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Abstract: Urban pluvial flash floods have become a matter of widespread concern, as they
severely impact people’s lives in urban areas. Hydrological and hydraulic models have been
widely used for urban flood management and urban planning. Traditionally, to reduce the
complexity of urban flood modelling and simulations, simplification or generalization methods
have been used; for example, some models focus on the simulation of overland water flow, and
some models focus on the simulation of the water flow in sewer systems. However, the water flow
of urban floods includes both overland flow and sewer system flow. The overland flow processes
are impacted by many different geographical features in what is an extremely spatially
heterogeneous environment. Therefore, this article is based on two widely used models (SWMM
and ANUGA) that are coupled to develop a bi-directional method of simulating water flow
processes in urban areas. The open source overland flow model uses the unstructured triangular as
the spatial discretization scheme. The unstructured triangular-based hydraulic model can be better
used to capture the spatial heterogeneity of the urban surfaces. So, the unstructured triangular-
based model is an essential condition for heterogeneous feature-based urban flood simulation. The
experiments indicate that the proposed coupled model in this article can accurately depict surface
waterlogged areas and that the heterogeneous feature-based urban flood model can be used to

determine different types of urban flow processes.
Keywords: Spatial heterogeneity; Geographic modelling; Comprehensive analysis

1. Introduction

With the processes of urbanization and global climate change, urban floods are occurring more

frequently, severely damaging property and endangering human lives. In China, many cities have
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surveyed pluvial flash floods (PFFs) (Jiang et al., 2017, Sang et al., 2017). Hydrological models
are widely used for urban water and disaster management and provide an efficient way to simulate
the motion processes of floods and predict flood-caused consequences in urban areas (Mignot et
al., 2006; Wang et al., 2018). Urban areas are extremely complex and heterogeneous, with many
natural and man-made features, and the complex interactions in these areas affect the PFF process
(Leandro et al., 2016; Xiao et al., 2017). Therefore, it is essential to construct an integrated model

to support feature-based simulation and analysis.

The geographical features in an urban area typically include a list of diverse entities, such as
buildings, roads, and lakes. The main types of hydrographic features in sewer systems include
nodes (manholes, outfalls, etc.), pipelines, culverts, channels, weirs, and storage reservoirs. All the
heterogeneous characteristics that influence urban floods in urban areas can be compiled and
organized by features in geo-databases (Gong et al., 2017); for example, the features of a building
might include the height, footprint coordinates, spatial relationships between manholes and the
building, roof type, etc. Geographic features are the basic unit affecting hydrological processes in
urban areas, and these features are the basic unit linked to human activities. From the aspect of
GIS data management, features are the basic units of vector data layers (Zhang et al., 2016;
Goodchild, M. F., 2018). Therefore, the widely used GIS data format can be used to conduct
feature-based hydrodynamic modelling and simulations. The functions of a hydrological model
must support flow calculations in different motion environments, such as overland flow in different
land cover areas, sewer system flows, and the interactions between the surface and sewer water
systems. The model initial conditions and border conditions are inputted from these basic
geographical information data and parameters, such as terrain parameters and parameters of sewer
nodes. Additionally, many other user-adjustable parameters control the model simulation effects,

such as the Manning coefficient and loss coefficient.

To improve the integrated simulations of urban flood processes and consider the interactions
between overland flow and sewer systems, many coupled and integrated models have been
proposed. Some researchers have used dynamic link library technology to couple LISFLOOD and
SWMM (Wu et al., 2017). However, LISFLOOD uses structured mesh grids for spatial
discretization, and structured mesh schemes are not convenient for capturing the heterogeneous
details of features. Additionally, many other coupled models have been proposed, such as those

based on SIPSON and SWMM or on MESHSIM and SWMM. These models have been used to
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support coupled simulations of overland flow and sewer systems. Many other researchers have
used different numerical algorithms (e.g., the finite volume method, finite difference method, and
Riemann discontinuities) to solve shallow water models and overland flow models. These
researchers have developed proprietary models to more effectively perform interactive simulations
of overland flow and sewer systems. Moreover, 1D/2D coupled urban flood models have been
used to perform urban flooding simulations in recent years (Chang et al.,2015; Leandro et al., Lee
et al., 2016; Chen et al., 2018; Martins et al., 2018). In these studies, buildings and roads were
considered from input data, but buildings were not considered as interior holes, and the lakes were
not treated as an independent feature. Yin et al. (2016) studied the impact and risk of PFFs on
intra-urban road networks; this research used a parameterization solution to consider sewer
systems. The existing coupled modelling studies and their considerations of spatial heterogeneity

are shown in Table 1.

Table 1. The considerations of spatial heterogeneity in coupled models

Model The considerations of spatial heterogeneity
LISFLOOD- Digital elevation model (DEM)-based 2D hydraulic model coupled with SWMM (Wu et
SWMM al.,2018); the DEM cannot be embedded with some geographical features, so the

expressions of heterogeneity of the urban surface are based on land uses

SIPSON-SWMM

DEM-based 2D hydraulic model coupled with SWMM; the heterogeneity of the urban
surface is based on land uses (Djordjevic et al., 2005)

MESHSIM- Uses a regular quadrangle approach to implement surface discretization; the surface
SWMM heterogeneity, especially for features, is not effectively considered (Dey et al.,2007)
Proprietary 2D hydraulic models developed and coupled with the OFM; however, they do
OFM-SWMM not consider other features, such as the water flow in lakes, roads, and buildings (Chang
et al.,2015; Lee et al., 2016)
Proprietary 2D hydraulic model developed based on the SWM to consider the
SWM-SWMM heterogeneity of the surface based on the land use type (Leandro et al., 2016; Chen et al.,
2018); However, flow features are not independently considered
FloodMap- High-resolution DEM-based 2D hydraulic model that considers the heterogeneity of
Hydrolnundation2 | roads (concave effect of road edges) but does not consider other surface features; uses a
D

parameterization method to consider the sewer system (Yin et al., 2016)

However, no triangular mesh-based open-source 2D hydraulic model has been coupled with
SWMM in the previous research. Unstructured triangular meshes can be used in spatial
discretization schemes and support variations in the cell size to capture the details of spatial

heterogeneity in certain areas. Additionally, adaptive-scale mesh grids can save computational



81
82
83
84
85
86

87
88
89

90

91

92
93
94
95
96
97
98
99

100

101
102

103

104

105
106
107
108

resources in some homogeneous areas. These advantages of unstructured triangular meshes are
essential for heterogeneous feature-based hydraulic modelling and simulation. Therefore, this
article proposes a spatial discretization method to consider the main heterogeneous features (e.g.,
roads, buildings, ponds, ditches, and land use types) and their characteristics in urban areas. An
SWMM and ANUGA bi-directional coupled model simulation method is developed to simulate

hydrological processes at the surface and in sewer systems.

The remainder of this article is organized as follows. Section 2 introduces the methodologies
used to support the experiments. Section 3 illustrates the case study description. Section 4

introduces the experiment. The results and discussion are given in Section 5.

2. Methodology

2.1 Models
2.1.1. 2D hydraulic model

ANUGA Hydro is a 2D open-source hydraulic modelling system that supports the simulation
of different scenarios and hydraulic processes, such as tsunamis, fluvial floods, dam breaks and
rainstorm floods (Roberts et al., 2010). ANUGA was developed in a Python and C mixed
programming language. Specifically, the core computation programs were developed in Python,
and the input/output data programs were developed in C. The computation mechanisms of
ANUGA are based on the finite volume method and Riemann discontinuities to solve the shallow

water wave equation (SWWE). This equation can be expressed as follows (Zoppou et al., 1999):
ou
FT AeF =S (1)
where U represents the vector of conservative variables, F represents the flow tensor, and S
represents the vector of source items. The Cartesian expression of the SWWE is as follows:

Zr=4==§ )

where E and G are the Cartesian coordinate components of F.

ANUGA is one of very few open-source hydrodynamic model systems that can support 2D
hydraulic simulations based on unstructured triangular meshes. The computations involving the
2D SWWE would be very complex if based on unstructured triangular mesh cells (Zoppou et al.,

1999; Nielsen et al., 2005). ANUGA can calculate the water depth, flux and velocity for each cell
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at each simulation step and perform integrated computations for discretized meshes to support
flow analyses for different features (Mungkasi et al., 2013; 2015). The latest version of ANUGA

was used to perform the overland flow simulations in this article.
2.1.2. 1D sewer model

SWMM, which was developed by the US EPA, was selected to simulate the sewer system
(Gironds et al., 2010). SWMM is the most popular open-source model for urban storm water
management and has been updated many times. This paper uses the official version of SWMM,
which was developed in the C programming language. The main processes simulated in SWMM
include the convergence of overland flow, water movement in sewer systems and sewage
transportation. SWMM-EXTRAN, the sewer simulation module of SWMM, can effectively
simulate the water flow in a sewer system (Hassan et al., 2017). The routing types for a sewer
system include steady flow, kinematic wave, and dynamic wave models. Among these routing
models, the dynamic wave routing model is the most powerful and can support simulations of very
complex flow processes, such as import and export loss, pressure flows, multiple intersection flows,
and circulation pipeline network flows. Therefore, the experiment in this article uses the dynamic
wave routing model. The version of the model used in this article is SWMM-EXTRAN 5.1.
SWMM-EXTRAN solves the full Saint-Venant equations to calculate the water movement in a

sewer system (Rossman., 2010).

. . A @
Mass conservation equation: ot % =0 3)
. ) 19V Vav oH
Momentum conservation ion: -——+—-——4+—=57— S — 4
omentum conservation equatio P +gax o — S0~ 5S¢ h; 4)

where H represents the water surface height [m]; x is the pipeline length [m], A is the cross-
sectional area [m?]; V is the average flow velocity at the cross section [m/s]; Q = AV represents
the hydrological flux [m¥/s]; g is gravitational acceleration [m/s*]; s, is the bottom slope of the
pipeline [m/m]; s¢ is the loss of friction resistance per unit length of pipeline [m/m]; and h;, is the
loss of local resistance per unit length of pipeline [m/m].

2.2 Coupling of hydraulic models

As mentioned above, ANUGA can powerfully simulate overland water flow processes, and
SWMM uses the full 1D Saint-Venant equations to compute the water flow in a sewer system

(Martins et al., 2018). However, for surface flows, a nonlinear reservoir model is used to consider
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other surface hydrological processes. The heterogeneities of features are considered for parameters
in each subcatchment, such as the proportions of pervious and impervious areas, to consider
different types of land features (Sharifan et al., 2010; Bisht, et al., 2016). SWMM cannot simulate
the overland flow processes in detail. Therefore, the coupling of these two models can be helpful

to simulate the overland/sewer system flow processes in an integrated way.

2.2.1 Modelling of the bi-directional interactions between overland flow and sewer flow
Artificial sewer systems are important infrastructures in PFF simulations, so simulations
considering heterogeneity should support the bi-directional interactions between overland flow
and the sewer system. The bi-directional interactions include the vertical flow interactions at
manholes and outfalls, where the water height at the surface is Hg,,r and the water height at the
manhole is Hypo1.- Therefore, the bi-directional interaction scenarios are as follows: (1) when

Hynote<Hsyrs, the capacity of the sewer system can fully handle the inflow, the manholes do not
experience overflow, and overland flow enters the sewer system through the manholes; (2) when
Hynote2Hsyr s, the capacity of the sewer system cannot cope with the inflow, and some overflow
from manholes occurs; and (3) in other cases, water naturally flows from the outfalls. Scenarios
(2) and (3) can be considered one type of water interaction. The flow scenarios involving bi-

directional interactions are shown in Figure 1.
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Figure 1. The scenarios of flow processes with bi-directional interactions

(1) Interactions between overland water flow and sewer system flow through manholes

a. Computation of the volume of inflow to manholes
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The process of overland water flow into a sewer system may manifest two scenarios: (1) the
manhole and related pipelines have enough space to receive the related water from the surface,
and all the surface water can flow into the sewer system; or (2) the manhole and related pipelines
contain some water, and none of the water in the corresponding areas can flow into the sewer
system. The first situation can be analysed according to the water depths in the corresponding
simulation steps and the areas of the corresponding manhole entrances, and the corresponding
inflow volume equation can be expressed as Q; = A,,,oh/At, where Q, represents the inflow to the
manhole [m?/s], A, is the manhole area, and h is the surface water depth in the corresponding
manhole area. In the second situation, the water in the corresponding areas cannot flow into the
manhole completely, but some water can flow into the sewer system through the manhole. The
amount of water that can flow into the manhole is based on the status of the corresponding manhole
and downstream pipelines. The volume calculation equation for the second situation can be
expressed as Qs = (A ohy, + Apel, 0k, )/At, where Ay, is the area of the manhole cross section
[m?], h,,, is the empty depth of the manhole [m], Ay is the area of the cross section of the related
downstream pipeline [m], ,, is the length of the related pipeline [m], and k,, is the fullness ratio of
the pipeline.

b. The correction of the source terms in the shallow water equation

For the outflow water that flows into the manhole from the ground, the shallow water equation

should be subtracted from the source terms. The source term correction can be expressed as follows:

Qr £ qs 0
S = [gh(So, = Sg) | + | 9hSh, (5)
gh(So, = S5,) ghSp,

where Qp is the rainfall per unit time and unit area [m/s]; g represents the volume of outflow or
the volume of the inflow per unit area and unit time [m/s], where an inflow is represented by a plus

sign an outflow is represented by a negative sign; Sy is the slope of the bottom; Sy, is the effect of
barriers; Sf is the friction of the bottom; g is gravitational acceleration; and h is the water depth.

The flow charts of outflow and inflow for the manhole are shown in Figure 2.
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Figure 2. Flow charts of outflow and inflow for the manhole
2.2.2 The roof water flow into the sewer system

The heterogeneity of roofs and sewer systems results in extremely complex interactions
among roofs, sewer systems, and the surface. This paper generalizes these heterogeneities into two
types: (1) if a building contains or is associated with manholes, water flows directly from the roof
into the manholes, and (2) if the building does not contain or is not associated with a manhole, the
water from the roof is directly distributed at the surface. If a roof contains green infrastructure, this
feature should also be considered. The first situation is based on the topographic relationships
between the footprints of buildings and manholes. The flux at each manhole is the same in each
simulation step, and the calculation of the flux is based on the average value according to the
number of manholes and the area of the roof. A basic calculation is shown in Figure 2(1). Taking
the building in 2(1) as an example, the roof area is 6737 m?, and the building is associated with 25
manholes, so each manhole can hold 269.6 m? of water. In the second situation, the building does
not contain any manholes or sewer nodes, so the water on the roof flows to the adjacent surface.
Although the footprints of buildings are typically complex and irregular, this article simply
considers the footprints of buildings to be rectangular. The basic calculation is shown in Figure
2(2). In this case, the building does not have any associated manholes, so the water flows directly
to the surface. The building is generalized with four edges, and each edge has a given flux of water
based on the corresponding length ratio considering the full length of the building outline. The

roof water distribution rules are shown in Figure 3.
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Figure 3. The roof water distribution rules
The flux for each manhole and edge is calculated by the equation Qypg = QreNodexpg,
where Qupq represents the flux flow into the manhole from the roof or the flux that is distributed
to the adjacent edge in the simulation step, Q represents the rainfall in the simulation step, and
Nodeypg represents the drainage area of the manhole or edge.
2.2.3 Integration with the infiltration model
ANUGA does not include an infiltration model for water infiltration computations. With the
advantages of obtaining the input parameters, the Horton infiltration model is used to calculate the
water infiltration processes for different types of surfaces (Bauer, S. W. ,1974). The method of
correction of the source terms in the shallow water equation is used to integrate the infiltration

model. The corresponding source codes of ANUGA are also modified.
2.3 Coupling of the ANUGA and SWMM model systems

ANUGA and SWMM are two different model systems, so some specific technical strategies
are used to implement the coupled simulation based on these two models.
2.3.1 Encapsulation and calling of SWMM
The computation programmes of overland flow processes in SWMM were substituted by
ANUGA. A rainstorm event influences the surface first; therefore, this article uses ANUGA as the
main loop control programme. SWMM is encapsulated as a Dynamic Link Library (DLL), and

some interfaces are developed used to be called by ANUGA. The coupled simulation uses the
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Ctypes module in Python to conduct the data exchange between the two models. The encapsulation
of SWMM in ANUGA and calling of SWMM functions involve 4 steps: (1) the extraction of the
EXTRAN module from SWMM and implementation of the swmm_FlowExchange interface for
the flux exchange between ANUGA and SWMM,; this exchange flux includes the flux into the
sewer system through manholes, the overflow from manholes, and the outflow from outfalls; (2)
encapsulating and exporting the main operation functions in SWMM, e.g., swmm_Open(inpFile,
rptFile, outFile), swmm_FlowExchange(IstQin, IstQout, IstNodeDepth), swmm_Step(),
swmm_Start(int), swmm_End(), swmm_Report(), and swmm_Close(), which are essential
functions used for different simulation processes in SWMM; (3) the LoadLibrary function in the
Ctypes module of ANUGA is used to call the DLL exported in step (2), and some specific data
exchange formats (e.g., c_float and c_double) are used to support the flux exchange functions in
ANUGA; and (4) the SWMM data are loaded and initialized in ANUGA, and the simulation

functions are based on the processes in SWMM. The basic processes are shown in Figure 4.

[TTANUGA callsthe SWMM

Extract the EXTRAN Export the key Implement the SWMM- onaantian st Taoes A
module from SWMM, SWMM operation | EXTRAN module by W donlreroaeigrbmatsiomy
TR , Sl of N U RS S > meded T implements the data exchange
and implement the flux functions, and loading and running el G

%, . s - R TR Y programs to conduct the coupled
exchange interface generate the DLL programs in ANGUA = sirnnlatisa

Figure 4. The basic processes of encapsulating SWMM in ANUGA

2.3.2 The implementation of inflow and outflow operators

ANUGA has a very specific programming framework for the model system. In this system
framework, a shallow water equation-based computational engine is implemented as the core
module, and the interactions among heterogeneous objects are considered using customizable
operators and structurers. Therefore, the core of the ANUGA can maintain stability, and the surface
features and corresponding mechanisms are independently considered based on procedural
operators and structures. These operators and structures are customizable programming objects
that are used to perform simulations and determine how specific heterogeneous objects, such as

culverts and gates, affect overland flow.

This paper follows the basic rules of the programming framework in ANUGA, and two
procedural operators, manholein_operator and manholeout_operator, are developed. These
operators are used to model flows from the surface into manholes and overflows from manholes

or outflows from outfalls. The main input parameters for manholein_operator include the centre
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coordinates of the manhole, the length of the manhole, and the width of the manhole. The
parameters for manholeout_operator include the outflow flow (Q) and the border of the manhole.
Additionally, these two procedural objects include the interface set_workStatus(bool), which is
used to control the work status of operators. For example, when a manhole overflows, the manhole
should no longer support inflow, and when the manhole stops overflowing, manholeout_operator
should stop working. In this paper, each manhole is considered a specific procedural object, and
the operator work status control interface can effectively manage these procedural objects. To
efficiently manage computational resources, each manhole has a corresponding
manholein_operator, which is initialized at the initial process of model simulation. However, the

manholeout_operator objects are dynamically added when overflow occurs at the manhole.
2.3.3 The processes of the ANUGA main loop control-based bi-directional simulation

The data preprocessing and initialization steps are completed before the main loop involving
water flow calculations. The water interactions between the two models are considered at each

simulation step. The basic simulation processes are as follows.

a. Load the simulation scenario to obtain the configuration information and essential input
data for the simulation, which mainly include discretized cells, the extent of the simulation area,
and the sewer system data.

b. Set the initial parameters, such as the Manning coefficients for different types of mesh
grids and land use types, as well as precipitation parameters.

c. Set the boundary conditions, which are used to define the water flow rules at the borders
of the simulation area. The Dirichlet boundary condition supports flows out of the border, and the
reflective boundary condition yields a solid boundary.

d. Initialize and start the SWMM model. In this step, ANUGA calls the SWMM operational
interface.

e. Initialize the inflow and outflow procedural operators in terms of handling the inflow to
manbholes, overflow from manholes, and outflow from outfalls.

f. The overland flow, sewer flow, and corresponding interactions are modelled in the main
loop programmes. The main steps in the loop are as follows: (1) performing the ANUGA-based
overland flow calculation, which simulates the velocity, volume, and direction of overland flow at

each simulation step; (2) executing the list of manhole-based loops, which is used to obtain the

11
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volume of flow into each manhole at each simulation step; (3) calling the water flow exchange
interface, which sets the inflow volume for each manhole, and obtain the volume of overflow for
each manhole and the volume of outflow for each outfall; (4) calling the simulation step execution
function used to execute the steps in SWMM, where the simulation step in SWMM is the same as
that in ANUGA; (5) executing the list of manhole-based loops, which are used to handle the
overflow from manholes and dynamically add new procedural operators for the new flowing
manbholes; (6) updating the volumes of overflows and outflows for the corresponding procedural
operators, which are added to the list of overflow nodes; and (7) outputting the ANUGA simulation
results into output files, which include the water depth, volume, velocity, and volumes for different
type of features.

g. Use the corresponding interfaces to end the simulation, and save the simulation results from
SWMM.

h. Finish the coupled simulation, and save the simulation logs.

The workflow for the coupled simulation is shown in Figure 5.
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299 3. Case study description
300 3.1 Study area and data
301 This article used a university campus as the research area. This area is located in the northeast

302 portion of Nanjing city in Jiangsu Province. Jiangsu is an east-central coastal province in China.
303  The topography of the research area mainly includes hills and plains, and the hills are located in

304 the northern part of the plain area, forming a half-surrounded topographic area. Thus, this research
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area has an obvious advantage in setting boundary conditions. The topography decreases
progressively from the north to the south, so the research area is rarely impacted by exterior inflows
from adjacent regions. The basic GIS data for the surface include digital elevation model (DEM
and road network, building, and land use type data. The sewer data include manhole, pipeline, and
outfall information. The types of manholes are rainwater inlets, rainwater grates, catch basins, and
valves. To fully consider the heterogeneity of this urban area, this article uses high-resolution data,
and most of these data were acquired from the official agency of surveying. The resolution of the
DEM is 1 metre in each cell, and the scales of buildings, land use, and water bodies are 1:1000.
The vector layer of roads was vectorized based on a 1:500 scale map. The location of the study

area and the basic data are shown in Figure 6.

A Outfall == Pipe B Road ==~ Greenland H:100,1

*  Manhole Building Pond D RescarchArea &8
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Figure 6. The location of the study area and the basic data
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3.2 Rainstorm events

The experiment in this study was based on a rainstorm event that occurred on 2016/07/01.
During the 12-hour precipitation period on that day, the peak precipitation occurred between 6:00
am and 8:00 am, and 55.9 mm precipitation fell in these two hours in the research area. The rainfall
time series is shown in Figure 7. To improve the experimental efficiency, the experiment used only
two hours of precipitation as the simulation time. Before that, almost 8 mm precipitation occurred

over 10 h, and we considered this 8 mm precipitation as the initial loss in SWMM.

8 4
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Figure 7. The rainfall time series of the storm event

4. Experiment

4.1 Boundary conditions and parameter setting

This paper used a Dirichlet boundary (the overland flow continues out of the research area
from the boundary) to consider the outflow from the research area. A reflective boundary
(momentum vector reflected 180 degrees from the footprints of buildings) was used for the
building footprints, and the footprints were discretized as interior holes in this experiment.
Additionally, to optimally consider the integral flux in the research area, a hydrological basin that

enveloped the campus area was created. The set of boundary conditions is shown in Figure 8.
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Figure 8. The boundary conditions
4.2 Spatial discretization and sewer data translation

Because the heterogeneity of the research area can be expressed in the model simulation
process, this article uses the original surveying data to conduct spatial discretization. Spatial
discretization is the bridge that connects the real world and simulation-based computations.
According to the specific computational methods, the heterogeneous characteristics of the surface
were discretized into the corresponding scheme used to support the model simulation. The
topographic characteristics of the surface were fitted to the discretized mesh cells. The buildings
were considered as interior holes, and the precipitation that fell on buildings flowed into manholes
based on the average distribution. This article does not consider the timing of this water flow
process from building roofs to sewer systems or surfaces. These manholes are encompassed by or
touch the corresponding building borders. The surface of roads is usually 15 cm-25 cm lower than
the edges of roads. Therefore, roads usually have obvious water confluence effects, forming flow
channels. Additionally, many manholes are located along roads, and the accuracy of water flow
simulations on roads notably impacts PFF modelling. Therefore, this article also considers the
concavity of roads based on the original DEM data interactions. Fig. 9(A) illustrates the
discretization of the main heterogeneous objects associated with the urban surface. Fig. 9(B) shows
the data preprocessing step for the sewer system, in which the sewer data are discretized from GIS

vector data format into an SWMM-supported format.
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355 Figure 9. Spatial discretization and data transformation
356 4.3 Parameter setting
357 The parameters for ANUGA and SWMM include the Manning coefficient for different types

358 of surfaces, the Manning coefficient for pipelines, and the parameters for the Horton infiltration
359  model. The parameters for the simulation proposed in this article are based on references of similar
360 research cases. The parameters are shown in Table 3. To reduce the continuity error in SWMM,
361 this article uses 1 second as the simulation step for SWMM and ANUGA. The calculation of water

362  transport in the sewer system is based on the dynamic wave model.

363 Table 3. The parameters of the integrated model
Permeablearea  0.12 s/m'?
Muatingen Impermeablearca  0.015 s/m'?
value Pipe 0.019 s/m!*?
River/Pond 0.02 s/m'?
Horton Minimum rate 30.5 mm'h
;;f::}:‘:;: Maximum rate 77.5 mm'h
Decay constant ~ 3.78 1/h

364
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5. Results and discussion

5.1 The validation of water-logged locations

The validation of water-logged locations in this experiment is shown in Fig. 10. Due to the
advantages of the local topography and the water drainage ability of the sewer system in the
research area, large flooding did not occur, and only two water-logged sites were observed.
Locations A and B are water-logged areas, and locations C, D, E, F, G, and H are swimming pools
and landscape ponds on the campus. A comparative analysis of locations A and B indicates that
the simulation results accurately identified the actual water-logged locations. Because the actual
flood areas change dynamically, the real flood areas are very small in this storm event (e.g., the
road width of location A is approximately 4.5 m), and it is difficult to identify the real border of
the flood area by photos. Approximately, for location A, the prediction of the flooded surface area
was 51% of the actual surface area; for location B, the prediction of the flooded surface area was
62% of the actual surface area. Additionally, a comparative analysis of the other six locations
(locations C-H) marked on the map indicated that the borders of these areas were accurately
simulated. The border of a pool or pond is an important heterogeneous characteristic, and the
simulation results for pool areas verified the capabilities of the simulation model. The validation

of water-logged locations is shown in Figure 10.

Observed waterlogging areas | Simulation result |

z)

v onwl & ,
A

v 4. & v s e

Figure 10. The validation of water-logged locations
5.2 Analysis of the heterogeneous feature-based simulation results

(1) Analysis of overflow nodes
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In this simulation, only nodes 5Y386 and 3Y688 experienced overflow, and the total
overflow volume was 4.5804 m>. The overflow volume of node 5Y386 was 4.58 m>, and the
overflow volume of node 3Y688 was 0.0004 m>. The locations of the two overflow nodes and the
upstream and downstream relationships are shown in Figure 11. The main reason that node 5Y386
appeared to overflow was related to the source data. Node 5Y386 was designed as the terminal

downstream node, so a large volume of water flows to this node.
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Figure 11. The overflowed nodes and topological relationships
(2) The volumes for different processes
In this simulation, the total volume flowing into the sewer system through the manholes was
23712.49 m?, the volume flowing into the sewer system from the surface was 19254.04 m?, and
the volume flowing into the sewer system from buildings was 4458.45 m>. The total outflow
volume from outfalls was 23272.14 m?, the outflow volume that flowed into pools was 4722.48
m?>, and the total infiltration volume was 13241.17 m?>. Therefore, it is estimated that almost
3175.92 m® of water flowed outside of the research area on the surface. However, the volume of
outflows from the surface did not include the overlap of water volumes transported among various

nodes, surface channels and pools. The water volumes from different sources flowing into the

sewer system are shown in Table 4.

Table 4. The water volumes from different sources flowing into the sewer system

Flow T9t31 flow | Flow into the | Flow into the Total outflow | Outflows to | Infiltration | Overflow
¢ into the sewer through | sewer through from outfalls lakes flow volume
ype sewer the surface the building

2:13))( 23712.49 19254.04 4458.45 23272.14 4722.48 13241.17 4.58

(3) The water volumes of flow processes
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The time series of surface runoff and the volume of pools are shown in Figure 12. The time
series of surface runoff is highly similar to the rainfall time series. Due to the accumulation of
surface flow, the peak surface runoff occurred at 1 h 33 min or at the 5580th simulation step. The
peak volume of pools occurred at the end time of the simulation, which suggests that the volume

of pools continued to increase until the end of the simulation, but the rate of increase slowed over

tume.
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Figure 12. The time series of surface runoff and the volume of pools

In this simulation, the water-logged areas are shallow water areas, and the intensity of water
flow is very low in most areas. The highest water flows occurred at the outfalls, as shown by the
flow field in Figure 13. The simulation step depicted in Figure 15 is the 3710"; at this step, the
volume at outfall 3Y120 is 1.209 m?>, the volume at outfall 3Y107 is 1.02 m>, and the volume at
outfall 3Y0890 is 0.104 m*. Because fewer upstream nodes and areas are drained by outfall
3Y0890 compared to those for outfalls 3Y120 and 3Y 107, the water volume at 3Y0890 is also

lower than those at the other two outfalls.
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Figure 13. The analysis of the intensity of overland flow
5.3 Comparative analysis of the simulation results based on different models

A comparative analysis based on SWMM, ANUGA, and the coupled model proposed in this
article was performed to analyse the differences among the simulation results from the aspect of
heterogeneity. The time period of the simulation step in the 3 models was the same and set to 1
second. Automatic topographical analysis algorithms and manual processing were used to divide
catchments. The parameters for SWMM were as follows: the Manning coefficient for pervious
areas was 0.9; the Manning coefficient for impervious areas was 0.008; the water storage depth in
impervious depression areas was 4 mm; the water storage depth in pervious depression areas was
6 mm; the Manning coefficient for pipes was 0.013; the loss coefficient for pipes was 0.2; the
Manning coefficient for culverts and pools was 0.025; the maximum rate of Horton infiltration
was 75.5 (mm/h); the minimum rate of Horton infiltration was 3.5 (mm/h); and the decay constant
in the Horton infiltration model was 3 (1/h). Additionally, to reduce the impacts caused by the
discretization of cells, ANUGA and the proposed coupled model used the same discretization

resolution. The simulation results for the three models are shown in Fig. 14.
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Figure 14. Comparative analysis based on SWMM, ANUGA and the integrated model

As shown in Figure 14, the simulation results from the proposed model could be more
accurate in depicting water-logged areas, such as the outfalls of ponds, and changes in the water
depth of pools. By considering the borders of features based on the developed spatial discretization
programs, the water-logged areas near the borders of roads and water collection in pools are
accurately depicted. Because of the catchment-based spatial discretization, the stand-alone
SWMM model has difficulty depicting the heterogeneity of water-logged areas at the surface.
SWMM can support sewer system planning, but it does not meet the needs of PPF simulations.
Additionally, the stand-alone ANUGA model does not consider the interactions between overland

flow and sewer system flow.
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6. Conclusions and future work

This article combined two popular open-source models, SWMM and ANUGA, for the bi-
directional coupling of overland flow and sewer system flow processes. Furthermore, this article
is based on a coupled model and a spatial discretization method, which are used to conduct
heterogeneous feature-based urban flood modelling and simulations, accurately model water flow
processes and provide effective results for urban flood management. The experimental results
based on a real storm event in an urban area demonstrated that the integrated model can accurately
simulate areas of surface water accumulation. A comparative analysis based on three different
models indicated that the coupled hydraulic model most accurately depicted the motion states of

flows and various flooding areas.

However, this research has some limitations. First, due to the lack of basic GIS data, this
article did not consider the impacts of culverts located near building boundaries. Thus,
considerable waterlogging occurred near or within the footprints of buildings. Second, the
parameters of these models are referenced from related studies, and the article did not consider
other methods of setting the parameters. Additionally, this article did not consider the uncertainty
of modelling, which should be assessed to better understand and verify the simulation results. The
model results of infiltration, runoff, and outflow were or only compared with each other, they were

not validated by instruments.
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The scenarios of flow processes with bi-directional interactions
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Flow charts of outflow and inflow for the manhole
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Figure 10

The validation of water-logged locations Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.

| (A)The overflowed nodes | | (B)The flow direction of Node 5Y386 |

s s

A @ Node3Y699 A Outfall === Pipe
W @ Nodes5y3se * Manhole[ZZ] Building

Figure 11

The overflowed nodes and topological relationships Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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Figure 12

The time series of surface runoff and the volume of pools Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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Figure 13

The analysis of the intensity of overland flow Note: The designations employed and the presentation of
the material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.



[ Simulation result by SWMM ]
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Figure 14

Comparative analysis based on SWMM, ANUGA and the integrated model Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.



