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Abstract: Extreme rainfall is the main influencing factor of urban waterlogging. Different types of
rainfall often have different characteristics of waterlogging. In order to establish a more accurate urban
flood control system, it is necessary to classify waterlogging rainstorms and divide their thresholds.
This study proposes a method for applying web crawlers to identify waterlogging rainfall in cities
lacking waterlogging observation data and classifying them using the rainfall intensity—duration
curves. By selecting appropriate duration thresholds and return period, waterlogging rainstorms are
divided into rainfall intensity waterlogging (IW), rainfall amount of waterlogging (AW), combined
waterlogging (CW) and no waterlogging (NW). In the application of Zhengzhou City, China, the urban
flood control standard and the rainfall time distribution characteristics are used as the basis for the
selection of the return period and duration thresholds, and the storm water management model
(SWMM) is constructed to simulate the 4 kinds of rainfall characteristics of waterlogging, which is
similar to actual situations. It proves that the method is suitable for the classification and thresholds
division of different waterlogging rainfall in cities. The results show that the best duration thresholds
in Zhengzhou are 20 min (Myg) and 60 min (Mgg), and the best return period standard is 2 a.
The thresholds for the 4 types of waterlogging rainstorm are: My > 26.47 mm, Mgg > 43.80 mm, CW;
My > 26.47 mm, Mgy < 43.80 mm, IW; My < 26.47 mm, Mgy > 43.80 mm, AW; My < 26.47 mm and
Mgp < 43.80 mm, No waterlogging.

Keywords: urban waterlogging; rainfall thresholds; ID curves; SWMM,; classification

1. Introduction

In recent years, with the rapid progress of global warming and urbanization, the heat island and
rain island effects have concentrated, leading to an increase in extreme rainfall in urban areas [1-4]. In the
rainy season, frequent extreme precipitation events cause urban waterlogging disasters, which seriously
affect the lives and property safety of urban residents [5,6]. As the direct driving factor of urban
waterlogging disasters, precipitation is also the most uncontrolled factor [7-9], and analyzing its impact
on urban waterlogging is of great significance for exploring the characteristics of urban waterlogging
and warning.

Many scholars have studied the characteristics of urban floods and waterlogging [10,11]. A general
consensus is that excessive accumulated rainfall often causes urban waterlogging and that under
the same accumulated rainfall conditions, the shorter the duration, the more likely it is to cause
waterlogging disasters [12-14]. It can be seen that the amount and intensity of rainfall are two important
factors affecting urban waterlogging, moreover, waterlogging dominated by two factors often has
different characteristics. Studies on rainfall thresholds have also found that waterlogging events
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are significantly correlated with short-term heavy rainfall and long-term continuous rainfall [15-17].
This indicates that urban waterlogging can be caused by the amount or intensity of rainfall exceeding
the thresholds or that it may be caused by the mutual effect of two aspects. For cities lacking
waterlogging observation data, it is impossible to directly collect waterlogging information with
different characteristics. The application of crowdsourced data such as pipeline maintenance records,
municipal center telephone calls, citizen observations and flood insurance provides new solutions to
this problem. As a method to efficiently obtain Internet data resources with time and location attributes,
web crawlers are used to obtain urban waterlogging information and have good applicability.

When the rainfall intensity exceeds the urban drainage capacity, the excess rainwater cannot be
eliminated in time, which mostly occurs in areas where pipelines are blocked or with low design
standards, and the surface water will quickly disappear as the rainfall weakens [18]. Long-term
low-intensity rainfall weakens the drainage capacity of the pipe network by raising the water head
downstream, and gradually causes a large number of nodes to overflow, this type of waterlogging exists
for a long time and the water recedes slowly [19]. For extreme rainfall with peak height, large volume
and long duration, the above two aspects will appear together [20]. The rational division of urban
waterlogging with different characteristics is very important for targeted flood control measures.
For short-term heavy rainfall waterlogging, it is only necessary to focus on urban “waterlogging points”
or to carry out centralized drainage transformation. Long-term continuous rainfall and waterlogging
need to appropriately improve the design standards of the downstream pipeline network to reduce
urban waterlogging caused by the phenomenon of backwater jacking. When the two factors appear
together, on the basis of the previous measures, it is also necessary to improve the drainage capacity of
downstream pumping stations to minimize the loss of waterlogging caused by extreme rainfall.

The rainfall thresholds for the warning indicates the critical value of rainfall that causes a disaster,
expressed in terms of accumulated rainfall at a specific time [21-24]. As shown in Figure 1, the lower
part of the rainfall-duration (RD) curve is the safe zone, which means that rainfall will not cause
waterlogging disasters, and the upper dangerous zone has the opposite meaning [25-27]. For rainfall
with similar curvature characteristics, this curve can distinguish the occurrence of urban waterlogging
well, but for rainfall with a relatively concentrated peak, the rainfall intensity in a short period of time
is greater than the regional drainage capacity, even though it is generally in the safe zone, and it will
also cause waterlogging and misjudgment. Therefore, this study has improved the method of dividing
the thresholds of waterlogging, replacing the RD curve with the intensity—duration (ID) curves to
highlight the impact of rainfall intensity on waterlogging.

Danger zone
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Duration
Figure 1. Schematic diagram of rainfall threshold curve.
Although there is a consensus that the characteristics of urban waterlogging dominated by rainfall

intensity and amount are significantly different, the methods for effectively distinguishing different types
of urban waterlogging rainstorms are not yet mature [28-30]. Compared with the RD curve, the ID curve
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can highlight the impact of rainfall intensity on waterlogging. Therefore, it has obvious significance in
terms of the improvement in the division of rainfall thresholds. This has been confirmed in the research
fields of hydrogeological disasters such as mountain floods, landslides and debris flows. This study
applies it to the study of urban waterlogging to comprehensively analyze the effects of rainfall intensity
and accumulated rainfall in waterlogging [31-36]. This study is based on the urban waterlogging news
obtained by web crawlers, combined with the rainfall ID curves to define and classify waterlogging
rainstorms into 4 types: rainfall intensity waterlogging (IW), rainfall amount waterlogging (AW),
combined waterlogging (CW) and no waterlogging (NW). Through the waterlogging process simulated
by SWMM model, the characteristics of urban waterlogging under different rainfall conditions are
further analyzed, and a method for calculating the thresholds value of waterlogging rainstorms is
proposed. The application to the study area verifies the rationality and feasibility of the method.

2. Materials and Methods

2.1. Study Area

The study area is the urban area of Zhengzhou City, China, as shown in Figure 2. Zhengzhou is a
representative large city in the North China Plain, with a resident population of more than 10 million
and an urban area of 1010 km?. This century, it has entered a stage of rapid urbanization. The built-up
area of the central city area has rapidly expanded from 137.5 km? to 549.3 km?, and the urbanization
rate has exceeded 70%. The average annual rainfall is 542.15 mm; however, it is affected by the
temperate monsoon climate and the hydrological effects of urbanization, more than 65% of the rainfall
is concentrated in summer, and the center of heavy rain is mostly located in the central city, making
the study area vulnerable to urban waterlogging every summer. From 2011 to 2018, there were 38
waterlogging events, an average of nearly 5 a year, of which 26 had a wide range of impacts. Therefore,
it is necessary to study the characteristics of waterlogging rainstorms in this city, and provide a
decision-making basis for urban waterlogging warning.
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Figure 2. Location of the study area, rainfall stations and roads.
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2.2. Data Description

This study needs rainfall and waterlogging data in the study area. Among them, the rainfall data
is the 10 min rainfall sequence of the 14 rainfall stations in Zhengzhou and its surrounding areas from
2011 to 2018, and 117 rainfall processes are obtained after division. Table 1 shows the basic information
of these rainfall stations.

Table 1. Rainfall station information in the study area.

Station Latitude and Time Interval Station Latitude and Time Interval
Number Longitude (min) Number Longitude (°) (min)

00 113.670, 34.766 10 07 113.623, 34.872 10

01 113.631, 34.830 10 08 113.673, 34.782 10

02 113.702, 34.761 10 09 113.662, 34.744 10

03 113.767, 34.764 10 10 113.773,34.721 10

04 113.708, 34.688 10 11 113.670, 34.766 10

05 113.574, 34.817 10 12 113.631, 34.830 10

06 113.315, 34.809 10 13 113.631, 34.830 10

There is no special urban waterlogging measurement and monitoring facility, so it is impossible to
obtain structured urban waterlogging sequence data. News media such as urban traffic broadcasting
and urban residents have very active attention to the widespread urban waterlogging disasters.
Related information will be fed back on the Internet with the occurrence of waterlogging disasters,
and the amount of information will increase with the expansion of the scope of the disaster [37].
Therefore, crowdsourced data such as urban waterlogging news and information on the Internet are
very valuable urban waterlogging data. The use of web crawlers to collect waterlogging information
released by citizens and news media from the Internet can effectively compensate for the lack of data
in this area.

Internet crowdsourced data is fragmented information, and it is difficult to describe the whole
process of urban waterlogging caused by heavy rain. Constructing an urban rainstorm waterlogging
model and calibrating it with waterlogging crowdsourced data can reproduce the urban waterlogging
process reasonably well. This method is suitable for cities that lack waterlogging observation data.
The basic data obtained from the urban construction management department are used for the
construction of the SWMM model. Among them are tertiary highways and rivers used as the boundary
of the subcatchments, a digital elevation model (DEM) with a resolution of 30 m, and land-use and
pipe networks data which are used for the model runoff generation calculation, involving the setting of
basic parameters and the subcatchments and the nodes hydraulic connection. The model is calibrated
on the basis of reflecting the actual situation as much as possible to simulate the process of urban
rainfall and waterlogging.

2.3. Methods Description

Three parts constitute this research. Part (1) describes the data preparation process, including
rainfall data and waterlogging crowdsourced data obtained by web crawlers, as well as the underlying
surface basic data used to build the simulation model. Part (2) introduces the analysis method of the
characteristics of waterlogging rainstorms. By drawing the ID curves, the waterlogging rainstorms
are classified. Part (3) introduces the simulation results of the SWMM corrected by the crawled
waterlogging points information, which verifies the rationality and feasibility of the method.

2.3.1. Crowdsourced Data Acquisition of Urban Waterlogging Based on Web Crawlers

Search engines and scalable crawlers are two different ways of obtaining Internet crowdsourced
data related to urban waterlogging. In terms of the customizable data acquisition and speed,
the latter has more prominent advantages. Therefore, this study uses web crawlers to capture
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waterlogging-related data from collection URLs (uniform resource locators) [38]. First, we put all these
URLs in an ordered queue in a specific order, extract the URL and download the page, then we analyze
the page content, extract the new URL and store it in the queue to be crawled. We repeat the above
process until the URL queue is empty or meets specific crawl termination conditions, so as to traverse
the web and achieve effective data collection [39].

The object of data acquisition is Sina Weibo V-certified urban waterlogging news. Compared with
other types of crowdsourced data, such as municipal center telephone call volume, pipe network
maintenance records, Internet flooding news, etc., these data have three advantages. (1) Weibo is a
closed platform, V-certified news has high credibility. (2) The attributes of Weibo news data include
geographic location and time information, making it easy to select data that meet the requirements.
(3) Weibo news data are easier to clean up, with fewer redundant data and higher content value
density. Input attributes are location, time and waterlogging keywords in the crawler program,
and by simulating landing on the Weibo platform, the information that conforms to the attributes is
automatically crawled into a fixed storage path, and the results are displayed in the form of rainfall
information and waterlogging information. The method flow is shown in Figure 3.
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Figure 3. The process of web crawlers obtaining urban waterlogging information.

We change the time parameter in the code to collect multiple rainfall and waterlogging information.
In this study, keywords such as rain, waterlogging, and flooding were used individually or in
combination to expand the capacity of the target database. The reliability of internet information,
collected by web crawlers to supplement the lack of flood-related data can greatly influence the
accuracy of the results. From this point of view, data cleaning is considered an important step in
collecting reliable data. The research achieves the purpose of data cleaning by eliminating redundancy
and wrong information. Redundant information is mainly due to the same news reprinted by different
news media, the wrong information mainly comes from news media’s reports on flooding news in
other regions or other times. For example, on 21 July 2012, Beijing, China suffered the worst rainfall
event in the past 70 years, which caused widespread concern. The Weibo media in the research area
also reported and reprinted this news in large numbers. These data are invalid for the research and
need to be eliminated. In general, the more serious the urban waterlogging, the more information
feedback from citizens and news. Therefore, the amount of waterlogging information can be used as
an objective standard to reflect the severity of waterlogging. The geographic information involved in
the text is the actual waterlogging point of the city.
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2.3.2. Waterlogging Rainstorms Thresholds Based on Intensity—Duration (ID) Curves

The return period of rainfall is an important basis for the construction of urban flood control
facilities, in a unit of year (a), and it represents the average interval time between the occurrence
of rainfall greater than or equal to a certain intensity, and the value is equal to the reciprocal of the
frequency of heavy rainfall. For example, the construction standard for road drainage in Zhengzhou is
2 a, which is determined based on the Zhengzhou rainstorm intensity formula, Equation (1).

. 40.1(1+0.7941g P)
1 =
(t +25.8)09%

)

where i is the rainfall intensity of the design rainfall, mm/min; P is the return period, a; t is the
duration, min.

Urban waterlogging rainfall corresponds to 4 types: short-term heavy rainfall has excessive rainfall
intensity, and poorly drained areas cannot drain the excess rainfall in a short time, which can be called
rainfall intensity waterlogging; for rainfall with low intensity but long duration, rainwater gradually
fills the downstream pipe network and overflow, which is called rainfall amount waterlogging; for rain
with both strong intensity and long duration, waterlogging is called combined waterlogging; rainfall
with a small amount and intensity always means no waterlogging.

Due to the independence between rainfall events, the characteristics of actual rainfall and designed
rainfall are generally different. According to Equation (1), we calculate the return period of all rainfall
events at 14 stations, and randomly select 12 events, the ID curves are shown in Figure 4, the dotted
lines are the design rainfall of 0.5-, 1-, 2- and 5-a return periods. The ordinate is the maximum
average rainfall intensity during the period, and the abscissa is its corresponding duration. By selecting
appropriate long-short duration thresholds and return periods, waterlogging rainstorms can be divided
into four categories. Taking the duration thresholds of 20 min (Mjg) and 60 min (Mgp) and the return
period of 1 a as example, the four types of waterlogging rainfall are divided as follows. Table 2 shows
the information and classification results of the 12 rainstorms in 4 return periods.

(1) My = 21.36 mm and Mg > 35.35 mm. It shows that both of the intensity and amount of rainfall
have reached the flood-causing conditions, which is CW.

(2) My > 21.36 mm, Mg < 35.35 mm. It means rainfall is concentrated and rapidly attenuating,
resulting IW.

(3) My < 21.36 mm, Mgp > 35.35 mm. It shows that the rainfall is uniform and lasts for a long time,
the corresponding waterlogging is AW.

(4) My <21.36 mm and Mg < 35.35 mm. Which means the amount and intensity are both small and
not enough to cause waterlogging disasters, corresponding to NW.
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Figure 4. Intensity—duration (ID) curves of design rainfall and measured rainfall in the study area.
Table 2. Information and classification results of the 12 rainstorms.
Rainfall Cumulative . . Maximum Rainfall Return Periods (a)
. Duration (min) . .

Events Rainfall (mm) Intensity (mm/min) g5 1 2 5
20140729 58.0 70 2.20 CW CW CW CWwW
20160805 53.5 80 1.75 CW CW CW 1IW
20170812 63.5 110 1.70 CW CW CW AW
20130807 78.5 110 1.60 CW CW CW AW
20120827 50.0 130 1.50 CW CW CW NW
20130811 52.0 90 1.15 CW CW AW NW
20150722 35.0 90 1.05 CW NW NW NW
20160719 24.5 130 1.10 NW NW NW NW
20160605 37.5 140 0.95 CW NW NW NW
20180727 38.0 150 0.75 AW NW NW NW
20170729 43.0 180 0.60 AW NW NW NW
20150501 19.5 180 0.15 NW NW NW NW

M, and Mg indicate the maximum rainfall of 20 min and 60 min during the return period 1 a,
which are 21.36 and 35.35 mm.

Different return periods and duration thresholds correspond to different waterlogging disaster
discrimination standards. In practical applications, the duration thresholds can be determined
according to the regional rainfall characteristics, and then the most accurate return period can be
determined according to the waterlogging points information obtained by the crawlers and the flood
simulation model, so as to obtain the appropriate waterlogging rainfall thresholds standard.

2.3.3. Analysis of Urban Waterlogging Process Based on SWMM

The urban waterlogging points data obtained by crawlers are often subject to the subjective
influence of citizens. For example, rainfall of the same magnitude that occurs during peak hours and
in the early morning will have completely different social responses, resulting in a lack of consistency
in the data on waterlogging points obtained by crawlers. In contrast, the simulation results of the
urban waterlogging model are not affected by data crowdsourcing, and are consistent and objective.
Therefore, the use of waterlogging points data for model calibration to obtain reasonable urban
waterlogging distribution characteristics is of great significance for judging the rationality of design
rainfall in different return periods such as the waterlogging rainstorms thresholds standard.

SWMM, as a mature model used in urban waterlogging simulation research, is suitable for
the needs of this research, which is an urban stormwater management model proposed by the US
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Environmental Protection Agency (EPA). Since the model was developed in 1971, after more than
40 years of development and application, it has been widely recognized [40—44].

The model approximates the slope confluence as multiple sets of one-dimensional flow processes
generated on the slope, and is calculated based on the motion wave equation. The basic principle
comes from the simultaneous solution of water balance formula, Equation (2) and Manning formula,

Equation (3) [45].
av dh

E:FE:FrS_Q 2
149(h - h,,)S/ %5172
- W - 3)

where, F is the subcatchment area, m?; V is the storage capacity of the catchment area, m3; 1 is the water
storage depth of the catchment area, mm; 7 is the surface runoff rate obtained from runoff analysis,
m/s; Q is the flow rate, m%/s; h, is the water storage depth of the depression, mm; W is the confluence
width, m; s is the slope of the subcatchment area; 7 is the roughness.

Substituting (3) into (2), using the Newton—-Raphson iterative method to calculate the approximate
solution of the finite difference scheme to obtain the water depth process, we obtain Equation (4).
In the calculation of slope confluence, the water depth process is obtained by Equation (4), and the
flow process can be obtained by introducing Equation (2).

5/3
hz—hl_r__K(h1+h2_h)/ @)
- =7 .

where, 111 and h, are the water depths at the beginning and end of the period At. K is the slope
confluence coefficient, which is given by Equation (5).
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For the confluence of pipelines and rivers, due to its own linear characteristics of water flow,
a one-dimensional water flow formula is used for calculation. Among the three currently popular
methods, the constant flow method and the moving wave method are simple generalizations of the
actual process. In contrast, the dynamic wave method is most suitable for the calculation of urban
pipelines and river confluences. Its governing equations are the Saint-Venant equations composed of
the continuous equations and the momentum equations, Equations (6) and (7).

9Q A
E + E =0 6)

o (Q/4) a0
gAg—i-—&x +§+gASf =0 )

where, Q is the flow rate, m3/s; A is the cross-sectional area of the water, m%; H is the water depth, m;
g is the acceleration of gravity, 9.8 m/s?; Sris the friction drop, which can be determined by Equation (8).

O 8
f= gAR—4/3Q|U| (8)

After simplified calculation, the flow rate is given by Equation (9).

(Qt +2ANA + 7227 At — gATT I A)
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where the subscripts 1 and 2 respectively represent the upstream and downstream nodes of the pipe
section or river section; the upper horizontal line represents the average value of the At period; L is the
pipe section or river section length, m. In addition, the nodes on the pipeline or river must also meet
the continuity condition, Equation (10).

oH Y0
- _ 1
ot w (10)
The finite difference format of the water level of the node can be expressed as Equation (11); where,
H is the node water level (or head), m; Q; is the flow of the node, m3/s; w is the free water surface area

at the node, m2.

At
Hy ar = Hy + Z% (11)

Combining Equations (9)—(11), the flow rate and node water level of each pipe section or river
section can be obtained.

In summary, SWMM can perform nodal overflow calculations, and can also accurately simulate
the generation and disappearance of stagnant points. The waterlogging simulation model of the
study area is constructed based on SWMM and the waterlogging data obtained by reptiles can be
used for model correction, which can carry out reasonable urban waterlogging simulation, judge the
rationality of the thresholds division according to the simulation results, and form a complete set of
urban waterlogging rainstorms thresholds division methods.

3. Results

3.1. Analysis of Web Crawler Results

Web crawlers crawled 117 rains from 2011 to 2018. After data cleaning, 70 rainstorms with
waterlogging news were obtained, and the total number of news items was 2378, which represents the
public’s attention to rainfall and waterlogging events according to the principle that the higher the
public attention, the more serious the waterlogging is. According to the amount of news, the rainstorms
were divided into four equal parts, with greater news volume meaning that waterlogging caused more
widespread concern, corresponding to a more dangerous disaster, as shown in Table 3.

Table 3. Waterlogging news and rainfall statistics analysis.

News Degree of . Average News Average Average Average Rainfall
Rain Events
Volume Waterlogging Volume Rainfall (mm) Duration (h) Intensity (mm/h)
0-3 No . 18 2.11 10.94 1.55 7.08
waterlogging
410 Less 18 6.61 13.50 2.61 517
waterlogging
11-39 Waterlogging 17 23.95 28.05 2.46 11.41
>40 Flood disaster 17 96.78 38.61 2.54 15.22

From this table, it can be considered that for a certain rainfall in the study area, if the amount
of Sina Weibo waterlogging news reaches more than 10, it can be determined that the rainfall has
caused urban waterlogging, and more than 40 can be identified as flood disaster. These two situations
correspond to waterlogging rainstorms; therefore, from 2011 to 2018, there were 34 waterlogging
rainstorms in the study area. This method is suitable for situations where the public pays more
attention to waterlogging news, and there is greater uncertainty. It is necessary to conduct further
analysis of the waterlogging rainstorms in order to obtain more reasonable identification indicators.

3.2. Urban Waterlogging Rainstorm Thresholds

Statistics provided the maximum rainfall in different periods of 34 waterlogging rainstorms events,
as shown in Figure 5, Mo and Mg exceed 50% and 80% of the rainfall, so in this study area 20 min and
60 min were used as the duration thresholds.
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Figure 5. Time distribution of maximum rainfall.

The 26 waterlogging rains with an intermittent time of no more than 20% were regarded as
continuous rainfall. The ID curves shown in Figure 6a—d, respectively indicate the return periods of 0.5-,
1-,2- and 5 a, and the statistics of the 4 types of flooding condition corresponding to each return period
are shown in Table 4. At 0.5 a, all waterlogging rainstorms were classified as CW, and this standard
is too conservative when used in urban waterlogging warning. In contrast, at 5 a, 15 waterlogging
rainstorms were judged as NW, which is too optimistic. The standard division results of 1 aand 2 a
are more reasonable. Among them, at 2 a, the three types of waterlogged rainstorms are similar in

quantity, and distinguish the characteristics more clearly, which is the most expressive result.
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Figure 6. ID curves of waterlogging rainstorms in different return periods. (a) is the result of rainstorm
type classification when the return period is 0.5 a; (b) is the result of rainstorm type classification when
the return period is 1 a; (c) is the result of rainstorm type classification when the return period is 2 a;
(d) is the result of rainstorm type classification when the return period is 5 a.
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Table 4. Statistics of waterlogging rainstorms under different return period standards.

Types of Types of
Return Periods (a) Waterlogging Number Return Periods (a) Waterlogging Number
Rainstorms Rainstorms

CwW 26 CW 10

I\ 0 w 8

05 AW 0 2 AW 7
NW 0 NW 1

CwW 20 CW 5

1 I\ 3 5 W 2
AW 3 AW 4

NW 0 NW 15

3.3. Analysis of Waterlogging Characteristics Based on SWMM

The waterlogging model in the study area was constructed based on SWMM and corrected with
crawled results. Four waterlogging rainstorms were selected for simulation, representing the 4 possible
classification results of rainstorm in different return periods, as shown in Table 5. We randomly select
6 nodes that are prone to waterlogging and plot their water level process. As shown in Figure 7,
the ordinate represents the water depth of the node, the abscissa is the duration, the upper part of
the abscissa is the ground surface, and the lower part is the underground. Under the condition of
2 a, different types of waterlogging rainstorm have different retreat speeds and waterlogging depths.
Among them, the CW retreat process is slowest and the waterlogging is deepest, followed by AW,
then IW, and finally NW, when there is only a small amount of waterlogging and it disappears quickly.

Table 5. Judgment results of different return periods of 4 flooding rainstorms.

Rainstorms
Return Periods (a)
20160805 20140729 20150803 20150829
0.5 CW CW CW CW
1 CW CW CW CW
CW I\ AW NW
5 CW I\ NW NW

It can be seen from Table 5 that when the return period is 2 a, different waterlogging characteristics
of the 4 rainstorms can be distinguished most clearly. Therefore, the waterlogging warning return
period of the study area is 2 a, and the waterlogging warning rainfall thresholds is shown in Table 6.
In practical applications, it is possible to determine whether waterlogging occurs and the types of
waterlogging according to the ID curves of the forecast rainfall or the actual rainfall, and provide
corresponding warning or formulate a flood drainage plan.

The distribution of waterlogging points for the 4 rainstorms types of 2 a is shown in Figure 8.
Points with different colors indicate the overflow of the nodes, and the larger the point, the greater
the overflow. All of the 4 rainstorms occurred in the afternoon, and the waterlogging situation can be
compared objectively.

The waterlogging points of CW are generated quickly, in large numbers, have large amount of
water, and slowly disappear; IW can quickly generate waterlogging points in areas with poor drainage
conditions, but the number of waterlogging points and the volumes of water are small and disappear
quickly; the waterlogging points of AW appear in patches, but the occurrence is slightly slower and
they exist for longer; and NW has few waterlogging points, disappearing quickly, the volume of water
is small, and the impact does not meet the waterlogging warning standards.
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Figure 7. Nodes water level process of different waterlogging rainstorms.
Table 6. Rainfall thresholds for waterlogging warning with a return period of 2 a.
Types of Waterloggin . . . . . .
P . g81ng Maximum 20 min Rainfall (mm) Maximum 60 min Rainfall (mm)
Rainstorms
CW >26.47 >43.80
W >26.47 <43.80
AW <26.47 >43.80
NW <26.47 <43.80
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Figure 8. Temporal and spatial distribution of waterlogging points of different types of rainstorm.

4. Discussion

Determining the urban waterlogging rainfall thresholds based on the ID curves with different
return periods firstly needs to determine the duration thresholds based on the rainfall characteristics
of the study area, and secondly, select the appropriate design rainfall return period based on actual
or simulated waterlogging information. The rainfall in this study area generally obeys the P-III
distribution and has obvious single-peak characteristics, and Mpy and Mgy exceed 50% and 80% of the
rainfall, so 20 min and 60 min are used as the duration thresholds.

The waterlogging points information obtained by web crawlers and SWMM simulation shows
that although the thresholds of 0.5 a and 1 a can completely identify waterlogging rainstorms, these
two standards are too conservative and cannot effectively distinguish the characteristic differences
between different types of waterlogging rainstorm. When the return period is 5 a, the waterlogged
rainstorms that many citizens are concerned about are judged as NW. Therefore, these three standards
are not suitable for application in the study area. The thresholds under the design rainstorm standard
of 2 a can accurately identify the waterlogged rainfall and also can reasonably reflect the difference
between different types of waterlogging rainstorm, which is the most appropriate standard. In addition,
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the duration thresholds and return period can be selected according to actual research or design
requirements, in order to obtain the most suitable waterlogging classification standard.

Compared with the research of other scholars, the method is innovative. Chen and Liu [46] in a
study of the rainfall thresholds in the urban area of Taiwan, China, regard the rainfall condition as
a quantitative external load, and the drainage rate of the pipe network as the internal adaptability;
when the load is greater than the adaptive capacity, it will cause urban waterlogging. Therefore,
the waterlogging rainfall threshold is determined by calculating the drainage capacity of the rainwater
pipe network under rainfall conditions. In fact, the drainage capacity of the pipe network is a complex
parameter, and the drainage conditions of different rainfall characteristics are different, so it is difficult
to calculate the drainage capacity effectively.

Tian et al. [37] used the municipal center telephone call volume in Rotterdam, the Netherlands
as an indicator of urban waterlogging. When waterlogging affecting citizens’ lives occurs, the call
volume of municipal telephone calls will increase significantly. By analyzing this mutation point,
the waterlogging rainfall thresholds can be obtained. This method provides a research plan for areas
lacking actual waterlogging data. However, due to the lag of municipal telephone calls and the
subjective influence of human behavior on this data, it is impossible to objectively evaluate the degree
of waterlogging under different types of rainfall conditions. Under the premise that it is impossible to
predict the influencing factors of citizen behavior, and is difficult to make effective application in urban
waterlogging warning.

In contrast, this study judges the thresholds of waterlogging and its characteristics based on the
intersection of actual rainfall and the ID curves, which more comprehensively reflect the mechanism
of rainstorm waterlogging. In the case of forecast rainfall, it can be used as a warning method for
urban waterlogging. Furthermore, this method is highly portable, and the use of crawlers to obtain
waterlogging data is helpful for the study of areas lacking actual data. Different research areas can
determine the duration thresholds and return period standards according to their rainfall characteristics
in order to select the best city rainfall thresholds for waterlogging warning.

5. Conclusions

The purpose of this research is to provide a widely applicable method for the division of
waterlogging rainfall thresholds in cities lacking actual waterlogging data. Sina Weibo news about
urban waterlogging with a large amount of information and high value density are obtained through
web crawlers, as a good supplement to urban waterlogging data; according to the quartile relationship
between the news volume and the rainfall, waterlogging rainstorms are defined. By analyzing the ID
curve relationship between actual and design rainstorms with different return periods, the rainstorms
are divided into 4 types: IW, AW, CW and NW. SWMM is used to simulate the flooding process of the
waterlogging rainstorms, which verified the rationality and feasibility of the method.

According to the results, in the study area, when the My > 26.47 mm and Mgy > 43.80 mm,
the rainstorm has the characteristics of peak height and large volume. Urban waterlogging will occur
quickly and in large quantities, and waterlogging points will gradually increase over a long period of
time and disappear slowly, which is called CW.

When the My > 26.47 mm and Mg < 43.80 mm, the peak rainfall is large and rapidly attenuates.
Urban waterlogging occurs quickly in local areas with weak drainage capacity and quickly recedes.
This type is IW.

If the Mpp < 26.47 mm and Mg > 43.80 mm, this indicates that the rainfall is relatively uniform
and there is no excessively high peak. The urban waterlogging is often caused by the water head
passing upstream due to poor drainage downstream. The occurrence of urban waterlogging is slightly
slower, and disappears slowly, without serious waterlogging disasters. The corresponding rainstorm
is AW.
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If My < 26.47 mm and Mg < 43.80 mm, the intensity and amount of rainfall will not reach the
threshold values, and a small amount of stagnant water may be generated, but urban waterlogging
does not occur, which is NW.
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