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Abstract: Schools and students are particularly vulnerable to natural hazards, especially pluvial
flooding in cities. This paper presents a scenario-based study that assesses the school vulnerability
of emergency services (i.e., Emergency Medical Service and Fire & Rescue Service) to urban pluvial
flooding in the city center of Shanghai, China through the combination of flood hazard analysis
and GIS-based accessibility mapping. Emergency coverages and response times in various traffic
conditions are quantified to generate school vulnerability under normal no-flood and 100-y pluvial
flood scenarios. The findings indicate that severe pluvial flooding could lead to proportionate and
linear impacts on emergency response provision to schools in the city. Only 11% of all the schools is
predicted to be completely unreachable (very high vulnerability) during flood emergency but the
majority of the schools would experience significant delay in the travel times of emergency responses.
In this case, appropriate adaptations need to be particularly targeted for specific hot-spot areas
(e.g., new urbanized zones) and crunch times (e.g., rush hours).

Keywords: emergency response; vulnerability assessment; schools and students; pluvial
flooding; Shanghai

1. Introduction

Flooding from pluvial sources, as one of the most common natural hazards around the world, can
lead to not only considerable personal injuries and property damages but also cascading impacts on
public service provision and socio-economic activities [1–7]. Pluvial flooding is generally characterized
by heavy rain and inadequate drainage capacity, especially in the cities where growth of population
has significantly outpaced the constructions of urban infrastructure such as the sewer system [8].
Pluvial flash flood events are usually characterized by a very fast evolution in a short time, mostly
less than 6 h [9], allowing little warning and response time. Indeed, pluvial flooding appear to be
increasing owing to rapid urbanization and climatic change [10–16] and it is attracting more public
concern and media coverage. This can be evidenced by the most recent pluvial flood events in mega
cities globally, such as Beijing (July 2012), London (June 2016) and Houston (August 2017). It has been
found that critical facilities such as school buildings and vulnerable people such as school children
were mostly affected by the pluvial flood events [17].

As a response to the High Level Dialogue Communiqué at the 2013 Global Platform for Disaster
Risk Reduction, the United Nations (UN) Office for Disaster Risk Reduction (UNISDR) is facilitating a
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comprehensive school safety framework “Worldwide Initiative for Safe Schools” which is composed of
three elements: 1) safe learning facilities; 2) school disaster management; and 3) disaster risk reduction
and resilience education. “Substantially reducing disaster damage to educational facilities” was listed
as one of seven global targets for The Sendai Framework for Disaster Risk Reduction 2015–2030, which
was issued at the third UN World Conference on Disaster Risk Reduction in 2015. The major indicators
for estimating the target are directed to reduce the degree of disruptions to education activities and the
number of damaged or destroyed educational facilities caused by disasters [18]. However, schools
in areas which are less concerned with seasonal and/or predictable hazards including storm and
flooding, are less likely to have emergency preparedness and contingency planning, in comparison
with those in areas which are attacked by unpredictable disasters such as earthquakes [19]. Although
most of the school communities have contingency plans for response and evacuation, a lot of schools
do not regularly conduct drills and do not coordinate with local emergency response authorities such
as Fire & Rescue Service (FRS) and Emergency Medical Service (EMS) [20].

When an emergency situation occurs on campus, school administrators and staffs may perform
as the first responders before local emergency response services reaching. Although a high percentage
of schools have simple and light facilities and equipment such as fire extinguishers and small medical
instruments to conduct preliminary emergency aid [21–25], past experiences show that emergency
response trainings for school teachers and students is insufficient [26–28]. Therefore, emergency
services are especially important to provide professional responses and rescues for all schools and
students. Emergency responders are often required to dispatch emergency rescue vehicles to reduce
losses and save lives within specific timeframes. For example, EMS are mandated or recommended
by NYC and London to meet 10 min, including End-to-End response time of pickup, dispatching,
processing and traveling. Compared to the normal no-flood conditions, there is always a significant
increase in water rescues and the other emergency calls during a flood event. Urban transport network
can be inundated in a varying degrees by pluvial flooding, leading to significant travel delay and
extensive interruption of emergency responses. The performance of emergency services to schools and
students may be largely limited during pluvial flood emergencies.

Although there is a huge demand for addressing school safety and emergency management to
natural hazards, until now, very little studies have attempt to systematically investigate the flood
impacts on emergency service provisions to schools and students at city scale. The majority of
published literature have been conducted on school-based disaster preparedness, school disaster safety
education and school disaster emergency management and plan, mostly in the English-speaking
countries such as Australia, the United Kingdom and the United States. For instance, Boon et al. [29]
assessed school emergency management policies and guidelines in natural disaster emergencies for
disabled students in schools in Australia, indicating that emergency preparedness planning and
management is under resourced and possibly neglected with respect to addressing the needs of such
students. Students with physical disabilities may be not able to escape to the evacuation places on
higher ground in a pluvial flash flood event. In another research conducted by Kibble [30] in the United
Kingdom, the crisis management guidance given by local education authorities to schools has been
examined, suggesting that preventive and precautionary measures should be paid more attention to
cope with fires, floods, incidents and structural damages. In addition, Shah et al. [31] investigated the
school emergency preparedness in a province of Pakistan which had recently been severely affected by
floods. The study revealed that although sample schools have undertaken many steps towards flood
preparedness, most of the schools in the survey have experienced more than one flood event.

Within this paper, a scenario-based approach was proposed by incorporating flood inundation
detection, GIS-based network analysis and school vulnerability assessment, to identify the cascading
impacts of pluvial flash flooding on emergency responses for vulnerable schools and students in cities.
The downtown of Shanghai, China where a lot of schools and students are susceptible to pluvial
flooding, is used as the study area, in respect to EMS and FRS. The focuses of this study are: (1) to
delineate emergency service coverages within defined timeframes under normal and flood conditions;
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(2) to assess the vulnerability of emergency responses to schools and students during pluvial flood
emergencies; (3) to develop future adaptations to help vulnerable schools and emergency responders
improve emergency response provisions. The rest of the study is organized as follows: Section 2
introduces the materials and methods, including the description of conceptual framework, study site
and sample, pluvial flood scenarios, emergency service mapping and school vulnerability assessment;
Section 3 presents the results and discusses the major findings; and Section 4 finally summarizes the
conclusions and provides suggestions for future researches.

2. Materials and Methods

2.1. Conceptual Framework

This study employs recent advances in flood scenario analysis and spatial accessibility mapping
to develop a framework for the vulnerability assessment of school-based flood emergency response
in cities. A preliminary overview of the conceptual framework is shown in Figure 1. This contextual
picture emphasizes on evaluating operational responses from emergency nodes to schools and students
under normal and pluvial flood conditions. Based on adequate knowledge, attitude, coordination
and communication between schools and responders, we establish the core concept of school flood
emergency management demands [32]. We firstly compile comprehensive, up-to-date and accurate
information regarding urban pluvial flooding (e.g., extent and depth) through probability analysis
and rainfall-runoff modeling. After identification of flood restrictions for road network, emergency
response accessibility to schools can be mapped under no flood and flood scenarios by using big
data and GIS network analysis. Next, school vulnerability in terms of flood emergency services
can be assessed according to the responses times. Finally, the operational contingency plan should
be formulated to provide robust decision making support for policy makers, school headmasters,
emergency responders and other concerned stakeholders.
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Figure 1. Conceptual framework for the vulnerability assessment of school-based flood emergency
responses in cities.

2.2. Study Site and Sample

The city center of Shanghai, China is selected as the study area because it is a typical flood-prone
area and is particularly vulnerable to pluvial flash flooding. The area covers about 666 km2 and has a
permanent population of 11.35 million in 2017. It is frequently affected by tropical cyclones and strong
convective weather which always bring heavy and extreme rainfalls between June and September
(i.e., the flood season). Quan [33] indicates that pluvial flood events makes up 54% of total flood
disasters in Shanghai from AD 251 to 2000. In recent years, severe pluvial flood event occurs every
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few years and the recorded precipitation events can be witnessed in succession (i.e., August 2008,
117.5 mm/h and September 2013, 124 mm/h), resulting in widespread interruption of urban traffic
and emergency services to schools. Urban drainage network including pumps and sewer pipes is the
major way to take excess storm water and prevent increased pluvial flooding. At present, distributed
drainage capacity in the study site is designed to cope with 1 in 3 or 5 year precipitation (49.6 mm/h
or 56.3 mm/h) for some critical regions (e.g., central business districts) and 1 in 1 year precipitation
(36mm/h) for the common regions.

The study area has been the downtown part of the city historically and thus consists of a typical
urban patterns such as heavy traffic, crowded buildings and extensive imperviousness. Most of the
schools and over 2.5 million students distribute within the city’s outer ring. There are 2020 schools
scattered in both the inner and outer ring, accounting for 61% of the total in Greater Shanghai. Among
the target schools, 964 (47.7%) are nursery schools, 488 (24.2%) are primary schools and 568 (28.1%) are
middle schools. Moreover, a total of 57 EMS stations and 61 fire houses across the study area provide
emergency services for all schools and students. The location map of schools and responders is shown
in Figure 2.
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2.3. Pluvial Flood Scenarios

Existing city-wide pluvial flood inundation maps are directly obtained from the Key Laboratory
of Geographic Information Science (Ministry of Education), East China Normal University. Pluvial
flood event with 100-year return period is considered in this study as the recorded flood magnitude
actually occurred during the past years and greatly overwhelmed the design capacity of local
drainage systems, leading to city-wide severe inundation. A calibrated/validated inundation model
(FloodMap-HydroInundation2D) which couples hydrological module (e.g., evapotranspiration and
infiltration) with flood routing technique, is used to derive urban pluvial flood risks in the modelling.
A spatially uniform precipitation involved in the modelling, is calculated for design storm hyetograph
of one-hour duration by using Shanghai rainstorm formula and Chicago hydrographic model.
A relatively high Manning’s n value of 0.06 is applied in the modelling process, representing the effect of
urban surface features on flood routing. The flood modelling also includes a default evapotranspiration
value of 3 mm/day and a uniform capacity of 36 mm/h to account for drainage/infiltration in the
urban environment. Based upon a high resolution (5 m) Digital Surface Model provided by Shanghai
Municipal Institute of Surveying and Mapping, the inundation modeling is performed to generate the
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potential areas that are subject to pluvial flash flooding in the city. Detailed information on the urban
pluvial flood modelling employed in the analysis can be referenced in Yin et al. [34] and Li et al. [35].

2.4. Accessibility Mapping and Vulnerability Assessment

The analysis process is carried out via three steps for emergency response accessibility mapping
and school vulnerability assessment. In the first stage, flood restrictions should be defined by the
data presented in the previous section and can be treated as barriers in the road network. Water
depths between 25 and 30 cm may stall a vehicle and even cause loss of control and are generally
adopted as critical thresholds for road closures in many cities around the world [36]. Due to a greater
tolerance of emergency vehicles, water depth of 30 cm is set as a tipping point in this study. Surface
road segments with water depths higher than 30 cm are manually identified and then are processed as
impedances in the network. The second step is conducted for the construction of transport network
topology, on the basis of a GIS dataset of city-wide road geometry derived from widely used AMAP
Data Portal in China. An integrated transport network is generated in ArcGIS by defining connectivity
rules and network attributes (e.g., speed limits, turn restrictions and traffic directions). In the next
step, based upon the quickest routing algorithm, emergency response accessibility is quantified using
two metrics: (1) service coverages from emergency stations within the specified timeframes; and (2)
the shortest time between facilities and schools under normal and pluvial flood scenarios. As traffic
flows show a significant variation in a working day, two temporal scenarios (i.e., T1-rush hours and
T2-daytime) of average travel speed for each road type are derived from a real-time traffic report
of AMAP Navigation and implemented into network analysis to account for the effect of traffic
conditions such as congestion. With the network-based spatial analysis tools in Network Analyst
toolbar, optimized routes, drive times, closest facilities, service areas and location allocation can be
performed on a configurable transportation networks in ArcMap. Despite a strong capability, there are
inherent limitations associated with GIS network analysis approaches, including the difficulty and
complexity of accounting for live traffic conditions.

In the last stage of vulnerability assessment, the ranking scheme of school vulnerability is primarily
based on the definition of emergency response times. Many students always have not enough time to
evacuate or find a safe place within the building during a pluvial flash flood event which generally
occurred in a very short time [37]. In terms of EMS, 8 min are commonly regarded as the Golden
Time and increasingly recommended to be the criterion of medical emergency response [38]. However,
the average response time at current state in Shanghai is just only 15 min but try to reach 12 min in
near future (2020). For FRS, the time limits of 5 min are mandated by China legislation. In actual
operation, FRS is just required to reach incident within 10 min for built-up region and 15 min for
suburban district. Therefore, three response time targets are defined for EMS (8, 12 and 15 min) and
FRS (5, 10 and 15 min), respectively. Consequently, schools which fall into emergency service areas
within different response timeframes, would be classified into 5 vulnerability categories as follows:
(1) very low, within 5 and 8 min for FRS and EMS; (2) low, within 5–10 and 8–12 min for FRS and EMS;
(3) medium, within 10–15 and 12–15 min for FRS and EMS; (4) high, beyond 15 min for FRS and EMS;
and (5) very high, completely inaccessible for FRS and EMS.

3. Results and Discussion

EMS and FRS to schools within specific timeframes under normal and 100-y flood scenarios have
been presented and summarized in Figure 3 and Table 1, respectively. Results show that under no-flood
condition, all schools in the study site are expected to be accessible for emergency responses. Although
EMS and FRS could reach most of the schools in 15 min, the targets of emergency response would
not be completely achievable even when operating under normal conditions. This can be principally
attributed to uneven distribution of emergency stations and some notable “blind spots” of emergency
services. These can be observed in the northern and western parts of the study area which generally
are the rural-urban fringe zones. Another important finding is that traffic conditions exert a significant
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impact on daily emergency responses to schools. Compared with EMS and FRS coverages in daytime,
emergency service to schools in rush hours are shown to experience a 10–30% reduction in response
areas. Despite less stations, EMS is predicted to provide more service coverages for schools than FRS.
This is due to its relatively strategic positioning over the central Shanghai. In addition, emergency
provisions to nursery schools are slightly less than those for primary and middle schools.

When 100-y pluvial flood restrictions are incorporated into the network analysis, the modelling
suggested that 84.1% and 68.8% of the schools would be accessible within 15 min or less under normal
(daytime) and congested (rush hours) traffic conditions respectively (Table 1). 11% of the schools
is predicted to be inaccessible, among which 138 (14%) nursery schools is shown to be completely
unreachable by emergency services (Table 1). Compared with normal operating condition, 100-y pluvial
flooding results in minor to moderate impacts on response coverages to schools. This is primary due to
the overlaps in emergency station coverages, particularly in downtown areas. The overlaps, to a great
degree, compensate for significant reductions in the service areas caused by pluvial flood inundation.
Although the west of the Huangpu River appears to be able to maintain most of the spatial coverage to
schools, areas to the east and north of Shanghai city center would experience significant disruptions
in emergency provisions. This is because that there would be insufficient overlap between service
areas of individual station and a lot of key access routes surrounding certain emergency stations are
inundated. For example, the flood impact on EMS is predicted to be more pronounced compared to
that of FRS, because several EMS centers are directly isolated by pluvial floodwater and thus cannot
provide any services for schools (loss of function).

The vulnerability ranking of emergency response to schools under normal and flood condition
are illustrated in Figure 4. It can be found that under normal no-flood condition, schools located in the
traditional and mature communities of downtown are mostly classified as very low or low vulnerability
as emergency stations have been strategically placed to provide sufficient coverages. By contrast,
emergency responses would be less accessible to schools in the new urbanized areas (e.g., periphery of
outer ring) where a variety of facilities and public services have not been well established. However,
the school vulnerability show variations in spatial distribution in 100-y flood scenario. Due to the flood
impacts on emergency provisions, a large number of schools would experience significant increases
in vulnerabilities, particularly in the city center such as Lujiazui financial district. A comparison of
modeled response times under normal and 100-y flood scenarios shown in Figure 5 also confirms the
visual inspection in Figures 3 and 4. Significant deviations in the modelled response times can be
clearly observed between normal and 100-y flood scenarios, especially in terms of EMS and in rush
hours (T1). The impact in terms of response time is generally proportionate to the magnitude of flood
event. It is found that 100-y pluvial flooding would lead to on average 1–3 min delay in the travel
times of emergency responses to schools. The primary schools would be most severely affected by the
flooding in terms of travel delay and the nursery schools take second place. For example, compared to
normal condition, the average response times to the primary schools are shown to increase by 2.8 min
with a maximum delay of 75 min in rush hours when 100-y flood restrictions are presented.
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Table 1. Numbers and percentages (%) of schools (NS-nursery school, PS-primary school and
MS-middle school) located within the specific timeframes of emergency services considering various
traffic conditions under normal and 100-y flood scenarios.

Emergency
Services

Normal Condition and T1 Normal Condition and T2 100-y Flood and T1 100-y Flood and T2

NS PS MS NS PS MS NS PS MS NS PS MS

FRS within 5 min 126
(13%)

77
(16%)

94
(17%)

272
(28%)

165
(34%)

214
(38%)

97
(10%)

55
(11%)

75
(13%)

211
(22%)

125
(26%)

162
(29%)

FRS within 10 min 470
(49%)

264
(54%)

333
(59%)

706
(73%)

379
(78%)

449
(79%)

384
(40%)

206
(42%)

265
(47%)

620
(64%)

334
(68%)

399
(70%)

FRS within 15 min 718
(74%)

377
(77%)

464
(82%)

859
(89%)

453
(93%)

536
(94%)

634
(66%)

340
(70%)

416
(73%)

779
(81%)

420
(86%)

500
(88%)

FRS out of 15 min 964
(100%)

488
(100%)

568
(100%)

964
(100%)

488
(100%)

568
(100%)

826
(86%)

445
(91%)

525
(92%)

826
(86%)

445
(91%)

525
(92%)

FRS inaccessible 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 138
(14%)

43
(9%)

43
(8%)

138
(14%)

43
(9%)

43
(8%)

EMS within 8 min 377
(39%)

180
(37%)

251
(44%)

616
(64%)

337
(69%)

413
(73%)

272
(28%)

132
(27%)

182
(32%)

473
(49%)

253
(52%)

330
(58%)

EMS within 12 min 647
(67%)

341
(70%)

424
(75%)

856
(89%)

435
(89%)

524
(92%)

483
(50%)

259
(53%)

338
(60%)

717
(74%)

372
(76%)

459
(81%)

EMS within 15 min 788
(82%)

412
(84%)

500
(88%)

906
(94%)

464
(95%)

547
(96%)

633
(66%)

335
(69%)

415
(73%)

791
(82%)

413
(85%)

505
(89%)

EMS out of 15 min 964
(100%)

488
(100%)

568
(100%)

964
(100%)

488
(100%)

568
(100%)

825
(86%)

445
(91%)

525
(92%)

825
(86%)

445
(91%)

525
(92%)

EMS inaccessible 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 139
(14%)

43
(9%)

43
(8%)

139
(14%)

43
(9%)

43
(8%)
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It should also be noted that the results presented herein does not consider all the complexity
of flood emergency response to schools and thus some factors may introduce uncertainties into the
final estimates. For example, a flood scenario could lead to “chaos” in the city and the emergency
responders would have their hands full. Due to limited resources (e.g., manpower, vehicles and
equipment), schools and students maybe not prioritized by the emergency responders in such cases.
Many buildings and groups would be at risk and some maybe more so than the schools and students.
Given the scenario-based nature, the possible errors are assumed to be reasonable and acceptable in
this study.

Since emergency responses to schools and students in Shanghai are particularly susceptible to the
impacts of urban flooding from pluvial source, adaptation measures must be initiated to alleviate the
potential negative consequences. These could be divided into two aspects, one related to emergency
responders and the other relevant to school authorities. As the first emergency service providers, FRS
and EMS should more strategically place emergency resources such as stations and stand-by vehicles
to minimize the “blind spots” and maximize spatial coverages within specific timeframes throughout
the city. Furthermore, inflatable boats and waterproof emergency vehicles could be implemented by
the first responders for water rescue operations. These recommendations resemble the suggestions
in terms of urban flood emergency response made by Green et al. [5], Coles et al. [6] and Yin et
al. [7]. From the perspectives of education agencies/organizations, school emergency management
activities including emergency planning, preparedness, education and training should be carried out
to avoid or mitigate the flood impacts on teachers and students. Schools can also cooperate with
their local partners including police department, fire department, emergency medical centers and
hospitals for technical guidance and assistance when offering first aid treatment to students during
flood emergencies. The major findings are similar to what other studies have called for [18,29,31,32].

4. Conclusions

This study assesses the vulnerability of schools and educational facilities against urban pluvial
flooding in the city center of Shanghai in terms of emergency response perspectives using flood hazard
analysis and GIS-based accessibility mapping. On the basis of the research outcomes, a couple of
conclusions can be drawn. Findings indicate that a number of schools and students in Shanghai City
could be “not safe” enough even under normal no-flood conditions. Urban pluvial flood events could
result in limited and linear impacts on emergency response provision to schools. Schools with high
and/or very high flood vulnerability in terms of emergency responses mostly located at specific sites
(e.g., new urbanized and/or fringe zones) where public facilities and infrastructures have not been well
placed. It also exposes the fact that the performance of emergency services to schools greatly depends
on traffic conditions. Therefore, school authorities should coordinate with emergency responders and
other local partners in order to strengthen emergency preparedness efforts.

The analysis may assist school administrators, emergency responders and other concerned
stakeholders to better understand the potential school vulnerability of emergency services to urban
pluvial flood events and helps to develop policy-making for flood risk management and school
contingency planning. However, limitations of this study must be acknowledged. To gain more
robust conclusions, further researches can be undertaken in three aspects: (1) including more flood
scenarios with various return periods would give a fuller picture of the flood risks faced by the city
and schools; (2) consideration should also be given to model calibration and validation aspects in
terms of both traffic modeling and student behavior during flood emergency; (3) incorporating the
effect of existing emergency preparedness activities conducted by schools would be a significant
progress. The methodology proposed here provides a flexible and feasible framework for assessing
the flood vulnerability of school emergency responses. Taking into account the above limitations and
suggestions, this approach could be readily applied in other cities where schools and students are
particularly vulnerable to increasing threat from urban flooding in a changing environment.
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