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Abstract

:

Hubei province is located in the center of China with 56% total area characterized with mountainous area. Thus, flash flood caused by extreme rainfall has become one of the significant obstacles that highly affect the social and economic development of the province. In order to scientifically understand the mechanism of flash flood disasters and provide technological support to the local flood prevention and control work, the IWHR designed and developed a new distributed hydrological model named China-FFMS that can simulate the evolution of natural disasters and make an assessment by setting the flood water sources in line with the flow discharge. The FFMS was further applied to simulate the 8.12 flash flood disaster that occurred in the Liulin county of Hubei province on 12 August (“8.12”) and fed by the data collected from the national flash flood disaster investigation and assessment. The calculated peak flow was 666.22 m3/s with an error of +13% compared with postdisaster investigation data (589 m3/s). The results showed that using a multisourced modelling approach, e.g., mixing spatiotemporal variables and sources, to simulate the flash flood process was able to accurately reproduce the flood process and the consistence of the flow discharge, thereby explaining the underlying reason of the disaster formation and evolution. Regarding the case of the Liulin county, the main factor leading to the disaster was the overlapped peak flow where the Dunne flood peak of three different tributaries from the upper reach met together at the same time. Moreover, the peak flow of the Lianhua river at the downstream of Liulin County also arrived at the same time as the upstream peak, which obstructed the flood progress and increased the damage of the disaster. According to the analysis, several suggestions and recommendations are proposed such as the improvement of the forecast and early warning system of the upstream areas, the optimization of the current flood defense plan, and the enhancement of the residents’ awareness of flash flood disasters.
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1. Introduction


Since the 21st century, climate change has led to an increase of the frequency and intensity of heavy rainfall in mountainous areas where the demography is expanding due to counter urbanization and the amount of population under risk rises. Motivated by this, the research on flash floods has attracted an increasing interest in both China and western countries [1,2,3,4]. For example, on 12 August 2021, a severe flash flood occurred in Liulin Town, Suixian County, Suizhou City, Hubei Province, affecting more than 12,000 people and destroying 474 hectares of crops and over 160 houses. It seriously undermined local socioeconomic development with a direct economic loss of about 226 million yuan [5,6]. Studying the process and mechanism of the “8.12” flash flood in the Liulin river basin can provide a positive reference for flood control and disaster reduction in the local and other similar areas prone to flash floods.



A flash flood is highlighted by its special characteristics of highly unexpected occurrence, destructive impact, and short duration. Additionally, it is usually accompanied by secondary disasters such as landslides and debris flows; therefore, it is likely to change the landform of the affected areas. However, disaster formation monitoring and postdisaster investigation and analysis are difficult [7,8,9]. There have been a lot of studies on the simulation of flash floods and the analysis of disaster mechanism [10,11,12,13,14]. For example, Yang et al. [15] investigated the disaster mechanism of the 5·16 flash floods in the Houshan Mountains of Sanming City, Fujian Province by using the flood calculation method, and analyzed the effect of flash flood magnified by culvert blockage and slope excavation. Carle et al. [16] compared different early warning systems based on aggregated rainfall and a distributed hydrological model for regional flash flood control and found that a distributed simulation has certain advantages in the analysis of flash floods associated with a rapid water level rise. Based on the measured rainfall data, Sun et al. [17] used the kinematic-wave geomorphological instantaneous unit hydrograph model to analyze the 8.16 flash flood in the Zhongdu river basin, Sichuan Province, and concluded that the disaster was caused by regional heavy rainfall combined with human activities. Braud et al. [18] investigated the 2002 flash flood in southern France by using distributed hydrological models and identified rainfall, soil saturation, and surface soil thickness as major factors of the runoff of flash floods. They suggested that a detailed runoff description is essential to increase the accuracy of the model simulations. Based on an examination of high temporal and spatial resolution data of 25 typical flash floods across Europe, Marchi et al. [19] revealed that flash floods in Europe are seasonal and significantly affected by initial soil moisture.



To summarize, a distributed hydrological model has become the main technical tool to study the mechanism of flash floods. However, most types of this model fail to describe the details of the physical mechanism of runoff generation in river basins, let alone the analysis of the changes in runoff generation and the disaster mechanism of flash floods. This paper adopts the China Flash Flood Modelling System (FFMS) independently developed by the China Institute of Water Resources and Hydropower Research (IWHR) to analyze the “8.12” flash flood in Liulin Town, based on national flash flood investigation results and postdisaster field survey data. A distributed flash flood model with small watersheds of 0.16–1.6 km2 (0.10–0.99 mi2) as the minimum calculation unit was constructed for the detailed analysis and simulation, including disaster formation and runoff changes in the process, so as to analyze the amplification effect and reveal the disaster mechanism, thereby providing technical support for future flash flood prevention and control in the region.




2. Research Materials


2.1. Study Area


Liulin Town with an administrative area of 197.49 km2 (76.25 mi2) is located in the south of Suixian County, Suizhou City, Hubei Province. The topography of the Liulin basin is dominated by mountains and hills and mainly covered by forests and cultivated land. The average annual rainfall is recorded as 1100 mm (43.3 in) and centralized in the flood season [20]. The section of watershed controlled by Liulin Town covers about 24.29 km2 (9.38 mi2) that belongs to the Langhe River basin. The main river channel is about 8.47 km (5.26 mi) with a steep gradient of 8‰, where 19 tributaries including Jinyin, Taiping and Baishuwan coalesce. In the fan-shaped upper river basin of Liulin Town, the main settlements are surrounded by mountains on three sides and located at the bottom of a river valley in a good hydrological condition that is relatively closed, wide, and gentle. However, the flood discharge conditions in the lower reach are poor due to the narrow channel. As a result, there is a high probability for an intensive rainfall during the flood season to lead to flash floods in Liulin Town (Figure 1).




2.2. Data Collection


The rainfall data were measured at several reservoir sites around Liulin Town, and the total precipitation in Liulin Town from 21:00 on 11 August to 9:00 on 12 August was 503 mm, where the accumulated precipitation from 4:00 to 7:00 was 373.7 mm (1.23 ft) and the precipitation intensity at 5:00 and 6:00 was 105 mm/hour (14.7 in/h) and 104 mm/hour, respectively, both exceeding the historical record of local measurements [6]. Figure 2 shows the spatial distribution of the accumulated rainfall and hourly rainfall in the drainage area of Liulin Town from 21:00, 11 August to 12:00, 12 August.



There are four rainfall monitoring stations in the drainage area of Liulin Town, which are all small-sized reservoirs, (Grade II) namely Jinyin, Caomiao, Taiping, and Shikeng. Before the occurrence of the “8.12” flash flood, the reservoirs were kept 0.06–1.60 m (0.20–5.25 ft) below the flood limit water level. Then, when the heavy rainfall started, the water levels at Jinyin, Caomiao, and Shikeng all began to rise rapidly, with the flood peak exceeding the historical record high. However, the four reservoirs remained operational and followed the flood-season reservoir schedule and operation plan during the flash flood in Liulin Town. Figure 3 shows the changes of rainfall and water level monitored in each reservoir during the flash flood.





3. Simulation Analysis


3.1. Hydrological Model


The FFMS system developed by IWHR was employed to simulate the “8.12” flash flood disaster. It is a new-generation flood simulation piece of software for small watersheds that integrates the advantages of C++, Fortran, Java, and other computer languages. The design aims at modularization, parameterization, intelligent, visualization and automation based on the national flash flood investigation results [21,22]. FFMS has the characteristic functions of an automatic division of small watersheds, automatic extraction of parameters, modular modeling, and automatic determination of the runoff model based on the attributes of underlying surface of small watersheds. The software architecture and functional modules are as shown in Figure 4. At present, FFMS has already integrated different hydrological models available for use, such as HEC-HMS, PRMS, spatiotemporal variable–source mixed runoff model (SVSMR), and the Xin’anjiang model.




3.2. Simulation Method


In view of the characteristics of flash floods in China, IWHR proposed the SVSMR model for simulating the process of flash floods [23,24]. Through the refined division of catchments with different underlying surface conditions within watersheds, a vertically, horizontally, and temporally mixed runoff model was constructed for simulations and calculations at multiple levels such as data sources, method sources, and runoff sources [25,26,27]. The method for computing infiltration in soil mechanics, which discretized soil moisture in the downward movement of wetting front [28,29,30], was introduced into distributed hydrological simulations. This enabled a detailed description of instantaneous changes of the infiltration capacity of surface soil in the vadose zone during flash floods, thereby realizing the accurate simulation of the runoff mechanism of flash floods. The detailed model simulation method can be found in reference [15].




3.3. Modeling Process


Based on basic geographic information data in the National Flash Flood Data Set, such as DEM and DLG data (1:50,000) and DOM data with a resolution of 2.5 m (8.2 ft), the drainage area upstream of the Liulin Town section were divided into 28 small watersheds each with a size of 0.16–1.6 km2 (0.10–0.99 mi2) as the minimum calculation unit for the model simulation (Figure 5). Meanwhile, information about 75 basic attributes of the small watersheds was extracted, including spatial attributes, land uses, and soil types.



The monitored data series of the rainfall of four reservoirs around Liulin Town were the input of the model. The areal precipitation of each calculation unit was then automatically calculated through an inverse distance-weighted interpolation by the FFMS rainfall module. The SVSMR method was used for the runoff simulation while the simplified triangular unit hydrograph method was used for the slope confluence simulation, the linear reservoir method for the baseflow simulation, and the kinematic-wave method for the flood evolution simulation. The modeling interface is presented in Figure 6, where the table displays the basic attributes of each calculation unit extracted by the model automatically.




3.4. Parameter Determination


The main model parameters involved in the simulation of Liulin flash flood was divided into two categories according to their physical characteristics. One consisted of the basic attribute parameters that characterize the actual topography of calculation units, such as area, longest confluence path, and gradient. The other consisted of the runoff and confluence parameters that characterize the underlying surface of calculation units, such as maximum infiltration coefficient of surface soil, (linear/nonlinear) coefficient of preferential flow, and (linear/nonlinear) coefficient of subsurface flow. For the first category, values were obtained by automatically extracting the input data without calibration while for the second category of parameters, the model automatically determined and assigned the values based on the basic attributes of calculation units extracted from the expert database derived from the national flash flood investigation results. In the actual simulation process, the calibration and correction can be carried out for some parameters according to the simulation effect. However, this case used parameter values recommended by the expert database (Table 1) because a simulation analysis had already been conducted ahead of the post disaster survey data collection. The simulation results are compared with measured data in later verification.





4. Analysis on the Disaster Mechanism


4.1. Analysis of Flash Flood


The model used default parameters to perform distributed hydrological simulations for hourly flash-flood changes from 21:00 to 12:00 on 12 August 2021 in the Liulin basin. The peak flow was calculated to be 666.22 m3/s (23,527.3 ft3/s). Flood peak traveled for one to two hours, and flow confluence took about two hours. The runoff coefficient was around 0.78, and the modulus of flood peak was 27.11. The simulated time of flood peak was basically consistent with the actual time by comparing with post disaster investigation data (Figure 7), with an error of +13%. Since the simulation results were obtained earlier than the investigation results, the simulation method proved to be reliable and the recommended parameter values were reasonable. Therefore, the simulation results could explain the flash flood process and support the mechanism analysis.



By using the SVSMR model, the changes in runoff components can be examined to pinpoint the causes of the flash flood in Liulin Town. As shown in Figure 8a, in the initial stage of the “8.12” flash flood in Liulin Town, the hourly areal rainfall in the watershed was small and surface runoff was limited as a large proportion of rainfall infiltrated into the unsaturated surface soil. The subsurface flow from the upstream calculation units contributed most to the total runoff, but due to the slow confluence, it had less impact on the downstream Liulin Town. At 1:00 on 12 August, the accumulated areal rainfall of the basin exceeded 10.1 mm (0.40 in) and a runoff was generated in some calculation units where soil became saturated. The total runoff was still generally small, so the flow of the main rivers in the basin did not increase remarkably (Figure 8b). After 3:00 on 12 August, with the rapid increase of areal rainfall in the basin, a Hortonian runoff became the main mechanism of each runoff calculation unit in the watershed and was produced from almost 85% of the total rainfall before the flood peak came. Due to a relatively large channel gradient in the upper reaches, the speed of the apparent surface runoff was rapid after confluence (Figure 8c,d). As a result, the flow at the Liulin Town section surged by 500% from 3:00 to 4:00 and reached its peak of around 600 m3/s (21,188.8 ft3/s) at 6:00.



The flash flood caused heavy casualties [6] due to several factors: an emergency evacuation that was not well organized at night; the elderly and female population that accounted for a large proportion and had relatively weak self-rescue capability; a blocked evacuation route, e.g., people could not move to a safe place in time as houses with external stairs were kept closed subject to the high water pressure of rapidly rising floods.




4.2. Analysis of the Amplification Effect


Based on the FFMS simulation results, the flow of the Langhe River and its three tributaries, i.e., the Shikeng Reservoir, the Jinyin Reservoir, and the Taiping River, was analyzed, and further, flood hydrographs were generated for each (Figure 9). The results showed that the peak flow of the tributaries all arrived at the section near Liulin Town at 6:00 on 12 August. An exception was the Caomiao Reservoir on the trunk of Langhe River, which is far away from Liulin Town; its peak flow appeared at 5:00 on 12 August. Such simultaneous arrival and overlapping of peak flows of the mainstream and tributaries magnified the effect of the flash flood near Liulin Town. Among them, the Taiping River contributed the largest peak flow of 205.33 m3/s (7251.2 ft3/s) while the Shikeng Reservoir contributed the smallest of 104.09 m3/s. However, the confluence of the Shikeng Reservoir at the downstream of Liulin Town generated a backwater effect that obstructed flood water discharge, which magnified the impact of the flash flood to a certain extent.



According to the FFMS simulation results, the 24 h cumulative rainfall during the “8.12” flash flood in Liulin Town was 1.6 times that of the local designed 100-year flood. The water depth corresponding to the peak flow at the extracted cross-sections was calculated using the Manning formula. As shown in Figure 10, the calculated water depth at each node of the “8.12” flash flood was higher than that of the 100-year flood, which means that the frequency of the flash flood in this case was at least once in more than 100 years.



Regarding the charts for flood runoff calculation of Hubei Province and statistical parameter atlas for floods in Hubei Province in Figure 10, it was deduced that the design peak flow corresponding to the design flood with a return period of 200 years at the Liulin Town section was 634 m3/s (7251.2 ft3/s), compared with 620 m3/s (21,895.1 ft3/s) using the hydrological comparison method based on the design data of the nearby Baiguohe Reservoir. Taking into account the field investigations and simulation results, the 8.12 flash flood in Liulin Town was considered to correspond to a return period of 200 years or longer [6].





5. Conclusions


This study adopted the self-developed distributed flash flood simulation model (FFMS) to analyze the “8.12” flash flood in Liulin Town in terms of runoff generation and runoff components of each tributary in the basin, which revealed the formation mechanism and underlying reasons leading to this disaster. The main conclusions are as follows:




	(1)

	
The “8.12” flash flood in Liulin Town was mainly caused by the surge of a Hortonian runoff generated by a record extreme rainstorm in this area. The peak flow of four upstream tributaries arrived at the Liulin Town section at almost the same time and coupled with the backwater effect from the downstream Lianhua River, which magnified the effect of the flash flood and resulted in heavy casualties in Liulin Town.




	(2)

	
The capability of evacuation in response to the Liulin flash flood was restricted by factors such as the difficulty for arranging emergency evacuation at night, a large proportion of elderly and female population, and the external layout of stairs for most resident houses.




	(3)

	
Referring to the topographical features and historical flash flood events in the basin of Liulin Town, several recommendations are proposed accordingly: (1) improve the rainfall forecasting system for drainage areas of upstream tributaries; (2) build a flash flood forecasting and early warning system based on distributed models; (3) further refine the existing flash flood defense plan, and (4) increase the evacuation exercises to respond to flash floods and enhance the public awareness of extreme disaster prevention.
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Figure 1. Distribution map of water systems and reservoirs in Liulin Town. 
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Figure 2. Spatial distribution map of accumulated rainfall and hourly rainfall in Liulin Town, Hubei Province. 
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Figure 3. Changes of rainfall and water level in Shijinyin, Caomiao, Taiping, and Shikeng reservoirs. 
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Figure 4. FFMS software architecture and functional modules. 
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Figure 5. Calculation unit division in Liulin Town and land use attribute data extraction. 
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Figure 6. FFMS modeling process. 
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Figure 7. Simulation results. 
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Figure 8. Distributed simulation of runoff composition and runoff process. (a) Runoff components in Liulin Town. (b) Simulated flow at 1:00. (c) Simulated flow at 5:00. (d) Simulated flow at 6:00. 
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Figure 9. Distribution map (a); and simulation results of four tributaries of Lang River (b). 
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Figure 10. Simulated water levels of various reservoirs. 
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Table 1. Parameter value.
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	Symbol
	Parameter
	Unit
	Recommended Value





	ks
	Saturated hydraulic conductivity
	m/s
	2.78 × 10−6



	perp
	Surface ratio of preferential flow
	-
	0.82



	ki1
	Linear coefficient of subsurface flow
	-
	0.88



	kp1
	Linear coefficient of preferential flow
	-
	0.58



	ki2
	Nonlinear coefficient of subsurface flow
	-
	2.00



	kp2
	Nonlinear coefficient of preferential flow
	-
	0.00



	kg
	Baseflow coefficient
	-
	0.29



	Wfd
	Average depression storage
	mm
	0.37



	perip
	Impervious surface ratio
	-
	0.00
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