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Abstract: With the acceleration of urbanization and the impact of climate change, the frequent
occurrence of urban waterlogging not only leads to road closures and traffic congestion but also
severely affects the timeliness of urban emergency rescue. To accurately assess and enhance the
response capability of urban emergency rescue under storm-induced waterlogging scenarios, a
hydrodynamic model of urban waterlogging was developed to simulate waterlogging conditions
under various design rainfall scenarios. By identifying road waterlogging risks and blocked roads,
as well as combining the Two-Step Floating Catchment Area (2SFCA) method, the accessibility of
emergency rescue services for points of interest (POIs) with different vulnerabilities was evaluated.
The Liwan District of Guangzhou City was selected as a case study for accessibility impact assessment
and improvement simulation. The results indicate that with the increase in the return period of
rainfall, both the area and depth of waterlogged regions increased and the number of roads affected
by waterlogging rose, leading to an increase in the length of blocked roads from 11 km to 49 km, an
increase of over 300%. Additionally, the number of POIs inaccessible to emergency rescue increased,
while the number of accessible POIs decreased, resulting in a significant downward trend in overall
accessibility. By deploying mobile pumping vehicles, the depth and area of waterlogging under
different rainfall return periods were reduced by over 10%, the number of blocked roads decreased
by more than 10%, and the number of accessible POIs increased by more than 12%. The findings
highlight that storm-induced waterlogging not only hinders traffic flow but also reduces the response
capability of emergency rescue services. Through the strategic deployment of mobile pumping
vehicles, the accessibility of urban emergency rescue services under waterlogging conditions can be
effectively improved, mitigating the impact of waterlogging on urban functions and public safety.

Keywords: heavy rain and waterlogging; hydrodynamic coupling model; 2SFCA; emergency rescue;
accessibility

1. Introduction

In recent years, extreme rainfall events induced by climate change [1], the impact of
urban expansion on the natural hydrological cycle [2], changes in the urban surface spatial
pattern, and lagging drainage systems [3] have collectively led to frequent urban water-
logging disasters in Chinese cities. Especially in megacities with populations exceeding
ten million, the risk of urban flooding is significant [4], and streets and roads face severe
challenges. A series of torrential rain and waterlogging events, such as Beijing’s “7.21”,
Wuhan’s “7.6”, Guangzhou’s “5.22”, and Zhengzhou’s “7.20” [5–8], have profoundly re-
vealed the tremendous impact of waterlogging disasters on urban operations. These events
have not only severely damaged urban drainage systems but also caused traffic congestion
and the paralysis of city services, posing a significant threat to the livelihood and safety
of citizens [9]. It is estimated that about 39% of global traffic infrastructure damage is
related to urban flooding [10], with this proportion possibly being higher in China. Urban
flooding’s impact on the road transportation system is particularly severe, with the damage
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to roads and streets leading to disruptions in the urban system and affecting daily life.
Flood-induced disruptions in the traffic system can result in economic losses exceeding
CNY 900 million per hour for each major road [11]. Moreover, the extensive blocking of
roads severely affects traffic flow and emergency services, negatively impacting emergency
response and rescue operations in flood-affected areas and increasing the difficulty of rescue
and treatment. Therefore, under the increasing risk of waterlogging disasters, analyzing the
impact of waterlogging on emergency rescue services has become a highly focused issue.

In the assessment of the capability of urban public emergency rescue services, accessi-
bility evaluation is a key indicator [12]. This evaluation comprehensively considers factors
such as distance, economic elements, and population models, and uses indicators such as
network distance or straight-line distance to measure the ease of accessing resources. In this
field, numerous scholars have conducted extensive research and attempts, such as using
the gravity model [13], the nearest neighbor distance method [14], average travel time, and
the node cost method [15], making significant contributions to the study of accessibility.
Particularly, the Two-Step Floating Catchment Area (2SFCA) method, due to its considera-
tion of spatial interactions and supply–demand ratios, has gained attention among scholars
in assessing public service capabilities. Some scholars have considered spatial interactions,
such as Hu [16] who used the Two-Step Floating Catchment Area (2SFCA) method to
analyze the emergency medical services (EMSs) spatial accessibility under different traffic
conditions in the central urban area of Shanghai; others considered the supply–demand
ratio, such as Zheng [17] and others who chose to use the 2SFCA method to study the spa-
tial utilization of emergency medical services (EMSs) in central Shanghai during multiple
heavy rain-induced waterlogging events. Moreover, some scholars have considered both
spatial interactions and the supply–demand ratio, like Kiran [18] and others who chose the
2SFCA method to evaluate the traffic accessibility of fire stations and took into account the
introduction of a distance–decay function for road network distances, addressing the issue
of neglecting the distance–decay factors while considering regional scopes in their research.
These studies rely on the 2SFCA method to calculate accessibility, and the computation of
the 2SFCA method depends on road network information; in cases of road interruptions
caused by heavy rain-induced waterlogging, the accessibility range changes accordingly;
thus, accurately identifying blocked roads is crucial for assessing accessibility.

In the process of identifying blocked roads, the simulation of waterlogging is a
key step. Numerous researchers have used different waterlogging simulation methods
to assess the impact of waterlogging on cities. Some scholars have employed tradi-
tional hydraulic models, such as Arrighi [19] and others, who have used the hydraulic
model TELEMAC-2D to simulate urban waterlogging, calculating the response times of
emergency medical and firefighting services under normal weather and waterlogging
scenarios; there are also those who combined hydrological models with geographic
information for simulation, like Zhang [20] and others, who utilized the SCS-CN hydro-
logical model in conjunction with GIS spatial analysis to assess the emergency response
accessibility of key public services in Jiaozuo city under different flood scenarios. Ad-
ditionally, a scholar named Luo [21] has conducted a comparative study on various
methods of urban flood numerical simulation, elaborating on numerical analysis meth-
ods for addressing issues of urban street runoff, architectural obstacles, underground
network flow modeling, and feature analysis. It was concluded that the one-dimensional–
two-dimensional coupled model, due to its high accuracy in urban flood simulation,
has become one of the preferred choices for urban flood modeling. With the rapid
development of waterlogging simulation technology, hydrodynamic models have been
increasingly applied in waterlogging simulations, effectively improving the accuracy of
accessibility assessments impacted by waterlogging disasters.

Enhancing urban accessibility under torrential rain and waterlogging scenarios is
key to effectively eliminating waterlogging, thereby reducing road blockages. To achieve
this goal, scholars have proposed and studied various methods. Some scholars have used
network remodeling to reduce urban waterlogging, including those employing drainage
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network remodeling, such as Liu [22] who used the Storm Water Management Model
(SWMM5.1) with maximum overflow depth, maximum overflow volume, and additional
pipeline costs as key indicators to propose a new method for drainage network modifi-
cation to eliminate urban waterlogging; studies on new drainage systems, such as that
by Xiong [23], who proposed a new drainage system optimization method to eliminate
urban waterlogging in a case study in Shanghai; and studies using siphon tubes, like
Ren [24], who has innovatively proposed a siphonic underground drainage method. Its
efficacy was assessed through indoor sandbox experiments and by using the Hydrus-2D
model, confirming its effectiveness in eliminating urban waterlogging. These methods
all utilize network remodeling and other approaches to reduce urban waterlogging, and
there are also scholars who have proposed low-impact development (LID) measures to
reduce waterlogging, such as Su [25] and others who, by establishing a two-dimensional
coupled model MIKE FLOOD, set up LID combination scenarios and evaluated the water
accumulation control effects of each scenario. Wang [26] has used the semi-mountainous
area rainwater management model (SWMM) combined with GIS to design various LID
scenarios, verifying that LID measures can effectively reduce urban waterlogging to a
certain extent. Chen [27] and others have collected urban waterlogging data from Tianjin
and proposed a sponge city transformation strategy focused on the old city area to elimi-
nate urban waterlogging. These studies mainly reduce waterlogging through engineering
measures, but since road waterlogging is often a local phenomenon, these measures are
more suited to improving the overall water management system. Given this, this paper
proposes using mobile pump trucks to flexibly reduce waterlogging, enhancing the city’s
emergency response capability under torrential rain and waterlogging scenarios. This
method can more effectively address localized waterlogging, ensuring the smooth flow of
urban roads and the accessibility of public services.

This study selected the Liwan District of Guangzhou as the case area and used the
SWMM (Storm Water Management Model) and ITF [28] (Integrated Terrestrial Fluxes
Model) to construct a one-dimensional and two-dimensional coupled torrential rain
and waterlogging model. This study evaluated the accessibility of urban emergency
rescue services under torrential rain and waterlogging conditions using the Two-Step
Floating Catchment Area (2SFCA) method and simulated the deployment of mobile
pump trucks and their drainage effects in practice through the two-dimensional model.
The findings of this study provide important references for understanding the impact
of waterlogging on the accessibility of urban emergency rescue services and their
enhancement strategies.

2. Materials and Methods
2.1. Study Area

This study selected the Liwan District, located in Guangzhou City, Guangdong
Province, China, as the research area. The Liwan District is situated in the western central
part of Guangzhou, with geographical coordinates ranging from 23◦02′ to 23◦09′ north
latitude and from 113◦10′ to 113◦15′ east longitude, covering a total area of approximately
59.1 square kilometers. The district is adjacent to the Yuexiu District in the northeast,
faces Haizhu District and Panyu District across the river in the southeast, borders the
Baiyun District in the north and northwest, and is contiguous with the Nanhai District
of Foshan City in the west and south. Due to natural conditions and the urbanization
process, Liwan District often faces severe waterlogging issues, especially in low-lying
areas and riverside zones, such as Hailong Street, Longjin Street, and Zhongnan Street,
where the phenomenon of waterlogging is more pronounced. Figure 1 shows the location
map of the study area.
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2.2. Urban Waterlogging Model Construction
2.2.1. Model Construction

This study constructed an urban waterlogging drainage hydraulic model using the
SWMM (Storm Water Management Model) and ITF (Integrated Terrestrial Fluxes Model).
The SWMM 5.1 software includes modules for rainfall evaporation, infiltration excess
runoff, overland flow, and network hydraulic calculations, enabling simulation of the
urban drainage system’s runoff process. The ITF model is used to simulate the two-
dimensional overland flow process. By coupling these two models, effective simulation of
the waterlogging process can be achieved.

For this paper, basic network data including stormwater pipes, manholes, and drainage
outlets were collected and subjected to inspection and correction to remove invalid data
and supplement missing segments based on the actual network conditions. The detailed
modeling information for the study area’s network shows a total length of 998.42 km,
comprising 75,658 pipe segments, 77,203 manholes, and 5342 drainage outlets. Figure 2a
displays the specific distribution of these networks.
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This study also included an analysis of land use data such as buildings, vegetation,
lakes, bare soil, etc. (as shown in Figure 2b), to extract runoff parameters for sub-catchments,
such as roughness coefficients, depression storage, and the proportion of impervious
surfaces. The Digital Elevation Model (DEM) raster data, as shown in Figure 2c, has a
resolution of 5 m × 5 m and includes building height information. For buildings that have
not yet been measured on-site, preset height values were applied to adjust and supplement
the elevation data in the DEM, thereby ensuring the model’s realism and accuracy. Based
on the DEM, we extracted the ground elevations of two-dimensional grid computing units
and established a two-dimensional surface flow model with a size of 15 m × 15 m. Finally,
the surface two-dimensional flow model was coupled with the network hydraulic model
to form a complete one-dimensional–two-dimensional coupled waterlogging model.

2.2.2. Model Accuracy Verification

The urban waterlogging model in this study was primarily validated through surface
runoff and drainage parameters. Model accuracy validation used water depth as the
core indicator and was based on data from two waterlogging monitoring points within
the study area. Rain gauge and waterlogging monitoring stations are both set up in the
northern part of Liwan District, specifically on Luhua Street and Duobao Street. The rain
gauge stations are labeled as R1 and R2, while the waterlogging monitoring stations are
labeled as G1 and G2. The specific locations are shown in Figure 2a. Water depth data
were obtained through real-time electronic records monitored by using machines. During
periods without rainfall, the water depth monitoring record is updated every 15 min; when
water accumulation is first detected, the recording frequency changes to every 1 min; if
no water accumulation is detected in the last half hour, the recording interval is adjusted
back to every 15 min. A rainfall event with complete data records (24 April 2023) was
selected as a case study, comparing the waterlogging process simulated by the model with
the actual observed waterlogging process. The assessment of the model accuracy utilized
the Nash–Sutcliffe Efficiency Coefficient (NSE) as the evaluation standard. The specific
results of the rainfall simulation, the observed waterlogging process, and the Nash–Sutcliffe
Efficiency Coefficient are presented in Figure 3.
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It is generally considered that a Nash–Sutcliffe Efficiency Coefficient (NSE) greater than
0.8 indicates good model simulation results [29]. Through the analysis of the comparison
between simulated and observed waterlogging results, it was found that the model’s NSE
values are all greater than 0.8, demonstrating that the model has good accuracy.

2.2.3. Design Rainfall

Based on the specific circumstances of Guangzhou, this study utilized the 2 h design
rainfall pattern from the “Simplified Technical Report on the Compilation of Storm In-
tensity Formulas and Design Storm Patterns for Guangzhou City” for the simulation of
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waterlogging in the study area. The rainfall return periods include 1 year, 5 years, 10 years,
20 years, 50 years, and 100 years, with the corresponding rainfall process charts displayed
in Figure 4.
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The designed rainfall data were applied to a one-dimensional and two-dimensional
hydrodynamic coupled model of storm and waterlogging, simulating scenarios of storm
and waterlogging in the Liwan District, Guangzhou City, for return periods of 1 year,
5 years, 10 years, 20 years, 50 years, and 100 years. The simulation duration for each
scenario was 2 h.

2.3. Emergency Rescue Accessibility Analysis and Optimization

In storm and waterlogging scenarios, common risks include house collapses, road
washouts, and power outages, etc., which seriously threaten people’s lives and significantly
increase the demand for emergency rescue. Therefore, this study takes firefighting and
emergency rescue as an example, considering accessibility in storm and waterlogging
scenarios. The specific analysis steps are as follows:

(1) Emergency rescue focus group analysis. Given the timeliness requirements of
emergency rescue, this article mainly focuses on the following three types of Points of
Interest (POIs) with different vulnerabilities:

High-risk groups: Mainly located in factories, mines, gas stations, and refueling
stations. These areas are prone to serious injuries or explosions due to harsh working
environments. Based on the timeliness requirement, these POIs are classified as level 3, as
key focus objects for emergency rescue.

Vulnerable groups: Including the elderly and children. In torrential rains, these
groups are prone to injuries, and are commonly found in nursing homes, nurseries, and
kindergartens. Based on the timeliness requirement, these POIs are classified as level 2, as
secondary focus objects.

Dense population groups: Cover middle schools, universities, tourist attractions,
and commercial centers. Due to the dense flow of people, accidents are prone to occur,
increasing the demand for emergency rescue. Therefore, these POIs are classified as level 1,
as general focus objects.

See Table 1 for the specific weights and proportions of vulnerable POIs.

Table 1. Vulnerability POI weight table.

POI Type Number Proportion Level

High-risk 86 35.5% 3
Vulnerable 104 42.9% 2

Dense 52 21.6% 1

The distribution of vulnerable population groups is shown in Figure 5a, and the kernel
density analysis of the vulnerable population groups is presented in Figure 5b.
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(2) Emergency Rescue Time Threshold Analysis. According to the research by
Pons et al. [30], the ideal response time for emergency rescue services is 6 min, while
internationally [31], the general time regulation for emergency rescue is set between 8
to 10 min. According to the relevant regulations in Guangzhou City, the maximum time
for emergency rescue services to reach the demand location from departure should be
12 min. Taking these standards into account, this article selects 6 min, 9 min, and 12 min
as the time thresholds for measuring the accessibility of Points of Interest (POIs) with
different vulnerabilities.

(3) Emergency Rescue Supply–Demand Ratio Calculation. Severe storm-induced wa-
terlogging can cause road flooding. Considering that car exhaust pipes are typically located
25 to 35 cm above the ground, road flooding depths greater than 30 cm are designated as
impassable, and such roads are marked as obstructed. Due to the lack of real-time road
network speed information, traffic congestion and peak traffic conditions are not considered
for now. Centering on emergency rescue site j and based on the road network structure and
obstructed roads under different designed rainfall conditions, the study searches for the
locations of vulnerable POIs that can be reached within the time threshold as the supply
domain for each emergency rescue center. Supply scale includes the weighted average of
the number of firefighters, fire engines, and firefighting equipment that a fire station can
provide. In this article, 1000 was chosen as the supply scale for the fire services [32]. The
supply–demand ratio Rj was calculated based on the classification level of POIs to calculate
the cumulative demand units within the supply domain as the demand scale. The specific
supply–demand ratio Rj calculation formula is as follows:

Rj =
Sj

(
n
∑

i=1
Di)

(1)

In the formula, Sj represents the supply scale of the emergency rescue station; Di
represents the classification level of demand unit i.

(4) Demand Unit Accessibility Calculation. This was centered on demand unit i, based
on the road network structure and obstructed roads under different designed rainfall
conditions, searching for fire stations that can be reached within different time thresholds,
and summing the supply–demand ratio Rj of the fire stations to obtain the accessibility Ai
of each demand point:
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Ai = ∑m
j=1 Rj (2)

In the formula, Ai represents the accessibility of emergency rescue; Rj represents the
supply–demand ratio of emergency rescue.

Based on the above analysis and calculation steps for emergency rescue accessibility,
the accessibility in the study area under different designed rainfall return periods and dif-
ferent time thresholds can be obtained, thereby assessing the impact of urban waterlogging
disasters on the accessibility of emergency rescue services.

2.4. Optimization of Emergency Rescue Accessibility

Waterlogging often results in road blockages, subsequently affecting the accessibility
of emergency rescue services. In such scenarios, conducting an accessibility assessment
for the affected areas according to the emergency rescue accessibility calculation process
becomes particularly important. When certain areas exhibit low accessibility, improving
water management measures can effectively ameliorate this situation. A common method
involves using mobile pump trucks (as shown in Figure 6) to promptly eliminate wa-
terlogging, thereby restoring the road’s traffic flow. This not only swiftly mitigates the
impact of waterlogging but also ensures that rescue vehicles and personnel can timely
reach areas requiring assistance, effectively carrying out rescue operations. Mobile pump
trucks, with their high lift and large flow characteristics, play an indispensable role in urban
drainage work.
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The Liwan District in Guangzhou City is equipped with 216 pump trucks, each with a
capacity of 300 m3/h, used to reduce waterlogging and thus enhance urban accessibility.
This paper simulates the distribution of mobile pump trucks in Guangzhou in actual
scenarios. By utilizing pump trucks to lower water levels on roads, this method reduces
road blockages caused by waterlogging, thereby improving the accessibility of affected
areas. The placement of pump trucks is based on the waterlogging conditions simulated by
the waterlogging model. In the two-dimensional overland flow calculations, integrating
the position and function of mobile pump trucks into the model requires clearly identifying
the location of the mobile pump trucks within the computational grid of the model. This is
achieved by setting a special simulation parameter within the grid cells where the mobile
pump trucks are located, which is used to simulate the pumping flow. Figure 6 illustrates
the waterlogging accessibility calculation process and the specific arrangement plan for
mobile pump trucks. Through this approach, urban waterlogging issues can be more
effectively addressed, ensuring smooth traffic and the efficient execution of emergency
rescue operations.
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3. Results
3.1. Simulation of Spatial Distribution of Waterlogging

This study utilizes an urban waterlogging model to simulate and analyze water
accumulation. Based on the urban waterlogging grading standards of Guangzhou City in
Guangdong Province, China, this paper classifies waterlogging levels into four categories:
minor waterlogging (0–15 cm), light waterlogging (15–30 cm), moderate waterlogging
(30–50 cm), and severe waterlogging (over 50 cm).

Through simulation, the maximum waterlogging depth at different time intervals
was extracted, allowing for a comparative analysis of the maximum waterlogging
depth and distribution of locations before and after waterlogging mitigation (refer
to Figure 7). The analysis indicates that areas prone to waterlogging are mainly con-
centrated in regions with sparse drainage networks. As the rainfall volume increases,
waterlogged areas gradually spread to the surrounding regions, enlarging the area of
deep water accumulation.
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A comparative chart of waterlogged area before and after improvement under
different rainfall return periods was created, as shown in Figure 8. The chart indicates
that the waterlogging mitigation measures significantly reduced the area of waterlogging
across different rainfall return periods, from a 1-year to a 5-year event. For instance,
in the case of a 1-year event, the total area of waterlogging decreased from 6.44 square
kilometers to 5.54 square kilometers, a reduction of approximately 13.98%. For higher
rainfall return periods, such as a 50-year event, the total area decreased from 15.09 square
kilometers to 13.38 square kilometers, a reduction of about 11.33%. Furthermore, in
categories of minor, light, and moderate waterlogging, the area of waterlogging also
decreased, indicating that the improvement measures are effective in alleviating different
levels of waterlogging.
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3.2. Analysis of the Impact of Waterlogging on Road Network Blockages

Based on the principles of accessibility calculation, the simulation studying the impact
of rainfall on the transportation network compares the changes in blocked roads before
and after adjustment under different rainfall return periods, as shown in Figure 9.

Figure 10 shows the changes in the length of blocked roads before and after improve-
ment. The data indicate that the improvement measures can significantly reduce the road
closures caused by waterlogging under different rainfall return periods. Specifically, the
length of blocked roads for a 1-year return period rainfall decreased from 11.2 km to 6.6 km,
and for a 100-year return period, the length decreased from 26.4 km to 22.8 km. As the
return period of rainfall extends, the proportion of reduction in improvement effects de-
creases, from 41.07% in a 1-year event to 13.64% in a 100-year event. This suggests that
improvement measures are more effective in mitigating the impact of short-term rainfall,
but still provide stable improvement effects in long-term rainfall events.
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3.3. Emergency Rescue Accessibility Assessment

As described in Section 2.3 of this paper, the accessibility scores calculated using the
Two-Step Floating Catchment Area (2SFCA) method were used to measure the number
of fire stations accessible to the vulnerable groups in need of fire emergency services. A
higher score indicates better accessibility. To illustrate the spatial accessibility changes
during different times of the day, this study classified the accessibility scores into five levels,
from 0 to 4, with gradually increasing grades. Level 0 refers to areas where emergency
rescue cannot reach within the given time threshold. For other areas, level 4 represents
the top 25% of accessibility, level 1 represents the lowest 25%, and levels 2 and 3 repre-
sent intermediate levels. By applying spatial differential analysis, this paper generated
accessibility distribution maps under different weather conditions and time thresholds
(as shown in Figures 11 and 12). From the figures, it can be observed that the number of
service points (POIs) in areas with low accessibility significantly changed under different
time thresholds, while changes in areas with high accessibility were minimal. This may be
because areas with high accessibility have fewer blocked roads, so even after improvement,
the situation of road blockages changes little compared to the original state, resulting in
stable accessibility scores for these areas. Conversely, in areas with low accessibility, some
regions are blocked by roads, leading to poor accessibility or even inaccessibility. After
improvement, the accessibility of these areas significantly improves.
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Under normal weather conditions, when the time threshold for emergency rescue
services is set to 6 min, the emergency rescue coverage in the study area is only about 80%,
with the main uncovered areas located in the southwest and southeast. However, when the
time threshold is increased to 9 min and 12 min, most of the previously inaccessible Points of
Interest (POIs) become accessible, significantly enhancing the emergency rescue coverage to
encompass nearly the entire urban area. This indicates that the accessibility in the southwest
and southeast regions is significantly lacking under a 6 min time threshold. Among the
POIs inaccessible within this time frame, most are located in high-risk exposure areas,
classified as level three in terms of accessibility. Given the high demand for emergency
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rescue in these areas, strengthening the emergency rescue layout in these regions should
be considered.

Water 2024, 16, x FOR PEER REVIEW 13 of 18 
 

 

 
Figure 11. Pre-adjustment accessibility distribution map. 

 
Figure 12. Post-adjustment accessibility distribution map. 

Under normal weather conditions, when the time threshold for emergency rescue 
services is set to 6 min, the emergency rescue coverage in the study area is only about 80%, 
with the main uncovered areas located in the southwest and southeast. However, when 
the time threshold is increased to 9 min and 12 min, most of the previously inaccessible 
Points of Interest (POIs) become accessible, significantly enhancing the emergency rescue 

Figure 12. Post-adjustment accessibility distribution map.

Considering different time thresholds and rainfall conditions, due to differences in the
spatial distribution of emergency rescue centers, drainage networks, transportation net-
works, and ground conditions, accessibility distribution shows significant spatial variability.
Overall, the northern part of the urban area has higher accessibility, while the southern
part has lower accessibility. For instance, locations such as Xinduli Kindergarten, Liwan
District Yubi Kindergarten, and Duobao Road Kindergarten in Liwan District, Guangzhou,
have higher accessibility due to their proximity to Yongqing Fire Assistance Station and
Saiba Road Fire Rescue Station, as well as convenient transportation and comprehensive
drainage networks. Conversely, in the southern part, locations such as Baobei Kindergarten,
Hainan Kindergarten, and the production department of Guangzhou Damon Construction
Technology Co., Ltd. suffer from severely impacted emergency rescue accessibility during
extreme rainfall events due to the nearest fire center being more than 3 km away and
restricted by poor road network structure.

In this study, the accessibility of fire emergency rescue after the redeployment of
mobile pump trucks was assessed (as shown in Figure 13). The analysis focused on the
changes in accessibility before and after improvement within 6 min, 9 min, and 12 min
intervals. The statistical results show that the average accessibility at a 6 min interval
increased from 109 before improvement to 127 after improvement, while the standard
deviation increased from 32 to 33, indicating an improvement in average accessibility
within short intervals and a similar degree of fluctuation. For a 9 min accessibility, the
average increased significantly from 118 to 150, and the standard deviation decreased from
43 to 38, reflecting that the improvement measures enhanced the stability of emergency
responses while increasing the average accessibility. Within the 12 min interval, the average
accessibility increased from 125 to 157, and the standard deviation decreased from 41 to 37,
further proving that the deployment of mobile pump trucks enhanced emergency rescue
efficiency and reduced accessibility fluctuations.
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4. Discussion

This study delves into the distribution of waterlogging, road network obstruction,
and the accessibility of emergency rescue services through simulation analysis of urban
waterlogging under different rainfall return periods in Guangzhou city. The findings hold
significant importance for urban flood control planning and the formulation of emergency
response strategies.

The results of the waterlogging simulation shown in Figure 8 indicate a clear increase
in the area of waterlogging under different rainfall return periods. However, after the
deployment of mobile pumping vehicles, the area of waterlogging post-treatment is sig-
nificantly lower than before. For instance, under the condition of a once-a-year rainfall
event, the area of waterlogging decreased from 6.44 square kilometers to 5.54 square kilo-
meters, a reduction of 13.98%. In the case of a 100-year rainfall event, the waterlogged area
decreased from 15.09 square kilometers to 13.38 square kilometers, a reduction of 11.33%.
The analysis of road blockage situations in Figure 10 shows that the deployment of mobile
pumping vehicles significantly reduces road waterlogging and traffic obstruction. From
a 1-year to a 100-year return period of rainfall, the length of obstructed roads decreased
significantly, from 11.2 km to 6.6 km for a once-a-year event, and from 26.4 km to 22.8 km
for a 100-year event. These results not only confirm the significant effectiveness of mobile
pumping vehicles in reducing the risk of waterlogging but also highlight the importance
of considering both long-term and short-term rainfall events in urban planning. These
findings reveal the impact of urban waterlogging on road obstruction and the effectiveness
of deploying mobile pumping vehicles to significantly reduce waterlogging and alleviate
road obstructions, accurately addressing localized water accumulation.

Further, Figure 13 shows that the analysis of the accessibility of emergency rescue
services reveals a general decline in service efficiency and significant disparities in ac-
cessibility between regions under extreme weather conditions. Especially in areas with
higher vulnerability, extending the rescue time can significantly improve service coverage.
For instance, the emergency rescue coverage rate under a 6 min time threshold is only
about 80%, mainly excluding areas in the southwest and southeast. However, extending
the rescue time threshold to 9 min and 12 min can achieve nearly full coverage of the
urban area. This finding is of significant guidance for improving urban disaster response
capabilities, suggesting the need for flexibility in time and space in urban planning to
enhance emergency response efficiency.
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Moreover, the internal spatial differences within the city have a significant impact on
the distribution of emergency rescue resources. This study finds that the accessibility in the
southern part of the urban area is lower compared to the north, reflecting an imbalance
in urban planning and resource allocation. Therefore, enhancing the overall emergency
response capability of the city requires not only improving the efficiency of resource
allocation but also considering regional disparities to ensure timely and effective rescue in
all areas during emergencies.

In this study, the redeployment of mobile pumping vehicles played a crucial role in
improving the accessibility of emergency rescue services in the short term. For example,
the average accessibility under a 6 min time threshold improved from 109 to 127, indicating
that flexible resource allocation strategies are crucial for addressing extreme weather
events. This emphasizes the need for dynamic and flexible resource allocation strategies in
emergency planning to adapt to changing environments and demands.

In summary, this study not only provides valuable insights into the impact of urban
waterlogging on infrastructure and service accessibility but also offers a scientific basis for
the development of effective flood control measures and emergency rescue plans. Future
research should focus more on optimizing urban infrastructure, especially drainage systems
and emergency service resource allocation, to enhance urban resilience to extreme rainfall
events. Considering the limitations of model assumptions, such as the inability to fully
simulate actual traffic congestion, future studies could further improve the accuracy and
applicability of the model based on more realistic factors.

5. Conclusions

This study conducted a detailed simulation and analysis of urban waterlogging in
Guangzhou city under different rainfall return periods, yielding several key conclusions.
These conclusions not only provide profound insights into the impact of urban waterlogging
on infrastructure and accessibility to emergency services but also offer important references
for urban planning and disaster response strategy formulation.

(1) Positive correlation between waterlogged area and rainfall return period: This
study found that as the rainfall return period increases, the area of urban waterlogging
shows an upward trend, both before and after infrastructure enhancement. However, the
implementation of infrastructure improvement measures significantly reduces the area of
waterlogging, especially in the case of long-term rainfall events, such as those occurring
every 20, 50, or 100 years, where the effect of improvement is more pronounced.

(2) Improvement in road blockage situations: The improvement measures significantly
reduce road waterlogging and traffic obstruction under different rainfall return periods.
There is a significant reduction in the length of obstructed roads from short-term to long-
term rainfall return periods, which is crucial for alleviating urban traffic congestion and
enhancing city operational efficiency.

(3) Enhancement of emergency rescue service accessibility: Under extreme weather
conditions, the efficiency of emergency rescue generally decreases. However, by extending
the rescue time threshold, the service coverage rate of emergency rescue can be significantly
improved. Moreover, the redeployment of mobile pumping vehicles significantly enhances
the average accessibility in a short period, reducing the variability of accessibility.

(4) Consideration of spatial differences in urban planning: This study reveals the
impact of internal spatial differences within the city on the distribution of emergency rescue
resources, particularly on the lower accessibility in the southern part of the urban area
compared to the north. This emphasizes the need to consider such spatial differences in
urban planning and emergency resource allocation to ensure timely and effective rescue in
all areas during emergencies.

In summary, this study highlights the importance of considering waterlogged areas,
road blockage, and accessibility to emergency rescue services in urban flood control plan-
ning and emergency management. These findings provide valuable guidance and strategies
for city managers in the face of extreme rainfall events. Future research should further
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explore methods to optimize urban infrastructure and emergency resource allocation to
enhance the resilience and response capability of cities to natural disasters. Additionally,
studies should also consider the limitations of model assumptions to improve the accuracy
and applicability of the research.
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