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Abstract:



Global warming induces temperature variations and sea level changes for a long period of time. Many coastal cities around the world have experienced the harmful consequences of sea level changes and temperature variations. The city of Shanghai in China also suffers from the serious consequences of these two climatic factors. The geological and climatic conditions of Shanghai make it sensitive to flooding risks during heavy rainfall events. This paper analyses the conditions of sea level changes, temperature variations, and heavy rainfall events in Shanghai. Correspondingly, eustatic sea level change, tectonic movement of the continent, and land subsidence in Shanghai have effects on sea level changes. Correlation analysis indicates extraordinary short duration rainfall events have a relationship with temperature variations due to global warming. Moreover, the number of extraordinary torrential rainfall events also has a correlation with sea level changes. Pluvial flooding and potential damage to coastal structures are more likely to have serious effects as the number of flooding hazard events due to global warming and sea level changes increases. This study also established that to efficiently protect the environment, control economic losses, and prevent potential hazards, extra countermeasures including monitoring, forecasting, and engineering technology treatment should be adopted. Monitoring measurements combined with a database system on a website was found to be useful for forecasting and simulating flooding hazards. For systematic sustainable urban water system management, appropriate treatment technologies, such as sustainable urban water system, which can control and manage water quantity and quality, namely “the Sponge City”, should also be considered.
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1. Introduction


In recent decades, global warming, which is a mix of rising temperatures and unstable climate, has been an important issue in the research of environmental changes. Research indicates that the presence of greenhouse gases in the atmosphere and human activities are the main contributing factors that cause global warming [1,2]. Numerous coastal mega-cities around the world have experienced hazards due to global warming. These hazards include increased demand for groundwater due to temperature rise [3,4,5,6], ocean acidification, and the collapse of ecosystems worldwide on land and at sea [7,8,9,10]. Moreover, rising temperatures and rising sea levels due to global warming tend to increase the probability of heavy rainfall risks, particularly in coastal cities [11,12]. The increase in the number of intensive precipitation events will also increase the potential risks for pluvial flooding resulting in the endangerment of urban safety. China has a coast line that extends over a distance of 18 thousand kilometers. Sustainable economic and social development of many coastal cities in China has been endangered by the adverse effects of global warming that include typhoons and pluvial flooding.



Shanghai is located on the south bank of the Yangtze River, bordered to the east by the East China Sea, and is one of the largest coastal cities in the world, occupying an area of 6340 km2 [13,14]. The geological profile of this city is mostly composed of soft deltaic deposit [15,16,17,18]. The Huangpu River, a tributary of the Yangtze River, runs through Shanghai. Figure 1 presents a schematic of the Shanghai administrative region [19,20,21,22,23]. The annual rainfall is approximately 1200 mm, of which 60% falls during the flooding season from May to September [24,25,26,27]. The first month of the flooding season (the month of May) is usually referred to as the ‘Meiyu period’, in which rainfall events last for several days. Since the 1980s, Shanghai has constructed numerous drainage systems, such as water sluices and drainage pumps; however, high precipitation still leads to pluvial flooding events, which result in huge economic losses, and furthermore endanger urban safety. Global warming brings about more extreme storms, such as typhoons, which frequently increase the flood hazard level. For example, Typhoon Canhong in 2015, which landed in Zhejiang province, resulted in economic losses totaling 1.98 billion RMB (about 300 million $USD) [28]. Rainfall-runoff due to typhoons caused more than ten thousand buildings to be inundated. Thus, it is necessary to analyze the effects of global warming with respect to flooding risks and to propose appropriate countermeasures to cope with the impact of global warming.


Figure 1. Schematic view of Shanghai depicting the locations of the meteorological stations.
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At present, Shanghai’s elevation ranges from 2.2 to 4.5 m above the mean sea level [29], with some central parts of the urban area being lower than 3 m [29,30]. Based on the China Ocean Bulletin [31], the eustatic sea level in Shanghai has increased by 115 mm over the past thirty years. In addition, continental tectonic movement and human activities such as groundwater withdrawal [32,33,34,35], pipe jacking constructions [36,37,38], deep excavations [39,40,41,42] and tunnel constructions [43,44] tend to induce the land subsidence and have an effect on the relative sea level. Due to the low elevation of Shanghai, pluvial flooding events are more likely to occur with relative sea level rises. It is therefore increasingly urgent to provide appropriate countermeasures to control relative sea level changes induced by global warming.



The objectives of this paper are to: (i) discuss the correlation between heavy rainfall events and associated factors, namely, sea level changes and temperature variations induced by global warming; (ii) discuss hazards that arise due to heavy rainfall events; and (iii) propose appropriate countermeasures against flooding hazards.




2. Methodology and Study Area


2.1. Methodology


The methodological approach adopted in this study comprises the combination of analyses of database repositories on temperature, sea level and frequency of torrential rainfalls in Shanghai over the past thirty years, as well as a series of correlation analysis of torrential rainfalls and temperature or sea level variations due to global warming. Sea level data are published as the China Ocean Bulletin by the China Oceanic Administration (COA) and can be downloaded from the COA official website. More specifically, databases of temperature and the frequency of torrential rainfalls were meticulously gathered from meteorological stations and published papers, whereas the sea level elevations were systematically obtained from the website of China’s oceanic administration. Besides considering these databases extend over a period of more than 30 years (up to the 1960s), the analysis approach adopted in this study differed with respect to the meteorological features considered. Thus, the annual average temperature at Xujiahui meteorological station was used for temperature, while the accumulative anomalies method was utilized for analysing the database of the frequencies of torrential rainfalls. By using the latter method, the five-year moving data of temperature and sea level were computed. Thereafter, the linear tendency estimate method was implemented to analyse correlations between sea level changes and the frequencies of heavy rainfall events.




2.2. Study Area and Scenario in Shanghai


The rainfall monitoring data for Shanghai are available dating back 130 years to 1873. Since 2005, Shanghai has had 55 rainfall measuring sites. After the monitoring data are collected at the precipitation sites, the data are sent to meteorological stations for rainfall forecasting. Figure 1 shows the location of meteorological stations in Shanghai. Generally, rainfall events are divided into four types [45]: (i) light rainfall (cumulative precipitation (p) less than 10 mm/day (p < 10 mm/day)); (ii) moderate rainfall (10 ≤ p < 25 mm/day); (iii) heavy rainfall (25 ≤ p < 50 mm/day); and (iv) torrential rainfall (p > 50 mm/day). Torrential rainfalls in Shanghai are often intensely concentrated within a period of 12 h or less. Therefore, cumulative precipitation higher than 30 mm in 12 h (namely, p ≥ 30 mm/12 h) is defined as a torrential rainfall event in Shanghai [30,46]. In this paper, the definition for the duration time of heavy rainfall is as follows [46,47]: beginning with the first meteorological station rains, ending with the last meteorological station when rain stops, while the interval between the ending time of the first meteorological station and the beginning time of the last meteorological station is less than 3 h.



Based on the cumulative precipitation, torrential rainfall is divided into three stages: (i) weak torrential rainfall (30 mm/12 h ≤ p ≤ 59 mm/12 h); (ii) moderate torrential rainfall (60 ≤ p ≤ 99 mm/12 h); and (iii) extraordinary torrential rainfall (p ≥ 100 mm/12 h). Figure 2 shows the average values for five-year torrential rain frequencies in Shanghai during the period 1981 to 2010 [46]. The amount of torrential rainfall shows a stable trend, ranging from 18 to 23 occurrences per year from 1981 to 2010. However, different types of torrential rainfall have varying trends. The annual average number of moderate torrential rainfall and extraordinary torrential rainfall events from 1995 to 2010 increases by about 0.8 occurrences/year and 0.4 occurrences/year, respectively, compared with the period from 1980 to 1994, while the annual average number of weak torrential rainfall events from 1995 to 2010 decreases by about 2 occurrences/year (2 occurrences per year) compared with the period from 1980 to 1994. The duration of rainfall events (Dt) is used to evaluate the torrential rain occurrences. With due consideration for the time duration, torrential rainfall events can be divided as follows: (i) extraordinarily long duration rainfall (Dt ≥ 36 h); (ii) long duration rainfall (24 ≤ Dt < 36 h); (iii) moderate duration rainfall (12< Dt < 24 h); (iv) short duration rainfall (6 < Dt < 12 h); (v) extraordinarily short duration rainfall (Dt < 6 h). The cumulative precipitation should also exceed 30 mm during durations of short or extraordinarily short duration rainfalls. Torrential rainfalls will easily induce pluvial flooding hazards, but not all the torrential rainfall events will induce hazards. When the total precipitation is higher than the storage capacity of the drainage system, or the average precipitation in one hour is higher than the drainage capacity of the municipal drainage system, pluvial flooding tends to occur. The extraordinary torrential rainfall and extraordinarily short duration rainfall events are the two conditions that most likely result in pluvial flooding hazards, which will be discussed in the following analysis.


Figure 2. Average values of five-year torrential rain frequencies from 1980 to 2010.
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3. Characteristics of Global Warming in Shanghai


3.1. Temperature Variation


One remarkable characteristic of global warming is the increase in temperatures. Based on data from the National Aeronautics and Space Administration (NASA) Goddard Institute, the average temperature around the world has risen by 1.4 degrees since the 1880s. From the 1960s, the overall annual average temperature in China shows an evidently increasing trend, at a rate of 0.25 °C/10 year. Figure 3 shows the average temperature variation at the Xujiahui Station of Shanghai from 1960 to 2015 [48,49]. Before the 1980s, variations in the annual temperature fluctuated within a range of 15 °C to 16.2 °C. After the 1980s, the temperature increased markedly. The annual average temperature has risen by approximately 3.5 °C from 1980 to 2007. As shown in the figure, the rising rate of temperature variations in Shanghai is about 0.61 °C/10 year, while the highest annual average temperature was 18.5 °C in 2007. Subsequently, there was a minimal decrease in the average temperature. The change in temperature may decrease due to the southward cold air from the north of China, increasing the amount and frequency of excessive rainfall events in Shanghai. Moreover, due to global warming and urbanization, the aforementioned increase in temperature is more likely to cause potential risks, particularly massive pluvial flooding hazards.


Figure 3. Temperature variation at the Xujiahui station of Shanghai from 1960 to 2015.
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3.2. Sea Level Change


The main causes of sea level changes include heat content expansion of ocean water and exchange of water between the ocean and other reservoirs. Due to the lack of an open sea database, current sea level changes are mainly believed to be induced by global warming, which has contributed to rising sea levels over a long period of time [50]. Approximately 70% of eustatic sea level changes are expected to be induced by the heat content change of ocean water. Excluding the influence of crustal tectonic movement and land subsidence, satellite-based estimations suggest that the rate of global sea level change has been in the range of 1.5 ± 0.5 mm/year over the past decade [50,51,52,53,54]. Based on the China Ocean Bulletin [31], the average annual rate of sea level rise was about 3.0 mm from 1980 to 2015, which is far higher than the global average sea level increasing rate. Figure 4 shows the sea level change and the annual average temperature variation in Shanghai. Internationally, the mean sea level is defined as the average sea level from 1975 to 1986 [31]. Before 2010, variations between the actual eustatic sea level and the mean sea level fluctuated within a range of 30 mm to 80 mm. After 2010, the eustatic sea level began to increase sharply. As shown in the figure, the highest sea level change on record reached 122 mm above the mean sea level in 2012. The annual average temperature variation and the sea level change have similar trends. In addition, continental tectonic movements have had an effect on sea level rise. The tectonic movement in Shanghai is approximately 1 mm/year [55]. Because of soft deltaic deposits, land subsidence due to human activity, such as urbanization and groundwater withdrawal, will decrease the height of sea flooding walls and is also an important factor affecting the sea level due to land surface changes. Figure 5 shows the annual land subsidence from 1921 to 2015 in Shanghai. Before 1960, the annual land subsidence increased sharply. After 1965, with some measures to reduce the land subsidence, such as reducing the net groundwater withdrawal volume, adjusting the main withdrawal layers and recharging the groundwater of the aquifer, the average annual land subsidence decreased to 3–10 mm/year [5,15]. Sea level changes due to the aforementioned factors as well as crustal tectonic movement and land subsidence are usually defined as relative sea level changes. The low elevation and relative sea level change in Shanghai result in high risk for pluvial flooding hazards along the coastal regions during heavy rainfall events.


Figure 4. Relationship between sea level change and annual average temperature variation in Shanghai.
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Figure 5. Annual land subsidence in Shanghai from 1920 to 2015.
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4. Pluvial Flooding Hazards in Shanghai


When heavy rainfall occurs, it will affect the daily lives of local residents, but not all torrential rainfall will result in catastrophic disasters. The two main factors affecting torrential rainfall are the maximum precipitation (Pm) and the time duration (Dt). Though Dt is very long and Pm is very large, abundant rainwater can be discharged to the drainage system in a timely manner. This type of heavy rainfall will, however, not induce effects such as the inundation of roads. Therefore, the parameters, Pm, and the average intensity, Ia (Ia = Pm/Dt), namely the average hourly precipitation, were used to analyse pluvial flooding. The impact of pluvial flooding due to heavy rainfall was evaluated by considering the amount of inundated sections of road (NR). Table 1 depicts the impact levels of pluvial flooding, which are classified into four categories ranging from I to IV. Therefore, the extraordinary torrential rainfall and the extraordinarily short duration rainfall events more easily induce flooding hazards. Figure 6 shows the five-year moving average number of extraordinary torrential rainfalls and extraordinarily short duration rainfalls. As shown in Figure 6, the two types of rainfall events present an increasing trend since 1995. Figure 7 shows the relationship between Ia and Pm for 54 heavy rainfall events in Shanghai during the last fifteen years. In these rainfall events, Pm is mainly concentrated in the range from 50 mm to 150 mm, while Ia is within the range of 5 mm/h to 60 mm/h. If Pm is smaller than 50 mm or Ia is smaller than 5 mm/h, fewer pluvial flooding events will occur even with heavy rainfall (which would correspond to impact Stage I). However, if Pm is higher than 150 mm, or Ia is higher than 60 mm/h, the current capacity of pluvial flooding resistance in Shanghai cannot prevent a flooding event. For example, Pm and Ia of the pluvial flooding event on 25 August 2008 were 162 mm and 27 mm/h, respectively. More than 150 road sections (NR > 150) were inundated on 25 August 2008. It is therefore essential to improve the drainage system capacity in order to prevent this kind of pluvial flooding event (which would correspond to impact Level IV).


Figure 6. Five-year moving average number of extraordinary torrential rainfalls and extraordinarily short duration rainfalls.
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Figure 7. Relationship between Ia and Pm in the rainfall events that caused pluvial flooding from 2001 to 2015.
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Table 1. Impact level of pluvial flooding event [30].







	
Impact Level

	
Number of Sections of Inundated Road Reported by Media






	
Level I

	
“A few” or NR ≤ 3




	
Level II

	
“Less than 10”, “More than 10” or 4 ≤ NR ≤ 11




	
Level III

	
From “Less than 20” to “more than 40” or 12 ≤ NR ≤ 50




	
Level IV

	
From “More than 50” to “More than 200” or “Extensively water-logged” or NR ≥ 51











5. Correlation between Heavy Rainfall and Global Warming


Studies of recent heavy rainfall events due to the temperature increase induced by global warming point to two main causes: (i) abundant water vapour and (ii) air cross-ventilation. Air temperature increases will lead to heat increases in the atmosphere and air cross-ventilation [47]. Because of the abundant water vapour in the atmosphere along the coastal area of Shanghai, the severe air cross-ventilation due to a temperature increase could increase the number of convective torrential rainfall events, especially during the Meiyu period. Global warming has an effect on the variation of the precipitation system. This potential increase in the aforementioned weather system due to global warming will induce warm-sector rainfall and further increase the frequency of extraordinarily short duration rainfall events. According to data from the eleven weather stations, Figure 8a depicts the variations of the five-year moving average temperature and five-year moving average number of extraordinarily short duration rainfall events from 1980 to 2010. Figure 8b shows the relationship between the five-year moving average number of extraordinarily short duration torrential rainfalls and the temperature variation. Despite the data being limited and scattered, the influence of the temperature is significant. With an increase in temperature, the frequency of extraordinarily short duration torrential rainfalls increases. As shown in Figure 8b, if the temperature increases by about 1 °C, the number of extraordinarily short duration torrential rainfall events increases to 0.87 occurrences.


Figure 8. Relationship between five-year moving average temperature and five-year moving average number of extraordinarily short duration rainfall events. (a) Variations of temperature and rainfall events ; (b) Relationship between temperature and rainfall events.
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An alternative mechanism contributing to the frequent heavy rainfall events in Shanghai is associated with rising sea levels. The change in eustatic sea level due to global warming may have an effect on storm tides. Storm tides will affect the number and the intensity of heavy rainfall events and lead further to extraordinary torrential rainfall events. The observed results at eleven weather stations (Figure 9a) show the sea level change and the number of extraordinary torrential rainfalls. Figure 9b plots the relationship between the five-year moving average sea level change and the five-year moving average number of extraordinary torrential rainfall events. Similar to the effects of temperature, the number of occurrences of extraordinary torrential rainfall events tends to result in only a minimal increase with any corresponding increase in the average sea level. As shown in Figure 9b, if the sea level change increases by 10 mm, the number of the extraordinary torrential rainfalls tends to increase by 0.041 occurrences.


Figure 9. Relationship between the five-year moving average sea level change and the five-year moving average number of extraordinary torrential rainfalls (a) variations of sea level change and rainfall events ; (b) relationship between temperature and rainfall events.
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6. Potential Risks and Prevention Countermeasures Due to Pluvial Hazards


6.1. Potential Damage Due to Flooding Hazards


Many heavy rainfall events with precipitation levels higher than 50 mm/h have occurred in Shanghai recently. However, the existing drainage in the city can only withstand precipitation rates lower than 36 mm/h. Therefore, heavy rainfall events easily induce pluvial flooding hazards and result in flooded roads. Figure 10 shows the highest tide levels observed at Huangpu Park Station in the urban centre of Shanghai, the position of which is noted in Figure 1 [56]. The tides have shown an increasing trend in the rise in river levels since the 1960s. Since the 1960s, the highest tides have all been above 4 m, which is higher than the ground elevation of most areas in Shanghai. Figure 11 shows a photograph of the floodwall along the Suzhou River, a tributary of the Huangpu River [57]. The floodwall was raised three times, and its height has now reached 6.9 m. The reason is that land subsidence along the Suzhou River has changed the relative sea level and impaired the defence ability of the flooding wall. Xu et al. (2012) [15] proposed that the cumulative land subsidence from 1921 to 2010 is more than 2 m in the urban area of Shanghai. With the increased rate of euastic sea level changes and land subsidence rates, the defence ability of the flood proof wall tends to be impaired, while the force of the surges will be enhanced and the maximum tide heights are likely to exceed the current height. Moreover, the sea level rise shortens the recurrence interval of the extreme high water level, and the sea water may easily overtop the breakwaters. This will change the ranking of the coastal defence structures, in terms of the magnitude of flooding which they can withstand. For example, the flood control wall in Shanghai has reduced in rank from protecting against a one-in-1000 year flood to protecting against a one-in-200 year flood. On the other hand, flooding hazards will disturb the freshwater ecosystem for local residents. When pluvial flooding occurs, the water in the Yangtze River and the Huangpu River may flow backwards into inland rivers and pollute fresh potable water. At present, 70% of fresh water supplies for Shanghai come from reservoirs and tributaries in the Yangtze estuary, and flooding hazards may pollute the water and lead to a shortage of fresh water supplies.


Figure 10. Maximum height of the tide.
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Figure 11. Photo of the floodwall along Suzhou River.
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6.2. Monitoring for Flood Disaster Prevention: Current Status of Assessment


It is important to monitor temperature variations and sea level changes to forecast their potential risks, such as the pluvial flooding hazards in Shanghai. Nowadays, automatic monitoring systems such as a Geographic Information System (GIS), a Global positioning system (GPS) and Remote Sensing (RS) have been adopted in risk assessment surveys [58,59,60,61,62,63,64,65,66]. For example, a methodology based on GPS has been developed for assessing vulnerability to sea-level rise and associated storm surges in Shanghai. An inundation analysis model using ArcGIS and ArcToolbox was established to assess the impact of sea level rise. The variables for sea-level rise, the DEM, the map of analysis factors, the boundary data and mean sea level input data were integrated into this model. With this model, the impact of sea level rise on analysis factors can be presented [57]. With the variety of data from RS, GIS for constructing topographic maps, and sea-level change data from the Intergovernmental Panel for Climate Change (IPCC), 40% of the terrestrial area of the Dongtan Reserve in Chongming Island of Shanghai will be flooded in 2100 with an estimated 0.88 m increase in the maximum sea level change [58].



The formation of torrential rainfall requires three main factors to occur; adequate water supply, strong vertical rise conditions and long rainfall duration. In order to predict torrential rainfalls, a rainfall forecast model is established based on satellite pictures, cloud cluster data, and other relevant information including air speed and temperature. Combining the rainfall forecast model and weather prediction, the torrential rainfalls can be forecast [63]. Because of the associated effects of atmospheric motion, different periods, and spatial scales, the accuracy of forecasting torrential rainfall, which is within 25% in the USA [67], is not high. Therefore, it is important to establish a digital heavy rainfall simulation model which can improve the forecasting accuracy in future research. Due to complicated factors caused by heavy rainfall, many studies have been conducted to investigate torrential rainfall. Cao et al. (2008) [68] utilized GPS/PWV images to investigate severe convective torrential rainfall that occurred in Shanghai on the 25th of August 2008 in order to develop rules for forecasting heavy rainfall. Fang et al. (2009) [69] introduced an early warning system for rainstorm water logging in Shanghai. On the basis of the WebGIS platform and with consideration of the geographical characteristics of Shanghai, the monitoring and forecasting rainstorm water logging system was developed. With this system, the real-time rainfall information and quantitative precipitation forecasting database were monitored. Based on the GIS platform, the multi-objective comprehensive management system for stormwater integrated management can simulate the ground runoff, analyse the rainfall and flooding submerged area and implement rainfall resource utilization. In this system, the Green Stormwater Infrastructure (GSI) is proposed to replace the traditional rainwater drainage, in which many infrastructures such as ecological parks and landscape areas are adopted to adjust the rainwater runoff and store the redundant rainwater for cyclic utilization [70]. For example, Xu et al. (2013) [71] proposed this kind of management system in Lingang New City, which is located in the southeast of Shanghai, for regional flooding control and rainfall utilization. With this integrated management system, the ground runoff, rainfall and flooding submerged area can be simulated and controlled.




6.3. Engineering Treatment Technology


In light of the characteristics of various potential risks in pluvial flooding hazards induced by temperature variations and sea level changes, different engineering treatment technologies should be adopted [72,73,74,75,76,77,78]. The main weather system induced torrential rainfalls in Shanghai is classified under one of the following categories: “the stationary front”, “warm sector”, “low pressure”, and “the typhoon” [47]. Shanghai is located in the high voltage or the low pressure trough of the warm sector. Convective precipitation induced by strong convergence and unstable thundershowers induced by cyclonic curvature often occur in the warm sector areas of Shanghai [46,47]. Due to the effects of global warming and the “urban heat island effect”, torrential rainfall induced by warm-sector weather systems has become increasingly severe. Therefore, new clean energy alternatives, for example, hydrogen and wind energy sources, can be adopted to decrease greenhouse gas emissions, slow down global warming, and reduce torrential rainfalls induced by the warm-sector weather system.



Increasing the water storage capacity and improvement of the drainage system are also used as countermeasures to help prevent pluvial flooding hazards due to torrential rainfalls. Due to the impacts of rapid urbanisation, sediment depositions, and deterioration due to siltation, the length of rivers in Shanghai has decreased from the year 1843. The total length of Shanghai rivers is now approximately 24,915 km, and the total area of these rivers is 642.7 km2 [77]. If countermeasures such as dredging sediment depositions, connecting and deepening the rivers are adopted, the water storage capacity can increase, thus mitigating pluvial flooding. For example, if the average depth of all the rivers increases by one meter, the water storage capacity can increase by 6.427 billion m3. Moreover, many pluvial flooding hazards due to extraordinary torrential rainfall occur in the underpasses due to the failure of the drainage system, as shown in Figure 12. This is due to the sewers under or nearby the underpasses that fail to discharge the water in a timely manner. If the discharge capacity of the drainage system is improved, for example, by cleaning up road gullies blocked by leaves or debris and maintaining damaged sewers to ensure the maximum performance of the sewage network, no further pluvial flooding will occur.


Figure 12. Photo of an underpass after short duration rainfall.
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After a number of years of research in China on rainwater management, the “Sponge City” concept was put forward in 2013 and was then gradually accepted by the public [74]. It is a systemic sustainable urban water system, which can help control and manage water quantity and quality using various measures. With this system, excessive rainfall can be controlled and discharged in a timely manner. Figure 13 shows the schematic diagram of the Sponge City concept. When the precipitation is very low, the first stage can be turned on for discharging rainwater. As the precipitation increases, the other two stages can be turned on one after another to discharge the rainwater into the Huangpu River and the Yangtze River. Figure 14 shows the whole water system and the distribution of sluices and pumps in Shanghai [78]. As shown in Figure 14, the pumping stations and sluice gates of the Huangpu River can be utilized to discharge the large volumes of rapidly pouring water and control the water level of the river to prevent pluvial flooding hazards. Nowadays, the existing sluices and pumps are mainly concentrated inside the Outer ring road. In the future, construction of sluices and pumps will be increased outside the Outer ring road. With the aforementioned facilities, the water storage capacity and rainwater drainage ability can be adjusted as follows: (i) Turn off the sluices between the rivers inside the Outer ring road and outside the Outer ring road when the tide of the Huangpu River lowers, while the sluices of the rivers in the urban area will be turned on in order to drain water into the Huangpu River and Yangtze River. This will keep the water level of the inland rivers in the urban area at a low level and reserve enough storage space before torrential rainfall. (ii) When the tides of the Huangpu River rise, the afflux sluices along the Huangpu River will be turned off to prevent the water from backflowing into the inland rivers. With the Sponge City, the pluvial flooding hazards can be reduced, and the security of the drinking water can be effectively ensured.


Figure 13. Schematic diagram of the Sponge City.
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Figure 14. Whole water system and the distribution of sluices and pumps in Shanghai.
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7. Conclusions


Heavy rainfall due to global warming and land subsidence poses a significant risk to coastal areas. The effect of global warming can be divided as follows: temperature variation and the regional sea level change; while the regional rate of sea level change in Shanghai can be divided into eustatic sea level change, tectonic movement of the continent and land subsidence of Shanghai. Because the average elevation of Shanghai ranges from 2.2 m to 4.5 m, it is imperative to reduce pluvial flooding hazards due to heavy rainfall, which is induced by global warming and land subsidence. In this paper, the correlation between heavy rainfall and global warming in Shanghai was analysed. Based on the analysis, the following conclusions can be drawn:

	1.

	
The torrential rainfall is concentrated from May to September. In recent years, extraordinary torrential rainfall and short duration rainfall showed an increasing trend, while the totals of torrential rainfall have remained about the same. Torrential rainfall parameters, Pm ranging from 50 mm to 150 mm, and Ia in the range of 5 mm/h to 60 mm/h, are more likely to induce pluvial flooding hazards.




	2.

	
Extraordinary torrential rainfall events and extraordinarily short duration torrential rainfall events easily lead to pluvial flooding hazards. With an increase in temperature, the frequency of extraordinarily short duration torrential rainfalls increases significantly, while the frequency of extraordinary torrential rainfalls increases somewhat with increases in sea level.




	3.

	
Pluvial flooding due to heavy rainfall may induce large potential damage to coastal structures and residents’ lives. In recent years, the above hazards have become more serious. Thus, monitoring and database systems, with contemporary geomatics technologies such as GIS, GPS and RS should be used to effectively forecast heavy rainfall. Meanwhile, appropriate engineering treatment technology, such as repairing and increasing the capacity of the drainage system and the Sponge City, should be chosen for this type of hazard.
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