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Urban flooding has become a global problem, seriously threatening the healthy development of cities and the safety of people’s lives and property. Urban flood risk assessment can effectively identify potential hazardous areas and provide a basis for the development of targeted disaster prevention and mitigation strategies. However, the current urban flood risk assessment research is mainly based on the flood inundation or indicator evaluation system, the lack of inundation characteristic and hazard-bearing body socio-economic attributes of the comprehensive consideration, resulting in the assessment results and the actual flood risk there is a certain deviation. Therefore, this study integrated urban hydrological and hydrodynamic simulation technology and Fuzzy Matter-Element (FME) theory, proposed a comprehensive flood risk assessment method that takes flood inundation and socio-economic vulnerability into account, and quantitatively evaluates the flooding risk of Zhengzhou City under different rainfall return periods. The results indicate that low-risk zones are primarily located in the peripheral and fringe regions of Zhengzhou, whereas high and very-high risk zones are predominantly situated in the central urban area, particularly in the western Jinshui District, northeastern Erqi District, and northern Guancheng District. These areas are the old urban areas of Zhengzhou City which were constructed earlier, and are characterized by low drainage system construction standards, aging pipe networks, dense population and road networks, and high economic value. The results contribute methodological guidance and decision-making reference for urban flood management and control.
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1 INTRODUCTION
Floods are among the most frequent natural hazards worldwide. They may lead to serious environmental damage, property losses, and casualties in a relatively short period (Chen et al., 2019; Jun et al., 2023), threatening human lives and causing significant economic losses (Chen et al., 2023; He et al., 2021). According to statistics, floods have led to the death of more than 500,000 people worldwide in the past 30 years (Liu et al., 2022). As climate change exacerbates rainfall intensity and sea-level rise, flooding is expected to become far more frequent in the next decades (Guan et al., 2023; Magnus and Ola, 2020). In this context, it is crucial to accurately assess the flood risk. By accurately identifying and assessing the flood risk, it can help urban managers take targeted risk response measures to decrease the impacts and losses caused by flood disasters (Tallar and Geldoffer, 2022; Guan et al., 2023).
To effectively identify and evaluate urban flood risk characteristics, researchers have proposed various assessment approaches, such as analysis of historical data, indicator-based evaluations, remote sensing techniques, and numerical simulations (Chan et al., 2024; Wu et al., 2021; Wu et al., 2020). Among them, indicator-based evaluation and numerical simulation method have emerged as the primary tools in flood risk analysis. Most of the indicator-based evaluations methods construct an index system covering multiple dimensions such as hazard factors, disaster-inducing environments, disaster-affected bodies, and disaster prevention capabilities, and use weighted comprehensive evaluation for risk classification. This method is simple, relatively easy to obtain data, widely applicable, and can capture the subtle changes in risk within the spatial scope, and has been extensive application in urban flood risk studies. Xu et al. (2025) selected 16 indicators from environ-mental sensitivity and vulnerability of disaster-affected bodies, and disaster prevention capabilities to establish a four-dimensional evaluation index system for urban flood risk. They used the TOPSIS method to evaluate the flood risk of 21 prefecture-level cities in Guangdong Province. The results indicated a concentration of high-risk areas in the Pearl River Delta, as well as in the western and northern regions. Deo et al. (2025) established a flood risk evaluation index system containing 21 thematic layers using morphological, hydrological, land, and socio-economic criteria. The analytic hierarchy process was employed to weight the indices, and the resulting risk distribution in Jaipur was validated through field surveys. The results showed that about 33% of the areas in the Jaipur area had urban flood risks, and the urban flood risks in the central and southern regions were relatively high. Although the indicator-based evaluations method has a wide application basis in flood risk assessment, it still has certain limitations. Firstly, the selection of indicators and the assignment of weights often rely on expert experience or subjective judgment, which may introduce human biases and affect the objectivity and stability of the assessment results. Secondly, the indicator-based evaluations method mostly focuses on the characteristics of socio-economic attributes, often ignoring the inundation characteristics such as water depth, and it is hard to precisely capture the spatial distribution characteristics of disasters (Chen et al., 2021).
The numerical simulation method can accurately reflect the inundation characteristics of each subtle space by establishing a hydrological and hydrodynamic model using fine underlying surface data (Liang and Guan, 2024; Liu et al., 2020; Ma C. et al., 2022), and more intuitively reflect the inundation risks of various regions within the spatial scope, effectively making up for the limitation that the index system method cannot intuitively reflect the inundation characteristics. In recent years, it has been extensive application in urban flood risk assessment. Zhu et al. (2024) proposed a refined urban flood simulation-based approach for evaluating flood risk. This study took Omihachiman City in Japan as the study area, accurately simulated the entire flood process by developing a numerical analysis model, and simulated and evaluated the flood risks under 10-, 50-, and 100-year return periods in Omihachiman City, Japan. Zhang et al. (2024) used Infoworks ICM to construct a flood risk identification model for the Macau Peninsula and delineated the flood risk areas in the high-density urban area of Macau according to the flood inundation results. The above studies indicate that numerical simulation methods illustrate flood severity by modeling inundation features within the region, effectively revealing the spatial pattern of flood risks. However, most of these studies ignore the socio-economic attributes (such as population density, economic losses, vulnerability of infrastructure, etc.) of the disaster-affected bodies in the inundated areas, resulting in the assessment results being unable to comprehensively reflect the actual impacts of floods on the lives and property safety of local residents. Therefore, how to effectively consider flood inundation and socio-economic vulnerability to more accurately reflect the urban flood risk still requires in-depth research.
To this end, this study introduces the Fuzzy Matter-Element (FME) theory and proposes a risk assessment approach that combines flood simulation and socio-economic vulnerability. Firstly, a hydro-hydraulic model is constructed to accurately simulate the urban flood inundation process. On this basis, considering the socio-economic, road traffic, and resident population vulnerabilities, an assessment method for the socio-economic vulnerability of urban floods is proposed. Finally, by combining the entropy weight method and the FME method, a comprehensive risk assessment model that considers both flood inundation and socio-economic vulnerability is constructed to quantitatively evaluate the flood risks in Zhengzhou City under different recurrence periods. The innovation of this study is to propose a more reasonable urban flood risk assessment method by integrating flood inundation and socio-economic vulnerability. The research results can provide new ideas for urban flood risk assessment and scientific basis for urban flood disaster reduction.
2 STUDY AREA AND DATA
2.1 Study area
Zhengzhou City is the capital of Henan Province, which located in the central region of China. Its geographical coordinates range from 112°42′ to 114°13′ east longitude and from 34°16′ to 34°58′ north latitude (Figure 1). The average yearly rainfall of Zhengzhou City is 625 mm, and more than 60% of the rainfall is concentrated during the flood season, resulting in frequent extreme rainfall events in Zhengzhou City during the flood season.
[image: Map showing Zhengzhou in Henan, China. Inset maps detail Henan's location within China. The main map highlights districts Zhongyuan, Huiji, Jinshui, Guancheng, and Erqi, along with rivers, administrative boundaries, and rainfall stations marked in red. The elevation is shown by color gradients, with high elevation in purple and low in green.]FIGURE 1 | The location of study area.Zhengzhou City is an important transportation hub in China. Since 1978, its social economy has developed rapidly. As of 2024, the gross domestic product of Zhengzhou City has reached 1.4 trillion yuan, with a permanent population of approximately 13 million people, and the urbanization rate is close to 80%. Intensified extreme rainfall and accelerated urbanization have made flood disasters in Zhengzhou City particularly prominent in recent years. The average losses caused by waterlogging disasters triggered by rainstorms in Zhengzhou City exceed 200 million yuan each year (Wu et al., 2021). In particular, on 20 July 2021, Zhengzhou City experienced rare heavy rainfall. The hourly rainfall from 16:00 to 17:00 in the afternoon reached 201.9 mm, causing more than 2,000 residential communities in the urban area to be flooded, and water supply, power supply, and network services were cut off in many areas, having a profound impact on the economy, society, and ecological environment of Zhengzhou City (Dong et al., 2022). Therefore, a precise assessment of Zhengzhou’s flood hazards holds significant value for strengthening local flood control and disaster reduction capabilities, optimizing emergency management strategies, and achieving sustainable urban development.
2.2 Data
In this study, the data sources mainly include the underlying surface data of Zhengzhou City (land use, drainage network, DEM, and building distribution), historical rainfall event data, population distribution, traffic road network, and urban functional zoning data. Among them, the underlying surface data of Zhengzhou City and historical rainfall event data are used for the construction and verification of the urban hydrological and hydrodynamic model; the population distribution, traffic road network, and urban functional zoning data are used for the urban socio-economic vulnerability risk analysis.
	1. Underlying surface data: It includes land use, drainage network, DEM, and building distribution data. The land use information is obtained based on the processing of Pleiades satellite images, with 0.5 m spatial resolution. The drainage network data is provided by the Zhengzhou City Urban Management Bureau. The DEM is obtained from the Geospatial Data Cloud of Chinese Academy of Sciences, with a spatial resolution of 30 m. The building distribution is the vector data of building outlines in 2023, and the data set is provided by the Geographic Remote Sensing Ecological Network Platform (www.gisrs.cn).
	2. Historical rainfall event data: The rainfall data is the three rainfall events on 26 July 2011, 1 August 2019, and from 19–21 July 2021, obtained from 16 automatic rain gauges in Zhengzhou City, with 10 min time resolution (update every 10 min). The data is provided by the Henan Provincial Hydrological Bureau. The ponding data under the three rainfall events is the ponding depth monitored by flood monitoring equipment, which is sourced from the Zhengzhou City Urban Management Bureau.
	3. Population, road network, and urban functional zoning data: The population density data is sourced from the WorldPop project. The population raster data in 2020 with 100 m spatial resolution is selected. The traffic road network data is extracted from OpenStreetMap. The urban functional zoning data adopts the research results of Lv et al. (2023) on refined building data. The accuracy of the data of different functional areas identified by this result reaches 82.9%.

3 METHODS
3.1 Urban flood model construction and inundation process simulation
3.1.1 Basic principles of PCSWMM
PCSWMM (Personal Computer Storm Water Management Model) is a comprehensive hydro-hydraulic modeling platform constructed by the Computational Hydraulics Institute of Canada based on the framework of SWMM (Storm Water Management Model) developed by the U.S. Environmental Protection Agency (EPA) (Ahiablame and Shakya, 2016). The core feature of PCSWMM lies in its integrated modeling capabilities, supporting fine-grained analysis of urban precipitation runoff, storage, and water balance under various rainstorm scenarios. In addition, by perfectly integrating GIS functions, this software enables users to build models more intuitively using spatial data and visualize the results, thereby enhancing the scientificity and effectiveness of decision-making. In recent years, PCSWMM has been widely used in flood risk assessment, pollutant source tracing, and drainage system optimization (Bibi et al., 2023; Ma C. et al., 2022; Xu et al., 2023). In this study, PCSWMM was selected to construct an urban hydrological and hydrodynamic model to simulate the urban flood inundation process.
PCSWMM adopts a modular design, mainly including surface runoff generation and concentration calculation module, surface runoff concentration calculation module, pipe network runoff concentration calculation module, two-dimensional surface overland flow calculation module, and one-two-dimensional coupling calculation module. Among them, the two-dimensional surface overland flow and one-two-dimensional coupling calculation modules are the core of the PCSWMM model construction. In order to more accurately depict the surface inundation process, a building obstruction layer is set in the two-dimensional overland flow process model to simulate the obstruction of the flow path by buildings and the interference with runoff concentration. The one-two-dimensional coupling calculation module realizes the coupling of one-and two-dimensional models through two methods: “direct connection to a one-dimensional inspection well” and “connection using a bottom orifice.” The detailed mathematical description and modeling process of PCSWMM have been introduced in previous studies (Ma C. et al., 2022; Xu et al., 2023). This study focuses on introducing how to comprehensively evaluate the urban flood disaster risk by integrating the results of flood simulation and socio-economic data.
3.1.2 Model validation
Model validation is the key to assessing whether a model can accurately simulate the flood inundation process. To fully verify the simulation effect of the constructed PCSWMM model on the flood inundation process, the measured water depth at waterlogging points were selected as the evaluation objects. The Nash-Sutcliffe efficiency coefficient (NSE) and the absolute value of the relative error (ARE) were used to evaluate the simulation effect of the constructed PCSWMM model on typical historical flood events, as shown in Equations 1, 2. According to the accuracy requirements for model calibration and validation (Ahiablame and Shakya, 2016; Ma B. et al., 2022), the NSE of the simulation results should not be less than 0.5, and the ARE should not be greater than 20%.
ARE=1ns∑i=1nsxi−yiyi×100%(1)
NSE=1−∑i=1nsxi−yi2∑i=1nsyi−y¯2(2)
Where xi is the predicted value, yi is the measured value, ns is the sample size, and y¯ is the sample mean.
3.1.3 Urban flood simulation under different design rainstorm scenarios
In this study, the Chicago rainstorm method was adopted, and combined with the rainstorm intensity formula of Zhengzhou City, the rainfall process curves and rainfall amounts for the recurrence periods of 1, 5, 10, 20, 50, and 100 years were determined (Figure 2). The average rainfall peak coefficient was taken as 0.433, the rainfall duration was 180 min, and the rainfall intensity calculation formula was shown in Equation 3.
i=q167=2001.8291+3.264⁡lg⁡P167t+24.80.856(3)
[image: Graph showing rainfall intensity over time with six lines representing different return periods: 1a, 5a, 10a, 20a, 50a, and 100a. Each line peaks around 80 minutes, indicating maximum intensity, then decreases symmetrically.]FIGURE 2 | Design rainstorm hydrographs in Zhengzhou city (180 min).Where i represents the rainfall intensity (mm/min), q denotes the designed rainstorm intensity (L/hm3.s), P is the designed rainfall recurrence period, t signifies the continuous rainfall duration (min).
Use the validated urban hydro-hydrodynamic model to simulate the flood inundation processes with the recurrence periods of 1, 5, 10, 20, 50, and 100 years in the study area. Then, use the fishnet tool in ArcGIS to grid Zhengzhou City, set the grid scale to 200 m, and calculate the average value of the maximum water depth in each grid respectively, which is used to represent the ponding situation within the grid.
3.2 Socio-economic vulnerability analysis
3.2.1 Selection of socio-economic vulnerability indicators
The impacts of flood disasters on the urban socio-economic system are mainly reflected in aspects such as economic losses, traffic disruptions, and casualties. Therefore, starting from the actual impacts of urban floods on the economy, transportation, and population, this study selects a total of 8 indicators, including the number of submerged people, the submerged length of roads of different grades, and the economic losses in different functional areas, to construct an index system for urban socio-economic vulnerability analysis. The specific indicators are shown in Table 1.
TABLE 1 | Socio-economic vulnerability assessment index system for urban flooding.	First-level Index	Second-level Index	Third-level Index	Interpretation
	Socio-economic Vulnerability	Society	Population	Number of submerged population
	Traffic	First grade Road	Length of submerged road (m)
	Second grade Road	Length of submerged road (m)
	Third grade Road	Length of submerged road (m)
	Economy	Industrial Area	Economic loss value of the industrial area (million yuan)
	Residential Area	Economic loss value of the residential area (million yuan)
	Public Service Area	Economic loss value of the public service area (million yuan)
	Commercial Area	Economic loss value of the commercial area (million yuan)


3.2.1.1 Indicator of the number of submerged population
The indicator of the number of submerged population is one of the key factors in assessing socio-economic vulnerability. This indicator directly reflects the number of residents in the affected communities during flood disasters, thus revealing the degree of vulnerability of the population. The number of submerged people is closely related to the demand for rescue resources, social stability, and post-disaster recovery capabilities. Understanding the number of submerged population is very important for formulating timely response measures and also provides necessary data support for subsequent post-disaster recovery and reconstruction.
3.2.1.2 Indicator of the submerged length of roads of different grades
The indicator of the submerged length of roads is an important basic variable for assessing the impact degree of flood disasters. From the perspective of transportation infrastructure, road inundation will directly affect the timeliness and coverage of emergency rescue operations. Once roads are inundated or damaged, the efficiency of dispatching rescue materials and personnel will decline significantly, making it difficult for the affected areas to receive timely support and thus exacerbating the vulnerability of the city. To more comprehensively reflect the influence of flood disasters on the urban transportation system, this study further refines the road grades and selects the submerged lengths of first-, second-, and third-class roads as refined indicators. Roads of different grades play different roles in the urban transportation system. First-class roads are usually urban main roads and are key channels for emergency rescue and material allocation; second-class roads are mostly sub-arterial roads, undertaking secondary traffic connection functions; third-class roads mainly serve the internal traffic of communities. Analyzing the inundation situation of roads of different grades helps to more accurately identify the influence of flood disasters on different levels of urban traffic networks, thus providing scientific support for formulating differentiated disaster-reduction strategies.
3.2.1.3 Indicator of economic loss
The indicator of economic loss is an key quantitative indicator for assessing the impact of flood disasters. This indicator not only covers direct property losses but also includes aspects such as industrial operation interruptions, business activity stagnation, and employment damage. Through a comprehensive assessment of economic losses, it can accurately capture the overall influence of flood disasters on the local economic operation. To more accurately reveal the economic impact of flood disasters on different functional areas of the city, this study refines economic losses into economic loss indicators for functional areas such as industrial areas, commercial areas, public service areas, etc. By analyzing the economic losses in different functional areas, it is not only possible to identify the key impact areas of flood disasters on the urban economic system, but also helpful to achieve scientific and precise allocation of post-disaster resources, and improve the city’s response and recovery efficiency in the context of flood disasters.
3.2.2 Quantification of socio-economic vulnerability
3.2.2.1 Quantification of economic losses
In flood events, the economic losses sustained by hazard-bearing bodies are primarily determined by three factors: the inundation area, the unit economic value of the affected zones, and the damage rate associated with varying water depths. One of the widely accepted techniques for estimating such losses is the loss rate function method, which models how damage varies with water depth. Owing to structural and functional differences among various hazard-bearing bodies, their corresponding loss rate functions may differ considerably. To improve estimation accuracy, Lv et al. (2021) extracted flood impact data from 11 cities in China and established water-depth–based loss rate functions for different land-use types using the Beta distribution. This method effectively addressed the challenge of quantifying losses across diverse hazard-bearing categories. Based on their findings, this study applies the research results of Lv et al. (2021) to calculate the loss rates of four land-use types, namely residential, commercial, industrial, and public service, in flood disasters. On this basis, the losses of hazard-bearing bodies are calculated by combining the ponding characteristics of hazard-bearing bodies and the economic value of hazard-bearing bodies per unit area.
Loss=∑m=1M′∑j=1JLossmj, j=1,2,...,J;m=1,2,...,M′(4)
Lossmj=spmj×σm×EVm(5)
Where Loss represents the total loss. M′ represents the number of types of hazard-bearing bodies used for loss calculation. In this study, the number of types of hazard-bearing bodies used for loss calculation is 4. J represents the number of hazard-bearing bodies under a certain type m of disaster-bearing bodies. Lossmj represents the economic loss of the j-th hazard-bearing body within the m-th category of hazard-bearing bodies. σm represents the loss rate function for the m-th hazard-bearing type, which reflects the magnitude of the loss rate under a given water depth h. spmj represents the inundated area of the j-th hazard-bearing body within the m-th category of hazard-bearing bodies. EVm represents the value per unit area of the m-th type of hazard-bearing bodies. In this study, the economic value per unit area adopts the research results of Zhou et al. (2024).
3.2.2.2 Quantification of affected roads
In this study, the situation of roads affected by flood disasters is quantified by statistically analyzing the length of inundated roads under the influence of flood disasters. To accurately obtain the situation of roads affected within each inundated grid unit, ArcGIS spatial overlay analysis technology is adopted, and the spatial distribution data of roads is overlaid and analyzed with the flood inundation range. As shown in Figure 3, each grid unit is endowed with a dual attribute of “road length” and “whether it is inundated.” For the grids identified as inundated, the total length of roads inside them is extracted and statistically analyzed, which serves as the quantification result of road damage within the unit. Furthermore, by summarizing the road lengths in all inundated grids, the spatial distribution characteristics of the degree of road damage at the regional scale are obtained.
[image: Diagram illustrating GIS overlay of a road map on a flooded area map. The road is above the overlay, which has labels for flooded (1) and non-flooded (0) areas. Both maps are divided into quadrants, with binary indicators: top-left and bottom-right being non-flooded, and top-right and bottom-left being flooded.]FIGURE 3 | Evaluation framework diagram of affected roads based on GIS spatial overlay.3.2.2.3 Quantification of affected population
In order to achieve the spatial quantification of the affected population in different grids, the ArcGIS layer overlay analysis method is adopted to conduct spatial overlay analysis of the population and the distribution data of flood inundation. As shown in Figure 4, each grid unit is endowed with the attribute information of “population quantity” and “whether it is inundated.” For the grids identified as inundated, the corresponding population quantity is extracted as the affected population data within the grid. Furthermore, by summarizing the population quantities in all inundated grids, the spatial distribution of the affected urban population at the planar scale is obtained, supporting the refined assessment of the affected population.
[image: Diagram illustrating a GIS process overlaying population data with flooded area data. The left grid shows population density, represented by dots. The right grid combines this with flood data, where '0' indicates non-flooded areas and '1' indicates flooded areas. The overlay shows areas affected by flooding with population markers.]FIGURE 4 | Evaluation framework diagram of affected population based on GIS spatial overlay.3.3 Comprehensive assessment of urban flood risk based on the FME method
3.3.1 Basic principles of the FME method
FME method is a coupled analysis method based on the theory of matter-element analysis and the theory of fuzzy mathematics, aiming at solving the problem of comprehensive evaluation of complex systems with multiple indicators, multi-dimensions and fuzzy boundaries (Chen et al., 2025; Lv et al., 2020). Its core idea is to describe the basic attributes of the research object through the matter-element triad, combined with the fuzzy affiliation function to quantify the uncertainty, so as to construct the dynamic correlation model, and realize the comprehensive analysis and classification of the complex system. Compared with the traditional risk assessment methods, the matter-element model allows the existence of a nonlinear coupling relationship among the feature indicators, and it supports the integrated analysis of natural-socio-economic composite systems (Lu et al., 2022). Therefore, the FME method was selected to assess the urban flood risk in this study. The construction of urban flood risk assessment model based on the FME method mainly contains the construction of indicator system, composite FME calculation, the assignment of indicator weights and the calculation of Euclidean discount schedule.
3.3.2 Construction of the indicator system
Choosing appropriate evaluation indicators is the key to assess urban flood risk. In the assessment of urban flood risk, rainfall, as a natural factor, directly affects the formation of floods. However, the single factor is not sufficient to comprehensively evaluate the urban flood risk, which is also influenced by socio-economic characteristics. For example, under the same submergence depth, the flood risk of high-value density residential areas is significantly higher than that of green spaces. Therefore, this study comprehensively considered flood inundation and socio-economic vulnerability in the flood risk assessment, selecting 9 indicators including Submerged depth (x1), number of submerged population (x2), submerged length of first-grade roads (x3), submerged length of second-grade roads (x4), submerged length of third-grade roads (x5), economic losses in industrial areas (x6), economic losses in residential areas (x7), economic losses in public service areas (x8), and economic losses in commercial areas (x9) (Figure 5). According to the characteristics of the selected indicators, the above 9 indicators are all of the larger the better type. Partial data on flood risk indicators can be found in Supplementary Table 1.
[image: Flowchart illustrating an indicator system for socio-economic vulnerability due to flooding. The main categories are Population, Transportation, and Economic. Indicators include submerged depth, number of submerged population, submerged lengths of roads, and economic losses in industrial, residential, public service, and commercial areas.]FIGURE 5 | Comprehensive evaluation index system for urban flood risk.3.3.3 Complex FME calculation
Assume that there are m evaluation objects (C1,C2,...,Cm) for the feature indicators M in the flood risk assessment, and their corresponding fuzzy measure values are ux1,ux2,...,uxm, respectively. The m-dimensional composite FME Rmn of n feature indicators is constructed with m eigenquantity values of n feature indicators (Equation 6).
Among them, the fuzzy quantum value uxij in the FME model is usually the relative affiliation degree u(q) of each eigenquantum value, which is classified into the bigger and better type and the smaller and better type according to the indicator characteristics and roles, and the indicators of this study are all the bigger and better type, and the computational formulas are shown in Equation 7.
Rmn=M1M2⋯MnC1ux11ux12⋯ux1nC2ux21ux22⋯ux2n⋮⋮⋮⋱⋮Cmuxm1uxm2⋯uxmn(6)
uxij=xijmaxxij(7)
Where Mj is the j-th feature indicator, Cj is the i-th evaluation object of the j-th feature indicator, and its corresponding fuzzy quantitative value is uxij (i=1,2,...,m; j=1,2,...,n.). xij is the quantitative value corresponding to the i-th evaluation object of the j-th indicator; maxxij is the maximum value of all quantitative values xij.
Based on the composite FME and the principle of suboptimal subordination, the standard FME Ron is constructed (Equation 8). On this basis, the square of the difference of each term in the standard FME Ron and the composite FME Rmn is denoted by (i=1,2,...,m; j=1,2,...,n). And the difference of the terms in the standard FME R△ is obtained by using Equation 9.
R0n=M1M2⋯MnC0ux01ux02⋯ux0n(8)
RΔ=M1M2⋯MnC1Δ11Δ12⋯Δ1nC2Δ21Δ22⋯Δ2n⋮⋮⋮⋱⋮CmΔm1Δm2⋯Δmn(9)
Where △ij=1−uxij2, i=1,2,...,m, j=1,2,...,n.
3.3.4 Determination of weights based on entropy weight method
For the n characteristic indicators of the m evaluation objects, the m × n judgment matrix Xijm×n is constructed, and the normalization matrix P=pijm×n is obtained by adopting extreme difference normalization for each indicator to eliminate the influence of the outline of each indicator on the flood risk assessment.
pij=Xij−minXijmaxXij−minXij(10)
Based on the results of indicator normalization, the weight dij of the indicator value of the i-th object to be evaluated in the j-th indicator is calculated. On this basis, the entropy value ej of the j-th indicator is calculated using Equation 12.
dij=Xij∑i=1mXij(11)
ej=−1Inm∑i=1mdijIndij(12)
Based on the entropy value for each indicator, Equation 13 is used to calculate the weights of each indicator wj.
wj=1−ej∑i=1n1−ej(13)
3.3.5 Calculation of the progress of the european posting
By integrating the calculation results of the composite FME model and index weights derived from the entropy method, the Euclidean nearness degree was adopted to characterize the comprehensive index of urban flood risk in this study. As shown in Equation 14. Euclidean nearness degree is a quantitative method to measure the degree of proximity between the evaluation object and the ideal standard, which can comprehensively reflect the performance of each evaluation index on different risk units. Specifically, the nearness degree ρHi indicates the distance between the i-th evaluation sample and the optimal standard sample, and the larger the value, the closer the sample is to the ideal state in each index, i.e., the lower the level of urban flood risk; on the contrary, it indicates that there is a higher flood risk in the region.
ρHi=1−∑j=1mwj∘Δij(14)
4 RESULTS
4.1 Urban flood model validation results
The 26 July 2011 rainstorm, the 1 August 2019 rainstorm, and the 20 July 2021 rainstorm events were selected to validate the model. As shown in Supplementary Figure 1 and Table 2, the ARE of the model’s validation results under the three rainfall events did not exceed 20%, and the NSE was above 0.75 for all of them. From the accuracy under each validation event, the validation accuracy of the model for the 1 August 2019 rainstorm and the 20 July 2021 rainstorm event is significantly better than that for the 26 July 2011 rainstorm, which may be mainly due to the fact that the underlying surface data used in the model modeling are newer in recent years, and there are some differences in the characteristics of the underlying surface in Zhengzhou City during the 26 July 2011 rainstorm event, which led to the validation accuracy of the model for the 26 July 2011 rainstorm event is low. This also shows that the model accurately reflects the current underlying surface conditions in Zhengzhou and verifies the applicability of the model to simulate the current flooding in Zhengzhou.
TABLE 2 | The ARE and NSE of the simulation results under 3 verification events.	Rainfall event	20 July 2021	1 August 2019	26 July 2011
	ARE (%)	13.89	16.45	17.36
	NSE	0.86	0.91	0.77


4.2 Flood inundation characteristics under different rainfall return periods
The flood inundation characteristics of Zhengzhou city for the rainfall return periods of 1, 5, 10, 20, 50, and 100 years were simulated using the validated PCSWMM model. As shown in Figure 6, with the increasing rainfall return period, the flooded area in Zhengzhou City continues to expand, especially from the once in 1-year to 5-year event, the largest increase in the flooded area. From once in 5-year to 10-year, the increase of flooded area has stabilized. For the once in 10-year rainfall event, the maximum depth of ponding in some areas of Jinshui and Erqi districts exceeds 0.6m, which affects the safety of vehicles and pedestrians (Guo et al., 2024). From once in 20-year to 50-year, the flooded area exceeding 0.6 m in-creases significantly. The flooded area where the depth of waterlogging exceeds 0.6 m further expands from the once in 50-year to the 100-year event. From the spatial distribution of the flooded areas, under the once in 100-year rainfall event, various regions of Zhengzhou City experienced different degrees of inundation, with more serious inundation in the northeastern part of Jinshui District, the northern and western parts of Guancheng District, and the northeastern part of Erqi District. Therefore, the management of Zhengzhou City should focus more on the potential flood risk of the bearers in these regions.
[image: Series of six maps illustrating water depth in a study area over time, labeled as 1a, 5a, 10a, 20a, 50a, and 100a. Each map shows varying water depths indicated by colors: green for 0.05-0.25 meters, yellow for 0.25-0.4 meters, orange for 0.4-0.6 meters, and red for over 0.6 meters. A legend, scale bar, and north arrow are included on each map.]FIGURE 6 | Flood inundation in Zhengzhou City under different rainfall return periods.4.3 Results of socio-economic vulnerability assessments
4.3.1 Economic vulnerability
Based on the flood inundation results for different return periods, the economic losses within each affected grid for each of the four functional zones (residential, commercial, industrial, and public services) were calculated using the economic vulnerability quantification methodology of Section 3.2 and the spatial overlay tool of ARCGIS. On this basis, the economic loss results for the grids within each functional area were calculated using the zonal statistics tool of ARCGIS. As shown in Figure 7, with the increase of the rainfall return period, the economic losses in all four functional zones show a significant increasing trend, reflecting the significant impact effect of extreme rainfall events on the urban economic system. Among them, commercial and residential have the highest economic losses, mainly due to the higher asset density, complex building structure and high functional concentration within the commercial and residential unit area, where flood impacts will lead to higher direct property losses and potential disruption of economic activities. In addition, commercial and residential areas tend to be located in central urban areas, where high levels of hardening and relatively limited drainage capacity exacerbate flood risk vulnerability.
[image: Bar chart showing economic loss in millions of yuan across four sectors: Residence, Commerce, Industry, and Public Service, for different event frequencies (1a, 5a, 10a, 20a, 50a, 100a). Residence and Commerce sectors display the highest losses, peaking over 3000 million yuan at 100a, while Industry and Public Service sectors show significantly lower losses.]FIGURE 7 | Economic losses in Zhengzhou City under different rainfall return periods.In order to further reveal the spatial distribution characteristics of urban economic vulnerability, the spatial distribution characteristics of economic losses in Zhengzhou City under one-in-100-year rainfall event was analyzed. As shown in Figure 8, a large number of residential functional areas within Zhengzhou city suffered from different degrees of economic losses under the one-in-100-year rainfall event, which is the most prominent functional area of economic losses. The affected areas of commercial functional areas are mainly concentrated in the southern part of Huiji District, the northeastern part of Erqi District, the north of Guancheng District and the west of Jinshui District. These areas are characterized by intensive commercial activities and high building density, and the impact of flooding poses a significant threat to their economic operations and asset security. The affected areas in the Industrial Functional Area are sporadically distributed in the northern, western and southern parts of Zhengzhou City. The economic loss areas of the public service functional areas are mainly central Zhengzhou and the eastern part of Jinshui District, where public service facilities are more concentrated and bear a higher functional risk in flooding. Overall, under the scenario of one-in-100-year rainfall, different functional areas in Zhengzhou show significant spatial heterogeneity and risk distribution differences, indicating that flood prevention and control should be tailored to the characteristics of the functional areas to formulate targeted risk mitigation and resource scheduling strategies.
[image: Four maps display economic loss in a region, categorized by sector: Residence, Commerce, Industry, and Public Service. Each map uses color coding to represent loss levels, from green (0 to 0.1 million yuan) to red (greater than 1 million yuan). The maps include a scale bar and north arrow for orientation.]FIGURE 8 | Spatial distribution of economic losses in Zhengzhou City under the rainfall return periods of 100a.4.3.2 Transportation vulnerability
The road vulnerability quantification method in Section 3.2 was used to calculate the inundation of first, second and third grade roads under different return periods by combining the flood inundation results under different return periods. As shown in Figure 9, the total inundation length of roads at all levels showed a significant increase with the increase of rainfall return period. Among them, the most significant increase in the total inundated road length was observed from the once in 1-year to the 5-year rainfall event, especially for the second-grade roads, whose inundated length increased by nearly 10 times during this period, indicating that the vulnerability of the second-grade roads is more sensitive in moderate flooding events. The third-grade roads are the most severely affected road network level in flooding, because third-grade roads suffer greater inundation pressure in flooding due to not only their large number and wide distribution, but also due to the fact that drainage capacity of the third-grade roads is generally lower than that of second and first grade roads. It can be found that the road system in Zhengzhou City, in the face of different intensity of flooding events there are obvious differences in vulnerability, urban flood management needs to take into account the differences in road levels, optimize the drainage system and the layout of emergency access paths, focusing on strengthening the flood prevention capacity of the third-grade road area and emergency access security.
[image: Bar graph comparing flooded road lengths across three grades of roads: first, second, and third. Each grade has six bars representing flood event frequencies of one, five, ten, twenty, fifty, and one hundred years. Flooded length increases with road grade and event frequency.]FIGURE 9 | Flooded road in Zhengzhou City under different rainfall return periods.In order to further reveal the spatial distribution characteristics of transportation vulnerability, the road inundation characteristics in Zhengzhou City under the rainfall return period of once in 100-year was analyzed. As shown in Figure 10, the first-grade roads in central and southern Zhengzhou generally showed different degrees of waterlogging, with localized road inundation in the southern region being more serious. The inundation of second-grade roads is mainly concentrated in the central region of Zhengzhou. In contrast, the degree of inundation of the third-grade roads was significantly higher than that of first and second grade roads, reflecting its weaker resistance to flooding under extreme rainfall. The results are consistent with the analysis findings in Figure 9. Overall, the severely flooded roads are mainly distributed in the central and western regions of Zhengzhou City, exposing the obvious vulnerability of the region’s transportation infrastructure under extreme weather conditions.
[image: Three maps show flooding lengths on different road grades within a study area. The first map, labeled "First-grade road," the second, "Second-grade road," and the third, "Third-grade road," display varying flooding extents. Flooding lengths are categorized in meters: green for 0–50, yellow for 50–100, orange for 100–200, and red for over 200 meters. A north arrow and scale bar are included.]FIGURE 10 | Spatial distribution of Flooded road in Zhengzhou City under the rainfall return periods.4.3.3 Population vulnerability
The GIS spatial overlay technique is used to overlay the spatial distribution of flood inundation with the spatial distribution of population, and the number of affected people in the statistical inundation grid characterizes population vulnerability. As shown in Figures 11, 12, the number of affected populations expands as the return period increases, and the distribution of affected populations shows a clear expansion trend. In particular, the increase in the affected population is most significant between the once in 1-year and 5-year rainfall return periods. In terms of the spatial distribution of the affected population, the affected population is mainly concentrated in the central and southwestern part of Jinshui District, the southeastern part of Zhongyuan District, and the southern part of Huiji District. These areas are the central urban areas of Zhengzhou, with frequent economic activities, high population density, and a high concentration of residential, commercial and public service facilities, leading to a higher risk of population vulnerability. Therefore, Zhengzhou city authorities should strengthen emergency protection measures for these areas during floods in order to minimize potential population casualties and secondary risks from flooding.
[image: Bar chart depicting the number of submerged people (in ten thousands) versus rainfall return periods. The periods include 1a (1.5), 5a (22.9), 10a (31.8), 20a (40), 50a (49.2), and 100a (54), with population increasing as the return period lengthens.]FIGURE 11 | Submerged population in Zhengzhou City under different rainfall return periods.[image: Six maps display the distribution of affected populations across a study area at different time intervals: 1a, 5a, 10a, 20a, 50a, and 100a. Each map shows varying levels of population impact using color codes: light green (0-50), yellow (50-200), orange (200-500), and red (over 500). The maps illustrate increasing affected areas over time. A scale bar indicates distance in kilometers.]FIGURE 12 | Spatial distribution of submerged population in Zhengzhou City under the rainfall return periods of 100a.4.4 Comprehensive flood risk in Zhengzhou under different rainfall return periods
Figure 13 illustrates the results of the calculation of the weights of the assessment indicators under different rainfall return periods using the entropy weighting method. The results show that although there is a certain degree of fluctuation in the weights of the indicators under different reproduction periods, the overall situation presents a more stable and dominant characteristic. Among them, the submerged length of first-grade roads (x3), economic losses in industrial areas (x6), economic losses in public service areas (x8), and economic losses in commercial areas (x9) all show higher weights under each reproduction period, occupying a dominant position in the comprehensive risk assessment. Because the inundation of first-grade roads, as the main urban road network, in the event of flooding not only directly affects the evacuation of people and the deployment of emergency resources, but also causes extensive traffic disruptions and significantly reduces the operational efficiency of the city. Industrial, commercial and public service areas are the core of economic and social activities in cities, and severe inundation may lead to the disruption of industrial chains, the paralysis of basic services and the severe restriction of residents’ lives. Therefore, city authorities should pay attention to the flood risk of roads and key economic and functional areas, and promptly activate drainage pump stations, allocate emergency resources such as drainage vehicles, water barriers, sandbags, so as to improve the resilience of the transportation and economic systems against flooding.
[image: Violin plot displaying data distribution for variables x1 to x9 on the x-axis, with range on the y-axis. Each variable is represented by a different colored violin shape, showing distribution spread and average, marked by black dots. Error bars indicate 1.5 times the interquartile range.]FIGURE 13 | The indicator weights under different rainfall return periods.With the entropy method assigning weights to indicators, the FME method was applied to evaluate Zhengzhou City’s flood risk under multiple rainfall return periods. As shown in Figure 14, as the return period lengthens, both the flood risk area and the risk intensity continuously expand and rise, especially between the increase of the rainfall return period from once in 1-year to 5-year, the risk changes are most significant. Comparison of the flood risk maps under the six different return periods reveals that the low-risk zones are primarily located in the periphery and fringe areas of the city, while the high-risk areas are concentrated in the central urban areas of the city, especially in the western part of Jinshui District, the northeastern part of Erqi District, and the northern part of Guancheng District. These areas are the older urban areas of Zhengzhou that were constructed earlier, and are generally characterized by low standards of drainage system construction, aging pipe networks, dense population and road networks, and high economic values, resulting in a significantly higher overall flood risk rating than other areas. Therefore, the authorities should focus more on the flood risk in these areas.
[image: Six maps display flood risk levels across an area over time, labeled 1a, 5a, 10a, 20a, 50a, and 100a. Color-coded from green to red show increasing risk: low, medium, high, very high. Each map includes a legend and scale in kilometers.]FIGURE 14 | Comprehensive urban flood risk under six rainfall return periods.To further explore the spatial evolution characteristics of the comprehensive urban flood risk under the rainfall return periods of 1, 5, 10, 20, 50, and 100 years, the changes in the number of grids of different risk classes corresponding to each return period were statistically analyzed. As shown in Figure 15, as the return period lengthens, the number of grids of different risk classes shows an overall increasing trend, among which the change of the number of grids in low-risk and medium-risk areas is particularly significant. In contrast, the high-and very high-risk zones show a “rapid increase followed by stabilization”, showing an obvious phased growth trend.
[image: Bar chart showing the number of grids categorized by risk levels from low to very high across different scenarios labeled 1a, 5a, 10a, 20a, 50a, and 100a. Low risk grids are tallest in every scenario, especially in 20a, 50a, and 100a, while very high risk grids remain shortest throughout.]FIGURE 15 | Number of grids for different recurrence periods and risk levels.Specifically, from the stage of one in 1-year to 5-year, the scope of flooding impacts expanded rapidly, especially in the central Zhengzhou City where the capacity of the urban drainage system is weaker, resulting in the formation of large areas of waterlogging, which caused a substantial rise in the number of grids in low-risk and medium-risk areas. From the stage of one in 50-year to 100-year, the increase in the number of high-and very high-risk area grids tends to be slow, reflecting the limitations of the expansion of inundation space in the central city of Zhengzhou, although the overall risk level maintains an upward trend (Figure 6). This phenomenon is mainly due to the high rate of surface hardening, dense buildings, limited water retention capacity, and generally narrow river channels in central Zhengzhou, which makes it difficult for floodwaters to further break through the existing waterlogged boundaries under higher return period flooding scenarios, and makes the spatial extent of the high-and very high-risk zones tend to be stabilized.
However, this spatial “stabilization” does not mean that the level of risk is reduced. On the contrary, as the return period lengthens, the depth of waterlogging in the inundated area will increase significantly, which may induce secondary disasters and chain effects, such as waterlogging in underground spaces, interruption of power supply and paralysis of communications, and significantly exacerbate the disaster losses and social impacts in the severely waterlogged area. Therefore, the focus of risk control of more than once in 50-year rainfall event should be shifted from spatial prevention and control of regional expansion to in-depth management of the core inundation area and resilience enhancement of key functional facilities. Urban management departments need to collect real-time water monitoring, flood simulation, and disaster reporting information during flood disasters to quickly identify key infrastructure risks in flooded areas. And by timely dispatching emergency resources such as sandbags, water blocking plates, and pumping pumps, ensure the safe operation of important areas, key projects, and critical regions.
5 CONCLUSION
The current urban flood risk assessment lacks comprehensive consideration of disaster hazard and socio-economic attributes of the hazard-bearing body, which leads to a certain deviation between the assessment results and the actual flood risk. Therefore, this study uses FME theory and PCSWMM hydrological and hydrodynamic simulation technology, constructed a comprehensive flood risk assessment model with comprehensive consideration of flood inundation and socio-economic vulnerability, and quantitatively evaluated the flood risk of Zhengzhou city under different rainfall return periods. The main research conclusions are as follows:
	1. An urban one-and two-dimensional coupled flood simulation model based on PCSWMM was established to simulate the flood inundation characteristics of Zhengzhou City under different recurrence periods. The ARE of the model validation results under three rainfall events did not exceed 20%, and the NSE was above 0.75, which verified that the model can accurately simulate the flooding process in Zhengzhou City. The inundation simulation results of Zhengzhou city show that the serious areas of simulation are mainly concentrated in the northeastern part of Jinshui District, the northern and western part of Guancheng District, and the northeastern part of Erqi District.
	2. Combining flood simulation results and socio-economic vulnerability quantification methods, the socio-economic vulnerability characteristics of Zhengzhou City under different recurrence periods are revealed. In terms of economic vulnerability, potential losses are mainly located in commercial and residential functional areas, and the central city with higher exposure and asset value is particularly affected. As for the road system, the third-grade roads show high functional vulnerability due to their weak drainage capacity and high coverage density, making them vulnerable weak links. Population high vulnerability areas are particularly prominent in the central city, where high population density and relatively weak infrastructure lead to greater risk in flooding.
	3. Based on the entropy weight method and the FME method, a comprehensive flood risk evaluation model was constructed with comprehensive consideration of flood inundation and socio-economic vulnerability. The results of the comprehensive risk evaluation show that the low-risk zones are primarily located in the periphery and fringe areas of the city, while the high-and very-high risk areas are concentrated in the central urban areas, especially in the western part of Jinshui District, the northeastern part of Erqi District, and the northern part of Guancheng District. These areas are the older urban areas of Zhengzhou that were constructed earlier and are characterized by low drainage system construction standards, aging pipe networks, dense population and road networks, and high economic value. Therefore, Zhengzhou city authorities should focus more on the flood risk in these areas.

However, the limitation of the acquired data may lead to some uncertainty in the results of the comprehensive risk evaluation. In this study, static data on population density from the WorldPop project were used to assess urban flood risk, and although this method can reflect the basic population flood risk characteristics of different inundated areas, it fails to fully consider the spatial-temporal dynamic distribution characteristics of urban population. Future research can further combine multiple sources of dynamic data, such as cell phone signaling and population thermal, to explore the impact mechanism of urban population flow on flood risk at different times (e.g., morning and evening peaks) and in different cycles (e.g., weekdays and holidays), so as to better capture the spatial and temporal dynamics of urban flood risk, offering a stronger foundation for urban flood prevention and control decisions.
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