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Abstract

:

Low impact development (LID) is an important control measure against extreme rainfall events and is widely applied to relieve urban flood disasters. To investigate the effects of LID practices on flooding control under different rainfall scenarios, this paper constructs a rainfall–runoff model based on the storm water management model (SWMM) for a typical residential area in Guangzhou, China. The model is calibrated by using observed rainfall and runoff data. A total of 27 rainfall scenarios are constructed to simulate the change characteristics before and after the LID practices. Also, the projection pursuit method based on a particle swarm optimization (PSO) algorithm is used to assess the flooding characteristics. The results show that the constructed rainfall–runoff model can closely reflect the relationship between rainfall and runoff, with all Nash–Sutcliffe coefficients of efficiency (NSE) exceeding 0.7. It was found from the simulation and assessment of the constructed rainfall scenarios that the changes in rainfall characteristics have a considerable impact on the constructed drainage system and that LID practices can properly control the floods. However, with an increase in rainfall peak coefficient, intensity or duration, the control effects of LID tend to reduce. Particularly in the scenario of relatively high rainfall intensity, the impact of rainfall duration and the rainfall peak coefficient on the LID practices is minor.
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1. Introduction


Along with significant changes in global climate and the considerably increasing disturbance caused by human activities, flood disasters in urban areas have become more serious, substantially restricting social and economic development and posing a threat to the safety of human lives and properties [1,2]. In recent years, urban flooding has caused many casualties and property losses in Japan, Singapore, The Netherlands, Britain and other countries [3,4,5,6]. Many major cities in China have also been greatly influenced by urban flooding disasters, including Guangzhou, Wuhan, Shenzhen, Nanjing, Beijing [7]. The key issue is that the drainage systems of these areas cannot adapt to climate change and human activity. Therefore, there is an urgent need to control flood disasters from a design perspective.



In order to alleviate the problem of urban flooding disasters, many strategies of flood mitigation and disaster relief have been put forward [8,9,10]. The traditional efforts include the following: (i) improving the capacity of the drainage system. For example, Guangzhou requires the improvement of the drainage system capacity in areas through new construction [11]. Hong Kong and Chicago have introduced similar policies to improve drainage capacity [12]. The main measures used to improve the drainage capacity are to expand the existing drainage system and to construct a deep drainage system. (ii) Build water diversion and storage projects. Due to the restrictions on urban land resources, Singapore, Hong Kong, and Japan have constructed drainage pipes to divert water and water storage works to reduce the burden on downstream drainage [13,14]. (iii) Improve flood prevention ability. Many countries use road blocks, raise the height of existing dams, install flood gates and use other measures to prevent urban floods [14]. (iv) Implement routine maintenance of drainage systems. In order to prevent blockages in the pipe network, a common measure is to clean out solid waste in the pipes and strengthen routine maintenance of the pipe network, so as to prevent waste from entering the pipe network. However, all of these measures are generally expensive with large scale construction or can easily lead to excessive drainage of downstream areas. In highly developed urban areas, these drainage-based control measures and end-control measures do not adequately address urban floods, so it is important to find new methods to control the source of the runoff.



Due to the lack of necessary rain and flood control measures, and the unsustainable nature of traditional flood management, developed countries have studied urban flood disasters scenarios since the 1970s based on the requirements of the flood discharge space. After decades of development, a relatively complete system of urban rain and flood management has been set up in many countries [15]. A system’s flood management is based on the comprehensive and multi-level considerations of individual buildings, flood drainage, runoff control and other elements. Certain well-known management measures include low impact development (LID) and best management practices (BMPs) proposed by the United States, water sensitive urban design (WSUD) proposed by Australia, sustainable drainage systems (SUDS) proposed by the Britain, and low impact urban design and development (LIUDD) proposed by New Zealand [16]. These concepts and measures place high value on the combination of structural measures and non-structural measures, as well as on natural drainage conditions and landscape features, to effectively control urban floods.



LID has been rapidly developed in Europe, the Middle East, Asia, Africa and South America [17]. It refers to a stormwater management method based on the simulation of natural hydrological conditions, causing no changes in urban hydrological characteristics. It uses ecological measures, source control and distributed control measures to accomplish stormwater control and utilization [18]. Different LID practices have different characteristics (Table 1) [19]. It results in satisfactory effects through the combined use of reservoirs, green roofs, rain gardens, bioretention swales and bioretention ponds [20,21]. The community and street reconstruction project in Seattle and the bioretention pond system implemented in the Portland Expo Center are exemplary of this approach. Additionally, Berlin Potsdamer Platz and a certain ecological urban area in Hanover, which were designed based on LID, have obtained remarkable effects [22]. According to the estimates of Unified Facilities Criteria, the LID market may have amounted to $380 billion in the United States in recent years, greatly encouraging the research, development and promotion of LID. Also, LID is vigorously promoted in China [23,24,25]. However, the application of LID in China is mainly confined to small-scale areas at present [26]. Also, no attention has been paid to the role of various elements and projects in the rainwater systems, and the response characteristics of different climates to LID have not been taken into account.



In order to have a clearer idea of the performance of various LID practices, the storm water management model (SWMM) of United States Environmental Protection Agency (USEPA) [27] has been widely used for simulations. Extensive research has been conducted into the performance of the SWMM model in simulating hydrologic processes [28]. For example, Burszta–Adamiak et al. [28] simulated green roof hydrologic performance based on the SWMM model. Qin et al. [29] analyzed the effects of LID on urban flooding using the SWMM model. Alfredo et al. [30] proved that green roofs can reduce 30–78% of peak runoff and delay the runoff to some extent as well. Niu et al. [31] simulated the long-term effect of LID and indicated that LID has a remarkable effect on water balance in highly urbanized areas. Ahiablame et al. [17] probed the flood control ability of LID in an effort to find the optimal way to control floods. Bedan and Clausen [32] found that arranged LID could reduce rainfall runoff by 42% and purify water. In addition, many researchers hope to obtain the optimal combination of flood control by analyzing and comparing the performance of porous pavements, green roofs, bioretention swales and other LID components [33,34,35].



Compared with traditional flood control measures, LID practices are more flexible in response to climate change, which is a very important aspect for government decision-makers [36]. Also, it is considered to be a pivotal approach to sustainable urban development. Nevertheless, most studies consider only laboratory scenarios or one particular rainfall scenario. Research into the response characteristics of LID under different rainfall scenarios is sparse. In addition, the evaluation of LID practices is mainly based on the evaluation of a single factor (such as increasing peak flow attenuation, increasing lag time, flow attenuation of stormwater runoff, etc.), and it has mainly evaluated at the multidimensional scale, which is likely to cause dimensionality when a multi-factor evaluation is performed.



A large number of studies have shown that the mastering of LID control characteristics and accurately evaluating the control of LID practices under different rainfall scenarios can effectively respond to urban flood disasters and guide the formulation of appropriate measures. Therefore, a rainfall–runoff model is constructed based on the SWMM model [27]. When a large number of scenarios is considered, a better optimization procedure is required. In this paper, 27 rainfall scenarios with different rainfall intensities, rainfall durations and rainfall peak coefficients are considered and a comprehensive assessment of the change characteristics of floods is conducted in various rainfall scenarios by using particle swarm optimization (PSO)-based projection pursuit technology [37] which includes (1) the discovery of the response law of the pipeline network to different rainfall intensity before and after the implementation of LID practices; (2) the qualitative and quantitative evaluation of the variation characteristics of the flood before and after the implementation of the LID practices; and (3) the recognition of the control characteristics of LID under different complex scenarios.




2. Study Area


Guangzhou (22°26′–23°56′ N, 112°57′–114°03′ E) has a tropical and subtropical monsoon climate with extremely significant characteristics of a monsoon climate and subtropical westerly, equatorial westerly and tropical easterly winds. The area is abundant in rainfall, with average annual rainfall of 1675.5 mm, and characterized by a long rainy season and heavy rainfall of great intensity and nonuniform spatial distribution. The rainfall is mainly concentrated in the months from April to September that are affected by warm air. The rainfall from April to September accounts for 80% of annual rainfall. The rainfall in May and June represents 32% of the annual rainfall. Since the reform and opening policies in the 1980s, the forms of land use in Guangzhou have changed substantially. Land under construction is constantly being expanded, contributing to changes in the characteristics of runoff and to increasingly serious urban flooding.



In order to probe the flood control characteristics of LID practices under different rainfall scenarios, this paper selected a typical highly-developed residential area. It covers a total of 3.13 × 105 m2 and is primarily used for construction with some land set aside for green space and transportation (Figure 1). The drainage system uses a rainwater and sewage separation system, and its design standard is based on a 2-year rainfall intensity developed by the Guangzhou Water Affairs Bureau in 1993 (with pipe diameter between 900 and 2000 mm and slopes between 0.001 and 0.01).



The study area is divided into 19 sub-catchments, and the drainage system is generalized into 31 drainage pipes, 31 manholes and 1 drainage outlet (Figure 1) in accordance with land use, the pipe laying situation, the terrain and other data. The rainfall–runoff model is constructed based on the SWMM model to reflect the relationships between runoff and rainfall. Point A (in the downstream area) is selected to record the runoff, and the flow and rainfall are recorded simultaneously in accordance with a flow meter and rain gauge at an interval of 10 min (Figure 1).




3. Methodology


In order to investigate the control characteristics of the highly-developed area under different rainfall scenarios after the implementation of LID practices, the observed rainfall–runoff data was employed to calibrate and verify the rainfall–runoff model based on the SWMM model. Also, different rainfall scenarios were constructed based on the rainfall intensity formula in Guangzhou [38] and the Chicago Hydrograph Model [39]. The characteristics of flood change (before and after LID) were analyzed by PSO-based projection pursuit technology.



3.1. SWMM Model


The SWMM model is a relatively flexible hydrodynamic model developed by USEPA [27], based on the physical mechanisms of mass, energy and momentum conversion, as well as a comprehensive mathematical model constructed for the mechanisms of runoff generation [27]. It can properly simulate the rainfall–runoff relationship, pollutant dispersion, flood control and other hydrological processes in urban areas under natural conditions. Also, the SWMM model is widely used to simulate the hydrologic performance of natural channels, rain and sewage diversion systems or other drainage systems, and it can evaluate the design of LID practices and BMPs. Much research on the SWMM model can be found [40,41,42].



The SWMM model provides different modules and algorithms for simulation as described below.



3.1.1. Surface Runoff Simulation Module


When the SWMM model is included in the calculation of surface production, the sub-basin is regarded as a non-linear reservoir, and the surface runoff refers to the rainfall depth after infiltration and surface water storage. The surface water storage modules are different for different regions. The SWMM model provides the Horton model, the Green–Ampt model and the curve number model to calculate the infiltration. This paper chooses the Horton model for calculating small watersheds. The flow is transformed into the outflow process and the process in which flow changes over time, and the two processes are calculated separately using Manning’s equation and the finite difference method.




3.1.2. Transmission Calculation Module


The main method for calculating the flow of the pipe network is the Saint-Venant equation. In the SWMM model, three methods (steady flow routing, kinematic wave routing and dynamic wave routing) are used for pipe network transmission calculation. The kinematic wave routing method is used in this paper.




3.1.3. Flood Calculation Module


If the depth of the node exceeds the maximum available depth, overflow is lost from the system or water is saved at the top of the node, and it re-enters the drainage system under specific conditions. The SWMM model can simulate the approximate location of the overflow, the distribution and the corresponding overflow.




3.1.4. LID Module


The SWMM model can simulate the control effect of LID practices, and seven different types are provided: bio-retention cell, porous pavement, infiltration trench, rain barrel, vegetative swale, rain garden and green roof. In the SWMM model, different types of LID practices are divided into several vertical layers and represented by five to 23 parameters (e.g., thickness, surface roughness, offset height). More details about this can be found in [27].



The SWMM model’s user manual [27] provides a range of values for sensitive parameters based on a large number of simulation studies; this provides references for calibrating the model’s parameters. Thus, the recommended range of the parameters and the trial and error approach are used.





3.2. Evaluation of Model Accuracy


The Nash–Sutcliffe Efficiency (NSE) coefficient, which is often considered to be one of the most important indices for measuring the model’s simulation accuracy [43], was used to evaluate the accuracy of the constructed model simulation results. Its expression is as follows:


   N S E = 1 −     ∑  i = 1  n     (  S i  −  O i  )  2        ∑  i = 1  n     (  O i  −    O ¯   i  )  2        



(1)




where n means the total number of time-steps;     S i     represents the simulated value at time-step i;     O i     represents the observed flow at time-step i; and     O ¯     is the average value of the observed flow. When NSE = 1, the observed flow is consistent with the simulated flow. If NSE is within the range of 0 to 1, the simulated flow is acceptable. If NSE is greater than 0.5, the simulation results are satisfactory [44,45].




3.3. Projection Pursuit Method


The projection pursuit method is mainly used to project high-dimensional data to low dimensions, to avoid “dimension disaster”. The characteristics of the original data are described by the optimal projection direction and projection values [46]. It has been widely applied to water resource assessment, engineering stability assessments and many other applications [47,48,49]. Compared with traditional methods (e.g., neural networks and principal component analysis), this method can eliminate the influence of subjective factors.



Since the flooding of an urban drainage system involves a large number of indices, it is difficult to comprehensively assess all of the flood characteristics through high-dimensional indices and data. According to the mechanisms and objectives of urban flooding analysis, the volume of flooding, the maximum flooding rate and the duration of flooding are selected as indices used to assess the characteristics of the flooding. A high-dimensional flood evaluation system may be reduced to a one-dimensional system in order to comprehensively evaluate the regional flood characteristics using the projection pursuit method. The calculation steps are as follows:



Step (1): Normalize the evaluation index. As the evaluation indices have different dimensions and lack comparability, they must be normalized. Assume an evaluation index set     x ∗  = {  x  i j   | i = 1 , 2 , … , n ; j = 1 , 2 , 3 }   , where     x  i j      is the     j  t h      index value of the     i  t h      sample, and n is the sample size. A large number of studies have shown that the selected indices are positively related to flood evaluation. Therefore, all indices are used in Equation (2) to normalize     x  i j      to     X  i j     .


    X  i j   =    x  j max   −  x  i j      x  j max   −  x  j min       



(2)




where     x  j max      and     x  j min      are the maximum and the minimum of evaluation index     j  t h      of all samples respectively.



Step (2): Find the function of the construct projection index. The flooding evaluation index is expressed as a one-dimensional projection value     Z i  =   ∑  j = 1  p    a j   x  i j       ( i = 1 , 2 , … , n )    in the projection direction    α =  {   α j     |  j = 1 ~  p }      . Therefore, the construction of the projection index function    Q ( a )    is as follows:


   Q ( a ) =  S Z   D Z    



(3)




where     S Z     and     D Z     indicate the standard deviation and local density of     Z i    , respectively, i.e.,


    S z  =   ∑  i = 1  n     ∑  j = 1  p   ( R − r ( i , j ) ) ⋅ u ( R − r ( i , j ) )       



(4)






    D z  =       ∑  i = 1  n     (  Z i  −  Z ¯  )  2      n − 1       



(5)




where   R   is radius of the window, and it is usually 0.1          ∑  i = 1  n     (  Z i  −  Z ¯  )  2      n − 1       ; P is the number of indices;    r ( i , j )    is the distance between samples; and    u ( R − r ( i , j ) )    is the unit step function. If    R − r ( i , j ) ≥ 0   , then    u ( R − r ( i , j )    = 1; if    R − r ( i , j ) < 0   , then    u ( R − r ( i , j )    = 0.



The change in the projection index function    Q ( a )    is determined by the projection direction. When    Q ( a )    is maximized, it is considered to be the most likely function to represent the structural features of high dimensional data, and the corresponding vector is the best projection direction     α ∗    , where     α ∗     is the projection direction vector involving the maximum number of high-dimensional data characteristics. The maximization of the objective function and its corresponding constraints are denoted by (6) and (7), respectively.




   max Q ( a ) =  S z   D z    



(6)






     ∑  j = 1  p    α j 2    = 1   



(7)





Step (3): Solving the objective function. The objective function (6) is a complex nonlinear system which needs to be solved by advanced optimization algorithms. A large number of studies have shown that the PSO algorithm has significant versatility in high-dimensional global optimization with simple and effective operation [50,51,52,53]. It is therefore used to solve the objective function in this study. The PSO algorithm is a heuristic search method that treats a solution to a problem as a “particle” of the search space. The basic idea is to initialize a group of random particles (i.e., random solutions), and then find the optimal solution by iterative calculations. The velocity, position and fitness of the particle   d   are     V d    ,     S d    ,     f d     (   d = 1 , 2 , … , N   ), N is the pre-defined number of particles. During each iteration, the optimal solution (individual optimal value     p d  ( t )   ) will be found by the particle through the particles themselves, and the optimal solution (global optimal value     g d  ( t )   ) found among the entire population of particles during each calculation updates the position and velocity of the particle. Its update rules are as follows:


    V d  ( t + 1 ) = w  V d  ( t ) + (  c 1   b 1  ( t ) +  c 2   b 2  ( t ) ) ⋅ (  p d  ( t ) −  s d  ( t ) )   



(8)






    S d  ( t + 1 ) =  S d  ( t ) +  V d  ( t + 1 )   



(9)




where, t is the current iteration as inertia weight; c1 and c2 represent individual learning factor and group learning factor, respectively; and     b 1  ( t )    and     b 2  ( t )    represent the individuals and groups of particles, respectively. In this paper, 150 random particles are initialized, and the maximum number of iterations is set to 1500. The maximum and minimum weighting factors are 0.9 and 0.4, respectively. c1 = c2 = 2 gave the best overall performance [54,55]. Therefore, c1 and c2 are kept as constant of 2. In the iterative calculation process, the update rules of the individual optimal value and the global optimal value are shown in (10) and (11).


    p d  ( t + 1 ) =  {     S d  ( t + 1 )    f d  ( t + 1 ) ≥ f (  p d  ( t ) )      p d  ( t )    f d  ( t + 1 ) < f (  p d  ( t ) )       



(10)






    g d  ( t + 1 ) = S max ( t + 1 )   



(11)




where     f d  ( t + 1 )    is the fitness value of the iteration of particle   d   in t + 1.



To solve the coupling between PSO and the projection pursuit method, we use the following procedure:




	Step (1)

	
Put     S d  ( t + 1 )    into     Z i  =   ∑  j = 1  p    a j   x  i j       ( i = 1 , 2 , … , n )    to calculate the value of     Z i    




	Step (2)

	
Use Equation (4) and (5) for calculating     S z     and     D z    




	Step (3)

	
Use Equation (3) to calculate    Q ( a )   , that is     f d  ( t + 1 )   









When     f d  ( t + 1 )    =     f d  ( t )   , or it achieves the maximum number of iterations, the resulting     g d  ( t )    is equal to     α ∗    .



	Step (4)

	
Analyze the flood characteristics.     α ∗     will be substituted into the formula     Z i  =   ∑  j = 1  p    a j   x  i j       ( i = 1 , 2 , … , n )    to obtain the best projection value for each manhole      Z i  ∗    ; the greater the projection value is, the larger the flood.








3.4. Setting of Rainfall Scenarios


Rainfall design is the basis and premise for planning regional drainage systems and flood control measures. To probe the impact of climate change on rainfall, the Guangzhou Water Affairs Bureau analyzed serial information about rainfall from the most recent 60 years in 2011 [38], compared the information with the Guangzhou rainstorm formula enacted in 1993 [56] and introduced a rainfall intensity formula more in line with the rainstorm characteristics of Guangzhou (Table 2). A total of 27 designed rainfall events, which are composed of different return periods (one year, five years and ten years), rainfall duration (1 h, 1.5 h and 2 h) and rainfall peak coefficients (0.375, 0.5 and 0.8), were selected to investigate the control effects of LID practices. Here, the rainfall peak coefficient means the time that the rainfall peak occurred divided by the rainfall duration.





4. Results and Discussion


4.1. Calibration and Verification of Model Parameters


According to the observed rainfall–runoff data, the principles of the SWMM model and the recommended parameters, five rainfalls were selected to calibrate the parameters. Based on the sensitivity analysis of the SWMM model parameters, the trial and error approach was used to calibrate the parameter values repeatedly until the simulation results agreed with the observation results. The determined model’s main sensitivity parameters are shown in Table 3. The simulation runoff process was obtained by repeatedly calibrating the model’s parameters, and the change process of the observed runoff was consistent with the simulated runoff (Figure 2 and Table 4). The correlation coefficient (    R 2    ) between the simulated flow and the observed flow and NSE coefficient exceed 0.91, and the peak relative error remained within 5%. From the rainfall–runoff process, the constructed regional rainfall–runoff model accurately reflects the relationship between runoff and rainfall.



To verify the rationality and reliability of the calibrated parameters, five different rainfall scenarios were selected for parameter verification (Table 4). The results show that the NSE coefficients between the simulated runoff and observed runoff exceed 0.7, that     R 2     is greater than 0.86, and that the discharge relative error and the flood peak relative error are less than 5%. Therefore, the constructed rainfall–runoff model is believed to be highly accurate.




4.2. Analyze the Existing Situation of the Drainage System


To adapt to the changes of rainfall characteristics and land use, the constructed rainfall–runoff model simulates the functioning of the pipe network in different scenarios [38]. As can be seen from Table 5, there are seven to ten overload pipes in the two-year rainfall scenario, and the overload time is more than one hour (Table 5). The drainage system cannot satisfy the designed standard. With the increased rainfall duration or the rainfall peak coefficient, the drainage system is under increasing pressure. To ensure safety, appropriate flood controls must be implemented.




4.3. Control Characteristics of LID Practices under Complex Scenarios


In order to ensure safety and resource conservation, it was evaluated how well LID can contribute to flood control and it’s characteristics under complex scenarios were analyzed. Since rain gardens and bioretention swales have better control ability and visual effects than other LID practices, the control characteristics of these two LID practices are analyzed under complex scenarios. The calculation is based on the volume of runoff produced by the rainfall as measured once in a two-year period [38]. The layout position is as shown in Figure 1.



4.3.1. Influence of Rainfall Intensity on Flooding and LID Practices


To investigate the comprehensive characteristics of floods with changes in rainfall intensity before and after the implementation of LID practices, the comprehensive characteristics of flood distribution under different rainfall scenarios (2y-2h-0.375, 5y-2h-0.375, 10y-2h-0.375) were analyzed. As can be seen from Figure 3, before LID practices were taken, the drainage system failed to drain the stormwater runoff produced by the rainfall intensity once in a two-year period and above. As the rainfall intensity increases, the projection values also rise. Figure 3 also illustrates that the flood-affected area increases and the flood become more serious with increasing rainfall intensity. After LID practices are implemented, the drainage system was able to promptly drain the runoff produced by the 2y-2h-0.375 rainfall scenario, and it was rendered free from flooding. However, with the increase in the intensity of the rainfall, the stormwater runoff generated by the 5y-2h-0.375 rainfall scenario caused relatively serious flooding in J9 and flooding in J15. As rainfall intensity increased to once in ten years, the flood-affected area and flood manholes increased. However, LID practices can alleviate the drainage pressure on the pipe network. It is effective in controlling the flood-affected area and the number of flood manholes, especially under the low intensity rainfall scenario.




4.3.2. Influence of Rainfall Duration on Flooding and LID Practices


In order to analyze the comprehensive characteristics of the influence of rainfall duration on flooding and LID practices, three rainfall scenarios (5y-1h-0.375, 5y-1.5h-0.375, 5y-2h-0.375) are selected. Before the implementation of LID practices, the flood-affected area and manholes with high projection values change slightly with the increase in rainfall duration (Figure 4). However, flood-affected areas tend to increase, indicating that long-duration rainfall increases flooding. After the implementation of LID practices, the flooding is significantly controlled, and the flood-affected area is drastically reduced. The shorter the rainfall duration, the smaller the flood-affected area. Yet, as rainfall duration increases, the flood-affected range gradually increases.




4.3.3. Influence of Rainfall Peak Coefficient on Flooding and LID Practices


The rainfall peak coefficient is one of the most important factors which influences flooding. Three rainfall scenarios with the same rainfall intensity and duration but different rainfall peak coefficients (5y-2h-0.375, 5y-2h-0.5, 5y-2h-0.8) were selected to analyze the influence of the rainfall peak coefficient on flooding and LID practices. As can be seen from Figure 5, when no LID control practices were taken, the impact of flooding is small with the changes in rainfall peak coefficient. The flood-affected area and the projection values are virtually unchanged. However, the rainfall peak coefficient has some influence on LID practices. The control effects of LID practices are diminished with the increase in the rainfall coefficient (Figure 5). The flood-affected area and the projection values of manholes J9 and J15 tended to increase (Figure 5). They are the largest under the 5y-2h-0.8 rainfall scenario.




4.3.4. Changes in the Comprehensive Flood and LID Control Characteristics under Different Rainfall Scenarios


According to the comprehensive distribution characteristics of flooding, the projection values of the manholes J9 and J15 and the downstream area are high. The reasons for this are as follows: (i) for J15, it is located in the joint point of two pipes, and therefore its convergence area is large; (ii) J9 covers a large proportion of impervious surface in this area, and therefore rapid convergence speed and the severe overflow of the downstream pipe network contribute to grave flooding. The downstream flooding of the drainage system is caused by the failure of the timely drainage of stormwater, the (overly) full drainage network and the rise of the water level in the manholes.



In order to more comprehensively analyze the change of projection values and the LID control characteristics under complex scenarios, areas in J9 and J15 that have the greatest projection values were selected for analyzing the change characteristics of flooding under different complex rainfall scenarios (Figure 6 and Figure 7). After the implementation of LID practices, the projection values of these two manholes were significantly reduced by at least 28%. However, the projection values increase with the increase in rainfall intensity, rainfall duration or rainfall peak coefficient. With the increase in rainfall intensity, there is a more obvious reduction in the impact of rainfall duration and rainfall peak coefficient on projection in the area (J9) with the greater amount of impervious areas. Some similar conclusions are obtained by Qin et al. [29].



It can be seen from the comparison between J9 and J15 that the influence of rainfall intensity, rainfall duration and rainfall peak coefficient on J15 are more obvious than that on J9. This is because LID implementation in J9 accounts for only a small proportion, and its effects on mitigating flooding are limited, making the control characteristics of LID practice not significant. When the rainfall duration is greater than 1.5 h or the rainfall peak coefficient is greater than 0.5, the projection value of J9 increases slightly. However, the upstream and downstream LID practices can alleviate the drainage pressure on the drainage network, thereby reducing the projection values of the areas where no LID practices are taken. On the contrary, the percentage of LID is relatively high upstream (above manhole J15), and the flood control characteristics of the LID practices are more obvious. The projection value of J15 is greater with changes in the rainfall duration and rainfall peak coefficient, suggesting that the area where many LID practices were implemented is significantly affected by rainfall duration and rainfall peak coefficient.






5. Conclusions


Rainfall has a great impact on urban flooding in the drainage system. In this study, the effect of LID practices on flood reduction in a typical residential area of Guangzhou were investigated under different rainfall scenarios. The flooding hot spots and their comprehensive characteristics were analyzed by the SWMM model with the PSO-based projection pursuit technique. The main conclusions were that: (i) the projection values of different manholes have different responses to the changes in rainfall scenarios, but the values of manholes J9 and J15 were the largest before and after the implementation of LID practices. Therefore, manholes J9 and J15 were flooding hotspots and should be paid more attention; (ii) LID practices are effective in flood reduction. They can control the flooding under the 2y-2h-0.375 rainfall scenario. However, the control effects of LID practices tend to decrease as the rainfall intensity, rainfall duration or rainfall peak coefficient increase; (iii) compared with different rainfall scenarios, the control ability of LID practices are more effective in flood reduction for shorter duration, lower intensity and smaller peak coefficient rainfall events; (iv) as the rainfall intensity increases, the impact of rainfall duration and rainfall peak coefficient on projection values is reduced, particularly in the area with the greater amount of impervious areas. Among rainfall intensity, rainfall duration and rainfall peak coefficient, the control effects of LID practices are most affected by rainfall intensity.
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Figure 1. Generalized results of the land use and drainage system. 
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Figure 2. The observed and simulated hydrographs. 
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Figure 3. Impact of changes in rainfall intensity on flooding and LID practices. Characteristics of flooding spatial change are reflected by the projection value. (a,c,e) show where LID practices are not taken; (b,d,f) show where LID practices are taken. 
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Figure 4. Influence of changes in rainfall duration on flooding and LID practices. Characteristics of flooding spatial change are reflected by the projection value. (a,c,e) show where LID practices are not taken; (b,d,f) show where LID practices are taken. 
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Figure 5. Influence of changes in rainfall peak coefficient on flooding and LID practices. Characteristics of flooding spatial change are reflected by the projection value. (a,c,e) show where LID practices are not taken; (b,d,f) show where LID practices are taken. 
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Figure 6. Changes in the projection values of J9 and LID control characteristics under complex scenarios. 
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Figure 7. Changes in the projection values of J15 and LID control characteristics under complex scenarios. 
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Table 1. Comparison of some Low Impact Development (LID) practices [19].
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LID Practices

	

	
Functions

	
Cost

	
Scenic Effect




	
Storage

	
Transportation

	
Reducing Runoff Peak Rate

	
Construction Cost

	
Maintenance Cost






	
Rain garden

	
A

	
A

	
A

	
C

	
B

	
A




	
Dry bioretention swales

	
C

	
A

	
A

	
A

	
A

	
A




	
Wet bioretention swales

	
C

	
A

	
C

	
B

	
A

	
A




	
Green roof

	
C

	
C

	
C

	
C

	
B

	
A




	
Porous pavement

	
C

	
B

	
B

	
A

	
A

	
-




	
Subsided Green space

	
C

	
B

	
B

	
A

	
A

	
B




	
Wet pond

	
A

	
B

	
A

	
C

	
B

	
A




	
Vegetative filter strip

	
C

	
C

	
C

	
A

	
A

	
B








Note: A represents ideal performance; B represents average performance; C represents low performance.
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Table 2. Design rainfall intensity i (mm/min) of Guangzhou in different rainfall return periods, P (years) [38].
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	P
	i





	P = 2
	     5230.65 ( 1 + 0.438 L g P )   167   ( t + 14.646 )   0.815       



	P = 5
	     4143.327 ( 1 + 0.438 L g P )   167   ( t + 12.874 )   0.758       



	P = 10
	     3512.11 ( 1 + 0.438 L g P )   167   ( t + 11.61 )   0.717       







Note: i is design rainfall intensity, t (hour) is rainfall duration and P is rainfall return period.
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Table 3. Values and ranges of the main sensitivity parameters of the rainfall–runoff model.
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Parameter

	
Recommended Parameter Range [27]

	
Parameter Range of the Rainfall–Runoff Model






	
Flow Width

	
/

	
10 m~277 m




	
Imperviousness

	
0~100%

	
25%




	
The Manning roughness coefficient

	
Impervious area Manning’s roughness

	
0.015

	
0.011~0.015




	
Pervious area Manning’s roughness

	
0.4

	
0.014~0.8




	
Roughness

	
0.01~0.013

	
0.01~0.012




	
Depth of depression storage

	
Impervious area depression storage

	
1 mm

	
0.2 mm~2 mm




	
Pervious area depression storage

	
10 mm~11 mm

	
2 mm~13 mm




	
Horton

	
Maximum infiltration volume

	
103.81 mm/h

	
50 mm/h~150 mm/h




	
Minimum infiltration volume

	
11.44 mm/h

	
0~20 mm/h




	
Drying Time

	
2~7 day

	
7 day
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Table 4. Calibration and validation results of the rainfall–runoff model.
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Event

	
Rainfall Duration (min)

	
Rainfall (mm)

	
NSE

	
     R 2     

	
Discharge Relative Error (%)

	
Flood Peak Relative Error (%)






	
Calibrated events

	
140

	
21.4

	
0.92

	
0.93

	
2.84

	
2.18




	
260

	
25

	
0.91

	
0.92

	
2.91

	
1.54




	
210

	
19.7

	
0.92

	
0.98

	
4.52

	
3.14




	
320

	
17.9

	
0.90

	
0.94

	
4.01

	
3.38




	
200

	
16.8

	
0.91

	
0.93

	
4.12

	
3.55




	
Validated events

	
540

	
43.3

	
0.78

	
0.911

	
4.01

	
3.56




	
840

	
51.9

	
0.72

	
0.885

	
3.85

	
4.35




	
110

	
8.3

	
0.74

	
0.889

	
5.82

	
3.78




	
480

	
23.9

	
0.71

	
0.884

	
5.91

	
4.08




	
650

	
34.6

	
0.73

	
0.867

	
6.88

	
7.08
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Table 5. Situation of drainage capacity under different rainfall scenarios.
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	Rainfall Scenarios
	2y-2h-0.375
	2y-2h-0.5
	2y-2h-0.8
	2y-1.5h-0.375
	2y-1.5h-0.5
	2y-1.5h-0.8
	2y-1h-0.375
	2y-1h-0.5
	2y-1h-0.8





	Number of overload pipes
	7
	7
	10
	7
	7
	10
	7
	7
	9



	Flood duration (hour)
	1.88
	1.91
	1.96
	1.83
	1.88
	1.90
	1.79
	1.81
	1.84



	Flood volume (m3)
	2651
	2789
	2954
	2552
	2733
	2804
	2412
	2629
	2693







Note: In the Rainfall Scenarios row, y indicates rainfall return period, h indicates rainfall duration; and the number below y and h indicates rainfall peak coefficient.
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