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Abstract

:

In recent decades, low impact development (LID) has become an increasingly important concern as a state-of-the-art stormwater management mode to treat urban flood, preferable to conventional urban drainage systems. However, the effects of the combined use of different LID facilities on urban flooding have not been fully investigated under different rainfall characteristics. In this study, a residential, neighborhood-scale catchment in Shenzhen City, southern China was selected as a case study, where the effects of four LID techniques (bio-retention, bio-swale, rain garden and pervious pavement) with different connection patterns (cascaded, semi-cascaded and paralleled) on runoff reduction efficiency were analyzed by the storm water management model (SWMM), promoted by the U.S. EPA. Three kinds of designed storm events with different return periods, durations and time-to-peak ratios were forced to simulate the flood for holistic assessment of the LID connection patterns. The effects were measured by the runoff coefficient of the whole storm–runoff process and the peak runoff volume. The results obtained indicate that the cascaded connect LID chain can more effectively reduce the runoff than that in the paralleled connect LID chain under different storms. The performances of the LID chains in modeling flood process in SWMM indicate that the runoff coefficient and the peak runoff volume increase with the increase in the rain return periods and the decrease in rain duration. Additionally, the move backward of the peak rain intensity to the end of the storm event slightly affects the peak runoff volume obviously while gives slight influence on the total runoff volume. This study provides an insight into the performance of LID chain designs under different rainfall characteristics, which is essential for effective urban flood management.
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1. Introduction


Urban flood induced by storms causes loss of life and property, many structural or nonstructural methods (i.e., change the land use structure, upgrade sewerage system and establish early-warning system, etc.) are adopted to minimize the risks of flood and their damages. As a kind of effective and practical mitigation measure, best management practices (BMPs) approaches are widely applied to treat urban stormwater. End-of-pipe treatment options, including extended detention ponds, constructed wetlands and infiltration basins, are designed to receive a specified dry-weather flow, which increases due to stormwater surface runoff conveyed in combined sewer systems [1,2]. Meanwhile, a different design response to the challenges facing stormwater management is “low impact development (LID)” [3]. LID technique is an alternative site design strategy that uses natural and engineered infiltration and storage techniques to control storm water where it is generated [4]. LID emphasizes small, distributed, at-source BMPs and incorporates, as part of stormwater management decisions, design of street layout, and the size, location and configuration of buildings [5]. In many parts of the world, LID facilities are almost the only acceptable way of sustainable stormwater management [6].



LID facilities such as green roof, bio-retention and pervious pavement have been widely used for control urban surface flow throughout many areas (in general, green roof, bioswale and rain garden are a kind of bioretention, and in this study, we give the different names of these bio-retentions in order to differentiate the size and locations where they were built in) [7,8]. Unlike the traditional surface flow control techniques, which rely on expanding and upgrading the existing storm drainage system to improve drainage capacity, LID options are proven to be sustainable, cost saving and practical, particularly in densely urbanized areas. The dominant approach to implement LID stormwater control measures is by using the infiltration rate of LID media to control hydrologic responses [9]. In general, LID techniques rely on distributed runoff management measures that seek to control stormwater by reducing imperviousness and retaining, infiltrating and reusing stormwater on the development site where it is generated [10,11]. Many studies recommended the LID techniques as an innovative solution for stormwater management [12,13,14].



Many laboratory, pilot and in situ full-scale studies have found that the LID techniques can reduce the surface runoff, peak flow and pollutant load, and increase the evapotranspiration and soil infiltration of precipitation [15,16,17]. Haghighatafshar et al. [18] studied the benefits of LID-provided static storage capacity in reducing peak flows and volumes of stormflow. Tirpak et al. [19] pointed out that the combined effects of the bioretention cell and the permeable pavement led to significant runoff mitigation from the parking lot, reducing both runoff depths and peak flow rates.



Studies also indicated that the LID facilities perform differently on runoff control under rainfall with different characteristics. Qin et al. [11] found that bioswales perform best during a storm event with an early peak, pervious pavements perform best with a middle peak and green roofs perform best with a late peak. Damodaram and Giacomoni et al. estimated the effects of LID options on the runoff in a small catchment located in the Texas A&M University campus [20] and found that LID techniques are able to control stormwater for small storms, while LID is not as effective as conventional detention ponds for flooding events. Hyun et al. investigated the use of LID facilities in a demonstration district in AsanTangjung New Town [21], and found that these facilities can reduce the flood peak discharges on 50 to 100 y return period. The reduction of flood peak discharge by each return period of storms was estimated to be about 7 to 15% at a wider catchment scale. Jemberie and Melesse [22] analyzed the impacts of urbanization and climate change on generated flood magnitude, using the urban hydrological model of SWMM and LID sustainable land use optimization technique, and pointed out that combined LID techniques have a significant impact on urban flood reduction of up to 75%. Samouei and Zger [23] investigated the hydrologic response of the catchment after replacing proportions of impervious surfaces with combinations of LID practices, and the results showed that implementing 5–20% of LIDs has a noticeable impact on runoff peak flow and volume reduction, especially in storm events with shorter return periods. Liang et al. [24] studied the performances of five design scenarios with different spatial distributions, but with the same sizes of LID controls, at the urban catchment scale, and the results confirmed that the hydrological performance was more sensitive to rainfall intensity along with the rainfall intensity increased.



Furthermore, researches based on field observation and modelling pointed out that LID approaches cannot completely substitute for the conventional urban drainage systems to control storm runoff [25,26] and should be incorporated into the conventional drainage system to provide control solutions for an entire spectrum of storm events [20,27].



Although many studies have been done on the performances of LIDs, the investigation on evaluating the effects surface runoff volumes control using the LID facilities that cascaded as a chain under the storms with different features has not been brought to the forefront. Therefore, a residential neighborhood scale catchment in Shenzhen City is selected as a case study to evaluate the effects of different LID chains on urban surface runoff production with variety rainfall characteristics, and also compare the differences of runoff reduction efficiency between the LID chain and distributed LID facilities via hydrological modeling, with a view to provide reference for the promotion and application of LID techniques.




2. Materials and Methods


2.1. Study Area Description


As the most economically developed city in China, Shenzhen City lies in the southern fringe of north subtropical zone. It has a mild maritime climate with annual mean rainfall of 1930 mm and mean annual temperature of 22.5 °C. The rainfall events mainly occur from April to September. As the most vulnerable coastal regions are invaded by typhoons in China, heavy storm rainfall often leads to urban flood and waterlogging disasters in Shenzhen from June to August. To resist the surface runoff from a heavy storm that may exceed the drainage capacity of the municipal pipe network system, many LID practices, such as green roofs, bio-retentions and rain gardens, are being applied in Shenzhen’s urban constructions in recent years.



The study area is located in Makan Village (Figure 1), with drainage area of 5000 m2. The study site is a green belt in a residential neighborhood between two buildings, and the LID facilities used there include four kinds: pervious pavement, bio-retention, rain garden and bio-swale. The soil type of the experiment site is mainly sandy gravel with silty clay and mucky soil. The plant cultivated in the LID facilities are indigenous plants.



Table 1 gives a detailed description of the LID facilities constructed in the study area. Due to all the runoff produced by other LID facilities, which would flow into the rain garden, the drainage area of the rain garden is the whole study site.



In the study area, the four kinds of LID facilities are cascade-connected as a chain, and the runoff passes through bio-retention/pervious pavement, bio-swale and rain garden in sequence before its final drainage into the municipal sewerage system. In the chain, each LID unit not only receives direct rainfall and runoff water from its own drainage area, but also receives the water from the upper-level LID unit (Figure 2a).




2.2. Data Monitoring


The meteorological data (rainfall and evaporation observed in the same period and monitoring frequency) used in this study were recorded by using the automatic meteorological station (DAVIS WeatherLink Vantage Pro2, Davis Instruments Corporation, Hayward, California, CA, USA) which was installed on the roof, and the hydrological data were measured as water level using the laser fluviograph (HOBO Water Level Logger U20-001-02, Onset Computer Corporation, Bourne, Massachusetts, MA, USA) at the end of the LID chain and then transformed into runoff (red dot in Figure 1). The hydrological and the meteorological data were monitored from July 2019 to November 2019 (lasting five months), without breaks, and the data were measured every five minutes.



Shenzhen locates the subtropical monsoon climate zone, with most rain falling in the wet season (April–September), 32 rainfall events were recorded including heavy, medium and small rainfalls, and 8 complete storm rainfall–runoff processes, characterized by long enough durations and high peaks, were carefully selected from the 32 rainfall events. Table 2 summarize the characteristics of the eight storm events—it is seen from the table that the eight carefully selected rainfall events were mainly recorded in June, July and August when heavy rain rolled through the city frequently. Therefore, the eight rain events with different characteristics (e.g., duration, rain volume and peak time) used in this study could be considered representative for the calibration and validation of the model.



Furthermore, the runoff coefficient indicated that the LID facilities constructed in the study site can store most of the rain (the mean runoff coefficients is 0.19) and release the stored rainwater slowly after the storm events (the runoff yielding time are much longer than the rainfall duration time). Furthermore, the rain garden located at the end of the south LID chain is effective in storing the rainwater and runoff produced by the upper-level LID facilities in the chain to reduce the runoff coefficient.



In addition, the soil layers of the LID facilities were composed by sandy soil, and the storage layers of the LID facilities were composed by sand and gravel, and the characteristics of sandy soil, sand and gravel determined that the LID facilities showed good drainage capacity. Therefore, we have not yet observed the surface flood produced by the LID facilities in Makan Village under the recorded storms, and the surface flood was not considered in this study.




2.3. LID Connection Scenarios Design


In order to evaluate the runoff reduction efficiency via LID facilities with different connection methods, two scenarios (Scenario B and C) of LID systems were designed in SWMM besides the LID chain for the study area (recognized as Scenario A (SA), Figure 2a). In scenario B (SB, Figure 2b), the rainwater was collected by the roofs flow through the bio-retentions and then afflux into the municipal sewerage system with the runoff from the rain garden, while the flow paths from other LID facilities remained unchanged. In scenario C (SC, Figure 2c), the four kinds of LID facilities were parallel-connected, and the runoff was produced by each unit only from its own drainage area, then converged into the main drainage pipe directly and then into the municipal sewerage system.




2.4. Hydrological Model


	(1)

	
SWMM







The U.S. EPA’s storm water management model (SWMM) was applied in this study. SWMM is a common approach used by researchers for the modeling of urban stormwater movement at watershed scales [28]. It is a dynamic, lumped model, which simulates the rainfall–runoff process on a collection of sub-catchment areas which receive precipitation and generate runoff and pollutant loads, and transports the generated runoff through a system of pipes, channels, storage/treatment devices, pumps and regulators [29]. SWMM was developed based upon kinematic wave routing of overland flow using nonlinear reservoir routing to partition infiltration and evaporation from runoff, allowing for the use of Green-Ampt, SCS or Hortonian infiltration [30]. SWMM has an aquifer modeling routine that can be used to simulate the recession limb of hydrographs, as well as infiltration into pipes [9]. Since its development in 1971, the model has been widely applied to model storm rainfall–runoff, sanitary sewer networks and LID implementation in urban scale watersheds [31,32,33]. The LID control module in SWMM5 includes an option to add an underdrain for several types of LID’s (bio-retention cell, rain garden, green roof, infiltration trench, permeable pavement, rain barrel or vegetative swale). The underdrain is stated to have the intention of preventing flooding by controlling the outflow from the storage [29]. The LID module in SWMM works by performing and tracking moisture balances between different vertical layers that are defined by parameters in the graphical user interface.



As the objective of this study mainly focused on the evaluation of the hydrological response to storm water control in LID chain, SWMM was used to simulate the flow hydrograph under different scenarios, recommended by many studies [34,35,36]. The SWMM used in this study is version 5.1.0 which provides explicit LID routing algorithms.



	(2)

	
Model Calibration







The objective function applied in calibrating SWMM is the residual sum of squares (RSS), as follows:


  R S S =   ∑   i = 1  n    [  Q  o b s , i   −  Q  s i m , i   ]  2     



(1)







The SWMM was calibrated manually in the software, based on experience, by forcing the 8 observed storm events in turn; meanwhile, the rest of the 7 storms were used for validation, i.e., we calibrated the model 8 times and obtained 56 validation outputs. The Nash–Sutcliffe efficiency (NSE), relative error (RE), root mean square error (RMSE) and peak time error (Tpe) were used as goodness-of-fit measures to test the feasibility of SWMM and select the optimal parameter values [37,38,39]. The four evaluation criteria were as follows:


  N S E = 1 −     ∑   i = 1  n     (   Q  s i m , i   −  Q  o b s , i    )   2      ∑   i = 1  n     (   Q  o b s , i   −    Q  o b s    ¯   )   2     



(2)






  R M S E =       ∑   i = 1  n     (   Q  s i m , i   −  Q  o b s , i    )   2   n     



(3)






  R E =     ∑   i = 1  n  (  Q  s i m , i   −  Q  o b s , i   )     ∑   i = 1  n   Q  o b s , i      



(4)






   T  p e   =  T  p s   −  T  p o    



(5)




where Qsim,i and Qobs,i are the simulated and measured flows (m3/s) at time step i, and n is the total number of time steps. Tps is the simulated peak time; Tpo is the observed peak time; the positive and negative values of Tpe indicate the modelled runoff achieve its peak after and before the observed peak time, respectively.




2.5. Storm Rainfall Design


This study aimed to evaluate the runoff reduction efficiency in the LID systems scenarios under storm events with variety characteristics. The designed rainfall can easily show different rainfall characteristics, such as return period, storm duration and time-to-peak ratio, by changing parameters; therefore, the designed rainfall was used instead of the real rainfall events. The storm rainfall events were designed using the Chicago storm rainfall profile (Equation (6)) which is described by the rainfall intensity–duration–frequency equation of Shenzhen. The Chicago design storm was applicable to our study because it is recommended by The Shenzhen Storm Design Manual, which was formulated by The Shenzhen Meteorological Bureau.


   {      i  (   t b   )  =   a  [     (  1 − c  )   t b     r  T − P     + b  ]       (     t b     r  T − P     + b  )    1 + c           i  (   t a   )  =   a  [     (  1 − c  )   t a    1 −  r  T − P     + b  ]       (     t a    1 −  r  T − P     + b  )    1 + c            



(6)




where   i  (   t b   )    and   i  (   t a   )    are the rainfall intensity before and after the rainfall peak at time    t b    and    t a   , respectively;  a ,  b  and  c  are parameters related to the frequency F of the rainfall events;    r  T − P     is the time-to-peak ratio [11], which defines the location of the peak rain intensity, which is calculated by the specific value of the time before the peak to the total duration of the storm rainfall.    r  T − P     values are located between zero and one—the larger    r  T − P    , the closer the peak to the storm ending time, and vice versa.



Three groups of storm events were designed, based on Equation (6), using two storm events. As warm period, the 1st storm event lasted 2 hours with an accumulative rainfall amount of 75.2 mm and    r  T − P   = 0.4   in each storm events group; meanwhile, the interval time between the 2 storm events in Group I, II and III was 72 h. In Group I, the 2nd storm events were designed with the same time-to-peak ratio (   r  T − P   = 0.4  ) and duration (2 h), but different return periods (T = 0.5, 1, 2, 5, 10, 20, 50 and 100 years); in Group II, the second storm events were designed with the same rain amount (103 mm) and time-to-peak ratio (   r  T − P     =   0.4  ) but different durations (1, 1.5, 2, 2.5, 3, 3.5, 4 and 5 h); in Group III, the 2nd storm events are designed with the same rain amount (103 mm) and duration (2 h) but the locations of the rain peaks changed (   r  T − P     =   0.1 ,   0.3 ,   0.5 , 0.7 , 0.9  ). The aims of the designed rainfall in the three groups were to investigate the characteristics of the surface runoff in the LID systems with different connection modes under the rain storms with different return periods, durations and peak locations.





3. Results


3.1. The Calibration and Validation Results of SWMM


Table 3 shows that the model evaluation indicators (RE, RMSE, NSE and Tpe) are acceptable. NSE values were higher than 0.88 and 0.59 in calibration and validation period, respectively. The maximum Tpe value was –7 min. In general, the values of model evaluation indicators indicate that the SWMM was robust and suitable for modelling runoff in LID facilities in this study.



The SWMM applied in this study was aimed to model the field rainfall, and the impact of long-term rainfall on the LID facilities was not concerned. Therefore, the rainfall events characterized by long enough duration and high peaks, shown in Table 2, were used to calibrate and validate the model. The rainfall–runoff process on the 10 August 2019 (storm event 7 in Table 2, 82.6 mm rainfall lasted 255 min) gave the best model performances. The RE, RMSE, NSE and Tpe were 7.3%, 0.0018, 0.92 and 0 min for the LID chain in calibration period, while the values were –8.1%, 0.0067, 0.83 and 5 min for the best performed storm event in validation period on the 23 July 2019 (storm event 4 in Table 2). Table 4 shows the main parameters in the LID units’ soil layers and storage layers calibrated in the SWMM. Meanwhile, Table 5 shows the main parameters calibrated in modelling runoff–yield process and pipe flow (where N-Imperv—Manning’s N for impervious area; N-Perv—Manning’s N for pervious area; D-Imperv—depth of depression storage on impervious area; D-Perv—depth of depression storage on pervious area; Width—the sub-catchment width; %Z-Imperv—the percent of impervious area with no depression storage; CR—conduit roughness).



Figure 3 shows a hydrograph of the storm and the observed and modeled runoff. Figure 3a showed the rainfall event that output the best simulation results in calibration period. Furthermore, Figure 3b showed the rainfall which performed best in validation period using the parameters calibrated in the storm event showed in Figure 3a. It is seen that SWMM modeled the runoff volume with acceptable errors. Meanwhile, SWMM can simulate the peak flow values within an acceptable margin of error, as previous studies demonstrated [2,40,41]. In general, the acceptable values of RE, NSE and Tpe indicates that the SWMM is suitable for modelling the storm rainfall–runoff in the study site, and the low values of RMSE show that the optimal parameter values of the model have good potential in simulating the runoff processes, using the designed storm rainfall events. However, it should be noted that when SWMM is validated by forcing the relatively small storms (e.g., storm event 8 in Table 2, with 31.3 mm rainfall lasted 197 min), the model performance deteriorate obviously occasionally (e.g., the NSE value fall below 0.6).




3.2. The Impact of the Return Periods of Storms on Runoff in LID Chains


The effect of storm events with different rain volumes designed in Group I on the runoff processes is illustrated in Figure 4. It is seen that the three kinds of LID connection scenarios give runoff graphs with similar shapes under the rainfall with the return periods of 5 years (96 mm accumulated rainfall) and 20 years (120.2 mm accumulated rainfall). Each LID connection method can efficiently delay the start time of runoff, peak runoff occurrence time and prolong the stored water drainage time. However, the initial time of the runoff and the peak flow are obviously different. Figure 5 quantitatively describes the impact of return periods (rain amount) of storm events on runoff characteristics in different LID connection designs.



Figure 5a shows that the Rc increases obviously with more rainwater fall into the study area which indicates that more runoff volumes are produced. It is seen that the LID chain, designed in SA, produced the smallest runoff volumes under the rainfall with different rain amounts, while the LID chain designed in SC produced more runoff under the various designed storms in Group I. In SA, with the return periods of the storms increased from 0.5 year (64.8 mm rainfall) to 100 years (144.4 mm rainfall), the Rc values varied from 0.35 to 0.47. Meanwhile, the Rc values derived from SC vary from 0.38 to 0.51. Furthermore, the Rc derived from the three LID connection scenarios are obviously divided into two groups. Rc values from SA were similar to those from SB, while forces the storms in LID chains designed in SC produced quite different Rc values, especially when the return period was larger than five years.



In case of the peak runoff volume, Figure 5b clearly indicates that the depth of the peak runoff increased with the increase in the return periods of storm events, and, in comparison with the peak rainfall (which was computed using the summation of the rain amount in the time interval of [Tpeak − 5 min, Tpeak + 5 min], where Tpeak is the time when peak rainfall occurs), the three kinds of LID connection methods can effectively reduce the peak discharge volume, even if in extreme cases, the peak runoff is approximately one third of the peak rainfall forced by the storm with 100 years return period. However, Figure 5b shows a different phenomenon compared with Figure 5a; although the lowest and highest peak runoff volumes are computed from SA and SC, respectively, the peak runoff volumes derived from the three LID chain were similar when forcing the same storm event, except in the case using the storm with 100 years return period.




3.3. The Impact of Rainfall Durations on Runoff in LID Chains


The effects of different LID chain designs on flood control by forcing Group II storm events with different rainfall durations are shown in Figure 6. In case of the Rc values computed during the storm events in Group II (Figure 6a), it is seen that the Rc values gradually decreased from 0.44–0.48 to 0.37–0.42 with the increase in the duration of the storm events from 1 hour to 5 hours for the 3 LID connection scenarios. Similar phenomenon can be observed from the figure, as in Figure 5a, the Rc values derived from the four LID chain scenarios are divided into two groups, Rc values from SA and SB are similar, while Rc values from SC are quite different.



In case of the peak runoff volume, Figure 6b shows an obvious trend that the Vp values decreased gradually from 10.6–11 mm to 4.8–5.1 mm with the decease of the peak rainfall amounts from 37.1 to 13.3 mm, as the storm durations increased from 0.5 h to 5 h. Additionally, the Vp values derived from the three LID chain scenarios are similar under the same storm event. However, a similar phenomenon, as shown in Figure 5b, is observed, in that the peak runoff volumes computed from SC were nearly the same as from SA, while the peak runoff volumes from SB were generally different from those derived from SA and SC.




3.4. The Impact of Time-to-Peak Ratios on Runoff in LID Chains


The effects of LID chain designs on flood control in Group III storm events with different time-to-peak rainfall ratios are shown in Figure 7. Figure 7a clearly shows that the location of peak rainfall can impact the runoff volume, to some extent, during the storm events. It is observed in the figure that SA gave the lowest Rc values while SC gave the highest Rc values. Meanwhile, Rc values from SB and SC were similar. However, the variation ranges of Rc values from each LID chain scenarios under rainfall with different rT−P were inconspicuous as peak rainfall moves to the end of the storm event (e.g., the Rc values vary from 0.363/357/346 to 0.349/0.343/0.336 in SA/SB/SC with the retrodisplacement of the peak rain locations).



In cases of the peak runoff volumes (Figure 7b), it is seen that the locations of rain peaks played an important role in determining the peak runoff volumes. The peak runoff volumes increased gradually when the rain peaks moved backward. The Vp values grew from 4.2–4.6 mm to 9.1–9.4 mm as rT−P moved back. Meanwhile, the figure indicates that the peak runoff volumes from SC were always smaller than those of from SA and SB. Furthermore, corresponding to Figure 7a, it can be easily inferred that the later the peak rain occurs, the higher proportion the peak runoff volumes take of the total runoff volumes during the whole rainfall–runoff processes.





4. Discussion


The figures clearly show that the flood derived from the three LID connection scenarios under the storm events with regularly varied rain amounts, durations and time-to-peak ratios give regular changed runoff characteristics, i.e., runoff coefficients and peak runoff volumes. Meanwhile, the figures also obviously indicate the connection patterns of the LID chains determine the runoff process characters due to the fact that the LID chain scenarios with different connection methods use the same LID facilities such as bio-retention, bio-swale, pervious pavement and rain garden, and each kind of LID facility has the same structure and physical parameters [42] (i.e., the same depth of soil layer and soil type, the same depth of storage layer, the same field capacity and saturated hydraulic conductivity, the same porosity in the soil layer and storage layer, etc.).



The cause of the formation of the different runoff volume characters can be explained by the input and output discharge volumes in the LID facilities. Assume VBR, VPP and VIPP are the total runoff volume produced from bio-retention, pervious pavement and impervious pavement under a storm event PS; while VBS_in, VRG_in, VBS_out and VRG_out are the inflow volume and outflow volume in bio-swale and rain garden under PS, respectively. In the four LID chain scenarios, the values of VBR, VPP and VIPP keep constant due to the drainage areas are not changed, and VIPP = V1IPP + V2IPP, where V1IPP and V2IPP (also remain unchanged under different LID connection scenarios) indicate the runoff flow into bio-swale and rain garden, respectively. However, the values of VBS_in, VRG_in, VBS_out, VRG_out and VT (the runoff volume at the observation site in Figure 2) are different in the four scenarios. In the case of SA:


   {       V  B S _ i n   =  V  B R   +  V  P P   + V  1  I P P   + V  0  B S          V  R G _ i n   =  V  B S _ o u t   + V  2  I P P   + V  0  R G          V T  =  V  R G _ o u t            



(7)







In the case of SB:


   {       V  B S _ i n   =  V  P P   + V  1  I P P   + V  0  B S          V  R G _ i n   =  V  B S _ o u t   + V  2  I P P   + V  0  R G          V T  =  V  R G _ o u t   +  V  B R          



(8)







In the case of SC:


   {       V  B S _ i n   =  V  B R   + V  1  I P P   + V  0  B S          V  R G _ i n   =  V  B S _ o u t   + V  2  I P P   + V  0  R G          V T  =  V  R G _ o u t   +  V  P P            



(9)







Due to the fact that the LID facilities can store the runoff effectively, the outflow is always smaller than the inflow in a LID facility during the whole precipitation–runoff process, which indicates that    V  B S _ i n   >  V  B S _ o u t     and    V  R G _ i n   >  V  R G _ o u t    . Therefore, VBS_out and VRG_out can be written as follows:


   {       V  B S _ o u t   =  a 1  ·  V  B S _ i n          V  R G _ o u t   =  a 2  ·  V  R G _ i n            



(10)




where    a 1    and    a 2    are the runoff reduction coefficients and   0 ≤  a 1  ,    a 2  < 1  . As results, VT in Equations (5)–(7) can be transformed, as follows:


   {      I n   S A :    V T  =  a 1   a 2   (   V  B R   +  V  P P   + V  1  I P P   + V  0  B S    )  +  a 2   (  V  2  I P P   + V  0  R G    )        I n   S B :    V T  =  a 1   a 2   (   V  P P   + V  1  I P P   + V  0  B S    )  +  a 2   (  V  2  I P P   + V  0  R G    )  +  V  B R         I n   S C :    V T  =  a 1   a 2   (   V  B R   + V  1  I P P   + V  0  B S    )  +  a 2   (  V  2  I P P   + V  0  R G    )  +  V  P P            



(11)







The physical character (e.g., field capacity, unsaturated hydraulic conductivity, porosity, etc.) of the padding material determines that the runoff volume produced in bio-retentions in unit time is smaller than that in pervious pavement, while the drainage area of bio-retentions is far larger than that of pervious pavement (Figure 1), which indicates that the total runoff volume produced by bio-retentions is far larger than that by pervious pavement (   V  B R   ≫  V  P P    ); meanwhile, the runoff yielding time of bio-retentions is obviously much longer than that of pervious pavement. From the results, it is seen that the runoff coefficients are ordered as Rc_SA < Rc_SB < Rc_SC, as seen in Figure 5a, Figure 6a and Figure 7a (where Rc_SA, Rc_SB and Rc_SC represent the values of runoff coefficient computed in SA, SB and SC); the peak runoff volumes are ordered as Vp_SA < Vp_SC < Vp_SB, as seen in Figure 5b, Figure 6b and Figure 7b (where Vp_* represent the peak runoff volume computed in SA, SB and SC).



Due to the fact that the water retention capacity in the LID chain is constant, it is easy to explain that the LID chains (SA, SB and SC) produced more total runoff volume and peak runoff volume as rain amount and peak rain amount increased (i.e., return period increased from 0.5 year to 100 years, Figure 5). Furthermore, the gradually flattened slope of the curves in Figure 5a indicates that the LID facilities gradually get saturated and lost the function of store the rainfall; therefore, the RC will not change when the rain volume exceeds a certain threshold.



The water cycle inside the LID facilities, as well as the water movement between LID facilities and the surroundings, determines the runoff process. Due to this reason, the ground under the LID facilities is pervious—the longer the rainfall duration, the more water in storage layer infiltrated into the ground; therefore, it is seen that as the duration time of the storm event with certain volume (103 mm) increases, the runoff coefficient and peak runoff volume decreases (Figure 6).



The unsaturated hydraulic conductivity is one of the main properties considered to govern flow [43], it is considerably influenced by soil moisture content. In general, the more water contains in the soil, the higher the obtained value of unsaturated hydraulic conductivity is. When the peak rainfall moves backward at the end of the storm event, the soil moisture content increases before the peak rainfall arrives, and the increased water content in the LID’s soil layer increases the permeability [44]; therefore, more rainwater is infiltrated into the storage layer and forms the peak runoff, while the total runoff volume do not change significantly.




5. Conclusions


This study investigated the impact of LID connection patterns on the runoff reduction efficiency in a catchment of residential neighborhood scale in China, where four kinds of LID chain pattern—which included the cascaded, semi-cascaded and paralleled connected LID facilities—and three groups of designed storms with different return periods, durations and time-to-peak ratios were considered for storm water management. This study demonstrated that the integrated usage of different LID facilities as a proper chain can effectively reduce the urban surface runoff and peak runoff under various rainfall types. As the cascade-connected LID chain brings each LID facility into full play in reducing the surface runoff, compared with that of the parallel connected LID chain—which gives the function as distributed LID facilities without any linkages—a cascade combination of various LID techniques would be a good choice in the design and construction of LID facilities in urban areas for flood control, which are equipped to consider the entire spectrum of storm events.



However, limited by the area of the research site, scenarios B and C were designed in the model, and we used the simulated runoff to analyze the impact of different LID connection methods on the runoff characteristics. Furthermore, the irrigation on the LID facilities impacted the water storage capacity of the LID facilities; more runoff volume would be produced if the LID facilities were irrigated before storm events; nevertheless, we ignored the irrigation, as it was difficult to account for the water consumption in the irrigation. In our future research, the soil moisture content will be measured accurately before storm events, to evaluate the water storage capacity of the soil layers and the storage layers of the LID facilities.
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Figure 1. Study Area. 
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Figure 2. The schematic diagrams of the cascade-connected LID facilities (a); the semi-cascade-connected LID facilities (b); and the parallel-connected LID facilities (c). Additionally, the red dot is the runoff observation site. 
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Figure 3. The calibration (a) and validation (b) of SWMM using the observed storm rainfall event. 
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Figure 4. Runoff processes derived from the three LID connection scenarios under the rainfall with the return periods of 5 years (a) and 20 years (b). 
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Figure 5. The runoff coefficients (a) and peak runoff volumes (b) simulated in SWMM under the storms in Group I. 
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Figure 6. The runoff coefficients (a) and peak runoff volumes (b) simulated in SWMM under the storms in Group II. 
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Figure 7. The runoff coefficients (a) and peak runoff volumes (b) simulated in SWMM under the storms in Group III. 
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Table 1. A brief introduction of LID units in the study site.
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LID Unit

	
Number

	
Total Area (m2)

	
Thickness of Soil Layer (mm)

	
Thickness of Storage Layer (mm)

	
Plant






	
Bio-retention

	
13

	
15.6

	
400

	
400

	
Hibiscus rosa-sinensis




	
Ixora chinensis




	
Bio-swale

	
2

	
384

	
300

	
400

	
Zoysia japonica




	
Rain garden

	
1

	
20

	
500

	
400

	
Miscanthus




	
Hibiscus rosa-sinensis




	
Wedelia chinensis




	
Pervious pavement

	
1

	
487

	
125 *

	
100

	
/








* indicates the thickness of the pavement layer.
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Table 2. Summary of the eight selected storm rainfall–runoff events.
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	Storm Event
	Date
	Event Precipitation (mm)
	Runoff Coefficient
	Peak Rainfall (mm/min)
	Peak Discharge (m3/s)
	Storm Duration (min)
	Runoff Duration (min)





	1
	2 July
	46.6
	0.21
	1.7
	0.01
	153
	272



	2
	5 July
	69.7
	0.32
	1.9
	0.017
	119
	204



	3
	16 July
	39.7
	0.15
	1.5
	0.013
	167
	263



	4
	23 July
	33.9
	0.11
	1.4
	0.006
	195
	286



	5
	2 August
	75.5
	0.13
	2.3
	0.021
	206
	381



	6
	6 August
	65.3
	0.22
	1.8
	0.019
	188
	405



	7
	10 August
	82.6
	0.26
	1.6
	0.023
	254
	433



	8
	25 August
	31.3
	0.16
	1.5
	0.012
	197
	311



	Average
	--
	55.6
	0.19
	1.7
	0.015
	185
	319
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Table 3. Summary of the model evaluation indicators in calibrating and validating SWMM.
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	RSS (10−5)
	RE (%)
	RMSE (10−2)
	NSE
	Tpe





	Calibration
	3.3–4.8
	–8.9–9.3
	0.18–0.47
	0.88–0.92
	–6–4



	Validation
	4.2–6.1
	–10.2–12.1
	0.67–0.82
	0.59–0.83
	–7–6
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Table 4. Main parameter values of LID units calibrated in SWMM.
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LID Unit

	
Soil Layer

	
Storage Layer




	
Porosity

	
Infiltration Rate (mm/h)

	
Field Capacity (%)

	
Porosity

	
Infiltration Rate (mm/h)






	
Bio-retention

	
0.53

	
142–155

	
11

	
0.39–0.43

	
252–267




	
Bio-swale

	
0.53

	
148

	
10

	
0.37

	
255




	
Rain garden

	
0.52

	
155

	
12

	
0.35

	
261




	
Pervious pavement

	
0.58

	
230

	
6

	
0.36

	
289
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Table 5. Main parameter values in computing runoff–yield process and pipe flow calibrated in SWMM.
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	Parameter
	N-Imperv
	N-Perv
	D-Imperv
	D-Perv
	Width
	%Z-Imperv
	CR





	Value
	0.012
	0.1
	1.5 mm
	5 mm
	45.7 m
	23
	0.013
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