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Abstract:



The Yangtze River Basin and Huaihe River Basin in Southern China experienced severe floods 1998 and 2016. The reasons for the flooding hazards include the following two factors: hazardous weather conditions and degradation of the hydrological environment due to anthropogenic activities. This review work investigated the weather conditions based on recorded data, which showed that both 1998 and 2016 were in El Nino periods. Human activities include the degradations of rivers and lakes and the effects caused by the building of the Three Gorges Dam. In addition, the flooding in 2016 had a lower hazard scale than that in 1998 but resulted in larger economic losses than that of 1998. To mitigate urban waterlogging caused by flooding hazards, China proposed a new strategy named Spongy City (SPC) in 2014. SPC promotes sustainable city development so that a city has the resilience to adapt to climate change, to mitigate the impacts of waterlogging caused by extreme rainfall events. The countermeasures used to tackle the SPC construction-related problems, such as local inundation, water resource shortage, storm water usage, and water pollution control, are proposed for city management to improve the environment.
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1. Introduction


Global warming has caused concern among the international community and has become an urgent issue worldwide. The Intergovernmental Panel on Climate Change (IPCC) reported that climate change caused by global warming will be a serious threat to human beings [1,2]. Global warming has been deemed a primary problem that will affect the world in the next few decades. Ecological environmental protection has been identified in China as an international responsibility, essential for the nation to achieve sustainable development [3,4,5]. The sea level rise caused by global warming has led to a series of flooding hazards in coastal cities in China [6]. Climate change not only causes various natural disasters but also significantly influences global economic growth [7,8]. To mitigate the impacts of climate change, developing countries are facing difficulties in balancing economic growth with the need to reduce energy consumption [9]. Inevitably, economic growth is accompanied by the generation of greenhouse gases that exacerbate global warming.



Due to rapid urbanization in China, a large number of people have migrated to coastal cities since the late 1990s, which has been identified as a factor contributing to global warming. Urbanization is another important factor responsible for land contamination in urban areas [10,11] along with infrastructure construction [12,13,14,15,16]. Existing studies [17] showed that the urbanization rate ranged from 18% to 46% over 30 years, during the period of 1978 to 2008. In 2013, the urbanization rate increased to 58%, and it is expected that this rate will reach 80% in the near future. At present, more than 50% of cities are experiencing urbanization, as increasing numbers of people move to urban areas, especially to the coastal Chinese cities.



Rapid urbanization triggers the construction of roads, bridges, and underground transit networks [18,19,20,21,22], as well as the development of residential areas [23]. Increasing numbers of river banks and lakes are being reclaimed [24,25,26]. Due to the degradation of rivers and lakes, excess rainwater does not have sufficient drainage. Thus, the decrease in river bank and lake area intensifies flooding disasters. Many cities in the coastal regions of China have experienced land subsidence and flooding hazards induced by urbanization [27,28,29]. As a result, many researchers have focused on the impact of climate change caused by urbanization [30,31,32,33], as well as the risk of flooding caused by a combination of climate change and engineering activities [34,35,36,37].



In 2016, the Yangtze River Basin and Huaihe River Basin experienced heavy rainfall from May to July. Moreover, a series of extensive floods caused by heavy rainfall claimed 132 lives across 13 provinces from 30 June to 6 July 2016. Figure 1 shows the location of the areas that experienced flooding hazards. As shown in this figure, the provinces of Jiangsu, Anhui, Henan, Hubei, Jiangxi, Chongqing, Hunan, Sichuan, Guizhou, Yunnan, and Guangxi were severely affected by the flooding (Figure 1). Thousands of flats and apartments were also destroyed or damaged in the distressed areas. The objectives of this paper are to: (1) investigate the reason for these floods; (2) compare the flooding hazard situations that occurred in 1998 and 2016; and (3) propose prospective management countermeasures for the prevention of flooding hazards to promote sustainable development in China.


Figure 1. Areas affected by flooding hazards in 2016.
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2. Investigations


2.1. Rainfall Formation


Floods caused by heavy rainstorms occur often during the rainy season. Figure 2 illustrates how a connective airflow forms over and severely affects Southeast China. Vapor from the Western Pacific and Indian Oceans is transported to inland areas of China during the summer monsoon. The Pacific subtropical high pressure over the Western Pacific Ocean controls the advance and retreat of the summer monsoon across Southern China. The position and magnitude of the subtropical high-pressure system directly influences the distribution of the rain belt during the summer [38,39,40]. When colliding with cold air from the arid north, this airflow is lifted, causing abundant rainfall [37,41,42]. When the Western Pacific vapor meets that from the Indian Ocean, a subtropical high-pressure system forms. Then heavy rainfall occurs when the subtropical high-pressure system meets the cold air from Northwestern China or other parts of China [43,44,45]. The larger the subtropical high-pressure system, the more severe the flooding disaster.


Figure 2. Factors triggering the formation of rainfall.
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2.2. Rainy Season


In China, the flood period varies by region. Connective airflow dominates the movement of the rain belt during the flooding period. Subtropical high-pressure systems initially form over the oceans south of China, subsequently encountering cold air from the north, creating a rain belt. Figure 3 shows the movement of the rain belt footprint during a flood period. As shown in Figure 3, during the period from early April to late June, the southern regions of China start being affected by the rain belt. As the subtropical high-pressure system moves north, the impact on the southern regions of China decreases and the Yangtze River Basin and Huaihe River Basin begin to be influenced by the rain belt from early June to mid-July. These large amounts of rainfall are also known as “mold rains”. Continued rainfall over the northern regions of China, due to persistent water vapor transported from ocean to land, occurs during the period from late July to mid-August when the subtropical high-pressure system moves further north. Since the southwest air current causes more water vapor from both the South China Sea and the Indian Ocean to enter the western regions of China, the “Autumn rains” are brought to the western regions of China from early September to late October [46]. The extreme flooding disaster occurrences across the provinces of Jiangsu, Anhui, Henan, Hubei, Jiangxi, Chongqing, Hunan, Sichuan, Guizhou, Yunnan, and Guangxi may have some implications for the development (e.g., moving footprint) of subtropical high-pressure systems [37]. The subtropical high-pressure system causes extensive and continuous heavy rainfall in Southern China, whereas more drought anomalies may occur in Northwestern China.


Figure 3. Moving footprint of the rainy season in China (Data from [46]).
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2.3. Extreme Natural Hazards


China has 9.6 million square kilometers of land. Different regions have different climatic characteristics, which experience different types of natural hazards. Figure 4 presents the observed record of extreme natural disasters for various river basins in China. As seen in Figure 4, South China was affected by a flood disaster from April until July in 2016, when the Yangtze and Huaihe Rivers flooded. The floods occurred in many cities within the Yangtze River and Huaihe River Basins from late June until the middle of July. On 9 July 2016, the powerful typhoon Nepartak struck Fujian Province, toppling houses and inundating roads. Although the Nepartak had weakened to a tropical storm, it lashed the eastern coast of China. The arrival of Nepartak worsened the existing flood problems in Fujian Province. Figure 4 also reveals drought anomalies in Northwestern China (i.e., in the Songhua River Basin and Liaohe Basin). Since the turn of the century, drought anomalies have become more severe and frequent. In Southwestern China, landslides and debris flow are the most common natural hazards. Climate change due to the impacts of rapid urbanization has increased the severity and frequency of natural hazards, especially during El Nino years. The causes of and damages resulting from the flooding hazards in the Yangtze River Basin and Huaihe River Basin will be discussed in the following sections.


Figure 4. Zone map of the extreme natural hazards in China in 2016.
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3. Comparison of the 1998 and 2016 Floods


3.1. Flooding Disaster in 1998


In 1998, the Yangtze River Basin experienced a severe flood. The provinces of Hubei, Jiangxi, Hunan, Anhui, Zhejiang, Fujian, Jiangsu, Henan, Guangxi, Guangdong, Sichuan, and Yunnan were severely flooded from the 12 June to 21 August 1998. More than 100 million people and 1000 hectares of crops were affecting, killing more than 1800 people and causing an economic loss of more than 150 billion RMB ($22.3 billion USD). In Hubei Province, the flooding hazard claimed 345 lives and inundated 66 counties.



Figure 5 shows the daily rainfall in the Yangtze River Basin as measured by 16 meteorological stations from June to August 1998 [46]. As shown in Figure 5, the Yangtze River Basin received remarkable rainfall amounts from the 12 June to 27 June and from 21 July to 27 July 1998. A total of 74 extreme rain events occurred in the Yangtze River Basin, among which 18 events were classified as extraordinary rainstorms (III). Due to the continuous rainfall, the water in the Yangtze River was at a record level for this time of year.


Figure 5. Daily rainfall from June to August in 1998 (Data from [46]).
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After the 1998 flooding, many new farmland water conservancy facilities and levees were built along the Yangtze River, including Three Gorges Dam, approved by the National People’s Congress in 1993 [47]. As the largest dam in the world, the Three Gorges Dam project has attracted global attention. The main purpose for constructing the Three Gorges Dam was to adjust the water levels of Yangtze River, preventing flooding disasters [48]. During the 2016 floods, the Three Gorges Dam successfully operated to adjust the water level of the Yangtze River and river water storage [49,50].




3.2. Flooding Disaster in 2016


The southern regions of China experienced serious flooding from 30 June to 6 July 2016. This flooding disaster in Southern China affected 32 million people across 26 provinces, killing 186 people, and leaving 45 people missing since May 2016. Table 1 summarizes the damages caused by this flood [51]. As listed in the table, the death toll in Hubei Province was 42 people within six days. Nanling City, Anhui Province was inundated in floodwaters after just one night. The water depth in the distressed areas was up to two meters, and for some areas with higher surface elevations, the water depth still reached one meters. Local people indicated that floodwaters arrived violently, striking their houses with insufficient time for evacuation. Millions of people were temporarily evacuated from the disaster areas. This flooding hazard was greater compared with that in 1998.


Table 1. Summary of flooding damage from June 30 to July 5, 2016 (Data from [51]).





	Province
	Affected People (Thousands)
	Death Toll
	Missing People
	Collapsed Houses
	Crops (Thousand Hectares)
	Economy Loss ($ Billion USD)





	Jiangsu
	553
	0
	0
	4400
	122.9
	14.3



	Anhui
	6647
	17
	2
	11,000
	532.6
	137.5



	Jiangxi
	799
	0
	0
	1200
	54.3
	9.1



	Henan
	128
	6
	0
	1200
	9.1
	4.6



	Hubei
	9994
	48
	14
	16,000
	923.3
	135.7



	Hunan
	4044
	11
	2
	5100
	250.9
	53.9



	Guangxi
	21
	0
	2
	-
	1.1
	0.22



	Chongqing
	525
	9
	2
	1800
	21.7
	6.1



	Sichuan
	18
	1
	0
	-
	1.9
	0.34



	Guizhou
	516
	41
	20
	3100
	15.8
	18.8



	Yunnan
	89
	1
	0
	-
	1.3
	1.2









To investigate the effect of rainfall on the severity of the flooding, a rainstorm intensity index R, defined as precipitation within the past 24 h, was introduced into the analysis. Based on the standard rainfall level, rainfall can be classified into three levels: (I) rainstorm, where R varies from 50 mm to 100 mm; (II) torrential rain, where R varies from 100 mm to 250 mm; and (III) extraordinary rainstorm, where R exceeds 250 mm. Figure 6 shows the rainfall for 11 provinces from 30 June to 6 July 2016 [52]. As shown in Figure 6, 11 provinces suffered torrential rain (II) from 30 June to 6 July 2016, among which two provinces suffered extraordinary rainstorms (III). On 30 June the rainfall in Anhui Province was up to 323 mm within 24 h (Figure 6a). On the 2 July, the daily rainfall for Guizhou Province was up to 254 mm and many cities were inundated in rainwater (Figure 6c).


Figure 6. Summary of the rainfall measured from 30 June to 5 July 2016. Abbreviations: Yunnan (YN), Sichuan (SC), Guangzhou (GZ), Chongqing (CQ), Guangxi (GX), Hunan (HN), Hubei (HB), Henan (Hn), Jiangxi (JX), Anhui (AH), and Jiangsu (JS) (Data from [52]).
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Figure 7 shows Wuhan station and Xinxiang City submerged by rainwater. Wuhan City in Hubei Province located in the Yangtze River Basin suffered from this historical flooding disaster. Road networks and metro stations were immersed in rainwater, and trains had to be cancelled (Figure 7a). Buildings and vehicles were submerged (Figure 7b). Xinxiang City, Henan Province was submerged in just one night, causing the suspension of city transport links and water and power supplies. This flooding disaster led to extensive damage and economic losses in China.


Figure 7. Wuhan station and Xinxiang city submerged by rainwater: (a) Wuhan station; (b) Xinxiang city (Data from [53]).
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3.3. Comparison between the 1998 and 2016 Floods


The flood in 1998 in the Yangtze River Basin lasted longer than in 2016. Despite the shorter rainfall duration in 1998, it was more intensive in 2016, resulting in a larger affected area than in 1998. During the flooding disasters, many cities, including Wuhan, Anhui, and Nanjing, were inundated in rainwater. Table 2 compares the 1998 and 2016 flood damage [46]. As shown in Table 2, the scale of the flooding in 1998, measured by affected people, death toll, collapsed houses, and damaged crops, was much larger than in 2016. However, the total economic loss in 2016 was much larger than in 1998. This is due to the rapid economic development during those 18 years in China. Moreover, both flooding hazards in 1998 and 2016 similarly occurred after El Nino events. Thus, preventing flooding hazards and mitigating damages have become one of the most urgent urban environmental management affairs for authorities in China.


Table 2. Comparison of flooding damage between 1998 and 2016 (Data from [46]).





	Time
	Affected People (Thousands)
	Death Toll
	Collapsed House (Thousands)
	Crops (Thousand Hectares)
	Economic Loss ($ Billion USD)





	1998
	100,000
	1800
	43,000
	10,000
	150



	2016
	32,820
	186
	11,000
	2942
	506











4. Analysis and Discussion


4.1. Relationship between Floods and Extreme Weather


Extreme weather caused by climate change always accompanies El Nino events. An El Nino event is defined as any time the five-month average difference from normal temperature was equal to or greater than 0.4 °C [35,36,37]. Since 1951, a total of 14 El Nino events have occurred globally, of which three events, 1982–1983, 1997–1998, and 2015–2016, were identified as Top El Nino events (TEN). Figure 8 plots the sea surface temperature for these three TENs [54]. The first TEN occurred from May 1982 to June 1983. The second TEN occurred from May 1997 to May 1998. The third TEN started in September 2014. The third El Nino event had reached its peak in November 2015. Due to the effects of the third TEN, 2015 was the warmest year in the 136-year record period. As shown in Figure 8a, the peak value of the sea surface temperature in the third TEN was the highest among the three TENs [54]. Figure 8b shows that the third TEN had the largest accumulated sea surface temperature (AT) value. Figure 3 also shows that the 1998 flood fell within the second El Nino period, and the 2016 flood was within the third El Nino period. Therefore, we speculate that flood disasters were often followed by El Nino events. Moreover, the third TEN was characterized by increased sea temperature for long periods of time. EI Nino can cause more severe rainfall in the Yangtze River and Huaihe River Basins, increasing the flooding potential.


Figure 8. Peak and accumulated sea surface temperatures for the three Top El Nino (TEN) events: (a) peak value; (b) accumulated value.
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4.2. Role of the Three Gorges Dam in the 2016 Flood


The Three Gorges Dam is a multi-functional water control system over 2300 m long and 190 m tall, located in upstream Yangtze River in Yichang city, Hubei Province. The Three Gorges Dam was built to adjust the peak flood level of the Yangtze River and allow people to continue living in the middle and lower reaches of the Yangtze River during flooding periods. For instance, the Three Gorges Dam stores floodwater in summer and releases floodwater during the dry season to ease droughts, particularly in the rice-growing areas of the lower reaches of the river. Table 3 shows the inflow and outflow rates of the Three Gorges Dam from 30 June to 2 July 2016 [55]. During the first flooding peak on 1 July 2016, the inflow and outflow rates were 50,000 m3/s and 31,000 m3/s, respectively. This implies that the Three Gorges Dam reduced the flow rate by 38%, thus preventing the lower reaches (i.e., Hubei, Hunan, Jiangsu, and Anhui) from flooding. Since the heavy rainfall from 30 June to 6 July 2016 was mainly concentrated in the lower reaches of the Yangtze River, the flooding was induced by the intensive rainfall events more than the upper reaches. It was reported by the Yangtze River Flood Control and Drought Relief Headquarters that, due to the combined effects of El Nino and climate change, precipitation along the Yangtze River increased by 10–20%, and in some areas that figure reached 80%. More drought anomalies could occur in Northwestern China as a result. If the Three Gorges Dam does not function as usual during flooding periods, the lower reaches may experience more serious flooding hazards, and the flooding hazards could also affect the upper reaches as the rain belt moves westward.


Table 3. Inflow and outflow rates of Three Gorges Dam during the first flood peak of the Yangtze River.





	Time
	Inflow (m3/s)
	Outflow (m3/s)





	30 June 2:00 p.m.
	31,000
	29,900



	1 July 2:00 p.m.
	50,000
	31,000



	2 July 2:00 p.m.
	39,000
	30,300



	10 June (ordinary time)
	18,000
	20,000










4.3. Degradation of Rivers and Lakes


The cause of flooding disasters is complex due to the interactions between urbanization, climate change, human engineering activities, and catchment conditions. Flooding hazards are initiated by intensive rainfall events. The degradation of rivers and lakes play an important role in the development of flooding hazards. Figure 9 shows the topography of the Yangtze River Basin and Huaihe River Basin. As shown in Figure 9, large numbers of rivers and lakes in the Yangtze River Basin and Huaihe River Basin have been reclaimed. Wuhan City in Hubei province, which lies in the Yangtze River Basin, suffered from the historic flooding from 30 June to 6 July 2016. The Yangtze River water level, measured from Hankou station located in Wuhan City was up to 27.08 m on 3 July 2016, which is 0.22 m lower than the alert level. During the flooding, the water level of Taihu and Poyang lakes in Jiangsu and Jiangxi provinces, respectively, were at record levels and significantly threatened the adjacent cities. For Dongting Lake, the water level measured from Chenglingji station reached the alert level of 32.5 m on the 3 July 2016. Then, it surpassed its alert level by 0.56 m on the 4 July 2016.


Figure 9. Catchment conditions of the study area and location of the Three Gorges Dam.
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Generally, rivers and lakes can absorb excessive rainwater during flooding periods, thus reducing the possibility of flooding disasters. However, due to the degradation of rivers and lakes, their abilities to collect excessive rainwater are largely reduced. The surface area of Dongting Lake has been reduced by 57%, from 6000 km2 in 1990 to 2600 km2 in 2016. In Wuhan City, the number of lakes has decreased from 127 in 1950 to 30 in 2016 [56]. The degradation of rivers and lakes has caused a significant decline in flood storage capacity. To restore the flood storage capacity, degraded rivers and lakes need to be restored. However, the river restoration process is usually time consuming and not cost effective. Therefore, in 2014, the Chinese government started promoting the “Sponge City” strategy. Features of sponge cities include construction of large green areas, rooftop gardens, and permeable roads and pavements to allow the soil to absorb excessive rainwater without channeling into gutters or rivers. Sponge cities also allow the rainwater to be reused to irrigate urban farms or even in domestic environments.




4.4. Advances in Urban Flooding Precautions


Many researchers focused on the assessment of flood risk [57,58,59,60]. Plate [57] gave a comprehensive overview for flood risk and flood management. Plate’s study established a framework by means of the different processed of flood management. Marchi et al. [58] collected 25 major flash floods in Europe in the period from 1994 to 2008 to explore the storm characteristics of the rainfall to runoff transformation, including the peak discharges and the runoff volume. Gouldby et al. [59] developed a method for regional-scale flood risk assessment from fluvial and coastal sources. To investigate the change in flood risk in the Huaihe River Basin between period I (1960–1980) and period II (1980–2010), Wu et al. [60] established a risk assessment index system that considers risk as the production of hazard and vulnerability. The increased risk in the Huaihe River Basin was a result of the combined effects of climate change and social-economic development. Yin et al. [29] reported new development, including improvement of infrastructure, flooding defense system, and land use planning, will add value to municipal flooding risk management. Despite the advances in urban flooding risk management in China, flooding from 30 June to 6 July 2016 still affected 32 million people across 26 provinces, killing 186 people, and leaving 45 people missing. Thus, many research issues should be addressed to overcome the existing constraints and to provide more robust conclusions about urban flood risk management for cities in China. The first challenge is that the input data and techniques for urban flood modeling require a higher resolution to yield more accurate inundation data. Airborne and terrestrial Light Detection and Ranging (LiDAR) data can be used to generate a high resolution Digital Terrain Model (DTM) for urban flood modeling [61,62]. The calibration and validation of urban flooding simulations should incorporate detailed quantitative evidence, such as remote sensing data [63,64]. Unmanned Aerial Vehicle (UAV) remote sensing technologies could also be used for the rapid investigation of the extent of flooding in urban environment in the large basins of China [65].





5. Prospective Measures


5.1. Traditional Evaluation Approaches on Flood Risk


Generally, there are four types of approaches to evaluate flood risk: (1) statistical method based on historical disaster records [66]; (2) multi-criteria index analysis [67]; (3) GIS and remote sensing technologies [68]; (4) scenario-based inundation analysis [69]. Long-term historical flood records have crucial references for flood risk assessment, but it cannot reflect spatial variation of flood disasters. Multi-criteria index analysis can evaluate regional flood risk by establishing the multi-criteria index system. However, this approach exists a few deficits in the determination of indices. GIS and remote sensing techniques provided technological supports for flood risk assessment. Remote sensing technology is suggested to the application for the monitoring of regional flood disasters. Scenario-based inundation simulation always applied to analyze the water depth, flood extent and flow velocity, which have crucial role for flood risk assessment [70,71,72]. However, scenario-based inundation simulation requires the data of topography, land use, and urban drainage system. Except for these four method, Kourgialas and Karatzas (2013) [70] use the characteristics of water depth, flow velocity, sediment transport load to estimate the flood propagation. These flood risk predictions are helpful to propose precaution and mitigation measures for flood disasters.




5.2. Sponge City Strategy


With the increase of urban floods, many researches on flood risk management have been conducted [73,74,75]. Herk et al. [73] proposed a new framework to organize a resilience action to support collaborative planning for flood risk management. Due to river and lake degradation, urban inundation has become a common phenomenon for flood-prone cities in China [76,77]. To restore the flood storage capacity, remediation of the waterways that can no longer perform essential ecological and social functions such as mitigating floods, providing clean drinking water, and supporting fisheries and wildlife, should be completed. However, river restoration is usually time consuming and may not be cost effective. To improve urban runoff management to prevent flooding in flood-prone cities, the Ministry of Housing and Urban-Rural Development (MHURD) proposed a new strategy in 2014 named Sponge City (SPC) to capture and reuse rainwater [78,79,80,81,82].



Land-Use and Land-Cover Changes (LUCC) can reflect the rate of urbanization. Previous investigations demonstrated that the construction area significantly increases, whereas unused land correspondingly decreases. Thus, LUCC causes flood storage capacity to sharply decline. Due to LUCC, the original hydrological cycle in urban areas has changed, which leads to an increased runoff coefficient and corresponding increase in storm water runoff and peak flood discharge. Heavy rainfall can easily cause flooding in urban areas, particularly in undercrossing metro tunnels and residential areas. The combination of El Nino and climate change can lead to continuous rainfall, resulting in a greater risk of waterlogging. SPC addresses critical factors such as maintaining a continuous and healthy hydrological cycle, preventing and controlling urban inundation, reducing water pollution, and creating an ecologically friendly environment. The features of SPC include retention, detention, infiltration, purification, and release of storm water [83]. Figure 10 compares the traditional discharge pattern and the sponge discharge pattern. As shown in Figure 10, with the traditional discharge pattern, the storm water is at a level of more than 80% of capacity, whereas with the sponge discharge pattern, it is reduced to less than 40% [83]. This implies that approximately 40% rainwater can be reused.


Figure 10. Comparison of the traditional discharge pattern and the sponge discharge pattern (modified from Wu et al. 2016 [83]).
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Geiger [84] explained the meanings of SPC and Low Impact Development (LID) based on the Chinese and international examples, which gives the further advice for planning strategies, including principles for merging technical and landscape issues. The benefits obtained from constructing SPC are as follows: (1) SPC decreases the possibility of urban inundation—since SPC uses pervious pavements and grass swales to reduce runoff volume, the possibility of urban inundation is considerably reduced; (2) SPC improves the ecological environment—SPC preserves the natural forest, green spaces or lands, rivers, lakes, and wetlands, which is deemed as the basic goal of SPC construction; (3) SPC reduces the construction cost of cities—as SPC protects the natural urban ecological environment and preserves green lands, rivers, ponds, and trenches, the required amount of reinforced concrete for city construction and development is reduced; and (4) solving the problem of water scarcity caused by rapid urbanization—the water quality of urban rivers is worsening because large amounts of pollutants from storm water runoff and some untreated wastewater are being discharged into the rivers, so SPC aims to relieve cities’ water shortage situations to avoid forest, lake, and wetland occupation that breaks the natural hydrological cycle.




5.3. Sponge City in China


The China Ministry of Finance (MOF), MHURD, and the Ministry of Water Resource (MWR) jointly announced the application of a SPC pilot construction on 20 January 2015 [79,85]. The 16 SPC pilots are located in Baicheng (Jilin Province), Qian’an (Hebei Province), Jinan (Shandong Province), Hebi (Henan Province), Zhenjiang (Jiangsu Province), Jiaxing (Zhejiang Province), Chizhou (Anhui Province), Wuhan (Hubei Province), Xi’an New District (Shanxi Province), Suining (Sichuan Province), Chongqing, Changde (Hunan Province), Pingxiang (Jiangxi Province), Xiamen (Fuzhou Province), Nanning (Guangxi Province), and Gui’an New District (Guizhou Province). Shanghai is on the estuary of Yangtze River and surrounded by the East Sea and Yellow Sea. Thus, Shanghai was deemed favorable for development of SPC because of its location and abundant groundwater resources [86,87].



River networks are designed to control flooding when rainstorms occur [88]. In the process of SPC construction, Shanghai benefits from its own intensive river system for building sluices and pumping stations. Figure 11 shows the distribution of sluices and pumping stations in Shanghai [89]. Excessive rainwater can be managed and discharged into rivers through these sluices and pumping stations. Due to the land subsidence problem resulting from uncontrolled groundwater withdrawal in the past, most of the sluices and pumping stations were deployed inside the Waihuan boundary. Some of the pumping stations were installed along Huangpu River for local flooding prevention. The sluices and pumping stations were also distributed along the boundary of the East Sea and the estuary of the Yangtze River as a result of the river water level fluctuation resulting from the tidal effect. Despite the deployment of sluices and pumping stations, it was reported from an investigation into the structures, flood control measures, and historic flood events of Shanghai Metro Lines 1-3 that underground spaces in the urban area are susceptible to the impacts of flooding due to the lack of adequate flood control facilities and mitigation plans. To summarize, flood management in Shanghai is a complex and comprehensive task, and considerable improvements are needed.


Figure 11. Distribution of the sluices and pumping stations in Shanghai.
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5.4. Problems Related to SPC Construction


During SPC construction, some problems occur. These are: (1) local inundation in streets and flooding in rivers—due to special geographic and topographic setting, flooding in river and local inundation (flash flooding) in streets can occur concurrently; (2) water resource shortage—the MWR stated that 110 cities are faced with severe water shortages in China, and of 32 megacities, 30 in China are suffering serious water shortage problems and challenges [80]; (3) storm water use—since urban sprawl affects many forests, grasslands, and wetlands that can store water resources, most storm water runoff is directly discharged out of the city; and (4) water pollution control—some wastewater from communities in older districts is still directly infiltrated into groundwater though septic tanks, which may pollute the water source wells. To tackle these problems, more LID facilities are required to increase the storm water runoff infiltration and reuse and protect the water resources. Additionally, eliminating the surface water which is inferior to a higher quality standard, through interception and water purification, has been deemed feasible for controlling water pollution. Moreover, in cases where local inundation in streets along with river flooding is frequent, to ensure rivers can handle and discharge larger floods, dredging rivers is worth the consideration of the authorities.





6. Concluding Remarks


We presented a review of recent severe flooding hazard events with the economic loss along the Yangtze River basin in 1998 and 2016. Then, prospective measures for mitigating the hazards and protecting the environment were proposed. Based on the analyses and discussions, the following conclusions can be drawn:

	(1)

	
The flood in 1998 in the Yangtze River Basin lasted longer than the one in 2016. Despite the shorter rainfall duration, it was more intense in 2016, resulting in a larger affected area than in 1998. The scale of the flooding in 1998, measured by people affected, death toll, collapsed houses, and damaged crops, was much larger than in 2016. However, the total economic losses in 2016 were much larger than that in 1998. This is due to the rapid economic development in China during this 18-year period.




	(2)

	
The reasons for these severe flooding hazards were hazardous weather conditions and degradation of the ecological environment. The hazardous weather conditions both in 1998 and 2016 were linked to the El Nino effect. The degraded ecological environment is due to rivers and lakes which did not have enough suitable locations for the discharge of excessive rainwater, resulting in urban waterlogging. Additionally, the lower reaches of the Yangtze River would suffer from more severe flooding if the Three Gorges Dam does not function as usual during the flood period. Thus, preventing flooding hazards and mitigating damages have become some of the most urgent urban environmental management affairs for authorities in China.




	(3)

	
To mitigate flooding hazards, China proposed a new strategy named Spongy City (SPC) in 2014, drawing on international experiences. SPC promotes sustainable city development so that a city has the resilience to adapt to climate change, to mitigate the impacts of waterlogging caused by extreme rainfall events. Some SPC construction-related problems, including local inundation in streets and flooding in rivers, meant that storm water use, water resource shortage, and water pollution control improved. Dredging rivers, constructing more LID facilities, and intercepting and purifying surface water are recommended to solve these problems.




	(4)

	
In addition to the traditional flood risk assessment approach (e.g., statistical data-based analysis, multi-criteria index analysis, GIS-based techniques, and scenario-based analysis), remote sensing technologies, as well as LiDAR data, were recommended for applications in flood risk assessment and management in flood prone areas.
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