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Abstract:



Flash floods induced by heavy rainfall occur frequently in China, which cause severe damages or even casualties every year. Flash floods generally occur in small catchments, and therefore were poorly documented. A Database including 963 flash flood events in China is compiled and studied in this study. Analytical results (a) indicate flash flood condition in China; (b) shed light on the spatial-temporal distribution of flash flood under heavy rainfall and (c) detect the characteristics of the 2016 flash flood. In 2016, the deaths due to flash floods were severe and concentrated, accounting for about half of the elderly and children. Hebei and Fujian provinces were most affected by flash floods. The disasters mainly occurred in July and the major types were river floods. Despite the frequent torrential rains, inadequate monitoring and early warning systems made the flash flooding condition even worse in 2016.
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1. Introduction


A flash flood is the rapid flooding of geomorphic low-lying areas in response to intense rainfall associated with a severe thunderstorm or a sudden release of impounded water (e.g., dam or levee break) in a short period of time, generally within minutes up to 6 h in a catchment with areas of up to 400 km2 [1,2,3]. It has short lead times and is characterized by high velocity runoff and fast rising water. [4,5]. In global assessments of flood-related events, flash floods have the highest fatalities. According to the World Meteorological Organization (WMO), flash flooding is counted as the worst disaster in 105 out of 139 countries, causing millions of dollars loss every year [6]. In the United States from 1 October 2007 to 1 October 2015, 278 people were killed due to flash floods [7,8]. China also suffers great economic losses and casualties, with an average of 984 deaths per year [9]. Unfortunately, with increasing heavy precipitation events, flash flooding events are likely to be more frequent in the future [10,11,12]. Flash flooding events are also often associated with landslides and debris flows that may increase the threat to human life [13]. Therefore, in this study, flash flooding risks include not only river floods but also rainfall or flood related landslides and debris flows.



Previous studies have been conducted based on the historical flash flood events records. In Calabria, Aceto et al. [14] established a flash flood database and conducted trend analysis. Based on 21,549 flash flood events from 2006 to 2012 in the United States, Špitalar et al. [15] indicated that most flash flood events occur in rural settings and revealed an apparent trend in neither rural areas nor urban areas. Gourley et al. [16] proposed a survey-based data collection method and analyzed the impact and characteristics of summer floods in 2008. Gourley et al. [2] also established a georeferenced U.S. database of 98,668 flash flood events from 2006 to 2010, providing a long-term and detailed characterization of flash floods in terms of spatiotemporal behavior and specificity of impacts. In southern Europe, studies were mainly conducted on extreme storms and peak discharges for individual flash floods [17,18]. Gaume et al. [19] developed 550 extreme flood events in Europe, based mainly on peak discharge, with the rainfall duration <24 h and on watersheds generally <500 km2. Based on 247 deaths caused by 13 small-scale floods events, Jonkman and Kelman [13] proposed a classification according to the triggering factors and circumstances, which is a more valuable and consistent comparison of fatal flood events in different regions. In China, based on the unified flash flood observation, a database was compiled by the Ministry of Water Resources of the People’s Republic of China (MWR), a detailed analysis of 782-documented flash flood events from flash flood type, grade, spatial-temporal distribution and frequency concluded that the flash floods in China were mainly in July and concentrated in the southwest [20].



Although flash floods have become a hot topic throughout the world, there is still a lack of systematic and comprehensive study associated with their impacts and risks. Analysis of flash floods’ characteristics using precise long-sequence/large-coverage data is limited, and the data integration and construction technologies still need improvement [21].



Meanwhile, since the implementation of the China National Flash Flood Disaster Prevention and Control Project (CNFFPP), China has invested 160 million Yuan and achieved remarkable results, such as deaths caused by flash floods declining significantly [22]. However, in 2016, China still suffered severe flash floods, with a death toll recognized as the highest in the past three years and more than two times greater than in 2015. Therefore, based on 963 detailed and officially recorded flash floods, this study will, for the first time, analyze the characteristics, and discuss the reasons for the serious catastrophic events. The main purpose is to provide a window for scientists into understanding the severity of China’s flash floods.




2. Study Area and Data Resources


2.1. Study Area


The study area covers Mainland China excluding Jiangsu and Shanghai. In China, mountainous areas account for about two thirds of the total area, of which flash flood prone areas account for about 48% [23]. Figure 1 shows the locations and fatalities of flash flood across China in 2011–2016, and disaster classification methods are based on the methods described in He et al. [20].


Figure 1. Locations and fatalities of flash floods across China in 2011–2016.
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To minimize the economic loss and casualties, the Chinese government has carried out the CNFFPP since 2009, covering 2058 counties in 29 provinces, with a total area of 3.86 million km2 and a total population of 304 million. It mainly includes non-structural measures, supplemented by structural measures. Non-structural measures include monitoring and early-warning systems, investigation and evaluation, mass observation and mass preparedness, and emergency and safeguard systems. Structural measures include the governance of key flash flood ditches. Currently, China has carried out a series of implementations in flash flood prevention. The automatic monitoring stations in the key prevention areas achieved 50 km2 per station and a monitoring period of 10 min. The automatic station control area was 100 km2 per station. The basic characteristic parameters of 530,000 small catchments have identified, as well as the storm and flood patterns. There are 340 flash flood ditches that are governed. People’s awareness of disaster prevention has been improved [22], and all of the above provide convenient conditions for the analysis of flash floods in China.




2.2. Data Resources


The annual report entitled, “Bulletin of flood and drought disasters in China” provides the most current information available on flood disasters. It is compiled and published by the MWR and has well organized official flood hazards information. This study makes full use of these reported data from 2006 to 2016, as well as the Statistical Data of Flood Disaster documents from the MWR (2011–2016), and the official documents issued by other governmental departments. Meanwhile, the data are unified and normalized. If the same type of flash flood occurs in the same county, but in different towns, it is regarded as one flash flood event and the death toll is increased. If two types of flash floods occur simultaneously in the same place, we treat it as two separate incidents. If the same type of flash flood occurs at the same place but at different times (1–2 days apart), the first occurrence time was defined as the incident time, and the death toll was added. In an actual flood disaster defense, the weakest defensive ability is the elderly over 60 years old and the children under 18 years old. Therefore, the victims were categorized by age into minors (aged younger than 18 years), young adults and middle-aged adults (ages 18–60 years), and senior adults (aged older than 60 years). Victims were referred to as “locals” when the place of death coincides with the residence place; otherwise, the victims are denoted as a “non-natives”. In addition, grading standards follow the “Regulations on the prevention of geological disasters”, the details of which are listed in Table 1. All flash flood disaster events involved in this paper resulted in death or missing persons. Events that produced no casualties are not considered.


Table 1. Divisional criteria of flash floods.





	Death or Missing/People
	Scale





	0–3
	small



	3–10
	medium



	10–30
	large



	30–
	extra-large











3. Characteristics of Flash Floods


3.1. High-Fatality Events


The high mortality is greatly caused by flash floods and related hazards in China. In 2016, there were 180 flash flood events, resulting in 481 deaths or missing, accounting for 70.3% of the total deaths caused by floods (684 deaths), and the ratio has remained the same since 2011. Figure 2 shows the number of deaths due to flash floods and their ratio to the total deaths caused by floods since 2000. The annual death toll caused by flash floods has dropped sharply, especially since 2011. With the gradual improvement of flash flood prevention measures, the average fatalities caused by flash floods has dropped by two thirds, but still a high proportion of the total deaths from floods. In 2010, there was a rapid increase in fatalities, mainly due to the extra-large flash flood in Zhouqu, Gansu, which resulted in the loss of 1765 people.


Figure 2. Number of deaths due to flash floods and their ratio to the total deaths caused by floods.
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Compared with the same period in 2015, both the number of flash floods events and the number of missing or deaths increased in 2016 at rates of 53.8% and 121%, respectively, while the number of single-calamity toll increased by 42.1%. Table 2 shows the typical heavy rainfall and flash floods in some parts of China in 2016. Among them, the location information in Table 2 is the rough occurrence location information. It can be seen from Table 2 that the typical casualties caused by flash floods are also serious. On 9 July 2016, the maximum 3-h rainfall of 212 mm in Ta Zhuang Station, Minqing county, Fujian Province, reached over 60% of the historical maximum, resulting in 39 deaths. On 16 August 2016 in Xichuan River of Shanxi Province, the 20-min rainfall was 55 millimeters with a peak of 75 cubic meters per second, resulting in seven deaths and one missing person.


Table 2. Typical events of heavy rainfall and flash floods in 2016.





	Time
	Location (County, Province)
	Type
	Precipitation (mm)
	Maximum Rain Intensity (mm/h)
	Death (Person)
	Missing (Person)





	20 May 2016
	Xinyi county, Guangdong
	Debris flow
	466
	430/6 h, 144/1 h
	4
	0



	19 June 2016
	Qichun county, Hubei
	Flash flood
	278
	116.5/1 h, 199/6 h
	7
	5



	9 July 2016
	Minqing county, Fujian
	Flash flood
	297
	82.5/1 h, 212/3 h
	39
	0



	9 July 2016
	Yongtai county, Fujian
	Debris flow
	301.5
	115/1 h, 282/3 h
	9
	2



	19 July 2016

20 July 2016
	Ci county, Hebei
	Debris flow
	644.5
	-
	16
	2



	16 August 2016
	Anzhai county, Shanxi
	Flash flood
	-
	55/20 min
	7
	1










3.2. Time Distribution of Disaster Severity


Figure 3 shows the monthly distribution of flash flooding. In all of the following graphs, times means the number of the events. In 2016, there are 180 flash flood events occurred from March to November. However, in recent years, there were no flash floods in November and only one flash flood event in March 2012. Therefore, the time span was longer than in previous years. The flash floods were mainly concentrated in June, July, August and September, especially in July, both the number of flash floods (46.7%) and the fatalities (62.4%) were the largest in 2016, the average number of deaths per flash flood event was as high as 3.6, 1.7 times more than in other months. July 2016 was also the most serious month for a 6-year period, which is 5.9 times for the six-year average. The severity of flash floods is ranked as follows: July > June > September > August. In addition, the fatalities in May, August and June 2016 decreased by 70.4%, 65.9% and 27.2%, respectively. According to the seasonal distribution in China, the flash flood events started to increase in the late spring, with an obvious increase in the wet season of summer and a marked decrease in autumn.


Figure 3. Monthly distribution of averaged deaths in 2011–2016. (5-YA-D: the number of deaths from 2011 to 2015, 5-YA-T: the number of flash flood events from 2011 to 2015; 2016-D: the number of deaths in 2016, 2016-T: the number of flash flood events in 2016).
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3.3. Spatial Distribution of Disaster Severity


In terms of the regional distribution, the north region experienced the worst flash flooding, and accounted for 28.3% of the total deaths, no flash floods occurred in the northeast China. Southwest China suffers the most frequent flash flood catastrophes due to the topography and monsoon climate, causing 42.3% of total fatalities in 2011–2015. In 2014, the percentage of deaths from flash floods in Southwest China was as high as 63.7% of the total deaths, indicating that the impact of flash floods in this region was very serious. Figure 4 shows the regional distribution in 2011–2016. 5-YA-D, 5-YA-T represent the average death, the average times from 2011 to 2015; 2016-T, 2016-D represent the average death, the average times in 2016. Compared with the 5-YA-D, 2016-D exceeded 300% in the north and 266.7% in east, which was anomalous compared with the previous years. However, in Southwest China, it dropped by 31.9%, while in Northwest China, it decreased by 66.9%. In the meantime, flash floods occur less frequently in the Northeast. Therefore, in 2016, the most severe flash floods occurred in the northeast China and the anomalies in the southwest region.


Figure 4. Regional distribution of flash floods in 2011–2016. (5-YA-D: the number of deaths from 2011 to 2015, 5-YA-T: the number of flash flood events from 2011 to 2015; 2016-D: the number of deaths in 2016, 2016-T: the number of flood events in 2016).
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Figure 5 shows the changes in mortality rate by province in 2016, and 21 provinces suffered from flash floods; and the total deaths from flash floods in 13 provinces accounted for more than 60% of the total deaths associated with floods. Floods in Shanxi, Ningxia, Qinghai are all flash floods. The most seriously injured province is Hebei—while, in previous years, the most casualties occurred in southwest such as Yunnan Province (2014 or 2015) and Sichuan Province (2012 or 2013). In 2016, the three provinces most affected by the flash floods were Hebei, Fujian and Guizhou, with a mortality rate of 50.9%. Compared with the 5 -YA, Hebei and Fujian showed obvious changes, which were 20 times and eight times, respectively, over the 5-YA.


Figure 5. Changing rate of death toll of each province in 2016 compared with the 5-YA.
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3.4. Breakdown of Deaths by Disaster Types and Levels


Compared with 5-YA, river floods occur most frequently and have the deadliest consequences, and the number exceeds the sum of that of debris flows and landslides, accounting for 53.9% of the total times and 64.4% of the total death in 2016 (Figure 6). The landslides remained unchanged, while debris flow decreased significantly. In addition, the deaths in 2016 were only lower than in 2012, with the second highest fatalities.


Figure 6. Fatality of different types of natural disasters in 2011–2016. (5-YA-D: the number of deaths from 2011 to 2015, 5-YA-T: the number of flash flood events from 2011 to 2015; 2016-D: the number of deaths in 2016, 2016-T: the average number of flash flood events in 2016).
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Although small and medium-sized flash floods occur frequently, large-scale flash floods cause great losses. For instance, two large-scale floods occurred in Jingtai County of Hebei Province and Minqing County of Fujian Province, accounting for 22% of the total deaths, with an average of 67.5 deaths each. In 2016, the number of small and medium-sized flash flood events accounted for 96.1% of the all events, and 63.6% of the total number of deaths or missing people caused by flash floods. Compared with the five-year average, both the flash flood events and fatalities have increased (Figure 7). In 2016, the deaths from extra-large flash floods raised mostly, as well as the medium-sized flash floods. According to the statistical analysis of the annual mean deaths, small and medium-sized flash floods are mainly concentrated in the southwestern regions such as Yunnan, Sichuan, Guizhou and Shaanxi provinces. The flash floods in Xinjiang are rather special for the low number of both flash flood occurrences and casualties. Large flash flood events are mainly concentrated in Sichuan, followed by Yunnan, Shanxi and Hebei. From 2011 to 2016, Hebei, Liaoning, Sichuan, Gansu and Fujian provinces have experienced extra-large flash floods (Figure 8). Especially in areas such as Hebei and Liaoning that are not prone to flash floods, people’s awareness of defense is weak, once a flash flood occurs; it generally brings greater economic losses and casualties. Therefore, it is also necessary to strengthen defensive research in areas where flash floods are infrequent.


Figure 7. Grade distribution of flash floods in 2011–2016. (5-YA-D: the average number of deaths from 2011 to 2015, 5-YA-T: the average number of flash flood events from 2011 to 2015; 2016-D: the number of deaths in 2016, 2016-T: the average number of flash flood events in 2016).
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Figure 8. Intensity distributions of flash flood in different levels in 2016. Death/Time/Year: the average number of deaths each year due to flash floods.
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3.5. Composition of Affected Populations


In 2016, there were 481 deaths, of which about half were elderly people and minors. When the flash floods struck, on one hand, the elderly did not give up their family’s property and they were reluctant to withdraw in time; on the other, the elderly were inconvenient to move; while the children did not have a defensive awareness, they all belonged to vulnerable groups. Meanwhile, the local people accounted for 90% and non-natives of 10%, respectively. The non-natives are mainly migrant workers, traveling, visiting relatives, etc. In addition, according to the survey by MWR, the floating population has also become a vulnerable group threatened by mountain torrents. For example, in 2013, a flash flood occurred in the Dongsheng District of Inner Mongolia, killing 11 workers. In 2015, a flash flood disaster occurred in Chang’an District of Shanxi Province, killing nine tourists.





4. Discussions


4.1. Heavy Rainfall


In 2016, there were 51 heavy precipitation events in China, with an average precipitation of 719 mm, 1.5% more than that in normal years. Three factors that rain, rain intensity and the coverage of rain areas were the greatest since 1998. According to 34,030 rainfall station statistics, the rainfall intensity in 2016 increased significantly, of which the number of stations with rainfall over 30 mm per hour increased by 19.2%, and the rainfall over 80 mm per hour increased by 45.2% (Figure 9). In Table 2, the rainfall of Xinyi City and Minqing County exceeded the historical extremes, up to 60%. A total of 473 rivers across the country were above the warning level, the highest in 20 years [24]. In addition, defense concentrated in the severe flash flood areas; it is easy to ignore the less frequent flash flood areas. Moreover, when flash floods occur, people can easily relax their vigilance. Once flash floods occur again, they will easily lead to huge losses, such as Fujian, Guangdong, Hainan and other provinces have repeatedly suffered from flash floods.


Figure 9. Comparison of rain between 2015 and 2016 (34,030 base stations).



[image: Water 10 00704 g009]







4.2. Imperfect Monitoring and Early Warning Systems


In China, 2058 county-level monitoring and early warning platforms were established. When a flash flood occurs, it plays a key role in monitoring, issuing warnings. However, in 2016, for one thing, this system is extremely vulnerable to paralysis under extreme conditions; for another, determining the accurate early warning indicators and thresholds is still a technical difficulty, especially in remote, complex topography, economically underdeveloped areas. At the same time, weak defense ability and awareness, and the incomplete way of early warning communication can also worsen the condition.



In addition, flash flood disasters sometimes occur outside of the prevention planning areas, and areas with economies based on migrant work, farming, and tourism are strongly affected.





5. Conclusions


Flash floods remain a poorly understood and documented natural disaster, causing huge economic losses and severe casualties. According to a survey of 25 major flash flood events in Europe during the past two decades [4], half were properly documented on routine stage measurements. At present, the main method of flash flood defense is early warning and forecasting. Generally, statistical analysis of flow and rainfall data in the research area is conducted to study the law of the flash flood occurrence, and then to determine its critical rainfall, or to study the mechanism of flash flood formation and determine its early warning flow [25,26]. Nowadays, the critical rainfall and hydrological model are the commonly used methods for flash flood prevention at home and abroad. However, a large amount of historical data is required for statistical analysis or for the determination of hydrological model parameters. Methods for obtaining flash flood disaster data include statistical analysis, Gis-based parameter extraction, data mining, remote sensing satellites, etc. [27,28], but these data obtained are usually uncertain. In this article, the data comes mainly from MWR. It is an effective integration of data from various sources, and it is authoritative, systematic, and comprehensive.



Based on the 6-year flash flood database (2011–2016) documented in detail by the MWR, the characteristics of China’s 2016 flash floods were explored in terms of spatial-temporal distribution, types, levels, and composition. The main conclusions of this paper are listed below: (1) the death toll was relatively high in 2016 but lower than 2013. The proportion of total deaths from flash floods to the death from floods has remained nearly the same since 2010, and flash floods are still the main cause of deaths in flood disasters; (2) flash flood usually occurred from March to November, and the time span extended from 2011 to 2016. The magnitude of the flash flood monthly severity is July > May > April > August. North China is the worst-hit district, and Hebei Province the worst-hit Province. The deaths caused by flash floods in Hebei, Fujian and Guizhou provinces accounted for 50.9% of the total deaths in China; (3) in terms of the scales, medium-scale flash floods are the most common and widespread, while extra-large scale flash floods cause fatalities. The disaster magnitude levels are as follows: the medium > the small > extra-large scale = large scale. River floods occur most frequently, and account for half of all types of flash floods; (4) among the deaths in different age groups, the young adults and middle-aged adults have become vulnerable groups threatened by flash floods. Non-native residents, such as migrant workers, farming, tourism personnel and other issues, are affected by flash floods. The main reason is that: when flash floods come, the elderly are inconvenient to move and the children are not aware of the dangers. The non-native residents are not familiar with the local defense knowledge and do not know the transfer route, etc.



This paper aims to analyze the spatial-temporal characteristics of flash flood events in China. Flash floods are associated with high-intensity rainfalls in short periods. In the future, cross-analysis methods will be introduced to study flash floods’ characteristics, as well as the causes of death and spatial patterns of mortality. Information on social factors (income, poverty, and ethnicity) will be added in the analysis to gain more insight into the effects of social vulnerability factors, all of which will contribute to better understanding flash floods’ characteristics in different affected areas, and then adopting the targeted measures for defense.
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