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ABSTRACT
[bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK104][bookmark: OLE_LINK105][bookmark: OLE_LINK106][bookmark: OLE_LINK107][bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK115][bookmark: OLE_LINK116][bookmark: OLE_LINK117][bookmark: OLE_LINK118][bookmark: OLE_LINK119]The actual rainfall–runoff control effects of a low-impact development (LID) system comprising multiple facilities within a large-scale area need to be monitored and examined, including not only the rainfall volume capture effect but also the rainfall control mode, which is influenced by the confluence relationship. The confluence relationship between an impervious surface and LID facilities can be manifest as a series or parallel system. For individual rainfall events smaller than the designed rainfall, rainfall control operates in event-capture mode for a series system and in partial-capture mode for a parallel system. Although the rainfall volume capture ratios of series and parallel systems might be equivalent, a series system is more suitable for water quality improvement and peak flow reduction. This study considered the Future Science Park of Beijing as a case study site. Monitoring indicated that the rainfall volume capture effect is acceptable because the average runoff coefficient is approximately 0.10; however, rainfall control operates in partial-capture mode. Investigation and analysis showed that runoff is generated by three mechanisms: impermeable road surfaces, infiltration excess, and pipe storage-water emission. When rainfall volume is less than the designed rainfall, the little runoff that occurs is generated mainly by the impermeable road network. The rainwater infiltration capacity of permeable facilities might reach 44 mm. In future, to improve rainfall–runoff control effects, impermeable roads and green belt areas alongside the roads should realize series confluence. 
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1. Introduction
  Storm-water design generally expands or upgrades an existing storm drainage system. In contrast, the low-impact development (LID) approach, which was piloted in Maryland in the USA (Prince George’s County, 1999), represents an innovative solution to storm-water runoff caused by the expansion of the impervious surface by the urbanization process (Andoh and Declerck, 1997; Montalto et al., 2007; Palhegyi, 2009). Preservation of the natural features of the predevelopment hydrology of a site is the overall goal of LID. Many different types of LID facility have been developed in recent years, and the promising rainfall–runoff control effects of individual LID facilities have been studied on laboratory and pilot scales, as well as in various small-scale in situ studies. Some of the LID practices investigated include green roofs (Dietz, 2007; Alfredo et al., 2010; Nagase et al., 2012; Ge et al., 2018), permeable pavements (Rushton, 2001; Hunt et al., 2002; Brattebo and Both, 2003; Kelly et al., 2008; Qin, 2017), grass swales (Deletic et al., 2006; Ackerman et al., 2008; Han, 2017), and rain gardens (Endreny et al., 2009; Hatt et al., 2009; Davis et al., 2012; Tang et al., 2015). However, debate continues regarding many of the benefits of such LID practices, which suggests there is limited practical knowledge and that the LID approach requires further careful study and design.
For different individual LID facilities, the water quality capture volume (WQCV) is limited primarily by the facility material, structure, and scale, i.e., most served catchment areas are smaller than 40 hm2 (USEPA, 2000, 2002). Moreover, different LID practices have different application conditions, i.e., runoff control effects, and construction and maintenance costs (USEPA, 2004). The WQCV design method, suggested by the Water Environment Federation and American Society of Civil Engineers, is based on hydrological factors such as the mean rainfall event depth in a watershed and the runoff coefficient. Some studies have suggested that rainfall–runoff control effects of a LID facility could be simulated on different scales using hydrological numerical models. Based on the Storm Water Management Model, the rainfall–runoff reduction effects of an individual LID facility (e.g., grass swale, permeable pavement, or green roof) can be evaluated under different rainfall characteristics in an urban subdomain-scale LID design (Qin, 2013). For a large-scale area utilizing LID technology, multiple combined facilities and spatial optimization comprise important elements of a LID design (Srivastava et al., 2003; USEPA, 2009). Using the SUSTAIN model developed by the US Environmental Protection Agency, the runoff quantity and quality control effects of different combinations of LID facilities were simulated to select the optimal scenario with the largest rainfall–runoff capture effect (Jia, 2014). 
Multiple combined LID facilities within a large-scale area can be regarded as a single system. Given the complex mechanism of interaction between LID facilities and impermeable surfaces, research on the rainfall–runoff control effects of LID systems lags expectations. The reason is such research requires not only model simulation but also in situ monitoring and evaluation, which are more important. However, few landowners are willing to assume the high costs of the required monitoring of a large watershed. This study selected the Future Science Park (FSP) of Beijing as a case study of a large-scale area with multiple combined LID facilities. The in situ monitoring of rainfall and runoff were conducted methodically, and the actual rainfall–runoff control effects of the entire LID system were evaluated, including not only the rainfall volume capture effect but also the mode of rainfall control influenced by the different confluence relationship between the LID facilities and impermeable surfaces. Finally, based on analysis of the monitoring and evaluation, we propose suggestions for improvement of the FSP LID system.
2. Material and methods
2.1 Study area
The FSP is located in the southeast of Changping District in Beijing, North China (Fig. 1), which is an important node for improved Jing-jin-ji regional economic cooperation. The construction of the FSP commenced in 2009 and the first phase of the planned area covers approximately 10 km2. According to the detailed planning of land use of the FSP, the ratio of impervious surface will increase from 21% to 45% and the annual runoff coefficient will increase from 0.35 to 0.59 after urbanization development (see Table 1). To mitigate the increased surface runoff, LID technology has been adopted in the construction process. In the FSP, land use is divided into building plots, road plots, and public green land, and various LID facilities have been selected as appropriate for combination in a composite system (see Table 2). There are two types of confluence relationship between the LID facilities and impervious surface: series and parallel (Fig. 1). According to the statistical methods of the Sponge City Construction Guide (Ministry of Housing and Urban-Rural Development of China, 2014), the goal of the annual rainfall volume capture ratio regulated by the LID system in the FSP is >0.85. Thus, the annual runoff coefficient should be <0.15 and the designed rainfall corresponding to the WQCV of the LID facilities should be approximately 32.5 mm (Beijing Water Science and Technology Institute, 2012).
 2.2 Monitoring scheme
Implementation of the scheme for monitoring rainfall and runoff included the selection of both monitoring areas and devices. First, according to the drainage pipeline network of the FSP, the entire area can be divided into North, Southeast, and Southwest regions (Fig. 2). Both the North and the Southeast regions are independent catchment areas, whereas the Southwest region has inflow of rainwater and sewage from the nearby town of Beiqijia. The majority of surface runoff in the North region is drained southward to the Wenyu River. All surface runoff in the southern regions is drained southward to the Lutuan west ditch. For this study, the North and Southeast regions were selected as the monitoring areas. The monitoring objects and devices were as follows: (1) rainfall monitoring was conducted using a self-recording tipping bucket rain gauge located at position O (Fig. 2), (2) runoff monitoring was performed using Doppler ultrasonic flowmeters located at positions A and B (divided into B1 and B2) and at several internal locations (positions 1–6). Real-time rainfall data recorded at position O and runoff data recorded at position A were sent wirelessly to an electronics device in the laboratory. Runoff data recorded at positions B1, B2, and 1–6 were collected by timed manual reading.
2.3 Evaluation method
The method adopted for evaluation of rainfall–runoff control effects was as shown in Fig. 3. The process can be divided into four steps: (i) field monitoring, including the rainfall and runoff processes based on the selection of monitoring area and devices; (ii) statistical analysis, including the rainfall volume/intensity, discharge process, runoff volume, peak flow, and peak time; (iii) comparison examination, including not only the rainfall volume capture effect (using an annual runoff coefficient index) but also the rainfall control mode influenced by the different confluence relationships; and (iv) improvement suggestions. To illustrate the importance of the rainfall control mode examination, a simple method based on the water balance theory was developed to provide theoretical analysis. 
First, a number of concepts and functions are described. For a single underlying surface, the runoff coefficient of a rainfall event can be calculated using the following equation:

,                               (1)
where α is the runoff coefficient, R is the runoff depth (mm), P is the rainfall volume (mm), F is the runoff loss amount (mm), and A is the catchment area (hm2). However, for a complex basin composed of different underlying surface units, the comprehensive runoff coefficient should be further expressed as:

,                            (2)
where αc is the comprehensive runoff coefficient, and j is the serial number of the different underlying surface units according to the confluence sequence.
In Eq. (2), the calculation process start at the farthest confluence unit (if (P − Fi)Ai > 0, the value is added to the next confluence unit; if (P − Fi)Ai < 0, the value is 0) and proceeds in turn downstream, as shown in Fig. 4.
The annual runoff coefficient can be estimated using Eq. (3), and then the annual rainfall volume capture ratio can be calculated using Eq. (4):

,                         (3)

,                            (4)
where αannual is the annual runoff coefficient, αaverage is the average runoff coefficient, Rannual is the annual rainfall volume capture ratio, and i and n are the serial and total number, respectively, of the monitored rainfall events.
Second, the impermeable road and green belt beside the road were selected for this case study. For the impermeable road, runoff loss (F) is attributable mainly to the surface depression (Δ), which can be computed using the Linsley equation (Linsley, 1982):

,                            (5)
where Δ is the runoff loss caused by the surface depression, Δmax is the maximum runoff loss caused by the surface depression, and k is the variation rate, i.e., k = 1/Δmax.
For the green belt, runoff loss (F) attributable mainly to rainwater infiltration, which can be computed based on the Horton equation (Horton, 1941):

,                      (6)
where f0 is the initial infiltration rate (mm/min), fc is the steady infiltration rate (mm/min), β is the variation rate, and t is time (min).
The values of the parameters adopted for impermeable road and green belt were assumed as follows: (i) rainfall intensity: 0.4 mm/min, rainfall duration: 0–80 min; (ii) runoff loss parameter caused by surface depression of impermeable road: Δmax =1.56 mm; (iii) rainwater infiltration parameters for green belt: f0 = 1.73 mm/min, fc = 0.19 mm/min, and β = 0.14, with the infiltration rate curves plotted in Fig. 5a and 5b. Using Eq. (1), the runoff coefficient of individual impermeable roads and green belt areas can be calculated as in Fig. 5a. It can be seen from Fig. 5a that runoff occurs immediately and that the runoff coefficient tends toward 1.0 for individual impermeable roads, while the runoff coefficients for green belt areas are not zero when the rainfall volume is less than the WQCV owing to the role of infiltration.
For combinations of impermeable road and green belt, there should be two types of confluence relationship, i.e., series and parallel (see Fig. 5b(i), and 5b(ii)), which are dependent on the relative locations of the curb gap and the rainwater well in the green belt. Using Eq. (2), the comprehensive runoff coefficients of combined impermeable road and green belt with different confluence relationships can be calculated, as in Fig. 5b(iii). For the parallel confluence relationship, owing to the fact that runoff can still occur because of the impermeable road, the runoff coefficients are not zero. Moreover, they tend toward the area ratio of the impermeable road in the entire catchment area (including the impermeable road and green belt) when the rainfall volume is less than the WQCV of the green belt. For the series confluence relationship, the runoff coefficients are zero when the rainfall and inflow runoff volumes are less than the WQCV of the green belt. 
With reference to Fig. 5b, the difference in rainfall control mode under different confluence relationships is shown in Fig. 5c and 5d. For rainfall events smaller than the designed rainfall corresponding to the WQCV, rainfall control operates in event-capture mode for a series system (see Fig. 5c) and in partial-capture mode for a parallel system (see Fig. 5d). Comparison of Fig. 5c and 5d reveals that the total rainfall volume capture ratio by both the series and the parallel systems might be equivalent. For every rainfall event, the initial runoff that contains high concentrations of pollutants can be stored by a series system, whereas the initial runoff generated by impermeable road cannot be stored in a parallel system. Therefore, a series system is more suitable for water quality improvement. Owing to the infiltration storage capacity of green belt areas, a series system can also effectively reduce the peak flow. Consequently, the selection of the rainfall control mode should be examined carefully and the series system used as much as possible in LID system design.
3. Results
In analysis of the results, the emphasis of the evaluation is placed on the North region (area: A = 272 hm2). The statistical characteristics of the monitoring of the rainfall and runoff processes in 2015 and 2016 are listed in Tables 3 and 4, respectively, which include 16 rainfall events. The greatest rainfall volumes are less than the designed rainfall (32.5 mm), except the 7/20/2016 rainfall event, which was a typical rainstorm process with a total rainfall volume of 195 mm. The average rainfall intensity varies in the range 0.02–0.74 mm/min and the maximum rainfall intensity varies in the range 0.036–3.38 mm/min. As the North region is an individual catchment area, the runoff process is generated only by rainfall. Through an integral operation on the monitoring discharge process, the total runoff volume was estimated and the runoff coefficients of each rainfall event were calculated using Eq. (1) (see Tables 3 and 4). Generally, the runoff coefficients vary in the range 0.02–0.15, except for the 7/20/2016 rainstorm event for which the runoff coefficient is 0.402. 
The change rule of the runoff coefficient is highly complex and influenced by many factors, e.g., rainfall volume, average/maximum rainfall intensity, and interval time of rainfall events (Fig. 6). Generally, the runoff coefficients increase with increased rainfall volume or increased maximum rainfall intensity, except for the 7/20/2016 rainstorm event (see Fig. 6a and 6b). For rainfall events with approximately equal rainfall volumes, shown in the rectangular area in Fig. 6a, the runoff coefficients increase with the average rainfall intensity (see Fig. 6c). Comparison of the rainfall events of 9/11/2015 (rainfall: P = 5.7 mm) and 9/22/2015 (P = 4.6 mm), as well as those of 7/19/2016 (P = 12.2 mm) and 7/18/2016 (P = 10.3 mm), for which the rainfall volumes are approximately equal, reveals that the runoff coefficients of the 9/11/2015 and 7/19/2016 events increase rapidly because the interval times of the rainfall events were short, i.e., 17.5 and 18.5 h, respectively (see Fig. 6d). For all the monitored rainfall events, the average/annual runoff coefficient is approximately 0.10, as calculated using Eq. (3), which is <0.15. Therefore, the examination suggests that the rainfall volume capture effect of the LID system in the FSP is acceptable.
The distribution of the runoff coefficients with rainfall volume (Fig. 7a and 7b) shows that the runoff coefficients are not zero when the rainfall volume is less than the designed rainfall (32.5 mm) because runoff clearly occurred during the rainfall processes (Fig. 7a(i)–(iii)). Furthermore, the curve of variation of the runoff coefficient of the 7/20/2016 rainstorm event is shown in Fig. 7a. It can be seen that the curve of variation can be divided into three different stages owing to the different runoff generation modes, which is analyzed and discussed further in Section 4. It also indicates that runoff occurred immediately during the rainstorm event. It can be seen from Fig. 7b that rainfall control for all monitored rainfall events operates in  partial-capture mode. Therefore, it is considered that for some individual impermeable surfaces, runoff does not conform to the confluence relationship of the LID facilities. The area ratio of individual impermeable surfaces in the entire region is 0.1–0.15, according to the trend of variation of the runoff coefficients when the rainfall volume is less than the designed rainfall.
4. Investigation and suggestions
Based on the above monitoring and examination results, the investigation on the existing individual impermeable surface focused on the North region. The investigation results showed that the surface runoff generated by impermeable roofs and roads of building plots could confluence to the surrounding green land. Conversely, for road plots, the confluence relationship of impermeable roads and green belt areas was parallel because the curb gaps were located beside rainwater wells (Fig. 8a). This arrangement is similar to that shown in Fig. 5b(i), which means that runoff generated by impermeable roads drains directly into the rainwater wells and not through the green belts. The area statistics indicate that the area ratio of impermeable roads in the entire region is approximately 0.1. Furthermore, based on the Clark unit hydrograph method (Clark, 1945; Kong et al., 2007), a distributed unit hydrograph model was developed (see Eq. (7)), which was used to simulate the runoff processes generated by the impermeable roads in the North region for rainfall volumes less than the designed rainfall (32.5 mm) (Fig. 8b(i)–(iii)). In the simulation process, the network of impermeable roads was divided into 28 hydrological response units (Fig. 8b), and the delayed times of the different hydrological response units were partitions of the time of peak flow appearance according to the flow distance ratio of each unit along the drainage pipeline, assuming steady pipe flow. The simulation results (see Fig. 8b(i)–(iii)) show that the calculated runoff processes are in reasonable agreement with the monitored runoff processes. This further proves that runoff is generated mainly by the impermeable road network when the rainfall volume is less than the designed rainfall (32.5 mm) in the North region.

,                   (7)
where Qn is the calculated discharge (m3/s), j and m are the serial and total numbers of hydrological response units, respectively, Aj is the hydrological response unit area (hm2), Ii is the steady infiltration rate (mm/min), i and n are the serial and total numbers of the calculated time intervals, respectively, qj(Δt, n) is the unit hydrograph, and tj is the delayed time of the different hydrological response units.
    Based on the water balance theory, the accumulated runoff loss volumes (including surface depression, rainwater infiltration, and pipe storage) of the 7/20/2016 rainstorm event were calculated, as shown in Fig. 9a, in which the 7/19/2016 rainfall event also was considered because the interval time of the rainfall events was <14 h. Comparison of the two curves of variation of the accumulated rainfall and runoff loss volumes reveals that the separation position could be considered as the time of onset of infiltration excess (Horton) runoff. This is because the runoff loss attributable to the impermeable road surface depression is relatively small in comparison with the rainfall volume and it tends toward the maximum value rapidly within a short period. The curve of variation of the accumulated runoff loss volumes can be divided into three stages, in which the runoff was generated correspondingly by three mechanisms: impermeable road surface runoff in stage I, infiltration excess runoff in stage II, and pipe storage-water emission in stage III (see Fig. 9b). It can be seen from Fig. 9b that there is only a little runoff in stage I generated by the impermeable roads; however, the runoff increases rapidly in stage II through the addition of infiltration excess runoff. Before stage II, the rainwater infiltration capacity is approximately 44 mm, which is slightly greater than the designed rainfall goal (37.5 mm). Therefore, in future, the confluence relationship between impermeable roads and green belt areas in the North region should be changed from parallel to series through rearrangement of the relative locations of curb gaps and rainwater wells, as shown in Fig. 5b(ii). This would improve the volume control effect on rainfall–runoff, especially with regard to initial impermeable surface runoff in the FSP.
5. Conclusions
The scheme for monitoring and examination of the rainfall–runoff control effects of the FSP LID system comprising multiple facilities in a large-scale area can be divided into four components: (i) field monitoring, (ii) statistical analysis, (iii) comparison examination, and (iv) suggestions for improvement. The examination of the rainfall–runoff control effects included not only the rainfall volume capture effect but also the rainfall control mode influenced by different confluence relationships (i.e., series and parallel) between the impermeable surfaces and the LID facilities. For individual rainfall events smaller than the designed rainfall, rainfall control operates either in event-capture mode for a series system or in partial-capture mode for a parallel system. The total rainfall volume capture ratio by both the series and the parallel systems might be equivalent; however, the series system is more suitable for water quality improvement and peak flow reduction. Therefore, the series system should be used as far as possible in LID system design.
The FSP was selected as the case study site. The monitoring and examination results showed that the rainfall volume capture effect is acceptable because the average/annual runoff coefficient was approximately 0.10, which is less than 0.15, although rainfall control operates in partial-capture mode. Therefore, it is considered that for some individual impermeable surfaces, runoff does not conform to the confluence relationship of the LID facilities. The investigation results on the existing individual impermeable surfaces showed that runoff is generated mainly by the network of impermeable roads when the rainfall volume is less than the designed rainfall (32.5 mm). The reason is the curb gaps are located beside the rainwater wells in the green belt areas (see Fig. 8a). Consequently, runoff generated by the impermeable roads drains directly into the rainwater wells and not through the green belt areas (as shown in Fig. 5b(i)). 
Analysis of the accumulated runoff loss curve of the 7/20/2016 rainstorm event indicated that runoff was generated by three mechanisms: impermeable road surface runoff in stage I, infiltration excess runoff in stage II, and pipe storage-water emission in stage III (see Fig. 9b). Before stage II, the rainwater infiltration capacity was approximately 44 mm, which is greater than the designed rainfall goal (37.5 mm). Therefore, in future, the confluence relationship between impermeable roads and green belt areas should be changed from parallel to series through rearrangement of the relative locations of curb gaps and rainwater wells, as shown in Fig. 5b(ii). This would improve the volume control effect on rainfall–runoff, especially with regard to initial impermeable surface runoff in the FSP.
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