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Abstract

:

In the context of global climate change and the rapid development of the sports industry, increasingly frequent flooding has become a significant challenge for Chinese cities today and one of the hot issues in risk management for sports events. In order to reveal the impact of flooding on the spatial accessibility of emergency response to stadiums in the central urban area within the outer ring of Shanghai, this article evaluates the accessibility of medical emergency services in the central urban area under the impact of flooding based on flood scenario simulations and GIS network analysis. Results show that under the different flooding scenarios, as the intensity of flooding increases, urban road traffic in flood-prone areas is blocked by ponding, and some stadiums are inaccessible to emergency vehicles. The scope of emergency response services for some medical institutions along the Huangpu River is significantly reduced, while emergency response times for stadiums in the riverside area are delayed considerably. Some stadiums are unable to access emergency medical services. The study’s results can offer a case reference for upgrading the level of emergency management of stadiums under urban-scale flooding and optimizing the quality of regional medical emergency services.
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1. Introduction


Global climate change and speedy urbanization have increased extreme climatic and hydrological events’ frequency, extent, and impact. Consequently, flooding has become one of the major disasters in cities, constraining cities’ sustainable economic and social development and affecting the physical and psychological well-being of urbanites [1,2,3]. In recent events such as the ‘international sports events super-cycle’ (consolidation of post-covid major sporting events within a short period of time) alongside the rapid development of the global sports industry, competitive sport is receiving global attention because of its enormous economic and social value [4,5,6]. As global major sporting events increase in frequency, there is an increased risk to various sports activities in the face of natural disasters, thereby highlighting the essentiality of emergency management. Sports stadiums are responsible for diverse cultural, recreational, commercial, and urban functions and serve as an important infrastructure for developing sports activities [7,8,9]. As important iconic buildings in cities, stadiums often have a large number of people moving around in a short span of time and are special nodes in the network of material, human, and information flow in the city [10]. In addition, stadiums also serve as emergency shelters. When Hurricane Irma hit the Americas in 2017, the spacious and well-equipped Germain Arena in Miami became a shelter for the surrounding residents [11]. At the beginning of the COVID-19 outbreak in 2020, Wuhan urgently converted 10 stadiums, which were independently located, well-ventilated, with sufficient access and clear distribution (for easy access and quarantine), into square cabin hospitals, reversing a once extremely passive situation in the fight against the outbreak [12]. In recent years, the scale of events held in stadiums across the country has shown explosive growth, resulting in the security management and risk warning of events becoming increasingly urgent, especially in the eastern coastal regions. The number of stadiums and events is much higher in the eastern coastal regions than in the central and western regions. Furthermore, the peak of the sports event from July to October every year coincides with the flood and typhoon season. As a result of its special location at the land-sea interface, global warming has directly led to an increase in extreme disaster events, including storms and floods [13]. Besides causing severe damage to venues and casualties, this has also led to a series of serious consequences such as traffic disruptions, impairment of public facility service functions and reduced emergency response capabilities [14,15,16]. Sports events that rely on stadium facilities are sensitive to natural disasters. Natural disasters and incidents may affect the experience of the sports event and also damage the city’s reputation (in the event of mismanagement) and constrain the city’s development of the sports industry resultantly.



In this context, government and academia have devoted considerable attention to research topics such as disaster risk identification and assessment [17,18,19,20,21], emergency response and management [22,23,24,25], environmental restoration and facility reconstruction [26,27,28]. Coles et al. measured the service domains of emergency medical and fire emergency services response times within 8 and 10 min for different flooding scenarios in York, UK, and analysed the vulnerability of nursing homes and emergency shelters and the risks they would face in the case of reduced or disrupted emergency service accessibility [23]. Yin J et al. analysed the spatial accessibility of emergency medical care in the area within the outer ring of Shanghai based on numerical simulations of flooding in the Huangpu River. They showed that the distribution and number of first aid stations, the degree of flooding (depth and extent of water), and the speed of vehicle travel holistically determine emergency medical accessibility [25]. Arrighi et al. measured the service domain of emergency medical and fire emergency services response times within 8 min in Galluzzo, Florence, Italy, under normal weather and flood scenarios based on a traffic road network simulation system [29]. Researchers have also made advances in flood control, environmental risk prevention, and stadium flood control. The state of Rio de Janeiro in Brazil was hit by heavy rainstorms in 2010, damaging the Maracanã Stadium and thus affecting the preparations for the Rio Olympics at that time. M Duarte et al. described the various flood control projects under construction in the Mangue region, where the Maracanã Stadium is located, to mitigate the risk of flooding [30]. Zhu pointed out that public neglect of environmental risk prevention and flooding measures in sports stadiums is becoming increasingly severe and suggested that the relevant authorities should build a management system, operational mechanism and legal system under the framework of emergency management, command and rescue plans [31]. Despite some extant research on flooding risks in sports stadiums, there is still a paucity of quantitative analysis in this area, particularly on the combined impact of flooding on urban stadiums, especially in developing countries and emerging economic markets.



According to the International Disaster Reduction Strategy implemented in recent years, integrating stadiums into the emergency management system and strengthening the response capability of their surrounding public service institutions is an effective strategy to reduce the many adverse effects of flooding on sports activities. In urban areas with a high density of sports events, the orderly implementation of emergency management and prevention of disasters in stadiums is especially significant in improving the quality of urban emergency management and promoting the sustainable development of the sports industry. Currently, the research on urban flood response capacity primarily focuses on theoretical and planning aspects [32]. There is still a lack of cases exploring changes in the emergency response capacity of public service facilities in urban stadiums in the face of natural disasters. This article reveals the impact of flooding on the spatial accessibility of the emergency response of stadiums in downtown Shanghai within the outer ring and evaluates the accessibility of medical emergency services in the central city under the impact of flooding based on flooding simulation results and road network data, to provide a case reference for improving the level of emergency management of stadiums in flooding at an urban scale and optimizing the quality of regional medical emergency services.




2. Data and Methodology


2.1. Study Area


Shanghai is located in the eastern part of China, on the eastern edge of the Yangtze River Delta, at the intersection of China’s “Belt and Road” initiative and the “Yangtze River Economic Belt” development strategy, which is the economic, financial, trade and transportation centre of China. The Yangtze River Delta lies at the centre of the coastline in the north and south of China and is surrounded by water on all sides, with the East China Sea to the east, Hangzhou Bay to the south, and Taihu Lake to the west. The Huangpu River winds through the city from west to east in its upper reaches and changes direction from south to north in its middle and lower reaches, dividing Shanghai into western and eastern parts. The central city within the outer ring of Shanghai is the core area of the urban system, located in the middle and lower reaches of the Huangpu River, with a total area of about 667 km2 [33]. It is densely populated, highly asset-rich and low-lying, making it a typical flood-prone area (Figure 1). In recent years, ground subsidence (up to over 3 m), the reduction of the river network and the rapid increase in impermeable surfaces in the central city have led to a decrease in evapotranspiration, infiltration and an increase in direct runoff, exacerbating the depth of inundation and the extent of flooding. Historically, flooding has occurred frequently in downtown Shanghai, with over 500 floods occurring from 251 AD to 2000, according to incomplete statistics [34]. These events highlight the weakness of floodwalls, which are currently rated based only on their top height water level and do not directly consider other failure mechanisms, such as floodwall damage and gate failure, as disaster-causing mechanisms. To resist flooding, since the 1950s, Shanghai has built and repeatedly renovated and expanded the flood control wall system along the Huangpu River, of which the urban section can withstand once-in-a-millennium flooding (1984 design standards). However, the actual capacity of the flood control wall system along the Huangpu River has been greatly reduced due to sea level rise and ground settlement [35,36]. In the case of a compound flooding incident such as “typhoon, heavy rainfall, high tide and upstream water” [37], the urban flooding risk prevention and control situation will be extremely challenging.



Shanghai is rich in sports resources, with a strong demand for sports consumption and good development of the sports industry. By the end of 2019, the total size of the city’s sports industry was 178.088 billion yuan, with an added value of 55.896 billion yuan, accounting for 1.5% of the city’s GDP [38]. Between 2016 and 2020, 696 major domestic and international sporting events were successfully held in Shanghai. The impact of Shanghai brand sports events such as the F1 China Grand Prix, ATP 1000 Shanghai Masters, Shanghai International Marathon, the Global Equestrian Championships, and the World Golf Championships-HSBC Champions has increased year after year. The sports competition and performance industry have gradually become an important strategic support for Shanghai to build a globally famous sports city. The supporting professional sports stadium facilities have gradually become a new highlight in Shanghai’s urban development and construction.




2.2. Research Data


Data for this study consisted of flood inundation simulation results, road network traffic data, and spatial distribution data of urban public medical institutions and stadiums. The simulation results use inundation areas and depths in the once-in-a-century and once-in-a-millennium flood scenarios (in 2010, 2030, and 2050, mainly with different sea level heights) of the Huangpu River basin obtained from previous studies [39,40] and selected the flood zones in downtown Shanghai. Urban public medical institutions are medical emergency centres responsible for the unified dispatch of public health service resources in the central city of Shanghai, providing medical emergency services and rescue to the public. Stadiums, including gymnasiums, indoor stadiums, and sports halls, are professional places for sports training, sports competition, and physical exercise. The selection of stadiums in this study is based on the following two main criteria: 1. they have hosted international and domestic sports events; 2. they meet the requirements for temporary transformation into emergency shelters.



The list of stadiums and the data on urban public medical institutions come from the open map website, lbs.amap.com. The road network data was obtained from the 2013 Shanghai Traffic (Amap) navigation data set. Based on the research objectives, the central urban area’s road network data was screened, with 102,000 sections obtained. The list of attributes includes fundamental information such as length, width, class, function, access direction and road name. Concerning the “Technical Standard of Highway Engineering (JTG B01-2003)” and the actual situation of roads in Shanghai, the roads are divided into five grades with the maximum speed limit set as 120 km/h for expressways, 80 km/h for freeways, 60 km/h for main roads, 50 km/h for secondary roads and 30 km/h for branch roads. This study has selected public medical institutions and highly vulnerable stadiums in urban areas as critical research objects for flood disaster emergency services. For further analysis and modeling, the initial data is classified and screened using EXCEL 2016 and geographically processed using ArcGIS 10.8. After screening and processing the initial data, 57 medical institutions with emergency rescue capabilities and 137 stadiums with both cultural and sports welfare and emergency management values were obtained, as shown in Figure 1.




2.3. Methodology


Based on flood numerical simulations and GIS network analysis, this study assesses the impact of different levels of flooding and traffic congestion on the spatial accessibility of stadiums for emergency response. Thus, it provides a reference for how the urban sports industry can cope with the environmental risks of flooding. Firstly, the inundation of flooded stadiums, roads, and medical emergency institutions is identified according to the results of flood inundation simulations with different recurrence periods. Secondly, a road traffic network model is constructed. And the New Service Area function in the Network Analyst tool is used to calculate the service area covered by the emergency medical services under normal and different recurrence period inundation scenarios. Moreover, the New Closest Facility of GIS Network Analyst was used to simulate the shortest path from the medical emergency institutions to each stadium under normal flooding scenarios. Finally, recommendations for countermeasures to deal with the environmental risks of flooding in the urban sports industry are proposed (Figure 2).



2.3.1. Flood Numerical Simulation


The flood inundation maps of river basins in the Shanghai municipal area used in the study were obtained directly from the GIS Key Laboratory (Ministry of Education) of East China Normal University. This study considers once-in-a-century and once-in-a-millennium flood disaster scenarios underwater level conditions in 2010, 2030 and 2050. More information on the urban river flood models used in the analysis can be referred to the paper by Yin et al. [41] and Li et al. [42].




2.3.2. Identification of Flooded Stadiums


Stadiums were selected for the research objectives. According to the location of the stadiums in downtown Shanghai, the simulated flood disaster water depth distribution map was superimposed with the distribution map of the stadiums in the area. The superimposed layer of the stadiums in downtown Shanghai and the disaster water depth were then obtained to determine whether each stadium would be affected by the flooding and the inundation depth of the stadiums under the flooding disaster, as shown in Figure 2.




2.3.3. Identification of Inundated Roads and Emergency Service Areas


This study used ArcGIS 10.8 to reclassify the flood inundation area, selected 0.3 m as the water depth (the height of vehicle exhaust and the standard for waterlogged roads in some cities) as the classification threshold and overlaid the area with inundation depth beyond 0.3 m with the central city road network. The cleared inundated road network is the affected area. The existing road network was imported into the layers using the “Network Dataset” in ArcGIS 10.8 to construct the topological relationship of the traffic road network. Next, by using the “New Service Area” function of the Network Analyst tool, each medical institution and road with a water depth of more than 0.3 m were imported into the service area analysis as facilities and line barriers, thereby calculating the service area covered by the medical emergency facilities under normal and different recurrence period inundation scenarios. Since emergency vehicles are exempt from some traffic regulations when providing rescue services, the standard traffic rules were not considered in this study. The scope of services that medical institutions can cover within 5, 10 and 15 min under typical and different recurrence period inundation scenarios was thus obtained (the optimal emergency time is within 8–10 min).




2.3.4. Emergency Shortest Path


The critical indicators for measuring the emergency rescue capability of urban public services to disasters are mainly spatial accessibility and its service scope based on road network analysis [43]. Therefore, this study uses the “New Closest Facility” for GIS network analysis. In the normal scenario, the shortest path exists from the medical institutions to the stadium. However, in the flooding scenario, some medical institutions lose their emergency response capacity, resulting in the need for more distant emergency points to assist at stadiums. In addition, the road is impassable when the water depth exceeds the warning line for vehicles, and emergency vehicles have to take a detour to the site of the incident. Both situations can lead to delays in response times. In the flooding scenario, vehicles cannot pass safely, and parts of the road network are closed when water reaches 0.25–0.35 m (the height of vehicle exhaust and the standard for waterlogged roads in some cities). It causes rescue vehicles to be inaccessible or require detours delaying rescue times. Thus, a road network with a water depth of below 0.3 m was used as the base road to simulate and calculate the shortest path from the urban public medical institutions to the location of each stadium. With Reference to the “Code for Transport Planning on Urban Road (GB50220-95)”, combined with the difference in the urban vehicle travel speed during daytimes, evenings, peak hours and weekends, the vehicle speed was set to the maximum speed limit in the S1, S2, S3 scenarios (Table 1), respectively, to include all potential urban vehicle travel conditions and to find the shortest path from medical institutions to stadiums for emergency rescue under normal and different degrees of flooding scenario, respectively.






3. Result Analysis


3.1. Flood Inundation and Exposure Analysis


According to the simulation results of inundation of stadiums in downtown Shanghai under the flood scenario (Figure 3), 8, 12, and 16 stadiums are inundated in 2010, 2030 and 2050 under the once-in-a-century flooding disasters, respectively. There are eight stadiums with inundation depths of more than 0.3 m in all three years, namely Shanghai Rowing Club (Long Wu Road Branch), Fei Meng Sports Park (Qian Tan Branch), DYNAMIX ACT, Shanghai Wei Ran Youth Sports Club, Shanghai Civil Aviation College Gymnasium, Expo Huangpu Sports Park, Huangpu District Workers’ Gymnasium and Mercedes-Benz Arena. 17, 17 and 22 stadiums being flooded in 2010, 2030 and 2050 in the once-in-a-millennium flooding disasters, respectively, with 10, 13 and 14 stadiums inundated to a depth of more than 0.3 m respectively. In 2010, the stadiums with an inundation depth of more than 0.3 m are Shanghai Rowing Club (Long Wu Road Branch), Fei Meng Sports Park (Qian Tan Branch), DYNAMIX ACT, Shanghai Wei Ran Youth Sports Club, Shanghai Civil Aviation College Gymnasium, Expo Huangpu Sports Park, Huangpu District Workers’ Gymnasium, Mercedes-Benz Arena, WEDER-TERA City Sports Hall, Shanghai Huangpu Gymnasium. The year 2030 adds the Shanghai Jiushi International Equestrian Centre, Shanghai Wusong Middle School Gymnasium and Shanghai Pudong Swimming Pool to the year 2010, while the year 2050 adds the Qiujiang Dock Road Football Stadium to the year 2030.




3.2. Emergency Service Area Analysis


Under a normal scenario (roads unaffected by waterlogging), almost all stadiums in the region have access to rapid medical emergency services, as shown in Figure 4 and Table 2, because of the relatively high number of medical institutions in the central city. In the S1 scenario, where the road is clear, 90% of the stadiums are reachable by ambulance within 5 min, with a significant degree of overlap between the service areas of each medical institution. The emergency response is thus rapid and efficient. Under the S2 scenario, normal traffic conditions (partial road congestion) and medical emergency services to stadiums within 5 min dropped to 45%. All stadiums in the region have access to medical emergency services within 15 min. In comparison, under the S3 scenario during peak commuter traffic (extreme road congestion), 30 stadiums (22%) cannot access emergency services within 15 min.



Under the once-in-a-century flood scenario, some roads along the Huangpu River are blocked in Xuhui, Huangpu and Pudong districts due to waterlogging above 0.3 m. At the same time, the number of medical institutions losing their emergency response capacity in the affected areas has gradually increased due to the extent of flooding, with the number of medical institutions losing their emergency response functions in 2010, 2030 and 2050 being 2, 2 and 3. In the 2010 scenario, the scope of medical emergency services because of flooding is reduced, with five fewer stadiums available to emergency services at 15 min in the S3 scenario compared to the normal scenario, which represents about 4% of the whole number of stadiums. By 2030 and 2050, approximately 6% and 7% of stadiums will not have access to medical emergency services within 15 min under ideal traffic conditions in the S1 scenario. In comparison to the normal scenario, the number of stadiums that can be covered during the 5 min emergency response time is reduced by 7 (about 5%) and 8 (about 6%), respectively. Under the S3 scenario of extreme traffic congestion, medical emergency services are only able to cover 74% of the central city and 73% of the stadiums within 15 min, a reduction of approximately 4% and 5% compared to the normal no-flood scenario (Figure 5 and Table 2).



Under the once-in-a-millennium flood scenario, some municipal roads along the Huangpu River become impassable due to flooding, and the number of medical institutions in the affected areas is significantly higher than under the once-in-a-century flood scenario. The number of medical institutions that will lose their emergency response function in 2010, 2030 and 2050 is 3, 6 and 7, respectively. In the 2010 scenario, the number of stadiums without access to medical emergency services within the 15 min emergency response time ranges from 12 (S1) to 38 (S3), representing approximately 9% to 28% of the total number of stadiums in the central city. In 2030 and 2050, 90% and 88% of the total number of stadiums in the entire central city can be covered by medical emergency services within 5 min under ideal traffic conditions S1. However, about 10% and 12% of stadiums still do not have access to medical emergency services within 15 min. Under S3 conditions of extreme traffic congestion, medical emergency services could only cover 69% and 67% of the city’s stadiums within 15 min, a reduction of approximately 8% and 11% from the normal no-flood scenario (Figure 6 and Table 2).




3.3. Emergency Shortest Path


The stadium and its surroundings will be relatively unfamiliar to the participating athletes and sports events spectators. However, the emergency shelter value of the stadium is irreplaceable. During floods, the stadium will not only be one of the potentially most damaged areas of the city but may also act as a command hub for emergency evacuation and rescue tasks after a disaster. Therefore, it is essential to discuss the stadium’s emergency response. This article addresses this issue by calculating the fastest paths from medical institutions to each stadium within downtown Shanghai in 2010, 2030 and 2050 under normal, once-in-a-century and once-in-a-millennium flooding scenarios (Figure 6). Under normal scenarios, it takes approximately 2.90 min for medical emergency vehicles to reach all stadiums in the region, with a maximum arrival time of approximately 7.14 min. The flooding scenario prevents some stadiums from accessing emergency services due to traffic disruptions in some areas and delayed response times for some medical institutions. Under the once-in-a-century and S1 scenario, the number of stadiums without access to medical emergency services in 2010, 2030 and 2050 is 7, 8 and 10, and the average rescue time to reach 2, 3 and 3 stadiums is delayed by 0.47 min, 0.60 min and 0.92 min respectively. Under the once-in-a-millennium flood and S1 scenario, as the scope of the flooding impact expands, there is also a significant uptick in the number of medical institutions affected by the disaster. The number of stadiums losing medical emergency services in 2010, 2030 and 2050 is 12, 14 and 16, with the average rescue time reaching 5, 12 and 15 stadiums delayed by 0.57 min, 1.16 min and 1.00 min, respectively. The longest of these delays is over 4 min. The delay in emergency response time for medical facilities will continue to increase in the more congested road conditions of S2 and S3 (Figure 7).





4. Discussion


Global climate change, caused by human activities, has led to a significant increase in the intensity and frequency of extreme weather events [44]. At the same time, coupled with the proliferation of impermeable urban land areas during urbanization has dramatically altered the original water cycle processes, leading to an increasing impact of heavy rainfall and flooding, which has had an enormous impact on the normal socio-economic development of cities, regions and even countries [45,46].



The article aims to carry out an assessment of the accessibility of medical emergency services in stadiums under flooding scenarios through numerical flood simulation and GIS network analysis, taking stadiums in downtown Shanghai as the research object, in order to provide a case reference for improving the level of emergency management of stadiums under flooding in urban scale and optimising the quality of regional medical emergency services. Previous work on the accessibility of urban public emergency response services under different flooding scenarios (river flooding and storm inundation) has been comprehensive and a research paradigm has been initially established. However, it should be recognized that previous work on the accessibility of urban public emergency response services has been limited to studies of urban flood emergency response under ideal traffic conditions (maximum or average speed), without fully considering the impact of possible urban traffic congestion and human travel behaviour on disaster emergency response [47,48,49]. This study provides a focused analysis of the urban road network, taking complete account of various traffic conditions, classifying road traffic speeds, and carrying out sensitivity analysis, which can more realistically reflect the impact of flooding inundation on urban emergency response time and rescue efficiency. Regarding flood risk prevention and control for stadiums, research on emergency management of stadiums at home and abroad needs to be more mature and still a relatively new research field. The theoretical foundation is fragile and mainly focuses on the management and recovery after the occurrence of hazards [30,31,50], especially lacking quantitative research on the impact of natural hazards on urban stadiums and the research on the emergency accessibility of stadiums based on risk prevention has not yet begun. Most of the studies have isolated the stadium from its environment and explored the risk prevention and control issues from the perspective of stadium facilities [51], stadium management systems [52], and stadium participants [53,54]. There needs to be more research that places stadiums in specific scenarios that tie them to their surroundings and thus analyzes their ability to interact with other public services in extreme disaster situations. Therefore, based on the risk threat posed by hazards to the sports industry, especially the high frequency and hazard of floods, the potential risks, and significant losses, and the importance and urgency of weak emergency management in sports stadiums, this study shifts the focus of emergency management research forward to examine the emergency accessibility of stadiums based on the principle of risk prevention and on the premise that risks can be made manageable and do not turn into disaster events. A representative area of Shanghai was selected as the empirical study area, and stadiums that regularly host various major events were selected as the primary research subjects. Based on the simulation of flooding scenarios, ArcGIS network analysis was used to analyze the emergency accessibility of stadiums under flooding scenarios. This study not only enriches the theoretical system of stadium emergency management from the perspective of pre-disaster risk prevention but also fills the gap in the quantitative study of stadium emergency management and provides decision-making suggestions for stadium risk prevention, hazard prevention and mitigation, improvement of emergency response capacity and sustainable development. It has specific research value at both the theoretical and practical levels.




5. Conclusions and Prospects


Based on the principle of risk prevention, this paper is the first to analyze the spatial accessibility of emergency response for stadiums in downtown Shanghai under extreme flooding scenarios, filling a gap in quantitative research on the emergency management of stadiums. The main conclusions are as follows:




	(1)

	
The research shows that under current and different recurrence scenarios, the inundation area is primarily concentrated within 3 km of the Huangpu River. Furthermore, it shows a trend of gradual expansion from north to south.




	(2)

	
In extreme flood scenarios, more and more stadiums are affected as the flooded area extends. 8, 12 and 16 stadiums are flooded under the once-in-a-century flood scenario in 2010, 2030 and 2050 respectively; 17, 17 and 22 stadiums are flooded under the once-in-a-millennium flood scenario in 2010, 2030 and 2050 respectively.




	(3)

	
Under normal and flooding inundation scenarios, medical facilities in central Shanghai have the fastest paths to reach each stadium according to the speeds of S1, S2 and S3. In the flood scenario, some roads along the Huangpu River in the municipal area are impassable to vehicles due to flooding. Some stadiums might have delays or even unavailability of medical emergency vehicles. Also, up to 15 stadiums will experience delays in accessing emergency services.




	(4)

	
Overall, the floods do not affect the central city to a large extent, with the impact mainly concentrated on both sides of the Huangpu River. However, as most of the city’s significant sports events held in professional stadium facilities are located along the river, the situation will be even more complicated if the stadiums are damaged. Therefore, it is necessary to explore further disaster prevention and mitigation measures for stadiums in central urban areas in the case of flooding.









Further practical actions should be taken in Shanghai to ensure the accessibility of critical nodes and sections of the urban road network and emergency public services under flooding scenarios. Firstly, Shanghai should continue to improve its flood control system to adapt to the current climate change, optimize the city’s own flood control and storage functions, and strengthen the construction of sponge cities, the renovation of comprehensive urban underground corridors and the comprehensive management of urban flood-prone spots. Secondly, based on the city’s overall development plan, Shanghai should reasonably plan and lay out the city’s primary emergency response departments and public service facilities, and relocate some of the more vulnerable public service units in heavily flooded areas. The city’s key public service sectors could be reasonably spread out to avoid the problem of spatial mismatch. For stadiums located in heavily flooded areas, emergency plans should be drawn up in accordance with the scale of the stadium, the type of stadium and other characteristics, set up disaster warnings, equipped with shelter materials and rescue equipment, and regularly carry out flood prevention rehearsals to ensure effective measures and responses to heavy rainfall and flooding disasters to enhance the resilience of the stadium. Thirdly, the wading capability of medical emergency vehicles could be further optimized. Other means of transport (such as hovercrafts, amphibious vehicles, helicopters, etc.) could also be deployed in a timely and coordinated manner in extreme weather warning situations to adequately safeguard the emergency response capabilities of key public services in the city. A fleet of air boats could be set up in Shanghai specifically for emergency rescue work in severe conditions. The air boat is amphibious, high speed and flexible, allowing it to travel over all terrains and reach areas that cannot be accessed by vehicles, thus improving the efficiency of emergency rescue. Finally, real-time flood forecasts and traffic information should provide route navigation for emergency vehicles, guiding them to safely pass through (or avoid) flooded areas and ensuring the spatial accessibility of emergency public services.



Urban natural hazard risk systems are highly complex and subject to multivariate factors, leading to the complexity and enormity of disaster risk assessment. This article explored the impact of flooding on the spatial accessibility of medical emergency response in stadiums. Next, research in this area can focus on disaster risk assessment for different urban natural hazards in terms of infrastructure, transport, industrial and mining enterprises and ecological environment, strengthen the risk assessment and empirical research on different types of natural hazards, accelerate the construction of urban natural disaster risk research database, and realise the dynamic assessment of natural disaster risk, to continuously improve the disaster mitigation and risk management capability of urban communities. There are also limitations to the study, such as the lack of consideration of real-time road access and the differences in size and function of different stadiums. Future research should be further refined and extended in the following two areas: (1) based on urban traffic data and emergency vehicle attendance data, the speed of emergency vehicles is optimized for flooding scenarios. (2) Realistically, each stadium’s actual size and function often differ. Subsequent studies could consider the differences in the flood resilience of different types of stadiums, refine the classification of stadiums and comprehensively analyze their emergency accessibility.
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Figure 1. Location of the study area. 
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Figure 2. Research methodologies. 
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Figure 3. Inundation extents and depths for flood scenarios in the city center of Shanghai. 
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Figure 4. Accessibility for medical emergency service under normal conditions. 
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Figure 5. Accessibility for medical emergency service under the flood scenario once in a century. 






Figure 5. Accessibility for medical emergency service under the flood scenario once in a century.



[image: Sustainability 14 17041 g005]







[image: Sustainability 14 17041 g006 550] 





Figure 6. Accessibility for medical emergency service under the flood scenario once in a millennium. 
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Figure 7. Closest facility analysis for medical institutions to stadiums under normal conditions and flood scenarios. 
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Table 1. Maximum speed limit in different classes of roads and speeds in different conditions. Source: [33].






Table 1. Maximum speed limit in different classes of roads and speeds in different conditions. Source: [33].





	Type
	Elevated

Road
	Expressway
	Main

Road
	Secondary

Road
	Branch

Road





	S1 (Maximum speed limit)
	120
	80
	60
	50
	30



	S2 (evening and weekend)
	1/2S1
	1/2S1
	1/2S1
	1/2S1
	1/2S1



	S3 (daytime)
	1/4S1
	1/4S1
	1/4S1
	1/4S1
	1/4S1
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Table 2. Medical emergency service areas under normal and flood scenarios.
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Flood Scenarios

	
5 min

	
10 min

	
15 min




	

	
S1

	
S2

	
S3

	
S1

	
S2

	
S3

	
S1

	
S2

	
S3






	
Normal

	
123

	
61

	
11

	
137

	
123

	
61

	
137

	
137

	
107




	

	
(90%)

	
(45%)

	
(8%)

	
(100%)

	
(90%)

	
(45%)

	
(100%)

	
(100%)

	
(78%)




	
2010_100y

	
117

	
57

	
9

	
130

	
117

	
57

	
130

	
130

	
102




	

	
(85%)

	
(42%)

	
(6%)

	
(95%)

	
(85%)

	
(42%)

	
(95%)

	
(95%)

	
(74%)




	
2030_100y

	
116

	
55

	
9

	
129

	
116

	
57

	
129

	
129

	
101




	

	
(85%)

	
(40%)

	
(6%)

	
(94%)

	
(85%)

	
(42%)

	
(94%)

	
(94%)

	
(74%)




	
2050_100y

	
115

	
56

	
9

	
127

	
115

	
56

	
127

	
127

	
100




	

	
(84%)

	
(41%)

	
(6%)

	
(93%)

	
(84%)

	
(41%)

	
(93%)

	
(93%)

	
(73%)




	
2010_1000y

	
114

	
55

	
8

	
125

	
114

	
55

	
125

	
125

	
99




	

	
(83%)

	
(40%)

	
(6%)

	
(91%)

	
(83%)

	
(40%)

	
(91%)

	
(91%)

	
(72%)




	
2030_1000y

	
111

	
53

	
9

	
123

	
111

	
53

	
123

	
123

	
94




	

	
(81%)

	
(39%)

	
(6%)

	
(90%)

	
(81%)

	
(39%)

	
(90%)

	
(90%)

	
(69%)




	
2050_1000y

	
109

	
51

	
9

	
121

	
109

	
51

	
121

	
121

	
92




	

	
(80%)

	
(37%)

	
(6%)

	
(88%)

	
(80%)

	
(37%)

	
(88%)

	
(88%)

	
(67%)
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