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Abstract

:

With rapid urbanization, floods that occur are more frequently associated with non-riverine, urban flooding. Reliable and efficient simulation of rainstorm inundation in an urban environment is profound for risk analysis and sustainable development. Although sophisticated hydrodynamic models are now available to simulate the urban flooding processes with a high accuracy, the complexity and heavy computation requirement render these models difficult to apply. Moreover, a large number of input data describing the complex urban underlying surfaces is required to setup the models, which are typically unavailable in reality. In this paper, a simple and efficient urban rainstorm inundation simulation method, named URIS, was developed based on a geographic information system (GIS) with limited input data. The URIS method is a simplified distributed hydrological model, integrating three components of the soil conservation service (SCS) module, surface flow module, and drainage flow module. Cumulative rainfall-runoff, output from the SCS model, feeds the surface flow model, while the drainage flow module is an important waterlogging mitigation measure. The central urban area of Shanghai in China was selected as a study case to calibrate and verify the method. It was demonstrated that the URIS is capable of characterizing the spatiotemporal dynamic processes of urban inundation and drainage under a range of scenarios, such as different rainstorm patterns with varying return periods and different alterations of drainage diameters. URIS is therefore characterized with high efficiency, reasonable data input, and low hardware requirements and should be an alternative to hydrodynamic models. It is useful for urgent urban flood inundation estimation and is applicable for other cities in supporting emergency rescue and sustainable urban planning.
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1. Introduction


Urban floods occur frequently worldwide, and their losses and impacts are increasing rapidly [1,2,3]. With sustained economic growth and urbanization in China progressing at an unprecedented speed, the characteristics of flood risk have also changed [2,4]. According to the statistical data of the Chinese Bulletin of Flood and Drought Disasters, from 2006 to 2016, more than 100 cities were flooded every year. Floods, which have caused more serious losses and management difficulties in urban areas than in rural areas, have attracted attention in the field of disaster risk mitigation and management around the world [3].



Effective urban flooding simulation and forecasting is a beneficial tool for urgent flooding risk assessment and emergency management. Normally, the modeling approaches for urban flooding can be divided into three categories according to their calculation method, i.e., the hydrodynamic method, hydrologic method, and simplified method. The hydrodynamic methods are the most commonly used approach in urban flooding forecast, and they have the advantages of producing the spatiotemporal evolution of runoff based on physical laws, such as DHI MIKE Urban [5], InfoWorks CS [6], Sobek [7], and storm water management model (SWMM) [8]. The disadvantage is the requirement of detailed input data and substantial computational power. Many hydrologic models have now become available in urban flooding modeling, including the rapid flood spreading methodology (RFSM) [9], GIS-based urban flood inundation model (GUFIM) [10], urban storm inundation simulation method (USISM) [11], and so on. These models are based on water balance equations and have the advantage of a fast computational speed. The tradeoff is the lack of flow and inundation process simulations. Consequently, a simplified modeling approach that fulfills both rapid flooding calculation and inundation process simulation is a meaningful research direction for urgent flooding dynamic forecasting.



Many studies have been done on flooding inundation process simulation with simplified models at both the basin and regional scale [3,12,13,14,15,16,17,18]. Jacobs (2018) developed a flooding inundation modeling tool called Flood Modeller, which simulates the flooding of rivers, floodplains, and urban areas using simplified 1D and 2D hydraulics [19]. Chen et al. (2009) developed a flooding model in an urban environment, considering the cumulative surface runoff and flooding propagation based on a geographic information system (GIS) platform [10]. Zhang et al. (2014) proposed the flood connected domain calculation (FCDC) method to estimate riverine flood inundation [20,21]. They showed that the FCDC method can accurately simulate the flooding inundation processes associated with river flooding and dike breach. All the above mentioned methods simulate the inundation processes based on simplified hydraulic algorithms; however, most of them are designed to simulate fluvial rather than pluvial flooding, because the rainfall-runoff generation is not included in the model.



The soil conservation service-curve number (SCS-CN) model is one of the most widely used surface rainfall-runoff models because of its simple structure and the few parameters required [22]. To overcome the limitations of the SCS-CN model in terms of simulation ability, researchers have proposed a physically-based catchment distribution model and introduced field measurements to correct the two important parameters of the model, i.e., CN values and standard values, λ [23,24,25]. Such a distributed hydrological model fully considers the various changes of physical factors in the temporal and spatial dimensions and can be used to estimate total runoff, base flow, and infiltration, etc. on a large scale [23,26]. Furthermore, the application of physically-based distribution models has been strongly supported by the recent development of the Green–Ampt infiltration model, the slope manifold model, numerical calculation, and finite difference techniques [27,28,29,30]. Moreover, technologies, such as remote sensing (RS) and geographic information system (GIS), have made the acquisition, processing, and analysis of basin-wide scale data more convenient so that the distributed hydrological model can more accurately simulate flows on complex underlying surfaces [31,32]. These modern technologies are now widely used to improve river basin management, water conservation engineering and design, urban flood control, hydrological forecasting, etc.



With the increasing risk of urban flooding, the distributed hydrological model was proven to be useful in simulating rainfall runoff and flooding propagation in urban areas, which had successfully been applied to the cities of Tianjin, Nanjing, and Nanchang in China [27,29,33,34,35,36,37,38]. High-resolution spatiotemporal simulation of urban flooding is crucial for the provision of accurate results for risk assessment and to improve the effectiveness of disaster risk management. Therefore, it is an important development trend of urban waterlogging simulation. However, the dynamic modeling of urban flooding on the coupling of surface flow and drainage flow is not enough, and the simulation of the waterlogging drainage process needs further exploration. Moreover, artificial pavements (buildings) and underground drainage systems are the key factors affecting rainstorm flooding in urban areas [39]; since the classic SCS model did not consider these factors, it needs to be improved.



The aim of this research is to develop a simple and efficient urban rainstorm inundation simulation method with limited input data. A semi-physical distributed hydraulic model based on a GIS platform, named urban rainstorm inundation simulation (URIS), was developed. The model can simulate the high-resolution spatiotemporal dynamic processes of urban rainstorm waterlogging under a range of storm events. Hydrological tools in ArcGIS (by ESRI) and a coupling solution linking the enhanced SCS model, the surface flow model, and the drainage flow model were used to simulate the rainstorm waterlogging process in an urban environment. Taking the Shanghai downtown area (the former Jing’an District) in China as the study site, the newly developed model was tested with scenarios of different storm conditions of varying return periods and different alterations of drainage diameters.




2. Methodology


2.1. Model Development


2.1.1. SCS Runoff Model


The rainfall-runoff was calculated with the SCS model. The SCS model has been widely used to estimate runoff for small catchments [40,41,42]. It was developed based on a water balance relationship, Equation (1), and two basic hypothesizes, i.e., (1) the proportional equalization or linear hypothesis of Equation (2), and (2) the hypothesized relationship between the initial loss and potential maximum retention of Equation (3). The total rainfall is then divided into three parts, including initial loss, post-loss, and surface runoff, formulated as follows:


P=Ia+F+Q,



(1)






FS=QP−Ia,



(2)






Ia=λS,



(3)




where P is the rainfall (unit: mm); Ia is the initial rainfall loss (unit: mm); F is the real retention (post-loss) (unit: mm); S is the potential retention capacity (the upper limit of the post-loss) (unit: mm); Q is the surface runoff depth (unit: mm); and λ is the dimensionless initial loss coefficient, which mainly depends on local geographic and climatic factors and generally ranges from 0 to 0.4 [40,41]. When plugged in, the classic rainfall runoff equation is obtained with only one parameter to solve, and it is assumed that there is no surface runoff when the initial loss is small:


Q{(P−λS)2P+(1−λ)SP≥λS0P<λS.



(4)







Normally, the value of S varies significantly [0, 25146] [40,41]; for convenience, a curve number (CN) is introduced to help determine S [43]:


S=25400CN−254,



(5)




where CN is an integrated parameter reflecting the characteristics of underlying surfaces; theoretically, the value of the range is [1, 100], and the actual application range is [40, 98] [44].



Based on the land use maps interpreted from remote sensing (RS) images and soil classification standard of the “Shanghai Soil” provided by the Shanghai Soil Census Office, the soil types of the study area were divided into four classes (i.e., A, B, C, and D, in the order of decreasing permeability). Moreover, according to the Antecedent Moisture Condition (AMC) of different soil types, each soil class can be further divided into three categories, namely, dry (AMCI), average (AMCII), and wet (AMCIII). The standard method, referred to as the “annual flood series”, was used to determine the CN values of different underlying surfaces [43,45]. In this research, the CN values of nine land use types in an urban environment were determined following the suggestion by Urban Hydrology for Small Watersheds, as shown in Table 1 [43].




2.1.2. Combining the Surface Runoff Model and Drainage Model


1. SCS Model Improvement



The Shanghai urban area is an artificial environment; the influence of the regulation facility is crucial for urban flooding mitigation. However, the classic SCS model only calculates the surface rainfall runoff and does not consider the surface flow propagation and underground drainage system. Therefore, the classic SCS model needs to be improved before application. The specific improvement scheme is shown in Figure 1.



According to water balance, the antecedent runoff condition (ARC) in an urban environment is mainly related to the hydrological processes of redistributing storm waters among plant retention, infiltration, evaporation, surface runoff, and underground drainage. Normally, urban flooding is determined by surface runoff; however, underground drainage has an important effect on flooding mitigation. Based on this, the new water balance equation of the improved SCS model in urban environments is extended to:


P=Ia+F+Q+Se+E,



(6)




where Se is the pipe network flow (unit: mm) and E is the evaporation value (unit: mm).



Water losses caused by evaporation (E) only account for less than 0.5% of the total precipitation amount [11] due to the small scale of the urban area and relatively short duration of precipitation. Therefore, E is neglected in the modeling. Drainage flow (Se) is important for urban flooding simulation. In the model, parameters, such as pipe diameter and pipe length, are important. They have key influences on the resultant drainage capacity and need to be collected. Surface runoff (Q) is calculated using the SCS model on the basis of Equations (4) and (5). Generally, an average value of λ = 0.2 is used in natural watershed environments [40,41]. In urban environments (except for some small parts of green spaces), however, most of the ground is covered with impervious pavement where water permeability is very weak. Therefore, a small initial loss coefficient of λ = 0.05 is used according to a large number of field measurements [11].



In order to implement distributed hydrological simulation, the study area was divided into multiple sub-catchments that were centered at manholes. By referencing the CN value in Table 1 and the ratio of various land use types in each sub-catchment, the weighted comprehensive CN value (CN¯) for each sub-catchment was derived using the following equation:


CN¯=∑i=1nAreai·CNiArea,



(7)




where Areai is the area of various land use types in each sub-catchment (unit: m2); Area is the total area of the sub-catchment (unit: m2); and CNi is the CN value of land use type i in Table 1.



2. Surface Flow Modeling



Rainfall runoff is essentially a special type of gravity slope flow, which generally has a shallow water depth (at millimeter level). Since the flow is continuously replenished with rainfall along the path, the processes of mass conservation and momentum conservation are complicated, and there is no simple analytical model has been obtained so far [29,33]. In this research, a slope flow model similar to the isochrone unit method and a grid pursuing method along the flow path were used to simplify the process [29,33]. Thus, the flow path, flow direction, and flow velocity in each sub-catchment were simulated.



First, the study area was discretized into square grids based on the digital elevation model (DEM). The input variables are time series rainfall lattices; the rainfall loss and actual runoff of each grid were obtained based on the ARC. Then, the flow direction of every grid driven by gravity was calculated using the elevation difference between a grid and its surrounding grids. Finally, the accumulated runoff of each sub-catchment was obtained by summing the runoff on each grid, and an iteration of the calculation along the flow path in a grid-by-grid sequence to the manhole was performed. The convention of eight flow directions in the neighborhood grids is denoted by 2n, where 1, 4, 16, 64 means a perpendicular direction flow, and 2, 8, 32, 128 means an oblique direction flow.



Based on the maximum weighted distance difference between the central grid and the surrounding grids, the total flow distance, L, was obtained by the summation of all grids (maximum weighted distance) along the path to the manhole:


L=∑j=1niaj2lj2+ηj2,



(8)




where ni is the total number of grids that the i-th grid flow has passed through; lj is the grid resolution (unit: m); ηj is the height difference between the center grid and the neighborhood grids (unit: m); and aj is the edge length coefficient, which is decided by directions: aj=1 when flow is in a perpendicular direction, and aj=2 when flow is in an oblique direction, a positive value indicating outflow, and a negative value indicating inflow.



The estimation of flow velocity is important for waterlogging simulation, especially under heavy precipitations [2]. In this study, we assumed that the flow velocity considers the nonlinear effect of the precipitation supplement disturbance, when the rainfall intensity is large (p ≥ 0.05S) [46,47]; otherwise, the study area was divided into several blocks with fixed flow speeds. Considering the flat landform in Shanghai, the flow velocity was set to a constant value of 0.2 m/s. By a combination of the above two categories, the slope flow velocities were formulated as follows [48]:


V={k(Q+q)a(ηjajlj)bP≥0.05S0.2P<0.05S,



(9)




where V is the flow velocity (unit: m/s); Q is the surface runoff depth (unit: m); q is the runoff depth (unit: m); k is the surface comprehensive resistance coefficient, estimated by the Darcy coefficient [29,33]; and a and b are constants, generally falling within the ranges of 0.40 < a < 0.67 and 0.18 < b < 0.33, respectively [29,33]. In this research, a = 0.40 and b = 0.30 were used for impervious surfaces and a = 0.50 and b = 0.18 were used for urban green lands [49].



1. Drainage Flow Modeling



• Pipeline Flow



The underground drainage flow, characterized as a dynamic nonlinear flow, is also forced by gravity if the pumping station is not considered. In pipeline flow calculations, the complex pipe network system is generalized into a network composed of several loops. The urban drainage network is a directed network diagram [50]. In practice, the manholes are considered as nodes, the pipelines are links (edges), and the flow direction is the linking direction. Therefore, establishing a drainage network model is equivalent to establishing a network diagram composed of nodes, links, and directions.



Head loss occurs during drainage flow due to the friction of the pipe wall, and the flow velocity is estimated with the Chezy equation [51,52]:


v=CRΔd,



(10)






Δd=Δh/P2−Δh2,



(11)






R≈2A/π,



(12)




where v is the flow velocity (unit: m/s); R is the hydraulic radius (unit: m); A is the flow area (unit: m2); Δd is the hydraulic slope; P is the pipeline length (unit: m); Δh is the elevation difference between the upper and lower ends of the pipeline (unit: m); and C is the Chezy coefficient (unit: m0.5/s), estimated with the Manning equation determined by the pipeline material.



In the Shanghai urban area, there are three main types of pipelines, i.e., concrete pipelines, cast iron pipelines, and steel pipelines. The pipeline material is labeled in the property sheet. The roughness coefficient of concrete pipe is set to a value from 0.012 to 0.023 according to the smoothing of the inner wall; that of the cast iron pipe is set to a value from 0.011 to 0.016 depending on whether the inner wall is protected; and that of the steel pipe is set to a value from 0.011 to 0.015 depending on the welding method.



Finally, the flow rate along the ith pipe section, qi (unit: m3/s), is expressed as:


qi=πviRi2/2.



(13)







• Pipe Flow on Nodes



The drainage system is composed of multiple manholes, outlets, and connections. The hydraulic calculation of the drainage flow is to solve the continuity equation, i.e., the water is balanced at every node where the incoming flow (defined as positive) equals the outgoing flow (defined as negative) at every node:


∑qi(mn)+Qk=0,



(14)




where Qk is the flow rate at node k; qi (m n) is the flow rate of pipeline i, which connects to node k; and m and n are the start and end node identity of pipeline i.



The flow rate at the boundary node must be introduced first to solve the above equations, i.e., the manhole inflow rate is derived from the surface flow model.



2. Model Coupling



The GIS platform was used to integrate the models. A coupling approach was customized in the Model Builder of ArcGIS to link the SCS runoff generation model, the surface flow model, and the underground drainage model.



The essential idea of the coupling method was to build the semi-physical model in every sub-catchment and then calculate the actual surface runoff, the inflow rate of manholes, and the flows in the pipelines. Specifically, the steps were as follows: Firstly, the study area was divided into sub-catchments using manholes and DEM elevations in the form of a raster grid; secondly, the underlying land use type and hydrometeorological conditions were assumed to be constant within the same grid, but to vary between raster grids, then the runoff generation, Equation (4), of the improved SCS model was used to calculate the actual runoff depth, Q, of each grid in each time step; thirdly, hydrological analysis tools in ArcGIS were used to extract the flow path and the flow direction for each sub-catchment, and the total flow length, L, was calculated by Equation (8); fourthly, the flow velocity, V, was calculated by Equation (9) in a raster-by-raster manner, and the total flow rate into the manhole was calculated by the spatial superposition and time accumulation of surface flow in a raster-by-raster manner along the path to the manhole; as a result, the water flow into the drainage system was introduced as an external boundary condition of pipe flow, and finally, the water redistribution in the drainage system was calculated with Equations (13) and (14), according to the principle of water flow continuity. The structure of modules includes:




	
Data input module. Provide spatial data input, including rainfall pattern editing, land use classification, sub-catchment division, and pipe network connectivity editing.



	
SCS rainfall-runoff module. Provide surface runoff calculation based on the raster grid, the Thiessen partition of a sub-catchment, and calculation of CN¯ for each sub-catchment.



	
Surface flow module. Extract hydrological parameters, such as the elevation, slope, aspect, and flow direction. Simulate surface runoff by calculating the flow path, flow speed, and the maximum weighted distance to the manhole for each sub-catchment.



	
Drainage flow module. Establish the feature database of the directed pipe-network with spatial topological relationships. Build the attribute database with attributes, such as pipe caliber, material, elevation, and so on, and relate the attribute database to the feature database.








By customizing the above modules, the generation of surface runoff, flow sinking, and drainage discharge was realized. The space looping control code was implemented by the superposition of the Thiessen partition boundary and the DEM in each sub-catchment.





2.2. Model Application


2.2.1. Study Area


Shanghai is located in the Yangtze River Delta, East China, under the influence of Eastern Asia’s monsoon climate. Annual average precipitation is 1170 mm, and heavy precipitations occur mainly from May to September, with rainfalls in summer accounting for more than 60% of the annual total amount. The first sewerage in Shanghai can be sourced to the 1850s. The city currently has more than 3500 km of municipal drainage pipelines, 64,000 manholes, and a drainage network penetration rate of 78%. Investigations have shown that Shanghai has 14 large waterlogging prone areas with a 0.2 to 0.5 m flooding depth lasting for more than 3 h when moderate or heavy rainfall occurs [36,53,54].



The former Jing’an District located in the central area of Shanghai was selected as an example to test the model. It is one of the regions most often impacted by waterlogging [38]. The total area is approximately 7.62 km2, i.e., 2.9 km long from east to west and 2.7 km wide from north to south (Figure 2). The average population density in this district is very high, up to 40,000 per km2. The district is committed to establishing a high-quality residential area, high-grade central business district, and an international commercial area [55]. However, due to the low land elevation and high building density, waterlogging disasters occur frequently during the rainy season. Therefore, it is meaningful to study the risks of rainstorm-waterlogging in the area.




2.2.2. Data Used


The data sources of this research included land use data, a topographic surveying map, manhole, pipe-network, and archived precipitation data. The data were preprocessed before use.



1. Land Use Data



The land use data were derived from the 2012 aerial image with a resolution of 0.25 m. The land use of the study area was divided into seven categories: Residential (R), commercial (B), industrial (M), public management and public service (A), green land and square (G), water (E), and unused land (D). The above layers were first merged into one layer and then resampled to a 2 m × 2 m resolution. The grid value, reflecting the land use distribution (Figure 2), was used to calculate the CN value in the SCS runoff model (see Table 1).



2. Manholes and Drainage Network



The municipal drainage data, derived from the Shanghai Drainage Company, are composed of manholes and pipelines. The drainage design standard of the study area is to resist one-year-return rainstorms. The pipe network was manually interpreted from the original computer aided design (CAD) data and converted into the vector data format in ArcGIS to establish a network diagram. The drainage system distributed across the study area includes 2872 pipelines, with a total length of 89,600 m, and the average depth is 2.48 m. There are 2748 manholes located inside the study area and 45 outlets located around the margin of the study area (Figure 3). Manhole properties include identity, coordinate, caliber, ground elevation, and bottom elevation; pipeline properties include identity, coordinate, pipe diameter, and pipe length (Table 2). Topological connectivity between manholes and pipelines must be well established so that manholes and pipelines are horizontally connected, and, in the vertical direction, the manhole is between the ground elevation and pipeline elevation, as seen in Figure 3.



3. Sub-Catchment



The maps of the ground surface and the base elevation of buildings were generated using a 1:500 terrain map measured by the Surveying and Mapping Institute of Shanghai. Kriging interpolation, which provides the best linear unbiased predictor of values at unsampled points, was used to generate the digital terrain model (DTM). A DTM resolution of 2 m was used to describe the land surface elevation and building base elevation. Sub-catchment division was implemented using the Thiessen partition method based on the spatial distribution of manholes. As a result, 2748 sub-catchments of different shapes were generated (Figure 4), with an average area of approximately 2800 m2; the semi-physical hydraulic model was established in each sub-catchment.



4. Rainfall Scenario



Simulations were performed under different rainfall scenarios, including different precipitation durations, intensities, and rainfall patterns. According to the rainfall intensity equation defined by the code for the design of outdoor wastewater engineering (GB50014-2006) [56], the resultant rainfall duration-return period-intensity equation of the study area was fitted with rainfall observation data from the Xujiahui weather station (1949–2012), using the annual maximum sampling method.



For a short precipitation duration (t = 5–120 min):


ip=8.8112+7.8717logTe(t+6.1005)0.6453.



(15)







For a long precipitation duration (t = 180–1440 min):


ip=8.9117+13.5855logTe(t−9.3687)0.7185,



(16)




where ip is the rainstorm intensity (unit: mm/min); Te is the return period (unit: year); and t is the precipitation duration (unit: min).



In addition to rainfall intensity, the rainfall pattern is another important factor. Single-peak rainfall, which occurs more frequently (more than 60%) than double-peak or multi-peak rainfall, has a great impact on waterlogging in Shanghai. For single-peak rainfall, a peak in the front (Poisson distribution) and in the middle (Normal distribution) is more frequent than a peak in the back [57]. Therefore, Poisson-pattern and normal-pattern rainfall was selected and combined with the duration-return period-intensity Equations (15) and (16) to test the modeling flexibility. The spatial difference of rainfall intensity was not considered in this research due to the small study area (less than 8 km2).






3. Results


3.1. Model Performance and Validation


In order to evaluate the model performance, the hindcasted maximum inundation depth for the 7 August 2005 rainfall during Typhoon Matsa was compared with the monitored/reported inundation streets across the study area (Figure 5) [53,58]. Overall, agreement was good between the observed and predicted flooding distributions, especially for the streets where a water depth > 25 cm. All of the 15.3 km long reported flooding streets fall within the simulated flooding areas of water depth > 15 cm, and the majority exceeds 25 cm. However, the flooding area predicted by URIS seems to be a bit overestimated because there are more streets that are flooded compared to the reported 39 streets in this area.



The results of URIS were compared with the results of the flood map [59] under the same modeling setups. A random distribution of 20,000 sample points was generated and compared. Statistical analysis showed good agreement; the standard deviation (SD) is 0.12, the correlation coefficient (CC) is 0.89, the mean absolute error (MAE) is 0.09 m, and the root mean square error (RMSE) is 0.09 m.




3.2. Urban Surface Flooding


Flooding simulation in the study area was carried out under rainfall scenarios of different durations and return periods. Two single-peak rainfall patterns of a Poisson distribution and normal distribution were selected to simulate the flooding area and depth change over time. Taking 60-min Poisson-pattern rain of a 20-year return period as an example, the spatial distributions of water depth for the 1st, 20th, 40th, and 60th minutes are shown in Figure 6. In the first 40 min, the flooding area and depth increased significantly with continuous precipitation. Compared with the first 20 min in Figure 6b, the flooding area in the 40th minute in Figure 6c increased by 34%, 21%, 50%, 84%, 112%, 300%, and 543% for depths of A (0.01–0.03 m), B (0.03–0.05 m), C (0.05–0.1 m), D (0.1–0.15 m), E (0.15–0.25 m), F (0.25–0.35 m), and G (>0.35 m), respectively. However, with the decrease of rainfall intensity after the 40th minute (<0.15 mm/min) and the increase of the drainage capacity, the flooding depth decreased in some areas from the 40th minute to the 60th minute. Consistently, the flooding area in Figure 6d was reduced by 3%, 9%, 8%, 18%, 18%, and 15% compared with Figure 6c for depths of A, B, C, D, E, and F, respectively. Nevertheless, the result shows a slight increase in the area for water deeper than 0.35 m (G increased by 4% from the 40th minute to the 60th minute) because the drainage capacity reaches its peak value (28,000 m3/min) after 11 min, but rainfall runoff continuously flows into low-lying areas. After the 60th minute, waterlogging disappears gradually due to the stop of the precipitation, but the drainage and infiltration continues. The detailed changes of flood receding, and drainage processes are shown in Figure 7 and Figure 8.



Taking the Poisson-pattern rainfall as an example, the maximum flooding depth distributions under return periods of 2a, 5a, 10a, and 20a for a 60-min rainfall duration are shown in Figure 7. It is observed that the flooding pattern is similar under different precipitation durations, although the flooding area slightly increases with the return period. Waterlogging mainly occurs along the street and in the low-lying areas on both sides of the street. Compared with the return period of 2 years, the flooding area that exceeds the 15 cm depth increases by 97%, 168%, and 194% for return periods of 5, 10, and 20 years, respectively.




3.3. Drainage Discharge


In order to demonstrate the coupling relationship between drainage flow and flooding area variations, the time series variation of a 3-year return period and a 20-min rainfall case is shown in Figure 8. In the early stage, with the increase of rainfall intensity, the rainfall runoff, drainage flow rate, and flooding area gradually increased, and the drainage system shows a strong water storage capacity. Drainage reached the maximum discharge capacity after 7 and 12 min under the Poisson-pattern and normal-pattern rainfall, respectively. In the middle stage, both the drainage capacity and the flooding area reached and maintained the peak value, although the rainfall intensity started to weaken. The drainage capacity maintained the peak value for a long time, reflecting the balance between the manhole input and drainage output. The rainfall runoff continuously flows into the low-lying areas, increasing the deeper inundation area. In the late stage, when rainfall stops, the runoff stops immediately and waterlogging is removed from the ground gradually, mainly through the drainage system.



Under normal-pattern rainfall, the flooding area decreased significantly within 100 min, but 0.01 km2 was still retained; while under the Poisson-pattern rainfall, the flooding area was reduced significantly within 80 min, but 0.05 km2 was still retained. At this stage, the flooding of Poisson-pattern rainfall is more serious than that of normal-pattern because Poisson-pattern rain tends to cause larger waterlogging instantaneously with high-intensity precipitation at the beginning. Furthermore, manholes are not necessarily located at the lowest point of the sub-catchment, and as a result, some flooding of the low-lying area can only be removed by infiltration and evaporation.





4. Discussion


The URIS simulates the urban flooding process based on a semi-physical distributed hydrological model; the uncertainty of the modeling result is mainly related to the DEM resolution and calculation efficiency [60,61]. These two aims (accuracy and efficiency) are often in conflict with each other [62]. On one hand, recent development of RS technology, like light detection and ranging (LiDAR), has increased the availability of high-resolution DEM. Therefore, data availability no longer represents a significant limitation to the reduction of modeling uncertainty [62]. On the other hand, the distributed hydrological model needs a long computation time to carry out simulation with high-resolution spatial DEM [63]. Usually, a compromise is taken to coarsen the DEM resolution to a reasonable degree, which reduces the number of grid cells, and as a consequence, the number of time steps required for the temporal process is also reduced. Generally, the coarsened DEM may not have an obvious influence on the changes of flooding patterns as shown in Figure 7; however, it will have a significant impact on small-scale flooding features, e.g., a low-resolution terrain map may result in a neglect of the small-scale inundation zones in that the flooding area illustrated in Figure 5 was reduced from 0.63 to 0.59 and 0.58 km2 when the DTM resolution was coarsened from 2 to 10 and 20 m, respectively. Moreover, some small rainwater retaining facilities, such as depression structures, and some micro-reliefs of artificial structures, such as road shoulders, will also influence the urban flooding propagation. Therefore, a high-quality DEM with reasonable resolution is important to reduce the uncertainty of modeling, which significantly reduces simulation times while providing reasonable simulation results for planning purposes.



The URIS was established based on some simplified assumptions. First, spatially evenly distributed precipitation was used as the source of water in the SCS model. However, this simplification is only appropriate when the modeling area is small and the rainfall intensity is evenly distributed, because it could underestimate flooding where rainfall intensity is larger and overestimate flooding where rainfall intensity is smaller if the latter condition is not satisfied. Secondly, owing to the complexity of urban drainage structures, some important drainage facilities, like pump stations, were not considered, and the drainage flow was treated as the gravity flow in pipelines. However, pump drainage is an important flooding mitigation measure during rainstorm, and ignoring enforced sewer discharge by pumps will lower the drainage capacity. This may be the reason that caused the overestimation of the flooding area illustrated in Figure 5 compared to the 39 reported flooding streets during Typhoon Matsa in 2005. In addition, isolated modeling of the Jing’an district has limitations in that the underground drainage of the study area is connected to that of the neighboring districts and rivers, and therefore, the drainage flow should be influenced by riverine water level variations. A high river water level during a rainstorm may block sewer outlets and therefore restrict drainage. In order to produce the situation of drainage failure by outlets blocking, we may need to delete some of the outlets or reduce the diameter of pipelines immediately connected to the outlets so that sewer conveyance capacity is restricted. Moreover, evaporation, transpiration, and other influencing factors, such as river flooding, were not considered in order to perform a simplified model.



Despite the abovementioned limitations, it was demonstrated that the URIS is effective in simulating urban rainstorm waterlogging. Under the rainfall scenario of a 3-year return period and 20-min duration, statistical analysis of the 2872 sub-catchments of the entire study area showed that a total of 82 sub-catchments (accounting for 0.3% of the total area) were unqualified, with a flooding depth greater than 25 cm, and 449 sub-catchments (accounting for 1.4%) were partly unqualified, with a flooding depth between 15 and 25 cm. The total area of unqualified and partly unqualified sub-catchments was 0.13 km2, which primarily consists of sub-catchments where the area is large. Taking sub-catchment ID1615 as an example, the required safety drainage for pipeline ID2289 is 2.7 m3/min under a 3-year return period and 20-min rainfall duration; however, the actual drainage capacity is only 1.8 m3/min, which is 0.9 m3/min lower than the requirement. Therefore, it is hypothesized that inadequate drainage capacity is the main cause of urban waterlogging during heavy rainstorms.



In order to prove this hypothesis, scenario simulations were rerun with the increases of pipe diameter by 10%, 20%, 30%, and 40% to evaluate the optimal discharge capacity (Figure 8). The results showed that the average drainage capacity increased from the original 6 m3/min by 18%, 22%, 20%, and 16%, respectively. The safety qualification rate increased from the original 82% of the total sub-catchments to 88%, 91%, 92%, and 91%, respectively. Therefore, it was demonstrated that the safety qualification rate increases significantly with the increase of the pipeline diameter. However, both the safety qualification rate and average drainage capacity are slightly reduced after a 20% increase of diameter, which may be due to the neck effect of some of the restrictive pipelines (pipe diameter less than 0.5 m accounts for 23% in the study area). Thus, the detection of the restrictive pipelines and then increasing their diameters is key to improvements of the overall drainage efficiency in old town rebuilding. Moreover, the flooding caused by Poisson-pattern rainfall is more serious than that of normal-pattern because Poisson-pattern rainfall will result in excessive rainfall immediately at the beginning, and the drainage capacity is limited to discharge severe waterlogging. Therefore, in addition to the drainage system, other low-impact development measures, such as increasing the concave green land, should also be included as comprehensive measures to treat the waterlogging caused by heavy precipitations.



Overall, the URIS is a useful tool for urban rainstorm inundation simulation and emergency preparation because of its time-efficient performance and low input and hardware requirements. Moreover, reliable risk area estimation with the high potential of serious flooding can help authorities to produce management strategies for urban planning, such as designing disaster control structures to cope with flooding (e.g., underground drainage projects) [11]; it can also help with producing and implementing sustainable flood-mitigation measures [64,65] and assist in decision making for flood insurance [66], facilitating emergency preparedness, and thus helping to alleviate risks and losses of life and property [67].




5. Conclusions


A semi-physical distributed modeling system, URIS, was developed based on a GIS platform to model urban rainstorm waterlogging. The central urban area of Shanghai in China was selected as the test case to evaluate the model performance.



Our results showed that the URIS model is a useful alternative to implement hydrodynamic modeling in an urban environment. It has the following advantages: (1) The model is able to describe the dynamic process of surface inundation and drainage discharge. (2) The model is capable of characterizing the spatiotemporal development of urban inundation and drainage under different rainstorm conditions. (3) The spatial and temporal resolutions of the modeling results are high enough for risk management and planning purposes. (4) The modeling method is simple, and the input of a few data is required for simulation; therefore, it is recommended for users without plenty of knowledge of hydrology and with a lack of sufficient data. (5) It is suitable for situations when urban surface flooding and drainage discharge need to be quickly estimated.



The model can successfully simulate the dynamic processes of urban flooding and drainage discharge, which greatly extends the application of the SCS model in the urban environment. Despite some limitations, the URIS that couples the SCS rainfall runoff, surface flow, and drainage flow models provides a practical approach for urban rainstorm waterlogging and drainage simulation. In order to improve the model performance, more calibration work of the key parameters and a sensitivity test should be done in future.
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Figure 1. Conceptual model of the urban hydrological process showing the water balance of rainfall (P), runoff (Q), and pipe network flow (Se), where retention (F), primary rainfall loss (Ia), and evaporation (E) compose the water losses. 
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Figure 2. Land use classification of the underlying surface (2 m × 2 m grid). 
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Figure 3. Three-dimensional model showing the spatial connectivity between manholes and pipelines. 
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Figure 4. Location of manholes and sub-catchments of the study area. 
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Figure 5. Simulated maximum flooding depth and reported flooding streets during Typhoon Matsa in 2005. 
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Figure 6. Flooding depths and their changes over time for (a) the first 1 min, (b) the first 20 min, (c) the first 40 min, and (d) the first 60 min under a 20-year return period rainfall scenario. 
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Figure 7. Maximum flooding depth distribution under the return periods of (a) 2a, (b) 5a, (c) 10a, and (d) 20a for a 60-min rainfall duration and Poisson-precipitation-pattern rain. 
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Figure 8. A comparison of the rainfall runoff–drainage flow–flooding area change under Poisson-pattern and normal-pattern rainfall with an intensity defined as a 3-year return period and a 20-min duration. 
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Table 1. The CN values of the underlying surface.
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Land Use Classification

	
Soil Permeability




	
A

	
B

	
C

	
D






	
Residential land (R)

	
77

	
85

	
90

	
92




	
Commercial land (B)

	
88

	
91

	
93

	
95




	
Industrial land (M)

	
86

	
89

	
91

	
93




	
Public facilities (A)

	
85

	
89

	
92

	
95




	
Square land (G)

	
Green space (G1)

	
30

	
55

	
74

	
80




	
Squares (G2)

	
80

	
90

	
95

	
98




	
Other land (G3)

	
67

	
76

	
80

	
87




	
Water surface (E)

	
100

	
100

	
100

	
100




	
Road (R)

	
85

	
89

	
95

	
97
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Table 2. Drainage system statistics.
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Pipeline Length

	
Pipeline Diameter






	
Length (m)

	
10–20

	
20–30

	
30–50

	
50–100

	
>100

	
Diameter Range: 0.2–3.6 m




	
Diameter (m)

	
≤0.5

	
0.6–1

	
>1




	
Number

	
738

	
835

	
1054

	
221

	
24

	
Percentage (%)

	
23

	
58

	
19
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