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Introduction: Due to climate and underlying surface changes, flash floods occur frequently in northwest China, and the extreme rainstorm weather and flash floods along the eastern foot of Helan Mountain are increasing.
Method: By constructing a hydrological model to simulate ten historical mountain flood events in the Suyukou watershed of the eastern foot of Helan Mountain, this study explores the constitutive relationship between rainfall and flood, evaluates accuracy, and analyzes errors. Six characteristic rain patterns were designed based on three parameters representing the position of rainfall peaks and the trend characteristics of rainfall, using 63 actual rainfall processes with a duration of 6 h selected from the rainfall stations of Suyukou watershed. Early warning indicators under different conditions were carried out based on the set of rain patterns.
Results: The research results indicate that eight out of the ten simulated floods have passed the qualification test and the simulation results are good. The HEC-HMS hydrological model is suitable for simulating mountain floods in small watersheds and can provide good support for the simulation and early warning of mountain flood disasters.
Discussion: Designing a rain pattern set based on actual data has put forward higher requirements for mountain flood warning and forecasting, making the warning more in line with the local actual situation and greatly improving the effectiveness of warning and forecasting.
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1 INTRODUCTION
For Flash flood refers to the phenomenon of natural disasters such as floods, landslides, and mudslides caused by sustained and high-intensity precipitation in hilly areas, influenced by natural conditions such as climate, river basins, and human activities (Cui et al., 2011). Flash flood poses a huge threat to social economy and people’s safety, often causing serious consequences such as ecological environment damage and building damage. While causing serious economic losses to the disaster area, they also pose a huge threat to the safety of mountain people (Zhang et al., 2022). The distribution of flash flood in China is relatively widespread, and the occurrence of flood season is also relatively frequent. In recent years, due to climate and underlying surface changes, the degree of global meteorological change has intensified, with frequent occurrence of heavy rainfall in mountainous areas. The frequency of flash flood has significantly increased, and the impact on economic and social development has gradually increased.
At present, flood prevention and control in China are mainly divided into two different types of work: engineering measures and non-engineering measures (Al-Suhili et al., 2019). Engineering measures usually involve measures such as regulating river channels, constructing embankments and reservoirs, and preventing flood disasters through operations such as drainage and storage; non-engineering measures mainly include early warning and forecasting systems developed by meteorological or technical departments for monitoring floods, as well as existing policies for flood control and disaster reduction. Nowadays, the engineering system for flood control and prevention in China is still constantly improving, but the situation of flood control in China is still very severe and cannot be ignored. For the frequent occurrence of complex and highly hazardous flood disasters, water conservancy experts from various regions believe that relying solely on engineering construction measures is difficult to completely solve the flood problem. If only engineering construction measures are used to cope with flood disasters, not only will the workload of engineering construction work increase, but also cause damage to the ecological environment. Moreover, the construction cost of engineering construction work is too high, and each county, district, and country cannot afford it. Therefore, early warning and forecasting systems are an important component of the flood control system and an important means to effectively reduce the number of victims and material losses related to flood control. In recent years, a large number of scholars have conducted relevant research (Mosey et al., 2019; Yoo et al., 2019; Li et al., 2023; Wang et al., 2023). Georgios et al. (2022) combined one-dimensional modeling with two-dimensional modeling using the HEC-RAS model to simulate a disastrous flash flood in the town of Mandra, in Attica, Greece, in November 2017. The study proposed an acceptable error level for calculating the predicted water depth and flood inundation range, providing a basis for modeling flood simulation and prediction. Tu et al. (2020) used eight heavy rainfall events for model calibration and validation, indicating the effectiveness of HEC-HMS in simulating small watersheds in Sichuan Province, China. And using the Pearson III formula widely used in China, the design rainfall at different frequencies was analyzed, and flood hydrographs at different frequencies were calculated to determine two key warning indicators: the flood stage for immediate evacuation and the rate of rise. This research has shown that the early issuance of warning signals is correct and can provide reference for the early warning of flash floods in the study area and other small watersheds in mountainous areas. Huang et al. (2019) proposed a flash flood warning scheme based on hydrodynamics and critical rainfall, which uses designed rainfall, considers different rainfall and initial soil conditions, and establishes a critical rainfall database for flash flood warning, demonstrating a new flash flood warning scheme. Nguyen et al. (2019) developed a flash flood warning system based on geomorphological and hydrological methods to address the frequent occurrence of flash floods during the rainy season in Hoang Su Phi, a mountainous district in Ha Giang province, Vietnam. The system classifies rainfall thresholds and provides early flash flood warnings for the area 1–6 days in advance based on different rainfall values, allowing local governments sufficient time to prevent and mitigate losses caused by flash flood. Hu (2019) proposed a flood calculation method design based on HEC-HMS distributed model in combination with the actual situation of Miaoxia basin and the calculation of rainstorm time distribution by using the short duration rainstorm formula in Zhejiang Province, and determined the flash flood warning indicators by using the water level backward flow method. This study can provide reference for the selection of flash flood warning indicators. The existing research on early warning and forecasting is mostly based on the existing rainstorm intensity formula or a single design rainfall pattern to calculate the time distribution of rainstorm, which cannot fully express the actual meteorological characteristics. The calculation results of early warning indicators are slightly single, and the early warning and forecasting results may have some deviation. This article takes the Suyukou watershed, a typical watershed in the eastern foot of Helan Mountain, as the research object. Based on the investigation of the mechanism of flash flood in the research area, a digital watershed model is constructed and historical floods are simulated. Combined with the measured rainfall in the watershed, a characteristic rainfall pattern set based on three parameters is designed to propose a design rainfall time distribution that is more in line with the local actual situation, and the flash flood warning indicators in the research area are calculated, thus providing theoretical support for the early warning and prediction of mountain flood disasters.
2 MATERIALS AND METHODS
2.1 Study area
Located between the alluvial plain of the Yellow River in Ningxia and the alluvial fan of Helan Mountain, between 37° and 39° north latitude, the eastern foot of Helan Mountain is recognized as one of the most suitable areas for grape planting, wine brewing and high-end wine production in the world. In recent years, due to climate and underlying surface changes, extreme rainstorm weather and flood disasters along the Helan Mountain and at the eastern foot of Helan Mountain have increased (Yang et al., 2020a). For example, on 21 August 2016, a extremely heavy rainstorm exceeding the historical maximum occurred along the Helan Mountain, 239.5 mm precipitation occurred at Suyukou Ski Resort, Helan Mountain, followed by 219.1 mm precipitation in Ruqi gully, both exceeding the historical maximum since the meteorological records, and inducing a flood with a return period of more than 50 years. On 22 July 2018, extremely heavy rainstorm exceeded the historical maximum again along the Helan Mountain. The precipitation of Suyukou Ski Resort was 277.6 mm, the precipitation of Ruqi gully was 247.5 mm, and the precipitation of Helan Mountain Rock Painting was 219.6 mm. This again broke the maximum daily precipitation since the meteorological observation records were available in Ningxia, resulting in 50–200 years floods in several mountain torrents and gullies in Helan Mountain, including Dawukou gully, Ruqi gully, and Suyukou gully (Yang et al., 2020b). Frequent heavy rainfall is one of the main reasons for the occurrence of flash flood in Helan Mountain (Zhou et al., 2022).
The main mountain of the eastern foot of Helan Mountain is steep, with sparse vegetation and low coverage, gradually increasing with increasing altitude. The development of gullies is mostly elongated and parallel to the ridges. There are more than 50 large and small gullies along the eastern foot of the middle section, most of which are V-shaped. The mouth of the gullies is usually a sedimentary fan formed by early debris flows or mountain floods, and later formed by runoff erosion to form a sedimentary rock sea landform. The catchment areas of various gullies on the eastern foot of Helan Mountain range from 3–5 square kilometers to several hundred square kilometers, with 13 gullies having a catchment area greater than 50 km2 and 21 gullies having a catchment area greater than 30 km2. A few mountain flood gullies have regular running water, while other gullies are mostly dry gullies except for floods. The surface runoff occurs in the form of rainstorm flood, which is difficult to use. The three mountain torrents in the north directly flow into the Yellow River. The small floods in other channels are lost in the form of overflow on the diluvial slopes, while the large floods wash into the lower flood detention reservoirs, drainage ditches, mountain side channels, etc.
This study is aimed at Suyukou watershed, which is 13.7 km long, 50.5 km2 watershed area, 73.9‰ channel average gradient, 292.4 mm multi-year average precipitation, 1,230 mm multi-year average evaporation, and 1.534 million m3 multi-year average runoff. The watershed is prone to frequent floods and poses serious harm. There is a Suyukou Hydrological Station located in gully, which was founded in February 1971 as a central flood reporting station. There are four series of fixed rainfall stations upstream, including Linkuang, Shihuiyao, Suyukou, and Dianjiangtai. On 20 May 1998, the peak flow was 560 m3/s with a return period of over a hundred years. On 22 August 2016, the peak flow was 435 m3/s with a 50-year return period. On 22 July 2018, the peak flow was 570 m3/s with a return period of over two hundred years. Figure 1 shows the schematic diagram of the location information of the Suyukou watershed. The map was downloaded from the national standard map website with the map approval number GS (2019) 1822, then was digitized using ArcGIS.
[image: Figure 1]FIGURE 1 | Location of Suyukou watershed.
2.2 Data collection
This hydrological simulation used runoff data from Suyukou Hydrological Station from 1971 to 2018 and rainfall data from two rainfall stations in the Suyukou watershed, namely, the Linkuang and Suyukou, to process abnormal and missing data. Ten complete rainfall flood sequences and 63 typical rainfall events lasting for 6 h were sorted out, providing data support for model simulation and early warning and forecasting research.
2.3 Analysis of the mechanism of flash floods

(1) Unique landforms and geographical location
The water system in the research area runs in a northwest-southeast direction, with low vegetation coverage and very sparse vegetation, mostly shrubs, with a coverage rate of about 47%. The rock mass has been exposed for a long time, with intense tectonic activity, broken mountains, and a large amount of loose material accumulated in the channels and slopes on both sides. Most of the gullies are V-shaped, with vertical and horizontal gullies and large terrain height difference (2.08 km), which is easy to form rainstorm and flash flood, and often accompanied by landslides, debris flows and other secondary disasters.
(2) Concentrated rainstorm and heavy rainfall
The research area is located in the transitional zone between arid and semi-arid regions, deep inland, with an average annual precipitation of 200–400 mm. The distribution of rainfall within and between years is extremely uneven. The precipitation mostly occurs from May to September, accounting for more than 80% of the total precipitation of the whole year, and the precipitation from July to August accounts for more than 40%, and mostly occurs in the form of rainstorm. In each rainstorm process, the precipitation in the rainstorm center is greatly different from that in the edge area. Meanwhile, there are significant interannual differences in rainfall in the study area, the rainfall is very unstable. The uneven spatiotemporal distribution of annual and interannual precipitation not only leads to significant differences in annual runoff in the study area, but also leads to sudden floods with sudden fluctuations, resulting in serious flood disasters. Taking two major floods in recent years as examples, the runoff characteristics are analyzed: the overall flood flow in the study area is large, the flood duration is not long, but the runoff is fast, and the runoff occurs quickly after rainfall, with a fast trend of flood fluctuations.
2.4 Construction of hydrological model
HEC-HMS is a computer program for the hydrological modeling system developed by the Hydrological Engineering Center of the United States Army Corps of Engineers. It can simulate the rainfall runoff and flood routing processes of a watershed under natural or artificial conditions, and it is a distributed hydrological model with physical concepts. This model divides the target research watershed into several sub watersheds, calculates the runoff generation and concentration of each sub watershed separately, and then calculates it to the outlet section of the watershed.
The HEC-GeoHMS module can automatically extract parameters such as terrain and hydrological features from digital basic data, reducing manual workload (Wang and Sun, 2019; Castro and Maidment, 2020; Cheng et al., 2021; Mehlath and Lone, 2022). Extract the river network of the study area through processing such as filling in depressions, flow direction, and confluence, and draw sub watersheds. Through the calculation and analysis of the HEC-GeoHMS module, create a watershed structure map for the HEC-HMS model to use. Import the watershed model module generated by HEC-GeoHMS into the HEC-HMS model, and then generate a watershed model for the Suyukou watershed study area based on the calculation results of the module (Aksoy et al., 2016). The sub watershed and river channel attributes of the Suyukou watershed model are shown in Table 1 and Figure 2.
TABLE 1 | Attribute table of Suyukou basin model. (A) Suyukou watershed Model, (B) Landuse Type.
[image: Table 1][image: Figure 2]FIGURE 2 | (A) Suyukou watershed Model, (B) Landuse type.
The analysis and rate determination of some parameters in the HEC-HMS model need to be supported by the land use type, for example, in the initial loss stabilization infiltration method in the flow production calculation stage, the model simulation needs to pass the land use type data and calculate the impervious area parameters and soil infiltration rate of the study area. The land use data were transformed and projected, cropped and classified using ArcGIS to obtain the land use type map of the Suyukou watershed as shown in Figure 2. The land use uses the coverage data downloaded from GlobeLand30 with 30 m spatial resolution, which currently supports downloading data for 2000, 2010 and 2020. In view of the low human activities in the eastern Helan Mountains and the little change in land use types, the land use of 2020 is uniformly used in this study.
2.5 Rain type design method
The typical design for this rain patterns adopts hourly measured rainfall from the two rainfall stations, Linkuang and Suyukou, in the Suyukou watershed. The starting time is selected as the time when the rainfall during the rainfall process is more than or equal to 3 mm, and the ending time is selected as the time when the rainfall is less than 3 mm in a continuous 3-h period. Due to the small area of the sub watershed in the Suyukou watershed and the short duration and high intensity of rainfall during flash floods on the eastern foot of Helan Mountain, only 6-h short duration rainfall processes were selected as the research data in this study. Divide existing rainfall data based on the classification criteria for short-term rainfall events. This study screened 63 typical 6-h rainfall processes from hourly scale measured rainfall data from 4 rainfall stations.
This article will combine the two characteristic factors of rainfall peak position and rainfall process shape to construct a diverse rainfall pattern that represents the characteristics of rainfall peak position and rainfall shape. The parameter “rainfall peak location coefficient r” indicates the time of rainfall intensity peak, and the parameters “concentrated Trend Index CTI” and “deformation distance d” quantify the shape characteristics of rainfall intensity to jointly build a diversified characteristic rainfall model.
2.5.1 Rain peak position coefficient r
Rain peak position coefficient r refers to the ratio of the time period during which the maximum rainfall occurs per unit time during a rainfall process to the total duration of that rainfall, which is used to determine the time when the rainfall peak appears in that rainfall event. The calculation method is as follows:
[image: image]
In the formula: Tmax is the time/h at which the maximum rainfall occurs within a unit time period; T is the total duration of rainfall per hour.
2.5.2 Concentrated Trend Index (CTI)
CTI is a parameter used to describe the distribution of rainfall peaks and their adjacent time periods during rainfall events. The values of the boundary conditions [image: image] ([image: image]) are generally selected for the most uniform, concentrated and dispersed typical rainfall processes in the watershed. Based on the measured rainfall data of the research watershed, the CTI calculated from the selected typical rainfall processes is used as a reference value for determining boundary conditions. CTI can be used to determine the concentration of rainfall. The CTI principle indicates that the larger the value of CTI, the more precipitation is concentrated before and after the peak precipitation. On the contrary, the smaller the value of CTI, the more uniform the distribution of precipitation in each time period, and the total precipitation is mainly evenly distributed in each time period.
The CTI calculation formula is as follows:
[image: image]
In the formula: Ptr is the unit time period rainfall/mm at the peak of rain; Pt is the rainfall during the period/mm; Tr is the period during which the rain peak occurs; I is the number of adjacent time periods during peak rain periods; B is the normalized index per unit time period, i.e., [image: image].
2.5.3 Deformation distance (d)
Deformation distance d can further study the trend of increasing and decreasing precipitation intensity. This parameter refers to the jump between the cumulative precipitation at the peak and the cumulative precipitation at adjacent time points before and after the peak.
Due to the changes in the position of the rain peak during the rainfall process, it can be summarized into three situations: (a) the rain peak is located at the beginning of the rainfall; (b) the rain peak appears in the middle of the rainfall; (c) the rain peak appears at the end of the rainfall. The deformation distance d can be expressed as a piecewise function, as follows:
[image: image]
In the formula: Htr is the cumulative rainfall at the time of the rain peak/mm; Htr-1、Htr+1 are the cumulative rainfall/mm before and after the adjacent rain peaks; tr-1、tr+1 represent the pre and post rain peak periods/h.
2.6 Basic flow chart
Three This study analyzes the mechanism of flash floods in the Suyukou watershed by collecting historical flash flood-related data survey, collection, collation and site investigation, combining actual measured precipitation and runoff data, meteorological station distribution, digital elevation model, land use and soil type and remote sensing images in the study area. A digital watershed model based on HEC-GeoHMS is constructed to establish the relevant database, determine the rainfall weights of sub-basins and the base parameter conditions. The HEC-GeoHMS model is used to adjust the parameter rates in conjunction with historical flash flood runoff relationships, to determine the water level and flow relationships in the study area in conjunction with measured rainfall and runoff data, and to design a diverse set of rainfall types. The HEC-HMS model, the water level and flow relationship, and the design of rainfall patterns are used to determine the early warning index calculation for flash floods in the study area. The specific basic flow of the study is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Basic flow chart.
3 RESULTS AND ANALYSIS
Due to incomplete data and other reasons, this study only used two rainfall stations in the Suyukou watershed, Suyukou and Linkuang, for flood simulation. The location of rainfall stations is shown in Figure 4A.
[image: Figure 4]FIGURE 4 | Distribution of Rainfall Stations in the Suyukou watershed. (A) Location of rainfall stations, (B) Thiessen polygon distribution.
Seven sub watersheds use two rainfall stations, namely, Linkuang and Suyukou, and the contribution weights of the rainfall stations to each sub watershed are generalized using the Thiessen polygon, as shown in Figure 4B. The weights of rainfall data used in each sub-basin are calculated from the images and entered into the basin model.
3.1 Analysis of flood processes
Five typical flood events with detailed data from 2016 to 2018 were selected for simulation. Due to the relatively new year and relatively complete measurement of rainfall data, the time scale of rainfall and flow data during the flood period is 10 min. Using five floods with relatively complete data from 1984 to 2012 for parameter validation, the time scale of rainfall and flow data during the validation period is 1 h. Obtain the basic situation and simulation results of five typical floods on a regular basis (Table 2; Figure 5):
TABLE 2 | Basic flood conditions.
[image: Table 2][image: Figure 5]FIGURE 5 | Flood simulation results.
Based on the simulation results of five regular flood processes, the parameters were calibrated and validated using floods with relatively complete data from 1984 to 2012 to obtain flood frequency information and validation results (Table 2; Figure 5).
3.2 Accuracy assessment of flood simulation
This study selected the peak to peak time difference Δt, Relative error of flood peak REp and Nash efficiency coefficient (NSE) are three evaluation criteria to distinguish the simulation results of the model (Zhang and Tang, 2021). According to the relevant provisions of the Standard for Hydrological Information and Hydrological Forecasting of the People’s Republic of China (GB22482-2008T) and international hydrological model evaluation standards, the error of flood peak occurrence time is within 3 h, the relative error of flood peak is within 20%, which is qualified, and the Nash efficiency coefficient is greater than 0.9, which is Class A accuracy; the Nash efficiency coefficient between 0.7 and 0.9 is of second order accuracy; the Nash efficiency coefficient is of Class C accuracy between 0.5 and 0.7. The calculation expressions are (Majid and Mohammad, 2021a; Majid et al., 2021b):
[image: image]
In the formula: ts is the simulated flood peak time; t0 is the measured flood peak time; Δt is the time difference between peak and current.
[image: image]
In the formula: Qs is the simulated peak flow rate; Q0 is the measured peak flow rate; Rep is the relative error of flood peak.
[image: image]
In the formula: [image: image] is the simulated traffic at time t; [image: image] is the measured flow rate at time t; [image: image] is the average observed flow rate. If the peak time difference, relative error of flood peak, and Nash coefficient are all qualified, it is considered qualified. The simulation results are shown in Table 3.
TABLE 3 | Flood simulation results.
[image: Table 3]Table 3 reflects the basic situation and effectiveness of using HEC-HMS model to simulate five floods in the Suyukou watershed during the validation period and at regular intervals. It can be seen that within the designated period, a total of four out of five floods were simulated as qualified, with a qualification rate of 80%. From the perspective of peak occurrence time, the simulated peak occurrence time of the five floods is within 3 h of the measured value. The peak flow error of the 20180722 flood simulation reached 24.2%, which has a certain error compared to the qualified standard. The Nash efficiency coefficient is only 0.520, which is of Class C accuracy. Overall, it is evaluated as an unqualified flood simulation, and the reasons for the error are shown in Section 3.3. Among the other four flood events, the Nash efficiency coefficient of the 20160821 flood reached 0.919, overall achieving Class A accuracy, while the Nash efficiency coefficients of the remaining three floods were 0.835, 0.744, and 0.858, all of which were Class B accuracy. During the validation period, all five floods except for the 20070714 flood were simulated as qualified, with a qualification rate of 80%. Among them, the Nash efficiency coefficients of the 19840801 floods and the 19890803 floods reached 0.753 and 0.783, respectively, achieving Class B accuracy. The Nash efficiency coefficients for the floods of 20060714 and 20120729 were 0.652 and 0.662, respectively, achieving Class C accuracy. The peak flow rate and occurrence time error of the five floods were within a reasonable range, but the Nash efficiency coefficient of the 20070712 flood was only 0.090, indicating that the simulation results were unqualified.
3.3 Analysis of the causes of the difference in flood simulation
As shown in Section 3.2, the simulation results have achieved a good correspondence with the measured results, but there are still some errors, which may be caused by.
(1) Insufficient data monitoring accuracy
The total area of the Suyukou watershed is 50.5 km2, and this simulation only used two rainfall stations, Linkuang and Suyukou, in the study area. Due to the remote geographical location and economic factors of the Suyukou research area, the distribution of survey stations is relatively scattered, and the distribution of survey stations is also uneven. Measurements may also have deviations (Qiu et al., 2019), which may differ from the actual flood hydrograph. In addition, due to the imperfect early monitoring system and relatively backward measuring equipment, data measurement and recording often require manual operation, and in case of a major rainstorm, there may be errors in the measurement due to the inability to obtain data in time, resulting in errors in the simulation results.
(2) The underlying surface has changed
During this study, there was a significant difference in the maximum years of simulated floods, with a maximum span of 34 years. Due to factors such as hydrological and meteorological changes in space and time, as well as human activities (Hu and Shrestha, 2020), the underlying surface conditions and specific situations at the time of each flood occurrence were actually different (Azizi et al., 2021). However, this study only used fixed and unchanged underlying surfaces to calibrate parameters, which is also the reason for the error (Mohammad, 2018).
(3) The generalized impact of rainfall data
The areal rainfall in Suyukou watershed is obtained by generalizing the rainfall weight according to the Thiessen polygon method based on the geographical location of rainfall stations, while ignoring the influence of rainstorm center on the whole rainstorm flood hydrograph. However, the rainstorm center actually has a very obvious peaking effect on the flood hydrograph, affecting the peak value and peak time in the flood simulation results, which is also the reason for the error between the measured value and the peak value.
Taking the analysis of flood simulation results from 20180722 flood as an example: It can be seen that the precipitation and flood processes in the Suyukou watershed cannot be completely matched, and the latter half of the rainfall did not produce a significant flow process. However, from 23:30 on July 22 to 1:00 on July 23, the precipitation reached 68 mm, accounting for about 1/4 of this precipitation, but the flood flow decreased rapidly. Through analysis, it was found that the possible cause of this phenomenon was the movement of the rainstorm center. The rainfall range of the rainstorm center after the movement was located at the downstream of the catchment area of the hydrological station, close to the location of the hydrological station, and had little impact on the flood process of the hydrological station, but in reality, the rainfall in the watershed is still rising. Therefore, increasing the layout of rainfall stations and improving the monitoring capacity will help to better capture the central position of rainstorm and get more accurate rain and flood forecast.
3.4 Characteristic rain pattern design
The rainfall patterns in a region are not limited to a single form. Rainfall patterns always have diversity and randomness. If only one rainfall pattern is used to predict flood occurrence in early warning and forecasting research, the characteristics of other rainfall patterns in the study area are not taken into account, and the results will be greatly different from the actual situation. Therefore, this study uses different precipitation types with different characteristics for early warning and prediction. Based on the measured precipitation data in the study area, a cumulative precipitation time history distribution function with precipitation type characteristics is constructed. The distribution curve of precipitation over time is obtained through a first-order differential distribution function to determine different precipitation types corresponding to the actual precipitation situation (Yuan et al., 2019b).
Based on the actual rainfall process of the rainfall station, 63 rainfall processes with a duration of 6 h were selected to calculate the location coefficients of each rainfall peak, and the distribution pattern of typical rainfall peak positions was analyzed. Formula (2) is used to calculate the central tendency of each rainfall, where α = 0.06, β = 0.20 is calculated by selecting the typical uniform rainfall and typical concentrated rainfall utilization Eq. 2 from the measured rainfall data in the Suyukou watershed. Calculating the deformation distance of each rainfall event with equation, which can help to analyze the shape characteristics reflected in the temporal distribution of rainfall in the Suyukou watershed, and to represent the characteristics of rainfall intensity changing over time throughout the entire rainfall event.
Based on the diversity characteristics of rainfall processes, this article proposes six representative feature rain patterns, namely, Before-Concentrated, Before-Dispersive, Middle-Concentrated, Middle-Dispersive, Behind-Concentrated and Behind-Dispersive. Due to the existence of uniform rainfall during the actual rainfall process, this is a type of rainfall where the variation of rainfall intensity over time is relatively small, and the difference in rainfall between different periods of the entire rainfall is not significant.
Through the statistics of 63 historical measured rainfall data, the frequency of different characteristic rainfall patterns in the Suyukou watershed is shown in Figure 6. The statistical results demonstrate the diversity of rainfall types in the Suyukou watershed. Among them, the rainfall events with the highest peak position occur the most, with a probability of 52.4%, with concentrated rainfall accounting for 17.5% and scattered rainfall accounting for 34.9%. The types of rainfall with a peak position in the middle and behind are slightly fewer, but their proportion in overall statistics is still relatively large. The proportion of rainfall with a peak position in the middle reaches 25.4%, while the proportion of rainfall with a peak position behind is 20.6%. Due to the relatively small occurrence of uniform rainfall, it can be ignored, and future research will no longer consider uniform rainfall patterns.
[image: Figure 6]FIGURE 6 | Diversity characteristics rainfall field statistics results.
Due to differences in different regions, the construction and selection of cumulative precipitation distribution function and probability density function of typical precipitation in the study area should be determined in combination with the specific catchment characteristics and soil conditions in the study area to find the distribution function that conforms to the characteristics of the actual situation in the study area. In order to better fit the cumulative distribution function and the probability density function, when adjusting the cumulative rainfall distribution over time according to rainfall patterns with different characteristics, it is usually necessary to evaluate the adjustment results through evaluation. Select four indicators Adj. R-Square, RSS, Prob > F, and DFit Status for fitting evaluation.
Nonlinear fitting was performed on the short-term cumulative rainfall duration distribution curve under six diverse rainfall characteristics in the Suyukou watershed to determine the cumulative distribution function. The results are shown in Figure 7 and Table 4.
[image: Figure 7]FIGURE 7 | Fitting results of cumulative rainfall distribution of characteristic rainfall patterns. (A) Before-C, (B) Before-D, (C) Middle-C, (D) Middle-D, (E) Behind-C, (F) Behind-D.
TABLE 4 | Optimal fitting function equation for each rain pattern.
[image: Table 4]By performing first-order differentiation on the fitting functions of different characteristic rainfall patterns in Table 4, the distribution of descending rain time history for different characteristic rain patterns can be obtained as shown in Figure 8. The subsequent rainfall input sequence is designed according to the following allocation.
[image: Figure 8]FIGURE 8 | Characteristic rainfall patterns time allocation process.
In summary, when determining the relationship between rainfall and runoff, the randomness and diversity of rainfall itself cannot be ignored. The specific time distribution process of rainfall should be used to describe the rainfall process in the region. Extracting the diversity characteristics of rainfall distribution characteristics in different periods of the Suyukou watershed and classifying them, analyzing and calculating the diversity of rainfall patterns that can represent their rainfall characteristics, can improve the accuracy of the rainfall runoff relationship, and provide more accurate input conditions for determining early warning indicators in mountain flood analysis research.
3.5 Calculation of warning indicators
3.5.1 Determination of warning period
In order to calculate the warning index in this study, the warning period is defined as the typical rainfall duration of the target basin. The required rainfall warning index in this study is obtained based on experimental modeling and calculation of critical rainfall at different warning periods. The critical rainfall is also related to the disaster water level of the research object, which is the minimum rainfall and rainfall intensity that can be reached or exceeded when the river section water level coincides with the disaster water level. Therefore, the warning period of the watershed should be estimated in advance. Taking the Suyukou watershed as an example, the calculation method is as follows.
(1) Determine the longest catchment period: Check the hydrological basin model, where the watershed with the farthest distance from the outlet is W80 (Figure 4A), and the catchment time to the outlet is about 6 h. Therefore, the longest catchment time for this study is determined to be 6 h.
(2) Determine the typical time period: Typically, typical time periods are determined based on various comprehensive situations in the study area. In this study, the Suyukou watershed belongs to a small watershed, so the minimum warning period is selected as 0.5 h, and other typical warning periods are selected as 1 h and 3 h, respectively. The subsequent design rainfall duration for the designated flood control section of the Suyukou wayershed is divided into four time periods: 0.5 h, 1 h, 3 h, and 6 h.
3.5.2 Soil moisture content analysis
The analysis of early warning indicators requires analyzing the degree of moisture in the soil before precipitation. Before the occurrence of rainfall events, the degree of soil moisture in the watershed has a significant impact on the generation of flow. If the soil is initially very humid, it is more likely to generate flow than if a rainfall event occurs in a dry soil state. The Suyukou watershed, which was simulated in this study, is located in the arid northwest region, with floods typically occurring during the hotter seasons of July, August, and September. This article divides the soil moisture in the early stages into three types: extremely dry, relatively dry, and average. The soil moisture content is set to: 0.2Wm, 0.5Wm, 0.8Wm.
3.5.3 Calculation of water level and discharge relationship at crosssection
The calculation of critical flow rate generally involves analyzing the relationship between water level and flow rate. The critical flow rate, also known as the flow rate corresponding to the flood level, is very important for analyzing flood control capacity and warning indicators. It can be determined based on the water level flow relationship, that is, the critical flow rate can be derived based on the disaster water level of the research object.
Based on the disaster water level obtained from on-site survey and search, the water level flow relationship of the river is calculated, as shown in Figure 9. The catastrophic water level is 1,434.3 m, and the critical flow rate can be calculated to be 83.26 m3/s based on the water level flow curve in Figure 9.
[image: Figure 9]FIGURE 9 | Water level discharge relationship curve.
3.5.4 Calculation of early warning indicators
This article uses critical flow as a warning indicator for mountain flood warning. Based on the analysis of measurement data, the critical flow rate value of the study area was calculated. On the basis of the HEC-HMS model, with initial rainfall as the model input, based on the calculated critical flow rate, a series of design rainfall based on measured data and modeling results are assumed to simulate and analyze the flood process in the study area. The flood flow simulated by the above model were compared and analyzed with the calculated critical flow of the study area If these two flows are equal, it is assumed that the rainfall is the critical rainfall in the study area.
By distributing precipitation to various characteristic precipitation types (Yuan et al., 2019a), the precipitation distribution at different time periods within different confluence times in the Suyukou watershed was calculated, which is the rainfall sequence used to input the model. Based on the debugged parameters, the HEC-HMS model was used to calculate and compare the calculated peak flow with the disaster flow, forming a flood simulation hydrograph (Shen et al., 2021), so this assumption is that the rainfall is the critical rainfall for this research object (Table 5).
TABLE 5 | Critical rainfall results under different conditions in the study area. Unit: mm.
[image: Table 5]4 DICUSSION
This study used HEC-HMS to simulate the flood hydrograph of small watersheds in the northwest mountainous areas of China, and the simulation effect was good. It has great application value in the analysis of early warning indicators in hilly watersheds, but there are shortcomings in the work. The simulation accuracy can be further improved from the following aspects.
The input rainfall and runoff data of the model has a significant impact on the calculation performance of the model. Currently, only two representative stations in the Suyukou watershed have been selected for flood simulation, which poses a problem of poor representativeness of rainfall data from rainfall stations. In the future, simulation should be conducted on the premise of obtaining more rainfall station data, in terms of monitoring, the accuracy of monitoring can be improved by adding monitoring points, rainfall stations, etc.
The HEC-HMS hydrological model integrates many different hydrological models and algorithms, and only by selecting and using these methods reasonably can the model maximize its benefits. In this study, due to the limitation of data and time, the selection of hydrological model simulation method is relatively hasty, and the parameters are not determined completely through the physical properties of the study area, which cannot give full play to the maximum benefit of the hydrological model. The hydrological model with physical distribution significance should be further studied in the next study to better simulate the rainstorm and flood process.
(3) This study temporarily only used HEC-HMS hydrological model for flood process simulation. Although good simulation results were achieved, the actual physical significance of some parameters was still ignored in the calibration of some parameters. At present, although there are few mature models in China that can be used for flood simulation, there are also some that can be used in practical work. In the future, further research can be strengthened on the basis of this study, using more hydrological models to simulate the region’s hydrology, comparing the simulation results, selecting the most suitable model that can use multiple different hydrological models for the same area for modeling and simulation, and selecting the model with the best simulation results to achieve more comprehensive warning and forecasting indicators.
In this study, the innovation lies mainly in the design of the three-parameter rainfall set based on the actual conditions of the study area. In the research process of early warning indicators, different from the previous rainstorm intensity formula and the single design of rainstorm rainfall pattern, this study designed a characteristic rainfall pattern set that conforms to the actual situation of the study area based on the three parameters representing the peak rainfall and rainfall distribution, and designed rainfall time distribution based on the rainfall pattern set, providing support for accurate early warning of mountain torrents in the study area. In the design of rain pattern, the rain pattern describes the distribution process of rainstorm intensity on the time scale, which requires that both intensity variation and time variation be considered. Since the 1950s, many scholars have adopted different methods to study rainfall patterns, and have successively proposed the Chicago Rainfall Model (Keifer and Chu, 1957), Huff Rainfall Model (Huff, 1967), and P&C Rainfall Model (Pilgrim and Cordery, 1975), which have been used for the calculation of urban floods. Chen et al. (2023) used a hydrological and hydrodynamic model to simulate design rainfall based on the Chicago rain pattern at different return periods and rainfall peaks, analyzing the total amount of water accumulation and inundation range. With the deepening of research, rainfall patterns are gradually being applied to flash flood warning. At present, the traditional rain fall pattern (TRP) is often used to calculate the critical rainfall of a watershed. TRP is a simplified single rainfall model, which is usually determined according to the typical rainfall process in the rainstorm manual in the region. For example, the TRP in Henan Province rainstorm handbook is the typical 24 h rainfall process of “75.8” food (i.e., a terrible flood occurred in August 1975). However, due to the randomness of rainfall, a single rainfall pattern during the flood season may lead to inaccurate design floods or hydrological simulations, affecting the accuracy of critical rainfall. Therefore, in disaster warning, it is necessary to determine the appropriate rainfall pattern by considering the rainfall characteristics of small watersheds. After collecting rainfall data from Ukraine, former Soviet scholars such as Bao Gaomazova roughly divided rain patterns into seven types. By calculating the proportional relationship between rainfall at each time period and total rainfall and comparing the similarity of the seven typical rain patterns, they determined the type of rain pattern. This method is called fuzzy recognition method. Sun et al. (2019) used the fuzzy recognition method to analyze the short duration rainstorm in Nanjing in recent 25 years, identify the rain pattern of each rainstorm sample, analyze the composition structure of the rain pattern of each rainstorm sample, and explore the distribution law of the rain peak from the number and coefficient of the rain peak. Based on the distribution characteristics of actual rainfall, this study uses three characteristic parameters to describe the time distribution of rainfall process under different rainfall peak locations and rainfall trends, selects an appropriate cumulative distribution function, and uses probability density function to characterize the characteristic rainfall model. Compared to single design rain patterns and fixed rain patterns, using characteristic parameters to classify rain patterns is more flexible, and the determined set of rain patterns is more in line with local actual conditions, which has good applicability and is worth promoting.
5 CONCLUSION
In this paper, Suyukou watershed, a typical watershed in the eastern foot of Helan Mountain, is taken as the main research object. HEC-HMS model is used to simulate the flood process in the watershed. The model parameters are optimized and calibrated through five floods with newer years and more complete data. The rationality of model parameters is verified with five data validation of floods with longer years, and good simulation results are obtained. The main conclusions are as follows.
(1) The HEC-GeoHMS extension module of ArcGIS is used to generate a digital water system map of the Suyukou watershed through a digital elevation model and establish a watershed model. Using the constructed hydrological model, using rainfall data from two rainfall stations, Linkuang and Suyukou, and runoff data from Suyukou hydrological station, five floods were selected for parameter calibration analysis. The model simulation results were validated using five floods. The results showed that 8 out of 10 typical floods passed the qualification test, with a qualification rate of 80%. The simulation results are good. This indicates that HEC-HMS has good applicability in small watersheds in mountainous areas, and has guiding significance for model simulation of small watersheds in mountainous areas. It can provide a foundation for flood warning and prediction in mountainous areas and can be widely used.
(2) A characteristic rain pattern set is designed based on three parameters that represent the position of rain peaks and the trend of rainfall, and a cumulative precipitation time history distribution function with precipitation type characteristics was constructed by conbining with the actual measured rainfall data in the research area. Through first-order differentiation, obtain the distribution curve of precipitation over time, and determine the rainfall set corresponding to the actual rainfall situation. Based on the characteristic parameter design, the characteristic rain pattern set adapted to the measured rainstorm in the Suyukou wateshed found that the rainfall frequency in front of the peak position appeared most, accounting for 52.4% of the total rainfall frequency, of which the concentrated rainfall accounted for 17.5% and the dispersed rainfall accounted for 34.9%. Rainfall with a peak at the center and a peak at the back account for 25.4% and 20.6%, respectively. The frequency of scattered rainfall in different peak positions is higher than that of centralized rainfall. Compared with a single designed rain pattern, rain patterns based on actual rainfall characteristics can more fully represent the actual situation of the research area and provide more accurate input conditions for the determination of early warning and forecasting.
(3) The measured cross-sectional map of the research area was obtained through on-site investigation and establish a water level discharge relationship curve. Then, based on on-site investigation and relevant staff experience, obtain water level warning indicators and calculate the critical flow rate. Design rainfall time history allocation under different characteristic rainfall patterns as input conditions for the model, determine different warning periods based on the study area’s convergence time, and combine three soil moisture content models. Apply model trial calculation method to continuously calculate the critical rainfall of the research object under different soil states, rainfall duration, and characteristic rainfall patterns as warning indicators. It can be seen that there are significant differences in the warning indicators under different rain patterns; the longer the warning time, the higher the warning indicators; the lower the soil moisture content, the higher the warning indicators. The results provide theoretical support for the Suyukou watershed flash flood warning and forecasting system.
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