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Introduction: The underground drainage-pipe network is one of the vital components of a modern city, and it plays an important role in preventing or mitigating urban flooding. Thus, pipe network data are necessary for simulation of the entire urban rainfall–runoff process. However, pipe network data are sparse or unavailable in most urban areas.
Methods: To solve this problem, we developed a novel approximation method that can be used calculate the drainage capacity of the pipe system. This method is named the road-drainage method, and it works under the assumption that the pipe network functions by subtracting the corresponding mass from the water conservation equation only from areas of road. The mass is determined from weir flow formulas together with the road properties and correction for this mass is applied to the rainfall source term.
Results: Two test cases were used to compare the performance of the new method with an existing method, under which mass is subtracted from the entire area during the rainfall–runoff process. The results showed that the new method considerably improves the accuracy of simulated peak volume, with an improvement of 2.62%–58.75% compared with the existing method across various scenarios. Moreover, the proposed new method reduces the time shift of the rise and peak of surface inundation by 10–45 min in various scenarios, which reflects a more realistic model of the rainfall–runoff process.
Discussion: These results demonstrate that the proposed new method can represent the drainage capability more accurately and is more consistent with reality. The road-drainage method has promising potential for application in urban flood simulation in areas without drainage system data and for the support of large-scale urban hydrologic modeling.
Keywords: urban flood, numerical simulation, road-drainage method, surface flow, without drainage-pipe data
1 INTRODUCTION
Urban floods that severely affect urban development, caused by climate change and rapid urbanization, have become one of the more serious urban hazards (Ali et al., 2011; Zhang and Pan, 2014; Lashford et al., 2019; Kratt et al., 2020). The increasing frequency and intensity of extreme rainfall events have inevitably caused extra surface runoff that exceeds designed drainage capacity (Jang et al., 2018; Ilderomi et al., 2022; Jia et al., 2022; Kuriqi and Hysa, 2022), which causes further urban floods. A better understanding of the causes of flooding is crucial for flood risk management (Debarati et al., 2016; Tariq et al., 2021; Avand et al., 2022). As an essential part of drainage infrastructure, the pipeline is often complex and staggered underground, which makes it more challenging to evaluate drainage capacity using a numerical model (Jang et al., 2018).
In recent years, with increasing computational performance, the availability of high-resolution data, and the demand for detailed information on flood location and drainage efficiency, one-dimensional (1D) and two-dimensional (2D) coupled models are commonly used for urban flood and inundation simulation (Bladé et al., 2012; Li et al., 2022). Most such 1D and 2D coupled models have been developed by coupling with the Storm Water Management Model (SWMM) to emulate the full rainfall–runoff and drainage process (Adeogun et al., 2015; Wu et al., 2017; Martinez et al., 2018). The same methodology is also used in some commercial software, for example, XP-SWMM (SOLUTIONS.X.P, 2013) and MIKE SWMM (I., 2014). In addition, many researchers have developed other coupled models for urban flooding. Bladé et al. (2012) used a fully conservative 1D and 2D coupled model based on finite volumes to emulate a characterization of the fluid dynamics of a river–reservoir system in the River Ebro in Spain. Fan et al. (2017) introduced and tested a coupled model based on the implicit technique in a real-world urban catchment. Chang et al. (2015) developed a new coupled model for urban flood modeling that simulates flow interactions between sewers and the surface. Jang et al. (2018) used a coupled flood model based on diffusion waves to investigate the impact of inlet modeling on drainage efficiency.
Nevertheless, these models are subject to several limitations, mainly arising when they are applied in an area without drainage-pipe data (Li et al., 2020; Hou et al., 2021). In most urban areas, drainage-pipe networks built decades ago were either lost or barely documented when constructed, which has consequently resulted in a lack of drainage system data. Even if there is a drainage network layout drawing, it is usually inconsistent with the actual drainage system due to adjustments made during construction. Furthermore, onsite measurement of the layout of the drainage network is both expensive and difficult (Tscheikner-Gratl et al., 2019; Kratt et al., 2020). Under such circumstances, to cope with this problem, several approximation methods combined with the 2D model have been considered as alternative approaches for the simulation of urban rainfall–runoff processes. Some of the most common approximation methods used to calculate drainage effects on pipe networks include the discounted rainfall rate method and fixed infiltration rate method. The United Kingdom Environment Agency (AGENCY, 2013) reduced its design rainfall to account for the effect of drainage capacity. Hou et al. (2018) used stable infiltration, with a value of 10.47 mm/h across the entire study area, to reflect urban drainage capacity when simulating rainfall–runoff inundation processes. Wang et al. (2018) used two approaches—rainfall reduction and constant infiltration at 5 mm/h ∼ 20 mm/h—to represent the urban drainage effect. These studies show that the constant infiltration method is better than the rainfall reduction method for representing drainage capacity, which could be explained by the fact that the constant infiltration method provides a more accurate description of the flood recession process than the constant rain reduction method.
However, all the aforementioned methods assume that the drainage effect is at work over the entire study area, which is inconsistent with the actual rainfall–runoff process, resulting in a large simulation error and difficulty in ensuring calculation accuracy in the actual process. Several studies have shown that most of the drainage pipe network is laid along roads, and the real runoff process should be conceptualized as follows: after rainfall occurs, water will first flow to the road area after generation and confluence and will then be discharged through the rainwater pipe network. For example, Li et al. (2020) proposed a method for approximate computation of inlet drainage, in which the inlet or gully was assumed to be a drainage area, and the weir equation was used to calculate the water discharged into the drainage system from the surface. However, it is difficult to extract the location of the gully, especially in a large urban area. Inspired by the valuable findings of the aforementioned research, the main purpose of this study was to propose an effective method for approximate calculation of the drainage effect that is more in line with the actual physical process. Specifically, a new method (named the road-drainage method) is proposed that incorporates the role of the drainage effect by subtracting mass in the balance equation only from the road area. The rainfall–runoff drainage processes were simulated using a 2D urban hydrodynamic flood model with the proposed road-drainage method incorporated. Moreover, the simulation results from a coupled model consisting of a 2D surface model and a 1D pipe network model were used as a benchmark to evaluate the performance of the new and existing methods.
The specific objectives of this study were: 1) to introduce the governing equations and numerical schemes of the numerical models used in the study, including the 2D surface flow model, 1D sewer flow model, and 1D–2D coupled calculation method; 2) to propose a novel method for approximate computation of drainage capacity in urban flood modeling, which can be used in certain urban areas without drainage data; 3) to evaluate the simulation performance of the proposed method for surface inundation and time shift; and finally, 4) to provide practical recommendations for flood simulation in urban areas without drainage-pipe data. We believe that this research can provide valuable information for modelers and further improve the simulation accuracy of urban rainfall–runoff processes in cases of missing pipe network data. In addition, the approximation method can also be used to study the process of surface runoff and inundation processes for research areas with large amounts of pipe network data to reduce the complexity of the model and improve the efficiency of simulation calculations (Hou et al., 2021). The paper is organized as follows: the numerical model and methods of approximate computation are briefly introduced in Section 2; Section 3 provides brief information on the case study; the results are presented in Section 4; and the discussion and conclusions are given in Section 5.
2 NUMERICAL MODEL AND APPROXIMATION METHOD
Soil infiltration, evaporation, surface runoff, and sewer discharge are the four components of the rainfall–runoff process (Li et al., 2020). The volume of water discharged into the sewer system can be estimated by mass subtraction from a water balance perspective. This work introduces two approximation methods for this problem, namely an existing method and a new method. Under the concept of the existing method, the corresponding water volume of the entire area is subtracted to reflect the drainage effect of the sewer pipe, while in the new method, the capacity of the drainage pipes is represented by subtracting the mass from the road area only. Both these methods neglect the hydrodynamic processes of the sewer flow, which means that only mass balance in the 2D surface model is taken into consideration. The modification of the rainfall source term represents the drainage effect.
The existing method reduces water mass in the process of runoff generation, while the new method deducts the water quantity after the rainwater flows to the road, which is much closer to the actual case (Li et al., 2020; Klipalo et al., 2022). In this study, a hydrodynamics-based urban flood model was adopted as a standard for comparison with the two methods. Thus, three methods were applied in this work to calculate the capacity of drainage pipes: the new method, the existing method, and the coupled model method. The methodology of each of the three methods is described in detail below.
2.1 Numerical model
The rainfall–runoff and inundation model based on hydrodynamics couples the 2D surface flow model and 1D SWMM, which couples underground drainage systems and surface flows. The surface flow model with rainfall generation and overland flow processes solves the 2D shallow water equations (SWEs) using the dynamic wave method. The SWMM is used to simulate the hydrodynamic flow process of a pipe or channel. The 1D–2D coupled model was developed and verified in detail by Li et al. (2022). The governing equations and numerical methods for the different processes are described in detail below.
2.1.1 Governing equations for the surface flow model
The surface flow model solves the SWEs, which are derived from the Navier–Stokes equations, and assumes hydrostatic pressure distribution. If the kinematic and turbulent viscosity terms, wind stresses, and Coriolis effects are neglected, a conservation law of two-dimensional non-linear SWEs can be written in vector form as follows (Liang and Marche, 2009; Xia et al., 2017):
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where x and y are the Cartesian coordinates; t represents time; q denotes the vector of conserved flow variables consisting of h and uh and vh, which are the water depth and unit-width discharges in the x and y directions; f and g are the flux vectors in the x and ydirections, respectively; g is gravity; S is the source vector, which can be further subdivided into net rain terms R, friction terms Sf, and slope terms Sb; and Cf depends on the Manning coefficient and can be expressed as Cf = gn2/h1/3, where n is the Manning coefficient.
R represents the rainfall term, including evaporation, infiltration, rainfall, and water exchange between the surface model and sewer model. However, the surface flow model ignores evaporation and interception; therefore, R in the surface flow model can be written as in Eq. 3 (Li et al., 2020).
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Here, [image: image] is the rainfall and [image: image] represents infiltration.
2.1.2 Governing equations for the 1D sewer flow model
The SWMM (Rossman, 2009), developed by the United States Environmental Protection Agency (USEPA), is one of the most widely used dynamic rainfall–runoff simulation models for simulating runoff from primarily urban areas. The SWMM consists of two major components, the runoff component and the routing component. In this study, only the routing component was integrated into the coupled model in the form of the 1D sewer flow module. Moreover, dynamic wave analysis solves the complete form of the Saint-Venant flow equations and therefore produces the most theoretically accurate results. It can account for channel storage, backwater effects, entrance/exit losses, culvert flow, flow reversal, and pressurized flow. Thus, dynamic wave theory was selected to analyze the routing process in the sewer system. In the transport compartment, the SWMM solves the Saint-Venant equation using the implicit finite difference method and successive approximation. The Saint-Venant equation consists of mass conservation and momentum conservation equations, and can be expressed as follows (Rossman, 2009):
[image: image]
[image: image]
where [image: image] is the flow cross-sectional area, [image: image] denotes time, [image: image] is the flow rate, [image: image] is the acceleration of gravity, [image: image] is the hydraulic head of water in the conduit (Z + Y), Z is the conduit invert elevation, Y is the conduit water depth, and [image: image] is the friction slope (head loss per unit length).
2.1.3 Coupling between the 2D and 1D models
The rainfall–runoff drainage processes in the sewer networks and surfaces were simulated by coupling the 2D surface flow model and the SWMM model. The two models were connected through appropriate linkages to exchange water level and flow, after both had been executed individually to a suitable time. Rainfall was simulated in the 2D surface model; this form is more in line with the actual process (Chen et al., 2018).
Between the sewer system and the surface, only vertical exchange occurs in most cases. Water enters the drainage pipe system at the inlet when it flows through the inlets. When the water depth in an inlet exceeds the elevation of the surface, flooding from the sewer pipes to the surface occurs. In this work, the water exchange between the sewer and surface was coupled through the inlet (hereinafter, this approach is referred to as the coupled model). For the sewer pipe system simulation, only the vertical linkage was considered.
The model calculates inflow using the weir equation or the orifice equation (Eq. 6), considering surface water flow to the sewer system (Figure 1) (Chen et al., 2007; Chen et al., 2018).
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Here, [image: image] is the flow from the 2D surface to the sewer, [image: image] represents the weir coefficient, [image: image] represents the orifice coefficient, [image: image] denotes the perimeter of the inlet, [image: image] is the acceleration of gravity, [image: image] represents the water level at the surface, [image: image], [image: image] is the bed elevation of the surface, [image: image] is the surface water elevation, [image: image] is the inlet water elevation, and [image: image] denotes the inlet area.
[image: Figure 1]FIGURE 1 | Exchange conditions of vertical flow in the 1D–2D coupled model.
The orifice equation (Eq. 7) is used to calculate the overflow from the sewer pipe to the surface when the water depth in inlets exceeds the surface water elevation.
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Here, [image: image] represents the overflow from the sewer system to the surface.
In this work, the source term method was used to couple the 1D model and the 2D model. [image: image] is the source or sink of mass caused by rainfall, infiltration, and water exchange with the sewer system. Hence, the rainfall source term can be expressed using the following equation (Li et al., 2020):
[image: image]
where [image: image] is the rainfall, [image: image] represents the infiltration, [image: image] denotes the water exchange with the sewer system, and c is a correction factor to account for the difference in unit and grid size.
2.2 Existing method for computing the drainage effect
In the existing method, in addition to considering the basic soil infiltration (Figure 2), extra mass is subtracted from the entire area to represent the drainage system capacity. Eq. 9 is applied in the existing method (Li et al., 2020).
[image: image]
Here, [image: image] represents the rainfall source term in the existing method; [image: image] represents the subtracted mass rate (mm/h).
[image: Figure 2]FIGURE 2 | Schematic diagram of the existing method.
2.3 New method for computing the drainage effect
To be more specific, the actual rainfall–runoff process consists of generation and confluence. In addition, surface water usually travels a long distance, such as over roofs and through gardens, before it can flow into the drainage system (Li et al., 2020). The drainage system, consisting of pipes and gutters, is mainly built under the road line. Thus, extra subtraction is applied to the mass flow into the road area to represent the capacity of the drainage pipes (Figure 3). This new method is described by Eq. 10.
[image: image]
Here, [image: image] denotes the rainfall source term in the new method; the flag represents the type of land use. In the new method, the mass is subtracted only in land of the road type, and [image: image] represents the mass subtraction rate for roads that is applied in the new method (mm/h).
[image: image]
[image: Figure 3]FIGURE 3 | Schematic diagram of the new method. (A) Schematic diagram of road drainage. (B) Calculation method for the subtracted mass rate N.
Here, [image: image] represents the correction factor of the new method; [image: image] is the inlet number, which can be estimated by the length of the road; [image: image] is the grid number of the road land use; [image: image] represents the weir coefficient; [image: image] denotes the perimeter of the inlet; [image: image] is the acceleration of gravity; [image: image] represents the water level at the surface; and [image: image] is the area of a 2D cell.
Figure 4 shows a flow chart for the existing and new methods. First, fundamental data are provided as inputs to the different methods, together with the digital elevation model (DEM), the initial conditions, and the land use type. Subsequently, rainfall and infiltration are calculated. Next, the rainfall term is modified to reflect the capacity of the drainage pipes. Both of the two methods of approximation correct the rainfall term in the model to reflect the drainage capacity. The rainfall term for the entire area is reduced under the existing method, while the mass is reduced only in road areas in the new method. Finally, the fluxes, slope, and friction terms are calculated in the same way in both methods.
[image: Figure 4]FIGURE 4 | Methodology diagram for the two approximation methods.
3 CASE STUDY
In order to examine the representations of drainage capacity computed by each of the two approximation methods in the simulation of rainfall–runoff–drainage processes, the idealized urban catchment case (Li et al., 2020) and the case of the Fengxi urban area were used as case studies for analysis. Their results were compared with those of the 1D–2D coupled model.
3.1 Basic data
Both cases were taken from Li et al. (2020). The size of the ideal urban catchment is 284 m and 240 m (Figure 5), which is based on the size of an actual urban catchment. The longitudinal slope i1 is 0.003, and the transverse slope i2 is 0.005. The cross-section is shown in Figure 5B. The width is composed of a 130-m-wide confluence area on both sides and a 24-m-wide road, and there is a slope of i3 = 0.02 from the middle to the side of the road. There are 20 inlets, one outlet, and 20 pipelines in the idealized catchment. The inlet size is 0.4 × 0.7 m, and the pipe diameter is 0.8 m. The drainage pipe layout is shown in Figure 5A. The infiltration of the entire catchment is 0 mm/h. All boundaries except exits are closed boundaries. The Manning value of the road is 0.014, and the value on both sides is 0.03. The computational domain is discretized to a resolution of 1 m (Li et al., 2020).
[image: Figure 5]FIGURE 5 | Sketch map of the ideal test case. (A) Drainage system layout and stereogram. (B) Cross-section.
The second test case is part of Fengxi New City, located in Xixian New Area, Shaanxi Province, China (Figure 6A). It is a typical urban region with an area of 47.35 hm2. The input data of the model included the DEM with 2 m resolution (Figure 6B), infiltration rates, and Manning coefficients (Table 1). The Manning coefficients and soil infiltration rates of different underlying surfaces were based on Li et al. (2020). Figure 6C shows the five basic land use types of the catchment: grassland, roads, bare land, buildings, and forests. The layout of drainage pipes in the catchment was based on the actual layout, as shown in Figure 6D. This layout included 81 inlets, 81 pipes, and four outfalls. The diameter of the pipes was 0.8 m. This information was provided by the Technology Research Center for Sponge City of Fengxi New City.
[image: Figure 6]FIGURE 6 | Actual test case. (A) Location map. (B) DEM map. (C) Land use map. (D) Layout of the drainage system and digital orthophoto map.
TABLE 1 | Infiltration rates, Manning coefficients, and percentage of land under different types of use in the coupled model.
[image: Table 1]3.2 Parameter calibration
For calibration of the subtracted values used by each of the two approximation approaches, a rainfall event with an intensity of 60 mm/h and a duration of 1 h was used; the simulation period was 2 h. Under the aforementioned rainfall event, the following three steps were followed to calibrate the parameters:
Step 1. the coupled model method to obtain the discharge amount at the outlet, and these results were taken as the standard for calibration.
Step 2. The subtracted values under each of the two approximation methods were adjusted until the difference in discharge volumes between each of the two approaches and the coupled model at the second hour was less than 1%.
Step 3. subtracted values of E = 26.0 mm/h under the existing method and cN = 1.15, Ni = 21, Nr = 5,760 under the new method were obtained.
Furthermore, the error in discharge volume was −1% between the existing method and the coupled model, and 1% between the new method and the coupled model. To reflect the drainage effect, a simulation with no drainage pipes and no infiltration in the urban area was run. Figure 7 depicts the progress of a rainstorm event and the discharge volume at the road’s outlet under various scenarios.
In regard to the real case examined, a measured rainfall hyetograph (Figure 8) represents a particular rainfall event that occurred in the actual urban catchment. This event lasted 7.5 h, starting at 00:30 AM and continuing until 08:00 AM on 25 August 2016. The total rainfall was 66 mm, the maximum hourly rainfall for 3.1 h was 65.4 mm/h, and the return period of this storm event is about 50 years (Li et al., 2020). According to inundation data observed at the site, the inundation area measured in the 5th hour was approximately 1,600 m2. The calibration process used in the ideal test case was also carried out for this scenario.
The result of the coupled model for inundation area at the 5th hour was 1,656 m2. This value was in good agreement with the measured data, thus validating the coupled model. Finally, after many trial calculations, when the reduction rate for the entire area in the existing method was calibrated to 9.0 mm/h and the parameters of the new method were calibrated to cN = 0.26, Ni = 82, Nr = 11,461, the inundation extents computed under each approach at the 5th hour were 1,652 m2 and 1,616 m2, respectively. Compared with the measured data, the error in both results was less than 5%, which represents good agreement with the measured data. The time course of the inundation area under each of the different methods is shown in Figure 8. This indicates that the new method is superior, because its representation of the later flooding process is closer to that of the coupled model.
[image: Figure 7]FIGURE 7 | Volume time course and rainfall process under various scenarios.
[image: Figure 8]FIGURE 8 | Measured hyetography for calibration and simulation results of the time course of inundation area for various methods under the actual catchment scenario.
3.3 Storm
Design storms (Eq. 12) defined for Xi’an County, Shaanxi Province (Bi et al., 2015), with return periods of 2, 5, 10, 30, 50, and 100 years and a duration time of 2 h (Figure 9) were employed as rainfall input data.
[image: image]
where qr denotes the rainfall intensity (L/(s·hm2)); p is the return period in years; and t denotes rainfall duration in min.
[image: Figure 9]FIGURE 9 | Design storm hyetography for various return periods.
3.4 Modeling accuracy evaluation index
The relative error (RE) of the inundation volume was used to measure the difference between volume values under the coupled model and under each of the approximation approaches in order to describe the effects of the two methods statistically and quantitatively. The equation for RE is as follows:
[image: image]
where [image: image] represents the inundation volumes (m3) simulated by the coupled model and [image: image] represents the value in the approximation method. [image: image] < 0 indicates that the approximation method overestimated the capacity of the drainage pipes, and [image: image] > 0 indicates that it underestimated their capacity.
To statistically and quantitatively describe the effects of the approximation methods on the time shift (TS) of the inundation rise and peak, the TS is assigned to quantify the difference of the inundation rising and peak between the coupled model and the two methods. The formulation of TS is as follows:
[image: image]
where [image: image] represents the time shift; [image: image] represents the occurrence time (minutes) of the inundation rise or peak in the coupled model; and [image: image] represents the occurrence time under the approximation method.
4 RESULTS
4.1 Idealized urban catchment
The time course of the inundation volume over the entire idealized urban catchment area and the peak volume, as calculated via different methods (coupled model, existing method, and new method), are presented in Figure 10 and Table 2. RE between the coupled model and the existing method ranged between −9.74% and 60.36%, decreasing with the increase in rainfall return period. The existing method overestimated the capacity of the drainage pipes under rainfall with a return period of less than 30 years and underestimated drainage capacity with a return period of more than 50 years.
[image: Figure 10]FIGURE 10 | Simulated volume time course for the entire area under three different methods for the idealized urban catchment in the case of rainfall events with return periods of (A) 2 years, (B) 5 years, (C) 10 years, (D) 30 years, (E) 50 years, and (F) 100 years.
TABLE 2 | Comparison of peak volume estimates under different methods for the idealized urban catchment case study.
[image: Table 2]RE values between the coupled model and the new method were 1.79%, 1.66%, 0.68%, −0.91%, −1.61%, and −2.58% for rainfall events with return periods of 2, 5, 10, 30, 50, and 100 years, respectively. Similar to the results for the existing method, RE for the new method decreased with the increase in rainfall return period. The new method overestimated the capacity of the drainage pipes under rainfall with a return period of less than 10 years and underestimated drainage capacity with a return period of more than 30 years. Overall, RE for the new method was no more than 3%, which is very small. Compared with the existing method, the new method improves the estimate of peak volume by 2.62%–58.57% for rainfall events with different return periods. The results clearly show that the new method is more effective than the existing one (Li et al., 2020; Hou et al., 2021).
Moreover, the runoff delay under the different methods can be clearly observed in Figure 10. Compared with the coupled model, the TS of the inundation rise under the existing method was approximately 35–40 min for different return periods. The TS of the inundation peak was approximately 35–45 min for different return periods (Figure 11A). There was no runoff delay for the inundation rise and peak under the new method; that is, TS was 0. The phenomenon of runoff delay would directly reduce the formation of inundations and occurrence of flood peaks in urban catchments (Wang et al., 2018). The reason for this is that the runoff would not occur until half an hour after the rainfall under non-constant rainfall with different return periods under the existing method, because the volume of rainfall up to that point would be less than the subtracted value of 26.0 mm/h over the entire area. However, under the new method, runoff could be generated on both sides of the road, so such a delay is not inevitable (Li et al., 2020). There are also runoff delays under the existing method in the process of calibrating parameters under constant rainfall; these delays are of approximately 5 min. Hence, the simulation results are consistent with those of the calibration process.
[image: Figure 11]FIGURE 11 | TS of the inundation start and peak under two approximation methods (A) in the idealized urban catchment and (B) in the Fengxi urban catchment.
4.2 Fengxi urban catchment
Design storms and the three methods were also imported into the model in order to simulate the runoff process in the actual urban catchment with a simulation duration of 10 h. Figure 12 shows the time course of water volume over the entire urban catchment area under rainfall with different return periods. The peak volume calculated by each of the different methods for the actual urban catchment area is presented in Table 3. The results clearly demonstrate that there are differences between the existing method and the new method. RE for both methods decreased with increase in the rainfall return period. In addition, the peak volume values under both the existing method and the new method were less than that of the coupled model for rainfall events with various return periods, which means that the two methods overestimated the drainage capacity of the sewer pipes. Compared to the peak volume of the coupled model, the range of RE for the existing and new methods was 5.57%–39.79% and 2.00%–6.93%, respectively. The improvement provided by the new method compared to the existing method ranged from 3.57%–32.87% for rainfall events with different return periods. Furthermore, RE for the new method was less than 7% in the actual urban catchment under various scenarios. Moreover, compared with the coupled model, the TS of the inundation rise under the existing method was approximately 10–20 min for different return periods. The TS of the inundation peak was approximately 0–10 min for different return periods (Figure 11B). The TS of inundation peak is 10 min under the rainfall with 5 and 10 years return period in the actual urban catchment. The trend of the result was consistent with the findings for the idealized urban catchment.
[image: Figure 12]FIGURE 12 | Comparison of the water volume time course in the actual urban catchment scenario under different methods in the case of rainfall events with return periods of (A) 2 years, (B) 5 years, (C) 10 years, (D) 30 years, (E) 50 years, and (F) 100 years.
TABLE 3 | Inundation peak volume under different methods for the actual urban catchment case study.
[image: Table 3]5 DISCUSSION AND CONCLUSION
The use of 1D–2D coupled models represents a critical approach for evaluating urban flooding. Nonetheless, a significant deficiency in data pertaining to municipal sewer systems impedes the full utilization of flood modeling (Hou et al., 2021; Li et al., 2022). The utilization of approximation methods to reflect the effects of discharge pipes can provide a more accurate representation of surface rainfall flooding events in circumstances where the underlying mechanisms of subterranean sewer network water flow are disregarded (Li et al., 2020). However, the existing approximation methods for this drainage effect are inconsistent with the actual rainfall–runoff process, and the simulation error is relatively large. As a result, improving the accuracy of the values calculated via such an approximation method is crucial to accurately simulate the urban flood process. In this study, a novel road-drainage method is presented, which is more consistent with the physics of the rainfall–runoff process. This method does not require the construction of underground pipe network data, and the corresponding reduction in the rainfall source term for areas of road in the 2D model can reflect the drainage effect.
The proposed method was evaluated via simulation of an ideal and an actual urban catchment. Due to a lack of monitoring data, the calculation results of the coupled model were used as the benchmark in this paper. First, a single rainfall event was used to calibrate the relevant parameters; subsequently, the effects of the new method on the results of simulations of storm-related flooding were evaluated for rainfall events with return periods of 2, 5, 10, 30, 50, and 100 years. In the ideal case study, a scenario with constant rainfall of 60 mm/h was used to calibrate the correction parameters of the new method and the existing method. To increase reliability, the subtracted values of the two methods were also calibrated under rainfall events with an intensity of 30 mm/h and 90 mm/h for the idealized urban catchment. Moreover, the same scenario was simulated under rainfall events with return periods of 2, 5, 10, 30, 50, and 100 years. All the results showed that the new method produces smaller RE values than the existing method for various rainfall events.
However, the new method is not able to reflect the backflow and overflow processes of the drainage piping. Overflow usually occurs when the drainage capacity of the pipe network is insufficient, and rainwater flows back from the underground pipe network to the surface under water pressure. Hou et al. (2021) proposed an approximate simulation method based on non-linear reservoirs to simulate the overflow process, but this method also needs the support of pipe network data. Constructing underground pipe network data according to urban characteristics is also an effective way to solve this problem, but these methods are relatively complicated, and the vast amount of pipe network data required also brings new challenges to flood simulation for large-scale urban areas (Chegini and Li, 2022). Further research is needed for more advanced methods to reflect the drainage system of areas where the data are unavailable.
The results showed that RE between the new method and the coupled model decreased with increase in the return period for both urban catchment case studies. RE for the inundation peak ranged from 1.72% to 2.58% for rainfall return periods ranging from 2 years to 100 years in the idealized urban catchment scenario, and from 6.93% to 2.00% in the actual urban catchment scenario. This means that the approximation method with a fixed parameter exhibited the best adaptability for modeling of rainfall events with a certain return periods. For example, RE was smallest when c = 1.15 in the new method for a rainfall event with a 10-year return period in the idealized urban catchment. Additionally, under this method, drainage system capacity was overestimated when the return period of the rainfall was less than 10 years and underestimated when the return period was greater than 10 years. Similar patterns were also found for the existing method. One reason for this could be that the surface water depth is variable under rainfall with different return periods. The water depth at the inlet node is considered in the coupled model, while the water depth over the entire road is considered in the new method (Li et al., 2020; Hou et al., 2021). Generally, the subtracted values, which may be related to both the calibrated rainfall and the pipe diameter of different methods, need to be studied further. The actual situation may be more complicated, and in-depth research will continue in the future. An important direction for further work might be to investigate the possibility of adopting variable parameters for approximation methods in scenarios representing rainfall events with different return periods.
To summarize, the main findings and implications of this study are as follows. 1) A method for approximate computation of drainage capacity for urban flood modeling is proposed; this is named the road-drainage method. 2) Relative error in inundation peak volume between the proposed method and the coupled model is less than 3% in an idealized urban catchment and 7% in an actual urban catchment. 3) The TS of the inundation rise and peak is 0 in an idealized urban catchment, and the TS of the inundation peak is only 10 min under rainfall events with 5- and 10-year return periods in an actual urban catchment. 4) The simulation accuracy of peak volume is improved by 2.62%–58.75% and 3.57%–32.87% compared with the existing method for the idealized urban catchment scenario and the actual urban catchment scenario, respectively. In addition, TS is reduced by 10–45 min over various scenarios. The results of the new method indicate that it could reflect the influence of the drainage system more accurately than the existing method in the ideal urban catchment and an actual urban catchment.
Overall, the simulation results show that the road-drainage method is a more reliable and efficient approach to modeling of drainage capacity than the existing method. This finding is useful for the modeling of urban areas with inaccessible drainage system data. In particular, the road-drainage method holds great promise as a solution for simulating urban flooding in areas where drainage system data are not available. It has the potential to support large-scale urban hydrological modeling, making it an invaluable tool for predicting and preventing the impacts of flood events. Furthermore, the application of this method to large-scale regions will be investigated. More advanced approximation methods that can incorporate backflow and overflow processes are also a research direction for the future.
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1D One-dimensional
2D Two-dimensional
SWMM Storm Water Management Model
SWEs Shallow water equations
USEPA United States Environmental Protection Agency
DEM Digital elevation model
RE Relative error of the inundation volume
TS Time shift of the inundation rise and peak
t Time
subscript x x-axis of the Cartesian plane
subscript y y-axis of the Cartesian plane
q Variable vector
f Flux vector of the x direction
g Flux vector of the y direction
h Depth of water
qx Single-width discharge in the x-axis direction
qy Single-width discharge in the y-axis direction
S Source vector
Sb Slope source terms
Sf Friction source terms
u Current velocity in the x direction
v Current velocity in the y direction
Cf Chezy’s coefficient
n Manning coefficient
R Rainfall term
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Z Conduit invert elevation
Y Conduit water depth
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c Correction factor for the difference in unit and grid size
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E Subtracted mass rate in the existing method
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N Subtracted mass rate for road areas in the new method
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qr Rainfall intensity
p Return period
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