[image: image1]Application of multiple methods for reverse flow routing: A case study of Luxi river basin, China

		METHODS
published: 20 January 2023
doi: 10.3389/feart.2022.1092866


[image: image2]
Application of multiple methods for reverse flow routing: A case study of Luxi river basin, China
Xiaolan Chen1, Jianmin Ma2, Haijun Yu1*, Wangyang Yu1 and Chunguo Liu1
1China Institute of Water Resources and Hydropower Research, Beijing, China
2National Institute of Natural Hazards, Beijing, China
Edited by:
Zhaoli Wang, South China University of Technology, China
Reviewed by:
Chengguang Lai, State Key Laboratory of Subtropical Building Science, China
Chuanhao Wu, Jinan University, China
* Correspondence: Haijun Yu, leivi@gmx.com
Specialty section: This article was submitted to Hydrosphere, a section of the journal Frontiers in Earth Science
Received: 08 November 2022
Accepted: 21 November 2022
Published: 20 January 2023
Citation: Chen X, Ma J, Yu H, Yu W and Liu C (2023) Application of multiple methods for reverse flow routing: A case study of Luxi river basin, China. Front. Earth Sci. 10:1092866. doi: 10.3389/feart.2022.1092866

Because of the lack of hydrological monitoring facilities and methods in many areas, basic hydrological elements cannot be obtained directly. In that case, the reverse flow routing method is frequently used, which allows for the simulation of hydraulic elements upstream using downstream data, and is of great significance for river and reservoir joint regulation, flood disaster management, flood control evaluation, and flood forecasting. The hydrological and hydrodynamic methods are the two main approaches to reverse flow routing. The hydrological method is mainly realized by constructing a distributed or lumped hydrological model based on rainfall, soil type, terrain slope, and other data. A distributed hydrological model focuses on the physical mechanism of runoff yield and flow concentration, the spatial variability of model input, and the hydraulic connection between different units. The solution of the hydrological method is relatively simple, but it requires a large amount of measured data, which limits the applicability of this method. The other method builds a hydrodynamic model by solving shallow water equations for reverse flow routing. This method has definite physical significance, higher accuracy, and obvious advantages of simple and fast calculations. It can not only simulate one-dimensional but also two-dimensional flood routing processes. In addition, the slope-area method is frequently used for flood reverse routing in many areas in China without relevant hydrological data, and can calculate the peak discharge, maximum water level, flood recurrence interval, and other information by the hydrodynamic formula, along with the cross-section and the measured flood mark water level. Due to the influence of extreme weather, a heavy rainstorm and flood occurred in the Luxi river basin in China on 16 August 2020, resulting in severe flood disasters in this area and causing significant economic losses. Moreover, due to the lack and damage of hydrological monitoring equipment, hydrological information such as flood hydrographs and peak discharges of this flood could not be recorded. To reduce the uncertainty of a single method for reverse flow routing, we integrated and applied the hydrodynamic, hydrological, and slope-area methods to reverse flow routing in the Luxi river basin on 16 August 2020. The simulation accuracy of the three methods was verified in terms of the measured flood mark water level, and the simulation results of the three methods were analyzed and compared. The results are as follows: 1) The hydrological method can better simulate flood hydrographs and durations, especially for flood hydrographs with multiple peaks, and is more applicable than the other two methods. However, the hydrodynamic and slope-area methods have better accuracy in the reverse simulation of flood peaks. Therefore, through the comprehensive comparative analysis of these three methods, flood elements such as flood hydrographs, peak discharges, and durations can be simulated more accurately, and the problem of large errors caused by a single method can be avoided; 2) The simulation results of the hydrodynamic and slope-area methods are similar, and the maximum error of the peak discharge calculated using the two methods is within 10%. According to the simulation results, the peak discharge reached 2,920 m3/s downstream of Luxi river basin, which is a flood having more than 100-year recurrence interval; 3) The simulation results of the hydrological method show that the flow hydrograph is a double-peak, and the two peaks occurred at 17:00 on August 16 and 6:00 on 17 August 2020, respectively.
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1 INTRODUCTION
Rainstorm and flood disasters caused by extreme weather are becoming increasingly prominent and have been identified as one of the most common and destructive threats in recent years (Panthou et al., 2014). Rainstorms and floods are typically characterized by many rainstorm days, a long duration, a large process magnitude, wide coverage, heavy hourly rainfall, high river water levels, and heavy disaster losses (Chan et al., 2016; Bao et al., 2017; Busuioc et al., 2017). Because of the outburst and uncertainty of rainstorms and floods, the government and relevant departments must take measures to prevent and respond to flood disasters in advance, which makes flood assessment particularly important. However, sudden rainstorm and flood disasters usually lead to damage of hydrological monitoring equipment, thus causing loss of basic hydrological elements, which makes reverse flow routing become the main method for flood assessment. Reverse flow routing not only contributes to the construction and improvement of flood disaster prevention systems in a basin but also has important practical application value for measures to improve the flood control capacity of the basin.
At present, there are two main reverse flow routing methods: One is the hydrological method, which simulates the hydrological cycle process by establishing a lumped or distributed hydrological model (Lewis et al., 2018; Ehlers et al., 2019; Gichamo et al., 2020). The other is the hydrodynamic method, which simulates flood wave routing by building one-dimensional (1D), two-dimensional (2D) and even three-dimensional (3D) hydrodynamic models (Fleischmann et al., 2019; Wing et al., 2019; Haque et al., 2021). In recent years, many studies on coupling hydrological and hydrodynamic models for basin hydrological simulation have been conducted (Felder et al., 2017; Wu et al., 2017).
The hydrological method is an essential tool for research in hydrological processes and flood forecasting. This method is mainly realized by constructing a distributed or lumped hydrological model. Early hydrological models were mostly conceptual models based on the water balance theory (Behrangi et al., 2011; Essou et al., 2016). However, these conceptual models do not consider the spatial variability of a basin, and model parameters to calculate the runoff process are based on physical and empirical parameters, resulting in low accuracy of the calculation results. Thus, a conceptual hydrological model is difficult to meet the requirements of refined and optimized management and allocation of hydrological and water resources in a basin. Gradually, research on distributed hydrological models in a basin has become one of the main and hot research fields in hydrology. The research of Voisin et al. (2008) and Mazzoleni et al. (2019) shows that a distributed hydrological model can accurately simulate the river flow and can be used to evaluate the flow of medium and large river basins. Henriksen et al. (2003) used a distributed hydrological model based on physical processes to simulate the hydrological processes of groundwater and surface water in Denmark, and the accuracy of the model in spatial distributions was calibrated and verified. Siderius et al. (2018) used a hydrological model to simulate the hydrological process of medium-sized basins in East Africa, aiming to provide data support for basin management. Chernos et al. (2017) used a semi-distributed hydrological model to simulate watershed hydrology, established an international dataset, and proposed an effective workflow to establish a hydrological model for any catchment area.
Hydrodynamic models can be better used to simulate the runoff process in complex terrain than hydrological models, and this is because the effects of hydraulic structures such as gates, dikes, bridges, and weirs can be considered in hydrodynamic modeling (Vorogushyn et al., 2010; Dutta et al., 2013; Skubics et al., 2014). This also makes hydrodynamic models more reliable in extreme flood assessment (Felde et al., 2017). 1D or 2D hydrodynamic models have been widely used in practical engineering applications, such as flood event simulation (Quirogaa et al., 2016; Bellos and Tsakiris, 2016; Rashid et al., 2016), flood inundation mapping (Dimitriadis et al., 2016; Saksena et al., 2019; Tamiru and Dinka, 2021), dam break analysis (Wood and Wang, 2015; Bharath et al., 2021), the estimation of flood losses, and flood hazard vulnerability (Zischg et al., 2018). In addition, because hydrodynamic models rely on measured data as model input, many studies have attempted to integrate hydrodynamic models with other models to reduce the uncertainty caused by the measured data. Rahman et al. (2021) integrated a hydrodynamic model and machine learning algorithm to create flood inundation mapping in northeastern Bangladesh. Liu C et al. (2019) integrated hydrological and hydrodynamic models and used the coupled model to simulate urban storm floods to better analyze the flood inundation in cities. Wu et al. (2017) coupled hydrological and hydrodynamic modeling to study hydrodynamic characteristics such as the water exchange process. These studies contribute to the policy and management of water resources and provide strong support for flood prevention and response measures.
Moreover, many previous studies have applied different technologies to reverse flow routing research. D’Oria and Tanda, 2012 applied a Bayesian geostatistical approach to reverse flow routing in open channels, which could prevent instability and overfitting of other methods. Valeria Todaro et al. (2019) applied an ensemble smoother with multiple data assimilation, along with a given forward routing model, to solve the accuracy and speed of reverse flow routing. In addition to the above methods, there is another method commonly used for reverse flow routing, namely, the slope-area method, which has been effectively used in many areas in China without data. For example, Sun et al. (2012) applied the slope-area method to flood analysis in Xinjiang, China, which was mainly used to calculate the peak discharge, maximum water level, flood recurrence interval, and other information according to the Manning’s formula by measuring the cross-section and the flood mark water level.
In this study, due to the lack of hydrological monitoring facilities and basic data in our study area, it is necessary to analyze the flood magnitude, flood hydrograph, peak discharge, and other information through reverse flow routing. To reduce the uncertainty of a single method, this paper integrates the hydrological method, hydrodynamic method, and slope-area method to perform the reverse flow routing analysis of flood. The results of each method are compared and verified, and finally, flood elements such as peak discharge, recurrence interval, and the peak time during the flood are determined.
2 STUDY AREA
In August 2020, the monthly precipitation reached in Chengdu 695.1 mm, which is the highest rainfall in the same period in history (2.1 times more than that in the same period). In particular, the flood on 16 August 2020, in the Luxi river basin resulted in severe disaster losses to the Chengdu direct management area of Tianfu District. The flood affected approximately 32,000 people in the area, the flooded area of farmland was approximately 2,241.5 ha, and the direct economic loss was approximately 310 million yuan (incomplete statistics). Figure 1 shows the distribution of river network in the study area. During the flood period, the water level of the Luxi river, Luoyan river and Chaisang river rose significantly. Except for the Xinglong Lake reach (approximately 10.7 km), which has reached the flood control capacity of 100-year recurrence interval (RI =100 years), no overflow occurred, while other river reaches overflowed the embankments. Meanwhile, the water level downstream of the Luxi river exceeded the warning water level by 3.47 m. The flood washed away the only one gauging station (Yujiantan gauging station), and the peak and process data of this flood were not monitored. In addition, the stations with complete observation records on the Fu river include the Huayang gauging station, the Yongan gauging station upstream, and the Jiangkou hydrometric station downstream. However, the Huanglongxi hydrometric station at the estuary of the Luxi river did not observe the peak discharge because it exceeded the maximum observation flow range of the station design. Therefore, it is very necessary to conduct the reverse simulation analysis of the flood process in the Luxi river basin, which can provide theoretical support for flood control and disaster reduction system in the basin.
[image: Figure 1]FIGURE 1 | Schematic diagram of the study area.
The Luxi river is a first-class tributary of the Fu river. The length of the main stream is 74.6 km, and the drainage area is approximately 691 km2, with an average gradient of 1.2‰. The main tributaries are the Luoyan river and the Chaisang river. As shown in Figure 1, in this study, the upstream starting point of the Fu river is Tianfu avenue bridge, and the downstream ending point is the junction of the Minjiang river and the Fu river. The starting point of the Luxi river is the junction of Tianfu district and Longquanyi district, and the downstream is the junction of the Luxi river and the Fu river.
3 METHODS
The flood on 16 August 2020, in the Luxi river was simulated by the hydrodynamic method, the hydrological method, and the Manning formula method, respectively. The flood magnitude and process were comprehensively determined by combining the simulation results of the three methods.
3.1 Hydrodynamic method
3.1.1 Introduction of model software
The IFMS URBAN (referred to as IFMS) model is used to construct a 1D and 2D coupled hydrodynamic model of the Luxi river. IFMS model is composed of a 1D river network model, an urban pipe network model, a 2D hydrodynamic model and can realize the coupling simulation of 1D and 2D models (Ma et al., 2017), which has been successfully used in urban flood risk analysis, flood impact assessment, urban drainage simulation, design and evaluation of sponge cities, etc., (Yu et al., 2018).
3.1.2 Construction of the hydrodynamic model
The 1D model of the Luxi river basin considers 374 channel cross-sections. According to the segmentation of river channels, embankments, landforms, roads, and other ground objects within the research area, the 2D model grid of the Luxi river is divided, and the quadrilateral unstructured grid is used to discretize the simulation area. In the research area, a 30-m grid unit is used, the locations of key fields and towns are densified (the grid size is 10 m), and the total number of divided grids is approximately 172,000. Then, the 1D model and the 2D grid are coupled and constructed with the IFMS software.
3.1.3 Setting of model parameters and boundary conditions
The roughness of the upstream reach of the Fu river is 0.030, and the roughness of the downstream reach is between 0.035 and 0.043. The artificial flood discharge channel at the Xinglong Lake of the Luxi river has reached the flood control capacity of 100-year recurrence interval (RI =100 years). The roughness of the main trough of this reach of the river is set as 0.017, and the roughness of the beach is set as 0.025. The rest reaches of the Luxi river is a natural channel and overflows on both sides during a flood period, and the roughness is set to 0.045.
The upstream input flow boundary conditions and the flood mark water level are used to calculate the interval inflow. The model sets four flow boundary conditions, including the upper reaches of the Fu river, Luxi river, Chaisang river, and Luoyan river, and sets nine interval inflow boundaries, such as Huayang gauging station, Yongan gauging station, and Luxi river Gate 1, Jiancha street, etc. The water level boundary is set at the downstream outlet. The boundary condition of the water level, which is simulated from the measured data of the Pengshan hydrological station after the Fu river merges with the Minjiang river, is set at the outlet downstream of the Fu river.
3.1.4 Model calibration
The early rainfall data and hydrological station data on 12 August 2020, were used to calibrate the model parameters. According to the stage-discharge curve and the measured water level of each gauging station, the discharge can be simulated. The results are used as input to the model. Finally, the model simulation shows that the peak discharge of the Luxi river is approximately 730 m3/s, that of the Fu river is approximately 960 m3/s, and that of the downstream Jiangkou hydrometric station is approximately 1,690 m3/s on 12 August 2020. The measured peak discharge of the Jiangkou hydrological station is 1,670 m3/s, and the relative error between the simulated and measured values is 1%. The error between the measured and simulated water levels of each gauging station is within 0.2 m (Table 1), showing that the parameters of the 1D and 2D coupled models are reasonable and have good accuracy, which can be used for subsequent simulation analysis.
TABLE 1 | Comparison of measured and simulated water levels.
[image: Table 1]3.1.5 Reverse simulation and analysis
3.1.5.1 Reverse simulation analysis of flood upstream of Fu river
During the flood period on 16 August 2020, the observed highest water levels of the Huayang and Yongan gauging stations (Figure 1) were 468.32 m and 452.28 m, respectively. According to the observed water level and flood mark points, the 1D model simulation results show that the peak discharge at Tianfu Avenue Bridge is approximately 650 m3/s, the peak discharge at the Jiangan river is 859 m3/s, the peak discharge at Yongan gauging station is approximately 895 m3/s, and the peak discharge at Huanglongxi town (before the Luxi river joins) is approximately 1,110 m3/s. The model simulations show that the water level of the Huayang gauging station is 468.25 m, and the water level of the Yongan gauging station is 452.16 m, which is close to the observed water level. From the 1D model results, the peak discharge upstream of the Fu river is approximately 1,110 m3/s before joining the Luxi river.
3.1.5.2 Reverse simulation analysis of flood downstream of Luxi river
During the flood period, the observed peak discharge at the Jiangkou hydrometric station was 3,620 m3/s, and the highest flood level was 437.75 m. The results in the previous section show that the peak discharge of the Fu river is approximately 1110 m3/s. Therefore, a 1D and 2D coupled model was used to estimate the peak discharge at the outlet downstream of the Luxi river, and the results are verified by comparison with the measured flood mark water level. The maximum permissible error of water level should be less than 20 cm in the Flood Risk Mapping Guidelines issued by the Ministry of Water Resources (China). Thus, we use the hydrodynamic model to simulate the peak discharge in the downstream of Luxi river, and verified by the measured flood mark water level. The simulation results show that when the inflow from the downstream of the Luxi river is 2,920 m3/s, the simulated water level at the Jiangkou hydrometric station is 437.87 m, which is only 0.12 m away from the observed water level (Table 2). It can be seen that the simulated water level is very close to the observed, which indicates that the peak flow input in Luxi river is accurate. As shown in Table 2, by comparing the simulated and measured flood marker water levels in the lower reaches of Luxi river, the water level error of all flood mark points is within 20 cm, which fully shows that the flood simulation results are reliable. That is, the peak discharge at the outlet of the Luxi river is 2,920 m3/s. However, as we have seen, the sum of the peak discharge of the Fu river (1,110 m3/s) and the Luxi river (2,920 m3/s) exceeded the observed peak discharge downstream the Jiangkou hydrometric station (3,620 m3/s) by approximately 410 m3/s. The first reason is that the two flood peaks are staggered, and the second reason is that the river overflowed during the flood period; therefore, the peak discharge monitored by the station was relatively small.
TABLE 2 | Comparison of simulated and measured water levels at flood mark points.
[image: Table 2]3.1.5.3 Reverse simulation results by the hydrodynamic model method
There are a total of 51 flood marks in the Luxi river, Chaisang river, and Luoyan river. The distribution map of flood marks is depicted in Figure 1. A 1D and 2D coupled model was used to analyze the flood discharge in the upper reaches of the Luxi river, and the routing flow is corrected, along with the measured water level of flood marks. The simulation results show that the flood distribution in the upper reaches of the Luxi river basin is as follows: The peak discharge at Gate 1 of Xinglong Lake was approximately 1,280 m3/s, the peak discharge at Jiancha subdistrict was approximately 1,680 m3/s, and the peak discharges at the Luoyan and Chaisang rivers were 595 m3/s and 705 m3/s, respectively. Comparing the simulated and measured water levels of 51 flood mark points, the results show that the error between the simulated water level and measured flood mark water level of 43 flood mark points is controlled within 20 cm, accounting for 84.3%. This shows that the simulation results are credible, and the comparison results of partial flood marks are shown in Table 3.
TABLE 3 | Partial comparison of simulated and measured water level at flood mark points of Luxi river basin.
[image: Table 3]3.2 Slope-area method
3.2.1 Method introduction
First, the measured cross-sections shape data and flood marks water level are used to determine the area and river gradient of typical cross-sections, and then roughness is reasonably determined according to the river reach conditions (the same as Section 3.1). Finally, Manning’s formula, the most commonly used method in flood investigation, is used to calculate the peak discharge. The calculation formula is as follows:
[image: image]
where Q is the flow rate (m3/s); ω is the wetted cross-sectional area; R is the hydraulic radius; J is the hydraulic gradient; C is the Chezy coefficient.
3.2.2 Calculation of flood flow
3.2.2.1 Typical cross-section
A total of eight typical cross-sections are selected in the main stream of the Luxi river, Luoyan river, Chaisang river and Fuhe river. The location and water level of each section are shown in Table 4. Among these, the TL1 typical cross-section is located on the artificial repair section of Xinglong Lake. The flood control capacity of this section is more than a 100-year recurrence interval (RI =100 years). During the flood on 16 August 2020, this section does not overflow the bank. The flood control capacity of TL2, 3, 4, and 5 sections is lower than the standard requirements of the river channel, and the bank overflows during the flood period. The TL6 typical cross-section is located in Yongan town downstream of Yongan gauging station, and the section is relatively regular. The flood level is approximately 0.9 m higher than the top elevation of the left bank, and the right bank is not overtopped during the flood period. The water level of TL7 typical cross-section is approximately 0.5 m higher than the top elevation of the left bank, and the right bank is not overtopped. The TL8 section is located near the Jiangkou hydrometric station downstream of the Fuhe river, and it does not overflow the bank during the flood period.
TABLE 4 | Water level of typical cross-sections.
[image: Table 4]3.2.2.2 Results of flood flow by the slope-area method
The results of flood flow by the slope-area method are shown in Table 5. From the table, the flood peak discharge at the TL8 section is approximately 3,660 m3/s, which is close to the observed peak discharge of 3,620 m3/s at the Jiangkou hydrometric station. The peak discharge of the Luxi river is approximately 2,920 m3/s (the TL3 section), and the peak discharge of the Fu river is approximately 1,130 m3/s (the TL7 section). The sum of the flood discharge of the Luxi river and the upstream of the Fuhe river is larger than the observed peak discharge at the Jiangkou hydrometric station after the confluence of the two rivers. This is due to the influence of transposition and attenuation of flood waves. Generally, the results of peak discharge by the slope-area method are reasonable and reliable.
TABLE 5 | Results of peak discharge by slope-area method.
[image: Table 5]3.3 Hydrological method
The peak discharge simulated by the hydrodynamic method and slope-area method can match well with the observed hydrological data of the monitoring station and the measured flood mark data; however, these two methods are difficult to simulate flood hydrographs. Conversely, the hydrological method can effectively simulate flood hydrographs.
3.3.1 Construction of hydrological model
In this section, a spatiotemporal variable source mixed runoff model (referred to as SVSMR) is used for simulation of hydrological processes. This model proposed by China Institute of Water Resources and Hydropower Research (IWHR), and has been successfully used in hydrologic simulation and fine simulation of flash flood in the basin (Hao et al., 2021; Liu et al., 2021; Ma et al., 2021). The SVSMR model is based on the water content and accumulated infiltration of the hydrological response unit in each period to calculate the area change of excess infiltration and full storage runoff, and at the same time to distinguish the relationship between rainfall intensity and the infiltration capacity of the underlying surface, so as to realize the space-time transformation of excess infiltration/full storage runoff in each geomorphological hydrological response unit (Liu J et al., 2019).
According to the analysis of basic geographic data, the main stream of the Luxi river is divided into 26 sub-watersheds, with a total area of 377.52 km2. The tributary Luoyan river is divided into seven sub-watersheds, with a total area of 126.15 km2. The tributary Chaisang river is divided into 15 sub-watersheds, with a total area of 187.59 km2. The sub-watershed layer is imported into the hydrological model, and the parameters are set. In addition, there are 90 rainfall stations in the Luxi river basin, but only 42 of them keep continuous and complete observation records. The data of the 42 rainfall stations with complete observed records are used as the input of the model.
3.3.2 Model calibration and parameter setting
The hydrological model was calibrated using the early flood on 12 August 2020. First, according to the observed water level and the stage-discharge curve of the Yujiantan gauging station, the flow process on 12 August 2020, was simulated. Second, the process of runoff generation and concentration was simulated by inputting rainfall into the hydrological model, from which the flow process at the Yujiantan gauging station was calculated, and the results were compared with the former. As shown in Figure 2, the peak discharge obtained from the former is 704 m3/s, whereas that from the latter is 736 m3/s, the error is 4.3%. The flood process simulated by the hydrological model is consistent with the observed flood process, indicating that the calibrated hydrological model can be better used for subsequent flood process simulation.
[image: Figure 2]FIGURE 2 | Flood hydrograph of Yujiantan gauging station on 12 August 2020.
The parameters used in the hydrology model include evaporation coefficient, interception and filling coefficient, slope type coefficient, river channel parameters, soil texture parameters, etc. The main parameters are shown in Table 6.
TABLE 6 | The main parameters of hydrological model.
[image: Table 6]3.3.3 Reverse simulation results by the hydrological method
The hydrological model was used to simulate the flood process on 16 August 2020. The simulation time started from 0:00 on August 14 to 24:00 on August 18, and the results are shown in Figure 3. From the figure, the flood hydrograph of the Yujiantan gauging station is a double-peak process. The first flood peak occurred around 17:00 on August 16, with a peak discharge of 2,645 m3/s. After the first wave peak appeared, the flow began to decrease and rose again in the early morning of the 17th. The second peak appeared at 6:00 on August 17, with a peak discharge of 2,232 m3/s. As shown in Figure 4, the rainstorm center of this rainfall gradually moves from the upper reaches of the Luxi river to the middle reaches. Comparing the rainfall process, Figure 3 shows that the peak of rainfall occurs at 8:00 and 24:00 on August 16, respectively. After the confluence of overland flow and river networks, the flood peaks downstream are delayed for approximately 5 h. In addition, the flood fluctuation time is consistent with the simulation results according to the field investigation and inquiry of the local residents.
[image: Figure 3]FIGURE 3 | Flow hydrograph simulated by hydrological model on 16 August 2020.
[image: Figure 4]FIGURE 4 | Rainfall distribution of Luxi river basin on 16 August 2020: (A)00:00–06:00, (B)06:00–12:00, (C)12:00–18:00, and (D)18:00–24:00.
4 COMPARISON OF RESULTS
The reverse simulation results of the Luxi river on 16 August 2020, by the hydrodynamic, hydrological, and slope-area methods are shown in Table 7. The results of the hydrodynamic method and slope-area method are very close, the deviations do not exceed 130 m3/s, and the error is within 10%. At the Jiangkou hydrometric station, the peak discharges simulated by the hydrodynamic and slope-area methods are 3,629 m3/s and 3,660 m3/s, respectively, which are close to the observed peak discharge of 3,620 m3/s at the Jiangkou hydrometric station. The errors between the simulated peak discharge by the two methods and the observed peak discharge by the Jiangkou hydrometric station are 0.25% and 1.1% respectively, which shows that the reverse simulation results of the two methods can be well-matched with the observed peak discharge.
TABLE 7 | Comparison and recommendation of peak discharge results.
[image: Table 7]In contrast, the peak discharge simulated by the hydrological model is lower, but the maximum errors between the simulation results of the hydrological model and the other two methods are also within 20%, which also shows that the results of the three methods are mutually verified and reasonable. After comprehensive consideration, the larger peak discharge of the three methods are selected as the final peak discharge results of each typical cross-section, and the distributions of peak discharge results are shown in Figure 5. That is, the peak discharge of Gate 1 is 1,380 m3/s, which is a flood having 50-year recurrence interval (RI=50 years); the peak discharge of the Jiancha subdistrict is approximately 1720 m3/s (RI =100 years); the peak discharge of the Luoyan river bridge and Chaisang river estuary are 658 m3/s (RI =50 years) and 735 m3/s (RI =20 years), respectively; the peak discharge of downstream of Luxi river is 2,920 m3/s (RI > 100 years).
[image: Figure 5]FIGURE 5 | Distribution of peak discharge results.
5 CONCLUSION

(1) In this study, the hydrodynamic, hydrological, and slope-area methods are, respectively, used for reverse flow routing. Taking the rainstorm flood on 16 August 2020, in the Luxi river basin as an example, the reverse simulation accuracy of these three methods is verified and compared, which can ensure the accuracy of the simulation results and avoid the uncertainty caused by a single method. The simulation results can provide data support for flood control and prevention.
(2) The simulation results of the hydrodynamic and slope-area methods match well with the measured flood mark data, indicating that the two methods have good accuracy in peak discharge reverse simulation. However, these two methods are difficult to simulate the flood hydrograph. The hydrological model method can simulate the flood hydrograph, and the simulation results are consistent with the field investigation, which makes up for the shortcomings of the former two methods.
(3) The reverse simulation results of the hydrodynamic and slope-area methods show that the peak discharge downstream of the Luxi river is approximately 2,920 m3/s (RI > 100 years). The hydrological model method simulated that the rainstorm flood on 16 August 2020, in the Luxi river is a double-peak flood hydrograph, and the two peaks occurred at 17:00 on August 16 and 6:00 on 17 August 2020, respectively.
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