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Against the backdrop of global climate warming, the issue of flash flood disasters in small watersheds triggered by heavy rainfall is gradually becoming more prominent. Selecting an appropriate hydrological model is crucial for flash flood disaster defense. This article focuses on the Daxi Water Basin in Lianping County, Guangdong Province, as the research area. Firstly, organize the data and subject it to standardization processing. Subsequently, establish the topological relationships within the basin, construct a hydrological model for simulating flood processes in Chinese mountainous regions, and obtain a set of model parameters applicable to the specific basin. The results indicated that: ① the relative errors of flood runoff depth were all less than 7%, with an average of 4.5%; ② the relative errors of peak flow for all events were less than 6%, with an average of 4.2%; ③ peak time errors were all within ±2 h, either earlier or later than the actual peak by 1 h; ④ the Nash-Sutcliffe efficiency coefficient for floods were all greater than 0.8, with an average of 0.86. The research results above will serve as a reference and guidance for flood defense management in the Daxi Water Basin.
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1 INTRODUCTION
Flash flood disaster caused by sudden floods in streams and rivers in hilly areas, which brings losses to humans and the natural environment and constitute one of the most significant natural disasters in China (Zhao, 1995; Liu et al., 2019; Pei et al., 2023). As global climate warming intensifies, the problem of flash floods caused by sudden and localized heavy rainfall in hilly areas has become increasingly prominent, which has had a serious impact on the natural environment and social development, resulting in casualties, property losses, and facility destruction. and environmental damage and other serious consequences (Liu, 2012; Zhou et al., 2022; Ma et al., 2023). For example, in September 2023, floods in Libya caused nearly 13,000 people to die and go missing (Chen and Wei, 2023). Since 2000, the number of deaths due to flash floods in China has accounted for more than 70% of the number of flood deaths every year (Wei et al., 2022); since 2011, the average number of deaths and missing persons caused by flash floods has exceeded 300 per year (Li and Zhao, 2022). China has numerous mountainous areas, dense river networks, and frequent extreme weather, which poses a great threat to flash flood disasters. Among them, the southwest region, South China, and the middle and lower reaches of the Yangtze River have frequent flash flood disasters, and are all high-risk areas for flash flood disasters (Zhao, 1996; Zhao and Fan, 2006; Qiu et al., 2022; Wang et al., 2022); For example, in the first three-quarters of 2023, natural disasters across the country caused nearly 500 deaths and missing persons, more than 80% of which were caused by flash floods and geological disasters; a flash flood in Jinyang, Sichuan alone at the end of August caused 52 deaths and missing persons (Dong, 2023). Therefore, research on flash flood prevention is a focus issue that has attracted much attention at home and abroad.
In the hilly regions, small watersheds are susceptible to the influences of terrain and vegetation. These areas are prone to short-duration heavy rainfall, and the small watershed areas between mountains and streams, with steep riverbed slopes, accelerate the formation of runoff in the watershed. Moreover, rapid fluctuations in water levels lead to significant impacts and erosive effects, resulting in substantial damage from floods in these small watersheds. Additionally, the occurrence of extreme weather events contributes to frequent flooding and waterlogging disasters, primarily concentrated between April and October. Due to the relatively underdeveloped socio-economic conditions in the hilly regions and issues such as low monitoring station coverage, the defense against flood disasters poses significant challenges. The core hydrological models for flood defense have long been the focus of extensive attention. Improving their simulation accuracy remains a key research priority. Hydrological models can be broadly categorized into distributed hydrological models and lumped hydrological models (Liang et al., 2007). Lumped hydrological models treat watersheds of various scales as a homogeneous entity, typically neglecting spatial variations in natural geographical elements and hydrological processes within the watershed. Consequently, they struggle to describe the internal hydrological processes of the watershed. On the other hand, distributed hydrological models consider differences in rainfall and underlying surface conditions across the watershed, allowing for a more realistic representation of the actual hydrological processes within the watershed. Therefore, selecting a hydrological model that suits the characteristics of the watershed is crucial for effective flood defense in hilly regions.
Based on the dynamic mechanisms of the water cycle, distributed hydrological models can effectively simulate and forecast watershed hydrological processes (Wang et al., 2012). In 1969, Freeze et al. (Rui, 2017) proposed the framework for distributed hydrological physics models and elucidated their theoretical foundations, marking the initiation of research into distributed hydrological models. Researchers from France, the United Kingdom, and Denmark (Rui et al., 2006) collaborated to enhance the System Hydrological European (SHE) model, which could investigate issues such as water quality, runoff, and sediment production in European watersheds, considering human activities. Subsequently, various countries developed hydrological models tailored to their specific characteristics, opening up new possibilities for flood prediction (Liu et al., 2003).
With the development of modern science and technology, especially the application of "3S" information technology (Geographic Information Systems, Remote Sensing, Global Positioning System), important methods and technological support have been provided for watershed flood forecasting. Various hydrological models have undergone iterative optimization, the applicability to watersheds has gradually strengthened, and the forecasting effectiveness has progressively improved. This has further enhanced the importance of hydrological models in flood prediction. Combining geographic information system (GIS) technology, the Hydrologic Engineering Center (HEC) model (Halwatura and Najim, 2013) constructed by the United States federal government, using ARCVIEW as the operating platform, achieved the extraction of watershed characteristic parameters and the generation of river networks and watershed vector boundaries. Shen et al. (Shen et al., 1995) proposed a GIS-based distributed rainfall-runoff model, which simulated characteristic values of slope runoff, convergence, and river channel evolution. Ren (Ren and Liu, 1999), in conjunction with a watershed digital elevation model, encoded the river network and sub-basins within the watershed and established the topological relationships. Cao et al. (Pan et al., 2021) utilized hydrological information extracted from a digital elevation model to construct a distributed hydrological model for rivers in the northeastern part of the Qinghai-Tibet Plateau. They also proposed the potential application of LiDAR data in hydrological modeling for small, high-altitude, and cold regions. Koohi et al. (Koohi et al., 2022) explored the applicability of the Global Water Resources Reanalysis (GWRR) dataset for calibrating the VIC-3L distributed hydrological model in the Sefidroud Basin, Iran, providing insights into the use of GWRR data sources for hydrological modeling in data-scarce regions.
In recent years, the application of distributed hydrological models in multi-scale watersheds has become a research hotspot in flood forecasting. Dong et al. (Dong, 2008), using the LL-II fully distributed hydrological model and the Shaanbei model, investigated their application in flood forecasting in semi-arid areas, taking the Taoqupo Reservoir in Shaanxi Province as an example. Xu et al. (Xu et al., 2021), utilizing the Liuxihe model, designed a flood forecasting scheme for the Bai Penzhu Reservoir in Guangdong Province and verified that the forecasting results exhibited strong accuracy. Marahatta et al. (Marahatta et al., 2021) used the SWAT model to simulate the hydrological processes in the Budhigandaki River Basin (BRB) in Nepal, validating the applicability of the SWAT model in data-scarce and complex mountainous watershed areas.
In summary, scholars both domestically and internationally have achieved rich results in hydrological modeling. However, most of the models mentioned above are applicable to large scales and require high-quality measured data for watershed conditions. In China, there are still challenges in small to medium-sized watershed flood forecasting, including weak non-linear adaptability of models, lack of measured data, and human activities interference. The China Institute of Water Resources and Hydropower Research has independently developed the Chinese Flash Flood Hydrological Model. This model integrates a set of nationwide small watershed basic datasets through investigating and analyzing the natural geographical features and hydrological conditions of the watershed. The model has a limited number of parameters, making it suitable for application in small to medium-sized watersheds. Currently, the model has participated in over ten thousand flood simulation tests in different types of terrain across the country, with over 93% of the simulated flood results meeting forecasting requirements (Zhai et al., 2020). The Daxi Water Basin in this study is prone to flash floods, and there is currently limited research on flood simulation in this area, with a lack of experience. By introducing the Chinese Flash Flood Hydrological Model, a set of characteristic parameters suitable for this basin was calibrated and validated. Combined with multiple evaluation indicators, the simulation accuracy is analyzed. This research aims to provide reference and guidance for mountainous flood defense and control in the studied watershed.
2 RESEARCH AREA AND INFORMATION
2.1 Research area
The river network system and rainfall-flood monitoring stations in the Daxi Water Basin are concentrated in the eastern Shangping watershed. Therefore, this paper designated the Shangping watershed as the primary study area (Figure 1). The basin is situated in the northeastern part of Lianping County, Guangdong Province. The total area of the basin is 175.95 km2, with the outlet of the basin located at approximately 114.57°E and 24.44°N. The basin spans from the northeast to the southwest, traversing Lianping County, with the terrain rising in the north and lowering in the south. The northern-central part features undulating mountain ranges, belonging to a segment of the Jiulian Mountain Range in Guangdong Province. The valleys between the mountains are deeply cut by flowing water, developing into narrow and deep "V"-shaped valleys. The main valleys, shaped by river erosion and crustal uplift, give rise to relatively smaller "V"-shaped valleys on their side slopes—hanging valleys. The southwestern part is characterized by low hills, fertile soil, and abundant water resources. The research area experiences a subtropical monsoon climate, characterized by simultaneous high temperatures and rainfall during the rainy season. Summers are hot and rainy, while winters are mild and dry. Rainfall gradually increases from March, with the peak concentrated in May and June. Summer is susceptible to heavy rainfall due to convective thunderstorms and typhoon influences, leading to the occurrence of flash floods. The Daxi Water Basin is one of the six main rivers in Lianping County, with a total of 15 major and minor tributaries. The river originates from the Jiaofeng Ridge (elevation 732.9 m) in Zhongcun, Upper Ping Town, and eventually flows into Xinfeng County. The river has a total length of 75 km, a natural drop of 1,070 m, an average slope of 0.0398, and an average annual runoff of 15.95 m³/s.
[image: Figure 1]FIGURE 1 | Locations of Guangdong Province (A), Daxi Water Basin (B), and Shangping Watershed (C).
2.2 Data introduction
This study primarily involves two categories of data for the research area: watershed geographic spatial data and rainfall-flood data. The geographic spatial data include a digital elevation model (DEM) of the watershed, as well as spatial distribution maps for the watershed, river channels, nodes, and monitoring stations. The rainfall-flood data consist of observed rainfall data from various rainfall stations and water level-flow data from the outlet hydrological station in the Daxi Water Basin, spanning from March to July 2019. Specific details are provided in Table 1.
TABLE 1 | Daxi Water Basin information.
[image: Table 1]2.3 Research methods

(1) Chinese Flash Flood Hydrological Model
The Chinese Flash Flood Hydrological Model is built on the basis of natural small watershed attributes, employing modular and hierarchical architectural concepts. It takes the cluster of watershed hydrological relationships, high-precision terrain and topographic data as units, accommodating the characteristics of runoff generation and convergence in different climatic regions. The model establishes a library of multi-process water cycle models, primarily focused on the development of defense against flash floods in small watersheds. It addresses the challenges of nonlinear runoff simulation and computationally efficient modeling under short-duration, intense rainfall conditions. In a certain sense, the Chinese Flash Flood Hydrological Model is a generalized distributed watershed hydrological model. Its hydrological units mainly include watershed, river section, node, water source, watershed divide, reservoir, and depression. The hydrological processes encompass rainfall, runoff generation, hillslope runoff convergence, and flood routing, with runoff generation involving factors such as vegetation interception, evapotranspiration, and soil moisture. The model structure is shown in Figure 2.
[image: Figure 2]FIGURE 2 | China flash flood hydrological model structure diagram.
The Shangping Watershed comprises 14 sub-watersheds, with sizes ranging from 0.4 km2 to 29.03 km2. Within the watershed, there are five rainfall observation stations and two hydrological observation stations. Taking into account the characteristic of the watershed’s terrain being higher in the north and lower in the south, the downstream Shangping hydrological station was designated as the outlet node, and the watershed’s topological structure was established. Given that the Shangping Watershed is located in a humid region, the runoff module primarily employed the Xin’anjiang three-source storage runoff method. The convergence module utilized distributed unit hydrographs extracted and processed from the "National Mountain Flood Disaster Prevention Project" (1), which effectively reflects the phase-based impact of underlying surface and rainfall intensity on flow velocity in various river sections. The river channel evolution module employed the dynamic Muskingum method (2) suitable for small watersheds with limited data availability.
[image: image]
In the equation: V represents the flood flow velocity, measured in meters per second (m/s); Ks is the coefficient used to calculate water flow velocity, measured in meters per second (m/s); S is the specific drop of the river bed in any grid in the basin; i is the dimensionless rain intensity; Tj is the time required for runoff convergence in the j-th grid of the watershed; Mj is the number of grids passed through by runoff convergence in the j-th grid of the watershed; Vm is the flow velocity in the mth grid of the watershed, measured in meters per second (m/s); L m is the length of the river channel passed through by the flood when it traverses the m-th grid; c is the coefficient, taking a value of 1 or [image: image].
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In the equation: K represents the slope of the reservoir storage curve, in terms of elevation (h); Q0 is the reference flow rate, measured in cubic meters per second (m³/s), calculated as Q0 = Qb + 0.5(Qp - Qb), where Qb is the maximum upstream flood flow rate, and Qp is the maximum upstream flood flow rate, both measured in cubic meters per second (m³/s); Vm is the wave velocity, measured in meters per second (m/s); x is the flow ratio coefficient; J is the channel slope; L is the length of the channel, measured in meters (m); N is the Manning’s coefficient. Parameters a and b are determined based on the cross-sectional shape.
(2) Simulation Accuracy Evaluation Index
The article employed three indicators, namely, relative error of runoff depth, relative error of peak flow, and peak timing difference, combined with the Nash-Sutcliffe efficiency coefficient to evaluate the accuracy of flood simulations. According to the 《Hydrological Information Forecasting Specification》, a flood simulation result is considered qualified only if it simultaneously satisfies all error index requirements. The maximum allowable relative errors for runoff depth and peak flow are both 20%, and the permissible error for peak timing difference is ±2 h. The Nash-Sutcliffe efficiency coefficient, approaching 1, indicates better correlation, with the optimal value being 1. If NSE is less than 0, it indicates that the simulation accuracy is worse than the measured average. The formulas for calculating each indicator are shown in Table 2.
TABLE 2 | Calculation formula of evaluation indicators.
[image: Table 2]In the equation: ‾Rs, Qs,p, Ts,p are the simulated average runoff depth (mm), the simulated peak flow (m³/s), and the simulated peak current (h) respectively; Qs,i is the simulated flow rate at the time i, m³/s; ‾R0, Q0,p, T0,p are the measured average runoff depth (mm), the measured peak flow rate (m³/s), and the actual peak time (h) respectively; Qo,i is the measured flow rate at time i, ‾Q0,i is the average measured flow rate, m³/s.
2.4 Research approach
In this study, the first step involved standardizing data. Subsequently, based on ArcGIS, a digital elevation model of the small watershed was extracted, and the watershed’s topological relationships were established by integrating with the Chinese Flash Flood Hydrological Model system. The model was then constructed using data on watershed soil types, soil textures, and the national dataset of small watersheds. Parameters of the model were calibrated and validated. This entailed analyzing the significance of model parameters and the natural geographic features within the watershed, determining the events for calibration and validation of floods, obtaining specific parameter values, and analyzing their feasibility. Subsequently, a set of model parameters suitable for the study area was simulated. Finally, the accuracy of flood simulations was evaluated using relative error and the Nash-Sutcliffe efficiency coefficient. This evaluation was then used to explore the applicability of the Chinese mountain flood hydrological model in the Da Xi River Basin. The specific research approach is illustrated in Figure 3.
[image: Figure 3]FIGURE 3 | Research approach.
3 RESULTS AND DISCUSSION
3.1 Analysis of flood simulation process
By analyzing rainfall-flood data in the Shangping Watershed, representative flood events are selected. Approximately 70% of these events were defined for model calibration, while the remaining 30% were reserved for model validation. Considering the natural geographical features and hydrological conditions of the Shangping watershed, the main model parameters, including upper soil water storage capacity, lower soil water storage capacity, deep soil water storage capacity, and free water storage capacity, were set to 15 mm, 70 mm, 40 mm, and 22 mm, respectively. Figure 4 illustrates the simulation results of the flood events.
[image: Figure 4]FIGURE 4 | Flood simulation results.
The flood event "20190305″ exhibits a double-peak pattern, with an initial flow smaller than other events. The first peak flow occurred at 22:00 on March 5th, reaching 70 m³/s, differing from the actual peak flow by 3.2 m³/s. The rise in flow during the second phase was slower, and the relationship between post-peak flow and time became more linear. The period with significantly higher flow concentrations for the entire flood event occurred from 13:00 on March 5th to 08:00 on March 10th, with good fitting between simulated and actual flow processes during this period.
The flood event "20190413″ is a typical double-peak flood. The simulated peak flows occurred at 22:00 on April 13th and 21:00 on April 14th, reaching 35 m³/s each. The measured peak flows occurred at 21:00 on April 13th and 20:00 on April 14th, both at 36.3 m³/s. Additionally, the intervals between the simulated and measured peak flows were both 23 h. However, the river channel base flow was relatively high during this flood, and the rainfall continuity was not strong, resulting in a relatively gentle fluctuation of the entire flood.
The flood event "20190419″ is a multi-peak flood. Intense rainfall from 19:00 on April 18th to 10:00 on April 19th caused frequent changes in rainfall intensity, leading to significant fluctuations in flood flow along with the rainfall trend. Three peak flow values occurred during this period: 56 m³/s at 21:00 on April 18th, 60 m³/s at 01:00 on April 19th, and the highest flow value of 83 m³/s at 06:00 on April 19th. After the third peak, rainfall rapidly decreased, followed by a stabilizing trend, and the river flow slowly decreased.
The flood event "20190427″ had a slightly higher base flow than other events. The flood initiated rapidly, with the first peak occurring in the second hour (15:00 on April 26th), reaching 75 m³/s. However, the short duration of rainfall led to a sudden drop in flood flow. A second round of rainfall occurred at 00:00 on April 27th, resulting in the second peak flow of this event at 79 m³/s. The third intense rainfall occurred at 13:00 on April 27th, and although the third peak flow was slightly lower than the previous two, the high flow period lasted for 7 h.
The flood event "20190522″ had a shorter duration compared to others, lasting for 1 day. It is a double-peak flood, with the first peak occurring at 12:00 on May 22nd, reaching 25 m³/s. After 10 h, a second peak flow occurred at 22:00 on the same day, reaching 27.9 m³/s. Due to the discontinuous nature of rainfall, the fitting degree between the simulated and actual flood processes for this event was smaller than for other events.
Overall, the routing of the five flood events show strong consistency with the changes in rainfall during the study period. Additionally, all five flood events exhibited significant flow fluctuations before the main peak, and the decrease in flow during the declining phase after reaching the maximum value was slow. Comparing the five flood events, the simulated flow results of the three flood events with more continuous rainfall, namely, "20190305," "20190419," and "20190427," were closer to the measured flow values, indicating better overall simulation performance.
3.2 Model error analysis
From the statistical results of flood simulation errors (refer to Table 3), it can be observed that all five simulated flood events are qualified: The relative errors in flood runoff depth for all five events were below the maximum permissible error of 10%; the maximum error was 6.1% for the "20190522″ event, while the minimum was 2.4% for the "20190305″ event, with an average of 4.5%. Relative errors in peak flow were below the maximum permissible error of 20% for all five events, accounting for 100%; the maximum error is 5.4%, the minimum is 3.6%, and the average is 4.2%. Four events simulated peak times occurring 1 h later than the observed peaks, while for the "20190427″ event, the simulated peak occurred 1 h earlier than the observed peak; the simulated results were within the maximum permissible error of ±2 h. Nash-Sutcliffe efficiency coefficients for all five events were above 0.8; the maximum was 0.91 for the "20190419″ event, the minimum was 0.81 for the "20190522″ flood, and the average was 0.86, indicating a good correlation between the simulated and actual flood processes.
TABLE 3 | Simulation error analysis.
[image: Table 3]Comparing the analysis of the five flood events, for the "20190522″ event, although all error values were within permissible ranges, the errors were relatively large, and the fitting degree between the simulated and actual flow processes was not high. In contrast, for the "20190419″ flood event, both relative errors in runoff depth and peak flow were the lowest, and the Nash-Sutcliffe efficiency coefficient was closest to 1, making it the event with the best simulation performance. The China Flash Flood Model can accurately simulate the flood processes in the Shangping River basin, and the results are reliable.
4 DISCUSSION
This study, based on the China Flash Flood Model, conducted flood simulations in small watersheds within susceptible mountainous flood areas and evaluated the model’s applicability. The main conclusions are as follows: ①small watershed river flood processes exhibit strong spatial heterogeneity, in which distributed unit hydrograph can effectively reflect the impact of different rainfall intensities and underlying surface conditions on flood velocity in various river segments; ②there is a strong consistency between flood flow and rainfall intensity variations, but both lag behind the changes in rainfall; ③the relative errors in simulated runoff depth were all below 7%, peak flow relative errors were below 6%, peak timing differences were within 1 h, and Nash-Sutcliffe efficiency coefficients were all above 0.8, showing simulation results were good, and the accuracy was higher for flood events with continuous rainfall. This research provides reference for flood forecasting and control in the studied region. However, the study also faced numerous challenges, including a limited number of flash flood events and the need for a more in-depth analysis of the mechanisms responsible for heavy rainfall. These issues may affect the operational application of the model and hinder a more comprehensive exploration of flood characteristics. In the future, the researchers plan to incorporate machine learning techniques to reveal the flash flood mechanisms, enhance the model’s informatization and intelligence, and provide theoretical and empirical foundations for flash flood simulations in data-scarce regions in China.
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