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Abstract

Urban waterlogging occurred frequently in recent years, causing serious social harms and
huge economic losses. Accurate waterlogging warning is important for disaster prevention
and mitigation. Urban rainstorm waterlogging processing based on Geographic Informa-
tion System (GIS) and Storm Water Management Model (SWMM) can provide predic-
tion and management of flood situation, but the previous methods of catchments from a
single aspect of hydrology or geometry cannot reflect the dual impact of pipe networks
and terrain to drainage, and the available inundation algorithms achieved some unreason-
able results due to the artificial boundaries. In this paper, a methodology for simple 2-D
inundation analysis in urban area using SWMM and GIS is introduced, which need not
edit SWMM’s original code. Furthermore, a geometric method of catchments division and
inundation algorithm are proposed to improve accuracy. The revised catchments division
method provides a good result of supplementing the drainage of terrain, and the improved
inundation algorithm can obtain a reasonable inundation distribution based on the prin-
ciple of source diffusion and dynamic distribution without any boundary limit. The case
study was performed in Longwen District of Zhangzhou, and good results are achieved:
(1) The external outflow percentage of the revise method is always bigger than that of the
geometric method, and the value of the revised method is 25.18%, while that of geometric
method is only 19.56% at rainfall peak, and (2) the less the rainfall is, the less grids flooded
in two algorithms there are with only 14.30% when the rainfall is 0.1 mm.
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1 Introduction

In the last years, frequent urban waterlogging caused traffic congestion and enormous loss
of life and property. For example, there were 79 victims, 1.6 million of people affected by
the flood and 1.7 billion dollars loss in property in “7.12° Beijing Rainstorm in 2012 (Sun
et al. 2013). The rainstorm happened in July 2018 in Nanjing caused the water level of
some areas over automobile tailpipes, and the vehicles were trapped in the water for a long
time. So it is important to predict water floods as urban flood blocks the healthy develop-
ment of cities (Bisht et al. 2016). Accurate prediction and risk assessment are the scientific
references for disaster prevention and mitigation, which has a great social impact (Olu-
gunorisa 2009). Daily rainfall forecast can only reveal the intensity of rainfall rather than
the ability to respond of different cities affected by rainstorm. On the contrary, a hydro-
logical model combined with GIS technology can convert the rainfall into flood depth and
spatial distribution, which achieves the direct prediction of hazard factors. A 1-D (one-
dimensional)/2-D (two-dimensional) coupled model is simple and fast enough to get the
flood depth and spatial distribution during rainstorms, useful to predict water flood before
their occurrence. SWMM is a well-known free open-source software, so many 1-D/2-D
coupled models based on SWMM have been developed (Pathirana et al. 2008).

Geographic Information System (GIS) can design to capture, store, manipulate, analyze,
manage and present spatial or geographic data. GIS tools allow users to create interactive
queries (user-created searches), analyze spatial information, edit data in maps and present
the results of all these operations. EPA’s Storm Water Management Model (SWMM) is a
dynamic hydrology-hydraulic water quality simulation model. It is used for single event
or long-term (continuous) simulation of runoff quantity and quality from primarily urban
areas. SWMM is one of the commonly used distributed models throughout the world for
planning, analysis and design related to storm water runoff, combined and sanitary sew-
ers and other drainage systems in urban areas (Li et al. 2014). One of the main applica-
tions of SWMM is to construct drainage models to simulate hydrological and hydraulic
processes (Cipolla et al. 2016; Wang et al. 2018). Sensitivity analysis of model param-
eters provided a good modeling reference (Li et al. 2014; Rabori et al. 2017; Sharifan et al.
2010). Catchment is a vital parameter in SWMM, whose division methods can be divided
into two categories: (1) hydrological analysis method based on DEM and (2) geometric
method based on nodes. There are several shortcomings in both two division categories,
so many researchers took some means to overcome the shortcomings for better results.
For hydrological methods, catchments are divided with hydrological tools based on DEM
and then some details are revised according to the priority (Mariza and Stephen 1994).
The method has a poor applicability in plain areas. Many researchers have improved algo-
rithms of catchments division with achieving some certain effect, but all the algorithms
neglect the influence of urban drainage pipe network on the process of urban waterlogging.
A hydrological method was implemented by combining other factors into DEM (digital
elevation model) using known streets and pipes to adjust the local elevations (Gironés et al.
2010). For geometric methods, the nodes are determined according to research objectives
firstly and then catchments are divided with Voronoi (Thiessen polygon) method based on
nodes. The geometric method is a high-precision method but neglects surface fluctuation
(Li and Zhang 2012). The geometric method was used to study the effect of node-type
selection for catchment division, and the Voronoi-based algorithm was proposed to avoid
irrelevant branches through labeling sample points to obtain a better catchment division
(Karimipour and Ghandehari 2013). Most previous methods dealt with the problem from a
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single aspect of hydrology based on terrain or geometry computed on nodes, instead urban
drainage is a combination of drainage system and terrain, so some researchers tried some
means to solve this problem. A new GIS-based division approach was proposed to capture
the characteristics of the spatial variability in topography and hydrogeological information
of urban catchments, which reflects the hydrological features of the urban catchments but it
is complex (Shen and Zhang 2015). Drainage of urban terrain has been considered, while
the known streets and pipe networks are mainly considered (Gironas et al. 2010). How-
ever, most of the pipes in China are distributed along the streets and the drainage of streets
is well revealed. In the high-precision division, the catchment area does not even cover
the entire street, so in this case, there is no need to express the drainage of streets again.
A revised geometric catchments division method supplementing the drainage of terrain is
proposed in this paper, which has simple data processing.

As SWMM is an open-source software, many 2-D inundation analysis models coupled
with GIS and SWMM are available. The SWMM computing engine is used to simulate
and calculate automatically the model though a dynamic link library (DLL) (Leandro and
Martins 2016), and then it parses the results to obtain the required information. Finally the
inundation analysis is performed with an inundation algorithm (Azli and Rao 2010; Huang
et al. 2011, 2015). The nodes flood was converted into grid flood to get the depth with
GIS tools (Shi et al. 2014). Simple inundation analysis coupled with GIS and SWMM was
done with a non-source diffusion algorithm to get urban inundation risk, and catchments
are units of inundation analysis and inundation always starts from the lowest grids (Wang
2017). Seed spread method is one of mainly used source algorithm, and an algorithm on
the principle of seed spread was proposed to search the flooded grids and calculate inunda-
tion depth (Qian 2015) and to solve spatial discontinuity of inundation within a catchment
instead of between all catchments. There are also many inundation algorithms involved in
those methodologies or models (Shi et al. 2014), but most of these algorithms have a defect
that neither the source or non-source inundation algorithms can solve the limitation of
catchment boundary. The flood is diffused in one catchment limited only by the boundaries
in most algorithms. Catchments are used to collect water during rainfall-runoff process,
but there is no real barrier in these boundaries during inundation analysis and the flood can
go through more than one area. The boundaries make the inundation unreasonable, so the
boundaries should be broken.

The paper aims to propose a methodology for simple 2-D inundation analysis in urban
area using SWMM and GIS without the need for editing SWMM'’s original code. To
achieve this goal, the data processing of 2-D inundation analysis using GIS and SWMM
is presented in Sect. 2.2, and then a revised method of catchments division and a source
dynamic diffusion inundation algorithm are proposed to improve accuracy. Results and
analysis are presented in Sect. 3 as well as discussions in Sect. 4, and finally conclusion is
given in Sect. 5.

2 Materials and methods
2.1 Studied area and data used
Longwen district is one of the main city areas in Zhangzhou, Fujian Province. Its annual aver-

aged precipitation is 1450 mm. It suffers urban water flood frequently, as it has affected by
typhoon. The studied area is the center of economic activity in Longwen district. The area is
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an optimum place to test the method as it is populous, it has intensive constructions, its water
conservancy facilities are in good conditions, and its surface features are complex.

The visual remote sensing image was downloaded from the website of ‘Map World’ (http://
www.tianditu.gov.cn), and its resolution is 0.3 m (Fig. 1). The DEM has been retrieved from
the Survey Department of Zhangzhou City, and its resolution is 5 m. The sewer system data
with information on shape and attributes were obtained from the Zhangzhou City Archive,
which are drawn by real field measurements. The observation data of the station in studied
area are used for rainfall data.

2.2 A methodology for simple 2-D inundation analysis in urban area using SWMM
and GIS

This section starts with a detailed presentation of data processing of 2-D inundation analysis
using GIS and SWMM. In the end of this section, a methodology for simple 2-D inundation
analysis used in this paper is concluded.

Urban rainfall waterlogging processing based on GIS and SWMM can be divided into four
parts: data preprocessing based on GIS, SWMM construction, flood volume acquisition and
inundation analysis and visual presentation of results using GIS (Fig. 2). Land use data, DEM,
drainage system and precipitation station data are collected as basic data, and these data are
preprocessed to meet the requirement of SWMM construction.

After preprocessing, all the parameters are put into SWMM to construct the model of the
studied area. The main parameters of SWMM are catchments, conduits, junctions and outfalls,
and all the parameters have their attributes. Catchments are the basis of the distributed hydro-
logical model and also important input parameters of SWMM. A revised catchments division
method will be elaborated in Sect. 2.3. The infiltration model of SWMM is Horton model.
The Horton equation is one of the most popular empirical models simulating infiltration of
water into soils. The infiltration equation is a three-parameter equation which is commonly
expressed as (Abulkadir et al. 2011):
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Fig. 1 Sketch map of study area: a the map of Longwen district boundary; b the remote sensing image of
study area with 0.3 m resolution ratio
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Fig. 2 Flowchart of basic data processing of 2-D inundation analysis using GIS and SWMM

where f=infiltration rate at time 7, mm/hr; f; =initial infiltration rate, mm/hr; f, =final infil-
tration rate, mm/hr; #=time from beginning of storm, s; and k=rate constant in dimension
of frequency, 1/s.

This equation describes the familiar exponential decay of infiltration capacity evident
during heavy storms. In SWMM application, the area and width of catchments can be
obtained directly through measurement, and the remaining seven attributes need to be cali-
brated: N-Imperv, Imperv, Ds-Imperv, Ds-Perv, MaxRate, MinRate and decay. Each catch-
ment is composed of different land use types, and the land use type determines the land’s
permeability and its Manning coefficient. N-Imperv means the mean Manning coefficient
of impermeable area of each catchment, and Imperv means the mean Manning coefficient
of permeable area. The Manning coefficient of each land use type is determined accord-
ing to the value given in the SWMM model reference manual, and nine features’ Manning
coefficient is given in Table 1. Ds-Imperv means water storage in depressions of imperme-
able area, and Ds-Perv means water storage in depressions of permeable area. MaxRate
means the max infiltration rate of catchments, and MinRate means the steady infiltration
rate of catchments. Decay means the Infiltration attenuation coefficient of catchments.
After catchments division, N-Imperv and Imperv of each catchment are determined by the
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Table 1 Manning coefficient of different land use types

Land use types Reference class Manning
coefficient
Farmlands Cultivated soil with residual coverage <20% 0.06
Constructions Cement mortar, brick 0.014
Woodlands Dense shrub 0.8
Green space Light shrub 0.4
Rivers Small rivers with regular section 0.05
Lakes Ponds with irregular sections 0.07
Meadows Plain weeds 0.15
Roads Smooth asphalt 0.011
Impermeable land Smooth concrete 0.012

principle of area weighting. The remaining five attributes cannot be obtained directly by
measurement and need to be calibrated.

3" Narea, x M,
i=1 1 1

N - Imperv =
P Y| Narea; @
B Yo, area; x M;
Imperv = ————— 3)
2, area;

where 7 is the number of land use types of impermeable area in the catchment, Narea, is
the land use area of case i in impermeable area—its unit is m?, M; is the Manning coef-
ficient of land use of case i, m is the number of land use types of permeable area in the
catchment and area, is the land use area of case i in permeable area—its unit is m2.

SWMM provides results in two file formats: RPT and OUT. The RPT file is a text file
that stores the results summary. The information of ‘Total Flood Volume’ in the part of
‘Node flooding summary’ shows the total flood volume during the whole simulation pro-
cess, there is no matter to use the information to simulate the possibly most serious flood
of the whole process, but it is inaccurate to use the information to reveal the flood of each
instant and it exaggerates the flood. The OUT file is a binary file that stores the detailed
information of all elements at each instant and is used to get the flood volume at each
instant in this paper.

Next is the vital step for inundation analysis. Flood volume will transform into inun-
dation extent and depth with DEM and a diffusion algorithm, which is the waterlogging
expression, also known as inundation analysis. Fundamentals of inundation analysis and
flow direction are two key points in waterlogging expression. The detailed information will
be elaborated in Sect. 2.5.

The methodology for simple 2-D inundation analysis can be described in Fig. 3. First,
basic data processing is to construct a SWMM model for the study area through SWMM
5.0 and then get the INP file. There is no need to run the SWMM desktop software to get
results and edit SWMM’s original code, automatic operation on INP file through a DLL
generates RPT files and OUT files. The version of INP files must consistent with the ver-
sion of the SWMM DLL, or it will lead to a failure. The version of SWMM DLL used in
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this paper is 5.0, so the version of INP files should be 5.0.x. Steps from basic data pro-
cessing to get OUT files are related to SWMM, but the remaining steps are independent
of SWMM, they concern with file parse technology and grid map processing techniques.
Flood volumes of all nodes at each instant are extracted from OUT files. With known flood
volumes and DEM, inundation analysis using the source dynamic diffusion algorithm
results in inundation extent and depth. Steps after INP files generation are processed by
a program developed in C#, and GDAL (Geospatial Data Abstraction Library) is mainly
used to process grid map in the program.

2.3 Methods of catchments division

A catchment is an area where water is collected by the natural landscape. It is essential
to do catchments division on the basis of feature characteristics because the underlying
surface is complex and different surface features show different characteristics during rain-
fall-runoff process. The accuracy of catchments division has a great influence on final
results (Mazion and Yen 1994). The research about the influence of precision of catch-
ments division on the result accuracy shows that a high-precision division should be taken
when it simulates waterlogging during a single rainfall considering that the terrain of
studied area slopes gently (Qin et al. 2016). Urban flood usually happens during a high
intensity rainstorm with a short duration, and the terrain slopes gently in most cities except
some ‘mountain cities’ with an abrupt terrain, so a high-precision division should be taken
in urban waterlogging simulation of most of the cities.

For hydrological methods, catchments are divided with hydrological tools based
on DEM. The method has a poor applicability in plain areas. One of the keys to deriv-
ing hydrological characteristics about a surface is the ability to determine the direction of
flow from every cell in the raster. In method D8, pixels are centered on the DEM grid
points, and each pixel discharges, or ‘spills,” into one of its eight neighbors: the one in the
direction of steepest descent. The total contributing area of a pixel is the number of pixels
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whose flow reaches the pixel of interest following a path of steepest descents, multiplied by
one pixel area (Mazion and Yen 1994). Basins are created according to grids’ flow direc-
tion. A stream network can be obtained by calculating the number of upslope cells flowing
to a location, which is used to extract natural flow paths in this case. Figure 4 (http://resou
rces.arcgis.com/en/help/) shows the basis of D8 algorithm.

For geometric methods, the nodes are determined according to research objectives
firstly and then catchments are divided with Voronoi (Thiessen polygon) method based on
nodes. The Voronoi diagram is also known as Thiessen polygon and dual to the Delaunay
triangulation (Guth and Klingel 2012), which is shown in Fig. 5. The Voronoi diagram is
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based on a set of nodes and defines one area for each node with every point within the area
being closer to the originating node of the area than to any other node. They represent the
catchment areas of the nodes (Shen and Zhang 2015).

For a high-precision division, catchments of nodes based on Voronoi diagram are the
first choice, because there are numerous junctions among streets so that selecting key junc-
tions to be nodes and creating their Thiessen polygons are feasible. To reveal the effect of
urban terrain to drainage, extraction of the stream network with D8 algorithm is used to
revise pipe networks. So, the urban pipe network model is firstly constructed by selection
and process with some rule of real drainage networks, the first part of junctions and con-
duits are obtained. Then, a stream network is extracted based on DEM with D8 algorithm,
and it can be done with the hydrological analysis tools ArcGIS. The stream network may
contain flow paths such as rivers or roads and so on, but the terrain-derived flow paths
are only needed, so the stream network should be further processed. All the flow paths
and their nodes, including start points, end points and intersection points, are analyzed and
compared to the actual drainage network, the nodes that overlap with the actual pipe net-
work will be removed, and the nodes that play a complementary role in regional drainage
will be kept. The pipe network at these nodes is supplied after analyzing the flow direction.
The two parts of the nodes constitute all the nodes of the final model, and the same is true
for pipe network. The modified nodes and pipe network demonstrate drainage characteris-
tics caused by terrain, which can make up for the shortage that there is no actual pipe but
actual flow paths in some areas.

The revised method is an optimization of geometric methods by revealing the drainage
function both of urban terrain and drainage pipe network. The direct differences between
two methods are drainage, then consequent area of catchments and flow length, and these
will result in different runoff and outflow in SWMM models. Assessing the two methods
is similar with sensitivity analysis about the two parameters. Extensive sensitivity analysis
results can be consulted in previous researches, which all concluded that a slight change in
any of these input parameters will significantly change the simulated runoff, but had incon-
sistency in parameters. Akdogan and Goven (2016) revealed that area of subcatchments,
precipitation and conduit depth are the most significant parameters in SWMM affecting
runoff production and percent imperviousness and percent slope are the least significant
parameters. Chow et al. (2012) studied on SWMM runoff quantity modeling, his conclusion
was that catchment width had a strong influence on peak flow but relatively weak on runoff
depth. The inconsistency of conclusions may be due to differences in applicable scenarios,
but this doesn’t matter it can conclude that the two catchments division methods will result
in different runoff. The specific effect of two methods will be elaborated in latter case study.

2.4 The SWMM model for the study area

There are nine land use types in study area: rivers, lakes, farmlands, constructions, wood-
lands, green space, meadows, roads and impermeable land, and Fig. 6 shows the map of
their Manning coefficient distribution.

Drainage system data are collected, and drainage networks model is constructed
according to actual data. The drainage networks distribution map is shown in Fig. 7c
with 167 nodes and 137 conduits. The study area is divided into some catchments with
the revised catchments division method proposed above. Pipe networks have been
obtained in the last step, and natural flow paths in region are extracted (Fig. 7b). All the
flow paths and their nodes are analyzed and compared to the actual drainage network,
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Fig. 6 Distribution map of land use types and Manning coefficient: a the distribution map of land use types
in study area; b the distribution map of Manning coefficient in study area

nodes that overlap with the actual pipe network are removed, and nodes that play a com-
plementary role in regional drainage are extracted. There are 198 nodes including 177
junctions and 21 outlets in the final (Fig. 7d). The directions and starting points of the
flow paths are analyzed, and drainage networks at these nodes are replenished. There
are 166 conduits in the final (Fig. 7d). The catchments are divided based on nodes with
Voronoi method, and there are 198 catchments (Fig. 7d).

After catchments division is done, and the area and width of catchments are automat-
ically acquired, and the average slope of the catchments based on DEM is calculated.
The N-Imperv and N-Perv of each catchment with area weighting principle are calcu-
lated. First, the study area is split into permeable zone (Fig. 8b) and impermeable zone
(Fig. 8a), and the two layers are exported separately. The space overlay analysis is car-
ried out between the two layers and the catchments layer. Taking the catchments layer
as the target layer and the permeable layer as the auxiliary layer, Clip operation is done,
which can obtain permeable zone distribution map of each areas. The same operation is
done to impermeable layer. The intersect operation is done between the permeable zone
layer of each catchments and the Manning coefficient distribution layer. Dissolve oper-
ation is done to the result layer. The polygons are dissolved according to catchments
name, and Manning coefficient of permeable zone is calculated in each catchment with
area weighting principle, so that we can obtain Imperv of each catchments (Fig. 8c),
the same as to the N-Imperv of each catchment (Fig. 8d). The remaining five param-
eters are calibrated and tested by the automatic method (Barco et al. 2008). Compar-
ing the simulated discharge hydrograph and the actual discharge hydrograph of junction
“YS2698608° on September 14, 2016, and on October 23, 2016, respectively, the simu-
lated discharge hydrograph is consistent with the actual discharge hydrograph generally,
and the error percent of peak value and total discharge is shown in Table 2, and the

@ Springer



Natural Hazards (2019) 97:15-43 25

117°41'E 117°42'E 117°41'E 117°42'E
! ! ! !
N
(b) A

z 71 |z
& . N
% DEM(T; 2 Legend %
g i = . o 5 1 ] ® Natural nodes o 5 1 B g
[\ --3.96 —KM Natural flow paths —

l l l l

N N
© A (d) A

Z Z
< <
S\ S\
Z. | Legend Legend zZ
o ©  Nodes ® Nodes S
Ik . < . &
% | Conduits 0 5 1KN| Conduits 0 5 1KM o
& [ 0 Study Area — [ ] Catchment areas — [\

T T T T

117°41'E 117°42'E 117°41'E 117°42'E
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optimal combination of parameters is that: Ds-Imperv shall be 1.92 mm, Ds-Perv shall
be 3.7 mm, MaxRate shall be 74.3 mm/h, and MinRate shall be 2.4 mm/h.

The catchments, conduits, junctions, outlets are inputted into SWMM model. The rain-
fall process is on June 18, 2016. The rainfall data details are shown in Table 3. The rainfall
process is directly input through the time series editor of the rainfall module. The infiltra-
tion model is Horton and routing model is Kinematic wave. The initial condition for catch-
ments and sewer over flow situation is that of initially dry. SWMM model construction was
done by the desktop software of SWMM 5.0, and the version of generated INP is 5.0.022.

2.5 Inundation algorithms

Inundation analysis fundamentals are non-source inundation and source inundation (Zhang
et al. 2009). Non-source inundation algorithm is simple and assumes that the inundation
has nothing to do with geographic location but only the surface elevation. Non-source
algorithm spreads flood from the ground to the high, so all grids in study area are traversed,
inundation analysis is conducted until the elevations of all unflooded area are higher than
flood elevation. (Flood elevation means the elevation plus its flood depth in each flood
grid.) Source inundation algorithm is complex for considering region convexity and terrain
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meable area; ¢ the map of Manning coefficient of impermeable area of each catchment; d the map of Man-

ning coefficient of permeable area of each catchment

Table 2 Error percent of peak value and total discharge

20160914 20161023

Peak value Total discharge Peak value Total discharge
Simulated discharged (m?/s) 0.062 0.063 5.106
Actual discharge (m’/s) 0.058 0.060 4.868
Error percent (%) 6.90 5.00 4.89

hindrance, so the algorithm is more close to the actual situation. The flow direction fun-
damentals are single-flow-direction algorithm and multiple-flow-direction algorithm. Sin-
gle-flow-direction algorithm is simple with few factors considered, but it is not completely
consistent with the actual flow process. Multiple-flow-direction algorithms are complex
with much factors considered, but it is more consistent with the actual flow process. Many
researchers (Li et al. 2016; Qin et al. 2006) chose numerous factors to improve multiple
from different aspects, but it has an effect on solving specific issues in the choice of factors.
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Table 3 Rainfall time series on

June 18, 2016 Time Rainfall (mm)
13:00 13.3
13:30 339
14:00 12
14:30 04
15:00 02
15:30 o1

An algorithm with source inundation and multiple flow directions is proposed. The dif-
fusion sources are nodes. The water spreads around on the basis of terrain with trial method
and water balance principle. The result rationality is judged after each round of diffusion.
If the current flood elevation is higher than the elevations of grids neighboring, the diffu-
sion area is expanded to a circle bigger than before; otherwise, it will diffuse again in the
new area, until the flood elevation is lower than elevations of grids neighboring all flooded
grids. After all nodes diffusions are completed, it judges whether the grids are involved
in two or more nodes diffusion process. If there are some nodes whose diffusion areas are
intersected, the node is made as a new one and the nodes’ volume is merged as the new
node’s volume, and then it diffuses again with the basic idea. It realizes water dynamic
allocation and flood dynamic diffusion by judging rationality of flood depth and area con-
stantly during the diffusion process. The flow direction depends on the difference of grids’
elevations without any human intervention, and the flood can flow into any grid around it.
There is no boundary in algorithm, and the inundation end depends on terrain and flood
volume, which is tallied with the actual situation.

Specific steps of the algorithm are given in the following passage and Fig. 10:

(1) Read the DEM to get each grid’s elevations;

(2) Read all nodes information, including nodes’ number, volume and location.

(3) Diffuse the flood from the first node, assume that the flood volume of current node is
V, the flood elevation is H, and A is the area of each grid.

(4) Diffuse the flood from the center (source) grid to outside, write diffusion area of round
n as Rn, R1 is the diffusion area in the first round, just shown as the area masked
with r1 in Fig. 9, R2 is not area masked with r2 in Fig. 9 but r1 +r2, so Rn should be
rl +r2+...+rn, while the current H is that:

_y
H=- @

Fig.9 Auxiliary graph of the
source algorithm

[

L__itl 4 Node
'—,—_—,' 12 Grids
i3
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Read the DEM to get each
grid’s evaluations

l Read all nodes’ information. ‘

j=0

4" Get the information of node;. ‘
i

The initial diffusion area is

the grid that node; lies in.
i

Calculate H, H is flood-elevation,
H; is grid;’s elevation.

Make the diffusion area a
(Z:":O H-H,)*A=V circle larger than former.

j++

If H is smaller than the minimum
of the elevation ofelghpgnds
around the center gri

Y

The node’s diffusion comes to
the end and obtain the node’s
inundation analysis result.

Read all grids’ inundation
analysis results.

Get final
inundation results.

Export grids involved in two or

YO If there any grid involved in two
more nodes diffusion process .

or more nodes diffusion proces

End

Export grids involved in two or Export grids involved in only
more nodes diffusion process . one node diffusion process .

Merge the nodes who have same
one or more flooded grids to
new nodes.

Clear these nodes’
inundation analysis results.

Update nodes’ and grids’
information

Fig. 10 Flowchart of the source algorithm

where the unit of H is m, the unit of V is m? and the unit of A is m>.

The H should be compared with the elevation of grids outside around the diffusion
area, which is written as compare area. If H is smaller than the minimum of the eleva-

@ Springer



Natural Hazards (2019) 97:15-43 29

tion of compare area, the node’s diffusion comes to the end, else comes to the step (5).
After all nodes diffusion has been done, it comes to step (6).

(5) Make the diffusion area a circle larger than former, and diffuse the flood among the
new area. Assume there n grids are flooded and their elevations are H1, H2,..., Hn. H
with trial method and the principle of water balance can be calculated as:

Z(H—Hi)xA=V (5)
i=0

where the unit of H and H; are m, the unit of V'is m? and the unit of A is m?.

If H is smaller than the minimum of the elevations of all grids surrounding the dif-
fusion area, the node’s diffusion comes to the end, else repeat the step. After all nodes
diffusion has been done, it comes to step (5).

(6) Judge whether there is any grid involved in two or more nodes diffusion process. If
there is no, the flood inundation is finished and returned the result. If yes, it makes
the modes a new one and merges the nodes’ volumes as the new node’s volume with
repeating the step (4).

To more deeply assess the effect of the source dynamic diffusion inundation algorithm, the
differences between source and non-source algorithm are compared. The biggest difference
between these two algorithms is the way to search the inundated grid, while the way to calcu-
late the flood elevation has no natural difference. The simulation results of the two algorithms
and their differences are elaborated in Sects. 3 and 4.2.

A non-source algorithm in lecture (Wang 2017) is elaborated, whose steps are shown in
Fig. 11. The flood volume of each catchment is the total volume of all nodes in the area. Dif-
fusing the flood around the surface, the inundation starts in the grid whose elevation is the
lowest. If the flood elevation is lower than the elevations of all the grids not inundated in this
catchment, inundation of the catchment comes to the end, else adds the grid, whose elevation
is secondary low. A new flood elevation is calculated for the inundation area without consid-
eration of spatial adjacency until the flood elevation is lower than the elevation of all the grids
not inundated. The flood elevation of non-source ‘H’ can be calculated by the formula:

n k
Z‘g(H—ngA:Z‘dvj )
i= J=

where k is the number of nodes in the area, V; is the flood volume of nodes j and its unit
is m?, n is the number of inundated grids and H; is the elevation of grid 7 and its unit is m.

The differences between two inundation algorithms can be directly perceived through deci-
sion boxes in Figs. 10 and 11. There are three decision boxes in Fig. 10 and two in Fig. 11. The
second decision boxes in Figs. 10 and 11 represent start of algorithms; the first decision boxes
represent the end of diffusion. With the four boxes, the non-source algorithm proceeds from
catchments so the diffusion is governed by catchments and end in the compare between flood
elevation and elevations of unflooded grids in each catchment with no consideration of spatial
locations, while the source algorithm proceeds from nodes so the diffusion happens overall
and ends in the compare between flood elevation and elevations of grids around flooded area.
The source algorithm has one more decision box which revises effect between nodes.
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Start
v
Read the DEM to get each grid’s evaluations.
v
Read all catchments information.
¥
=0
¥
Get all grids and all nodes volume in
catchment;. Catchment;’s flood volume is

the sum of all nodes’ flood volume in it.
¥

The initial diffusion area is the
grid whose elevation is lowest.
¥
Calculate H, H is flood- Add the grid that whose
elevation, H; is grid;’s elevation. elevation is the minimum
. among all unflooded grids to
(XiLo H-H))*A=V new diffusion area and update
current diffusion area.

N

If H is smaller than the minimum of the
elevation of all unfloodes grids

jH+

The catchments inundation analysis
comes to the end and obtain the
catchment’s inundation analysis result.

j<Catchments count

Get final inundation results.

i
End

Fig. 11 Flowchart of the non-source algorithm

3 Results and analysis

3.1 Results of source algorithm

OUT files are generated after automatic operation on INP files through the DLL, and flood
volumes were extracted from OUT files. Table 4 shows some nodes’ flood volume at some

instant. The water volume unit is m>/s, which is a unit of speed, so the amount of water
accumulated at each time needs to be multiplied by time.
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Table 4 Nodes flood volume time series on June 18, 2016

Time 11 (m’/s) 12 (m¥/s) YS3103604 (m?/s) YS3103702 (m?/s) YS3103904 (m?/s)

13:00 0 0 0.059 0.006 0.003
13:30 0 0 0.823 0.864 0.209
14:00 0.510 0.088 1.307 2.081 0.478
14:30 0 0 0.710 0.494 0.124
15:00 0 0 0.630 0.215 0.097
15:30 0 0 0.458 0.136 0.082

Taking 30 min as the time interval, flood at each instant is obtained by inundation
analysis using the source algorithm and DEM (Fig. 7a). From Fig. 12, it can be found
that:

(1) The trend of waterlogging is consistent with the process of rainfall, and the flood
peak and the rainfall peak both happened at 13:30. As the rainfall decreased, the flood
receded.

(2) The flood in the northwest and southeast was discretely distributed and heavier, and
the flood in the northeast and southwest was continuously distributed and easier.

(3) Summarizing the simulation results of the whole rainfall process, the inundated area
can be summed up into three categories which are masked with circles, rectangles
and triangles shown in Fig. 12f. The areas masked with circles tend to be inundated,
because the flood in these areas came from the beginning of the rainfall when the
rainfall is not heavy and retreated completely more than 3 h after the rainfall peak or
even longer, so the main reason of flood in these areas is the poor drainage capacity.
The inundation depth in areas masked with triangles seems to be the most deepest, but
the rainfall that makes these areas to start to be inundated is heavier than that in area
masked with circles, so these areas are used to be inundated under the heavier rainfall
and are with a better drainage capacity that can make the flood retreat fast. The area
masked with rectangles was inundated with a large and even distribution, because the
areas are residential areas with flat but impermeable surface, so its drainage is slow in
short intense rainfall. The six areas masked in Fig. 12f are consistent with the water-
logging points by the field surveying, also as well the characteristics of waterlogging
in these points.

3.2 Results of the not revised catchment division

To evaluate the effect of the revised method, a new SWMM model of the study area
with all natural flow paths and removed nodes is constructed with 167 nodes and 137
conduits (Fig. 13a). Based on the source diffusion algorithm, simulation results are
shown in Fig. 14. It is found that the trend of waterlogging is consistent with the pro-
gress of rainfall and the global distribution characteristic is consistent with the results
of the revised method or it seems to be a little lighter, but the conclusion should be
proved by data so the compare will be elaborated in Sect. 4.1.
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Fig. 12 Simulation results of source algorithm

3.3 Results of the non-source algorithm

Similarly taking 30 min as the time interval, the simulation results with the non-source
inundation algorithm are achieved and shown in Fig. 15. The catchments division
method is the revised method; just the diffusion algorithm is changed to get the simula-
tion results. The trend of waterlogging is also consistent with the rainfall progress.
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Fig. 13 Catchments with different methods: a catchments divided by the geometric method without consid-
eration of terrain; b catchments divided by the revised geometric method with consideration of terrain

4 Discussions

To assess effect of the revised method and the improved algorithm, we calculate difference
between results of different methods or algorithms. We made subtraction of results, taking
the result of the revised catchments division and the source algorithm as the minuend and
the result of the geometric catchments division and the source algorithm or the result.

4.1 Assessment of the revised catchments division method

From Sect. 2.3, it is known that different catchment divisions cause different runoff, and
the revised method is proposed to reveal terrain-derived drainage well, so Table 5 are given
to show these in detail. From Table 5, the total inflow of revised method is a little heavier
than that of geometric method at the first two instant and lighter at the next four instant,
but the external outflow percent of revise method is always bigger than that of geomet-
ric method, which indicates that revised method has a better effect on drainage than geo-
metric method. Inundation analysis results with source algorithm are obtained for further
assessment on two catchments division methods; Table 6 and Fig. 16 show the results. The
flooded grids of geometric are less than the grids of revised method but their mean depth
is deeper when the rainfall is heavy, indicating that the nodes flood volume is greater when
the nodes number is less, so the flood in some regions is not well expressed, especially the
regions with no pipe networks; so, not only the pipe network plays a part in urban drainage
in a rainstorm but also the terrain, and the revised method is reasonable to taking the drain-
age of terrain into account.

4.2 Assessment between non-source and source algorithms

To study the limit of boundaries of the catchments in non-source, some comparisons are
made in Fig. 17. Figure 17a—c shows the original DEM of the study area. Take the same
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standard to display the flood elevation of flood grids; Fig. 17d—f shows DEM and flood ele-
vation, which replaces the DEM with flood elevation if the grid is flooded. From Fig. 17b,
¢, e, f, many grids elevations are higher than the elevations of its unflooded neighboring
grids, which is unreasonable in terms of actual situation. Figure 17g—i shows the flood
elevation of flooded areas. Some grids flood elevations are different with the flood eleva-
tion of its neighboring grids, which also goes against the nature. From above analysis, the
boundaries of catchments have a great impact on inundation results or the non-source algo-
rithm needs an accurate division method of catchments.
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Fig. 15 Simulation results of non-source algorithm

The differences between two algorithms are diffusion patterns and boundaries; these
mainly cause different inundation analysis results: firstly locations of flooded grids, and
consequently count and depth of flooded grids. So differences of spatial distribution of
inundation analysis results ought to be the most important to assess the differences between
two algorithms. From Table 7, percent of grids flooded in both two algorithms are com-
pletely consistent with the rainfall trend. It shows that when the rainfall is small, the
flooded grids are less and inundation analysis results with two algorithms have large dif-
ference. As the rainfall increases, the flooded grids are great so probability that inundation
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Table 6 Comparison between mean depth and grid count of different catchment division methods with
source inundation algorithm on June 18, 2016

Time Rainfall (mm) Revised method Geometric method
Mean depth (m) Flooded area  Mean depth (m) Flooded
(km?) area (km?)

13:00 13.3 0.1508 0.272 0.1466 0.260
13:30 33.9 0.1696 0.610 0.178 0.457
14:00 1.2 0.1354 0.106 0.1417 0.163
14:30 04 0.1167 0.057 0.1409 0.096
15:00 0.2 0.104 0.046 0.1256 0.068
15:30 0.1 0.1091 0.034 0.116 0.052

with two algorithms covers the same grids with is getting larger. Differences of spatial dis-
tribution inevitably lead to differences in grid count and depth. Figure 18 shows the dif-
ferences of inundation distribution and grid depths between two algorithms. As for grid
depths and count, when the rainfall is small, the mean depth of non-source is lower than
that of source algorithm and the grid count is the opposite. When the rainfall is heavy, the
mean depth of non-source algorithm is deeper than that of source algorithm and the grid
count is the opposite. Because inundation analysis always starts from the deepest grid, the
deepest grid is flooded forever, especially when the elevation difference between the deep-
est grids and the second deepest grids is large. The depth in these deepest grids is huge
shown as an abnormal value, which is avoided by the reasonable selection of nodes posi-
tion in source algorithm.

Although the source inundation analysis algorithm shows a better result than the non-
source algorithm, there are still two details of the algorithm to be improved, which are
shown on Fig. 19. Firstly, there is an obvious boundary in the area circled with rectan-
gle and its number is 1 in Fig. 19, because a diffusion radius has been set for the node.
The elevation of the area is gradually decreasing from north to south so the flood area is
even in the opposite of the lake in previous simulations, but it is unreasonable for the node
locates on the northern road. Therefore, there may be some natural obstacle to be included
to revise the diffusion boundary of each grid. Secondly, the depth is deep in area circled
with rectangle and its number is 2, but it is obviously unreasonable because it locates by
the river. Without inconsequence of algorithm and DEM, the DEM needs a fine preproc-
essing to eliminate river areas.

5 Conclusions

A methodology for simple 2-D inundation analysis in urban area using SWMM and GIS is
proposed in this paper, which need not edit SWMM’s original code. It also splits SWMM
construction and inundation analysis. The two parts can be processed independently.
SWMM construction can be done after basic data processing by GIS tools. Automatic
operation through the DLL can obtain model results, which provide flood volume for inun-
dation analysis. A method to calculate N-Imperv and Imperv by GIS tools is proposed
to simplify data processing. The revised method of catchments division can remedy the
deficiency of the single method in drainage effect and makes the flood expression more

@ Springer



38 Natural Hazards (2019) 97:15-43

117°41'0"E 117°42'0"E 117°41'0"E 117°42'0"E
Il Il Il Il

(a) 20160618 13:00 (b) 20160618 13:30
& &
=4 =4
=1 s
3 3
=3 =3
= o
o o
X 3
Z Z
=3 =3
2 2
=3 =3
= —d
o o
g g
=) =)
= mo
X X
=3 =3
2 - -2
) T T T T 9,
S 117°41'0"E 117°42'0"E 117°41'0"E 117°42'0"E S

H N

Difference(m) : — : 0 05 1KM A
0.5 -0.4-0.3 -0.2 -.1-0.050.050.1 02 0.3 0.4 0.5 ——

Fig. 16 Difference between different methods of catchments division. The inundation analysis results of the
revised catchments division method with the source algorithm are minuends, and the inundation analysis
results of the geometric catchments division method with the source algorithm are subtrahends

@ Springer



Natural Hazards (2019) 97:15-43 39

A

Legend1
[ Catchment areas

DEM or flood
(C)Partial enlarged elevation(m)
drawing of DEM 2

"~ 17.28

L
- -3.94
SR e f i
. (e)Panial enlarged drawing (f)Partial enlarged drawing
(d)DEM and flood elevation of DEM and flood elevation I of DEM and flood elevation 2
Legend2

[ Catchment areas

Flood elevation(m)
o 1168

—

-, 0.01

(h)Partial enlarged drawing (i)Partial enlarged drawing
of flood elevation 1 of flood elevation 2

(g)Flood elevation
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enlarged drawing of DEM and flood elevation 1; f a partial enlarged drawing of DEM and flood elevation 2;
g the flood elevation of flooded area; h a partial enlarged drawing of flood elevation 1; i a partial enlarged
drawing of flood elevation 2

meticulous. It is reasonable to take the drainage caused by the terrain into account, because
the external outflow percentage of the revised method is always bigger than that of the geo-
metric method.

Inundation analysis can be done once the flood volumes are known. The inundation
analysis algorithm plays an important role in this part. Compared with previous non-
source algorithm, the source dynamic diffusion inundation algorithm proposed in this
paper has achieved a better result. This algorithm breaks the boundaries restrictions and
can show spatial continuous distribution of waterlogging well with reasonable inunda-
tion depth and area, so it can improve the accuracy of inundation analysis.
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