ancient city sites, considering
microtopography, is important.

1.2. Related Works
1.2.1. SWMM

SWMM is a hydrological hydrodynamic method that can simulate the occurrence and
evolution processes of floods by constructing the rain flood model in the study area and
can realize the visualization of flood inundation range, characteristics, and distribution [9].
It was developed by the EPA in the 1970s and has been recognized all over the world in
terms of applicability and application [10].

In its early days, SWMM was only used for simulation. Javier temprano et al. [11]
made use of SWMM to predict pollution in rainy weather in a combined sewer system
catchment in Santander, Spain. Liu, J. et al. [12] constructed a rainfall-runoff model based
on SWMM, which suited flooding and drainage characteristics in Shanghai to simulate
flooding management. With the continuous demand improvements, some people gradually
combined geographic information system (GIS) visualization technology or coupled other
models for simulation to achieve high-precision simulation effects. In [13], an alternative
approach to catchment discretization based on GIS was proposed and the automatic dis-
cretization approach was successfully applied to rainfall-runoff modeling in Macau using
SWMM. Pawan Kumar Rai et al. [14] developed a GIS-based auto-calibrated SWMM, which
was used to model the flood-prone Brahmani River watershed in India. However, these
constructed SWMMs ignored the influence of microtopography on the simulated results.
In fact, microtopography, which refers to the terrain with little surface fluctuation in the
small-scale range, such as depressions and small hills, will affect the generation of slope
runoff and other hydrological processes, thus affecting the accuracy of the model [15].

To overcome this limitation, in recent years, some researchers have turned their atten-
tion to the impacts of surface micro-terrains and surface roughness on surface hydrological
characteristics. For example, LAN Zeng et al. [16] proposed a d-vca model, which com-
bined the simulation of the hydrological process with the surface terrain analysis program,
making the results of the model more accurate by considering the influence of micro-terrain
factors such as depressions. S. Frei et al. [17] evaluated the complex hydrologic dynamics
of a riparian wetland with micro-topography through a virtual modeling experiment and
showed the effects of micro-topography on the complex hydrological process dynamics.
Christian H. Mohr et al. [18] used rainfall simulations to examine the hydrologic response
of soil to clear-cutting using rainfall simulations; their experimental results showed that the
impact of microtopography on surface runoff connectivity and water-repellent properties
of the topsoil acted as first-order controls for the hydrological and erosion processes in
such environments.

1.2.2. The Acquisition of the Microtopography

The digital elevation model (DEM) is a digital simulation of ground terrain through
limited terrain elevation data and has been proven to be one of the most important data
models affecting the accuracy of the hydrological hydrodynamic model [19]. Nowadays,
how to obtain DEM with the best resolution to reduce the impact of micro-terrains on
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the simulation results is a research hotspot. For example, Jing Li et al. [20] compared the
impacts of different DEM data on flood simulation results. They analyzed the precautions
for hydrological application using river network data derived from a DEM and the diffi-
culty of coordinating the differences between elevation data from different sources and
different resolutions. A. Thomas et al. [21] determined an optimal DEM resolution that
is used in agricultural landscape areas with complex terrain dominated by micro-terrain
features by comparing a series of different DEM products and simulation accuracies under
different resolutions.

In terms of terrain data acquisition, the National Elevation Dataset (NED), Space
Shuttle Radar Terrain Mission (SRTM) data, and optical detection and ranging (LIDAR) data
have become the main terrain data sources for the hydrological hydrodynamic model. The
digital elevation model derived from SRTM, with low precision and resolution, inevitably
damages the quality of the hydraulic model and flood risk map [22-24]. In recent years,
the development of UAV photogrammetry technology has provided new technical means
for terrain data acquisition and has been proven in many fields. Compared with traditional
ground topographic surveys and laser scanning programs, the cost is lower. Moreover,
the UAV technique is more flexible and can carry different sensors for flight operation
to obtain a high-resolution digital elevation model according to different environmental
requirements [25].

In recent years, researchers have focused on the application of UAVs in hydraulic
modeling. Perks et al. [26] applied UAV technology to capture real-time video and estimate
the free surface velocity by tracking the motion of objects in the water in the burn flood
event in Allis, Scotland. In research by LEIT a et al. [27], the digital elevation model derived
from the UAV images (UAVs) was reconstructed for the urban surface flow modeling to
potentially connect the drainage model of Swiss towns. Mourato et al. [28] developed
a digital surface runoff model based on UAVs for flood disaster mapping. Hashemi
Beni et al. [29] used a DEM derived from UAVs to investigate the spatial flood assessment
mapping and assessed the extent of flood events in Princeville, North Carolina. They
highlighted the challenges related to the on-demand digital elevation model generation
during flood events. In research by Lee et al. [30], the ground point was extracted by using
a point cloud obtained from UAVs with Terra Scan software and the DEM was constructed
using the region growth algorithm for river management.

1.3. Motivations

In this paper, we constructed a framework for assessing the waterlogging of China’s
ancient city sites, so that the assessment results can be used in the risk mitigation processes
in China’s ancient city sites. A waterlogging assessment framework of China’s ancient city
sites (considering microtopography) is presented in this paper. The main contributions of
this paper are listed as follows.

e  The hydrodynamic model of the ancient city site (relying on UAVs) was constructed
based on SWMM and GIS technology; a new sub-catchment area division method
is proposed.

e A new sub-catchment division method and the influence of pond factors on surface
runoff are discussed, respectively, which will provide a reference for the flood control
and disaster reduction measures of urban site cultural relics in the future.

The rest of this paper is organized as follows: Section 2 presents a brief introduction to
the SWMM and the materials. Section 3 details the outline of the waterlogging assessment
based on SWMM. Section 4 presents the performance and discusses the experimental
results followed by a comparative analysis. Finally, Section 5 concludes this paper.

2. Study Area and Materials
2.1. Study Area

The ancient city site of PuZhou is located on the east bank of the Yellow River, in
Yongiji city, south of Shanxi province (Figure 1a), and is about 150 km from the ancient city
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of Xi’an. It contains an inner-city and outer-city (Figure 1b), is 2.49 km long from east to
west, and 1.71 km wide from north to south, with an area of about 4.26 square kilometers.
The PuZhou ancient city—with 5000 years of history—is a typical ancient city and has
experienced various dynasties in China. The preserved site is a rare ‘material’ that could be
used to study the historical development of China’s ancient city walls. In 2001 and 2003,
the State Council announced that the ancient city site of PuZhou was the fifth batch of
national key cultural relic protection units and that it was included in the second batch of
the national archaeological site park construction project list, separately. Figure 1c,d show
the west gate of the PuZhou ancient city and the urn city at the north gate of the PuZhou
ancient city, separately. Because of its proximity to the Yellow River, the ancient city site of
PuZhou is threatened by the water of the Yellow River due to the Ming Dynasty. In the
autumn of 1946, the Yellow River rose again, the riverbed was higher than the city, and the
residents of the city moved out. The surviving ancient city of PuZhou is the Ming Jiajing,
34 years (1606) rebuilt. The wall, which was built in the Ming Dynasty, is now only 1 m
high and is exposed to the ground.
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Figure 1. (a) The location of the ancient city site of PuZhou; (b) the top view of the ancient city site
of PuZhou; (c) the west gate of the ancient city of PuZhou; (d) the urn city at the north gate of the
ancient city of PuZhou.

The temporal and spatial distributions of precipitation in the area where the ancient
city site of PuZhou is located are uneven, the annual average precipitation is between 500
and 600 mm, and the rainfall distribution decreases from southeast to northwest. Rainfall
is unevenly distributed in time. According to the analysis of meteorological data, the
annual average precipitation is 504.7 mm (1972-2000), with 48% in the summer, 29% in the
autumn, 20% in the spring, and only 3% in the winter. The interannual variation range of
precipitation is not small, reaching 919.2 mm at most and 288.0 mm at the “youngest’, with
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a variation of more than three times. This brings many inconveniences and even disasters
to agriculture, industries, and lives.

2.2. SWMM Model

There are three kinds of water routing models in SWMM: the steady flow routing
model, kinematic wave routing model, and dynamic wave routing model. The dynamic
wave routing model was selected for this project [31]. The flow route of the channels and
pipelines was controlled by the de Saint-Venant equation. For the gradually changing
unsteady flow, the de Saint-Venant equation consists of the mass conservation equation
(Equation (1)) and the momentum conservation equation (Equation (2)). In the transport
carriage, SWMM uses the explicit finite difference method to solve the de Saint-Venant
equation, step-by-step [32]:

0Q 0A

Tt T M
8_h+1/a_A+la_v_s —s 2)
dx = got got O °f

where Q is the flow, A is the cross-sectional area of the flow, & is the depth of water, x is the
longitudinal distance, ¢ is the time, g is the gravitational acceleration, sy is the river slope,
sf is friction. The EPA storm SWMM 5 [33], which can provide all features required to
meet the objectives of this research, was selected for this study. The rainfall /runoff and the
flow routing module were used to simulate the stormwater flow from the ground surface
through this software.

2.3. Data Acquisition and Preprocessing

On 19 May 2021, a digital protection project was carried out to meet the requirements
of the flood assessment in the ancient city site of PuZhou. In this project, the UAV images
were collected by a Phantom 4 Pro-DJI system, which is developed by DJI Company and is
composed of one FC6310R camera, as shown in Figure 2. The camera FC6310R had a sensor
size of 20 MP, a pixel size of 2.4 um, a radiometric resolution of 8 bit, multi-directional
motion compensation, a maximum rate of 0.3 s per image, and an 8.8 mm lens. Table 1
shows the basic information about the FC6310R camera.

(a) (b)
Figure 2. Data acquisition of (a) the Phantom 4 Pro-DJI system; (b) the job scenarios.

Table 1. The basic information of the camera FC6310R.

Focus Width/Pixel x The Size of . .
Camera Length/mm Height/Pixel Pixel Flight Height/m
FC6310R 8.8 5472 x 3648 24 pum x 2.4 pm 425

In the process of data acquisition, the approximate image overlap in the nadir view is
set as 70% in flight and 50% across flight directions. With a flying height of around 160 m
above ground and baselines of approximately 45 m, the base-to-height ratio is about 0.3.
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The ground sampling distance (GSD) for all cameras is approximately 5 cm. The Phantom
4 Pro-DJI system can automatically plan the flight path and manage the photo acquisition
based on information. A total of 1673 photos were collected.

Here, the commercial software package ContextCapture Master was used to process
the collected images. The GPS data of the images generated by GNSS of the Phantom 4
Pro-DJI system were conducted in the reference system WGS84/UTM Zone 49N, and were
used for further investigations. For 331,919 tie points, the reprojection error (RMS) was
0.54 pixels and the median resolution equaled 0.0438 m/pixel through the bundle block
adjustment. The orthophoto and dense image matching (DIM) points were separately
generated. We inputted the generated DIM points into the ArcGIS to produce the DEM and
contour map with the help of the corresponding tool. The generated orthophoto, contour
map, and DEM are shown in Figure 3.

=1500  =1000 =500 0 500 1000

Figure 3. The generated (a) orthophoto; (b) contour map and DEM.

3. The Framework of the Waterlogging Assessment Considering Microtopography

As shown in Figure 4, the proposed framework of the waterlogging assessment on the
ancient city site of PuZhou was divided into four parts: (1) land cover classification com-
bining the analysis of UAVs and the field survey; (2) sub-catchment division considering
the land cover; (3) model parameter determination; (4) inundation range calculation based
on the SWMM-GIS. Each part is described as follows.

| Captured UAVs |
orthophoto DEM Designed rainfall
(1)Land cover classification o
combining the analysis of orthophoto |  (2)sub-catchment division
and field survey considering the land cover
¥ +
Land cover | Sub-catchments |
I |
1
(3)model parameters determination
h A
parameters I—bl SWMM |
I
(4)inundation range calculation
based on the SWMM-GIS
\ 2
| Inundation range |

Figure 4. The outline of the waterlogging assessment on the ancient city site of PuZhou.

3.1. Land Cover Classification Combining the Analysis of Orthophoto and the Field Survey

Land cover is the physical material at the surface of the earth and can be divided
into 17 classifications, including grass, asphalt, trees, bare ground, water, etc., according
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to the International Geosphere-Biosphere Program (IGBP). It plays an important role in
the processing of the parameter estimation in the SWMM. Considering that the area of the
ancient city site of PuZhou is small, the small misclassifications will damage the simulated
results. Although some automatic classification methods can be applied for the land cover
of the UAVs, the classification accuracy of land cover is still low.

To obtain accurate and reliable classification results, a method combining the analysis
of the orthophoto generated by the collected UAVs in Section 2.3 and the field survey is
used in this paper. The process of capturing the land cover is listed as follows:

At first, the initial ground scene is manually labeled on the generated orthophoto.
Secondly, the ground scene information is checked based on the field survey. If the
labeled ground scene is not consistent with the true ground scene, the ground scene
information is revised.

e  Finally, the ground scene is converted to the corresponding land cover based on the
classification criteria of the land cover.

The land covers within the ancient city site of PuZhou contain a cultural relic element,
an orchard, house, and fish pond (shown in Figure 5).
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Figure 5. Generated land cover of the ancient city site of PuZhou, combining the UAVs and
field survey.

3.2. Sub-Catchment Division Considering the Land Cover

Sub-catchment is an area in which surface runoff or other substances converge to a
common outlet; it is an enclosed area [34]. The popular sub-catchment division methods can
be divided into two categories: the hydrological methods based on the deterministic eight-
node (D8) algorithm [35] and the geometric methods based on Voronoi (Tyson polygon) [36].
The former divides the whole area into grids and assumes that the water within a single
grid can only flow into one of the adjacent grids. The direction of the water flow can be
calculated by dividing the height difference between the central grid and the adjacent grid
by the distance between these two grids. The area of the ancient city site of PuZhou is small
and the slope of the land is gentle. This brings difficulties for the precise calculation of the
flow direction of the water based on the D8 algorithm.

The geometric methods based on Voronoi first estimate the nodes according to the
research objectives; then, a region for each node based on a group of nodes is defined. Each
point in the region is closer to the starting node of the region than any other node. Figure 6
shows the construction process of a Voronoi diagram. The catchment area determined by
this type of method has the catchment ridge line with the same flow direction and contains
a variety of surface feature types.
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(a) (b) (0

Figure 6. The construction process of the Voronoi diagram, (a) the selected nodes; (b) the Delaunay

triangle; (c) Voronoi diagram.

Although the divided sub-catchment based on Voronoi has the conditions for the
model analysis, there are still some limitations to China’s ancient city site. On the one hand,
the ancient city site of PuZhou lacks a complete drainage system and information on the
pipe network and nodes. It is hard to construct Tyson polygons to obtain a high-precision
sub-catchment range by using the traditional method alone to construct Tyson polygons
based on nodes. On the other hand, different subsurface types correspond to different
Manning coefficients. If the refinement is not continued, there is a large uncertainty factor
when setting the catchment area parameters in the later SWMM construction.

To obtain high precision sub-catchments, a modified geometric method based on
Voronoi is proposed. The process is described as follows:

e  The lowest points within the local area are selected as the nodes based on the DEM;
then, the derived nodes are used to construct a Tyson polygon and obtain the initial
sub-catchment area.

e  Toimprove the accuracy of simulation results, the surface type data in the city site area
and the surface type data (divided into five categories: farmland, pond, forest land,
hardened road, and house) are superimposed with the roughly divided catchment
area to obtain several map spots.

e  Finally, the sub-catchment area is manually corrected to obtain a high-precision sub-
catchment area range map.

It can be seen in Figure 7 that the number of corrected sub-catchment areas is adjusted
to 8. Compared with generated sub-catchment areas by the traditional Voronoi method,
the modified sub-catchment areas reflect the factors of runoff changes caused by surface
types and human activities, make the model simpler, and reduce the calculation time.

Figure 7. The generated sub-catchment areas by (a) the Voronoi method; (b) the modified geometric
method based on Voronoi.

3.3. Model Parameters Determination

The parameters used in the SWMM model are divided into deterministic parameters
and uncertain parameters. Deterministic parameters, such as the pipe network length,
shape, size, sub-catchment area, slope, impermeability percentage, etc., were obtained
through basic data processing. The uncertain parameters were determined by the reference
value provided by SWMM, including the Manning coefficient of the permeable area,
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impervious area, pipeline and river channel, depression water storage of permeable area,
and impervious area [37].

3.3.1. Calculation of Impermeability Considering Fish Ponds

Imperviousness is an important parameter that influences the simulation results [38].
Numerous studies have shown that parameters that play important roles in the SWMM,
such as the runoff coefficient and flood flow, are positively correlated with impervious-
ness [39]. How to obtain the accurate imperviousness is particularly important. At present,
many scholars focus on the improved various extraction algorithms to extract more imper-
vious surface information in the region (in remote sensing images) to reduce the confluence
flow influence [40,41]. However, in addition to the feature classification extraction accuracy,
the influence of microtopography on the runoff during confluence needs to be considered.
This influence is often reflected in the simulations by parameters such as imperviousness.

In the rainfall process, the physical process of runoff generated by the fish pond is
complex. As shown in Figure 8, Q represents the surrounding surface runoff, D represents
the depth of the fish pond, and d; represents the depth of runoff generated by the pond.
After evaporation and infiltration, rainwater generates runoff inside the pond, but unlike
the surface runoff on the plane, the runoff generated will not converge outward. Through a
field investigation, it was found that the depth d of the pond in the site area was generally
about 3 m, which was far greater than the sum of the runoff generated by the pond during
rainfall and the surrounding surface runoff. Therefore, to obtain high-precision simulation
results, the influence of the pond must be considered.

Rainfall Evaporation
Q Q
I

Infiltration

Figure 8. Evolution of fish pond runoff generation during rainfall.

This paper proposes an imperviousness calculation method considering fish ponds.
The method uses GIS to extract the impervious surface of the site area through land use data
to obtain impervious surface information for each sub-catchment. To reduce the impact of
ponds on the runoff, the area occupied by ponds was removed from the total area of each
sub-catchment to reduce the impact of ponds on the total runoff during rainfall, as shown
in Figure 9.
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Figure 9. (a) The extracted impervious area; (b) the extracted impervious area without fish ponds.
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After obtaining the impervious area, the impervious rate of each sub-catchment area
can be calculated by using Formula (3) with the help of CAD software.

R =21 % 100% 3)

where R—impervious rate (%); S;—the area of impervious land cover (m?) (including
roads, houses, hardened floors, etc.; S,—the area of sub-catchment (mz).

The area of each imperviousness sub-catchment is shown in Figure 10. C-Imperv
and Z-Imperv represent the impervious rates before and after removing the fish pond,
respectively. It is obvious that the impervious rate increases significantly when the fish
ponds are considered, and the highest impervious rate and the lowest impervious rates are
28% and 1.9%.

Z-Imperv
C-Imperv

55%
50(%) | 28.00%

25.00%
45%
40%

35%

(]
wn

%

Imperv(%)
g
N

23.00%
2.00%
& 12.00%

20% | 11.00%

4.30% 8.00%

o, S 3.00%
5% ase% 2:30% 1.90%

1.90% 1.50% 2.00%

0%

7H-1 7H-2 7H-3 7H-4 7H-5 7H-6 7H-7 7H-8

Catchment area

Figure 10. The area of each imperviousness sub-catchment.

Moreover, the fish ponds impact the calculation of the slope of the sub-catchment
area. To obtain the accurate slope of the sub-catchment area, we used the revised digital
elevation model, which is derived from the original DEM through the filling processing to
calculate the average slope of each sub-catchment area with the help of ArcGIS. Besides
the impermeability, the other deterministic parameters contain the area and slope of the
sub-catchment. After the sub-catchment division, the area and slope of the sub-catchment
area can be automatically calculated.

3.3.2. Uncertain Parameters

Uncertain parameters are mainly used for the dynamic simulation of rainwater infil-
tration in SWMM. Compared with the city, the area of the ancient city site of PuZhou is
small and the soil type contained in the same sub-catchment area is single. To better reflect
the infiltration effect of the underlying surface of the ancient city of PuZhou, the Horton
model, which is most commonly used to represent the change in stormwater infiltration
rates over time as well as predict the infiltration rates for saturated and unsaturated soils,
was selected for this paper. The parameters used in the Horton model mainly included the
maximum infiltration rate, minimum infiltration rate, attenuation constant, drainage time,
and maximum infiltration volume. Combined with the reference value given by SWMM
and the soil texture of the ancient city site of PuZhou, the parameter value was determined
as shown in Table 2.
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Table 2. Uncertain parameters used in SWMM model.
Parameter Description Reference Value
Range

N-Imperv Manning coefficient of impermeable areas 0.006~0.05 0.012
N-Perv Manning coefficient for permeable areas 0.08~0.5 0.24

S-Imperv Depression storage of impervious area/mm 0.2~5 1.3
S-Perv Depression storage in permeable areas/mm 2~10 5

Max-Rate Maximum infiltration rate (mm/h) 25~75 25

Min-Rate Minimum infiltration rate(mm/h) 0~10 1.52
Decay Infiltration decay constant (1/h) 2~7 3

The uncertainty parameters, mainly the empirical parameter values, were set according
to the ground characteristics of the ancient city of PuZhou, and the parameter values were
set with reference to the SWMM model manual and relevant literature at home and abroad.
As shown in Table 2, the Manning coefficients of the impervious area and permeable area
were set as 0.012 and 0.24, respectively. The depression storages in the impervious and
permeable areas were set to 1.3 and 5.

3.4. Inundation Range Calculation Based on the SWMM-GIS

Although the SWMM can calculate the surface runoff of the study area during the
rainstorm process, which includes infiltration and evaporation, it is difficult to obtain
the flood-inundated area and the depth of waterlogging caused by the overflow in the
rainwater and flood management of the real city site. In view of this, this paper used the
GIS spatial analysis function to convert the surface runoff depth output by SWMM under
different scenario simulations into the inundation range and inundation depth of the city
site, and realized the calculation and analysis of the inundation range and inundation depth
of the waterlogged area. The process is shown in Figure 11. The flood inundated area and
depth, which indicate the flood information, were the main aspects to be researched.

Runoff depth Catchment area DEM Constant water
D; M - level H;

Retained water Q; Bubmerged volumeV; [¢—

l |

Fy,=Q;-V; N

Fp, is it equal
t0 0?

Retumn to the optimal
solution at the end of

the operation H;
Figure 11. Inundation range calculation based on SWMM-GIS.

The specific method was to continuously give the flood water level H; in GIS, calculate
the volume V; of the corresponding inundation area on the basis of DEM; subsequently,
we compared it to the simulated retained flood water volume Q;, used the dichotomy
approximation algorithm to continuously iterate, found out the volume closest to the
out-of-limit flood water volume, and calculated the water inundation perimeter.

Qi=D; x5; 4)
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Vi=) (Hi —hi)a; )

M-

I
—

where H; is the given flood level, }; is the elevation of the grid; #; is the inundated cell area;
n is the inundated connectivity.

4. Experiment

To evaluate the performance of our proposed framework, three experiments were
carried out in this section. The detailed data of the three experiments are listed as follows:

e Inthe first experiment, the SWMM constructed based on our proposed framework was
labeled SWjy. The study area was divided into eight sub-catchments and the parameters
used in SW; were estimated when the micro-surface features were considered.

e In the second experiment, the SWMM, which is labeled SW;, was constructed using
the general sub-catchment division method. It included 19 sub-catchment areas in
total and the other parameter calculation method remained unchanged.

e  The third SWMM, which is labeled SW;, was constructed by using the modified sub-
catchment division method; however, the influence of the fish pond and the other
micro-terrain were not considered in the parameter calculation.

Before the experiments, the rainfall should be designed. This section consists of two
parts: (1) rainfall designing; (2) experimental results and analysis.

4.1. Rainfall Designing

The Chicago rainfall model, which was put forward by Keifer and Chu in 1957, is
an uneven rainfall model based on the intensity—duration—frequency relationship and has
been widely used in the assessment of floods. In this paper, the rainfall intensities for each
duration and a set of selected return periods were calculated according to the rainstorm
intensity (Formula (6)) in Yuncheng City.

993.7(1 4+ 1.041log T)

6
t+10.30-65 ©)

t=t+1t 7)

where g—the average rainfall intensity(L/s-ha); T—the return period of the designed
rainfall; t+—is the rainfall duration (min); ;—the groundwater collection time(min), which
is set based on the distance, slope, and land cover (it is usually set at 5-15 min); f{,—time of
rainwater prevalence in the pipe (min), which is the average rainfall intensity. In this paper,
the rainfall duration was set as 3 h and the peak coefficient was set as 0.3. The rainfall
characteristic values of different rainfall repetition periods are shown in Table 3. When the
rainfall peak coefficient is 0.3, the rainfall time curve of each repetition period is shown in
Figure 12.

Table 3. The parameters of each return period.

Average
Return Period Total Rainfall Duration Time Rainfall Rainfall Peak
(@) (mm) (min) Intensity Coefficient
(mm/h)
10 71.44 180 24.073 0.3
50 96.89 180 32.652 0.3
100 109.04 180 36.347 0.3

1000 144.28 180 48.619 0.3
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Figure 12. Rainfall duration of each return period.

4.2. Experimental Results and Analysis
4.2.1. Calibration and Validation of Parameters under Different Rainfall Conditions

The continuity error of the simulated surface runoff derived from the three constructed
SWMM models with four return periods was less than 2% and the simulation surface runoff
was reasonable, according to the guidelines of SWMM.

To verify whether the designed models were reasonable without the measured data of
the relevant actual runoff coefficient of the ancient city site of PuZhou, a comprehensive
runoff coefficient method proposed by Liu xingpo et al. [42] was used. This method selected
the coefficient of variation (Cv) as the evaluation index. The calculation formula of Cv is
shown in Formula (8).

Cv() = Al;” « 100% ®)

In this formula, Cv (1) is the coefficient of variant; Ay is the difference between the
simulated comprehensive runoff coefficient and the actual comprehensive runoff coeffi-
cient; ¢ is the average of the simulated comprehensive runoff coefficient and the actual
comprehensive runoff coefficient.

According to the underlying surface type of the ancient city site of PuZhou, and
referring to the SWMM manual, the pavement was regarded as the impervious surface, and
the runoff coefficient of the pavement and roof was labeled as 0.9. The actual comprehensive
runoff coefficient of the study area was weighted according to the distribution of the forest
land, roof, and road in each sub-catchment area and the actual comprehensive runoff
coefficient of the overall study area was 0.604, as shown in Table 4.

Table 4. The comprehensive runoff coefficient calculation.

. Comprehensive
Study Area Underlying Ares (ha.) Rur}o'f f Area Ratio Runoff
Surface Type Coefficient . .
Coefficient

building 10.80 0.9 4.5

PuZhou ancient forest 100.65 0.45 33.6 0.604

city site road 27.89 0.9 6.6 :

cultivated land 150.01 0.5 55.3

The simulated comprehensive runoff coefficient was calculated by the simulated
surface runoff value and was simulated and output by the results of the rainfall return
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periods 10a., 50a., 100a., and 1000a. as shown in Figure 13. With the different return periods
of the rainfall, the calculated runoff coefficients of the variation derived from SWy, SW;y,
and SW, are shown in Table 5.

23.694

22.204

20.589

Surface runoff Chm?-m)

10 | SW[
—SW,
—SW,

10a 50a 100a 1000a

Return period (a)

Figure 13. The simulated surface runoff with different return periods of rainfall.

Table 5. The runoff coefficient of variation (Cv) in the ancient city site of PuZhou.

SWy SW; SW,
Study Return  Rainfall Area (ha) Simulated Simulated Simulated
Area Period (mm.) rea tha. Comprehensive Cv Comprehensive Cv Comprehensive Cv
Runoff Coefficient Runoff Coefficient Runoff Coefficient
10a. 71.44 0.628 3.9% 0.632 4.6% 0.631 4.4%
50a. 96.89 426 0.579 —4.2% 0.576 —4.7% 0.577 —4.6%
100a. 109.04 0.631 44% 0.633 4.8% 0.633 4.8%
1000a. 144.28 0.576 —4.7% 0.575 —4.9% 0.575 —4.9%

As shown in Table 5, the calculated Cvs, which increase with the increase of the
return period, are within £5%. The constructed SWMM models in the three experiments
are reasonable according to the former research conclusion [42]. The runoff coefficients
of variation derived from SW;, were 3.9%, —4.2%, 4.4%, and —4.7% under the different
repetition periods of rainfall, respectively. Compared with SW, the Cvs of SW; and SW,
were larger with the same return periods of rainfall. This shows that the SW; constructed,
based on our proposed method, is closer to the actual situation.

4.2.2. The Extent of Inundation at the PuZhou Ancient City Site

Runoff depth refers to the depth of the water layer obtained by flattening the total
amount of runoff on a certain overflow section over the watershed area above the section
during the calculation period. It is important data used for calculating the inundation
range [43]. Based on the simulation of the SWMM model, the surface runoff depths of the
ancient city of PuZhou with the return periods of 10a., 50a., 100a., and 1000a. are shown
in Figure 14. The maximum runoff appeared in sub-catchment area 3 and reached 36.19,
55.61, 65.89, and 94.26 mm, respectively; the minimum runoff was in the sub-catchment
area and reached 12.68, 22.11, 27.8, and 43.27 mm, respectively.
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Figure 14. The flood depth of the inundated sub-catchment area. Return period of rainfall is (a) 10a.,
(b) 50a., (c) 100a., (d) 1000a.

Relying on the GIS, the best water level value of each sub-catchment area was calcu-
lated when the different flood water levels were given. As shown in Table 6, the water level
value of each sub-catchment area was almost the same with the same rainfall return period

(as the slope of the ancient site of PuZhou is relatively slow).

Table 6. The best flood level of each sub-catchment.

Sub-Catchment

Optimal Flood Level (m)

Area

10a. 50a. 100a. 1000a.
ZH-1 267.1 267.5 267.62 267.83
ZH-2 268.27 268.47 268.57 268.75
ZH-3 268.5 268.91 269.1 269.5
ZH-4 266.95 267.15 267.24 267.44
ZH-5 267.7 268.1 268.25 268.52
ZH-6 271.04 271.22 271.31 271.48
ZH-7 271.84 272.26 272.44 272.79
ZH-8 264.76 265.19 265.36 265.77

Combined with the derived DEM, the inundation ranges of the ancient city site
of PuZhou under four scenarios were 22500, 29500, 33600, and 44200 m?, respectively.
Similarly, the inundation areas of SW; and SW; could be calculated. The inundation ranges
of SWy, SW1, and SW, are shown in Figure 15 and Table 7.
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Figure 15. The flood inundated ranges of different recurrence periods. The inundation areas of (a)
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Table 7. The inundation area derived from SW;, SWy, and SW5.

SWj SwWy SW,
Return Period of
Rainfall (a.) Inundation Inundation Change Percentage Inundation Change Percentage
Area (m?) Area (m?) Compared with SWj Area (m?) Compared with SW,

10 22,500 26,500 17.7% 21,500 —4.4%
50 29,500 32,500 10.1% 27,500 —6.7%
100 33,600 37,600 11.9% 31,600 —5.9%

1000 44,200 52,200 18% 40,200 9%

As shown in Table 7, the inundation area of the SW; is larger than the inundation
area derived from SWjy, and increased by 17.7%, 10.1%, 11.9%, and 18% with different
return periods of rainfall, respectively. The revised sub-catchments area used in SW, were
generated by merging the sub-catchment areas used in SWy; thus, the slope of the sub-
catchment area used in SW; was larger than that of the revised sub-catchments area. Under
the same conditions, rainwater flowed through steep slopes faster than flat lands. The
fast flow rate made it difficult for rainwater to penetrate into the ground and form surface
runoff. This not only led to the increase in surface runoff, but also to the decrease in surface
water storage. In SWj, the final surface water storage was significantly less than that of the
original model with a maximum difference of 2.615 (hm? — m) and the drainage capacity
ratio of SWq was higher, as shown in Figure 16. As shown in Figure 15b, the increased
inundation area mainly contained fish ponds.



Remote Sens. 2022, 14, 4417

17 of 19

Final Storage(hm*-m)

External Outflow(hm?-m)

—sW,
—SW,
—sW,

—sWw, 2}
—SW,
—sW,

L " L L
10a 50a 100a 1000a

" L " "
10a 50a 100a 1000a
Return period (a)

Return period (a) |

(a) (b)

Figure 16. The comparison of simulation results of different models. (a) External outflow; (b) final
storage.

However, some inundation areas derived from SW; were unreasonable. The direction
depended on the elevation differences between the adjacent grids. The elevations of some
grids that were inundated were higher than that of their uneven adjacent grids. So, the
modified method of SWj is reasonable.

In SWj, the fish ponds were regarded as depressions, and the rainwater flowed into
the fish ponds during the simulation process. Hence, the final water storage of the SW,
increased compared with SWj, and the maximum difference between the SWy and SW,
reached 5.385 (hm? — m) as shown in Figure 16b. As plenty of rainwater was stored in the
fishponds, the surface runoff of SW, was smaller than that of SWy, as shown in Figure 13.
Similarly, the outgoing flow of SW, was lower than that of SW;, as shown in Figure 16a.
Table 7 shows that the inundation area of the SW, was smaller than that of SW, and the
inundation area was reduced by 4.4%, 6.7%, 5.9%, and 9% at return periods of rainfall,
respectively. It can be seen from Figure 15c that the area where the reduced inundation area
was located was the area with the low slope. SWj is more reasonable.

5. Conclusions

A waterlogging assessment framework based on SWMM is proposed for the prediction
of the inundation area of the Chinese ancient city site in this paper. Our conclusions are
as follows:

e  Through the comparative experiments, our proposed method (considering microto-
pography) can achieve good performance and the simulated inundation area is more
in line with the actual waterlogging situation of the ancient city site of PuZhou.

e  The simulated inundation areas of the ancient city site of PuZhou, based on our
proposed method, were 22,500 m?, 29,500 m?, 33,600 m?, and 44,200 m? with different
return periods of rainfall, respectively. The simulated inundation range was mainly
near the city wall. As there was no drainage pipe network, corresponding protective
measures should be carried out.

The experimental results show that UAVs can depict the micro-surface features and
these types of data can play important roles in the waterlogging assessments of ancient city
sites in China. In future work, we will focus on how to extract the micro-surface features
of various Chinese ancient city sites based on UAV images. Additionally, analyzing the
influence of floods on heritage elements will also be necessary.
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