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Abstract

:

Urban floods caused by extreme rainstorm events have increased in recent decades, particularly in concave-down bridge zones. To simulate urban flooding processes accurately, an integrated urban flood model (IUFM) was constructed by coupling a distributed urban surface runoff model based on the cellular automata framework (CA-DUSRM), a widely used pipe convergence module in the storm water management model (SWMM), with an inundation module that describes the overflow expansion process associated with terrain and land-cover. The IUFM was used in a case study of the Anhua Bridge (a typical concave-down overpass) study area in Beijing, China. The spatial-temporal variations in flood depth modeled by the IUFM were verified to be reliable by comparison with actual measurements and other simulations. The validated IUFM was used to obtain temporal variations in flood range, depth, and volume under four rainstorm scenarios (return periods of 3-year, 10-year, 50-year, and 100-year). The results showed that the surface runoff process, overflow from drainage networks, and overflow expansion process could affect the flooding status by changing the composition and spatial configuration of pervious or impervious patches, drainage capacity, and underlying surface characteristics (such as terrain and land-cover). Overall, although the simulation results from the IUFM contain uncertainties from the model structures and inputs, the IUFM is an effective tool that can provide accurate and timely information to prevent and control urban flood disasters and provide decision-making support for long-term storm water management and sponge city construction.
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1. Introduction


Extreme rainfall events have occurred frequently in recent decades, increasing the frequency of flood disasters. This influence is greatly intensified in urban areas experiencing accelerated urbanization processes [1,2]. In downtown Beijing, China, the current urbanization rate exceeds 86%, and many concave-down overpasses were built with underpasses 2–3 m lower than their surrounding areas [3]. These underpasses of concave-down overpasses are artificial “converging water basins” where large inundated areas can be generated quickly during extreme rainfall events [4,5]. For example, a heavy rainstorm in Beijing on 23 June 2011 inundated 20 bridge areas and caused traffic interruptions [6]. The heavy rainstorm in Beijing on 21 July 2012 caused waterlogging in 95 bridge areas, and the flood depths in some bridge areas exceeded 2 m [7]. Therefore, concave-down overpasses and their surrounding areas have received special attention in urban storm water management. Rapid and accurate simulation and forecasting of flood depth and range are indispensable for mitigating flooding losses and safeguarding the lives and property of residents.



Physics-based models can simplify intricate urban water cycle, integrate diverse hydrological and hydrodynamic processes, and clarify causal relationships among variables. Consequently, these models have emerged as vital instruments for exploring and comprehending complex flooding process and characteristics, particularly in urban areas with concave-down overpasses [8,9].



From the 1960s to the 1970s, some countries in Europe and the United States began to develop urban stormwater models that could meet the requirements of urban drainage, flood control, and environmental governance. For example, the storm water management model (SWMM) is one of the most widely used models [10,11,12]. The SWMM comprises hydrological, hydraulic, and water quality modules [8]. The surface runoff module of the SWMM is a 1D model based on subcatchments, which has high computational efficiency and requires less input data. However, the simulation accuracy may not be high because it fails to present runoff variations resulting from the spatial heterogeneity of underlying surface characteristics (such as elevation, slope, soil, surface, and vegetation-related parameters) at the scales finer than a subcatchment. The urban land-cover types are diverse and complex in spatial distribution. It is necessary to establish a 2D distributed model after improving the accuracy of underlying surface parameters and variables. The 2D distributed model can reveal the spatial-temporal relationships and hydrological–hydrodynamic connections between adjacent spatial units and describe the redistribution and transmission of overland flows within a subcatchment after runoff outflows are generated and before they converge into the drainage network [13,14].



The 2D distributed hydrological or hydrodynamic models based on physical processes use strict mathematical physical equations to describe the various physical processes, and the effects of topography on surface runoff and infiltration have been well studied (e.g., TOPMODEL (topography based hydrological model), MIKE21, IFMS Urban (integrated urban flood modeling system), and InfoWorks ICM (integrated catchment management)). Most models often use simplified St. Venant equations, shallow water equations, or Boltzmann equations [15], which are suitable for continuous processes on 1D or 2D free surfaces. However, they cannot accurately simulate hydrological and hydrodynamic processes on the surface with great undulation; that is, they are not suitable for simulating discontinuous runoff processes on a depressed surface with large undulations [16,17,18], for instance, the underpass and their surrounding areas. In addition, they require a significant amount of computation time and thus possible high computation costs.



Some studies have tried to quantify the real microtopography-controlled overland flow dynamics by explicitly incorporating the hydrologic elements of depressions. For example, Chu et al. (2013) proposed a modeling framework for characterizing puddle-to-puddle (P2P) overland flow processes through cell-to-cell (C2C) [18]. However, developing the algorithms for filling, spilling, merging, and splitting processes is extremely challenging, and their complexity also impedes their wide application in real areas. Feng et al. (2023) developed a distributed urban surface runoff model based on a simple cellular automata framework (CA-DUSRM) to simulate the generation of surface runoff outflow at grid cell scale and flow interactions among cells [19]. Compared with SWMM, CA-DUSRM performs better overall and is more sensitive to variation in terrain undulation.



The CA approach has strong potential advantages in simulating water diffusion processes controlled by microtopography and has already been applied in simulating surface runoff, flooding, soil and water erosion, and mudslide [20,21,22]. Different from subcatchment-based models, CA-based models use grid cells as spatial units to present fine spatial heterogeneities (including terrain variability) within a subcatchment [23]. This allows for the convenient realization of a more detailed simulation of hydrological and hydrodynamic processes at the grid cell scale and the flow interactions among adjacent cells [24]. The CA approach provides a simple simulation framework in which vertical and horizontal processes can be involved within a cell at a certain time and change with the states of the cell and its neighboring cells at the immediately preceding time. The bottom-up simulation approach of CA greatly reduces model complexity by first establishing simple local rules and then applying them to each cell to realize the upscaling of simulation results from cells to a subcatchment [19]. Therefore, CA-based models can inherently couple spatial and temporal elements to realize the simultaneous evolution of processes in space and time. Moreover, CA-based models can be highly efficient because of their simple structures and parallel computing rules [25,26].



However, most urban hydrological models (both subcatchment-based and cell-based models) fail to incorporate the water cycle within the soil-vegetation-atmosphere continuum, such as canopy interception, vegetation transpiration, soil evaporation, and infiltration, or coarsely simulate ecological processes by simplifying relationships (for instance, in the SWMM) or directly inputting values or ratios into models (for instance, in the P2P model). Although evapotranspiration affects little of the runoff dynamics during a single rainfall event, its effect on soil water and thus runoff and flood cannot be ignored when deriving long-term runoff (for instance, during the whole flood season) [27]. There are complex relationships between vegetation (e.g., leaf area and leaf stomatal conductance) and soil conditions and the water cycle, which cannot be revealed sufficiently with simplified processes or values. Therefore, coupling ecological processes into hydrological models is necessary to simulate continuous hydrological processes that have a cumulative effect on rainfall runoff and flood.



Additionally, although the SWMM has satisfactory performance in simulating runoff transport through a pipe network system, it cannot simulate the 2D expansion process of overflow spilled from the pipe nodes [28,29]. Most urban flood simulations based on the SWMM require secondary development to incorporate a 2D inundation process. Shi et al. (2015) addressed this problem by generalizing the inundated area as a simple reservoir in the SWMM to simulate the waterlogging situations on the roads [28]. Wang et al. (2016) used the SWMM to obtain the overflow in a concave-down overpass area and then established statistical equations for flood range and depth corresponding to different flood volumes based on high-precision digital elevation model (DEM) data for subsequent predictions [29]. These simplified or statistical methods are mostly simple and feasible, but their accuracy is not high. On the contrary, the physics-based methods with high accuracy are usually time-consuming, for example, those based on shallow water equations. Importantly, these methods can only simulate water flow on a continuous surface [15]. By contrast, the cell-based inundation algorithm can be efficient in simulating discontinuous inundation processes under terrain changes because it can simulate a series of expansion processes from cells to cells and from depressions to depressions [16,30,31].



We tried to take full advantage of the SWMM in simulating hydraulic process through drainage networks. For the surface runoff process before pipe convergence, we tried to utilize the developed CA-DUSRM to simulate overland flows at each cell resulting from both internal ecohydrological processes and exchanges with neighboring cells, from which lumped overland flows within the subcatchment outlets can also be obtained. For the overflow expansion process after pipe convergence, we tried to develop a cell-based module to describe the gradually elevating and expanding process of overflow along the surface microtopography. This study intends to construct an integrated urban flood model (IUFM) by coupling the three processes mentioned above.



The Anhua Bridge, a concave-down overpass in the Chaoyang district of Beijing, and its surroundings were selected as the study area. The study area experienced multiple waterlogging events. There are relatively large amounts of flood-related data in this area, making it feasible for model calibration and validation. The flooding processes modeled by the IUFM were validated using four actual rainstorm events from 2007 to 2016. After demonstrating the temporal dynamics and spatial patterns of the modeled flooding status under different rainfall scenarios, we analyzed the generation and expansion of floods in the study area. Finally, we evaluated the model and provided suggestions for preventing and controlling urban waterlogging.




2. Materials and Methods


2.1. Study Area


The Anhua Bridge is located at the intersection of Beichen Road and the North Third Ring Road in Beijing (Figure 1). The Anhua Bridge study area includes the Anhua Bridge and its surrounding regions, from where surface runoff outflows and belowground pipe flows converge under the bridge, according to DEM data (Figure 2a) and drainage network data (Figure 1). As a typical concave-down overpass, the Anhua Bridge area is vulnerable to flood disasters during rainstorms, and floods always spread to the surrounding regions.



The study area covers approximately 0.43 km2, with a mean elevation of 50.0 m and a mean slope of 16.1°. The area experiences a typical semi-humid continental warm temperate monsoon climate, characterized by cold and dry winters and hot and rainy summers. The average annual air temperature is 12 °C. The average annual precipitation is approximately 585 mm, and 76% of total rainfall tends to fall during the summer. Rainstorms (including rainstorms (50–100 mm), heavy rainstorms (100–200 mm), and extraordinary rainstorms (>200 mm)) frequently occur in July and August [32].




2.2. Discretization of Subcatchments


The study area was discretized into six subcatchments based on the surface topographic and hydrographic features, the spatial variability in land-cover (especially roads), and the locations of drainage elements. There was only one outlet for each subcatchment.



The subcatchment areas ranged between 1.10 ha (sub6) and 11.60 ha (sub3) (Table 1). Most of these subcatchments had relatively uniform natural characteristics (e.g., soil types and precipitation) but different pervious areas, elevations, slopes, land-cover, and drainage capacities, forming the basis for the overland hydrologic and belowground hydraulic characterizations. The six subcatchments were relatively enclosed and possessed distinct watershed boundaries.




2.3. Model Development


The IUFM combined a surface runoff module, a pipe convergence module, and an inundation module to simulate the generation, accumulation, expansion, and recession of floods and obtain flood information such as flood range, depth, volume, and duration (Figure 3). Water exchange among surface runoff, pipe flow, and floods occurs at drain wells or utility holes (referred to as nodes) in the pipe network. In the surface runoff module, grid cells are the fundamental simulation units. Subcatchments discretized based on the grid cells offer a hydrological unit for linking with pipe networks. The coupling between the surface runoff and pipe convergence modules was realized by determining the corresponding outlet of the overland flow for each subcatchment according to the ground elevation at the nodes and the flow direction among the nodes of the pipe network. Surface runoff of each subcatchment was modeled using a distributed urban surface runoff model based on the cellular automata framework (CA-DUSRM) [33], which was developed by our research team. The lumped surface runoff outflow at the outlet of each subcatchment was input into the pipe convergence module to simulate the flow routing process within the pipes. When the water volume in a pipe network exceeds the drainage capacity of the pipe network, rainwater spills over the ground through the nodes of the pipe network, as simulated by the pipe convergence module. The overflow expands in the horizontal and vertical directions and causes inundation. When the drainage capacity of the pipe network is restored, the overflow returns to the pipes through the nodes and gradually converges with higher-level pipes or rivers. The dynamic processes of the expansion and recession of overflows were simulated using the developed inundation module.



2.3.1. Surface Runoff Module


In the CA-DUSRM, we adopted an improved nonlinear reservoir algorithm combined with a weighting system to develop a 2D urban surface runoff outflow rule [19]. The surface runoff outflow for a grid cell at a time was the product of the balance between water inputs (including precipitation, upstream flow, and irrigation) from external systems or neighboring cells and the outputs (including canopy evaporation from interception, soil evaporation, vegetation transpiration, and infiltration) from internal cells at the immediately preceding time (Figure 4). Soil water conditions directly affect soil evaporation and infiltration and thus surface runoff, making it crucial to estimate soil water content (SWC). In addition to the surface runoff process during rainfall, daily ecohydrological processes are simulated based on the forest landscape productivity model [34] and the grassland landscape productivity model [35], which can provide information on soil water conditions preceding and during rainfall runoff. Daily SWC is a bridge that links the second or minute simulation of surface runoff with the daily simulation of ecohydrological processes.



The simulation results of daily ecohydrological processes have been validated by Zhang and Yu (2006) [34] and Zhang and Liu (2014) [35]. The simulation results of surface runoff processes during different rainfall events have been validated in Feng et al. (2023) [19].



The surface runoff outflow from each grid cell converged into the outlet of a subcatchment, not entering the inlets (nodes) along the flow routes. Therefore, the surface runoff within a subcatchment was the total overland flow going through the entire land surface rather than the remaining outflow after being drained into the distinct inlets along the flow routes.




2.3.2. Pipe Convergence Module


Pipe flow at a node of the pipe network comes from the overland flows converging into the outlets of one or multiple subcatchments. For a gradually varying and unsteady free-surface flow through a conveyance network of pipes, water movement is governed by the conservation of mass and momentum in the St. Venant equations [36]. In the IUFM, the dynamic wave analysis method in the hydraulic module of the SWMM is used to solve the complete form of these equations for each conduit [37]. The equation for each node is based on the conservation of water volume. These solutions can produce theoretically accurate results for channel storage, backwater effects, entrance/exit losses, flow reversal, and pressurized flow, providing information on the spatial and temporal variations in water levels and discharge rates throughout the network.



The equations for conduits can be expressed as follows [36]:


    ∂ Q   ∂ x   +   ∂ A   ∂ t   = 0                                                                                                   Continuity ,  



(1)






  g A   ∂ H   ∂ x   +   ∂       Q   2     A       ∂ x   +   ∂ Q   ∂ t   + g A   S   f   = 0                               Momentum ,  



(2)




where Q is the flow rate (m3/s); A is the flow cross-sectional area (m2); x is the distance (m); t is the time (s); g is the acceleration of gravity (m/s2); H is the hydraulic head of water in the conduit (m); and Sf is the friction slope (head loss per unit length) (N).



The equation for a node can be expressed as follows [36]:


    ∂ H   ∂ t   =  ∑      Q   t       A   s       ,  



(3)




where Qt is the instantaneous flow rate (m3/s) at the moment when the water enters the node; and As is the node assembly surface area (m2).




2.3.3. Inundation Module


The essence of the inundation module is a multi-source dynamic diffusion inundation algorithm [30,31]. Based on the water balance principle, the simulation uses the cut-and-trial method to continuously judge the rationality of the estimated flood range, volume, and depth during the multi-source dynamic expansion of overflow. The simulation was conducted at a grid-cell scale (Figure 5).



If overflow occurs at a single node in the study area, it accumulates and expands outward, centered at the node. During the cut-and-trial process, the potential flood elevation (H) is raised once by a unit water level (Δh) until the estimated total flood volume over the inundated sites equals the total volume of overflow from the node (simulated by pipe convergence module) after conducting n calculations and comparisons, when the ultimately determined H is Hn (Equation (4)). If Hn at the node is greater than the elevation at the adjacent grid cells, the water flow expands to a larger neighborhood of the node. The expansion is stopped when Hn is less than the minimum elevation at the potentially inundated grid cells, the nearest neighbors to the outermost inundated sites centered on the node.


    ∑  i = 0   m        H   n   −   E   i     × A   ≈   V   p   ,  



(4)




where m is the total number of inundated grid cells; Ei is the elevation at inundated grid cell i adjacent to the central node; A is the area of a cell (m2), assumed to be the same for all cells; and Vp is the node overflow at a certain time simulated by the pipe convergence module (m3).



If there are multiple overflow nodes in a study area and water may move among the inundated areas from the adjacent nodes (according to the simulated expansion process of the overflow for each node), the overflows for all associated nodes are updated. We assumed that the overflow for the node with the lowest elevation was the sum of the overflows from all associated nodes. After updating the overflow, the simulation of the expansion process for each node was repeated.



In the inundation module, the elevation data were obtained from the DEM, in which the altitudes of the surface buildings and vegetation cover were not considered. Given that some water flow can be blocked by buildings and short vegetation (such as grasses and shrubs) above the terrain’s surface, we raised the elevations at the sites where buildings and short vegetation were located by 30 m and 0.2 m, respectively, based on the actual situations in the study area.



Moreover, water is partially lost when it expands outward from an overflow node because of the physical interception and chemical absorption of the underlying surface or soil infiltration at the sites where water passes. Therefore, we introduced loss coefficients that mainly depend on the land-cover type. We defined the loss coefficient as the ratio of the water loss volume to the total overflow volume. Thus, the actual volume of water that expanded to a site was obtained after deducting the loss based on the underlying surface characteristics of the site.





2.4. Precipitation Data


Considering the small area of the study area (0.43 km2) and the ignorable spatial het-erogeneity in rainfall, we adopted unified rainfall data throughout the area.



2.4.1. Actual Rainstorm Events


We selected four actual rainstorm events on 1 August 2007, 6 August 2007, 21 July 2012, and 20 July 2016, for which literature on the study area could be obtained to validate the modeled flood depth or volume. Except for the rainstorm on 6 August 2007, the others were heavy rainstorm events, according to the standards issued by the China Meteorological Administration.



Daily meteorological data, such as precipitation and temperature, were obtained from the China Meteorological Data Sharing Service System (CMDSSS) (http://data.cma.cn/ (accessed on 9 December 2012)). Daily meteorological data can satisfy the daily continuous simulation of ecohydrological processes to obtain soil water conditions immediately before a rainfall event. However, finer (e.g., minute) precipitation data are required to derive transient hydrological and hydraulic processes during rainfall events.



The Chicago rain-pattern generator has been widely used in the scientific literature for generating synthetic rainfall events or designing rainstorm events [37,38,39]. We used this method to obtain minute precipitation data for 1 and 6 August 2007 according to actual rainfall information such as total rainfall volume, rainfall duration, and approximate peak rainfall and time. For example, the heavy rainstorm on 1 August 2007 suddenly occurred and concentrated between 20:00 and 21:00; thus, we defined the peak time within this rainfall period; the rainstorm on 6 August 2007 concentrated at 3:00–4:00 p.m.; thus, the peak time was set within this period (Table 2).



We downloaded the spatially interpolated hourly precipitation data for 21 July 2012 from CMDSSS. The data fused the precipitation data measured at automatic weather stations in China with the U.S. Climate Prediction Center MORPHing technique. From these hourly data, we obtained minute-level data using the cubic polynomial interpolation method (Table 2).



The precipitation data for 20 July 2016, were measured in May 2016 using a rain gauge (HOBO RG3-M) installed on a building rooftop within the study area. The gauge recorded rainfall in 0.2 mm increments, from which we calculated the minute data (Table 2).




2.4.2. Designed Rainfall Events


To systematically analyze the dependence of floods on rainstorm intensity, we designed four rainfall events with return periods of 3-year, 10-year, 50-year, and 100-year and a duration of 1 h according to the formula for rainfall intensity in the local standard for Beijing (DB11/T 1440-2017) [39], which is the standard of load calculation for municipal infrastructure planning. The formula is as follows:


  q =   1602   1 + 1.037 × l g P         t + 11.593     0.681     ,  



(5)




where q is the rainfall intensity (L/(s·ha)); P is the rainfall return period (year), ranging from 2 to 100 years; and t is the rainfall duration (min), ranging from 5 min to 1440 min. In this standard, the parameters were derived from a directly fitted equation using 1406 rainstorm data points for 19 rainfall durations from 1941 to 2014 in Beijing.



Rainfall intensities generated using Equation (5) were 47.38, 64.57, 87.54, and 97.44 mm/h, corresponding to the return periods of 3-year, 10-year, 50-year, and 100-year, respectively. We designed a unimodal rain pattern with peaks occurring two-fifths of the way through the rainfall event, which followed the general characteristics of rainfall processes in the study area [40,41]. A Chicago rain-pattern generator yielded four minute-level rainstorm scenarios with the same rainfall characteristics but different return periods (3-year, 10-year, 50-year, and 100-year).





2.5. Model Parameterization and Calibration


To balance the efficiency and accuracy of the simulation, the spatial grain was set to 5 m and the temporal grain to 5 s when modeling the surface runoff process in the study area, according to an analysis of the spatial-temporal grain effects on the modeled surface runoff process [19].



The parameters in the surface runoff module of the IUFM were related to vegetation, soil, underlying material, and topographic characteristics. The values or ranges of some parameters were obtained from literature and field measurements (Table S1) [10,33,42,43,44,45,46,47,48,49,50,51,52,53,54].



The topographic characteristics were derived from DEM data. We downloaded the DEM data at the resolution of 7.8 × 10−5 in latitude and longitude from the Google Earth platform and then projected it using China Geodetic Coordinate System 2000 to obtain the DEM data at the approximate resolution of 7.0 m. After that, we first resampled the 7.0 m DEM data to 1.0 m. Meanwhile, the DEM data at the resolution of 1 m was created from control point data (cartographic scale of 1:2000) by using ArcGIS. Then, we fused the two types of DEM data [55]. The resolution of the final DEM data is about 1 m (Figure 2a).



The variable parameters included the leaf area index (LAI) and initial SWC, which were obtained from the remote sensing data. Based on the availability and quality of remote sensing data, we selected Landsat thematic mapper (TM) 7 images with few clouds for 5 June 2007, 17 May 2012, and 5 June 2016. From each image, normalized difference vegetation index (NDVI) values were inverted using red light and near-infrared band reflectance data at a 30 m pixel resolution, and land surface temperature values were derived using thermal infrared band reflectance data at a 60 m pixel resolution. Using these NDVI and land surface temperature values, we calculated the temperature vegetation dryness indices (TVDIs) at a 30 m pixel resolution as follows:


  T V D I =     T   s   −   T     s   m i n         T     s   m a x     −   T     s   m i n       ,  



(6)






  Wet   edge :     T     s   m a x     = a + b × N D V I ,  



(7)






  Dry   edge :     T     s   m i n     = c + d × N D V I ,  



(8)




where TS is the land surface temperature for a pixel;     T     s   m a x       and     T     s   m i n       are the maximum and minimum land surface temperatures corresponding to certain NDVI values, respectively; and a, b, c, and d are the fitted coefficients in the linear equations for the wet and dry edges, respectively, obtained using the TVDI extension tool in ENVI 5.2.



The calculated TVDIs were converted into soil volumetric water content (VWC) using Equation (9), which was developed based on 44 VWC values measured from 2019 to 2022 using soil temperature and moisture sensors (HSTL-102STRWS) and derived TVDIs from Landsat TM images for the same time and field plots [33].


  V W C =  20.601      TVDI   - 0.325   ,  



(9)







This VWC was then converted into SWC, with a soil bulk density of 1.35–1.40 g cm−3, measured in the study area. The SWC values determined on the days (5 June 2007, 17 May 2012, and 5 June 2016) were set as the initial values for the daily simulation of ecohydrological processes. Daily ecohydrological simulations were conducted until the selected rainstorm days (1 August 2007, 6 August 2007, 21 July 2012, and 20 July 2016) to obtain the SWC values immediately before these rainstorms.



In addition, to derive SWC values at a targeted resolution of 5 m, we needed to realize the downscaling of SWC values at a resolution of 30 m. In a previous study, Moran’s I correlogram of NDVI values computed from a WorldView-2 image showed that vegetation growth conditions presented a significantly positive autocorrelation within a range of approximately 60 m surrounding a site; this implies that single or invariant factors and processes drive vegetation growth variation within a scale domain of 60 m [20]. Given that vegetation growth is closely associated with soil moisture, we assumed that vegetation growth and soil moisture would vary within an approximate scale domain. Thus, there were similar spatial pattern characteristics of SWC across scales from 1 m to 60 m. Accordingly, the SWC values at a resolution of 30 m could be scaled down to 5 m by resampling [56], and these 5 m SWC values were input into the IUFM.



To simulate daily ecohydrological processes from the initial days (5 June 2007, 17 May 2012, and 5 June 2016), we also needed to derive the daily LAI, which is closely associated with vegetation evapotranspiration and precipitation redistribution in the canopy and thus greatly impacts soil water conditions. We obtained the LAI values for grasses, shrubs, and trees (averaging broad-leaved and coniferous trees) over the study area from the NDVI-LAI look-up table. The look-up table was derived from the statistical relationship between NDVI values from Landsat TM images and LAI values inverted based on radiative transfer and geometrical optics principles in vegetation and the atmosphere [57]. In the present study, the NDVI values used for estimating the LAI values were inverted using red light and near-infrared band reflectance data at a resolution of 2 m from a WorldView-2 image taken on 13 October 2017. The LAI values obtained on 13 October represented the maximum LAI values during the entire flood season, given that the leaves did not start falling in mid-October in Beijing. We assumed that the interannual variation in LAI during the flood season (with maximum vegetation growth) could be ignored; thus, the obtained LAI values for 2017 could be used for 2007–2016.



The parameters in the pipe convergence module are primarily associated with the nodes and conduits. These data were obtained from actual drainage network data in the present study (Table S2).



The parameters in the inundation module primarily included the node position from the drainage network data, elevation from the DEM data, and land-cover from the interpreted WorldView-2 image. Furthermore, when the effect of land-cover on the overflow expansion could not be ignored, the loss coefficient for the land-cover type was considered (Table S3) [51]. The loss coefficients were obtained from Manning’s roughness coefficients for different land-cover types.



Some parameters in the three modules were calibrated, such as depression storage and Manning’s roughness coefficients (Mnrc) for different land-cover types in the surface runoff module, Mnrc for pipes in the pipe convergence module, and loss coefficients for different land-cover types in the inundation module (Tables S1, S2, and S3) [10,33,42,43,44,45,46,47,48,49,50,51,52,53,54]. We first assigned initial ranges to the parameters based on the literature in the urban areas of Beijing and Rossman and Huber (2016) [10]. Given that the loss coefficient is highly positively correlated with Mnrc, we determined the range of Mnrc for a land-cover type as the initial loss coefficient for the land-cover type (Table S3) [51]. These initial ranges were then calibrated using actual flood data from the rainstorm on 6 August 2007.




2.6. Landscape Pattern


A land-cover map was visually interpreted from a WorldView-2 image involving RGB and near-infrared bands at a 2.0 m pixel resolution for 13 October 2017 (Figure 2b). Image preprocessing (including radiometric and atmospheric calibration and geometric rectification) was conducted using ENVI 5.2 software. Manual digitization was performed to classify the land-cover types. Pervious cover types included vegetation-covered green spaces (i.e., grassland and woodland) and brick pavements. Impervious cover types included asphalt roads, concrete roads, and concrete roofs. The interpreted land-cover types were tested and verified by comparison with those at the 30 sample sites. The final accuracy is 96.7%.



The land-cover data were input into the landscape pattern analysis package FRAGSTATS 4.2 [58] to calculate the spatial pattern metrics for impervious cover types within each subcatchment (Figure 6). Adjacent cells (using the eight-cell neighbor rule) with the same land-cover type composed a patch. The selected metrics included the percentage of landscape (PLAND), the largest patch index (LPI), the percentage of like adjacencies (PLADJ), and the patch cohesion index (COHESION) (Table S4) [58]. The rationale for metric selection is the same as that used by Zhang et al. (2018) [52].



The total PLAND for impervious cover types was 79.45% in the study area. The PLAND of the six subcatchments ranged from 61.79% (sub4) to 89.13% (sub3) (Figure 6). This indicates that the predominant land-cover was overwhelmingly impervious, even though sub4 had the largest percent pervious cover (PPC) (Table 1).




2.7. Drainage Capacity


If an urban drainage system fails to discharge the surface runoff promptly, overflow can occur from drain wells or utility holes and eventually form inundated areas. Therefore, the drainage capacity of a subcatchment directly affects the occurrence (presence or absence) and intensity of floods. The ponding of the study area originated from multiple subcatchments through the outlets of overland flow and belowground pipelines. For each subcatchment, there were multiple pipelines to the outfall of the study area (Figure 1). The drainage capacity (D) of a subcatchment is influenced by the physical characteristics of drainage networks (such as pipeline length (L) and pipe diameter (P)) and the altitude difference between the outlet of the overland flow within the subcatchment and the outfall of the study area (E) [59]. We defined D for subcatchment i as the average of the normalized P, L, and E:


    D   i   =       L   i   −   L   m i n       L   m a x   −   L   m i n     +     P   i   −   P   m i n       P   m a x   −   P   m i n     +     E   i   −   E   m i n       E   m a x   −   E   m i n       3   ,  



(10)




where Li is the total length of all pipelines from the outlet of the overland flow within subcatchment i to the outfall of the study area (m); Lmax and Lmin are the maximum and minimum L among all subcatchments, respectively (m); Pi is the pipeline length-weighted mean pipe diameter for subcatchment i (m); Pmax and Pmin are the maximum and minimum P among all subcatchments, respectively (m); Ei is E for subcatchment i; and Emax and Emin are the maximum and minimum E among all the subcatchments, respectively (m).



In descending order of drainage capacity, the Anhua Bridge study area involved sub1, sub2, sub6, sub5, sub4, and sub3 (Table 3).





3. Results


3.1. Validation of Flood Simulation


We simulated the dynamics of the flooding processes during four rainstorms on 1 August 2007, 6 August 2007, 21 July 2012, and 20 July 2016 (Table 2) in the Anhua Bridge study area using the IUFM.



The modeled minute flood ranges, depths, and volumes changed with the rainfall processes. Their peaks appeared at the approximate times, lagging behind rain peaks by 0.7–3.2 h, with the longer lagging for the rainstorm with the longer rainfall duration (Figure 7). The maximum flood depth during each rainstorm was extracted for each grid cell, from which the spatial distributions of the maximum flood depth and potential flood range were derived (Figure 8). The simulation results show that waterlogging in the study area occurred mainly on the North Third Ring Road (main road) under the Anhua Bridge, covering up to 300 m from east to west along the main road. The surrounding surface flows easily converged toward the bridge at lower altitudes, and water could not be discharged promptly because of the limited drainage capacity.



We selected three sites in the study area for which some literature could be obtained to validate the modeled flood depths. These were located on the main road under the Anhua Bridge (Site A), east of the main road at the lowest altitude (Site B), and on an auxiliary road north of the main road (Site C) (Figure 8). The temporal trends of the modeled flood depths at the three sites were approximate. Flood depths reached their peaks simultaneously during the same rainstorm events (Figure 9) because of the close locations of these three sites and the same rainfall processes. However, there were considerable differences in the modeled flood depth peaks, and the sites, in decreasing order of peaks, were Sites B, A, and C. Moreover, compared with the floods at Sites A and B, the floods at Site C appeared later and disappeared earlier. These differences could be due to differences in spatial locations. During the flooding processes, floods first converged toward the main road with the lowest altitude (e.g., Site B) and the areas under the bridge (e.g., Site A) and gradually expanded toward the surrounding areas (e.g., Site C), whereas floods recessed in the opposite order.



The modeled flood depth values at the three sites were compared with the measured and other modeled values. For the rainstorm on 1 August 2007, the modeled maximum flood depth at Site B within the inundated area could reach 1.98 m (Figure 7a and Figure 8a), which was close to the measured maximum flood depth reported in Beijing News (about 2 m) (Table 4).



For the rainstorm on 6 August 2007, we obtained multiple measured data at different times throughout the flooding process at Sites A and C from the Beijing Flood Control Office. The absolute errors between the modeled and measured flood depths ranged from −0.02 m to 0.09 m, and the absolute values of relative errors were not higher than 18% for Sites A and C (Table 4). Site B yielded a higher absolute error (−0.19 m) and a −11.2% relative error. The modeled maximum flood depth at Site B was 1.70 m, which occurred at 16:01 (Figure 7b and Figure 8b), whereas the actual maximum flood depth (1.7 m) occurred at 15:40, according to records from the Beijing Flood Control Office (Table 4). The mismatch between the two flood peak times may be attributed to the coarse time resolution (5 s) used in the IUFM surface runoff module [19]. In particular, the times at which the measurements could be obtained spanned throughout the flooding processes, including nearly peak times and times before and after peaks (Figure 9b). Therefore, the flood depths at these times could represent temporal dynamics of flooding processes.



For the rainstorm on 21 July 2012, the modeled flood depth at 19:30 at Site A was 0.84 m (Figure 9c), which was higher than that reported in Beijing News (0.70–0.80 m) (Table 4). During the rainstorm, the local government used large drainage facilities to accelerate the drainage of floods under the bridge, which reduced the actual flood depth. However, this was not considered in our simulation. Moreover, Li et al. (2017) [60] used the overflow-flood depth curve method to derive flood depth at each time and showed that the modeled flood depth at 20:53 at Site A was 0.81 m, close to our modeled one (Table 4). For Site B, our modeled flood depth at flood peak time (22:39) was 1.49 m (Figure 8c and Figure 9c), close to the measured value (1.50 m) determined by Zhao (2016) [61] (Table 4).



For the rainstorm on 20 July 2016, our simulation results showed no ponding (Figure 8d), consistent with that reported in Beijing News and the flood data recorded by Baidu maps (Table 4).




3.2. Flood Simulation under Different Rainstorm Scenarios


We used the four designed rainstorm scenarios described in 2.4.2 to model the entire flooding processes from the initial rainfall time to the final flood recession time in the study area. We calculated the flood range, mean flood depth, and total flood volume over the modeled inundated area for each rainstorm.



The results showed that the modeled flood range, mean flood depth, and total flood volume exhibited similar temporal trends under different rainfall return periods (Figure 10). They increased slowly within the initial 20 min of the start of the rainfall. Subsequently, they rapidly increased to peaks approximately 1 h after the rainfall started, regardless of the rainstorm intensity. All peaks lagged behind the rain peaks by approximately 35 min. After their peaks, the flood depth and volume decreased rapidly and then slowly with temporal variations in rainfall (Figure 10b, c). However, the flood range remained unchanged for a period after the peaks, lasting from 1.0 h for a 3-year return period to 2.5 h for a 100-year return period (Figure 10d). The invariant flood range usually occurs in a large and nearly cuboid depression, such as the underpass of the Anhua Bridge, where overflow can rapidly converge but cannot be drained in a short time because of the limited pipe drainage capacity. In addition, a resolution of 5 m × 5 m masked small changes in the flood ranges.



The modeled maximum flood range, mean flood depth, and total flood volume over the entire study area for the 50-year- and 100-year-return-period rainstorms were similar: 1.09–1.11 ha, 1.05–1.15 m, and 1.10–1.28×104 m3, respectively. These were much greater than those for the 3-year- and 10-year-return-period rainstorms (Figure 10b–d), reaching 2–4 times the maximum flood volume (Figure 10c). Consequently, there were considerable differences in the flooding duration, although the start and peak times of the flooding were similar (Figure 10). The floods caused by the 50-year- and 100-year-return-period rainstorms could last for 6.0 h and 6.8 h, which are 1.8–3.1 h and 2.6–3.8 h more than the floods caused by the 3-year- and 10-year-return-period rainstorms, respectively.




3.3. Hydrological and Hydraulic Processes That Affect Flood Conditions


In the IUFM, urban flooding results from three sequential processes: surface runoff, overflow from drainage networks, and overflow expansion. From these three processes, we analyzed the causes of flooding within different subcatchments and at different spatial locations in the Anhua Bridge study area.



3.3.1. Surface Runoff Process


Rainfall runoff is the initial source of flooding. We modeled surface runoff under four rainstorm scenarios (return periods of 3-year, 10-year, 50-year, and 100-year) using CA-DUSRM for the six subcatchments in the study area. The results showed that the total surface runoff values in the study area were 15.26–31.83 mm, 27.05–44.23 mm, 41.74–62.30 mm, and 48.01–70.05 mm under the four rainstorm scenarios. Sub4 had the lowest mean runoff coefficient (0.43), whereas sub3 and sub5 had the highest values (0.69) and, secondly, sub6 (0.65), sub1 (0.56), and sub2 (0.54) (Figure 11a).



The changes in underlying surface conditions directly affect the water cycle, such as the regulation and storage of surface water and the soil infiltration process, ultimately leading to changes in surface runoff, convergence processes, and rainfall runoff effects. In particular, the composition and spatial configuration of impervious patches significantly affected the occurrence and process of surface runoff within a subcatchment. Correlation analysis showed significant positive correlations between the surface runoff coefficient and PLAND, LPI, PLADJ, and COHESION for impervious patches (p < 0.05). Compared with other subcatchments, sub4 had the lowest PLAND, LPI, PLADJ, and COHESION for impervious patches (Figure 6) and thus had the lowest runoff coefficient (Figure 11a). In contrast, sub3 and sub5 had the maximum PLAND, LPI, PLADJ, and COHESION for impervious patches (Figure 6) and thus the highest runoff coefficients (Figure 11a).




3.3.2. Overflow from Drainage Networks


We modeled the overflow under the four rainstorm scenarios using the pipe convergence module and calculated the overflow ratios for the six subcatchments in the study area (Figure 11b). The overflow ratio is the ratio of the overflow within each subcatchment to the total overflow in the study area. The overflow ratio can be used to denote the potential waterlogging contribution of each subcatchment to the entire study area, given that the overflows from the six subcatchments eventually converged under the Anhua Bridge and generated waterlogging.



The results showed that the total overflows in the study area were 3.4 × 103 m3, 6.4 × 103 m3, 1.1 × 104 m3, and 1.3 × 104 m3 under the four rainstorm scenarios. The overflows in sub4 were lower, and the potential waterlogging contribution was smaller (Figure 11b) because of the lowest surface runoff (Figure 11a), although the drainage capacity was the second lowest (0.27) (Table 3). In contrast, there were the highest overflows in sub3 and sub5 and the greatest potential waterlogging contribution (average 36–52%) (Figure 11b) because of the highest surface runoff (Figure 11a) and the lowest and lower drainage capacity (0.26 and 0.35, respectively) (Table 3). Sub1, sub2, and sub6 had the highest drainage capacity (0.38–0.59) (Table 3) and could drain more surface runoff outflow in a shorter time, so they generated much less overflow (Figure 11b).




3.3.3. Overflow Expansion Process


In the IUFM, overflow expands from a node and forms an inundated area around the node. The spatial distribution of the inundated area depends on the terrain and land-cover of the underlying surface. To determine the effects of different factors, we used the inundation module to model the overflow expansion processes impacted by different factors under the assumption of an input total overflow of 5 × 104 m3.



We first modeled the overflow expansion process, as land-cover was not considered when the overflow expansion varied with the terrain. The results show that the buildings near the roads in the study area were completely submerged (Figure 12a), which is different from the actual situation. When the effect of land-cover was considered, as in the IUFM, the terrain data were corrected—for instance, rising by 30 m for buildings to prevent them from being completely submerged. The corrected results showed that the buildings near roads were not submerged when the roads were completely flooded, whereas flood depths differed surrounding the buildings at different locations (from 0.12–0.37 m in the north to 0.01–0.35 m in the south) (Figure 12b), which followed the actual occurrences.



Furthermore, overflow loss coefficients were introduced to the IUFM and differed among different land-cover types (Table S3) [51] to model the lost overflow when it passed through land-cover. During the overflow expansion process, an overflow loss of 0.73% occurred, making the total flood volume 364 m3 lower than the initial overflow of 5 × 104 m3.






4. Discussion


4.1. Model Evaluation


In the IUFM, surface ecohydrological, pipe convergence, and inundation processes are combined, and simulations of urban surface runoff, pipe overflow, and flood expansion can be realized progressively. The simulated urban flooding processes and flood depth were validated to be reliable.



Compared with traditional physics-based models (e.g., the SWMM, MIKE FLOOD, and InfoWorks ICM), CA-DUSRM for simulating surface runoff is more suitable for urban areas that have complex surface environments [19]. The cell-based model structure and simulation mechanism enable it to describe the effect of spatially heterogeneous underlying surface information (especially terrain undulation) on the runoff processes and to reflect the lateral water exchanges between adjacent areas. Different from most physics-based models, this model fully expresses the daily ecohydrological processes that have a potential cumulative soil water effect on transient rainfall runoff and flood. Moreover, CA-DUSRM is convenient for further application and development given its simple structure, simple rules, and reliable simulation results.



In the pipe convergence module of the IUFM, the dynamic wave analysis method is chosen because it can simulate complex flow states in almost all pipe flows. This method supports a small simulation time step (e.g., 5 s), which ensures stable simulation values. Other methods, such as the kinematic wave and diffusion wave analysis methods, do not take into account the variations in pressure and acceleration within the fluid when dealing with pipe flow problems; consequently, they are unable to accurately estimate the downstream backwater effect [62].



When using the multi-source dynamic diffusion inundation algorithm in the inundation module of the IUFM, flood range is determined by implementing a series of expansion processes from cells to cells and from depressions to depressions. By contrast, when using the common non-source inundation algorithm, flood range is determined just from the cells below the water level [30,31]. The simulation results from the inundation module of the IUFM are more realistic, taking into account the effects of both DEM and land-cover. By contrast, in non-source algorithm, only DEM data are generally used [63,64,65]. Moreover, the 2D shallow water equation is also commonly used for simulating inundation processes. The Iber hydrodynamic module solves the 2D shallow water equations using an unstructured finite volume solver over a computational mesh. This method can derive accurate flood velocity while reducing processing speed [24,66]. FLURB-2D ignores the convection term of shallow water equation to eliminate numerical instability. However, solving shallow water equation is still computationally intensive even for the simplified formulae [67,68].



In addition, when using the IUFM to simulate the whole flooding process for the rainfall event lasting nearly one day on 21 July 2012 over the entire study area, only an average time of 2.0 s per simulation step (total steps being flood duration divided by temporal grain for simulation (5 s)) was required by using an E5-2630 v4 processor (32 GB of memory) and an NVIDIA GeForce GTX 1070 graphics card (6 GB of dedicated memory and 16 GB of shared memory). Therefore, the IUFM can effectively balance the relationship between simulation accuracy and computational efficiency.



However, uncertainties may still exist in the simulation, mainly arising from the model structures and estimations of input variables and parameters when the model is applied.



4.1.1. Uncertainties from the Model Structures


Uncertainties in the model structures can be observed in the simulation framework, assumptions, established formulae, and selected temporal and spatial grains (resolutions) [69].



In the surface runoff module of the IUFM, the ecohydrological effects on surface runoff did not differ between grasses and shrubs or between broad-leaved and coniferous-leaved trees. This simplification is necessary when detailed vegetation information cannot be obtained even from high-resolution images. This simplification is also reasonable, given that the ecohydrological processes of ecosystems associated with vegetation are not critical during rainstorms. However, water cycle processes in a system were not isolated. For example, soil moisture is a result of the ecohydrological processes of ecosystems at a certain time and is a critical factor that determines the occurrence and intensity of surface runoff on pervious surfaces by affecting soil infiltration before and during rainstorms. There are certain differences in ecohydrological processes (such as transpiration and water absorption) and soil physical and chemical properties (such as soil bulk density, soil saturated hydraulic conductivity, and field water capacity) between grasses and shrubs and between broad-leaved and coniferous-leaved trees, which result in differences in soil water conditions and soil infiltration [70]. Therefore, identifying detailed vegetation types will help simulate surface runoff more accurately. In addition, further studies may identify low-impact development (LID) facilities in the study area and simulate their runoff reduction effects—for instance, by involving the LID module in the SWMM [71,72].



In the pipe convergence module of the IUFM, artificial drainage facilities such as reservoirs and pumping stations were not added to the drainage network. Thus, the effect of reservoirs and pumping stations on pipe flow and overflow could not be estimated, which might have resulted in a higher modeled flood depth, for example, in 2012 at Site B in the study area (Figure 8c). Further studies may identify artificial drainage facilities in the study area and refine the drainage network map to simulate their effects on surface runoff. In addition, the overland flow entering outlets is immediately transferred into the drainage network, which may be different from real situation [73]. And these circumstantial factors (e.g., inlets position, typology, and clogging conditions) may also have a significant impact on the water flow through the drainage networks [68,74,75,76].



In the inundation module of the IUFM, a cell-based simulation is conducted beyond the boundaries among different subcatchments so that a spatial distribution of waterlogging across subcatchments can be displayed; however, the cell-based simulation can underestimate the flood depth under the invariant overflow volume, particularly for small, inundated areas greatly affected by boundary cells. The cut-and-trial method, based on the water balance principle, simplifies the inundated processes; however, if the hydraulic mechanism of the inundated processes is combined, more detailed information (such as flood velocity) can be derived. Moreover, the introduction of overflow loss coefficients for different land-cover types is expected to present a more accurate flow expansion over the land surface; however, the effect of overflow loss was not considerable in an urban area dominated by impervious land-cover, as shown in Section 3.3.3.



This study set the temporal and spatial grains to 5 s and 5 m, respectively, to ensure simultaneous simulation efficiency and accuracy. Compared with the temporal grain of 1 s, using the grain of 5 s decreases the modeled total surface runoff by 1.57 mm (4.86%) and the modeled peak discharge by 0.44 mm (18.97%), yielding a delay of 4 s in the peak time by reducing the sampling frequency of the water exchange among cells, according to a systemic evaluation of the temporal grain effects on the modeled surface runoff process [19]. However, even for a depressed surface involving an underpass and its surrounding high-elevation regions, such as the study area, there are similar temporal dynamics of the modeled surface runoff when the temporal grains vary from 1 to 5 s [19]. Moreover, compared with the spatial grain of 1 m, the modeled total surface runoff increases by 2.52 mm (7.76%) and the modeled peak discharge increases by 0.23 mm (9.16%) when the spatial grain of 5 m is used. However, there is little difference in the temporal dynamics of the modeled surface runoff when the spatial grains vary from 1 to 5 m, even for a depressed surface with large undulations [19]. This indicates that the determined temporal grain of 5 s and spatial grain of 5 m in the present study are reliable for the timely dynamic simulation of urban surface runoff and floods.




4.1.2. Uncertainties from Estimations of Inputs


When the model is applied, the reliability of the model outputs depends primarily on the estimation precision of the input data, including the driving variables, initial variables, state variables, and parameters.



For the flood simulation, the key driving variable was precipitation, which directly affected surface runoff. If the error in the precipitation data doubles, the error in the modeled peak flood volume may reach 1.6 times that amount [77]. This study used a Chicago rain-pattern generator and cubic polynomial interpolation of hourly precipitation data to generate minute precipitation data. These methods have been used extensively to supplement fine temporal resolution precipitation data—for instance, when actual minute data cannot be obtained [38]. Although the generated data can present the main temporal trends and regional characteristics of precipitation, they necessarily differ from the actual data, which results in uncertainties in the modeled surface runoff and flooding processes [78]. In the future, minute (and even second) precipitation data that can be continuously measured by weather radars are expected to directly provide precipitation data for urban flood models [66,79].



Initial SWC is the key initial variable in the IUFM. In this study, a series of uncertainties existed during the entire process of estimating initial SWC values. For example, VWC values were first derived from a statistical relationship (Equation (9)) between the TVDIs inverted from Landsat images with a spatial resolution of 30 m and the corresponding VWC values from field measurements. The incomplete matching of spatial locations between remote sensing images and ground values and the inconsistency in the spatial resolution of the two data types were sources of uncertain VWC values. When converting VWC into SWC, the average bulk density value (rather than a cell-based value) was used for the entire study area. Ignoring the spatial heterogeneity of soil bulk density could enhance the uncertainty of the estimated SWC values. Finally, the downscaling of SWC values from 30 m to 5 m was based on the scale domain (60 m) identified from the spatial autocorrelation of the NDVI, assuming that soil moisture and vegetation growth varied within an approximate scale domain. If this assumption is not true—that is, different from NDVI—SWC has high spatial heterogeneity so that significant changes in SWC values occur within the range of 30 m to 5 m surrounding a site, then, directly downscaling SWC values from 30 m to 5 m can cause non-ignorable uncertainty.



The state variables in the IUFM mainly include the DEM and land-cover data. This study had spatial resolutions of 1.0 m and 2.0 m, respectively, which could meet the requirement for presenting spatial heterogeneity of terrain and land-cover in the study area. Therefore, these data resulted in little uncertainty from spatial grain in the modeled surface runoff and flooding processes. Although higher-resolution data can be obtained using light detection and ranging (LiDAR) technology in many other regions [80]; the use of unmanned aerial vehicle loaded with LiDAR is strictly controlled in downtown Beijing. In addition, we used the interpreted land-cover map for 2017 in the study area and did not consider the possible changes in surface runoff and floods caused by interannual changes in land-cover types. The Anhua Bridge study area, as a part of the central urban area of Beijing, hardly underwent large-extent changes in land-cover types during the 2010s, which was confirmed by the street view data from 2007 to 2016 on Baidu maps. Therefore, there was little uncertainty from temporal variation in land-cover data.



There are many parameters in the IUFM, particularly those in the surface runoff and pipe convergence modules. These parameters are indispensable for deriving ecological, hydrological, and hydraulic processes [81]. However, these parameters, determined using various sources or methods, may cause output uncertainty. For example, the LAI values for grasses, shrubs, and trees in the study area were obtained from the NDVI-LAI look-up table. In this table, the corresponding NDVI and LAI values exhibit significant power-law relationships, which allowed LAI values to be accurately estimated from high-resolution (2 m) NDVI values in the present study. However, the NDVI-LAI relationships may change with the study area because of differences in the biophysical conditions of different areas [44,57]. This method also converts continuous NDVI and LAI values into classified values, reducing their spatial continuity. Moreover, if the interannual variation in LAI during the flood season cannot be ignored, then the assumed invariant LAI values from 2007 to 2016 will increase the uncertainty of the modeled ecohydrological and flooding processes. In future studies, more high-resolution NDVI values over more years will be necessary to weaken this assumption. For another example, although the structures and layout of drainage inlets are important factors affecting the flow conveyance through urban pipelines [75], the related studies require detailed drainage network data, and such detailed data may not be available [67]. Model studies considering the drainage inlets are mostly conducted in small areas [17] and laboratory settings [66]. In our drainage network data, there is pipe and node information along main roads (Figure 1), while more detailed information cannot be obtained in downtown Beijing given the data secrecy. Therefore, we discretized subcatchments based on the ultimate outlets rather than the finer inlets along the flow routes. Although the coarser drainage network data influenced the discretization degree of subcatchments, they did not weaken the function of the outlets of the subcatchments in linking surface runoff outflows with pipe networks; thus, they did not reduce the precision of simulated flood depth.



Calibrated parameters based on measurements in the study area were credible and feasible for simulations [82]. However, calibration problems cause uncertainties in the determined parameters. The actual flooding process was difficult to observe during severe rainstorms, especially at night or suddenly, and measured flooding data were not easily obtained from government departments or companies; therefore, measured data were always lacking. Moreover, most waterlogging phenomena have been observed at a single time; therefore, continuous observed data are always lacking. In summary, more data measured at different spaces and times are required to improve the reliability of the calibrated parameters.





4.2. Prevention and Control Measures for Urban Flood


In general, the main factors that cause urban flooding include natural rainstorms from external systems, physical terrain, underlying surfaces, and human drainage facilities within a system [83]. The entropy weight analysis for the area surrounding the North Moat (involving the Anhua Bridge study area) showed that among the internal factors, altitude difference had the greatest effect on floods, secondary drainage systems, and land-cover of the underlying surface.



4.2.1. Rainstorm Event


In the case of high rainfall intensity, which means a large rainfall volume over a short period, urban flooding is more likely to occur. Chang et al. (2023) analyzed multiple flood events using statistical methods and concluded that high rainfall intensity is an important factor causing severe floods [84]. Our study indicated complex and interlaced relationships between rainfall parameters and flood range, depth, volume, and duration. Our flood simulation of actual rainstorm events showed that the simultaneous occurrence of a larger rainfall volume and higher rainfall intensity always caused a larger flood range, depth, and volume (for instance, rainstorms on 6 August 2007) (Table 2 and Figure 7). The simultaneous occurrence of a larger rainfall volume and longer rainfall duration caused a longer flood duration (for instance, the rainstorms on 21 July 2012). A large flood depth greatly depends on a high rainfall intensity. For example, the maximum flood depth could reach 1.10 m when the rainfall of 99.40 mm occurred in 1.5 h and the average rainfall intensity reached 66.27 mm/h on 6 August 2007. In contrast, during the rainstorm on 20 July 2016, there existed no ponding because the rainfall of 106.0 mm lasted for 50 h and the average rainfall intensity was only 2.12 mm/h (Table 2 and Figure 7). Consequently, a large amount of rainwater could not be discharged in time and thus gathered under the concave bridge on 6 August 2007. In contrast, there was sufficient time to discharge rainwater even if overland flows could be generated at certain times on 20 July 2016.



Therefore, in the future, if we can analyze the causes and characteristics of extreme rainstorms and carry out more refined studies on urban rainstorm early warning and forecasting, we will be able to derive more scientific support for urban flood prevention and emergency response [85].




4.2.2. Terrain Factor


A depression can result in a significant altitude difference from its bottom to the ground level, which makes a depression a container for floods. During rainstorms, a large amount of surface runoff can rapidly expand to impervious roads and converge in depressions, forming ponding areas [86]. In particular, ponding is more easily formed under concave-down overpasses because of the low-lying terrain [4]. In this study, in the Anhua Bridge, a typical concave-down overpass, the maximum depth of the accumulated flood reached 2 m (e.g., on 1 August 2007 in Table 4 and Figure 9).



Therefore, local low-lying urban areas should receive more attention and reconstruction. For example, we can level the land or raise the terrain to reduce the altitude differences where conditions permit. Li et al. (2018) conducted a study in Shangqing Bridge, Beijing, and the results showed that when the elevation in low-lying areas increased by 1.5 m, the maximum flood depth decreased by 0.89 m [2]. If the reconstruction of the terrain is difficult, we can focus on drainage facilities, such as establishing impounding reservoirs and pumping stations, to pump out and drain floods in a timely manner.




4.2.3. Drainage System


Insufficient drainage capacity is another significant cause of urban flooding [59]. The drainage system of the Anhua Bridge was constructed primarily in the 1980s and 1990s, and most facilities are aging. The original standards designed for rainfall events with return periods of 1–3 years are extremely low [4] and unsuitable for increasingly frequent extreme rainstorms. The estimated drainage capacity for the six subcatchments in the study area averaged 0.38, and only for sub1 was approximately 0.60.



To mitigate waterlogging over the entire study area, priority should be given to sub3, sub4, and sub5 with the lowest drainage capacity, to improve their drainage capacities—for instance, by adjusting pipe parameters or establishing drainage facilities. Shi (2015) used the SWMM to simulate floods in a typical underpass bridge in Hangzhou and found that the flood volume was reduced by approximately 68% after increasing the pipe diameter from 400 mm to 500 mm and 800 mm to 1000 mm [28]. Moreover, drainage pipes should be checked frequently to remove sediment, silt, and garbage with rain to ensure smooth water flow in the pipelines.




4.2.4. Underlying Surface


In highly urbanized areas, the underlying surfaces primarily comprise asphalt, concrete, and other impervious surfaces. Predominantly impervious areas can considerably increase surface runoff and the probability of ponding [87]. In the six subcatchments of the Anhua Bridge study area, the proportions of impervious surfaces were greater than 61%, and the maximum could reach 89% (Figure 6). The mean surface runoff coefficients for the six subcatchments were greater than 0.43 (Figure 11a), indicating a high risk of severe ponding [88].



To reduce urban ponding risk, impervious cover can be decreased, or pervious cover can be increased by constructing or adding LID facilities such as green land, pervious pavement, and green roofs [89]. Our studies in the area surrounding the North Moat in Beijing found that only if the PPC in a subcatchment reached 20–30% could the subcatchment have better a mitigation effect on surface runoff [33]. In the Anhua Bridge study area, the PPC of sub3, sub5, and sub6 were 10.9%, 11.9%, and 18.4%, respectively, smaller than the minimum of the PPC threshold (20%). Therefore, for sub3, sub5, and sub6, rapid reduction in surface runoff can be achieved by increasing the pervious area by approximately 20–30%. For sub1 and sub2 with a PPC of 22%, a similar reduction effect can also be expected when the pervious area is increased to at least 30%. However, it may not be necessary to increase PPC to greater than the maximum of the PPC threshold (30%) because the hydrological effect of increasing PPC is not obvious as PPC is greater than 30% [52]. In addition, there is little possibility to increase PPC to a greater value during a short period in this highly urbanized area.



If it is not feasible to decrease the total impervious area or increase the total pervious area in a highly urbanized area, we can change the spatial configuration of the impervious or pervious patches under the invariant cover area. According to the results in Section 3.3.1, effective measures that can change the spatial configuration include decreasing the size of the largest impervious patch, increasing isolation among large impervious patches, and reducing the connection among different impervious patches [52]. Conversely, these measures include increasing the size of the largest pervious patch (for instance, by enlarging a green land park), decreasing isolation among small pervious patches (for instance, by increasing the size of each green land), and enhancing connections among different pervious patches (for instance, by adding vegetation corridors). Changing the spatial configuration of impervious or pervious patches can be a crucial approach to alleviating urban flooding and deserves more attention in current sponge city construction.






5. Conclusions


We developed an IUFM in which three sequential hydrological and hydraulic processes (surface runoff, overflow from drainage networks, and overflow expansion) were fully considered by combining a cell-based surface runoff module (CA-DUSRM), a subcatchment-based pipe convergence module, and a cell-based and across-subcatchment inundation module.



The surface runoff module in the IUFM based on grid cells can more accurately depict the complex underlying surface characteristics in urban areas. The rainfall runoff processes on pervious surfaces can be accurately described based on the SWC values immediately preceding the rainfall, estimated from the continuous daily ecohydrological processes, rather than from assumed or qualitative values. The pipe convergence module has the ability to simulate complex flow states in almost all pipes, with stable simulation values. The inundation module in the IUFM can realistically simulate the distribution of flood depth. The CA-based IUFM supports parallel operations, which can effectively balance the simulation precision and computational efficiency. Therefore, the IUFM has great potential for providing accurate and timely flooding information.



The IUFM was confirmed to be reliable for simulating rainstorm flooding processes in a typical concave-down overpass area in Beijing. We also successfully employed the model to infer flooding processes over the area surrounding the North Moat in Beijing with reliable results. Given its cell-based framework, the model is also potentially applicable to other urban areas, especially those with complex underlying surfaces. Further studies should focus on reducing model uncertainties in model structures (including the simulation framework, assumptions, established formulae, and temporal and spatial grains) and estimations of input variables and parameters.



In application, immediately after an urgent rainstorm warning, the IUFM can provide accurate and rapid information on the spatial-temporal distribution of flood range, depth, and volume for the government and the people, based on which flood risk evaluation and waterlogging prevention and control measures can be issued in a timely manner. In addition, the exploration of factors that could have a significant effect on the flooding process also urged us to take continuous and regular measures during long-term storm water management, such as adjusting terrain, improving drainage systems, and increasing pervious cover.
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Figure 1. Anhua Bridge study area in Beijing and six subcatchments (sub1, sub2, sub3, sub4, sub5, and sub6). 
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Figure 2. Digital elevation model (DEM) data (a) and land-cover types (b) in the Anhua Bridge study area, Beijing. 
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Figure 3. Developed integrated urban flood model (IUFM). 
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Figure 4. Conceptual model of a distributed urban surface runoff model based on the cellular automata framework (CA-DUSRM) [33]. 
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Figure 5. Conceptual model of overflow inundation simulation in the integrated urban flood model (IUFM). Rc is the expanding range in the horizontal direction from the central cell (node) outward; c is the number of cells on a side; n is the total number of calculations in the vertical direction, one calculation for one given water level during the cut-and-trial process; Hn is the nth flood elevation at the node (m); and Δh is the given increment in water level for one calculation in vertical direction (m). 
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Figure 6. Landscape pattern metrics for impervious patches in the six subcatchments (sub1, sub2, sub3, sub4, sub5, and sub6) of the Anhua Bridge study area in Beijing. PLAND, percentage of landscape; LPI, largest patch index; PLADJ, percentage of like adjacencies; COHESION, patch cohesion index. 
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Figure 7. Rainfall and modeled flooding processes during the four actual rainfall events on 1 August 2007 (a), 6 August 2007 (b), 21 July 2012 (c), and 20 July 2016 (d) (see Table 2) over the entire Anhua Bridge study area in Beijing. 
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Figure 8. Spatial distribution of the modeled maximum flood depth during the four actual rainfall events on 1 August 2007 (a), 6 August 2007 (b), 21 July 2012 (c), and 20 July 2016 (d) in the Anhua Bridge study area of Beijing. 
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Figure 9. Modeled temporal variations in flood depths at three sites (A, B, and C) during the three actual rainfall events on 1 August 2007 (a), 6 August 2007 (b), and 21 July 2012 (c) in the Anhua Bridge study area of Beijing. The spatial locations of the three sites are shown in Figure 8. The numbers of 1, 2, 3, …, 7 correspond to the numbers of flood depth data from measurements or other simulations in Table 4. 
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Figure 10. Modeled rainfall (a), mean flood depth (b), total flood volume (c) and flood range (d) during the four rainstorms with different return periods over the entire Anhua Bridge study area in Beijing. 
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Figure 11. Surface runoff coefficients (a) and overflow ratios (b) for the six subcatchments (sub1, sub2, sub3, sub4, sub5, and sub6) in the Anhua Bridge study area of Beijing. The five horizontal lines from top to bottom in the box plot represent the maximum, upper quartile, median, lower quartile, and minimum values, respectively, and “×” denotes the mean value. For each subcatchment, the samples came from the four surface runoff coefficients and four overflow ratios under the four rainstorm scenarios (return periods of 3-year, 10-year, 50-year, and 100-year). 
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Figure 12. Comparisons in flood range and depth from the modeled overflow expansion process when not considering (a) and considering (b) the differences in land-cover types under the assumption of an input total overflow of 5 × 104 m3. The red polygons represent the subcatchments; the yellow arrows point to the enlarged image in the black circle area. 
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Table 1. Descriptions for the six subcatchments in the Anhua Bridge study area, Beijing.






Table 1. Descriptions for the six subcatchments in the Anhua Bridge study area, Beijing.





	
Subcatchment

	
Area

(ha)

	
Percent Pervious Cover (PPC) (%)

	
Average Elevation(m)

	
Average Slope (°)

	
Area Proportion of Land-Cover Type a




	
1

	
21

	
23

	
3

	
41

	
42






	
sub1

	
7.65

	
21.87

	
54.83

	
23.69

	
0.19

	
0.00

	
0.22

	
0.00

	
0.35

	
0.24




	
sub2

	
10.75

	
22.26

	
50.39

	
8.27

	
0.40

	
0.05

	
0.17

	
0.05

	
0.22

	
0.10




	
sub3

	
11.60

	
10.87

	
55.23

	
23.17

	
0.07

	
0.02

	
0.09

	
0.00

	
0.52

	
0.30




	
sub4

	
7.30

	
38.21

	
55.65

	
19.35

	
0.07

	
0.05

	
0.33

	
0.00

	
0.23

	
0.32




	
sub5

	
4.92

	
11.88

	
47.61

	
2.98

	
0.82

	
0.07

	
0.05

	
0.00

	
0.06

	
0.00




	
sub6

	
1.10

	
18.44

	
47.56

	
1.28

	
0.80

	
0.00

	
0.18

	
0.00

	
0.01

	
0.00








a 1, asphalt road; 21, grassland; 23, woodland; 3, brick pavement; 41, concrete road; 42, concrete roof. Elevation and slope data are from DEM data.













 





Table 2. Descriptions of selected actual rainstorm events in the Anhua Bridge study area of Beijing.






Table 2. Descriptions of selected actual rainstorm events in the Anhua Bridge study area of Beijing.





	Date

(Year/Month/Day)
	Rainfall Period
	Rainfall Duration

(h)
	Total

Rainfall Volume

(mm)
	Average Rainfall Intensity (mm/h)
	Peak Rainfall and Time

(mm/h)
	Antecedent Dry Days

(d)





	1 August 2007
	From 20:00 on 1 August to 0:00 on 2 August
	4
	148.11
	37.03
	162.16 (20:24)
	11



	6 August 2007
	From 14:30 to 16:00
	1.5
	99.40
	66.27
	220.99 (15:24)
	1



	21 July 2012
	From 9:00 on 21 July to 5:00 on 22 July
	20
	215.00
	10.75
	333.49 (19:20)
	10



	20 July 2016
	From 7:00 on 19 July to 9:00 on 21 July
	50
	106.00
	2.12
	367.36 (12:20)
	4










 





Table 3. Drainage capacity of pipe networks for the six subcatchments in the Anhua Bridge study area of Beijing.






Table 3. Drainage capacity of pipe networks for the six subcatchments in the Anhua Bridge study area of Beijing.





	Subcatchment
	Mean Pipe Diameter (m)
	Total Pipeline Length

(m)
	Altitude Difference

(m)
	Drainage Capacity





	sub1
	0.66
	930.02
	7.97
	0.59



	sub2
	0.75
	741.24
	4.57
	0.41



	sub3
	0.38
	243.37
	4.08
	0.26



	sub4
	0.38
	236.38
	4.04
	0.27



	sub5
	0.70
	550.84
	3.83
	0.35



	sub6
	0.40
	191.58
	4.24
	0.38










 





Table 4. Comparisons between modeled flood depths and measurements or other simulations at the three sites in the Anhua Bridge study area of Beijing.
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Date

(Year/Month/Day)

	
No.

	
Time

(Site a)

	
Flood Depth from Measurements or Other Simulations (m)

(Data Source)

	
Modeled Flood Depth (m)

	
Absolute Error b (m)

	
Relative Error c (%)






	
1 August 2007

	
1

	
22:38 (B)

	
2.0

	
(Beijing News)

	
1.98

	
−0.02

	
−1.0




	
6 August 2007

	
1

	
15:10 (A)

	
0.2

	
(Beijing Flood Control Office)

	
0.18

	
−0.02

	
−10.0




	
2

	
15:20 (A)

	
0.5

	
0.48

	
−0.02

	
−4.0




	
3

	
15:40 (B)

	
1.7

	
1.51

	
−0.19

	
−11.2




	
4
