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Abstract

:

An urban rainfall-runoff water quality model was developed to simulate total suspend solids (TSS) using the stormwater management model (SWMM) for a 3.8 ha university campus in Beijing (approximately 76.5% impervious), and calibrated and validated against data from two observed rainfall events (221.2 and 16.6 mm rainfall). Model performance is satisfactory (Nash–Sutcliffe model efficiency 0.8 and 0.72 for flow and 0.74 and 0.51 for TSS concentration, respectively). A series of sensitivity model runs were conducted using the calibrated SWMM to study the influences of rainfall characteristics (rainfall hyetographs, depths and durations) and surface flooding on the TSS concentration in outlet runoff of the catchment. The Pilgrim and Cordery rainfall distribution defines a first-quartile storm (the most severe) and results in the highest peak discharge and TSS concentration at the outlet but the lowest outlet TSS load because of the highest TSS flood loss (32.3%). The simulated TSS pollutograph resulting from the Keifer and Chu rainfall distribution (with r = 0.5) is almost identical to that resulting from the alternating block rainfall distribution. Under the same rainfall hyetograph, simulated peak discharge and outlet TSS load are positively correlated (R2 = 0.95) to the rainfall depth as a function of the return period.
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1. Introduction


As the point source pollution has been largely controlled, non-point source (NPS) pollution is becoming the main contributor of urban water quality deterioration in China [1,2]. During and after a rainfall event, pollutants are detached (or dissolved) by rainfall–runoff and transported into any nearby water body, resulting in water pollution. Most NPS pollutants enter urban water systems by rainfall-runoff. Danz et al. [3] showed that the majority of the annual sediment and phosphorus loading is delivered to surface waters during rainfall events. Thus, to some degree, urban NPS pollution can be termed “rainfall-runoff pollution”. Therefore, urban rainfall-runoff was listed as the third major pollutant source in the USA [4]. Yoon et al. [5] illustrated that urban NPS pollution is significantly influenced by many factors, among which are rainfall characteristics (rainfall intensity, rainfall duration, and rainfall depth), land use, number and distribution of dry days, and street cleaning methods. The washoff of surface pollutants depends on rainfall intensity, the dilution of pollutants depends on rainfall depth, and the timing of the pollutant washoff process and of pollutant transport depends on rainfall distribution [6].



Total suspended solids (TSS) is a commonly used monitoring indicator of NPS pollution. In this study, TSS is the dry-weight of particles trapped by a 0.45-µm filter and does not include dissolved solids in stormwater. It may include water-insoluble inorganic material (e.g., sediment and clay) and insoluble organic matter (e.g., fecal matter, plankton, vegetation, and microorganisms). For typical stormwater samples, TSS are significantly larger than dissolved solids. All waterbodies contain TSS due to natural processes, but anthropogenic activity results in elevated TSS concentration. Thus, monitoring of TSS concentration is a very good predictor of water quality. Bilotta and Brazier [7] found that elevated concentrations of TSS due to, for example, anthropogenic perturbations, alter the physical, chemical and biological properties of a waterbody.



Moreover, TSS is linked to other pollutants, such as phosphorus, organic compounds, and some heavy metals, since they tend to be adsorbed in particles [8,9,10,11]. More than 80% of adsorbed pollutants are linked to TSS during rainfall events [12]. Herngren et al. [13] found that some heavy metals in water, such as Cu, Pb and Fe, have a close relationship with TSS. In addition, TSS plays an important role in the transport of anthropogenic nutrients and heavy metals in streams [14]. Thus, monitoring TSS in stormwater is an acceptable means by which to assess NPS pollution from urban areas.



Other research has indicated that TSS concentration in urban runoff significantly varies with the rainfall characteristics. Deletic [13] found that the event maximum rainfall intensity and the time of its appearance from the start of the event were the most important parameters for predicting the “first flush” load of TSS. Zhang et al. [14] reported that total rainfall amount is an important factor for urban runoff pollution, but not the only factor; rainfall intensity and the duration of the dry period also greatly influence the pollution load of urban runoff. Understanding the effects of rainfall characteristics on TSS and other pollutants (e.g., volatile organic components) from urban roads or watersheds has been studied using modeling approaches [15,16] and analyzing measurements from runoff produced by rainfall simulators [17].



This study analyzed the effects of rainfall characteristics on TSS in an urban catchment in Beijing, China, where underground stormwater infrastructure was undersized to cause surface flooding. The characteristics examined were the temporal distribution of rainfall (hyetograph), rainfall depth (or intensity) as a function of return period, and rainfall duration under different dry days. The purpose of this paper is to provide technical information of runoff TSS dynamics for better urban NPS pollution control. When the underground stormwater sewer system is under-designed, heavy rainfall events can lead to surface flooding that may not flow back into the pipelines. A series of sensitivity model runs under various design rainfall characteristics are conducted for the study catchment. The case study is to understand how both rainfall characteristics and surface flooding can influence TSS at the outfall of the catchment. The model used for the case study was calibrated and validated using data from two observed rainfall events.




2. Materials and Methods


2.1. Study Area


The study area is located in Beijing, China, which has a sub-humid continental monsoon climate with a mean annual temperature of 12 °C and a mean annual precipitation of 626 mm (80% of which falls from June to September). The study area is a university campus that includes buildings, lawns, and roads, and is relatively flat with a ground elevation difference of 0.5 m. The drainage area of the catchment is 3.8 ha, and approximately 76.5% of the catchment area is impermeable (1.62 ha of roads and 1.29 ha of buildings). The study area was divided into 30 sub-catchments (denoted S1 to S30 in Figure 1) for the stormwater management model (SWMM) model simulation. The areas of the 30 sub-catchments range from 0.03 ha to 0.31 ha. The percentages of roads, buildings, and green areas (lawns) in the 30 sub-catchments range from 8% to 83%, 0% to 76%, and 0% to 63%, respectively. The study area has gentle slopes ranging from 0.2% to 0.66%. There are 30 underground stormwater pipes with junctions (J1 to J30) connecting the 30 sub-catchments to a single outlet (Outfall in Figure 1) in the catchment.



The underground stormwater sewer system was originally designed and constructed in the 1990s, and was remodeled in 2013 to mitigate and alleviate surface flooding in the study area. Surface flooding and inundation occurred in the past, even for common rainfall events of one-year return period. The pipeline diameters, lengths, and longitudinal slopes range from 0.2 m to 0.7 m (most diameters are 0.3 m), from 4.3 m to 83.4 m, and from 0.2% to 1%, respectively.




2.2. Flow Measurement and Stormwater Sampling


Because the outlet of the catchment (Outfall in Figure 1) was not accessible, the monitoring point was set in a manhole at junction J29 (Figure 1). An area-velocity module flow meter [18] to measure water level and flow rate during and after rainfall events was installed in the end of conduit C27 (star in Figure 1) connecting junctions J27 and J29. The water level and flow rate were automatically recorded at an interval of 1 min for wet days and at an interval of 5 min for dry days. Rainfall data were recorded by an automated weather station (Onset’s HOBO) (Figure 1) at an interval of 1 min.



A full-size portable water sampler [19] was used to collect stormwater runoff samples from the conduit C27 (Figure 1) during rainfall events. Then, the TSS concentration of each sample was measured according to the Chinese national criteria (GB 11901-8) [20] using the gravimetric method. Both flow rates and stormwater samples collected at the conduit C27 excluded contributions from sub-catchments S28, S29, and S30 (Figure 1).




2.3. Water Quality Model


The SWMM is a dynamic rainfall–runoff simulation model that can be used for single-event or long-term continuous simulation of runoff quantity and quality from urban areas [21]. SWMM has been widely used for various stormwater modeling studies and was also used for the case study since it is free and available for download even though there are other integrated models such as MIKE URBAN [22] and InfoWorks ICM [23] that can be used and give similar results. Ouyang et al. [19] used the SWMM model to assess the stormwater runoff pollution loading in Beijing and concluded that SWMM could be used to express the stormwater pollution patterns from diverse underlying surfaces.



In the SWMM model, the generation and accumulation of pollutants mainly occur in the absence of rain (i.e., during dry periods). The background TSS concentration is 10 mg/L [21]. Pollutants are removed from surfaces by the washing action of rainfall and runoff. Exponential functions are used to describe the buildup and washoff of pollutants. Pollutant buildup that accumulates within a land use category is described by a mass (kg) per unit of sub-catchment area or curb-length. The amount of buildup B (kg/ha) is a function of the number of antecedent dry days (t) and land use type and is computed using Equation (1) [21]:


   B =  C 1   (  1 −  e  −  C 2  t    )    



(1)




where C1 is the maximum possible buildup (kg/ha) and C2 is the buildup rate constant (1/day) as function of land use.



The washoff load in units of mass per hour is proportional to the product of runoff raised to some power and to the amount of buildup remaining [19]. Pollutant washoff (W in kg/h) from a given land use category that occurs during wet weather periods is empirically calculated using Equation (2)


    W t  =  C 3   q t   C 4     B T    



(2)




where C3 is the washoff coefficient ((mm/h)−C4·h−1), C4 is the washoff exponent (dimensionless), qt is the runoff rate per unit area at time t (mm/h), and BT is the total mass of pollutant buildup (kg, not per area or per curb length) remaining on the surface at time t.




2.4. Model Calibration and Validation


TSS is a common pollutant in urban stormwater runoff. Using TSS as an indicator, urban NPS pollution in the study area was simulated using the SWMM model under different rainfall patterns after the SWMM model was calibrated and validated using observed data.



The SWMM model developed for the study area was calibrated and validated against observed data from two rainfall events: 21 July 2012 (calibration) and 7 June 2013 (validation). The monitoring point (Figure 1) was not accessible for additional monitoring after June 2013 due to a construction project. Beijing is an arid area with fewer rainfall events each year; therefore, only these two rainfall events were finally available for model calibration and validation. The total rainfall depths, durations, and maximum rainfall intensities of the two rainfall events are summarized in Table 1. The rainfall on 21 July 2012 was very high with an approximate return period of 20–50 years and resulted in flooding and inundation in various areas in Beijing [24]. Thus, using observed flow and pollutant data, model parameters, Manning’s coefficients and depression storages for pervious and impervious areas, and C1, C2, C3, and C4 for Equations (1) and (2) of the SWMM model, were calibrated and validated for a quite severe event and a relatively light rainfall event (Table 1), respectively.



In this study, the SWMM performance was evaluated on the basis of the Nash–Sutcliffe efficiency coefficient (ENS) [25] and absolute relative error (RE), which are goodness-of-fit criteria for comparing the simulated and observed values. ENS value ranges from −∞ to 1, and scientists generally recognize that ENS values exceeding 0.7 suggest that the simulated results have a good agreement with observed data [26]. Likewise, RE values between 0% and 25% show that the SWMM model reasonably well represents flow and water quality processes in the study area.




2.5. Design Rainfall


In this study, the effects of rainfall characteristics such as duration (D, in min), depth (mm) as function of return period (Tr, in year), and rainfall distribution over time (as described using a hyetograph) on urban NPS pollution (as indicated by TSS) were investigated using different types of design rainfall events. The design rainfall intensities and depths were calculated according to the rainfall intensity–duration–frequency (IDF) equations for Beijing:


   i =   12.0 ( 1 + 0.811    l o g   10    T r  )      (  D + 8  )    0.711       for   D   ≤ 120   min   



(3)






   i =   13.9 ( 1 + 1.091     l o g   10    T r  )      (  D + 10  )    0.759       for   120   min   <   D   ≤ 360   min   



(4)




where i is average rainfall intensity (mm/min). The return period Tr is less than 10 years for Equations (3) and (4). Total rainfall depth is the average rainfall intensity i multiplied by the duration D (min) of the design storm.



2.5.1. Rainfall Hyetograph


After the design storm depth and duration were established, a representative hyetograph has to be selected to distribute the design rainfall over time. To examine the effects of time distribution (rainfall pattern) on flow rate and TSS at the outlet of the watershed, three hyetographs (Figure 2) were used initially to perform the sensitivity analysis (or scenario model runs). The first hyetograph was a hypothetical uniform rainfall pattern using i calculated from Equations (3) and (4). The second hyetograph was calculated using the method proposed by Keifer and Chu [27], and resulted in a hyetograph that subsequently is called the “K&C distribution” of Beijing design storm in this paper.



Keifer and Chu [27] originally applied and tested the method using the IDF curve for Chicago, USA, and the method since then has been applied globally in many other cities. In addition to a local IDF curve, the K&C method uses one parameter r (0 < r < 1.0) to represent the portion of rainfall that occurs over the duration prior to the most intense rainfall moment. Keifer and Chu [27] determined an average r = 0.375 from 27 rainfall events in Chicago. The value of r ranged from 0.31 to 0.49 when the K&C method was applied to five cities in the USA. In this study, we used three r values (0.375, 0.5, and 0.75) to generate three K&C distributions (Figure 3) for the sensitivity analysis. Qin et al. [28] used nine r values between 0.1 and 0.9 with 0.1 increment for K&C distributions to study the impact of rainfall hyetograph on runoff hydrograph.



The third hyetograph was calculated using the method proposed by Pilgrim and Cordery [29], subsequently called the “P&C distribution” in this paper (Figure 2). The P&C method was designed to overcome the problem of missing time sequences of intensities, and used rainfall data of the same duration (including intense bursts) that were typically used to develop IDF curves. Neither the P&C method nor the K&C method use the rainfall pattern of complete storms, in contrast to other methods, e.g., Hershfield [30], Huff [31], Pani and Haragan [32], and Asquith, et al. [33].Mou [34] applied the P&C method to long-term heavy rainfall events in Beijing central districts to derive rainfall distributions for three P&C design storm durations (60, 120, and 180 min). These P&C distributions give the percentage of rain falling in each 5-min interval and are used in this study.



Figure 2 shows three rainfall patterns used in SWMM model simulations for a three-year return period, 2-h duration storm. The total design rainfall depth for the three-year, 2-h event in Beijing is 63.4 mm (Equation (3)). The rainfall occurring in 5-min intervals was used as input for SWMM modeling. For the K&C and P&C distributions, peak 5-min incremental rainfalls are 13.04 mm and 13.83 mm, respectively, and occur at 45–50 min and 20–25 min, respectively (Table 2). These rainfall distributions are classified as second- and first-quartile storms based on the location of the storm peak within the distributions [31].



Figure 3 shows rainfall patterns calculated using the Beijing K&C distributions with r = 0.375, 0.5 and 0.75, as well as using the alternating block rainfall distribution, for a three-year 2-h design storms [35]. For r = 0.375, 0.5 and 0.75, the K&C method produces peak 5-min incremental rainfalls of 13.04 mm, 10.66 mm, and 12.34 mm, respectively, which occurs at 45–50 min, 55–65 min (two peaks), and 85–90 min, respectively. The alternating block method is often used in the USA for developing hyetographs for design storms [35], and is similar to the K&C method in that it utilizes average rainfall intensities calculated from a local IDF curve. The highest rainfall is assumed to occur at the mid-point of the design storm duration (13.44 mm at 55–60 min in Figure 3), and the remaining blocks of rainfall are arranged in descending order from the center block to the right and left [36].




2.5.2. Different Return Periods


The 2-h design rainfalls calculated using the K&C method (with r = 0.375) and Equation (3) for one-year, three-year, and five-year return periods are also used for sensitivity analysis. The corresponding total rainfall depths are 45.8 mm and 71.7 mm for one-year and five-year return periods, respectively (Table 2). Peak rainfall for three design storms occurs in 45–50 min (Figure 4 and Table 2).




2.5.3. Rainfall Durations


To further investigate the effects of rainfall duration on TSS in urban runoff, the design rainfall hyetographs for three durations (1 h, 2 h, and 3 h, Figure 5a) of a three-year return period were developed using the P&C method [34]. The 1-h P&C distribution is a second-quartile storm, and the 2- and 3-h P&C distributions are first-quartile storms [31]. The design rainfall hyetographs of K&C distributions for three durations (Figure 5b) of a three-year return period event were also developed. All K&C distributions are classified as second-quartile storms because of the r value of 0.375 that was used. The design rainfall characteristics are summarized in Table 2. Incremental rainfalls in the K&C distributions increases smoothly to the peak values and then gradually decreases, but incremental rainfalls in the P&C distributions changes somewhat irregularly.






3. Results and Discussion


3.1. Model Calibration and Validation Results


Developed SWMM model was calibrated and validated for flow rate (L/s) and TSS concentration (mg/L) at the end of the conduit C27 (Figure 1) using measurements from two rainfall events: 21 July 2012 (Figure 6) and 7 June 2013 (Figure 7), respectively. The number of dry days before the event on 21 July and 7 June were 10 d and 3 d, respectively. The calibrated Manning’s roughness coefficients for underground pipelines, impervious and pervious surfaces were 0.013, 0.011, and 0.15, respectively. Calibrated depression storage for impervious and pervious surfaces was 2 mm and 12 mm, respectively. Horton’s equation [37] was used for infiltration computation of pervious surfaces, resulting in a maximum infiltration rate of 103.81 mm/h, an equilibrium infiltration rate of 11.44 mm/h, and a decay constant of 8.46 h−1.



The heavy rainfall on 21 July 2012 (Table 1) had several intense rainfall periods (bursts) that resulted in multiple discharge peaks. The simulated hydrograph from the SWMM model reproduced these peaks well in both timing and magnitude. The maximum 1-min intensity (2 mm/min) on 21 July occurred at 12:25–12:28, and there was continuous heavy rainfall from 17:50 to 20:00 at an average intensity of 0.82 mm/min (and maximum of 1.8 mm/min). The rainfall on 7 June 2013 had a duration of 4.2 h and a lower rainfall intensity (maximum intensity of 0.58 mm/min), and resulted in one discharge peak of 122 L/s (observed), which was simulated by SWMM to be 125.4 L/s.



In normal flow routing within SWMM, when the flow into a pipeline junction (e.g., a manhole) exceeds the capacity of the system to transport it further downstream, the excess volume of water overflows the system (creating surface flooding and inundation) and is lost from the pipeline system. However, when the “Allow Ponding” option in SWMM is selected, ponded water on the surface is reintroduced into the subsurface system as pipeline capacity permits. Hydrographs for model calibration and validation (Figure 6 and Figure 7) were simulated when the “Allow Ponding” option in SWMM was not active. For the event on 21 July 2012, the system overflow was simulated to start at 13:16 at node J15 and stop at 1:14 on 22 July 2012 at node J16. However, the overflow periods were not continuous, but rather occurred over several discrete time intervals.



The ENS value of the SWMM model for the conduit discharge at C27 was 0.80 for the calibration event and 0.72 for the validation event, which is evidenced by reasonable agreement between the observed and simulated discharges (Figure 6a and Figure 7a). Simulated discharges could be much larger than observed discharges on 21 July 2012, with ENS = −0.02 if the “Allow Ponding” option in SWMM was selected to allow ponded water to be reintroduced into the subsurface stormwater drainage system. Therefore, in reality, after the flooding of junctions, runoff stayed in depression areas above ground or flowed outside of the catchment and did not flow back into underground pipelines. On 21 July, 18 nodes (manholes) were flooded for durations ranging from 0.08 h (5 min) to 3.2 h (the total flooding time for all 18 nodes was 26.7 h). Although the event on 7 June 2013 produced relatively small rainfall (Table 1), two nodes (J15 and J16) were flooded for 4–5 min, indicating that the underground pipelines in the catchment were under-designed.



Table 3 contains calibrated SWMM model parameters that are defined in Equation (1) for sediment buildup and Equation (2) for runoff washoff as function of land use types (road, roof, and green space). Gironas et al. [38] demonstrated the application of SWMM to simulate runoff water quality from a 29-acre (11.7 ha) urban catchment and drainage system. The maximum buildup possible (C1) was given in imperial units of lbs/curb-mile/day using data from Manning et al. [39], and cannot be compared with C1 in units of kg/ha as used in this study. The buildup constant C2 was 0.5/day for residential areas and 0.2/day for commercial areas, and the washoff exponents were 1.8 for residential areas and 2.2 for commercial areas. According to sediment transport theory, C4 should range between 1.1 and 2.6 [40]. The washoff coefficient C3 can vary in nature by three or four orders of magnitude; for example, Gironas et al. [38] used 0.059 (mm/h)−1.8·h−1 for residential areas and 0.032 (mm/h)−2.2·h−1 for commercial areas (as converted to SI units). Li et al. [41] calibrated SWMM’s water quality parameters using data collected for a roof in the Shanghai area of China and determined C1 to be 355 kg/ha, C2 to be 0.4/day, C4 to be 1.3, and C3 to 0.074 (mm/h)−1.3·h−1. In summary, the calibrated model parameters determined in this study and shown in Table 3 are in the range of values reported in the scientific literature.



In the SWMM model, the option to designate removal of sediment from surfaces by sweeping was set as zero for all simulations. In the calibration run for the 21 July 2012 rainfall event, the simulated peak TSS concentration was 900.5 mg/L and occurred at 13:20 (Figure 6b). A second and smaller TSS peak resulted from a second rainfall burst at 14:30. The TSS base time in the calibration simulation was 218 min (3.6 h). The base time calculated in this study is the duration of the TSS pollutograph, which is defined as the time from which TSS concentration exceeds 0 mg/L once rainfall starts until TSS concentration decreases to 30 mg/L after reaching its peak value. The cut-off limit of 30 mg/L, which is three times the background TSS concentration in rainfall (10 mg/L), is arbitrary but facilitates comparing TSS pollutographs under different rainfall events and design rainfalls. On 21 July 2012, a large percentage of the rainfall occurring in the 12 h after 15:00 resulted in TSS concentrations less than 30 mg/L. In contrast, the simulated peak TSS concentration for the rainfall event of 7 June 2013 was 636.1 mg/L and occurred at 9:04 (Figure 7b); the TSS base time was 198 min (3.3 h). Thus, even though the rainfall event on 21 July 2012 lasted 15.7 h (almost four times the duration of the 7 June 2013 event), intense rainfall periods after 15:00 in this event did not produce high TSS concentrations because most of the initial buildup of the pollutant was washed off and transported during the “first flush”. Therefore, the TSS base time was approximately equal (Table 4) for both the long and short rainfall events.



Table 4 shows the summary information of simulated TSS for the calibration and validation events. The initial buildup of TSS depends on the number of antecedent dry days before a rainfall event starts and on the buildup model coefficients specified for Equation (1), which are a function of land uses (roads, building or roofs, and green spaces). The initial buildup was 353.83 kg for the 10 dry days prior to rainfall on 21 July 2012, and 276.75 kg for the three dry days before rainfall on 7 June 2013. Because wet deposition of TSS depends on the rainfall amount and specified TSS concentration in the rainfall (10 mg/L), the wet deposition for the heavy rainfall (221.2 mm) on 21 July was 84.32 kg and much larger than that for the lighter rainfall (16.6 mm) on 7 June. Sediments from the initial buildup and wet deposition are lost by infiltration, washed off and transported by runoff; and what is left remains on the ground for further buildup that is available for washoff in the next rainfall event. Due to the heavy rainfall on 21 July 2012, 89.9% of total available TSS was transported by the resulting runoff, 6.4% of total TSS by infiltration loss, and only 3.7% of total TSS remained on the surface. Using the simulated hydrograph and TSS pollutograph at the outfall, the cumulative mass of TSS leaving the catchment was calculated. On 21 July 2012, 311.68 kg of TSS was simulated to leave the outfall; this was 78.5% of the total TSS transported by surface runoff (denoted as “surface runoff TSS” in Table 4). Consequently, the remaining 85.58 kg of TSS was transported elsewhere when some junctions (nodes/manholes) were flooded; in other words, 21.5% of the surface runoff TSS was lost or trapped by surface flooding. During the TSS base time (3.75 h) on 21 July 2012, 253.47 kg of TSS were transported through the outfall, which was 81.3% of the total TSS (311.68 kg) leaving the outlet. Thus, 18.7% of TSS leaving the outlet had a TSS concentration less than 30 mg/L after the TSS peak occurred. In contrast, for the small rainfall on 7 June 2013, only 25.5% of TSS was transported by the surface runoff and 73.5% remained on the surface even though the initial buildup was smaller than that preceding the 21 July 2012 event due to the fewer number of dry days (3 vs. 10). In total, 72.11 kg of TSS, which equals 94.6% of the total TSS transported by surface runoff (Table 4), was simulated to have left the outfall during the rainfall event on 7 June 2013. There was a short period of flooding at two nodes (manholes) resulting in a TSS loss to flooding of 5.4% (Table 4).



Stormwater samples were collected using an ISCO 6712 at manually selected times, which resulted in unequal time intervals. Using these limited measurements, the ENS values were calculated to be 0.74 and 0.51 for TSS calibration and validation, respectively. When the measured TSS had a maximum value, the corresponding RE value of SWMM-simulated TSS was 6.7% for the calibration period and 0.8% for the validation period. These ENS and RE values were both in acceptable ranges. Figure 6b and Figure 7b show that simulated TSS variations corresponded reasonably well with variations of measured TSS, even though there were limited measured data from two rainfall–runoff events. Although more rainfall–runoff events are desirable for better model calibration and validation, through model calibration for the heavy rainfall event (221.2 mm) and model validation for a normal rainfall event (16.6 mm), the selected and calibrated parameters of the SWMM model were considered reasonable, and the model was considered accurate and reliable. Therefore, the model was considered suitable for conducting a series of sensitivity (or comparative) studies under different rainfall scenarios.




3.2. Influences of Rainfall Characteristics on TSS


A series of sensitivity model runs under various design rainfall characteristics were conducted for the study catchment where there are possible surface flooding in some areas, as indicated by model calibration and validation results and past field observations. The underground pipeline system was under-designed and thus caused surface flooding that did not subsequently flow back into the pipelines. Therefore, results from SWMM sensitivity runs (Figure 8, Figure 9, Figure 10 and Figure 11) showed the influences of not only rainfall characteristics, but also surface flooding, on TSS (concentrations and loads at the outlet). Results and conclusions from the case study are site specific and may not be generally applicable to all urban catchments, but are representative of many catchments because urban surface flooding is common, especially under heavy rainfall conditions and for pipeline systems designed and constructed many years ago (e.g., old city districts).



3.2.1. Influence of Rainfall Hyetograph


Pollutographs of TSS at the catchment outlet (Outfall in Figure 1) resulting from three different design rainfall distributions are shown in Figure 8, each under the assumption of five antecedent dry days. The initial buildup of TSS is 327.0 kg determined using Equation (1), and the three-year, 2-h storm delivers 24.2 kg of TSS from the wet deposition; therefore, total TSS available for washoff for each design rainfall in Figure 8 is 351.2 kg. For the same rainfall depth (63.4 mm), the peak concentration of TSS and the time of its appearance depend on the timing of peak rainfall (Figure 8), which is related to rainfall pattern (i.e., choice of hyetograph). The washoff load of TSS is a function of runoff and the amount of buildup remaining (Equation (2)). With the increase of discharge due to the increase (continuation) of rainfall over time, TSS concentration first increases with time and reaches a peak value, then decreases with time because the amount of previously accumulated pollutant that is remaining for washoff decreases with time. After the TSS concentration reaches its peak (Figure 8), it begins to decrease and eventually reaches a stable, low concentration (approximately 10 mg/L), which is the background rainfall TSS concentration.



Table 5 summarizes Qp and TSS characteristics for the three-year, 2-h design rainfall distributed according to the different hyetographs. As a result of all but the uniform rainfall distributions, the TSS concentration reaches a peak value that precedes the peak discharge (Qp) by 3 min to 18 min (Table 5) and decreases rapidly after the peak (Figure 8); this is the same behavior observed by Luo et al. [42]. The uniform rainfall distribution has no rainfall peak and results in a TSS peak concentration of 686.3 mg/L at 18 min (Table 5), followed by a gradual decrease of TSS concentration (Figure 8b). For the uniform rainfall distribution, the peak discharge of 214.9 L/s is lower than the peak discharges resulting from other rainfall distributions, and occurs at a much later time (120 min). Although all hyetographs produce the same rainfall depth, the simulated TSS peak concentration at the outfall is the highest for the P&C rainfall distribution because it results in the largest Qp (415.9 L/s) at the earliest time (26 min), followed in descending order by the K&C distribution (with r = 0.375) and the uniform rainfall distribution. This result occurs because the P&C distribution has higher rainfall intensity in the first 25 min than the other two distributions (Figure 2), and because TSS concentration increases with an increase in initial rainfall intensity. The washoff ability of the P&C rainfall pattern is stronger than the K&C distribution and uniform rainfall distribution in the first 25 min. Once a large proportion of accumulated TSS has been washed off by runoff, TSS concentration decreases rapidly with time after the TSS concentration reaches its peak, a pattern that results from all design rainfall distributions except the uniform distribution (Figure 8). In contrast to other distributions, the uniform design rainfall results in smaller runoff discharges and no (or minimal) increase in runoff from 0:10 to 2:10; thus, TSS concentration gradually decreases with time after reaching its peak concentration.



TSS concentrations resulting from the K&C rainfall distribution with the constant r equal to 0.5 were almost the same as those resulting from the alternating block rainfall distribution because these two rainfall distributions are very similar (Figure 3). Comparatively, however, the K&C distribution with the constant r equal to 0.75 has a later rainfall peak (148.1 mm/h at 85 min), which results in a gradual increase of TSS concentration that peaks at 455.4 mg/L (73 min). TSS concentrations resulting from the K&C distributions with the constant r equal to 0.375 and 0.5 are very similar, but when r was 0.375, the peak TSS concentration was 18% larger and occurred 10 min earlier than when r was 0.5 (Table 5). When the peak location constant r in the K&C distribution increases (0.375, 0.5, and 0.75), which ultimately results in a third-quartile storm, peak runoff discharge increases and peak TSS concentration decreases (Table 5). Nevertheless, both the outlet TSS load and event mean concentration (EMC) increase because the TSS flood loss decreases as r increases.



The EMC is commonly used to quantify the overall pollutant load of stormwater runoff and is defined as the event load divided by the event water volume [43]. The EMC in this study was calculated at the outfall of the catchment; therefore, it is equal to the outlet TSS load divided by the runoff volume integrated from the outlet hydrograph (Figure 8). As shown in Table 5, the EMC of TSS ranged from 211.3 mg/L to 242.6 mg/L (with both extremes resulting from K&C rainfall distributions). The P&C distribution, alternating block distribution and uniform distribution of the design rainfall results in outlet EMCs of 213.2 mg/L, 219.8 mg/L, and 226.6 mg/L, respectively. The differences in the EMCs from different rainfall distributions are much smaller than the differences in the TSS peaks that result from the distributions (Table 5).



The time bases of TSS pollutographs are given in Table 5 and range from 32 min (for the P&C distribution) to 125 min (for the uniform distribution), which were 26.7% to 104.2% of the rainfall duration. The TSS time bases for K&C distributions and alternating blocking distributions are similar (64–98 min). The TSS time base is larger when the rainfall distribution is more uniform and when the rainfall peak occurs later (e.g., a third-quartile storm represented by the K&C distribution with r = 0.75).



Table 5 also gives TSS load at the outlet (calculated using the flow and TSS distributions) and surface runoff TSS mass (kg) for each design rainfall distribution. The surface runoff TSS mass ranged from 310.2 kg to 319.4 kg, which was 88.3%–91.0% of the 351.2 kg total available TSS (Table 5). The resulting runoff from three-year, 2-h storms has adequate washoff capability to transport TSS; therefore, the surface runoff TSS loads for all hyetographs are similar (317.0 ± 3.4 kg) because the washoff is limited by available sediments from initial buildup and wet deposition, not by the transport capacity of the runoff. For the uniform, K&C (r = 0.375) and P&C rainfall distributions, the outlet TSS loads are calculated as 284.5 kg, 248.4 kg and 216.4 kg, respectively. The outlet TSS loads are 67.7%–91.8% of the surface runoff TSS, indicating that surface flooding deposits a certain amount of TSS above ground after flooding. The TSS “loss” due to flooding as a percentage of the total TSS transport by surface runoff range from 8.2% for the uniform rainfall distribution to 32.3% for the P&C distribution (last row of Table 5). The P&C rainfall distribution produces the earliest and highest peak discharge among all six rainfall distributions; therefore, the resulting outlet TSS load is the smallest (216.4 kg) because the surface flooding lasts approximately 58 min and has the largest overflow (flood) volume (614 m3). The uniform rainfall distribution results in the largest outlet TSS load (284.8 kg) because this distribution produces the smallest flooding volume (210 m3). However, the flooding duration (115 min) at junction J16 under the uniform rainfall distribution is longer than that from the P&C rainfall distribution because the runoff simulated from uniform rainfall has a slower and longer increase before reaching the peak than that from other distributions. The flood volume as a percentage of total surface runoff ranges from 14.3% for uniform rainfall to 37.7% for the P&C rainfall distribution (Table 5). As shown in Table 5, the total runoff volumes simulated for the six rainfall distributions are almost identical, with only 3.5% standard deviation (1568.7 ± 54.4 m3).



Results presented in Figure 8 and Table 5 were developed under the assumption of five antecedent dry days for all design storms in SWMM modeling. A sensitivity analysis was conducted using four design rainfall distributions to examine the effect of antecedent dry days (three days and 10 days); comparative results of the simulated outlet TSS loads and EMCs are given in Figure 9. As described in Section 3.1, the three-day and 10-day antecedent dry periods were happened for the 7 June 2013 model-validation event and the 21 July 2012 model-calibration event. The three and 10 dry days result in initial buildups of 276.8 kg and 353.8 kg TSS, respectively (Table 4). Because the volume of rainfall is the same for the four distributions, so is the mass of TSS in wet deposition (24.1 kg). Both the outlet TSS load and EMC have perfect linear correlations with the available sediment for transport (initial buildup plus wet deposition); this result can be explained using Equation (2) when discharges produced by the design rainfall are the same for three sensitivity model runs and assuming three antecedent dry days. In Figure 9, two percentages are given above the bars of the outlet TSS load for each design rainfall distribution. The first of these percentages is surface runoff TSS as a percentage of total available sediment for washoff or transport. The second percentage is the outlet TSS load as a percentage of surface runoff TSS. These two percentages for an assumption of five antecedent dry days are given in Table 4. Data shown in Figure 9 and Table 4 reveal that the two percentages are exactly the same for all three antecedent dry-day periods. The product of these two percentages gives the outlet TSS load as the percentage of total available sediment. Of the four rainfall distributions, the uniform design storm transported the highest percentage (81.1% = 88.3% × 91.8%) of total sediment because it yields the lowest TSS flood loss (8.2%), although runoff from the uniform rainfall has the lowest capability (88.3%) to wash off sediment. The P&C design storm transports the lowest percentage of total sediment (61.6%) because 32.3% of TSS load (i.e., 100%–67.7%) is trapped by surface flooding.



In summary, six design rainfall distributions (hyetographs) with the same return period (3 year) and duration (2-h) were examined using SWMM. The choice of hyetograph can significantly affect the shape and peak value of the resulting runoff hydrograph and thus the TSS pollutograph (Figure 8). The P&C rainfall distribution is a first-quartile storm (the most severe) and results in the highest peak discharge and TSS concentration at the outlet, but the lowest outlet TSS load because of the highest TSS loss due to flood deposition (32.3%). The uniform rainfall distribution results in the lowest peak discharge and the latest time to peak and the highest outlet TSS load, not because it has the highest washoff capability, but rather because it produces the smallest TSS loss due to flooding (8.2%). Fang et al. [44] also confirmed that the rainfall hyetograph is a major determinant of runoff pollution load. Huang and Nie [45] pointed out that the position of the rainfall peak in an event had a certain influence on urban NPS pollution. Others have shown that the removal of pollutants from pervious surfaces depends heavily on the rainfall hyetograph [46].




3.2.2. Influences of Rainfall Depth or Intensity


TSS resulted from different rainfall intensities are shown in Figure 10 using the 2-h K&C design storms (r = 0.375) having one-, three-, and five-year return periods. When the return period changes from one-year to five-year, total rainfall increases from 45.8 mm to 71.7 mm (Table 2); likewise, the 5-min peak rainfall intensity increases from 100.3 mm/h to 176.9 mm/h, but occurs at the same time (during 45–50 min, Table 1 and Table 4). The resulting peak discharges at the outlet are 341.2 L/s, 374.1 L/s, and 408.9 L/s with the same time to peak (51 min) for one-, three-, and five-year storms, respectively. For all SWMM simulations in this study, design rainfalls for 5-min intervals were used as model input, but outflow and TSS were predicted and reported at 1-min intervals. The results indicated that rainfall intensity has a certain impact on TSS concentration and total TSS load. However, the TSS accumulation processes are similar for rainfalls of different rainfall depths and intensities, and the TSS washed off by runoff mainly concentrates from 10 min to 55 min after the rainfall starts (Figure 10).



The TSS peak concentrations at the outlet for one-, three-, and five-year return periods are 859.4 mg/L, 772.9 mg/L, and 725.9 mg/L, respectively; and occur at 47 min to 50 min after the rainfall begins. Surface runoff volumes for one-, three-, and five-year design storms range from 942 m3 to 1582 m3 for the study catchment, but TSS due to initial build-up is constant (327.0 kg) owing to the use of a common antecedent dry period in all simulations. Tiefenthaler and Schiff [47] found that a greater runoff volume resulting from larger rainfall depth would dilute the concentration of a pollutant in runoff, reducing, for example, the TSS peak concentration.



The simulated total pollutant loads of TSS for the K&C design storms having one-, three-, and five-year return periods are 227.4 kg, 238.8 kg and 242.0 kg, respectively (Table 6). The results suggest that pollutant load at the outfall has a positive correlation (R2 = 0.95) with rainfall depth and intensity, while the outlet EMC decreases from 290.8 mg/L for a one-year storm to 191.9 mg/L for a five-year storm (Table 6) because of the dilution effect. The one-year storm produces a larger TSS time base (104 min) because the TSS peak occurs slightly later and the smaller discharges makes TSS decrease slowly to the 30-mg/L cutoff limit when TSS < 100 mg/L (Figure 10). When the return period increases, the total pollution loads of TSS from the outlet also increases. Gnecco et al. [48] reported that there is a strong correlation between the EMC of TSS and the maximum rainfall intensity because rainfall intensity determines the surface pollutants washoff portion. Other studies have also shown that the amount of accumulated pollutant load washed off during rainfall event is dependent on rainfall and runoff characteristics [9]. As the return period increases, so too does rainfall intensity. Thus, in this study, as return period increases, the sediment in surface runoff gradually increases, and the resulting NPS pollution load increases. However, because the mass of contaminants available for wash off was limited, the increased rainfall intensity results in a decreasing trend in the amplitude of increases in the pollutant load.



The data analysis shows that, under the same rainfall hyetograph, simulated peak discharge and outlet TSS load are positively correlated (R2 = 0.95) to the rainfall depth as a function of the return period, while peak TSS concentration and the outlet EMC have the negative correlation (R2 = 0.95).




3.2.3. Influence of Rainfall Duration


TSS resulted from different rainfall durations are shown in Figure 11 using three P&C design rainfall distributions, which were based on observed long-term heavy rainfall events in Beijing central districts [32], and three K&C rainfall distributions based on Beijing IDF curves. The P&C distributions have periods in which incremental rainfall during successive intervals can be either lower or higher than in the previous interval (Figure 5). The P&C distributions were different from the K&C distributions and the alternating block distribution (Figure 2, Figure 3 and Figure 4) in which the 5-min incremental rainfalls gradually increased to the peak rainfall and then gradually decreased. The results indicate that for the same total rainfall depth, the rainfall duration was a major factor of the urban NPS pollutant loads. Pollutographs in Figure 11 show that the TSS peak concentrations at the outlet for the 60-, 120- and 180-min rainfall durations were 983.7 mg/L, 1047.8 mg/L and 838.1 mg/L, respectively, for three-year P&C design rainfall distributions. Even though the average rainfall intensity of a short-duration rainfall event is greater than that of a long-duration event, incremental 5-min rainfall (or rainfall intensity) of the 2-h P&C distribution during the first 25 min is larger than for both the 1-h and 3-h P&C design storm rainfall distributions (Figure 5). Therefore, simulated discharge and TSS concentration at the outlet for the 2-h storm increase faster and reach higher peaks at earlier times than do these measures for 1-h and 3-h storm durations (Figure 11 and Table 7). For the 3-h P&C design storm distribution, lower rainfall at 15–20 min results in small decreases of discharge (17–21 min) prior to the occurrence of Qp as well as in TSS concentration (838.1–807.8 mg/L at 21–26 min) after the TSS peak (at 21 min). The TSS time base for the 3-h storm is 41 min, which is only slightly larger than that for the 1- and 2-h storms (35 and 32 min, respectively; Table 7). For the period after the TSS time base, even though discharges at the outfall remain large (Figure 11), TSS concentrations are less than 30 mg/L because most of initial TSS buildup has already been washed off and transported through the outlet. Such is the case for the other scenarios shown in Figure 8 and Figure 10.



The resulting hydrographs and TSS pollutographs for 1-, 2-, and 3-h K&C distributions of rainfall from a three-year design storm has consistent patterns. Peak discharges and outlet TSS loads increase while peak TSS concentrations and the outlet EMCs decrease as the storm duration increases (Table 7). Likewise, the TSS time base increases from 42 to 81 min as design storm duration increases from 1 h to 3 h because these K&C distributions (Figure 5) have the same peak location constant (r = 0.375) and are similar second-quartile storms. For P&C distributions of three durations, the peak location with respect to total rainfall duration is not constant; therefore, simulated hydrographs and TSS pollutographs are not similar from one duration to another of P&C distributions.



Total pollution loads of TSS at the catchment outlet are 221.9 kg, 216.4 kg and 234.5 kg for the 60-, 120- and 180-min rainfall durations, respectively. The outlet TSS load from 3-h duration rainfall is slightly larger than loads from 1- and 2-h rainfall, perhaps because the pollutant load is related to rainfall flushing time of the pollutant washoff process. For any given rainfall volume, long-duration rainfall implies a long pollutant washing time, which in turn will wash away more pollutants than rainfall of a shorter duration.



As indicated by the above conclusions, there are close relationships between TSS concentration in runoff and rainfall characteristics (rainfall patterns, rainfall intensity and rainfall duration). Among these rainfall characteristics, rainfall intensity and duration are the two dominant factors that control the hydrologic response, an observation corroborates by others [49,50].






4. Summary and Conclusions


The influences of rainfall characteristics (rainfall hyetograph, rainfall intensity, and rainfall duration) on TSS were investigated using SWMM for a university campus in Beijing, China (a drainage area of 6.3 ha and approximately 76.5% impervious area). The SWMM model was developed, calibrated and validated using data from two observed rainfall events: 21 July 2012 (severe rainfall of 221.2 mm over 16 h, with a 20–50 year return period) and 7 June 2013 (16.6 mm rainfall). The ENS coefficients exceeded 0.72 for discharge calibration and validation. These results were obtained when the “Allow Ponding” option in SWMM was not active, and indicated that the underground pipeline system in the study catchment was under-designed, causing surface flooding that did not flow back into the pipelines. Even with the limited observed TSS data available, ENS values and absolute relative errors for TSS calibration and validation were in acceptable ranges. A series of sensitivity model runs under various design rainfall characteristics were conducted for the catchment where surface flooding was possible. Modeling results from SWMM showed the influences not only of rainfall characteristics but also of surface flooding on TSS concentration and load at the outlet. Results and conclusions from the case study is site specific and may not be generally applicable to all urban catchments but are representative of many catchments because urban surface flooding is a common occurrence in old-city districts that have aging infrastructure, especially under heavy rainfall conditions. The main conclusions of this study are summarized as follows:



(1) For any given rainfall amount (as defined by its return period and duration), the choice of rainfall distribution (hyetograph) can significantly affect the shape and peak value of the resulting runoff hydrograph and associated TSS pollutograph. The P&C rainfall distribution that defines a first-quartile storm (the most severe) results in the highest peak discharge and TSS concentration at the outlet, but the lowest outlet TSS load because of the highest TSS “loss” (i.e., local deposition) due to flooding (32.3%). In contrast, uniformly distributed rainfall results in the lowest peak discharge, the longest time to peak and the highest outlet load; however, the latter is not because uniformly distributed rainfall has the highest TSS washoff capability but rather because it produces the smallest TSS loss attributed to flood deposition (8.2%). The simulated TSS pollutograph from the K&C rainfall distribution with r equal to 0.5 was almost the same as that for the alternating block rainfall distribution because these two rainfall distributions are very similar. However, the K&C distribution with r equal to 0.75 has a later rainfall peak (resulting in a third-quartile storm) that causes a gradual increase of TSS and the lowest peak TSS concentration (455.4 mg/L at 73 min).



(2) In response to a given rainfall hyetograph (e.g., three-year, 2-h K&C distribution with r equal to 0.375), simulated peak discharge and outlet TSS load are positively correlated (R2 = 0.95) to the rainfall depth as a function of the return period, while peak TSS concentration and the outlet EMC have the negative correlation (R2 = 0.95). The flood volume and loss of TSS due to flood deposition increases from 16.7% to 32.5%, and from 22.2% to 25.0%, respectively, as the return period increases from 1 year to 5 year.



(3) The three-year P&C design storms with 1-, 2-, and 3-h durations were developed from long-term heavy rainfall events in Beijing and have dissimilar rainfall distributions (e.g., different locations of peak rainfall with respect to the duration). The 1-h and 3-h P&C distribution design storms result in lower peak discharge and TSS concentration, but higher outlet TSS load than 2-h storm does, because of lower TSS losses due to flood deposition (29.1% and 27.1%). The resulting hydrographs and TSS pollutographs for 1-, 2-, and 3-h K&C distribution design storms with a three-year return period have consistent patterns because the three K&C distributions have the same peak location constant (r = 0.375) for the second-quartile storms.



For NPS pollution control in the study catchment with under-designed underground pipe system, it is important to implement various source control strategies such as lower impact development, using bioretention facilities and green infrastructures to reduce stormwater NPS. At the same time, old undersized stormwater infrastructures should be remodeled and revitalized.
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Figure 1. The stormwater management model (SWMM) model configuration for the study area including 30 sub-catchments (S1–S30), 30 junctions (J1–J30), underground pipes (thick solid lines with arrows for flow directions), monitoring point, and weather station. 
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Figure 2. Three rainfall distributions used in SWMM model simulations for three-year, 2-h Beijing design storms. 
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Figure 3. Beijing Keifer and Chu (K&C) design rainfall distributions for r = 0.375, 0.5, and 0.75, and alternating block rainfall distribution used in SWMM model simulations for three-year, 2-h design rainfall. 
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Figure 4. Two-hour Beijing K&C design rainfall distributions for one-, three-, and five-year return periods. 
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Figure 5. Three-year Beijing design rainfall distributions using the P&C method (a) and the K&C method (b) for three rainfall durations. 
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Figure 6. Simulated and observed flow (L/s) (a) and TSS concentration (mg/L) (b) for the SWMM model calibration on 21 July 2012 including observed rainfall hyetograph. 
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Figure 7. Simulated and observed flow (L/s) (a) and TSS concentration (mg/L) (b) for the SWMM model validation on 7 June 2013 including observed rainfall hyetograph. 
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Figure 8. Simulated discharge (L/s) (a,b) and TSS concentration (mg/L) (c,d) at the catchment outlet for different three-year, 2-h design rainfall distributions. 
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Figure 9. Simulated outlet TSS load (kg) and event mean concentration (EMC) of outlet TSS (mg/L) under three different antecedent dry-day periods for four three-year, 2-h design rainfall distributions, including the correlation between the outlet TSS load and available sediment (initial build-up plus wet deposition). 
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Figure 10. Simulated discharges (L/s), TSS concentration (mg/L), and accumulative TSS export (kg) at the catchment outlet for one-, three- and five-year return periods of 2-h duration K&C design rainfall distributions. 
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Figure 11. Simulated discharge (L/S) and TSS concentration (mg/L) at the catchment outlet under three-year design rainfall distributed using the P&C method (a,b) and K&C method (c,d) for three rainfall durations (1, 2 and 3 h). 






Figure 11. Simulated discharge (L/S) and TSS concentration (mg/L) at the catchment outlet under three-year design rainfall distributed using the P&C method (a,b) and K&C method (c,d) for three rainfall durations (1, 2 and 3 h).
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Table 1. Summary of rainfall characteristics and hydrographs for two rainfall events for model calibration and validation.







Table 1. Summary of rainfall characteristics and hydrographs for two rainfall events for model calibration and validation.







	
Events/Parameters

	
Total Rainfall Depths (mm)

	
Duration of Rainfall (min)

	
Peak Rainfall (mm/h) and Time (h:min)

	
Cumulative Runoff Volume (C27, m3)

	
Peak Discharge (C27, L/s)






	
21 July 2012

	
221.2

	
935

	
2 (14:24)

	
2444.6 (3135.1) 1

	
266.0 (249.3) 1




	
7 June 2013

	
16.6

	
312

	
0.6 (8:56)

	
376.3 (234.2) 1

	
127.0 (125.3) 1








Note: 1 The first number is observed value, and the number inside brackets is corresponding simulated values.
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Table 2. Summary information for design rainfall distributions used in model simulations.







Table 2. Summary information for design rainfall distributions used in model simulations.







	
Design Rainfall

	
Uniform

	
K&C Distributions

	
P&C Distributions

	
Block




	
Return Period

	
3 year

	
1 year 1

	
3 year 1

	
5 year 1

	
3 year 2

	
3 year 3

	
3 year

	
3 year

	
3 year

	
3 year






	
Duration (min)

	
120

	
120

	
120

	
120

	
120

	
120

	
60

	
120

	
180

	
120




	
Depth (mm)

	
63.4

	
45.8

	
63.4

	
71.7

	
63.4

	
63.4

	
49.7

	
63.4

	
70.8

	
63.4




	
∆Dmax (mm) 4

	
2.64

	
9.41

	
13.04

	
14.74

	
10.66

	
12.34

	
12.85

	
13.83

	
12.45

	
13.44




	
imax (mm/h) 5

	
31.7

	
112.9

	
156.5

	
176.9

	
127.9

	
148.1

	
154.2

	
166.0

	
149.4

	
161.3




	
Time of imax (min)

	
-

	
45 6

	
45

	
45

	
55

	
85

	
20

	
20

	
30

	
55








Notes: 1 The constant r for the standard Keifer and Chu (K&C) method is 0.375; 2 for r = 0.5; 3 for r = 0.75; 4 ∆Dmax is the maximum 5-min incremental rainfall; 5 imax is the maximum 5-min rainfall intensity; 6 The rainfall input was for 5-min intervals, and “45” indicates the time of peak rainfall (intensity) occurring in the timespan from 45 to 50 min.
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Table 3. Calibrated SWMM model parameters for TSS simulations.







Table 3. Calibrated SWMM model parameters for TSS simulations.







	
Land Use

	
C1 (kg/ha) 1

	
C2 (1/days) 1

	
C3 2

	
C4 2






	
Road

	
150

	
0.5

	
0.012

	
1.8




	
Roof

	
60

	
0.5

	
0.007

	
1.8




	
Green space

	
40

	
0.5

	
0.004

	
1.2








Notes: 1 Coefficients C1 and C2 are defined in Equation (1) for sediment buildup. 2 Coefficients C3 and C4 are defined in Equation (2) for runoff wash-off.
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Table 4. Summary information of simulated TSS for calibration and validation events.
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Date

	
Initial Build-up (kg)

	
Wet Deposition (kg)

	
Infiltration TSS Loss (kg)

	
Surface Runoff TSS (kg)

	
Remaining Build-up (kg)

	
TSS Peak (mg/L)

	
Time of TSS Peak (h:min)

	
TSS Base Time 1 (min)

	
TSS Flood Loss (%)






	
21 July

	
353.83

	
84.32

	
28.12

	
397.26

	
16.50

	
900.5

	
13:20

	
218

	
21.5




	
7 June

	
276.75

	
6.33

	
3.19

	
76.23

	
219.75

	
636.1

	
09:04

	
198

	
5.4








Note: 1 The TSS base time is the duration of the TSS pollutograph, defined as the time period beginning when TSS concentration exceeds 0 mg/L once rainfall starts, and ending when TSS concentration decreases to 30 mg/L after the peak TSS concentration.
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Table 5. Summary of simulated Qp and TSS characteristics for the three-year, 2-h design rainfall with different distributions (hyetographs).
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Parameters/Rainfall Distribution

	
Uniform Distribution

	
P&C Distribution

	
K&C Distributions

	
Alternating Block




	
r = 0.375

	
r = 0.5

	
r = 0.75






	
Depth (mm)

	
63.4

	
63.4

	
63.4

	
63.4

	
63.4

	
63.4




	
Peak Rainfall Intensity (mm/h)

	
31.7

	
165.9

	
156.5

	
127.9

	
148.1

	
161.3




	
Time of Peak Rainfall (min)

	
-

	
20

	
45

	
55

	
85

	
55




	
Peak Discharge (Qp, L/s)

	
214.9

	
415.9

	
374.1

	
382.6

	
413.1

	
390.1




	
Time of Qp (min)

	
120

	
26

	
51

	
66

	
91

	
61




	
Peak TSS (mg/L)

	
686.3

	
1047.8

	
772.9

	
651.9

	
455.4

	
656.5




	
Time of Peak TSS (min)

	
18

	
17

	
48

	
58

	
73

	
58




	
Outlet EMC (mg/L)

	
226.6

	
213.2

	
211.3

	
222.1

	
242.6

	
219.8




	
Outlet TSS Load (kg and % 1)

	
284.8 (91.8)

	
216.4 (67.7)

	
238.8 (75.2)

	
248.4 (78.1)

	
265.3 (83.3)

	
245.4 (77.2)




	
Surface Runoff TSS (kg and % 2)

	
310.2 (88.3)

	
319.4 (91.0)

	
317.6 (90.5)

	
318.0 (90.6)

	
318.5 (90.7)

	
318.0 (90.6)




	
TSS base time (min)

	
125

	
32

	
64

	
73

	
98

	
71




	
Flood volume (% 3)

	
14.3

	
37.7

	
27.9

	
29.0

	
31.2

	
29.1




	
TSS flood loss (% 4)

	
8.2

	
32.3

	
24.8

	
21.9

	
16.7

	
22.8








Notes: 1 The percentage for this parameter is calculated from the ratio of the outlet TSS load to the surface runoff TSS because some TSS is lost due to surface flooding. This percentage is given as the number inside brackets; 2 The percentage for this parameter is calculated from the ratio of the surface runoff TSS to the sum of TSS initial buildup and wet deposition because TSS loss includes the infiltration loss and any remaining accumulated TSS on the surface. This percentage is given as the number inside brackets; 3 This parameter is the ratio (expressed as a percentage) of total flood volume above the ground and the total surface runoff; 4 This measure is equal to 100% minus the outlet TSS load (in percentage, note 1), and is equal to TSS lost by surface flooding divided by the surface runoff TSS.
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Table 6. Summary of simulated flow and TSS concentration characteristics for the 2-h K&C design storms (r = 0.375) with three different return periods.
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Parameters/Return Periods

	
One-Year

	
Three-Year

	
Five-Year






	
Peak Rainfall Intensity (mm/h)

	
112.9

	
156.5

	
176.9




	
Time of Peak Rainfall (min)

	
45

	
45

	
45




	
Peak Discharge (Qp, L/s)

	
341.2

	
374.1

	
408.9




	
Time of Qp (min)

	
51

	
51

	
51




	
Peak TSS (mg/L)

	
859.4

	
772.9

	
725.9




	
Time of Peak TSS (min)

	
50

	
48

	
47




	
Outlet EMC (mg/L)

	
290.8

	
211.3

	
191.9




	
Outlet TSS Load (kg)

	
227.4

	
238.8

	
242.0




	
Surface Runoff Load (kg)

	
292.3

	
317.6

	
322.8




	
TSS base time (min)

	
104

	
64

	
60




	
Flood volume (%)

	
16.7

	
27.9

	
32.5




	
TSS flood loss (%)

	
22.2

	
24.8

	
25.0
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Table 7. Summary of simulated TSS characteristics for the three-year P&C distribtuion of design rainfall with three different rainfall durations.







Table 7. Summary of simulated TSS characteristics for the three-year P&C distribtuion of design rainfall with three different rainfall durations.







	
Parameters/Rainfall Durations

	
P&C Distributions

	
K&C Distributions




	
1-h

	
2-h

	
3-h

	
1-h

	
2-h

	
3-h






	
Peak Rainfall Intensity (mm/h)

	
154.2

	
166.0

	
149.4

	
159.4

	
156.5

	
160.5




	
Time of Peak Rainfall (min)

	
20

	
20

	
30

	
20

	
45

	
65




	
Peak Discharge (Qp, L/S)

	
382.8

	
415.9

	
406.2

	
372.4

	
374.1

	
383.7




	
Time of Qp (min)

	
31

	
26

	
36

	
25

	
51

	
71




	
Peak TSS (mg/L)

	
983.7

	
1047.8

	
838.1

	
962.2

	
772.9

	
766.6




	
Time of Peak TSS (min)

	
18

	
17

	
20

	
23

	
48

	
68




	
Outlet EMC (mg/L)

	
308.6

	
213.2

	
198.5

	
273.8

	
211.3

	
189.6




	
Outlet TSS Load (kg)

	
221.9

	
216.4

	
234.5

	
217.7

	
238.8

	
240.8




	
Surface Runoff Load (kg)

	
312.7

	
319.4

	
321.8

	
311.0

	
317.6

	
320.7




	
TSS base time (min)

	
35

	
32

	
41

	
42

	
64

	
81




	
Flood volume (%)

	
40.5

	
37.7

	
34.5

	
32.3

	
27.9

	
27.3




	
TSS flood loss (%)

	
29.1

	
32.3

	
27.1

	
30.0

	
24.8

	
24.9










© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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