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† This article belongs to the Special Issue Urban Runoff Control and Sponge City Construction II.

1. Introduction

Rapid urbanization, which leads to a lack of adequate planning and design, has led
to worsening city syndrome situations [1], such as urban flooding, water pollution, heat-
island effects, and ecological deterioration. To mitigate these impacts, various technology
systems have been proposed in different countries [2,3]. Additionally, a new concept in
urban stormwater management strategies was announced by the Chinese government
in 2013 called a “sponge city” [4,5]. The Chinese central government selected 30 pilot
cities, considering their different natural and social conditions, for sponge city construction
exploration in 2015 and 2016. Furthermore, in 2021, based on the experiences of these
pilot cities, China began to systematically promote the sponge city concept on a national
scale [6,7]. Now, many studies have been conducted and practices have been implemented
related to sponge city construction in China [8,9]. More importantly, this new paradigm for
a sustainable urban runoff control strategy has become a widespread focus in urban water
management research and practices globally.

Along with the demonstration of sponge city construction, many related research
achievements were obtained. In this context, in order to present the latest developments,
technologies, and case studies related to urban runoff control and sponge city construction,
following the success of “Urban Runoff Control and Sponge City Construction I” [10],
this Special Issue, “Urban Runoff Control and Sponge City Construction II”, is a follow-
up. We aimed to discuss and address studies focused on the theories and technologies
of sponge city construction; urban hydrology; methods of quantifying the benefits of a
sponge city; rainwater utilization; practices that mitigate urban flooding and pollution; the
performance of GI; the impact of media; vegetation; climate; the design of hydrological,
hydrodynamic, and pollutant removal processes; and case studies on sustainable urban
design and management using LID-GI principles and practices. We would like to express
our gratitude to all the contributors who made this Special Issue so successful.

2. Summary of This Special Issue

In total, 11 papers were published in this Special Issue. The article types, authors,
titles, keywords, and study areas are summarized in Table 1.

Water 2024, 16, 497. https://doi.org/10.3390/w16030497 https://www.mdpi.com/journal/water1
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Covering the methods and tools aspects, Aldrees et al. (contribution 1) wrote a
comprehensive review on the application of Analytical Probabilistic Models (APMs) in
urban runoff control systems’ planning and design. APMs are closed-form mathemati-
cal expressions representing a long-term system’s output performance derived from the
probability distribution of the system’s input variables. Once derived, APMs are easy to
handle, allow for sensitive analysis, and can be co-opted into optimization frameworks.
The implementation of APMs in the planning and design of runoff control systems will
not only help address the runoff quantity and quality problems of urban stormwater but
will also go a long way in optimizing the benefits derived from these systems. Zhao et al.
(contribution 2) presented a comparative cross-nation study of the transition to more sus-
tainable stormwater management (SSWM) in the United States and China. Multi-level
perspective and multiphase models were used to examine the transition dynamics and
reflect on how transition theory explains the changes within federal and socialist contexts.
The main difference between the transition processes in the United States and China is
the extent to which niche level innovations are developed, especially in the type of actors
and activities investigated. Le et al. (contribution 3) proposed integrating Non-Targeted
Ecosystem Services into Assessment of Natural Stormwater Treatment Systems. Usually,
the design of Natural Stormwater Treatment Systems (NTSs) targets water services; how-
ever, the biological communities associated with NTSs (i.e., plants, animals, and microbes)
can provide non-targeted functions that result in ecosystem services, such as biodiversity,
pollination, and climate regulation, or, in some cases, disservices. Additional co-benefits of
NTSs include recreation, education and outreach opportunities, and aesthetic value. As
NTSs become globally widespread, best practices must include the ability to holistically
assess NTS performance in ways that extend beyond water treatment services.

In order to identify the Impact of Storm Characteristics on Infiltration Dynamics in
Sponge Cities, Yang et al. (contribution 4) used the Horton method within the stormwater
management model to investigate how uniform and Chicago storm parameters affect
infiltration rates. Their findings provide the following valuable insights: (1) Increasing
the porous pavement area proportionally reduces subarea sizes within subcatchments,
and the infiltration rates of porous pavements are supply-controlled. (2) Uniform storms
result in consistent initial infiltration rates across pervious areas, subcatchments, and the
entire catchment. The duration of this stable state decreases with higher return periods.
Catchment infiltration volumes exhibit linear growth with greater storm intensities. (3) Peak
infiltration rates and moments for pervious areas, subcatchments, and the overall catchment
exhibit correlations with both the return period and the time-to-peak coefficient. This study
quantifies the influence of design storm parameters for infiltration, providing valuable
insights for stormwater infrastructure design and urban stormwater control.

In sponge city construction, the optimization of sponge facility combinations at the
urban block-level is a very important aspect. Xie et al. (contribution 5) utilized a residential
complex in Nanjing as a practical example, selected six types of typical sponge facilities
to construct a multi-objective optimization combination model for sponge facilities, and
employed the Strength Pareto Evolutionary Algorithm (SPEA-2) to determine the optimal
combination of sponge facility types and quantities. Cao et al. (contribution 6) used
InfoWorks ICM to simulate the properties of runoff and determine the optimal LID design
of a residential site in Yixing, China, based on four practical rainfall events. In this study,
the software was redeveloped using Ruby object-oriented programming to improve its
efficiency in uncertainty analysis using the Generalized Likelihood Uncertainty Estimation
method. The simulated runoff was in good agreement with the observed discharge.

The coupling of gray and green infrastructure is another focus in sponge city construc-
tion; however, due to the complexity of the process and the diversity of the benefits, there
are no measurements of the comprehensive benefits. Adopting a typical university campus
in Beijing as an example, Wang et al. (contribution 7) simulated the multidimensional bene-
fits to the water quantity, water quality, and ecology of a gray and green facility renovation
by coupling the stormwater management model (SWMM) and InfoWorks Integrated Catch-
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ment Management (ICM). Monetization methods and economical means were employed
to characterize the comprehensive benefits.

Within the studies of typical source control facilities, Lee et al. (contribution 8) assessed
the performance of permeable pavement in mitigating flooding in urban areas. In this study,
demonstration roads using a general pavement and a permeable pavement were built on
Dahua North Street, Taoyuan City; rainwater was stored in a central irrigation ditch and a
permeable pavement through an innovative construction method for reuse in agricultural
irrigation. Monitoring instruments and management systems were built to analyze the
actual discharge and peak discharge of the permeable pavement and general pavement.
The results show that the permeable pavement can effectively reduce the peak discharge
by 60~75%, which can not only achieve the benefit of low-impact development but can also
reuse rainwater. To understand the occurrence of preferential flow in the vegetated artificial
substrates of green roofs, Chen et al. (contribution 9) established an experiment with
various plant substrate combinations that involved two Sedum species and two artificial
substrates for three depths of 6, 10, and 14 cm. Thereafter, solute breakthrough experiments
were conducted, followed by inverse and forward modeling in Hydrus-1D. To assess the
performance of a rain garden in a red soil area in southern China, Chen et al. (contribution
10) built a rain garden in Nanchang city, where the local soil is red soil and has low organic
carbon, strong acidity, and low permeability rainfall characteristics. Rainfall runoff control
and pollutant removal efficiencies were studied based on the on-site conditions. The
analysis of almost 2 years of field data showed that the volume capture ratio of annual
rainfall and the mean load removal of TSS, NH3-N, TP, TN, COD, and NO3-N met the
technical guidelines for sponge city construction in Nanchang.

In order to evaluate the actual runoff control effects of LID combination, Zhang et al.
(contribution 11) used the real hydrological monitoring data collected from Lingang New
City in Shanghai to analyze the retention and lag characteristics of rainfall–runoff in LID
combinations under three rainfall-intensity scenarios (light–moderate, heavy, and torrential
rainfall). The LID facilities were constructed over three years in the target study area,
including rain gardens, retention ponds, green parking, porous pavement, and grass swales.
The results confirmed the vital role of the LID combination in stormwater management
and the hydrological impact of the LID combination on rainfall-induced runoff retention
and lag effects.
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Abstract: In the case of rapid urban development, the impact of extreme climates on the world is
gradually increasing, resulting in frequent flood events. However, Taiwan is still in the stage of urban
development, and it is necessary to develop more roads. Therefore, determining how to reduce the
impact of road engineering on the environment is one of the major issues currently faced. Therefore, a
demonstration road of a general pavement and a permeable pavement was built in Dahua North Street,
Taoyuan City, Taiwan, and rainwater was stored in a central irrigation ditch and a permeable pavement
through an innovative construction method for reuse in agricultural irrigation. In addition, monitoring
instruments and management systems were built, and the flow law formula was established, with R2

greater than 0.9. The actual discharge and peak discharge of the permeable pavement and general
pavement were analyzed. According to the data analysis results, it can be seen that the permeable
pavement can effectively reduce the peak discharge of 60~75%, which not only can achieve the benefit of
low-impact development but also can reuse rainwater. The patent application can be used as an example
for the application of permeable pavement in Taiwan in the future.

Keywords: permeable pavement; monitoring instruments and management systems; flow law formula;
low-impact development

1. Introduction

As Taiwan is still in the stage of urban development, determining how to reduce the impact
of urban floods brought by urbanization is a current issue facing Taiwan. Asif Iqbal [1] used
the design of permeable pavement to reduce the impact of urban floods. Therefore, this paper
hopes to explore the low-impact development benefits of a permeable pavement, which can
reduce the burden of the overall drainage system under extreme climate conditions and then
reduce the occurrence of disasters. Mariacrocetta Sambito [2] studied the literature on previous
pavements in the past and found that there were few actual studies on the site in the past, and
there was no long-term rainfall event to confirm the benefits of a pervious pavement. Therefore,
this paper built a pervious pavement and a general pavement on the site and established a
real-time monitoring system for management to conduct long-term data analysis.

Before the establishment of the demonstration road with permeable pavement in this
study, relevant studies at home and abroad tested the permeable pavement and monitored
its drainage flow data to understand the benefits of permeable pavement in reducing flood
peak flow. Therefore, this study first discusses the results of relevant domestic and foreign test
roads, hoping that the analysis of this demonstration road can be used as support for past
studies and carry out the extension of the discussion, making up for the past research. In the
past, there have been many studies on permeable pavements. Alharbi, F applied porous clay
bricks mixed with bran as a permeable pavement, which can reduce pollutants and surface
runoff [3]. Vaillancourt used a permeable intermingled concrete pavement (PICP) in urban
areas [4] and discussed its benefit of reducing peak flood flow. After 12 months of monitoring,
it was found that PICP could effectively reduce surface runoff by 26% to 98%, and it was

Water 2023, 15, 3551. https://doi.org/10.3390/w15203551 https://www.mdpi.com/journal/water6
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found that the use of a more permeable soil subgrade would be more effective. Lin Wei
Hong established a porous asphalt concrete pervious pavement and a general asphalt concrete
pavement on-site [5], and the research results show that the water retention of the pervious
pavement can be increased by approximately 35% to 65% compared with a general asphalt
concrete pavement. The efficiency of low-impact development in two regions of Indiana,
USA [6], was evaluated and analyzed in six sets of scenarios, including rainwater storage
tanks and a permeable pavement with different proportions. The results of monitored runoff
and water retention showed that under the above scenarios, low-impact development could
reduce surface runoff by 2% to 12% in the two study areas. It can reduce urban flooding
caused by heavy rainfall and water fog caused by frequent rain. Referring to the research
results of permeable pavement in Xindian [7], four different permeable pavements were built
in Xindian, and pervious concrete, porous asphalt concrete, grass-planting brick, and pervious
brick were used as permeable pavement materials. It was found that the four pavement
types could effectively reduce flood peak time, and the results were as follows: pervious
concrete > porous asphalt concrete > grass-planting brick > permeable brick. In the past,
scholars built permeable pavements on Arizona highways [8] and built monitoring instru-
ments such as rain meters, flow meters, and moisture content meters to collect on-site data
and analyze the data during rainstorms. It was found that the permeable pavement could
effectively retain water after rainfall, and upon inspection of the pavement on site after rainfall,
it was found that permeable pavement could dissipate surface runoff more quickly. The
general pavement will have a water phenomenon. Korean scholars built permeable pavement
in Seoul [9] and built on-site monitoring instruments and found that permeable pavement
can effectively reduce surface runoff by 30–65%. Another study established a porous asphalt
concrete bicycle path and pervious concrete brick sidewalk in Taipei City [10] and imported
the field test data into SWMM for simulation analysis. The results showed that when heavy
rain fell, pervious pavement could effectively reduce surface runoff by 35% to 41%.

To sum up, previous studies can effectively reduce surface runoff by analyzing the flow of
permeable pavement. However, most studies still focus on the analysis of surface runoff and
do not analyze the actual discharge after rainfall of permeable pavement and general pavement.
However, Gauss found in his study [11] that the setting of low-impact development can store part
of the rainwater of a rainfall event. It will delay its outflow time, but for long-delay heavy-rainfall
events, the initial storage of rainwater in the low-impact development will be drained along
with the subsequent rainfall of the long-delay rainfall event, resulting in increased drainage.
Therefore, this study built permeable pavement and general pavement, used a central irrigation
ditch and permeable pavement to reduce the actual discharge through innovative construction
methods, buried rain meters and flowmeters under general pavement and permeable pavement,
and established a flow law formula, which can calculate the actual discharge and flood peak
discharge of permeable pavement and general pavement for a long time. The benefits of pervious
pavement in reducing peak flood flow and reducing the burden on the overall drainage system
during heavy rainfall are confirmed. The flow chart of this paper is shown in Figure 1.

 

Figure 1. Research Flow Chart.
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2. Materials and Methods

2.1. Difference between Permeable Pavement and Other Pavement

The so-called permeable pavement system applies materials with good permeability
and high porosity to the surface layer, foundation, and bottom layer of the pavement, so that
rainwater flows through the pavement with excessive porosity and directly penetrates the
subgrade soil, and then the water returns to the ground through the action of atmospheric
water circulation. The permeable material of the drainage pavement is used as the surface
layer, and the rainwater penetrates through the surface layer and then enters the side
ditch. The conventional pavement drains rainwater into the side ditch by running on the
pavement surface.

As can be seen from Figure 2, three types of pavement, general pavement, drainage
pavement, and permeable pavement, are used to discharge rainwater from the road surface.
The traditional dense-graded pavement emphasizes the concept of rapid drainage, so the
pavement design adopts an inclined angle to direct rainwater into the roadside water
collection facilities. The surface layer of the drainage pavement has high porosity, so most
of the rainwater can first infiltrate into the surface layer and then be discharged by drainage
facilities, such as the permeable pavement express lane in this study. The design principle of
permeable pavement is roughly the same as that of drainage pavement, the only difference
is that there is no permeable layer in the structure of permeable pavement, so rainwater
permeates into the soil through the pores on the pavement, such as the permeable pavement
slow lane in this study [12].

Figure 2. Comparison of permeable pavement with other pavements.

2.2. Test Road Setup
2.2.1. Introduction of Local Environment

1. Location: Dahua North Street, Luzhu District, Taoyuan City, Taiwan.
2. Water catchment area: It is divided into permeable pavement and ordinary pavement

test sites. The dividing point is shown by the red dotted line in Figure 3. The ordinary
pavement to the west of the red line and the permeable pavement to the east of the
red line are approximately 200 m in length and 15 to 20 m in width.

3. The permeable pavement is further divided into the fast lane and the slow lane,
aiming to divert traffic volume and enhance traffic safety. Each lane serves different
types of vehicles, with the fast lane designed for regular cars and heavy vehicles,
while the slow lane is designated for motorcycles, as shown in Figure 4.

4. Climatic conditions: Precipitation collected in the past three years is shown in Figure 5.
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Figure 3. Test road scene situation.

 

Figure 4. Design of permeable pavement.

 
Figure 5. Precipitation in recent 3 years.

2.2.2. Sectional Configuration

The selection and construction of permeable pavement materials adhere to the guide-
lines outlined in the Urban Road Permeable Pavement User Manual [13] provided by the
Urban Construction Department.

This study aims to evaluate the effectiveness of three types of pavement: A general
graded asphalt concrete pavement, a permeable pavement for the fast lane, and a permeable
pavement for the slow lane.

Figure 6 illustrates the cross-section configuration of the general graded asphalt con-
crete pavement and the permeable pavement for the fast lane and slow lane.

To analyze temperature variations, earth thermometers were buried within all three
types of pavements.

9



Water 2023, 15, 3551

   
Asphalt concrete pavement Permeable pavement fast lane Permeable pavement slow lane 

Figure 6. Section design of pavement.

2.2.3. Selection of Permeable Pavement Materials

1. Permeable pavement fast lane

The surface material used for the permeable pavement is porous asphalt concrete.
Porous asphalt concrete generally refers to an asphalt mixture that retains over 15% porosity
even after compaction. Its internal composition consists of interconnected continuous voids,
allowing water to flow freely between them. According to the specifications, the water
permeability coefficient should reach 10−2 cm/s [14].

The potential harm caused by water to asphalt concrete pavement has always been a
topic of concern for pavement designers, as water retention on the asphalt concrete surface
can jeopardize driving safety and pavement durability.

Due to its specific gradation, the porous asphalt concrete surface layer lacks fine
materials to fill the gaps between particles, resulting in a high porosity. This allows water to
flow freely between the gaps, swiftly removing precipitation and reducing the occurrence
of surface water on the road.

Moreover, the rough surface of porous asphalt concrete pavement enhances its anti-
skid ability, leading to reduced braking distances, decreased vehicle slippage, and improved
driving safety.

Furthermore, research on the durability of porous pavement suggests that mixtures
with smaller nominal particle sizes are more prone to clogging, potentially impacting the
long-term durability of permeable pavement.

The pervious capacity of porous asphalt concrete can be evaluated through in situ
pervious tests. According to the “Technical pointer for drainage paving” issued by the
Japan Road Association [15], the individual measured value in an in situ pervious test
should exceed 900 mL/15 s.

Porous asphalt concrete is used as the surface material for the permeable pavement express
lane used in this paper. The porous asphalt concrete ratio is shown in Table 1, and relevant tests
are carried out for the asphalt concrete mixture, all of which comply with the specifications in
Chapter 02798 of the construction outline specification [14], as detailed in Table 2.

Table 1. Porous asphalt concrete ratio table.

Passing Weight Percentage of Test Sieve (%)
Mesh No.

Lower Limit Value Experimental Value Upper Limit Value Conform to Specifications

1′′ 100 100 100 OK
3/4′′ 95 97 100 OK
1/2′′ 64 64 84 OK
3/8′′ - 49 -
No. 4 10 20 31 OK
No. 8 10 15 20 OK
No. 16 - 10 -
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Table 1. Cont.

Passing Weight Percentage of Test Sieve (%)
Mesh No.

Lower Limit Value Experimental Value Upper Limit Value Conform to Specifications

No. 30 - 8 -
No. 50 - 7 -

No. 100 - 6 -
No. 200 3 5.1 7 OK

Bitumen content (%) 4 5.1 6 OK

Table 2. Test results of porous asphalt concrete mixture.

Test Project The Test Results Specification Values

Stable value (kgf) 650 350

Mobility value (0.1 mm) 24 20~40

Porosity rate (%) 17 15~25

Dynamic stability value (times/mm): 2487 Over 1500

Retention strength index (%) 90 Over 75

Cantabria test (%) 16.8 Below 20

Vertical flow test (%): 0.12 Below 0.3

Permeability coefficient (cm/s) 0.11 Over 0.01

2. Permeable pavement slow lane

The porous asphalt concrete surface is used for the slow lane of the permeable pave-
ment. The material properties are shown in Tables 1 and 2. In addition, pervious concrete
and C40 are used as the bottom material.

• Permeable Concrete

Permeable concrete exhibits a porosity ranging from 20% to 35%. The high porosity en-
hances the water permeability and water retention capabilities of the permeable pavement.
According to the specifications, the water permeability coefficient should reach 10−3 cm/s.
The aggregates used in permeable concrete have a passing percentage of approximately 2%
to 3% or less for the No. 4 sieve. Cylindrical specimens are cured at different ages: 1 day,
3 days, 7 days, and 28 days. Additionally, bending specimens are prepared for the 28-day
curing period [13].

Various design methods are employed for permeable concrete, including the weight
ratio method, volume method, and specific surface area method. For this study, the weight
ratio method is used as the design method for permeable concrete. The proportions of
aggregates, cement, mixing water, and admixtures are determined after confirming the
effectiveness of the trial mix.

• Grade C40 Aggregate

Pao-Ching Chang carried out test paving of three permeable sections and general
pavement on Longci Road, Zhongli City [16]. The surface layers of the three permeable
pavement sections are all permeable asphalt concrete, and only the bottom material is
different. Pervious concrete is used in Section 1, low-density pervious concrete in Section 2,
and C40 permeable grade in Section 3. The flow analysis of each pavement after rainfall
showed that three permeable pavements had the benefit of flood peak delay, namely,
Section 1 (30 min), Section 2 (20 min), and Section 3 (40 min), in which C40 permeable grade
was used as the bottom pavement with the best effect. Therefore, C40 was selected as the
bottom material of permeable pavement in this paper.
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The grade C40 aggregate used for the bottom layer exhibits higher porosity compared
to the general graded layer, enabling effective water permeability. The aggregate standard
grading for grade C40 aggregate is provided in Table 3 [17].

Table 3. The aggregate standard grading.

Passing Weight Percentage of Test Sieve (%)

37.5 mm 31.5 mm 25.0 mm 19.0 mm 12.5 mm 4.75 mm 2.36 mm

C40 100~95 - - 80~50 - 40~15 25~5

According to the recommended grading for C40 materials in Japan [18], the suggested
particle content passing through the #8 sieve falls between 5% and 25%. For particle
sizes that do not fall within the recommended range, a smooth and continuous curve is
employed as the design gradation. Standard compaction tests are conducted using crushed
stone-grade ingredients with three different fine particle contents of 5%, 15%, and 25% to
determine their optimum moisture content (OMC).

Subsequently, permeability tests are performed to assess the permeability of various
gradation combinations and evaluate their permeability.

• The material properties and test specifications of permeable pavement slow lanes are
shown in Table 4.

Table 4. Properties of the material.

Project Test Project The Test Results Specification Values

Porous asphalt concrete
Porosity rate (%) 17 15~25

Permeability coefficient (cm/s) 0.11 Over 0.01

Grade C40 Aggregate
Porosity rate (%) 10 6~18

Permeability coefficient (cm/s) 0.0103 3 × 10−3~4 × 10−2

Permeable Concrete
Porosity rate (%) 30 -

Permeability coefficient (cm/s) 0.378 Over 10−3

2.2.4. On-Site Monitoring Instrument

The monitoring instruments installed on permeable pavements and general dense-
graded pavements in this study include the following monitoring instruments. The data
collected by earth thermometers and thermometers are used for the analysis of this study.

In order to facilitate subsequent comprehensive analysis, this study set the monitoring
frequency of various monitoring instruments to obtain 1 piece of data every 10 min, so
144 data will be collected in one day:

• Earth thermometers (soft adhesive type Thermalpas NR-40-MS).
• Flowmeter (German NIVUS PCM 4 portable ultrasonic flowmeter).
• Thermometer.
• Rain Gauge,

In this study, it is estimated that the instruments to be set on Dahuabei Street in Luzhu
District are the pressure water level gauge (eYc L051 water level sensor), earth thermometer,
and atmospheric thermometer.

Table 5 shows the buried settings of the equipment after the on-site survey. The
research site is Dahua North Street, Luzhu District, the annual temperature is around
21 degrees, the annual average rainfall is approximately 10.8 mm/day, which is lower than
the average rainfall in Taiwan, and the number of rainy days per year is approximately
140 days with more rain in summer but more rainy days in winter than in summer because
of the strong northeast monsoon in winter.
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Table 5. Equipment setting location.

Code Equipment Pavement

M1 Pneumatic water gauge permeable pavement
R1 Pneumatic water gauge permeable pavement
R2 Pneumatic water gauge general pavement
R3 Pneumatic water gauge general pavement
L1 Pneumatic water gauge permeable pavement
L2 Pneumatic water gauge general pavement
L3 Pneumatic water gauge general pavement
T1 Pavement thermometer group permeable pavement
T2 Pavement thermometer group general pavement

We set up 4 sets of water level gauges in the side ditch of the permeable pavement and
1 set of water level gauges on the central safety island to measure the surface runoff and
outflow runoff, and then calculated the net flow reduction and water retention capacity.

In addition, two sets of water level gauges are installed on the general asphalt con-
crete pavement to calculate the surface runoff, compare the rainwater effect between the
permeable pavement and the general asphalt concrete pavement, and then evaluate the
low-impact development effect of the permeable pavement.

The site construction diagram is shown in Figure 7.

  

Figure 7. Field configuration diagram of the flowmeter.

2.3. Water Flow Analysis Method

1. Flood peak reduction

The permeable pavement can use its full water retention, semi water retention, and
institutional drainage mechanisms to reduce the runoff of the pavement; to achieve the
benefits of low-impact development, its peak flow effect should be smaller than that of
general asphalt concrete pavement.

Follow-up analysis is carried out using the aforementioned monitoring equipment
conditions and calculating the runoff of permeable pavement and general asphalt concrete
pavement on Dahuabei Street.

In addition, the on-site rain gauge is used to measure and analyze the rainfall, and the
rainfall is measured through the rain gauge. Finally, the surface runoff and rainfall are used
to calculate the flood peak reduction to evaluate the effect of low-impact development.

In this study, the flood peak flow is calculated as the reduction of the flood peak flow
of the permeable pavement relative to the general asphalt concrete pavement, as shown
in Equation (1).

Peak Flow Reduction = General Asphalt Concrete Peak Flow − Permeable Pavement Peak Flow (1)

2. Flow rate determination method

The basic definition of flow rate is the volume of water (Wv) passing through each
unit of time (t), which is called the flow rate (Q).

Based on the continuous equation, the flow rate through a certain cross-section can be
obtained according to Equation (2) or Equation (3).
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Since the channel cross-section is irregular and has no specific shape, the water-
passing cross-section is divided into n small sections, and the flow qi of each small section
is estimated according to the concept of Equation (4). The above concept can be expressed
by Equations (4) and (5) and can be further divided into the mid-section method and the
mean-section method.

The interrupted surface method assumes that the water passage section of the channel
is composed of several different rectangular sub-sections, and the width of each sub-section
is half the distance between the adjacent water depths. The corresponding sub-sectional
area is shown in Equation (7), and the multiplication and accumulation are the total flow.

The average cross-section method treats the cross-section as composed of multiple
trapezoidal sub-sections (as shown in Figure 8), and the average velocity of each sub-section
is the average of the average velocity of the two adjacent vertical lines in Equation (8).
The sub-sectional area is shown in Equation (9), and according to Equation (4), it can be
accumulated into the total flow.

Figure 8. Schematic diagram of the mean section method.

Although the interrupted surface method has the advantage of simplicity, the accu-
racy is relatively low, while the average cross-section method is complicated but has the
advantages of high accuracy (Chen Fengwen et al., 2012) [19].

Q =
∫

A
vdA (2)

Q = Vav•A (3)

Q = a1v1 + a2v2 + a3vv3 . . . + anvn (4)

Q = q1 + q2 + q3 + . . . + qn (5)

In the formula: A is the cross-sectional area of the channel measurement surface, v is the
flow velocity at any point in the cross-section of the flow zone, Vav is the average velocity of
the water-passing cross-section, n is the number of divisions of the water sectional area, ai is
the area of the i-th smallest section, and vi is the flow velocity of the i-th smallest section.

vmid = vav,i = vi (6)

amid = ai = bi · di (7)

vmean = vav,i =
vi + vi+1

2
(8)

amean = ai =
(bi + bi+1) · di

2
(9)
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where vmid is the average velocity in sub-sections of the medium section method, vmean is
the average velocity in sub-sections of the average section method, amid is the sub-section
area of the medium section method, and amean is the sub-section area of the average section
method, as shown in Figure 8.

From the flow measurement and monitoring method, it can be seen that the velocity
observation mainly functions to obtain the vertical average velocity of each sub-section.

This study uses the Acoustic Doppler Profiler (ADP), which is a device for directly
observing the vertical profile flow velocity of the survey line.

The operation method and related principles of the Doppler flow meter are as follows.
The direct observation of the average vertical flow velocity can be obtained directly

through the Doppler flowmeter without further correction or calculation (Chen Fengwen
et al., 2012) [19].

Among various types of sonic flowmeters, ultrasonic is the most widely used, and its
operating principle is the use of the Doppler effect.

The measurement data can be divided into the Acoustic Doppler Velocimeter (ADV)
and the Acoustic Doppler Profiler (ADP) according to the range of sonar scanning.

The difference between the above two is that ADV can only measure the flow velocity
of a single point, while ADP can measure the flow velocity of multiple points on a vertical
line and can directly measure the flow velocity profile.

ADP is also widely used in stereotyped channel flow observation and has obtained
excellent results (Chen Fengwen et al., 2008a; Chen Fengwen et al., 2008b) [20,21].

Hydrological information can obtain stable long-term data through automatic moni-
toring. In terms of flow, the flow (Q) and the water level (H) at a fixed position of a fixed
water cross-section have a certain mathematical relationship.

Therefore, based on the establishment of the H–Q relationship, the water level (H)
measured by the water level sensing element can be set up, and the flow information can
be obtained through the conversion of the relationship between the water level and the
flow rate (Q).

The above water level (H) parameter contains elevation information, so it can be
applied to natural rivers where the bottom of the canal is easy to scour or silt, and the
elevation changes or the shape in the satin surface is easy to change.

Therefore, the Water Resources Department applies this method to water level or flow
measurement stations to obtain the flow information of different regions of each river basin
at different times, as in Equation (10).

Since the local channel in this study is a fixed channel and the bottom elevation and
section factors are fixed, the water level can be adjusted to the water depth, and the symbol
is still represented as H.

The regression analysis of the quadratic equation of one variable is directly applied to
establish the water depth (H)-discharge (Q) calibration formula, which is shown in Equation (11).

In order to avoid the occurrence of extreme values or negative values in the formula
or the phenomenon of standing water level on-site, the regression analysis process sets the
intercept to 0, and Equation (11) can be modified to Equation (12).

In order to avoid the occurrence of extreme values or negative values in the formula
or the phenomenon of a standing water level on-site, the regression analysis process sets
the intercept to 0, and Equation (11) can be modified to Equation (12).

Through the H–Q curve, the flow value corresponding to different water depths can
be estimated.

Considering that there is no reliable water source at the test site of this study, the
flow measurement can be adjusted according to different water depth conditions, so the
Manning formula and the field-measured data are combined to estimate the H–Q equation.

The main consideration is that the theoretical value estimated by the Manning formula
is mainly used initially, and the subsequent flow measurement with different water level
conditions of the rainfall event is mainly used.

15



Water 2023, 15, 3551

If there is a lack of flow measurement data at medium and high water depths, the theo-
retical flow data estimated by Manning’s formula should be supplemented, and regression
analysis will be carried out after integration.

It is important to ensure that the formula is based on the interpolation results obtained
on a scientific basis or from field measurement data within the applicable range, rather
than the uncertain extrapolation results.

Q = A(HEL − HB)B; Form of water level (10)

Q = CH2 + DH ± E; Form of water depth (11)

Q = CH2 + DH; Form of water depth (12)

In the formula: A, B, C, D, and E are coefficients; Q is the flow rate (cms).
H is the water level in Equation (10) and water depth (m) in Equations (11) and (12).
HEL is the water level, that is, the water surface elevation (m).
HB is the canal bottom elevation (m).

2.4. Construction of Permeable Pavement System

This system can be used to query the temperature monitoring data of Dahuabei Street,
including real-time data and historical data.

The management of water level monitoring data can obtain water level information
of the monitoring road at any time, and the information includes the monitoring station,
equipment code, water level, and data measurement time, as shown in Figure 9.

The measured data use the change in water level and time to calculate the flow of its
road and store the data for future queries.

Its main architecture includes a real-time information display, historical query, and
flow calculation, while its functional architecture planning is shown in Figure 10 and is
described as follows:

1. Real-time information query: The water level will be measured at each fixed time and
uploaded to this system immediately,

2. Historical query: After the data are uploaded, they will be stored in the system. The
data can be exported by entering the date to be inquired into the system.

3. Flow calculation: The flow is calculated by using the time and water level difference,
and the flow between the permeable pavement and the general pavement is compared.

Figure 9. Line chart of historical data of water level monitoring.
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Figure 10. Functional Architecture of Water Level Monitoring.

3. Results

3.1. Analysis of Hydraulic Design Benefits for Permeable Pavement

Taoyuan City is known for its abundance of ponds, with a total of over 2800 ponds.
The region also boasts a well-developed water irrigation system with extensive waterways.
This project aims to leverage the existing water irrigation channels and transform them into
dual-purpose channels that serve as irrigation channels during normal times and provide
floodwater detention capacity during heavy-rainfall events. By implementing permeable
or water retention measures, the decline in floodwater drainage function caused by de-
velopment can be reduced and the ability to handle rainfall can be enhanced. Therefore,
incorporating the concept of low-impact development into pavement engineering should
be a top priority in creating a sustainable environment.

This project aims to achieve the benefits of low-impact development through the use
of permeable pavement, focusing on enhancing the effectiveness of floodwater drainage.
The design concept includes two key elements: The innovative design of central irrigation
channels and the design of the permeable pavement itself to retain water. These two
designs enable the permeable pavement to withstand rainfall intensities much higher than
conventional pavements can tolerate.

3.1.1. Central Irrigation Channel Design

1. The innovative concept of permeable pavement in this project incorporates the design
of central irrigation channels. The design involves directing runoff from rainfall into
the central irrigation channels. The material is constructed using cobblestones, so the
designer opted for a trapezoidal cross-section in the design, as shown in Figure 11.
The collected rainwater is then diverted to adjacent farmland for irrigation purposes.
This approach not only allows for the reuse of rainwater but also helps reduce the
peak flow in the side ditches.

2. When the water level in the central irrigation channel exceeds 0.6 m, it will be dis-
charged into the side ditches. Therefore, the calculated volume of rainwater that
can be accommodated by the side ditches before being discharged is as follows:
Q1 = 100 × (1.3 + 1.63) × 0.6/2 = 90 m3.

3. In this paper, the innovative construction method is used to introduce rainwater into
the central irrigation ditch and then introduce it into the surrounding farmland for
reuse. Considering that the rainwater may contain harmful elements, the harmful
elements are removed by referring to foreign methods. Among them, Azithromycin
(AZM) is a harmful substance often found in water, which hurts both aquatic and
terrestrial ecology. Muhammad Wahab [22] used activated carbon (AC) and magnetic
activated carbon (MAC) to remove Azithromycin (AZM) from water. It can be seen
from the research results that magnetic activated carbon (MAC) has the best effect
on removing Azithromycin (AZM), so it can be introduced in the future to remove
related harmful elements. Another common harmful element is arsenic (As), which
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can cause serious harm to both human beings and the environment. Yongchang
Sun [23] uses biochar and modified biochar to remove arsenic (As) from water, and
biochar has achieved good results. Modified biochar can improve the removal rate
more significantly. However, modified biochar still has production technical problems,
so biochar can be applied first in the future, and then applied after modified biochar
overcomes the technical problems.

Figure 11. Central Irrigation Channel Design.

3.1.2. Design of Water Retention Capacity in Permeable Pavement Structure

1. Additionally, the permeable pavement itself has the ability to store rainwater within
the void spaces between the aggregate particles. This helps to reduce surface runoff
and decrease peak flow in the side ditches. Furthermore, the water retention benefits
of permeable pavement contribute to mitigating the heat island effect. Among the
different pavement sections, the permeable pavement used in slow-traffic lanes serves
as the primary water retention area.

2. The structure of the permeable pavement used in slow traffic lanes serves as the
primary rainwater storage space, and the section is shown in Figure 6 while the
porosity is shown in Table 4.

3. The calculated volume of rainwater that can be accommodated by the road before
being discharged into the side ditches (assuming a road width of 3 m and calculating
based on a unit length of 100 m) is as follows: Q2 = 100 × 3 × 0.05 × 17% + 100 × 3
× 0.15 × 30% + 100 × 3 × 0.45 × 10% = 30 m3.

3.1.3. Calculation of Overall Rainwater Storage Capacity

By utilizing the central irrigation channels and permeable pavement for rainwater storage,
the permeable pavement can accommodate higher rainfall intensities. The overall rainwater
storage capacity (Q), calculated per 100 m, is the sum of the rainwater storage from the central
irrigation channels and the porosity of the permeable pavement: Q = Q1 + Q2 = 120 m3.

3.1.4. Rainfall Intensity Calculation

According to the definition of rainfall intensity by the Central Weather Bureau, heavy
rainfall is defined as 100 mm or more within a 3 h period. To calculate the rainfall amount
for the heavy rainfall level per 100 m, the following formula can be used:

Calculating the rainwater collection area based on the full width of one side of the road,
including the side ditch, permeable pavement in slow traffic lanes, permeable pavement in
fast traffic lanes, and central irrigation channels. The full width of one side is 12 m.

Calculating the rainfall amount for the heavy rainfall level per 100 m (Q’) based on
the full width of 12 m:

Q’ = Full width × 100 m × Rainfall intensity = 12 × 100 × 0.1 = 120 m3.

Based on the above, it can be concluded that the rainwater storage capacity of the
permeable pavement alone is sufficient to accommodate the rainfall amount at a heavy-
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rainfall level. Therefore, it is evident that the permeable pavement in this project is indeed
capable of effectively handling higher rainfall intensities.

3.2. Flow Analysis with Water Level Gauge
3.2.1. Field Test and Results

This plan selects 7 flow measuring stations: 3 are located on the south side of Dahua
North Street (the left bank of the canal), 3 are located on the north side of Dahua North Street
(the right bank of the canal), and 1 is located on the central waterway of Dahua North Street.

We use Manning’s formula to estimate the theoretical flow rate of each station under
different water depth conditions and the maximum water flow rate at full water level. The
calculation results are detailed in Table 6. The cross-sectional view of the side ditch is
detailed in Figure 12.

Table 6. List of water parameters of the station channel.

Station
Number

Canal Elevation (m)
Distance

(m)
Slope
(m/m)

Channel
Status

Manning’s
n-ValueUp-Stream

(A)
Mea-Suring

(B)
Down-Stream

(C)
Elevation

Difference (A-C)

L1 103.040 102.845 101.507 1.533 264.59 0.0058 Smooth 0.025
L2 102.845 101.507 100.193 2.652 391.89 0.0068 Smooth 0.025
L3 101.507 100.803 100.041 1.466 218.40 0.0067 Smooth 0.025
R1 103.040 102.748 101.842 1.198 255.26 0.0047 Smooth 0.025
R2 102.748 101.842 100.136 2.612 391.79 0.0067 Smooth 0.025
R3 101.842 100.136 99.960 1.882 240.80 0.0078 Smooth 0.025
M1 102.834 102.800 102.267 0.567 206.47 0.0027 Gravel surface 0.030

  
(A). L1, L2, R1, R2 Section (B). L3 Section (C). R3 Section (D). M1 Section 

Figure 12. Sectional view of each station.

3.2.2. Establishment of Water Depth-Flow Formula

For the estimation of the bathymetric discharge rate formula, the corresponding curves
of theoretical bathymetric discharge at 7 places were established by the Manning formula
and in situ measurement results. According to the results of meteorological prediction, the
days when heavy rain was predicted were selected for on-site measurement. However,
the rainfall intensity at that time could not cause the lateral ditch to reach a high water
level, so the measured data were used to estimate the discharge at the low water level.
The corresponding flow of the high water level and full water level are estimated by the
Manning formula, and the data are combined to estimate the water H–Q equation.

It Is hereby estimated that the water depth-discharge rate formula and its applicable
restrictions are obtained by combining the theoretical method (Manning formula) with the
on-site flow measurement method for each station, as shown in Table 7 and Figure 13.

Table 7. List of water depth-flow and formula at each station.

Station Water Depth (H)—Flow Rate (Q) Formula Coefficient of Determination Suitable Range (m)

L1 Q = 1.3184H2 − 0.3768H R2 = 0.9979 0~0.80
L2 Q = 1.0192H2 − 0.1997H R2 = 0.9983 0.20~0.80
L3 Q = 2.9422H2 − 0.5290H R2 = 0.9983 0.20~0.46
R1 Q = 1.1593H2 − 0.3092H R2 = 0.9974 0~0.80
R2 Q = 0.8687H2 − 0.1516H R2 = 0.9975 0.183~0.80
R3 Q = 3.4755H2 − 0.4800H R2 = 0.9994 0.16~0.55
M1 Q = 1.2248H2 + 0.5055H R2 = 0.9987 0~0.80
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(A). L1 Station (B). L2 Station 

(C). L3 Station (D). R1 Station 

(E). R2 Station (F). R3 Station 

(G). M1 Station 

Figure 13. Comparison of estimated discharge and water depth using Manning’s formula.

3.3. Outflow Analysis

In this study, the flow law formula in Section 5 is used for analysis, and the water level
gauge data of the general pavement and the permeable pavement are analyzed.

We use the on-site investigation data to conduct flow analysis, derive the relationship
between water level and flow, and import this calculation model into the water circulation
environment system so that the system can calculate the flow of each measuring ditch,

The configuration of the water level gauge in this study shows that the upstream and
downstream of the left-side groove are R1, R2, and R3, respectively.
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The range from R1 to R2 collects the water flow from the permeable pavement, so the
flow through R2 minus the flow through R1 is the outflow of the permeable pavement.

The range from R2 to R3 collects the water flow out of the general pavement, so the
flow through R3 minus the flow through R2 is the outflow of the general pavement.

The outflow of the permeable pavement and the general pavement can be calculated
from the following relationship:

1. Outflow of permeable pavement = R2 flow − R1 flow
2. Outflow of general pavement = R3 flow − R2 flow

In this study, the outflow of the pavement was analyzed on the days with daily rainfall
higher than 40 mm/day in 2020, and the outflow of the permeable pavement, the outflow
of the general pavement, and the rainfall were calculated by the system on the left- and
right-side ditches. The results of one of the days are shown in Figure 14, and the other
results are detailed in the attachment.

From the analysis results of each day, it can be seen that the outflow of the left-side
ditch or the right-side ditch is greater than the outflow of the permeable pavement, and the
permeable pavement can effectively reduce the flood peak.

In addition, the daily flood peak flow of the permeable pavement and the general
pavement is sorted out, and the flood peak reduction amount of the permeable pavement
is calculated, as shown in Table 8.

It can be seen that the permeable pavement can reduce the flood peak by 60~75% for
the general pavement. In terms of the overall effect, the permeable pavement has a better
water control effect than the general pavement, which is related to its water permeability
and water retention capacity and is effective in low-impact development.

Right 
side 

 

Left 
side 

Figure 14. Flow analysis on January 26.

Table 8. Peak reduction amount of permeable pavement.

Date
Peak Flow of

Permeable Pavement
Right Side

Peak Flow of
General Pavement

Right Side

Peak Flow of
Permeable

Pavement Left Side

Peak Flow of
General Pavement

Left Side

Average Peak
Reduction

26 January 2020 0.03 0.08 0.05 0.19 70%
13 March 2020 0.14 0.53 0.07 0.26 73%
18 May 2020 0.07 0.28 0.08 0.23 70%
28 May 2020 0.12 0.29 0.11 0.29 61%
2 July 2020 0.2 0.81 0.2 0.61 71%

3 August 2020 0.33 1.50 0.50 1.62 74%

4. Discussion

1. Referring to past studies on pervious pavements by domestic and foreign scholars,
most of them only calculated the benefits of pervious pavement in reducing surface
runoff [3–10]. However, previous scholars also mentioned the benefits of low-impact
development in the past, and it is necessary to analyze the impact of rainfall on the
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overall drainage system [11]. Therefore, this study uses the innovative construction
method of the central ditch to combine it with a pervious pavement. By reducing
the burden of the whole drainage system and calculating the actual discharge of
permeable pavement and general pavement, the low-impact development benefit of
permeable pavement can be analyzed more directly.

2. In this study, innovative engineering methods were used to introduce rainwater
into central irrigation ditches and then into surrounding farmland for reuse. Con-
sidering that rainwater may contain harmful elements, magnetic activated carbon
(MAC) and biochar will be used to remove harmful elements in reference to foreign
methods [22,23] in the future. Moreover, regular water quality monitoring operations
will ensure the quality of rainwater reuse.

3. According to the analysis of the data of this project, the permeable pavement can
reduce the flood peak flow, but the scope of the permeable pavement in this project
is not large enough, so the effect of delaying the flood peak cannot be achieved. It is
suggested that permeable pavements can be used in large areas such as urban renewal
or in rezoning in the future, and the effects should be monitored.

5. Conclusions

1. This study used rainy days to estimate the flow of the water level and velocity on
site and established the flow law formula with Manning’s formula and the regression
model of subsequent water level converted flow by two methods, with R2 values
greater than 0.9. Then the actual discharge and peak discharge of the permeable
pavement and the general pavement after rainfall can be calculated.

2. In this paper, an additional monitoring system is set up for the analysis of real-time
return data, which can not only analyze the flood peak reduction of permeable pavement
but also carry out pavement management. Monitoring data with large rainfall in 2020 are
screened for the analysis of the discharge of permeable pavement and general pavement.
For the general pavement, the flood peak reduction can reach 60~75%, so the permeable
pavement can effectively achieve the benefit of low-impact development.

3. The biggest difference between the permeable pavement built in this paper and
those studied in the past is that the permeable pavement built in this paper can
store rainwater through the innovative construction method of the central irrigation
ditch and permeable pavement and can temporarily store approximately 120 m3 of
rainwater based on 100 m as a unit and can accommodate heavy-rainfall intensity by
using only the functions of water storage and water retention. The temporary water
can be imported into farmland irrigation for reuse.

4. To summarize, by constructing a monitoring system, this paper can effectively calcu-
late the actual discharge of permeable pavement and general pavement and analyze
the length of time. In addition, through innovative construction methods, the perme-
able pavement in this paper can not only reduce the burden of the overall drainage
system in extreme climates but also reuse rainwater. This can be used as a model for
permeable pavement in the future.
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Abstract: Effective stormwater management in urban areas requires enhancing the permeability of
underlying surfaces. However, the impact of storm characteristics on infiltration processes in sponge
cities remains insufficiently explored. This study uses the Horton method within the storm water
management model to investigate how uniform and Chicago storm parameters affect infiltration
rates. Our findings provide valuable insights: (1) Increasing porous pavement area proportionally
reduces subarea sizes within subcatchments, and infiltration rates of porous pavements are supply-
controlled. (2) Uniform storms result in consistent initial infiltration rates across pervious areas,
subcatchments, and the entire catchment. The duration of this stable state decreases with higher
return periods. Catchment infiltration volumes exhibit linear growth with greater storm intensities
(R-squared = 0.999). (3) Peak infiltration rates and moments for pervious areas, subcatchments, and
the overall catchment exhibit correlations with both the return period and the time-to-peak coefficient,
with correlation coefficients ranging from −0.9914 to 0.9986 and p-values ranging from 0.0334 to
0.6923. This study quantifies the influence of design storm parameters on infiltration, providing
valuable insights for stormwater infrastructure design and urban stormwater control.

Keywords: Chicago storm; Horton; porous pavement; return period; time-to-peak coefficient

1. Introduction

Infiltration, the process of water movement from the surface into the soil and subsur-
face driven by gravity and soil capillarity, plays a vital role in the redistribution of water
resources and significantly impacts various hydrologic processes (e.g., runoff generation [1],
groundwater recharge [2]) in urban catchments. Accurate simulation of infiltration is a
subject of interest in hydrological modeling, particularly in the context of rainfall–runoff
models. Understanding infiltration dynamics and mechanisms in sponge cities, where
low impact development facilities (LIDs) are employed, holds substantial potential to en-
hance urban stormwater modeling and management [3,4]. Sponge cities typically employ
infiltration-based and retention-based strategies. Therefore, gaining insight into infiltration
characteristics is pivotal for comprehending their hydrological responses and achieving
effective stormwater control.

Directly measuring infiltration at a large-scale field is time-consuming, costly, and
subject to significant spatial and temporal variability. Consequently, numerous theoret-
ical and empirical infiltration models have been developed for indirect estimation [5,6].
Infiltration models can be categorized into two types [7]: physically-based equations such
as Horton [8–10], Green–Ampt [11], Soil Conservation Service [12], Swartzendruber [13],
Kostiakov, Kostiakov–Lewis, and Philip; and empirical and data-driven methods including
artificial neural networks [14], support vector machines [15], random-forest models [16],
and Gene Expression Programming [17].

Theoretically, the process of soil infiltration is governed by the Richards equation. The
equation is a highly nonlinear partial differential equation and challenging to solve. So, the
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Storm Water Management Model (SWMM) [18] is used in this study, which employs various
basic algebraic infiltration models that represent the general dependency of infiltration
capacity on soil properties and the volume of water previously infiltrated during a storm
event. There is no consensus over the optimal algebraic infiltration model; that is, the
physically-based infiltration models show varying levels of effectiveness and applicability.
For example, the Horton and Green–Ampt methods underperform the modified Philip’s
model [19]. Therefore, SWMM allows the user to select from five of the most popular
models: the Horton method, the modified Horton method, the Green–Ampt method, the
modified Green–Ampt method, and the Curve Number method.

The Horton method in SWMM is chosen in this paper to synthetically produce infil-
tration data on urban permeable surfaces for three reasons. First, the Horton method, as
the default infiltration model in SWMM, is widely used and offers reliable predictability
for estimating rainwater infiltration into the upper soil zone [20]. For example, the Horton
model outperforms Kostiakov and Philip models in built-up surfaces [21] and in semiarid
regions; the Horton model outperforms the Curve Number method for grass soils [22].
Second, the Horton model often fits experiment data well [23] and has a few parameters
that can be obtained with easy monitoring [24]; in contrast, the fitting accuracy of other
models requires advanced field investigations [25]; for example, the performance of Green–
Ampt model is considerably affected by the monitoring area and hydraulic gradients [26].
Third, our study site is located in a semiarid region [27] where storms predominantly
result in infiltration-excess (or Hortonian) overland flow rather than saturation overland
flow [28].

Infiltration capacity and rate on urban permeable surfaces are influenced by soil
conditions and properties, such as moisture content [29–31] and structure [32]. Additionally,
storm characteristics play a significant role [33]. The Horton method is susceptible to rainfall
intensity [34] and temporal distribution [35,36] in semiarid regions. Our previous studies
have shown that the performance of LIDs generally declines with less frequent and more
intense storms [37], and the time-to-peak coefficient of rainfalls impacts runoffs in sponge
cities [38].

This study’s core focus and novelty reside in investigating how storm parameters
influence infiltration rates. We employ both the Horton and Green–Ampt methods within
SWMM [39]. Notably, the Horton method is applied for permeable surfaces, while the
Green–Ampt method is utilized for modeling LIDs (i.e., porous pavements) in sponge cities.
Our findings unveil the profound influence of storm characteristics on infiltration processes.
These results underscore the potential benefits of augmenting porous pavements and
gaining comprehensive insights into infiltration behavior under various storm scenarios,
ultimately enhancing urban stormwater management practices.

2. Study Area and Data

Our research focuses on the WR8 site (8.5 × 105 m2, Figure 1), an urban drainage basin
in the experimental sponge city of Fengxi, China, designated as a UNESCO Ecohydrology
demonstration site [40]. The climate of WR8 falls under the warm temperate semiarid
continental monsoon classification, characterized by pronounced seasonal variations in
temperature and humidity. Over a year, the region receives a total of 1983.4 sunshine
hours, with an average annual temperature of 13.6 ◦C. Notably, July exhibits the highest
temperatures, averaging 26.8 ◦C, while January is the coldest month, with an average
temperature of −0.5 ◦C. Precipitation displays substantial interannual fluctuations, with
values notably surpassing evaporation. This study area experiences an average annual
precipitation of 552.0 mm (averaged from 1981 to 2016, excluding 1986 and 2011), with a
notable concentration of 50–60% falling between July and September [41]. Additionally, the
average wind speed registers at 1.5 m/s.

WR8 features a prominent loess layer spanning elevations from 380.5 to 384.3 m above
sea level. The soil composition predominantly comprises loamy clay, characterized by a
compact structure with a yellowish-brown appearance, sparsely inhabited by plant roots,
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and punctuated by needle-shaped holes and insect burrows. The groundwater table depth
typically ranges from 10 to 20 m. The land use in the WR8 site encompasses diverse
categories, encompassing parks and green spaces, residential lands, transportation lands,
educational lands, industrial lands, and undeveloped areas. Stormwater finds its way to
the Fenghe River via a designated outfall.

The drainage system in WR8 was mainly designed to accommodate storms with 1- or
2-year return intervals before 2014, resulting in frequent waterlogging events due to inade-
quate drainage capacity. Since then, the region has implemented LID-based stormwater
management technology to mitigate storm-related problems. Numerous porous pave-
ments (PP or permeable pavements, Figure 2) [42,43] have been implemented, covering
134,522 m2, accounting for 15.8% of the total catchment area. PP has a stratified system
including surface, pavement, storage, and underdrain components. Stormwater permeates
each layer vertically. If the drainage rate exceeds the capacity of the underdrain, the water
level will rise until it reaches the ground’s surface, resulting in runoff. The water in PP can
leave the bottom via percolation and evapotranspiration and be routed to a sewer junction
or pervious area via the drain.

Crucial data, including precipitation data, land use, elevation information, details
about storm-related facilities, and surface and pipe flow data, were provided by the Fengxi
New City Management Committee [44]. For analytical purposes, the WR8 site was divided
into nine subcatchments, 21 nodes, and one outfall in SWMM.

 

Figure 1. Study area (adapted with permission from Yang et al., 2023 [45]. 2023, Elsevier). (a) Shannxi
Province, China; (b) Weihe River No. 8 system zone (WR8), Fengxi New City; (c) Infiltration
editor in storm water management model (SWMM); (d) Aerial photograph of WR8 overlapped with
SWMM generations.

26



Water 2023, 15, 3367

 

Figure 2. Porous pavements in study area. (a) Photograph. (b) Profile.

3. Methods

To analyze the influence of storm parameters on infiltration dynamics, we have es-
tablished a framework utilizing the SWMM engine in Visual Studio 2022 for conducting
stormwater simulations (Figure 3). In this framework, MATLAB is employed for storm
design. The framework comprises four main components: (1) Designing uniform and
Chicago storms with various parameter values. (2) Executing SWMM simulations to com-
pute the time series of infiltration rates in each subcatchment and their corresponding
subareas. (3) Calculating infiltration statistics, including peak rate, peak time, and volume.
(4) Assessing the impact on the infiltration statistics.
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Figure 3. Analytical framework.
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3.1. Design Storm

The uniform storms were designed according to the duration–intensity–frequency
approach:

q =
a(1 + clgT)
(d + b)n (1)

where q is the average intensity, mm/min; a is the storm coefficient; c is the coefficient
of variation; b is the duration correction factor; n is the attenuation index; T is the return
period, years; d is the duration, min.

The Chicago storms were designed as follows:

i(t) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

(1−n)(tp−t)
r +b( tp−t
r

)n+1 a(1 + clgT), if t ≤ tp

(1−n)(t−tp)
1−r +b( t−tp
1−r

)n+1 a(1 + clgT), if t > tp

(2)

where i(t) is the average intensity at the t-th time-step, mm/min; r is the time-to-peak
coefficient, which is the ratio of the peak time (tp, min) to the duration (d).

For this study, the values chosen are T = 1, 2, 5; r = 0.2, 0.4, or 0.6; d = 120; a = 16.715;
c = 1.1658; b = 16.813; n = 0.9302 [37]. Here are the reasons for each parameter setting:
(1) T = 1, 2, 5: Sponge cities typically design their LIDs to handle storms with short return
periods (usually less than 5 years), as more intense storms exceeding this threshold can lead
to overspending. (2) r = 0.2, 0.4, 0.6: These values are based on local rainfall observations,
where time-to-peak coefficients typically fall within the ranges of 0.1~0.2, 0.3~0.4, and
0.5~0.6. (3) d = 120 min: This duration aligns with urban drainage system standards, which
often focus on short-duration storms. Although a 180-min duration could be considered, we
chose 120 min to emphasize infiltration characteristics. (4) a = 16.715, c = 1.1658, b = 16.813,
n = 0.9302: These parameters are provided by the local weather bureau based on extensive,
long-term rainfall observations.

Storm intensity is the primary factor influencing available water for infiltration, namely
ponded surface water depth. Meanwhile, the temporal distribution of the Chicago storm
is determined by Equation (2). Therefore, our analysis centers on the return period and
time-to-peak coefficient.

3.2. Storm Water Management Model

SWMM stands out among urban stormwater models, rendering it the primary choice
for this study. It offers an extensive suite of capabilities. These encompass infiltration
simulation, surface runoff modeling, hydrological response assessment of LIDs, drainage
network flow calculations, pollutant tracking, treatment evaluation, and overflow predic-
tion [46]. SWMM is versatile, accommodating both single-event and long-term simulations,
and excels in accurately modeling water dynamics within stormwater management [47].
Furthermore, its open-source nature allows for code redevelopment. Within SWMM, di-
verse methods are integrated to facilitate infiltration simulation, including the default
Horton formula and the Green–Ampt method [48].

Table 1 provides an overview of the critical parameter values specifically adopted for
porous pavements in SWMM. These values were derived from experiments and on-site
observations and were provided by the Fengxi Management Committee [49]. These param-
eters are paramount in effectuating precise modeling and simulation of the infiltration and
runoff processes within the catchment [50].
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Table 1. Main parameter values of porous pavement in storm water management model.

Layer Parameter Value Layer Parameter Value

Surface

Berm height (mm) 100 Storage Thickness (mm) 500
Vegetation volume fraction 0 Void ratio (voids/solids) 0.75
Surface roughness 0.01 Seepage rate (mm/h) 1000
Surface slope (percent) 0.5 Clogging factor 0

Pavement

Thickness (mm) 60 Drain Flow coefficient 0.5
Void ratio (voids/solids) 0.15 Flow exponent 0.5
Impervious surface fraction 0 Offset (mm) 0
Permeability (mm/h) 1000 Open level (mm) 6
Clogging factor 0 Closed level (mm) 0
Regeneration interval (days) 0 Control curve 0
Regeneration fraction 0

In pursuit of the most theoretically accurate outcomes, the dynamic wave model
was deliberately chosen from among the routing models in SWMM. This model achieves
heightened precision by solving the one-dimensional Saint Venant equations and adeptly
replicates backwater flow effects by incorporating pipe storage, water return, import and
export losses, and due consideration of countercurrent and pressure flow [51].

In each subcatchment, we derived most parameters through measurements or es-
timations based on underlying surface data and field investigations. These parameters
encompass subcatchment area, imperviousness, slope, roughness, and facility sizes. Cal-
ibration of other SWMM parameters followed two criteria: first, minimizing errors in
simulated outflow time series using Nash–Sutcliffe efficiency (NSE) [52], and second, mini-
mizing errors in simulated peak flow rate using relative error. The parameters subjected to
calibration [53] included subcatchment width, infiltration parameters, depression storage,
and the percentage of runoff routed from impervious to pervious areas. It is important to
note that the values of these parameters were constrained within limits recommended in
the SWMM manual [39] and corroborated by relevant literature.

3.3. Horton Infiltration Method
3.3.1. Governing Equations

The Horton formula has held a pivotal position within SWMM since its first release.
Its classical form utilizes an exponential equation to calculate the reduction in infiltration
capacity over time during rainfall events [54]:

fp = f∞ + ( f0 − f∞)e−kdt (3)

where t is the elapsed time (from the storm onset), h; fp is the infiltration capacity into
the soil, mm/h; f∞ is the minimum (or equilibrium) value of fp at infinite time, mm/min;
f 0 is the maximum (or initial) value of fp at the start of the storm, mm/h; kd is the decay
coefficient, a constant reflecting how fast the infiltration rate decreases over time, 1/h. Soil
conditions primarily influence the values of these parameters. Consequently, the actual
infiltration rate (f ) is determined as the lesser value between the infiltration capacity and
actual storm intensity:

f (t) = min
[

fp(t), i(t)
]

(4)

SWMM uses the integrated form to determine the cumulative infiltration capacity:

F
(
tp
)
=

tp∫
0

fpdt = f∞tp +
( f0 − f∞)

kd
(1 − e−kdtp) (5)
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The actual cumulative infiltration (F) is calculated as follows:

F = f∞tp +
( f0 − f∞)

kd
(1 − e−kdtp) (6)

Estimating the values of f 0, f ∞, and kd for each subcatchment requires considering
the physical properties of the soil and fitting the equation to multiple field or laboratory
datasets from different sites. The value of f 0 is influenced by soil type, initial soil moisture
content, and vegetation conditions, while f ∞, the most sensitive parameter in the Horton
method, corresponds to saturated hydraulic conductivity. The kd value depends on the
soil’s initial moisture content. Additionally, the recovery rate is not considered here due to
the use of design storms with a duration of 120 min for the SWMM simulation.

3.3.2. Computational Scheme in Storm Water Management Model

The SWMM engine employs a computational scheme to calculate infiltration for the
Horton method, as depicted in Figure 3 of Parnas et al. (2021) [55]. The process for
determining the infiltration rate (f ) in a subcatchment during a time step (Δt) under a storm
is outlined as follows:

(1) Input the necessary variables, including rainfall rate (i(t)), ponded surface water depth
(d), equivalent time (tp) on the Horton curve, and constants f 0, f∞, and kd.

(2) Calculate the available storm rate (ia).
(3) If ia equals 0, update the current time (tp) on the infiltration curve and set f to 0.

Otherwise, compute the cumulative infiltration volume using Equations (5) and (6) at
times tp and tp + Δt.

(4) Calculate the average infiltration rate over the time step.
(5) Update tp and update f using Equation (4).

Subsequently, the following steps are performed for the catchment infiltration calcula-
tion for each time step within the SWMM engine:

(1) Determine if the area is pervious. If it is, apply the Horton formula to calculate the
infiltration rate and volume for the time step. If it is not pervious, set the infiltration
rate and volume to 0.

(2) Check for the presence of LIDs. If one exists, use the Green–Ampt model (allowing
the consideration of surface ponding) to calculate the infiltration rate and volume for
each LID facility. The infiltration volume of the subcatchment is obtained by summing
the infiltration volumes of the pervious area and each LID facility.

(3) Compute the infiltration volume for the entire study area by summing up the infiltra-
tion volumes of each subcatchment.

(4) Determine the infiltration rate for the study area by dividing the infiltration volume
of the study area by the area and time steps.

3.4. Field Investigation

The performance of the Horton model exhibits site-dependent behavior, closely linked
to the soil textures prevalent in the monitoring sites. Soil infiltration monitoring was
conducted at three distinct sites within WR8 in 2017, utilizing a portable double-ring
infiltrometer to generate site infiltration curves [50]. The selected sites for monitoring
included a lawn near Qinhuang Avenue, a wooded area near Xingxian Road, and a barren
area near Tongxin Road, each representing distinct soil textures. Among the five infiltration
models available in SWMM, the Horton model demonstrated superior fitting performance,
as evidenced by its favorable performance across various evaluation metrics. This outcome
underscores the suitability of the Horton model for characterizing infiltration dynamics at
the WR8 site.
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4. Results and Discussion

4.1. Area Changes after Adding Porous Pavements

Table 2 provides an overview of the areas allocated for schemes without porous pave-
ments (no-PP scheme) and schemes with porous pavements (PP scheme). Our observations
revealed that for each subcatchment, an increase of n percent in the PP area resulted in
proportional decreases of np1 percent, np2 percent, and np3 percent in the impervious area
without depression storage, impervious area with depression storage, and pervious area,
respectively. p1, p2, and p3 denote the percentages of the three underlying surfaces in the
no-PP scheme.

Table 2. Areas (m2) of subareas in subcatchments for no porous pavements (no-PP) and porous
pavements (PP) schemes.

Subcatchment Area

No-PP Scheme PP Scheme

IA-NO 1 IA
Pervious

Area
IA-NO IA

Pervious
Area

Porous Pavements
(% 2)

s1 162,329 30,843 92,528 38,958 26,117 78,352 32,990 24,870 (15.3%)
s2 40,384 7673 23,019 9692 6373 19,120 8050 6841 (16.9%)
s3 21,504 4086 12,257 5161 3384 10,153 4275 3692 (17.2%)
s4 27,903 5302 15,905 6696 4861 14,583 6140 2319 (8.3%)
s5 14,799 2812 8435 3552 2233 6700 2821 3045 (20.6%)
s6 118,273 22,472 67,416 28,385 17,157 51,472 21,672 27,972 (23.7%)
s7 202,587 38,492 115,475 48,620 32,579 97,738 41,153 31,117 (15.4%)
s8 153,206 29,109 87,327 36,770 25,750 77,250 32,526 17,680 (11.5%)
s9 104,350 19,827 59,480 25,043 16,599 49,796 20,967 16,988 (16.3%)

Notes: 1 IA-NO represents the impervious area with no depression storage; IA represents the impervious area
with depression storage. 2 Percentage share, namely, the area ratio of porous pavements to the subcatchment.

4.2. Calibration Results of Storm Water Management

The SWMM model underwent calibration using data from three recorded storm
events [38]. Table 3 lists the values of critical parameters for different subcatchments in
SWMM. For the outflow series, the NSE values were 0.63, 0.84, and 0.76, while the relative
errors for peak flow rates were 0.0038, 0.1552, and 0.0153 m3/s, respectively. These results
affirm the effectiveness of SWMM in accurately representing the hydrological processes
within the study area. For additional information concerning the calibration and validation
of SWMM, please refer to Section 3.3 of the study [38].

Table 3. Key parameters for different subcatchments in storm water management model.

Parameter Value

Width (m) 121.7~450.1
Slope (%) 0.5
Imperviousness (%) 0.76
Manning’s n for overland flow in impervious area
Manning’s n for overland flow in pervious area

0.013
0.15

Depression storage in impervious areas (mm) 1
Depression storage in pervious areas (mm) 3.2
Conduit roughness 0.013
Conduit diameter (m) 0.6~2.2
Conduit length (m) 105.0~641.0
Junction elevation (m) 380.6~384.3
Outfall elevation (m) 380.5

The measured minimum infiltration capabilities at the three monitoring sites were 38.5,
94.4, and 118.6 mm/h at 10 degrees Celsius and 45.1, 110.4, and 138.8 mm/h at 20 degrees
Celsius, respectively. These site-specific data were utilized for calibrating the SWMM model
in conjunction with other observed storm-related data, such as storm and outflow time
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series. Consequently, the catchment’s initial infiltration capacity (f 0), minimum infiltration
capacity (f ∞), and decay constant (kd) were estimated at 24.5 mm/h, 3.1 mm/h, and 5 h−1,
respectively.

The soils in WR8 predominantly consist of loamy clays, as mentioned in Section 2.
Following the SWMM manual [40], clay and loam soil exhibit initial capacities of 25.4 and
76.2 mm/h (1 in/h and 3 in/h), respectively. The derived values for the Horton model align
reasonably with those specified in the SWMM manual, thus providing further validation.

While this approach provides valuable information on local infiltration characteristics,
it may capture a fraction of the spatial heterogeneity within the catchment under actual
conditions. Therefore, future research should involve extensive investigations and moni-
toring at various locations, considering the diverse soil textures. Moreover, for improved
calibration of the Horton model in SWMM, minimizing the bias in simulating runoff re-
sponses at point, subcatchment, and catchment scales using measured storm–runoff data
at multiple sites requires further research to reduce uncertainty [36]. By adopting such a
comprehensive approach, we can better elucidate the intricate dynamics of infiltration and
enhance stormwater management strategies.

4.3. Uniform Storm Parameters Impact on Infiltration
4.3.1. Catchment Scale

Figure 4 presents the catchment’s infiltration capacities and intensities under uniform
storms with 120 min and 1-, 2-, or 5-year return periods for porous pavements scheme. The
three uniform storms (yellow bars) featured total depths of 20.7, 27.9, and 37.5 mm, respec-
tively, accompanied by corresponding intensities of 0.1722, 0.2327, and 0.3126 mm/min.
Notably, the depth and intensity of the 2-year (or 5-year) uniform storm were approximately
1.35 times (or 1.81 times) those of the 1-year uniform storm. Importantly, all three storm in-
tensities remained below the maximum infiltration capacity of 0.4083 mm/min (equivalent
to 24.5 mm/h).

Figure 4. Catchment infiltration capacity and rate under uniform storms with 120 min duration and
1-, 2-, or 5-year return period for porous pavements scheme.

The catchment’s infiltration capacities during the three uniform storms (black dotted
lines in Figure 4) are theoretical values calculated using the Horton method, assuming
sufficient water for infiltration. According to the Horton infiltration theory, when water
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availability is limited, the actual infiltrability may be less than the infiltration capacity
at a given time and for a specific soil. In other words, the infiltration process is either
supply-controlled or profile-controlled. Remarkably, under each uniform storm, the process
initially follows a supply-controlled pattern, transitioning to a profile-controlled state before
returning to a supply-controlled mode.

The catchment’s infiltration rates (red solid lines in Figure 4) offer the following
insights: At the onset of each storm event, the infiltration rates remained constant (0.0622,
0.0840, and 0.1128 mm/min). However, the duration of this steady state was shorter under
more intense storms; knee points were observed on the infiltration rate curves at 21, 11,
and 4 min for the respective storms, indicating that the increased storm intensity led to a
faster filling of soil pores during the initial stages of the infiltration process.

The catchment infiltration volume, determined by applying the definite integral
method to the infiltration rate time series, is illustrated in Figure 5. A linear correlation
emerged between the infiltration volume and the uniform storm intensity. Furthermore, a
precise linear equation was derived to represent this relationship accurately. The observed
pattern can be attributed to higher storm intensities resulting in larger infiltration rate time
series, leading to greater infiltration volumes, as represented by the enclosed area under the
infiltration rate curve. This finding aligns with the observation that cumulative infiltration
exhibited significant variations [3].

 

Figure 5. Catchment infiltration volumes under uniform storms with 120 min duration and 1-, 2-, or
5-year return period for porous pavements scheme.

4.3.2. Subcatchment Scale

The infiltration rates within subcatchments, including pervious areas and porous
pavements, were analyzed under uniform storm conditions. Interestingly, the infiltra-
tion rates of pervious areas remained consistent within each subcatchment, regardless of
whether porous pavements were present. Additionally, similar patterns in infiltration rates
were observed across all subcatchments. To illustrate this, we present an example using
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subcatchment s7, depicting the infiltration rates of its subareas under uniform storms with
return periods of 1, 2, or 5 years for the porous pavements scheme, as shown in Figure 6.

 

Figure 6. Infiltration rates (IRs) of pervious area, porous pavements, and subcatchment s7 under uni-
form storms with 120 min duration and 1-, 2-, or 5-year return period for porous pavements scheme.

The analysis of infiltration rates of pervious areas in subcatchment s7 under uniform
storms (green dotted lines in Figure 6) revealed the following: (1) Initially, the infiltration
rate remained constant, then gradually decreased, reached a state of equilibrium (equivalent
to the minimum infiltration capacity), and eventually diminished to zero due to the absence
of available rainwater for infiltration. (2) As the return period increased, the initial values
of the infiltration rate rose and aligned with the corresponding storm intensities (0.1722,
0.2327, and 0.3126 mm/min). This behavior can be attributed to the Horton method, where
the storm intensities were less than the maximum infiltration capacity (0.4083 mm/min,
equivalent to 24.5 mm/h), resulting in infiltration rates equal to the storm intensities.
(3) Higher storm intensities led to faster filling of soil pores, resulting in shorter durations
(20, 11, or 4 min) of constant infiltration rates. (4) The actual infiltration rates may exceed
the infiltration capacities on the Horton curve, as indicated by the green line surpassing the
black line, as seen in Figure 6a, due to the initially inadequate amount of water available
for infiltration.

Turning to the infiltration rates of porous pavements in subcatchment s7 under uni-
form storms (red dotted lines in Figure 6), it was evident that these rates remained con-
stant throughout the storm and were equal to the storm intensities (0.1722, 0.2327, or
0.3126 mm/min). Subsequently, infiltration rates promptly dropped to zero upon the
storm’s cessation. This outcome can be attributed to porous pavements controlling the
stormwater that falls on their surfaces and having sufficient infiltrability to filtrate the
rainfall fully, thus aligning the infiltration rates with the storm intensities.

Moreover, the infiltration rates of subcatchment s7 (blue dotted lines in Figure 6) were
examined, demonstrating similar patterns across different return periods, with higher
return periods resulting in increased infiltration rates. Notably, the infiltration rates of s7
were significantly influenced by the infiltration rates of porous pavements compared with
those of the pervious area. This finding underscores the impact of porous pavements on
overall infiltration dynamics within the subcatchment.

Focusing on the infiltration rates of the catchment (red solid lines in Figure 4), pervious
area (green dotted lines in Figure 6), and s7 (blue dotted lines in Figure 6), we observed
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that the rate of descent in the infiltration rate curve increased with the higher storm return
period. This pattern is consistent with the findings of Mu et al. [27], who reported that the
infiltration rate curve became steeper with increasing rainfall intensity.

4.4. Chicago Storm Parameter Impact on Infiltration
4.4.1. Catchment Scale

Nine Chicago storms, each lasting 120 min and with return periods of 1, 2, or 5 years,
and time-to-peak coefficients of 0.2, 0.4, or 0.6, were utilized to calculate the infiltration
rates in SWMM. The catchment infiltrations are presented in Figure 7, revealing the follow-
ing observations:

(1) The infiltration rates (solid lines) peaked simultaneously with the Chicago storms.
When the storm intensities exceeded the soil infiltrabilities, the infiltration rates
equaled the infiltrabilities. However, at the onset of the storms, the soil infiltrability
was not fully satisfied with low storm intensities, leading to gradual increases in the
infiltration rates until they reached their maximum values during the storm peak.

(2) The peak infiltration rate exhibits a weak positive correlation with the return period
and a weak negative correlation with the time-to-peak coefficient. Specifically, under
the Chicago storm with a time-to-peak coefficient of 0.2, 0.4, or 0.6, the correlation
coefficients and p-values of the peak infiltration rate concerning the return period
are 0.9814, 0.9816, or 0.9810 and 0.1230, 0.1222, or 0.1224, respectively. Conversely,
under the Chicago storm with a return period of 1 year, 2 years, or 5 years, the
correlation coefficients and p-values of the peak infiltration rate regarding the time-
to-peak coefficient are −0.9550, −0.9384, or −0.9212 and 0.1918, 0.2247, or 0.2544,
respectively. This can be attributed to storms peaking later, resulting in higher soil
moisture content at the storm’s peak, leading to reduced infiltration rates at that
specific moment. However, all p-values exceed 0.05 (i.e., confidence level of 95%),
indicating that the observed correlations lack statistical significance. Notably, the
peak infiltration rates exhibited only minor changes, consistent with the findings of
Fu et al. (2023), who reported that the maximum infiltration rate remained largely
consistent [3].

(3) The infiltration volumes were calculated, revealing a weak positive correlation with
the return period. Specifically, under the Chicago storm with a time-to-peak coefficient
of 0.2, 0.4, or 0.6, the correlation coefficients and p-values of infiltration volume
regarding the return period are 0.9753, 0.9751, or 0.9747, and 0.1418, 0.1423, or 0.1434,
respectively. Under the Chicago storm with a return period of 1 year, 2 years, or
5 years, the correlation coefficients and p-values of infiltration volume concerning the
time-to-peak coefficient are −0.9350, −0.4647, or 0.7040, and 0.2307, 0.6923, or 0.5027,
respectively. Significantly, these p-values exceed 0.05, indicating a lack of statistical
significance in the observed correlations.

4.4.2. Subcatchment Scale

The infiltration rates of the pervious area under Chicago storms for the no-PP and PP
schemes were identical. Thus, the infiltration processes in subcatchment s7 under Chicago
storms with different return periods and peak-to-time coefficients were examined as an
illustrative example. Figure 8 presents the infiltration rates of the pervious area, porous
pavements, and subcatchment s7 under Chicago storms with 1-, 2-, or 5-year return periods
and a peak-to-time coefficient of 0.4 for the porous pavement scheme.

The infiltration rates of the pervious area in s7 (green dotted lines in Figure 8) demon-
strated that: (1) Initially, the infiltration rate increased and then decreased. During the early
stages of the storms, the soil infiltrabilities exceeded the storm intensities, resulting in the
infiltration rates being equal to the storm intensities. As the storm intensities increased and
the infiltrabilities decreased, the infiltration rates peaked when these two values became
equal. Subsequently, as the storm intensities continued to rise and surpass the infiltrabilities,
the infiltration rates became equal to the infiltrabilities. As the infiltrabilities decreased
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further, the infiltration rates equaled the minimum infiltration capacity until the water-
input rates reached zero, resulting in an infiltration rate of zero. (2) With increasing return
periods, the peak infiltration rates varied (0.2077, 0.1966, 0.1974 mm/min), and the timing
occurred earlier (38, 34, 30 min). These peak infiltration moments were earlier than the
peak storm (48 min). A non-significant negative correlation was observed between peak
infiltration rates and the return period (correlation coefficient = −0.6426, p-value = 0.5557).
Similarly, a weak negative correlation was identified between peak infiltration moments
and the return period (correlation coefficient = −0.9608, p-value = 0.1789).

 

Figure 7. Catchment infiltration rates under Chicago storms with 120 min duration, 1-, 2-, or 5-year
return period, and 0.2, 0.4, or 0.6 time-to-peak coefficient (denote as r) for porous pavement scheme.

 

Figure 8. Infiltration rates (IR) of pervious area, porous pavements, and subcatchment s7 under
Chicago storm with 120 min duration, 1-, 2-, or 5-year return period, and a time-to-peak coefficient of
0.4 for porous pavement scheme.
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The infiltration rates of porous pavements in s7 (red dotted lines in Figure 8) provided
the following insights: The infiltration rates equaled the storm intensities at any given time
and immediately dropped to zero at the storm’s end.

In addition, the infiltration rates of subcatchment s7 (blue dotted lines) generally
followed the patterns of storm intensities, initially increasing and then decreasing. They
may exceeded those of the pervious area when the infiltration rates of porous pavements
were significant, resulting in larger catchment infiltration rates after area-weighted aver-
aging. As the return period increased, the peak infiltration rates varied (0.1794, 0.2303,
0.2998 mm/min). A weak positive correlation was identified between the peak infiltration
rates and the return period (correlation coefficient = 0.9817, p-value = 0.12).

Figure 9 illustrates the infiltration rates of the pervious area, porous pavements, and
subcatchment s7 under Chicago storms, with a duration of 120 min, a 5-year return period,
and time-to-peak coefficients of 0.2, 0.4, or 0.6 for the porous pavement scheme. The
5-year return period was chosen for analysis because it exhibited similar patterns to other
return periods.

 

Figure 9. Infiltration rates (IR) of pervious area, porous pavements, and subcatchment s7 under
Chicago storm with 120 min duration, 5-year return period, and 0.2, 0.4, or 0.6 time-to-peak coefficient
(denote as r) for porous pavement scheme.

Our findings regarding the infiltrations of the pervious area (green dotted lines) reveal
that a larger time-to-peak coefficient (0.2, 0.4, 0.6) resulted in a smaller peak infiltration
rate (0.2593, 0.1974, 0.1585 mm/min) and a longer time to reach the peak infiltration
rate (18, 30, 40 min). This observation can be attributed to the fact that with a larger
time-to-peak coefficient, the cumulative precipitation at any given time before 72 min
(time-to-peak coefficient of 0.6) was smaller, leading to smaller soil water content. A weak
negative correlation was observed between the peak infiltration rates and the time-to-
peak coefficient (correlation coefficient = −0.9914, p-value = 0.08). Conversely, there is a
positive correlation between the peak infiltration moments and the time-to-peak coefficient
(correlation coefficient = 0.9986, p-value = 0.0334).

On the other hand, the infiltration rates of subcatchment s7 (blue dotted lines) reached
their peaks (0.3398, 0.3099, 0.3053 mm/min) at 25, 49, and 72 min, respectively. The peak
moments of infiltrations aligned with or were close to those of the storms. There is a
weak negative correlation between the peak infiltration rates and time-to-peak coefficient
(correlation coefficient = −0.9220 and p-value = 0.25).
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The Horton Model is sensitive to rainfall intensity throughout the simulation, and
storm intensity and temporal distribution are crucial for accurate runoff prediction [36].
Our findings show that parameters like the Chicago storm’s return periods and time-to-
peak coefficient significantly impact infiltration simulation results in SWMM for sponge
cities. These observations support previous research by [35].

5. Conclusions

This research examined storm parameters’ impact on infiltration within a sponge city,
particularly the return period and time-to-peak coefficient. Within the SWMM framework,
the Horton and Green–Ampt infiltration models were employed for the pervious areas of
subcatchments and porous pavements, respectively. We concluded that:

(1) Increasing the area of porous pavements results in proportional reductions in the
impervious area without depression storage, the impervious area with depression
storage, and the pervious area based on their initial area ratios. The infiltration rates
of porous pavements under uniform and Chicago storms were supply-controlled.

(2) The infiltration rates of the pervious areas, subcatchments, and catchment under
uniform storms exhibit a consistent initial stage, with the duration of this steady state
becoming shorter as the return period increases. The catchment infiltration volumes
demonstrate a linear growth trend with higher uniform storm intensities.

(3) The peak infiltration rate within pervious areas exhibits a non-significant negative
correlation with the return period, while those within subcatchments and the overall
catchment display non-significant positive correlations with the return period. The
peak infiltration rate for pervious areas, subcatchments, and the catchment demon-
strates non-significant negative correlations with the time-to-peak coefficient.

(4) The peak infiltration moments within pervious areas show non-significant negative
correlations with the return period and non-significant positive correlations with the
time-to-peak coefficient. Infiltration rates of porous pavements, subcatchments, and
the overall catchment peak simultaneously to Chicago storms.

Our findings significantly advance the understanding and prediction of soil infiltra-
tion rates within sponge cities. Notably, our results underscore the critical importance
of integrating considerations related to return periods and time-to-peak coefficients into
infiltration analyses and the planning of infiltration-based facilities. We strongly recom-
mend the implementation of porous pavements alongside impervious surfaces to facilitate
the infiltration of runoff. It is imperative to recognize the diverse infiltration patterns
that manifest under different storm scenarios, as they should inform the adaptive design,
planning, and management of porous pavements. The effectiveness of these systems is sub-
stantially influenced by the characteristics of the rainfall events they encounter. Therefore,
optimizing porous pavement locations and properties should be tailored to the local rainfall
characteristics. Furthermore, it is worth noting that porous pavements exhibit enhanced
performance when dealing with rainfall events characterized by larger time-to-peak coeffi-
cients. Consequently, retention-based solutions should be emphasized as an alternative
strategy to mitigate the impacts of such rainfall events.

Nonetheless, it is crucial to recognize the limitations of our study. Specifically, despite
its widespread application, the Horton model does not account for the effect of cumulative
water layer depth on infiltration intensity, a consideration addressed by the Green–Ampt
model. Additional advances are required for greater applicability, especially facilitating con-
tinuous simulations that include ponding and non-ponding conditions. Also, we advocate
examining the dynamic connections between soil properties, storm events, runoff dynamics,
and the effect of vegetation coverage in light of future research priorities. Furthermore,
invaluable would be an investigation of the Hortonian overland flow mechanism and
extensive field measurements to investigate the spatiotemporal heterogeneity of infiltration
capacity and intensity across the catchment. These future attempts are anticipated to yield
a thorough understanding of infiltration mechanisms, enabling the design of sustainable ur-
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ban infrastructure that effectively manages stormwater, reduces flood risks, and encourages
water conservation.
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Abstract: An increasing focus has been given to stormwater management using low-impact devel-
opment (LID), which is regarded as a “near-nature” concept and is utilized to manage and reduce
surface runoff during the rainfall–runoff process. According to the hydrological monitoring data,
we evaluated the retention and lag characteristics of rainfall–runoff in LID combination under three
rainfall-intensity scenarios (light–moderate, heavy, and torrential rainfall) in Lingang New City in
Shanghai. LID facilities have been constructed for three years in the target study area, including rain
gardens, retention ponds, green parking, porous pavement, and grass swales. The average runoff
retention was 10.6 mm, 21.3 mm, and 41.6 mm under light–moderate, heavy, and torrential rainfall
scenarios, respectively, and the corresponding runoff retention rate was 72.9%, 64.7%, and 76.1%
during the study period. By comparing rainfall, runoff retention, runoff retention rate, cumulative
rainfall, and lag times, it becomes evident that the ability to retain runoff can be greatly improved in
the LID combination. The average runoff retention was significantly enhanced by nearly two times
and four times under the heavy and torrential rainfall scenarios compared to the conditions under
the light–moderate rainfall scenario. Furthermore, the lag time from the end of rainfall to the end of
runoff (t2) and the lag time between the centroid of rainfall and the centroid of runoff (t3) showed
a significantly negative correlation with rainfall intensity. Meanwhile, t3 presented an incredibly
positive correlation with rainfall duration. In this study, the LID combination demonstrated superior
benefits in extending the duration of runoff in rainfall events with lower rainfall amounts, and
demonstrated significant overall lag effects in rainfall events with longer durations and lower rainfall
amounts. These results confirmed the vital role of the LID combination in stormwater management
and the hydrologic impact of the LID combination on rainfall-induced runoff retention and lag
effects. This work has provided valuable insights into utilizing LID facilities and can contribute to
a better understanding of how runoff retention and lag characteristics respond to different rainfall
intensity scenarios.

Keywords: Sponge City; low-impact development; stormwater management; retention time; lag
time; Lingang New City

1. Introduction

Urban development has modified land use types and occupied large areas of natural
green lands, which leads to the rise of impervious surfaces [1] and the rapid increase in
runoff volume [2,3]. Increasing focus has been given to stormwater management using
low-impact development (LID), which is regarded as a “near-nature” concept [4] and aimed
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to manage stormwater runoff and reduce surface runoff [5–7]. Common LID practices
mainly include bioretention, green roofing, permeable pavement, bioswales, rain barrels,
rain gardens, and so on [8], which manage stormwater through infiltration, detention,
storage, and purification [9,10]. In particular, LID practices play a vital role in reducing
rainfall runoff volumes and peaks [5,11].

The LID practices have been evaluated in various geographical regions [7,12]. How-
ever, the construction and operation of LID have been widely applied in developed coun-
tries, although there are insufficient practices and studies in developing countries [7,13,14].
Therefore, there is an immediate requirement for experimental data on LID that accurately
represent the specific local and environmental conditions in developing nations [15,16].
A “Sponge City” is a concept that utilizes nature as a sponge, intending to enhance the
capacity of LID to improve the effective control of urban peak runoff and increase the
effectiveness of stormwater management [17]. Since 2015, the Chinese government has
carried out “Sponge City” construction projects [18], with LID as one of the critical ap-
proaches to stormwater management [19]. Effectively reducing runoff volume by using
LID has become one of the primary goals of “Sponge City” [20], and has been piloted in
30 large-scale Sponge Cities across the whole country [21].

Numerous studies have evaluated the retention effect of certain individual LID prac-
tices [7,22–24]. For example, rain gardens could mitigate direct runoffs by 23.6–98.4% [22],
detention ponds could reach a total runoff reduction by 45% [23], and porous pavement
parking could reduce flood volume by 93% compared to asphalt parking [24]. Meanwhile,
there is a lag effect of LID practices on urban flooding events, and LID practices can reduce
the risk of urban flooding [25,26]. LID could minimize peak discharge depths, runoff
coefficients, and discharge volumes and increase lag times and runoff thresholds compared
with traditional residential development [26]. For example, Davis [25] found that the peak
time of runoff in retention ponds can be lagged twice or even more compared with the
rainfall process. Xia [27] showed that the outflow peaks in bioretention were delayed for at
least 13 min and lowered at least 52% under high, medium, and low inflow rate conditions.
The magnitude of the time delay and flood detention of peak flow using green roofing
could be enhanced by 22–70% [28].

But even here, many studies have indicated that LID combinations with various
characteristics may provide more effective performance than certain individual LID prac-
tices [29–31]. For instance, the simulation of individual LID practices led to a 3–40%
reduction in average annual flood volumes, whereas LID combinations could reduce an-
nual flood volumes by 16–47% [31]. Overall, green infrastructures could lessen total rainfall
runoffs by 85–100% and decrease peak flows by 92–100% [30]. In contrast, the reduced
flood capacity of a single infrastructure was limited [30]. However, there is still a lack of
sufficient studies on the lag effect of LID practices in China. This topic holds significant
importance and requires in-depth investigation, particularly concerning the study on the
lag effect in combination of LID practices [16,19,30].

Shanghai is located at the intersection of the coastline and the Yangtze River Estuary
(Figure 1), with a mean elevation of approximately four meters. There is continuous rainy
weather annually in the Yangtze River Delta from late spring to early summer, commonly
called the plum rain season. The plum rain season usually begins in mid-June and ends
at the beginning of July, lasting approximately 20-plus days [32]. Shanghai is among the
30 pilot cities of China’s second round of the national “Sponge Cities” project [22]. Due
to rapid urbanization, a large population, and climate change, the high probability of
heavy rainfall risk is rising in Shanghai, increasing the potential dangers of pluvial flooding
events in Shanghai [22,33–35]. However, how retention and lag characteristics in the LID
combination respond to different rainfall scenarios is still not well known and needs to
be stressed.
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Figure 1. Location of the study area.

In this study, based on the continuous hydrological monitoring data, we selected a
residential area of Lingang New City in Shanghai with a LID combination, which has been
constructed for three years, and specifically addressed the following aims: (1) compare
retention and lag characteristics of runoff in LID combination; (2) stress the different
retention and lag characteristics of runoff in LID combination under different rainfall
intensity scenarios; (3) discuss the correlation between rainfall characteristics and retention
or lag characteristics during the rainfall–runoff process.

2. Materials and Methods

2.1. Study Area

Lingang New City, situated at the southeastern tip of Shanghai, is the largest “Sponge
City” pilot area among the 30 pilot cities in China, spanning a pilot area of 79 km2 (Figure 1).
It is approximately 50 km away from the urban area of Shanghai [36]. Lingang New City
has been focused on developing and expanding advanced manufacturing industries for
nearly 20 years, contributing to its economic growth [37].

There have been considerable changes in the landscape because of sediment deposi-
tion, erosion, sand excavation, dam construction, and land reclamation in the history of
Lingang New City [38]. Due to the low elevation and extensive land use of tidal flats in
this area, Lingang New City is frequently threatened by pluvial flooding and freshwater
shortages [39].

The land terrain in Lingang New City is predominantly flat, as it is located within
the impact plain of the Yangtze River Delta. The land, for the most part, has been formed
through beach reclamation [40]. The area has a stable and modern Quaternary sedimentary
structure, with no occurrences of geological disasters such as new active faults or landslides
in the pilot area. The foundation soil layer mainly consists of clay, silty, and sandy soil
compositions [40]. The surface layer of the soil is composed of blown fill soil with a
thickness ranging from 0.5 to 3.5 m. This layer primarily consists of clay, silt, and other
similar materials. The soil in the surface layer is characterized by its uneven nature, loose
structure, and poor permeability. Beneath the surface layer lies a layer of sandy silt, which
exhibits more favorable soil properties. This bottom layer possesses relatively higher
bearing capacity and permeability capabilities than the surface layer [40].

The soil permeability coefficient in Lingang New City can be found in Table 1 [40]. In
general, the undisturbed soil in the pilot area is characterized by low permeability, high
salinity–alkalinity, and soil depletion. These soil properties can affect water infiltration and
drainage capabilities in the area. Additionally, Lingang New City experiences an average
annual rainfall of 1228.1 mm. A significant portion of this rainfall occurs from May to

45



Water 2023, 15, 3106

October, accounting for more than 70% of the annual rainfall. During this period, there is a
higher occurrence of typhoons accompanied by heavy rainfall and high tide phenomena.
These weather conditions can contribute to increased precipitation levels during these
months [40].

Table 1. Soil permeability coefficient in Lingang New City.

Soil Type Permeability Coefficient k (cm/s)

Sandy silt 1.54 × 10−4~1.83 × 10−4

Silt 2.63 × 10−4~2.77 × 10−4

Mucky clay 1.54 × 10−5~1.55 × 10−5

Clay 1.38 × 10−5~1.54 × 10−5

The target study area (Xinluyuan F residential district) is a resettlement community
built in 2006. In 2021, the annual rainfall in the target study area was recorded as 1948.6 mm.
The area has recently been constructed and equipped with LID facilities since late 2017. The
target study area is in the southwestern part of Lingang New City, as shown in Figure 1.
The study area encompasses a total land area of 3.36 hm2 with a designated green area
covering 1.33 hm2. The greening rate of the study area is approximately 40%.

In this study area, the comprehensive runoff coefficient for the underlying surface
of the land parcel is about 0.65. The design recurrence interval for the rainwater pipe
network is once every 5 years. Surface runoff from rainwater within this target residential
community is collected through various LID facilities and directed into the on-site rainwater
pipe network. The rainwater pipe network is designed to discharge into the municipal
rainwater pipe network on the east side of Chao Le Road. The outflow pipe has a diameter
of DN800, and the bottom elevation inside the pipe is at an absolute height of 1.92 m (using
the Wu Song elevation system).

The primary purpose of this sponge engineering construction is to reduce emissions at
the source, implement total stormwater runoff control from the source of runoff production
and confluence, reduce the peak and flow of runoff, delay the runoff time, and improve the
drainage capacity of the original drainage facilities in the target study area of Lingang New
City. Five LID facilities were selected considering the Sponge City’s goals and the study
area’s characteristics, including retention ponds, rain gardens, green parking, grass swales,
and porous pavement (Figure 2). LID facilities were set up in an independent and parallel
manner, and the characteristics of different LID facilities in the study area are shown in
Table 2.

Table 2. Characteristics of different LID facilities in the study area.

LID Area Number

Retention pond 25 m3 25
Rain garden 773.3 m2 75

Green parking 2631.6 m2 58
Grass swale 50.12 m2 47

Porous pavement 158 m2 2
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Figure 2. The layout of LID facilities and their combination in the study area.

2.2. Data Acquisition and Analysis

In this study, the rainfall and runoff data were collected from the Lingang Sponge City
Management Platform, established in 2019. Through the Lingang Sponge City Management
Platform, total rainfall and runoff data were continuously recorded and uploaded in the
study area. Rainfall data were collected using a tipping bucket rain gauge of type L99-YL
with a precision of ±2% to ±4% mm. The rain gauge was strategically positioned near the
center of the study area (Figure 2). On the other hand, runoff data were collected using
an acoustic doppler flowmeter of type ISCO 2150 with a precision of ±0.03 m/s (−1.5 m
to 1.5 m/s). The runoff meter was strategically positioned near the main outlet in the
study area (Figure 2). The data were recorded at intervals of 15 min for rainfall and 10 min
for runoff.

The rainfall and runoff data used in this study were collected from fifteen valid
rainfall events during 2021. The criterion for distinguishing a new valid rainfall event
was based on two conditions: (1) no rainfall observed for at least 30 min prior to the
commencement of rain; (2) no runoff outflow detected from the LID facilities during this
period as well [16]. The rainfall data can be divided into four groups based on the intensity
of rainfall [34]. These groups are determined as follows: (i) light rainfall: cumulative rainfall
less than 10 mm/day (r < 10 mm/day); (ii) moderate rainfall: cumulative rainfall between
10 mm/day and 25 mm/day (10 ≤ r < 25 mm/day); (iii) heavy rainfall: cumulative rainfall
between 25 mm/day and 50 mm/day (25 ≤ r < 50 mm/day); and (iv) torrential rainfall:
cumulative rainfall exceeding 50 mm/day (r > 50 mm/day). Additionally, for ease of
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interpretation, the categories of light and moderate rainfall have been combined into a
single group referred to as “light-moderate rainfall”.

In the study, the retention effect was analyzed using indicators such as total retention,
retention rate, cumulative rainfall (A0), and retention time (t1), along with their changes
under different rainfall intensity scenarios. Among these indicators, runoff retention and
retention rate were used to assess the regulation effect of the LID combination on runoff.
Runoff retention represents the difference between rainfall and runoff, while retention rate
is the retention ratio to rainfall. A0 was measured to indicate the cumulative rainfall from
the beginning of rainfall to the beginning of runoff.

T1 represents the time interval from the beginning of rainfall (tp0) to the beginning of
runoff (tr0) (as shown in Figure 3). In addition, our study investigated three other indices
to represent the lag characteristics during the process of rainfall and runoff (Figure 3):
(1) t2: the lag time from rainfall end (tp3) to the runoff end (tr3); (2) t3: the lag time from the
centroid of rainfall (tp2) to the centroid of runoff (tr2); and (3) t4: the time from the peak
rainfall intensity (tp1) to the peak runoff (tr1). In the study, we collected data on the total lag
times of t2, t3, and t4, as well as their changes, under various rainfall intensity scenarios.

Figure 3. Schematic diagram illustrating indices of retention and lag effects for rainfall and runoff
(Based and modified on Hood et al., 2007 [26] and Yin et al., 2022 [16]).

The centroid of rainfall and runoff were calculated as follows, respectively [26]:

tp2 =
∑n

i=1 Wi × ti

∑n
i=1 Wi

(1)

where tp2 = centroid of rainfall, Wi = rainfall for period i, and ti = time for period i.

tr2 =
∑n

i=1 Ai × ti

∑n
i=1 Ai

(2)

48



Water 2023, 15, 3106

where tr2 = centroid of runoff, Ai = runoff for period i, and ti = time for period i.
The differences in runoff retention, runoff retention rate, A0, and runoff retention and

lag time among different rainfall intensity scenarios were analyzed using non-parametric
comparison (Kruskal–Wallis test) for pairwise multiple comparisons. Spearman’s test was
used to examine the relationship between characteristics of rainfall events and indicators
representing the runoff retention and lag effects.

All data analyses were performed in R (version 4.0.2) through RStudio (version:
2022.12.0+353; https://posit.co/download/rstudio-desktop/, accessed on 31 January 2023).
The Kruskal–Wallis non-parametric comparison procedure was performed using the R pack-
age ‘PMCMRplus’ [41]. Statistically significant differences were identified when p < 0.05,
unless otherwise stated in this study.

3. Results

3.1. Rainfall Runoff Retention Effect

Among the fifteen rainfall events studied, the total rainfall and runoff retention were
427.4 mm and 296.2 mm, respectively. Specifically, the average rainfall amounts were
14.6 mm, 33 mm, and 54.6 mm under the light–moderate, heavy, and torrential rainfall
scenarios, respectively. The average rainfall under the heavy and torrential rainfall scenarios
was 2.3 and 3.7 times higher, respectively, compared to the light–moderate rainfall scenario.
The maximum recorded rainfall was 21 mm, 41 mm, and 55 mm under the light–moderate,
heavy, and torrential rainfall scenarios, respectively.

The average runoff retention values were 10.6 mm, 21.3 mm, and 41.6 mm under
the light–moderate, heavy, and torrential rainfall scenarios, respectively (Figure 4). The
maximum runoff retention values recorded were 15.8 mm, 35.1 mm, and 42 mm under
the light–moderate, heavy, and torrential rainfall scenarios, respectively. The retention
showed a significant increase of approximately two and four times under the heavy and
torrential rainfall scenarios, respectively, in comparison with the light-moderate rainfall
scenario (p = 0.026 and 0.003, respectively) (Figure 4). However, no significant difference in
runoff retention was observed between heavy and torrential rainfall scenarios (p = 0.108)
(Figure 4).

Figure 4. The average runoff retention of LID combination under three different rainfall intensity
scenarios. The data in the bar plot represent the mean ± standard deviation for each rainfall intensity
scenario. Abbreviations: L&M—light and moderate rainfall.

As described in Figure 5, the rainfall and retention values are nearly equal under lower
rainfall scenarios and closely aligned along the 1:1 diagonal line. However, as the rainfall
intensity increases, the retention values become gradually lower than the corresponding
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rainfall values. This is evident from the increasing deviation from the 1:1 diagonal line.
The observed trend indicates that the difference between rainfall and retention increases as
rainfall intensity increases.

Figure 5. Discrete distribution of rainfall and runoff retention under different rainfall intensity
scenarios. Abbreviations: L&M—light and moderate rainfall.

The total runoff retention rate was calculated as 69.3% among the fifteen rainfall
events. The average runoff retention rates were 72.9%, 64.7%, and 76.1% under the light–
moderate, heavy, and torrential rainfall scenarios, respectively (Figure 6). Despite the slight
decrease in the total runoff retention rate under the heavy rainfall scenario compared to
the light–moderate and torrential rainfall scenarios, no significant relationship was found
between the runoff retention rates among different rainfall intensity scenarios (Figure 6).
The maximum runoff retention rates recorded were 92.7%, 85.7%, and 76.8% under the
light–moderate, heavy, and torrential rainfall scenarios, respectively (Figure 6).

Figure 6. The retention rate of LID combinations under three different rainfall intensity scenarios.
The data in the bar plot represent the mean ± standard deviation for each rainfall intensity scenario.
Abbreviations: L&M—light and moderate rainfall.

The average A0 values were 3.4 mm, 9.7 mm, and 7.0 mm under the light–moderate,
heavy, and torrential rainfall scenarios, respectively (Figure 7). Among the scenarios,
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the average A0 value was highest under the heavy rainfall scenario. Furthermore, the
average A0 values were nearly three and two times higher under the heavy and torrential
rainfall scenarios, respectively, compared to the light–moderate rainfall scenario (Figure 7).
However, no significant differences in A0 were observed under different rainfall intensity
scenarios (Figure 7). The maximum A0 values recorded were 9.4 mm, 23.8 mm, and 10 mm
under the light–moderate, heavy, and torrential rainfall scenarios, respectively (Figure 7).

Figure 7. Distribution of cumulative rainfall (A0) from the beginning of rainfall to runoff in LID
combination. In the box plot, the horizontal line within each box represents the median value for each
rainfall intensity scenario. The black dot on the plot indicates data outlier. Abbreviations: L&M—light
and moderate rainfall.

3.2. Rainfall–Runoff Lag Effect

No significant differences in retention and lag time were observed under different
rainfall intensity scenarios within each group, as shown in Figure 8. The average values
for t1, t2, t3, and t4 were 26 min, 43 min, 34 min, and 20 min, respectively. Among the
different rainfall scenarios, the range of values was 5 to 60 min for t1. For t2, the values
varied between 10 to 115 min. For t3, the vaues ranged from 8 to 73 min. For t4, the values
exhibited a wider range from −60 to 100 min.

Specifically, under the light–moderate rainfall scenario, the average values for t1, t2,
t3, and t4 were 28 min, 57 min, 34 min, and 24 min, respectively. The range of values for
t1, t2, t3, and t4 under the light–moderate rainfall scenario were 5 to 60 min, 25 to 115 min,
8 to 88 min, and 10 to 50 min, respectively. Under the heavy rainfall scenario, the average
values for t1, t2, t3, and t4 were 25 min, 36 min, 34 min, and 15 min, respectively. The
ranges for t1, t2, t3, and t4 under the heavy rainfall scenario were 10 to 40 min, 10 to 85 min,
9 to 70 min, and −60 to 100 min, respectively. Under the torrential rainfall scenario, the
average values for t1, t2, t3, and t4 were 20 min, 30 min, 30 min, and 28 min, respectively. The
ranges for t1, t3, and t4 under the torrential rainfall scenario were 10 to 30 min, 19 to 40 min,
and 15 to 40 min, respectively. It is noteworthy that t2 was consistently 30 min under the
torrential rainfall scenario (Figure 8).
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Figure 8. Patterns of retention and lag time under different rainfall intensity scenarios. t1 represents
the retention time from the beginning of rainfall to the beginning of runoff; t2 indicates the lag time
from the end of rainfall to the end of runoff; t3 represents the lag time between the centroid of rainfall
and the centroid of runoff; t4 indicates the lag time from the peak rainfall to the peak runoff. In the
box plots, the horizontal line within each box represents the median value for each rainfall intensity
scenario. Black dots on the plots indicate data outliers. Abbreviations: L&M—light and moderate
rainfall scenario.

3.3. Effects of Rainfall Characteristics on Retention and Lag Effects

The runoff retention effect exhibited a significant positive correlation with rainfall
amount and intensity (p < 0.001 and p = 0.005, respectively, as shown in Table 3). Addi-
tionally, there was a significant negative correlation between the runoff retention rate and
rainfall duration (p = 0.013, Table 3). On the other hand, the correlation between A0 and
rainfall intensity was only marginally positive (p = 0.067, Table 3).

Table 3. Results of Spearman’s correlation tests between rainfall characteristics and retention effects.
The table presents the correlation coefficients, and the corresponding p-values are listed in parentheses.
Significant correlations are indicated in bold.

Retention Effect Rainfall Duration Rainfall Amount Rainfall Intensity

Runoff retention −0.227(0.417) 0.932 (<0.001) 0.704 (0.005)
Runoff retention rate −0.622 (0.013) 0.107 (0.705) 0.446 (0.097)

A0 −0.317 (0.250) 0.414 (0.126) 0.489 (0.067)

According to Table 4, neither t1 nor t4 exhibited significant correlations with rainfall
duration, amount, or intensity. However, t2 and t3 showed significant negative correla-
tions with rainfall intensity (p = 0.003 and p = 0.011, respectively, Table 4). Additionally,
t3 demonstrated a significant positive correlation with rainfall duration (p = 0.022, Table 4).
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Table 4. The results of Spearman’s correlation tests between rainfall characteristics and retention and
lag time. The table presents the correlation coefficients, and the corresponding p-values are listed in
parentheses. Significant correlations are indicated in bold.

Retention and Lag Time Rainfall Duration Rainfall Amount Rainfall Intensity

t1 0.228 (0.413) −0.084 (0.766) −0.301 (0.275)
t2 0.496 (0.060) −0.507 (0.054) −0.706 (0.003)
t3 0.585 (0.022) −0.147 (0.602) −0.633 (0.011)
t4 0.141 (0.616) −0.332 (0.226) −0.303 (0.271)

4. Discussion

Generally, the effectiveness of LID combination tends to exceed that of individual
LID facilities, as the performance of LID combination may not be equally obtained from
individual LID facilities [7,29]. LID combination often exhibit varying degrees of impact
in managing stormwater, and the overall retention effect of LID combination can provide
more prominent advantages compared to the simple superposition of individual LID
facilities [16]. During the rainfall–runoff process, the runoff retention and lag effects of
LID combinations are influenced by a variety of factors [7,8], including soil type, rainfall
amount, rainfall duration, timing of peak rainfall intensity, antecedent rainfall, and the
conditions of the constructed area [26,42]. All these comprehensive factors collectively
contribute to the overall performance of runoff retention and lag effects in LID combination.

In this study, the runoff retention effect exhibited a significant positive correlation
with both rainfall amount and intensity because it is widely recognized that both rainfall
amount and intensity have a considerable impact on the hydrological behavior of perme-
able surfaces [42]. In particular, rainfall intensity and amount can influence soil infiltration
and runoff production [42–44]. It is expected that soil infiltration would increase with
higher rainfall intensity, mainly due to the spatial heterogeneity in soil infiltration charac-
teristics. When rainfall exceeds the maximum infiltration rate, soil moisture does not reach
saturation, resulting in a higher soil infiltration rate [45]. Consequently, the proportion of
water transitioning from rainfall to runoff would also increase with increasing rainfall in-
tensity [45]. Additionally, the soil could stabilize the infiltration rate and sustain infiltration
even after soil moisture reaches saturation under higher rainfall intensity conditions [45].
However, some other studies have reported that spatial heterogeneity in the infiltration
characteristics of the soil surface may decrease with increasing rainfall intensity, even for
the same duration of rainfall [45]. In particular, the land terrain in Lingang New City is
predominantly flat, and the pilot area is characterized by low permeability, leading to a
significant decrease in soil infiltration volume with increasing rainfall intensity scenarios.
Some studies, such as those by Römkens [46] and Parsons [47], have also found a potential
decrease in runoff and an increase in retention with increasing rainfall intensity.

In addition, previous studies have indicated a threshold of rainfall amount that can
trigger a change in the hydrological behavior of a catchment [48–50]. However, it has
been observed that rainfall intensity has a more significant influence on determining the
threshold value compared to rainfall amount [42]. Primarily, we found that the retention
showed a substantial increase of approximately two and four times under the heavy and
torrential rainfall scenarios, respectively, in comparison with the light-moderate rainfall
scenario. Moreover, the difference between rainfall intensity and retention increases as
rainfall intensity increases. This suggests that the retention capacity of the LID combination
tends to stabilize and gradually reach saturation as rainfall intensity rises.

The average runoff retention rate was not significantly affected by increasing rainfall
intensity in the LID combination. This is probably because the changes in A0 under different
rainfall intensity scenarios reflect the site-specific soil conditions, vegetation type, the prior
rainfall conditions, as well as the retention effect in the study area [8,51]. This coincides
with the soil condition in the pilot area mentioned previously. The soil in the study area
has low permeability, making it difficult for water to penetrate through the soil layers.
Furthermore, a significant negative correlation was observed between the runoff retention
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rate and rainfall duration. It has been shown that LID facilities with porous surfaces are
more effective in reducing floods during shorter rainfall durations [7], which chould be
partly explained by the fact that A0 does not vary with increases in rainfall duration.

Retention and lag time are considered critical indices, as they encompass various
aspects of runoff generation [26,52]. This study selected four characteristic indices (t1, t2, t3,
and t4) to represent retention and lag time. First, t1 represents the lag time from the start of
rainfall to the initiation of runoff. During this process, the rainfall is primarily absorbed
by vegetation, infiltrated into the soil, and fills the soil macropores [44]. In this study, it
did not show any significant response under different rainfall intensity scenarios and no
significant correlation with rainfall duration, amount, or intensity. This could correspond to
the response of A0 mentioned earlier under the various rainfall intensity scenarios, which
can be primarily attributed to the antecedent soil moisture conditions prior to the onset of
rainfall [16,26]. Nevertheless, the influence of antecedent soil moisture on soil infiltration
was more noticeable under relatively lower rainfall intensity. But this effect diminished
gradually as the rainfall intensity increased [53]. Additionally, the impact of vegetation
coverage during the rainfall–runoff process may also contribute to the response of t1 [44].

Second, t2 represents the lag time from the end of rainfall to the end of runoff. While
the rainfall process concludes, the LID facilities continue to generate runoff during this
period. It was observed that t2 decreased with increasing rainfall intensity scenarios, and
the findings of this study also revealed a significant negative correlation between t2 and
rainfall intensity. This result can be attributed to the relationship between rainfall intensity
and soil infiltration, which is highly influenced by rainfall intensity [42,54,55]. The delay
between the end of rainfall and the end of runoff has a buffering effect on storing rainwater
and can effectively conserve urban water resources. During the study period, this delay
between the rainfall and runoff could be due to the decrease in soil infiltration volume with
increasing rainfall intensity scenarios, resulting in the gradual decrease in t2 in the LID
combination. Therefore, in this study, the LID combination demonstrates superior benefits
in extending the duration of runoff in rainfall events with lower rainfall amounts.

Third, t3 represents the time delay between the centroid time of rainfall and runoff. The
lag effect of the centroid time can be used to assess the overall lag effect of LID combination
during the rainfall and runoff production processes. In this study, a significant positive
correlation between t3 and rainfall duration indicates that the overall lag effect in the LID
combination could be more pronounced with prolonged rainfall. However, t3 showed a
significant negative correlation with rainfall intensity, suggesting that the centroid time
might occasionally be longer due to the extended duration of runoff generation under short-
duration rainstorms. Thus, in this study, the LID combination demonstrates significant
overall lag effects in rainfall events with longer durations and lower rainfall amounts.

Fourth, t4 represents the lag time from the peak rainfall to the peak runoff, commonly
used to characterize the lag effect of LID combination under different instantaneous rainfall
intensity scenarios. The peak value is an immediate value, and the peak effect of rainfall
in runoff generation is quickly reflected. Typically, when the rainfall reaches its peak, the
corresponding peak in runoff generation will also occur rapidly in theory. In this study,
we found no significant correlation between t4 and rainfall in the various rainfall intensity
scenarios. The lack of correlation and differences in t4 can be partly attributed to the shifting
positions of the peak rainfall and peak runoff. This shift often depends on the different
intensities of rainfall throughout the entire process. The peak rainfall can occur either early
on or after the rainfall period, leading to a delay in peak runoff. In addition, negative
values for t4 can be encountered in this study, where the peak runoff occurs before the peak
rainfall. This is because, in certain rainfall events, the average rainfall intensity in the early
stages is high, but the peak rainfall occurs later in the rainfall process. As a result, the peak
runoff primarily responds to the earlier rainfall process rather than the later peak rainfall.
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5. Conclusions

This study investigated the response of rainfall–runoff retention and lag effects in an
LID combination under three different rainfall intensity scenarios in a resettlement commu-
nity in Lingang New City. We compared various parameters in the LID combination along
a rainfall gradient, including rainfall, runoff retention, runoff retention rate, cumulative
rainfall, and different lag times in the LID combination. The results showed a gradual
reduction in runoff retention within the LID combination during heavier rainfall intensity
scenarios, accompanied by an increasing difference between rainfall and runoff retention.
Additionally, the average runoff retention was significantly enhanced, by nearly two times
and four times, under heavy and torrential rainfall events compared to light–moderate
rainfall. Moreover, the runoff retention effect positively correlated with rainfall amount
and intensity. However, we only found a significant negative correlation between runoff
retention rates and rainfall duration, but not with rainfall and rainfall intensity.

No significant differences in A0 were observed between different rainfall intensities.
Additionally, no significant differences in the lag effect were observed under different
rainfall scenarios in each group. However, t2 and t3 showed a significant negative correla-
tion with rainfall intensity. On the other hand, t3 exhibited a strong positive correlation
with rainfall duration. The findings from this study provide a valuable case study using
observational data to analyze rainfall retention and lag effects in the LID combination. This
study contributes to the existing empirical evidence in stormwater management using the
LID combination. However, due to limitations and uncertainties, it is recommended that
future studies consider long-term monitoring analysis and explore other influencing factors
to improve the accuracy of evaluation.
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Abstract: The implementation of grey and green infrastructure is an effective means to address
urban flooding and nonpoint source pollution, but due to the complexity of the process and the
diversity of benefits, there is a lack of measurement of the comprehensive benefits. Adopting a
typical university in Beijing as an example, this paper simulated the multidimensional benefits of
the water quantity, water quality, and ecology of grey and green facility renovation by coupling the
storm water management model (SWMM) and InfoWorks Integrated Catchment Management (ICM).
Monetization methods and economical means were employed to characterize the comprehensive
benefits. The results showed that grey and green infrastructure retrofitting reduced the number
of severe overflow nodes in the study area by 54.35%, the total overflow volume by 22.17%, and
the nonpoint source pollution level by approximately 80% under the heavy rain scenario and 60%
under the rainstorm scenario. The annual benefits of grey and green infrastructure renovation
reached CNY764,691/year: of this amount, CNY275,726/year was from hydrological regulation,
CNY270,895/year was from nonpoint source pollution reduction, and CNY218,070/year was from
ecological improvement. The benefits of green facilities were higher than those of grey facilities, and
the combined benefits were negatively correlated with the rainfall level, with a total benefit–cost
ratio of 1.19. The results provide methodological and data support for grey and green infrastructure
retrofitting within the context of sponge cities.

Keywords: sponge city; grey and green infrastructure; stormwater management model; integrated
environmental benefits; monetary value; stormwater use

1. Introduction

The urbanization process is often accompanied by an increase in impervious underlying
surfaces such as buildings and roads, which leads to difficult rainfall infiltration and, in severe
cases, the formation of urban flooding, which adversely affects the normal functioning of
cities as well as the lives of residents (Zhao et al., 2023; Merchán-Sanmartín et al., 2023) [1,2].
At the same time, human activities release a large number of pollutants, which settle and accu-
mulate on the surface and cause serious nonpoint source pollution under the effect of rainfall
erosion [3]. The main pollutants include reductive substances (chemical oxygen demand
(COD) is usually used to measure their content) from industrial pollution emissions and
vehicle exhaust emissions; suspended solids (SSs) from urban waste, building construction
site stockpiles, etc.; total nitrogen (TN) and total phosphorus (TP) from agricultural pollu-
tion, leaf litter and animal manure; heavy metals and polycyclic aromatic hydrocarbons
(PAHs) from road wear, tire wear, oil spills and corrosion of construction materials [4].
Runoff carrying large amounts of pollutants into the sewers leads to high concentrations of
pollutants in the drainage system, which, combined with erosion, pollute both groundwater
and surface water [5]. In addition to the destruction of water quality, aquatic ecosystems
are degraded as a result, human health is greatly endangered and the world’s biodiversity
is reduced [6]. These urban water problems often occur simultaneously, which in turn
increases the difficulty of their solution.

Water 2023, 15, 2590. https://doi.org/10.3390/w15142590 https://www.mdpi.com/journal/water58
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In response to the multidimensional water problems in cities, Sustainable Stormwater
Management (SSM) is widely used in various countries, such as Low Impact Development
(LID) in the USA, Sustainable Urban Drainage (SuDS) in the UK, Water Sensitive Urban
Design (WSUD) in Australia, Best Management Practices (BMPs) in Europe, etc. [7]. In
2013, the concept of ‘sponge cities’ was introduced in China to address related issues [8].

Sponge cities constitute a new urban development model that uses small source-
control facilities to control rainfall, reduce surface runoff, and improve the urban water
quality under the premise of harmonious coexistence between humans and nature [9,10]. In
recent years, the construction of sponge cities has emphasized the combination of grey and
green infrastructure [11,12]; namely, green infrastructure is the main focus, supplemented
by traditional grey engineering drainage facilities.

The concept of the combination of grey and green infrastructure has been widely
adopted worldwide, but infrastructure construction requires high investment [13], so the
multidimensional benefits provided must be fully studied to comprehensively evaluate the
feasibility of construction [14].

The hydrological and nonpoint source pollution control benefits of grey and green
infrastructure are the most important. In addition, green infrastructure can solve the
problem of moderate or low rainfall runoff to a greater extent, whereas under high rainfall,
green facilities can hardly completely dissipate rainfall, and grey infrastructure can then
quickly achieve runoff evacuation, which can avoid flooding and control nonpoint source
pollution to a certain extent [15].

In addition to water quantity and quality benefits, green infrastructure provides
various ecological benefits: for example, plants can mitigate the greenhouse effect by
absorbing carbon dioxide through photosynthesis, alleviate the urban heat island effect
by absorbing heat through transpiration, reduce soil erosion through soil sequestration by
plant roots, and protect urban biodiversity by restoring the ecological environment.

For example, Glick et al. [16], Abduljaleel et al. [17], and Quichimbo-Miguitama et al. [18]
simulated the hydrological benefits in their study areas, among which Quichimbo-Miguitama
also focused on the inundation reduction benefits. Seo et al. [19] and Deng et al. [20] conducted
simulations to evaluate the hydrological and nonpoint source benefits in the study area.

In regard to ecological improvement benefits, LeBleu et al. [21] found that LID
stormwater control measures would reduce the heat load of stormwater runoff and mitigate
the urban heat island effect to some extent. Shen [22] simulated the mitigation of the heat
island effect by green roofs. Lin et al. [23] used the life-cycle assessment method to quantify
the carbon reduction in the study area.

In cost–benefit research into grey and green infrastructure, Wilbers et al. [24] divided
the benefits of grey and green facilities into direct benefits (avoidance of sewage overflows
and urban flooding) and co-benefits (aesthetic value, increase in house prices due to green
roof installation, prevention of sewage disposal, water use, etc.) for cost–benefit accounting.
Wei et al. [25], and Li et al. [26] divided the benefits of these facilities into economic, social,
and environmental benefits. Raei et al. [27] and Saadatpour et al. [28] made a comprehensive
decision based on construction costs and hydrological and nonpoint source benefits.

The hydrological, nonpoint source or ecological benefits for the grey and green facilities
in some of these studies are shown in Appendix A.

There is an urgent need to integrate the benefits of these three aspects. Fewer previous
studies on grey and green facilities have examined hydrological, nonpoint source, and
ecological benefits in an integrated manner. In addition, previous studies have rarely con-
sidered construction costs, and cost–benefit accounting of the hydrological, nonpoint source,
and ecological aspects of grey and green facilities is becoming increasingly complicated
and must be explored by introducing methods of monetization.

This study adopted the Beijing Normal University as the study area and simulated
the comprehensive benefits of hydrological regulation, nonpoint source reduction, and
ecological improvement before and after the retrofitting of grey and green facilities. This
study coupled the storm water management model (SWMM) and InfoWorks Integrated
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Catchment Management (ICM). The combination of SWMM, with its excellent simulation
of hydrology and water quality, and Infoworks ICM, with its powerful and accurate
simulation of 2D flooding, provides a more comprehensive assessment of the contribution
of grey and green facilities to rainfall runoff. This study also constructed a comprehensive
evaluation index system for the benefits of grey and green infrastructure and monetized
the benefits of the above three aspects. Finally, the benefit–cost ratio of grey and green
infrastructure renovation in the study area was evaluated.

2. Materials and Methods

2.1. Simulation of the Benefits of Grey and Green Facilities
2.1.1. Simulation Index Determination

The study of the hydrological control benefits of grey and green infrastructure mainly
examines their control on runoff and waterlogging [29]. The Technical Guide for Sponge
City Construction, issued by the Ministry of Housing and Urban–Rural Construction in
2014, mentioned the planning control objectives for sponge city construction including the
total runoff control and peak runoff control [20]. Therefore, four indicators were selected
for runoff control, including the total runoff reduction, peak flow reduction, total runoff
reduction rate and peak flow reduction rate [30]. The actual effect of a grey and green
facility can be determined by the change in volume, but the change in volume depends to
some extent on the magnitude of the rainfall that is the subject of the study. For example,
when rainfall is low, the total reduction in runoff may be small, but the reduction rate may
be high. Therefore, the reduction rate should be included to judge the effectiveness of
the grey and green facilities. Both types of indicators need to be considered in order to
evaluate the effectiveness of facilities in a comprehensive manner. Since cities focus on the
environmental risk of sewer overflows [31], two indicators, namely overflow reduction and
the reduction rate of overflow nodes, were selected for flooding mitigation [32].

The water quality benefit reflects the ability of grey and green infrastructure to absorb
and transform pollution resulting from rainfall runoff [33]. It has been found that the
pollutants commonly present at high levels in rainfall runoff include the COD, SSs, TN,
TP, and heavy metal pollutants [34]. Among these, heavy metal pollutants are various and
complex, which makes them difficult to be fully explored in the study. It was found that SS
in road stormwater runoff from urbanized areas had a good positive correlation with most
particulate-bound metals, with correlation coefficients ranging from 0.52–0.61 with heavy
metals such as Cd, Cr, Cu, Zn and Pb. So SS is used to represent heavy metal contaminants
in this study [35]. Therefore, the reductions in COD, SS, TN and TP levels were used as the
main indicators of the simulation of water quality benefits.

There are numerous ecological improvement benefits, including groundwater replen-
ishment, urban heat-island effect mitigation, storm water and sewage recycling, soil erosion
improvement, and carbon sequestration and oxygen release from green areas [36,37]. Since
the ecological benefits of different regions and different grey green infrastructures vary, the
evaluation indexes for ecological benefits must be selected according to the specific study area.

2.1.2. The Storm Water Management Model (SWMM)

The SWMM is a dynamic simulation model for the calculation and prediction of
surface runoff and nonpoint source pollution loads under the influence of rainfall events,
simulation and optimization of stormwater management measures, and planning and
design of drainage networks. The infiltration models for its flow-producing process include
the Horton model, Green–Ampt model, and Soil Conservation Service (SCS) curve model,
which simulate rainwater and runoff infiltration into the soil during rainfall events. The
SWMM catchment process is based on the nonlinear reservoir approach. The methods used
to calculate the pipe network are divided into steady flow, dynamic waves, and kinematic
waves. The runoff simulation mainly simulates the moment-to-moment changes in runoff
volume, infiltration, evaporation, and other processes during rainfall, as well as runoff
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from various nodes and outfalls. SWMM can obtain the amount of total runoff as well as
peak flow, and other data required for the study.

The SWMM water quality simulation process is based on different land-use pollutant
accumulation models and pollutant flushing models. The surface accumulation model
includes a power function, exponential function and saturation function, and the surface
flushing model includes exponential flushing, performance curve flushing and event
average concentration modules [38]. The water quality simulation mainly simulates the
moment-to-moment change of pollutant concentrations during rainfall and the discharge
of pollutants at each node and outfall. SWMM can obtain the average concentration of
pollutants, total amount of pollutants and other data for each rainfall.

The choice of model is determined by the actual conditions in the study area. Specific
modelling results in this paper are presented later.

2.1.3. The InfoWorks Integrated Catchment Management (ICM)

InfoWorks ICM is a powerful two-dimensional (2D) flood simulation tool that provides
a more realistic simulation of the interaction between the pipe network system and surface
water in order to simulate the process of surface runoff movement and the occurrence of
flooding, hence the introduction of InfoWorks ICM in this study to assess urban flooding
and the ability of the urban pipe network system. In addition, ICM provides powerful
pre-processing and post-processing data capabilities, and it is compatible with the SWMM
network, allowing statistical analysis of simulation results based on this platform [39].
The 2D flooding simulation requires the input of digital elevation model (DEM) data to
create a ground irregular triangular network (TIN) model. A 2D simulation polygon is then
created within the TIN model, which is used as the basis for the flooding calculations. With
Infoworks ICM, it is possible to obtain a range of data such as the time curve of the flooded
area and the flooded points during the rainfall in the study area. The modelling process
and the relevant input data are described in detail later.

2.2. Evaluation of the Benefits of Grey and Green Infrastructure

Figure 1 shows the aspects covered in the cost–benefit evaluation of grey and green
infrastructure. Specific calculations should be screened and adjusted to the actual situation
in the study area.

2.2.1. Runoff Control Benefits

The discharge of stormwater runoff increases urban construction costs, such as the
maintenance and refurbishment costs of impervious and permeable underlying surfaces,
construction and operation and maintenance costs of drainage networks, as well as
rainwater-saving facilities, and energy use costs [40]. The construction of grey and green
infrastructure reduces runoff discharge and lowers these costs to a certain extent, yielding
economic benefits. Because of the wide variety of factors, the cost statistics are highly
complex. There is no uniform domestic fee standard in China, so this study referred to the
stormwater drainage fees levied on stormwater in other countries to obtain the economic
value [41], which can be calculated as follows:

Vro = αRProS/1000 (1)

where Vro is the runoff control benefit, [CNY]; R is the precipitation in the study area, [mm];
Pro is the discharge cost of rainfall runoff, [CNY/m3]; S is the catchment area of the study
area, [m2]; and α is the total runoff reduction rate.
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Figure 1. Grey and green infrastructure cost–benefit evaluation system.

The cost of discharging rainfall runoff is referenced to the levy in countries with more
established systems for collecting stormwater drainage fees; the catchment area is the
projected area of the catchment area in the study area; and the total runoff reduction rate is
the reduction rate of the total runoff before and after the facility modification for the same
rainfall level. The amount of rainfall in the study area is selected according to the actual
measurement needs, such as annual/daily/field rainfall. In this paper, the benefits of runoff
control are calculated separately for different rainfall levels, as the amount of rainfall varies
considerably between different rainfall levels. Precipitation in the study area is averaged
over the eight rainfall events measured in the field for the different rainfall levels.

2.2.2. Flood Control Benefits

Under large rainfall, the flooding problem can be effectively alleviated and the eco-
nomic and social losses can be reduced through the implementation of permeable paving,
water storage ponds and upgraded pipe network systems. Using the shadow engineering
method to estimate the economic losses caused by flooding by assuming the cost of manu-
ally constructing a flood control reservoir, the monetization of the flood control benefits
can be calculated as follows:

Vf = Vv f Pf (2)

where Vf is the flood control benefit, [CNY]; Vv f is the flood control volume, [m3]; and Pf

is the flood control reservoir cost per unit volume, [CNY/m3].
Among these, the flood control volume is the reduction in the overflow volume after

the installation of additional renovation facilities. The cost of the flood control reservoir is
determined with reference to the standard of relevant documents on construction in the
study area or the average market cost after market research.

2.2.3. Water Quality Benefits

If a combined drainage system is adopted, rainwater and domestic sewage, industrial
wastewater, etc., are sent together to the sewage treatment plant for treatment, which
increases the treatment cost of the sewage treatment plant. If a divided drainage system is
adopted, rainfall runoff is discharged directly into the water without treatment, causing
pollution to the water. Residential areas and campuses, etc., mainly adopt a separate
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drainage system [42]. Green infrastructure can effectively dissipate various pollutants, such
as COD, SS, TN, and TP, and decrease the concentration of pollutants in runoff, which can
be converted into a reduction in treatment costs using the opportunity cost approach in the
case of diversion systems. In addition, the reduction in pollutant inflow to the water will
reduce the negative impacts of eutrophication, non-carcinogenic toxicity and ecotoxicity
of the water, resulting in certain nonpoint source reduction benefits [42]. Therefore, the
monetization of water quality benefits can be seen as the sum of the reduction in treatment
operation costs and the reduction in the negative impacts of the receiving water, which can
be calculated as follows:

VNPS = P1−i M1−i + P2−i M2−i (3)

where VNPS is the water quality benefit, [CNY]; P1−i is the unit cost of pollutant treatment,
[CNY/t]; P2−i is the economic benefit of reducing the negative impact of water per unit
of pollutant treated, [CNY/t]; and M1−i together with M2−i are the amount of pollutants
abated, [kg].

Where P1−i and P2−i varies by region, calculations are based on relevant regional
studies or public financial data from regional governments. M1−i and M2−i can be fitted
using the SWMM, which has different modelling equations for different LID facilities and
will fit the amount of pollutants from the additional LID facilities to the corresponding
equations based on the amount of monitored rainfall runoff pollution.

2.2.4. Benefit of Hydrological Regulation and Water Quality

As the benefits calculated in this study area are for a single rainfall event of different
rainfall classes, in order to obtain data that can be compared, they should be converted into
annual benefits and discounted according to the proportion of annual rainfall classes in the
study area, which can be calculated as follows:

Vi,a = ∑ Vi Mi (4)

where Vi,a is the average annual benefit of hydrological regulation and water quality, [CNY];
Vi is the economic benefit of a single rainfall event for a given rainfall level, [CNY/field];
and Mi is the annual average of the number of rainfall events at a given level.

Here, Mi is discounted based on the total number of years of rainfall at different levels
divided by the number of years in the study area. The rainfall levels in this paper follows
the method currently practiced in China, which is based on the amount of rainfall received
in a 24-h period. The exact classification is described in detail later.

2.2.5. Resource Utilization Benefits

LID facilities increase the amount of available water resources through the retention
of rainwater. The storage LID facilities collect and store rainwater, which can be used
for urban green-space irrigation, road cleaning, fire fighting, etc., saving water costs [43],
calculated as in (5) [44]. The infiltration LID facilities increase rainwater infiltration to
replenish groundwater resources, alleviating groundwater overdraft to a certain extent,
with benefits calculated as in (6) [45]:

Vrs = RaSLIDδVr,v/1000 (5)

Vri = μVv (6)

where Vrs is the precipitation resource storage benefit, [CNY]; Ra is the average annual
precipitation in the study area, [mm]; SLID is the construction area of LID facilities, [m2]; δ
is the runoff coefficient; and Vr,v is the economic benefit per unit of the rainwater volume,
[CNY/m3]; Vri is the infiltration benefit of precipitation resources, [CNY]; μ is the infiltration
benefit coefficient; and Vv is the controlled stormwater volume, [m3].

The calculation is based on the shadow price of water resources in the study area and
the saturated water content of the soil (28.90%) [45].
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2.2.6. Energy Saving Benefits

Green roofs can increase the area of urban green space and alleviate the heat island
effect. In addition, they also have a regulating effect on the temperature of the building’s
roof and interior. As the indoor temperature decreases in summer by using green roofs,
the frequency and duration of the use of cooling equipment decreases, which results in
the reduction in the energy consumption of air conditioners and electric fans [46,47]. This
benefit can be calculated as follows:

VUHI = QelecSgrPelec (7)

where VUHI is the energy saving benefit, [CNY]; Qelec is the reduction in electricity con-
sumption by green roofs, [kWh/m2]; Sgr is the total green roof area, [m2]; and Pelec is the
electricity price, [CNY/kWh].

A hectare of green space can absorb 8.1 × 104 kJ of heat in the surrounding environ-
ment in summer, and its cooling effect is the same as 189 air conditioners in a full day. The
total amount of heat absorbed is calculated based on the area of green roof construction,
and the electricity consumption of cooling equipment required to achieve the same cooling
effect is measured as Qelec [48].

2.2.7. Soil and Water Sequestration Benefits

Soil erosion leads to a significant loss of soil nutrients, especially nutrients such as
nitrogen (N), phosphorus (P) and potassium (K). Green infrastructure can effectively reduce
the flow and speed of rainwater runoff, thus weakening soil erosion runoff, weakening
urban soil erosion to a certain extent, and maintaining the original soil fertility. The
economic value of soil fertility maintenance is assessed using the opportunity cost approach
and is calculated as follows [48]:

Vs = ∑
i

QsrCiPi/10, 000 (8)

Qsr = RKLS(1 − C) (9)

where Vs denotes the soil and water sequestration benefits, [CNY]; Qsr is soil retention,
[t/a]; i refers to N, P and K nutrients, respectively; Ci is the percentage of pure content of N,
P and K in the soil; Pi is the average price of N, P and K fertilizers, [CNY/t]; R is the rainfall
erosion force factor; K is the soil erodibility factor; L is the slope length factor; S is the slope
factor; and C is the vegetation cover factor.

Sampling points were laid out for soil sampling based on factors such as land use
patterns, crop types, fertilizer application methods, farming history, management systems,
etc. in the study area. After measuring the content of N, P and K in the soil samples, they
were imported into the GIS to calculate Ci; the calculation of Pi is based on the average
value of the market in different regions after market research; the calculation of R, K, L,
S and C is based on the study of Ouyang et al. [49] and ‘The Technical Specification for
Investigation and Assessment of National Environmental Standards’ in China.

2.2.8. Carbon Sequestration and Oxygen Release Benefits

Green roofs, constructed wetlands, and concave herbaceous fields are planted with
a large number of plants, which are highly valuable in carbon sequestration and oxygen
release and very important for urban carbon emission reduction. Therefore, we focused on
quantifying the carbon sequestration and oxygen release benefits of green infrastructure
as follows:

Vc f or = VCO2 + VO2 (10)

VCO2 = MCO2 PCO2 (11)
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MCO2 = SngFCO2 (12)

where Vc f or denotes the carbon sequestration and oxygen release benefits, [CNY]; VCO2 and
VO2 are the new green space carbon sequestration and oxygen release benefits, respectively,
[CNY]; MCO2 is the new green space carbon dioxide fixation amount, [t]; PCO2 is the carbon
sequestration price, [CNY/t]; Sng is the new green space area, [m2]; and FCO2 is the green
space carbon dioxide fixation amount, [kg/(m2·d)].

In addition, due to different climatic conditions such as temperature and humidity in
different regions, different topography, and different types of plants grown, the amount of
CO2 fixed per unit area per unit time varies and is determined according to the specific
study area or relevant studies in areas with similar conditions. The calculation uses
the internationally accepted carbon tax method, and the price of carbon sequestration is
determined according to the carbon tax rate in the specific study area, with reference to
carbon tax rates in other countries where carbon taxes are not implemented or where the
carbon tax market mechanism is less mature.

VO2 = MO2 PO2 (13)

MO2 = SngFO2 (14)

where MO2 is the amount of oxygen released from the new green space, [t]; PO2 is the price
of industrial oxygen production, [CNY/t]; and FO2 is the amount of oxygen released from
the green space, [kg/(m2·d)].

Here, FO2 is again determined based on specific study areas or relevant studies in areas
with similar conditions.

2.2.9. Biodiversity Benefits

Concave herbaceous fields, green roofs, and constructed wetlands can effectively
increase urban plant diversity through vegetation planting and improve the urban eco-
logical environment while also attracting various animals, such as insects and birds, thus
contributing to biodiversity improvement [50]. Since it is difficult to quantify the changes
in the number of plant and animal species resulting from the application of these green
infrastructures in detail, the biodiversity improvement benefits were calculated using the
results of the study of Xie et al. [51] on the ecological service value equivalent per unit area
of different ecosystems, as follows:

VBIO = EQBIO (15)

where VBIO denotes the biodiversity improvement benefits, [CNY]; E is the amount of
economic value of an ecological service value equivalent factor, [CNY/hm2]; and QBIO is
the equivalent value of biodiversity maintenance.

2.3. Accounting for the Benefit–Cost Ratio of Grey and Green Infrastructure
2.3.1. Benefit Accounting in the Life Cycle

Benefit accounting can be expressed as follows:

VB =
(1 + i)n − 1

i(1 + i)n VB,a (16)

where VB is the present value of the total benefits of the facility over the life cycle, [CNY];
and VB,a is the average annual total benefits of the facility, [CNY/a].
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2.3.2. Cost Accounting in the Life Cycle

The cost includes the construction cost and operation and maintenance cost of the
project, which can more comprehensively reflect the life cycle cost of grey and green
infrastructure and can be calculated as follows:

VC = VIC +
(1 + i)n − 1

i(1 + i)n VC,a (17)

VIC,GI = CGI ·SGI (18)

VIC,R = CR·VRe (19)

VIC,DP = CDP·LDP (20)

where VC is the present value of the life cycle facility engineering cost, [CNY]; VIC is
the facility construction cost, [CNY]; VC,a is the facility operation and maintenance cost,
[CNY/a]; n is the facility design life, [a]; i is the discount rate; VIC,GI , VIC,R, and VIC,DP are
the green infrastructure, water storage facility, and drainage network system construction
costs, respectively, [CNY]; CGI is the construction cost of green infrastructure per unit area,
[CNY/m2]; SGI is the construction area of green infrastructure, [m2]; CR is the construc-
tion cost of water storage facilities per unit volume, [CNY/m3]; VRe is the construction
volume of water storage facilities, [m3]; CDP is the construction cost of the drainage pipe
network per unit length, [CNY/m]; and LDP is the construction length of the drainage pipe
network, [m].

Among these parameters, existing studies usually set the operation and maintenance
cost as a percentage of the initial cost, and this study followed this method and set the
operation and maintenance cost to 3% of the facility construction cost [52,53].

Figure 2 shows the estimated unit cost data for selected low-impact development of
individual facilities in the Technical Guide for Sponge City Construction.

Figure 2. Construction cost of major green infrastructure project.

2.3.3. Benefit–Cost Ratio Accounting

Cost–benefit accounting is conducive to deepening the understanding of the invest-
ment, operation, and maintenance of grey and green facilities. The benefit–cost ratio, which
can measure the economic effectiveness, is generally used for systematic assessment, and
can be calculated as follows:

B/C =
VB
VC

(21)

where B/C is the benefit–cost ratio, and the higher the B/C value is, the higher the effec-
tiveness under the same investment conditions.
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3. Study Case

3.1. Overview of the Study Area

The Beijing Normal University selected in this study covers an area of 58.3 ha, with
nine types of underlying surfaces, including roads, sidewalks, roofs, green areas, mixed
land, artificial grass sports fields, real grass sports fields, permeable pavements, and asphalt
pavements. According to the type of underlying surface, the study area can be divided into
748 catchment areas, as shown in Figure 3. The stormwater pipe network in the study area
contains a total of 5 outfalls, of which the catchment area controlled by outfall 3 accounts
for more than 80% of the total study area, so this outfall was used as the flow and water
quality monitoring object. Due to the low construction standard of the stormwater pipe
network system in the study area, it is difficult to drain water in a timely manner, and
the area is therefore prone to flooding, while the stormwater runoff pollution problem is
very prominent. At the same time, the campus exhibits a high population density and
complex functions, and the total amount of pollution discharge is large [54]. Therefore,
Beijing Normal University was purposefully selected as the case study area.

 

 
Figure 3. (a) Distribution of land use types and layout of pipe networks in the study area; (b) Design
location of grey and green infrastructure renovation in the study area and probability of rainfall
occurrence by level in Beijing from 2010 to 2019 (at the bottom right).

Since the study area belongs to a relatively mature community, it is difficult to ren-
ovate grey facilities, so the renovation of facilities in the study area is based on green
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infrastructure. However, due to the high building density and limited surface space in the
study area, the addition of green facilities alone cannot completely solve the water quantity
and quality problems, so they should be supplemented with grey facilities. In terms of
green infrastructure, flat roofs, nonmain roads and asphalt pavements were selected for
renovation. Impervious pavements were replaced with permeable pavements, and flat
roofs were transformed into green roofs, with a total renovation area of 33,000 m2, occu-
pying approximately 5.52% of the total study area, of which 27,435 m2 comprised green
roofs. Regarding grey facilities, due to the obvious lack of drainage capacity of the current
pipe network, the existing system should be renovated and upgraded. When the ratio
of the backflow volume of the downstream pipe section to the incoming volume of the
upstream pipe section is less than 0.5, it means that excessive upstream incoming flow is
the main cause of nodal overflow. Such a pipe section should be retrofitted by increasing
the pipe diameter of the downstream pipe. The locations of green and grey infrastructure
renovation and design are shown in Figure 3. The green facility retrofit design parameters
are shown in Table 1.

Table 1. Design parameters for green infrastructure retrofit.

Green Roof Indexes Value Permeable Pavement Indexes Value

Surface

Height of the berm/mm 250

Surface

Height of the berm/mm 20
Vegetation coverage 0.9 Vegetation coverage 0.15
Surface roughness 0.1 Surface roughness 0.02

Surface slope 1 Surface slope 1

Soil

Thickness/mm 100

Pavement

Thickness/mm 150
Porosity 0.463 Voids ratio 0.21

Actual water content volume 0.232 Permeability/(mm·h−1) 2000
Withering point 0.116 Blockage coefficient 83

Conductivity/(mm·h−1) 3.6

Soil

Thickness/mm 100
Conductivity slope 10 Porosity 0.463
Suction head/mm 88.9 Actual water content volume 0.232

Drainage mat
Thickness/mm 100 Withering point 0.116

Voids ratio 0.5 Conductivity/(mm·h−1) 3.6
Manning roughness 0.02 Conductivity slope 10

Suction head/mm 88.9
Storage Thickness/mm 300

3.2. Rainfall Data Collection
3.2.1. Rainfall in Beijing

Based on the hourly rainfall data retrieved from the National Basic Weather Station
Beijing Nanjiao Observatory (54,511) from 2010 to 2019 and considering the classification
guideline of recognizing the next rain event if no rainfall has occurred for more than
10 h [55], a total of 631 rainfall events were obtained, and the average number of rainfall
events per year in Beijing was chosen as 63.1. Unlike many studies that use the return
periods as the grading methods [56,57], this study uses 24-h rainfall for the division.
According to the meteorological department’s standard classification, rainfall between
0.1 mm to 9.9 mm in 24 h is considered light rain, between 10.0 mm to 24.9 mm is moderate
rain, between 25.0 mm to 49.9 mm is heavy rain, and greater than 49.9 mm is a rainstorm.
Thus, of the 631 rainfall events, 408 were light rain events, 154 were moderate rain events,
57 are heavy rain events and 12 were rainstorm events, and the probability of occurrence of
each level of rainfall in Beijing each year is shown in the bottom right of Figure 3. Some
studies also used 24-h rainfall [58,59], but their application differed due to the study area
and the content of the study.
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3.2.2. Rainfall Monitoring in the Field

In this study, field monitoring was conducted for eight rainfall events, focusing on the
process of hydrological and water quality changes at the outfalls of the drainage pipes on
campus during rainfall.

The sampling points were divided into surface subsurface sampling and underground
stormwater network outfall sampling, taking into account the land use types that have a
significant impact on surface water pollution. In addition, in combination with human and
material resources, rainfall runoff from five underground types, namely, residential areas,
high-density traffic areas, medium-density traffic areas, high-rise building rooftops and low-
rise building rooftops, was monitored underground. The outfall of the underground storm
water network was selected as outfall 3 (outfall to the municipal drainage network), which
has the largest catchment area in the study area, for flow and concentration monitoring.

The HOBO weather station was set up on the roof of the low-rise building and
recorded detailed data including atmospheric pressure, temperature, relative humidity,
solar radiation values, wind speed and rainfall at 5-min intervals. A flow meter (HACH,
FL900) was set up at drainage outfall 3 for real-time monitoring of network flow at the
same time interval as above; this was subsequently collated as time series data and entered
into the model. The samples collected in 500 mL polyethylene bottles were immediately
bottled and taken back to the laboratory for water quality determination [60]. Transient
runoff samples were mainly collected by hand sampling. This method is more flexible as it
allows the sampling interval to be adjusted at any time depending on the prevailing rainfall
conditions. Road surface rainwater was collected at road rainwater grates, roof rainwater
was collected at down pipes and underground pipe network samples were collected in
rainwater wells. In addition, the water quality data were obtained through the analysis of
runoff samples collected in the rainfall process. The rainfall information and hydrological
and water quality data are shown in Table 2.

Table 2. Water quality conditions of eight representative rainfall events in the study area in 2014.

Rainfall
Events

Duration of
Rainfall/min

Precipitation
/mm

Volume
Capture Ratio

of Annual
Rainfall/%

Average
Concentration

of COD
/(mg·L−1)

Average
Concentration

of SS
/(mg·L−1)

Average
Concentration

of TN
/(mg·L−1)

Average
Concentration

of TP
/(mg·L−1)

0804
Light rain 266.00 5.66 0.79 5.06 2.67 0.28 0.01

0809
Light rain 125.00 5.64 0.76 7.96 4.47 0.36 0.01

0823
Moderate rain 50.00 10.40 0.69 39.63 23.47 1.36 0.11

0926
Moderate rain 25.00 7.80 0.71 35.08 21.14 1.10 0.09

0729
Heavy rain 640.00 35.74 0.65 64.10 33.41 3.73 0.22

0830
Heavy rain 115.00 29.00 0.67 62.06 29.97 3.37 0.25

0901
Heavy rain 1885.00 33.60 0.70 76.06 36.67 3.54 0.25

0831
Rainstorm 170.00 70.56 0.68 63.05 31.05 5.76 0.30

All the data were used for subsequent modelling, including 2 light rain events,
2 moderate rain events, 3 heavy rain events and 1 rainstorm event, which helped to analyze
the differences in the benefits under the different rainfall levels. The rainfall classification is
based on the amount of rainfall received in a 24-h period as previously described, with the
exception of rainfall event 0926 which was 7.8 mm, but it only lasted 25 min. Given the
intensity of the rainfall, this rainfall was classified as moderate rain.
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3.3. Model Construction

In this study, the urban storm sewer and watershed stormwater management mod-
elling software PCSWMM was used to simulate runoff and pollutants in the study area.

The data required for the SWMM simulations include catchment data (land use
types, pipe network data, digital elevation data), meteorological data and hydrological
observations for the rate and validation of the model [61]. The land use data and pipe
network data are taken from the school platform; the digital elevation data are taken from
all rainwater nodes (2048 points) and elevation data provided by the sounding company
(622 points); and the other data are taken from field monitoring results. Of the parameters
to be entered, the main physical characteristics of the catchment characterization data
such as area and imperviousness were obtained using Arc GIS analysis of spatial data.
The average slope of the sub-catchment area is 1.7%, which is calculated from the DEM
data of all nodes; the pipe diameter, pipe length and slope are obtained from the pipe
network data.

According to the actual situation, the Horton model was selected for the infiltration
simulation model [62], the saturation function was selected for the accumulation model,
and exponential flushing was selected for the flushing model.

Model calibration and validation were performed using the data for the eight actual
monitored rainfall sites listed in Table 2, where the initial calibration (sensitivity-based
radio tuning calibration) was performed using the SRTC tool in PCSWMM [63], followed
by more accurate calibration via the availability-aware scheduling algorithm by using the
nondominated sorting genetic algorithm II (NSGAII) [64].

The percentage of imperviousness is one of the most sensitive parameters affecting
model simulations [65]. However, the data processing calculation process and the regional
sub-bedding type decoding process are subject to some errors. In order to reduce the uncer-
tainty, this paper determined the model sub-bedding input data through high resolution
land-use maps (5 m × 5 m) and field research, while setting a 10% uncertainty for land use.

The rainfall events used for calibration were 0729, 0804, 0809 and 0823 and for valida-
tion were 0830, 0831, 0901 and 0926, taking into account the number of peaks in the rainfall
events and the amount of rainfall. Both the calibration and validation NSE values were
above 0.8 [66,67], and R2 exceeded 0.9 [68], which indicates satisfactory simulation results.
The simulation of the validation event 0831 was less effective than the other three rainfall
events, presumably because the rate period did not include the type of short-duration
heavy rainfall like 0831, so the parameter set obtained from the rate was not as effective
as the other rainfall events for this type of rainfall simulation. The model parameters
are summarized in Table 3, and the results are shown in Figure 4. The SWMM model
tends to overestimate peak flows, which can cause peak flow reductions to be somewhat
overestimated.

Table 3. Calibration results of main parameters of SWMM in the study area.

Parameter Calibration Result Parameter Calibration Result

N-Imperv 1.20 × 10−2 Dstore-Asphalt
Pavements/mm 1.15

N-Perv 0.80 Dstore-Roofs/mm 1.23

Max.Infil.Rate/(mm·h−1) 150.00 Dstore-Concrete
Pavements/mm 1.34

Min.Infil.Rate/(mm·h−1) 20.00 Dstore-Sports Field 1/mm 1.77
Decay Constant/(h−1) 2.00 Dstore-Sports Field 2/mm 1.68

Zero-Imperv/% 25.00 Dstore-Mixed Land/mm 2.22
Pipe Roughness 1.50 × 10−2 Dstore-Perv/mm 10.20
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Figure 4. Water quantity simulation calibration and validation results of SWMM in the study area.

Based on the actual monitoring of pollutant characteristics and rainfall pattern char-
acteristics, COD, NH3-N and TP, which are conventional pollutants, were selected for
nonpoint source pollution simulation. TP and SS have a high positive correlation as the
majority of the TP is in the particulate state [69–71], and the results of the calibration and
validation of TP can to some extent reflect the results of SS. Due to the lack of local data for
SS, calibration and validation results from TP were used as a supplement. Therefore, the
above three indicators were mainly selected for the determination.
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As the contaminant accumulation and flushing processes in the subsurface are influ-
enced by regional characteristics and there is no corresponding reference range of values,
AANSGA-II was used directly to calibrate the contaminant accumulation and flushing
parameters. The rainfall events collected were 0729, 0804, 0830, 0831 and 0926, and the
results are shown in Table 4.

Table 4. Water quality simulation calibration and validation NSE results of SWMM in the study area.

Determination of Model Parameters Rainfall Events COD NH3-N TP

Calibration
0729 0.613 0.625 0.594
0830 0.483 −5.420 0.542
0926 0.507 0.523 0.341

Validation
0804 0.546 0.487 −0.344
0831 0.669 0.373 0.477

The validated SWMM was imported into InfoWorks ICM for debugging to ensure
the accuracy of the simulation results. Before 2D flooding simulation, digital elevation
model (DEM) data for flooding simulation was obtained by interpolation (using the inverse
distance-weighted interpolation method) in ArcGIS based on the ground elevation data
of 374 inspection wells to create a ground irregular triangular network (TIN) model in
InfoWorks ICM, based on the aforementioned total of 2670 elevation data (2048 rainwater
nodes points and 622 points provided by the sounding company). A 2D simulation polygon
was created within the TIN model, and the building area was defined as a blank area to
preclude runoff flow in the simulation process. The polygon was gridded, a 2D flooding
calculation was performed, and the data were read to obtain a time–flooded area curve [39].

As the subsequent evaluation of the flood control effect of grey and green facilities
mainly considered event 0831, it could not be used to test the validity of the model. Among
the remaining seven rainfall events, the one with the highest intensity of rainfall, which
is the most prone to flooding, was selected for simulation. The precipitation of 0729, 0830
and 0901 were close to each other, but the rainfall duration was significantly different,
so the event 0830 with the shortest rainfall duration was selected for SWMM simulation.
The amount of water overflowing from the check wells was selected as the input data for
the flooding simulations. The simulated waterlogging points were basically consistent
with the actual observed waterlogging locations, which verified the validity of the model
simulation process.

3.4. Cost-Effectiveness Evaluation

The calculation parameters are shown in Table 5. As many countries charge plot
owners for stormwater fees on the basis of impervious surface area [72,73], it is difficult to
reflect the difference in fees for different rainfall levels. The average value of the levy per
unit volume of rainwater discharge in Godyń’s study [74] was chosen, where the value in
his study was used directly because the exchange rate of the EUR against the CNY is close to
purchase power parity [75]. Reservoir construction units and reservoir capacity investment
reference the national forestry department uniform standard value. The reduced flood
control cost per unit area of runoff reduction was based on the annual emergency fund for
flood control in Beijing. The amount of carbon dioxide fixed and oxygen released from the
green space was based on the field observation results of Li et al. [76]. China launched a
national carbon emissions trading system in 2021, but the foundation of the market-based
mechanism for carbon price formation is still weak, and the trading structure needs to
be improved, so we referred to the median carbon tax rate values of other countries in
State and Trends of Carbon Pricing 2021. The price per unit mass of oxygen refers to the
China Price Statistical Yearbook. The COD reduction cost per unit was based on the study
results of Li et al. [77]. The cost of treating other pollutants and the economic benefits of
reducing the negative impacts on water per unit of pollutant treated is with reference to
the study by Zhu et al. [42]. She [78] found that the construction cost of pipe networks with
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pipe diameters of 600–1000 mm was 247–990 CHY/m in China. The construction costs
of permeable pavements, green roofs, and pipe network systems in this study area were
chosen as average values, i.e., 130 CHY/m2, 200 CHY/m2, and 618.5 CHY/m, respectively.

Table 5. Cost-effectiveness evaluation method parameters.

Parameter Value Parameter Value

n 30a i 5%
Pro 1.23 CNY/(m3) Pf 6.11 CNY/(m3)

FCO2 0.013 kg/(m2·d) FO2 0.018 kg/(m2·d)
PCO2 141 CNY/t PO2 1108 CNY/t

P1−COD 4.14 CNY/kg P1−TP 52.4 CNY/kg
P1−TN 23 CNY/kg P2−SS 4.96 CNY/kg

P2−COD 1.24 CNY/kg P2−TP 0.176 CNY/kg
P2−TN 0.996 CNY/kg

4. Results and Discussion

4.1. Quantitative Analysis of the Benefit Indicators

The runoff control results for the eight rainfall events are shown in Table 6. The
retrofitting measures yielded favorable runoff control effects at the different levels of
rainfall, but the effect decreased with increasing rainfall level. This is consistent with
the findings of Guo et al. [68] that LID facilities are more effective in controlling runoff
during smaller and more frequent rainfall events. After retrofitting, runoff was almost
not discharged under the light rain and moderate rain scenarios, which suggests that the
grey and green infrastructure can absorb the runoff generated under low-level rainfall
completely. The runoff control effect of the retrofitting measures under the rainstorm
scenario was significantly lower than that under the other scenarios. But the total runoff
reduction rate still reached more than 80% relative to before retrofitting, and the peak
flow rate was reduced by nearly 70%, which indicates that grey and green infrastructure
retrofitting still provided suitable rainwater absorption under heavy rainfall. The effect
was still satisfactory.

Table 6. Simulation results of runoff control in the study area.

Rainfall Level
Total Runoff

Reduction/m3
Total Runoff

Reduction Rate/%
Peak Flow

Reduction/(m3·s−1)
Peak Flow

Reduction Rate/%

Light rain 7.53 × 10−7 99.69 0.12 99.61
Moderate rain 1.59 × 10−6 97.96 0.55 99.17

Heavy rain 5.58 × 10−6 90.52 0.84 89.80
Rainstorm 1.07 × 10−5 80.88 0.89 68.51

At the same time, simulation of event 0831 before and after the renovation revealed
that the number of severe overflow nodes in the study area was reduced from 46 to 21,
and the total overflow volume was reduced from 5030 to 3915 m3 after the renovation.
This indicates that the renovation of grey and green infrastructure improved the ability to
discharge water from the road surface in the study area. It is conducive to reducing the
economic loss caused by flooding and the impact on the activities of residents.

The nonpoint source reduction results for the eight rainfall events are shown in
Figure 5. Facility retrofitting produced satisfactory reduction and purification effects on
COD, SS, TN and TP. The control effect also decreased with increasing rainfall level because
the pollutant content is related to the rainfall level, and the pollutant reduction capacity
of the retrofitted facilities reached saturation after a certain rainfall level was attained,
resulting in a decrease in the pollutant reduction rate. This is also in line with the study
by Li et al. [79] where the resilience of LID facilities in sponge cities decreases with the
increase in the rainfall return period.
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Figure 5. Simulation results of nonpoint source pollution reduction in the study area.

The total amount of each pollutant was significantly reduced in outfall 3 under the light
and moderate rainfall scenarios after the renovation, indicating that green infrastructure
imposes a strong control effect on the nonpoint source pollution problems generated by
low-level rainfall, with the best control effect on the TP level. Under the rainstorm scenario,
the water quality effect of the facilities was significantly smaller than that under the other
scenarios, among which the COD and SS control effects decreased more significantly than
the TN and TP control effects (approximately 30% difference), which is due to the high
content and proportion of COD and SSs in runoff and the high runoff accumulation under
the rainstorm scenario, resulting in the inability to reduce pollutants promptly. This is in
line with She et al. [80] who conducted a study of residential and commercial areas where
COD and TSS emissions were significantly higher than TN and TP by tens to thousands of
times, with TP reduction rates higher than TSS and COD by about 15–18%.

Due to the small study area, some benefits were not obvious, and the green roof
accounted for more than 80% of the total green infrastructure transformation area, which
is the main green infrastructure aspect, so the ecological benefits mainly included the
carbon sequestration and oxygen release benefits of the green area, which is considered
the ecological benefit index in the study area. The calculated carbon dioxide absorption of
green roofs in the study area is 356.66 kg/d, and the oxygen release amount is 493.83 kg/d.
The green roof retrofitting area accounts for 15.53% of the total roof area in the study area.

According to the Carbon Emission Accounts & Datasets (CEADs) [81], the apparent
carbon dioxide emissions in Beijing in 2019 reached 70.61 Mt. Due to the lack of data specific
to the study area scale, assuming that the apparent CO2 emissions per unit area per unit
time in Beijing remain the same, i.e., CO2 emissions of 0.012 kg/(m2·d), and based on the
area of the study area, it can be concluded that the study area emissions are 6872.77 kg/d,
so the new green space can reduce the daily CO2 emissions of the study area by 5.19%,
which could contribute to urban carbon emission reduction.

The actual amount of carbon dioxide absorbed and oxygen released may vary due to
various factors, such as the specific plant types and ages of lawns in different regions [82],
but these differences were not described in this paper due to the difficulty of obtaining statis-
tical information on the variability of lawn plant types, numbers, and distribution patterns.

4.2. Cost Monetization Analysis

The total cost of grey and green infrastructure renovation in the study area is shown
in Table 7. The cost of green infrastructure was higher than that of grey infrastructure,
namely, 11.30 times higher, which occurred because the renovation mainly involved green
renovation, and the total cost of green infrastructure, especially green roof renovation, was
high due to the large area.
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Table 7. Benefits and costs of grey and green infrastructure in the study area.

Benefits and Costs Indexes Light Rain Moderate Rain Heavy Rain Rainstorm

- Average number of fields/(a−1) 40.80 15.40 5.70 1.20

Runoff control benefits
Runoff control benefit/(CNY·field−1) 2492.00 3944.24 13,128.96 25,251.08

Runoff control benefit/(CNY·a−1) 101,673.57 60,741.30 74,835.10 30,301.30

Flood control benefits
Flood control benefit/(CNY·field−1) NA NA NA 6812.65

Flood control benefit/(CNY·a−1) NA NA NA 8175.18

Water quality benefits

COD control benefit/(CNY·field−1) 796.13 4055.82 5657.12 3828.30
SS control benefit/(CNY·field−1) 621.29 3472.64 4045.43 2432.43
TN control benefit/(CNY·field−1) 190.76 634.80 1601.59 2830.35
TP control benefit/(CNY·field−1) 14.20 119.35 251.31 312.30

Water quality benefit/(CNY·field−1) 1622.37 8282.62 11,555.45 9403.39
Water quality benefit/(CNY·a−1) 66,192.85 127,552.27 65,866.07 11,284.07

Hydrological regulation and
water quality benefits

Hydrological regulation and water
quality benefits/(CNY·a−1) 167,866.42 188,293.57 140,701.17 49,760.54

Ecological benefits

Carbon sequestration
benefit/(CNY·d−1) 50.29

Oxygen release benefit/(CNY·d−1) 547.16
Ecological benefits/(CNY·a−1) 218,070.24

Total benefits Total benefits/(CNY) 11,755,189.30

Construction costs of green
infrastructure

Construction cost of permeable
pavement/(CNY) 723,450.00

Construction cost of green
roof/(CNY) 5,487,000.00

Total costs of green
infrastructure/(CNY) 9,074,545.15

Construction costs of grey
infrastructure

Construction cost of pipe
network/(CNY) 549,368.40

Total costs of grey
infrastructure/(CNY) 802,722.56

Total costs Total costs/(CNY) 9,877,267.72

Notes: Through modelling and field visits, no flooding occurred in the study area under rainfall classes other than
rainstorm for the eight rainfall events. Therefore, it is considered that only the rainstorm scenario produces a
more significant flood control benefit for the annual rainfall events. Therefore, the flood control benefits for the
light, moderate and heavy rainfall scenarios were not calculated and are expressed as NA.

4.3. Benefit Monetization Analysis

The runoff control benefits at the different rainfall levels are shown in Table 7, and
the benefits were positively correlated with the rainfall level. The runoff control benefits
of the retrofitting measures under the heavy rainfall and rainstorm scenarios were higher,
namely, 3 to 10 times, than those under the light and moderate rainfall scenarios, which
occurred because the rainfall level under the rainstorm scenario was 7 and 14 times that
under the moderate and light rainfall scenarios, respectively, and the rainfall level under
the heavy rainfall scenario was approximately 3 and 6 times that under the moderate and
light rainfall scenarios, respectively.

The flood control benefit under rainstorm conditions was 1.73–2.73 times greater than
the runoff control benefits under light and moderate rainfall conditions, and 27–52% of
runoff control benefits under heavy rain and rainstorm conditions, with a higher flood
control benefit due to the comprehensive use of various grey and green facilities for the
renovation of the overflow nodes of the pipe network in this study, with a significant
reduction in overflow nodes and a degree of reduction in overflow volume that can be
equated to the construction price of a larger volume flood control reservoir.

The monetized results of the single rain nonpoint source reduction benefits for different
rainfall levels, calculated on the basis of eight actual observed rainfall events, are listed in
Table 7. The TN and TP control benefits are positively correlated with the rainfall level.
The COD and SS control benefits are positively correlated with the rainfall level under the
nonextreme rainfall scenarios, and the benefits were reduced by 30–40% under the extreme
rainfall scenarios. As the COD and SS control benefits accounted for 66–91% of the total
benefits, the water quality benefits follow the same trend as the changes in the benefits of
both. The main reason for the trend of increasing and then decreasing COD and SS control
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benefits is that the rate of pollutant transport under extreme rainfall scenarios exceeded the
capacity and rate of pollutant absorption at the retrofit facility.

The total annual runoff control benefits, total flood control benefits, and total water
quality benefits at each rainfall level in Beijing were calculated, as summarized in Table 7.

The runoff control benefit of the retrofitted facilities in the study area was the highest
under the light rainfall scenario, which was 1.67–3.36 times higher than that under the other
scenarios. This occurred because the rainfall in Beijing is mainly light rainfall, accounting
for more than 60% of the annual rainfall, and the proportion of the other rainfall scenarios
is low, so a single high-value rainfall event slightly impacts the total annual benefit.

The annual effectiveness of facility retrofitting in controlling nonpoint pollution in
the study area was highest under the moderate rainfall scenario and lowest under the
rainstorm scenario, with the retrofitted facilities under the moderate rainfall scenario
11.30 times more effective than those under the rainstorm scenario. The most significant
annual economic benefits of retrofitting the facility can therefore be achieved under a
medium rainfall scenario. In this regard, the reduction in pollutants relies mainly on green
infrastructure rather than grey infrastructure. The vegetation in the facility slows down the
flow of runoff and traps and deposits pollutants there, using the biochemical reaction of
the plants and the absorption and infiltration of the soil to avoid pollutants from flowing
into natural water bodies and causing water pollution.

It is important to note that as the biochemical reaction of vegetation consumes a
limited variety and quantity of pollutants and the soil has a certain carrying capacity, there
is a risk that when the concentration of pollutants is too high, the sustainable and stable
functioning of the green infrastructure is threatened, resulting in a situation where the total
effectiveness of nonpoint source reduction decreases with the duration of use of the facility.

Since the flooding control benefits were only examined under the rainstorm scenario
with a very low frequency, the runoff control and water quality benefits of the retrofitted
facilities were first discussed under the full suite of rainfall scenarios. The total annual
runoff control and water quality benefits of the retrofitted facilities were highest under
the moderate rainfall scenario and lowest under the rainstorm scenario, while the benefits
under each rainfall scenario were 3.38–4.53 times higher than those under the rainstorm
scenario, which occurred because the probability of rainstorms in Beijing is considerably
lower than that of the other classes and because the retrofitted facilities provide a limited
pollutant reduction capacity under the heavy rainfall scenario. Hence, the benefits under
the rainstorm scenario were low. The retrofitting of grey and green infrastructure in the
study area should focus more on the control of light, moderate, and heavy rainfall.

The flood control benefits are further included in the discussion. The annual flood
control benefit accounted for 16.4% of the hydrological regulation and water quality benefits,
which brought very significant economic benefits. At the same time, rainstorms are more
harmful to the study area, and waterlogging seriously affects the production and life
of people. Therefore, specific control measures for rainstorms should be moderately
implemented if the budget allows.

The annual nonpoint source reduction benefit and the annual hydrological regulation
benefit of the retrofit facility are basically the same, with the hydrological benefit slightly
higher than the water quality benefits, exceeding the water quality benefits by 1.8%. The
high water-quality benefits were due to the high unit pollutant reduction costs and the
fact that the retrofits mainly involved green facilities with large green roofs providing a
high ability to absorb and dissipate pollutants. The high hydrological benefit is due to the
fact that both grey and green retrofitted facilities generate hydrological control effects, of
which green infrastructure focuses on runoff control under lower rainfall scenarios, and
grey infrastructure focuses on higher rainfall scenarios. Green infrastructure can retain
most of the rainfall when rainfall is low, resulting in significant runoff control benefits;
although the degree of grey infrastructure retrofitting is low, the study area has a temperate
monsoon climate with limited rainfall, and statistics show that the study area has a low
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probability of extreme rainfall, so grey infrastructure retrofitting can meet most of the needs
of the study area, resulting in significant runoff and flood control benefits.

The annual ecological benefits of the renovated facilities are approximately 80% and
79% of the annual hydrological and water quality benefits, respectively, accounting for
28.5% of the total annual benefits, which is slightly lower than the hydrological and water
quality benefits. But it is still about 1/3 of the overall, indicating that the potential for
ecological benefits of the renovated facilities is huge. The fact that only green facilities have
ecological improvement benefits leads to a significantly higher monetary value of green
facilities than grey facilities. The total benefits of green infrastructure are approximately
ten times greater than those of grey facilities.

4.4. Cost–Benefit Ratio Analysis

The benefit–cost ratio over the life cycle is 1.19, of which the benefit–cost ratios of
green and grey infrastructure are 1.23 and 0.73, respectively, and green infrastructure is
slightly more economically effective than grey infrastructure. To completely solve the
flooding problem in the study area, a large amount of grey and green infrastructure was
renovated and constructed, and the total runoff amount, peak flow, degree of flooding, and
runoff pollutants were significantly reduced, resulting in greater mitigation of the water
problem in the study area. But at the same time, as a mature community, the construction
and maintenance costs of its facilities significantly increased, thus yielding a limited actual
economic value and low net benefits. The grey infrastructure in this study exhibited low
alteration and maintenance costs, high rainstorm scenario benefits, and notable alteration
of the existing pipe network system, which plays a supporting role under the high to heavy
rainfall scenarios but provides poor net benefits due to the extremely low frequency of
heavy rainfall in Beijing.

In summary, the modification of grey and green infrastructure in the study area can
produce certain economic values of rainfall runoff, internal flooding, and water quality
benefits, but the benefit–cost ratio is only slightly higher than 1. If the grey and green
facilities in the study area are modified, more suitable types of facilities should be used, and
their locations should be optimized, considering the costs and benefits of these facilities.

In addition, the low benefit–cost ratio is due to the small study area in this paper, which
does not include the external benefits of grey and green infrastructure in the calculation
process. In the actual situation, it is still necessary to consider the following: (1) the
reduction in external runoff will impose an ameliorating effect on river scouring as well as
flooding, thus reducing the occurrence of disasters such as landslides and mudslides caused
by excessive scouring as well as the personal and property losses caused by downstream
flooding to local residents; (2) the facilities intercept rainwater, increase the amount of
rainwater infiltration, replenish groundwater, and raise the groundwater level, and this
part of rainwater can be used as urban green space irrigation water, water for road cleaning,
water for firefighting, etc., which to a certain extent reduces tap water development and
utilization and eases the pressure on the urban water supply; and (3) green infrastructure
can alleviate the heat island effect and reduce energy use, while the synergy between the
study area and other green infrastructure can reduce the growth rate of urban energy
consumption. To better assess the cost–effectiveness of grey and green infrastructure, the
retrofitting effect of the entire system should be evaluated on a larger scale to reduce the
possibility of misestimation.

4.5. Uncertainty and Applicability Analysis

Transient runoff samples are mainly collected by hand sampling. There are also disad-
vantages to this approach, namely a certain amount of subjectivity and non-reproducibility.
In the future, programmable auto-samplers could be considered to compensate for the
current shortcomings.

In terms of model simulation, the SWMM tends to overestimate peak flows, and high
peak flow simulations also lead to high total runoff, which can lead to higher peak flow
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reduction rates and higher total runoff reduction rates than in reality. This results in higher
calculated runoff control benefits than actual values, higher hydrological benefits and
higher total benefits.

Since no calibration or validation of SS was performed, the SS confidence level was
derived in this study by calibration and validation of TP, and therefore all results related to
SS are subject to some error. Heavy metal concentrations were derived from SS, so there is
some uncertainty in the heavy metal content, and further research is needed to reduce this
uncertainty when considering the heavy metal content and the risk it poses. In addition, in
terms of benefit calculation, due to some uncertainty in the SS reduction rate, the benefits
from SS reduction calculated through it also have some error, which has an impact on
the calculation of water quality control benefits. This ultimately leads to uncertainty in
the calculation of benefits. In future research, it is necessary to further obtain richer and
more accurate data on SS to compensate for this part of the shortcomings and reduce the
uncertainty of benefits and risks.

In terms of calculating the benefits of runoff control, as the study area has not yet
implemented a mature stormwater charging system, the stormwater fees of other countries
are used as a proxy in this paper. As Poland is relatively similar to China in terms of price
levels, while the Euro to CNY exchange rate is close to purchasing power parity, using the
Polish levy for stormwater fees reduces the error. However, the stormwater fee is the total
cost of all urban drainage infrastructure, including cisterns, pumping stations, pipes, etc.
The campus drainage facilities in this study are relatively simpler and the maintenance and
construction cost expenditure is relatively less than the reference value, resulting in a high
benefit calculation. In addition, the Polish stormwater fee levy is related to the capacity of
water storage facilities in impervious areas, and this paper uses the average value, which
will lead to some error.

Flood control benefits are proxied using the cost of a flood control reservoir of the
same volume as the overflow reduction. In practice, the benefits may not be linearly related
to the volume of overflow reduction. The actual benefits are quantified monetarily based
on the impact of flooding on various aspects such as travel, personal safety and property
damage to residents, and corrosion and destruction of buildings when no grey and green
facilities are built. However, due to differences in many aspects such as population density,
average income of residents, building heights, and the way buildings are constructed with
materials, as well as the amount of rainfall in each rainstorm, it is difficult to make specific
and detailed calculations of their flood control benefits based on each storm. The use of
the shadow engineering method can simplify the calculation steps and prevent the lack of
some of the measured data in the study area from making monetary calculations difficult,
but it can also lead to certain errors.

The cost per unit of pollutant treated and the economic benefits of reducing the
negative impacts of treatment on water are also calculated using empirical values. The
cost per unit of COD treatment is calculated using the results of COD reduction during
China’s 11th Five-Year Plan period. The development of science and technology have led
to a reduction in pollutant emissions, which combined will result in some error in the unit
COD treatment cost. Other pollutant treatment costs are calculated from studies in recent
years, and the influence of the time factor is relatively small, but due to the scale of the
studies, there is still some error when applying it to the current study area.

The indicators of ecological benefits are also calculated based on reference values.
Due to the varying degrees of variability in climate, hydrological characteristics, land use,
economic and other regional characteristics of different regions, the calculation is subject to
a certain degree of error. Because of the high human and material costs and the specificity
of the study area, it is difficult to generalize, so it is easier to use the average values of the
region or country to which the study area belongs and the formulaic monetization method.

In this study, due to the small size of the study area and the simplicity of the renovation
facilities, the ecological benefits other than the carbon sequestration and oxygen release
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benefits may be limited, so they are not calculated in detail in this paper, which may result
in small total benefits.

We are currently only evaluating based on limited scenarios and have not evaluated
and compared the reliability, resilience and sustainability of different types and proportions
of mixed grey and green facilities. Casal-Campos et al. [83] have done a good job in this
regard and future comparisons of different mixed facilities could also be conducted for the
current study area to achieve a higher benefit–cost ratio.

The current benefits are based on the results of current climate conditions, but as the
global climate is changing considerably, rainfall patterns in the study area may change
somewhat and Beijing may experience more rainy days or an increase in average daily
precipitation and an increase in the proportion of extreme rainfall [84], which may lead to
an increase in the benefits of grey facilities over that of green facilities; the current results
will change somewhat and the conclusions will change somewhat as a result.

4.6. Risk Analysis

Green facilities reduce the velocity of rainwater runoff and use vegetation and soil to
trap pollutants so that they do not enter natural water and cause pollution. Vegetation and
microorganisms can break down some pollutants or use their own biochemical reactions
to convert some pollutants into harmless substances; however, there are some pollutants
such as heavy metals that are difficult to be converted by vegetation and microorganisms,
and the runoff containing these pollutants seeps down through the soil pores, causing
soil pollution and possibly groundwater contamination. As the pollutant reductions and
reduction rates in the study were mainly based on observing the pollutant concentrations at
the outfalls and focusing on the pollution of surface water, etc., where the stormwater runoff
flows directly, the results of the total reduction in each type of pollutant were obtained, and
in practice the threat of pollutants to the soil and groundwater also needs to be looked at.

The actual construction of green infrastructure should therefore refer to relevant de-
sign guidelines, such as the design guideline issued by the German Association for Water,
Wastewater and Waste (DWA). Specific requirements, limiting dimensions, design parame-
ters for each component of the facility, and facility design loads need to be determined to
keep the risk of groundwater contamination within manageable limits.

5. Conclusions

This study comprehensively assessed and monetized the hydrological, nonpoint
source, and ecological benefits of grey and green infrastructure. The main findings are
as follows:

The retrofitting of grey and green infrastructure could effectively reduce the total
volume and peak flow of stormwater runoff and had a good effect on the control of
flooding in the study area. Under different rainfall scenarios, the reduction rates of total
runoff and peak flow in the study area were higher than 65%. Grey and green infrastructure
had a good reduction effect on surface pollution from stormwater, with the reduction in all
pollutants close to 100% under the light and moderate rain scenarios, 75–90% under the
heavy rain scenario and 40–80% under the rainstorm scenario. The combined benefits of
grey and green infrastructure are highest in the medium rainfall scenario, and the economic
effectiveness of grey and green facilities in relieving flooding and drainage pressure on the
network is limited in the heavy rainfall scenario. Both grey and green facilities can improve
the sustainability of urbanized areas and bring significant economic benefits, but green
infrastructure has more multifaceted benefits and higher monetized values of benefits.

The relative control of runoff and pollution with a positive benefit can be achieved
in smaller scale campus areas with relatively simple grey and green facilities consisting
of green roofs, permeable pavements, and pipe modifications, which can be a reference
for similarly situated areas. As the scale of the area increases, or as the area becomes
more urbanized, additional types or numbers of facilities can be considered to achieve
better results.
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The comprehensive benefit evaluation system for grey and green facilities in this study
can be applied to the comprehensive accounting of hydrological, nonpoint source pollution
and ecological benefits as well as costs in other regions, providing some reference on the
economic aspects of the feasibility of facility construction in other regions. However, the
current method still suffers from ambiguity in the data and uncertainty in the alternative
calculation of benefits, and further refinement is needed in region-specific studies.

Green infrastructure traps pollutants and mitigates pollution in water such as rivers,
but soil contamination and groundwater contamination from pollutant infiltration needs to
be further considered subsequently.
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Appendix A

Table A1. Hydrological, nonpoint source and ecological benefits in selected studies.

Aspects Results Authors

Runoff reduction rates

Rain gardens 77%

Glick et al. [16]

Porous pavements 29%
Green roofs 15%

Cisterns 15%
All LIDs 30%

Peak flow reduction rate All LIDs 24%

Runoff reduction rates
Current conditions 80%

Abduljaleel et al. [17]

Future climate change conditions 29%

Peak flow reduction rates
Current conditions 62%

Future climate change conditions 13%

Effect of reducing runoff
Best Infiltration trenches

Worst
Rain gardens

Bioretention ponds

Peak flow reduction rates
General rainfall events 22%

Quichimbo-
Miguitama et al. [18]

Extreme rainfall events 15%
Runoff reduction rates - 20%

Flooded nodes reduction rates
Short-term events 27%

Extreme events 4%

Runoff reduction rates
Conventional medium density cities 29%

Seo et al. [19]

Conservation medium density cities 25%

Nitrate loads reduction rates
Conventional medium density cities 31%
Conservation medium density cities 30%

TP reduction rates
Conventional medium density cities 25%
Conservation medium density cities 22%

Runoff reduction rate - 35.08%
Deng et al. [20]Peak flow reduction rate - 26.82%

Nonpoint source pollution reduction rate - 45.18%
Peak flow reduction rate - 80% Saadatpour et al. [28]

SS reduction rate - 81.86%
Leachate temperature reduction Permeable pavement 2 degrees Celsius LeBleu et al. [21]

Temperature reduction Green roofs before 8 a.m. 1 degrees Celsius Shen [22]Green roofs at 2 p.m. 18 degrees Celsius

Carbon sequestration/(kg carbon dioxide
equivalent·a−1)

Green land 5450
Lin et al. [23]Rainwater utilization 15,379

Runoff pollutant removal 19,552
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Abstract: Low-impact development (LID) practices have been recognized as a promising strategy
to control urban stormwater runoff and non-point source pollution in urban ecosystems. However,
many experimental and modeling efforts are required to tailor an effective LID practice based on the
hydraulic and environmental characteristics of a given region. In this study, the InfoWorks ICM was
applied to simulate the runoff properties and determine the optimal LID design in a residential site at
Yixing, China, based on four practical rainfall events. Additionally, the software was redeveloped
using Ruby object-oriented programming to improve its efficiency in uncertainty analysis using the
Generalized Likelihood Uncertainty Estimation method. The simulated runoff was in good agreement
with the observed discharge (Nash–Sutcliffe model efficiency coefficients >0.86). The results of the
response surface method indicated that when the sunken green belt, permeable pavement, and green
roof covered 8.6%, 15%, and 10%, respectively, of the 11.3 ha study area, the designed system showed
the best performance with relatively low cost. This study would provide new insights into designing
urban rainfall-runoff pollution control systems.

Keywords: first flush effect; InfoWorks ICM; LID optimization; generalized likelihood uncertainty
estimation

1. Introduction

Urbanization, characterized by continuous growth in population and land develop-
ment, has altered the urban water cycle. Increasing urban impervious areas disrupted
the infiltration process and resulted in a significant increase in the amount of surface wa-
ter runoff, intensifying the frequency and severity of floods [1–3]. Besides, the growing
population and industry largely augment the pollution load, such as through emissions
from vehicles, the use of pharmaceuticals and personal care products, and the release of
micro-/nano-plastics [4–6]. These pollutants exhibit stronger interactions with each other
and may enrich adverse substances such as antibiotic resistance genes in surface water and
floods [7,8]. One of the greatest issues in urban runoff is the first flush effect (FFE), which
implies a greater discharge rate of pollutant mass or concentration in the early part of the
runoff as compared with later in the storm [9–11]. Chow and Yusop (2014) [9] examined
the water quality of 52 rainfall events and concluded that the first 10 mm of rainfall carried
about 50% of the total pollutants. Wang et al. (2016) [10] proposed that intercepting the first
30–40% of the surface runoff was the most effective in stormwater quality management.
As a result, controlling the first flush is critical for stormwater management.

Low impact development (LID) has been regarded as a promising strategy to com-
pensate for the influence of urbanization on hydrology and water quality by simulating
the pre-development site hydrology with site design techniques [12,13]. LID, as an effec-
tive and environmentally friendly practice for urban runoff management, is capable of
significantly reducing urban runoff pollution loads [14]. This strategy was first introduced
by the U.S. Environmental Protection Agency in the 1990s and has been widely used in
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many cities [12,15,16]. Green infrastructures such as bioretention cells, green roofs, and
permeable pavements are implemented for LID purposes [17,18]. However, the design
and implementation of these green infrastructures require optimization to achieve better
performance [14,19].

Due to the random and uneven distribution of surface runoff, optimizing LID prac-
tices based on model simulation has become an ideal strategy. SWMM, MIKE, and In-
foWorks ICM were often used by researchers to simulate the quality and quantity of surface
runoff [20–22]. SWMM is a commonly used software that is easy to operate and commonly
applied for secondary development. However, its input was complicated, and the results
were difficult to visualize [20,22]. MIKE was feasible to simulate the hydraulics and quality,
but some models required to be coupled manually [21]. InfoWorks ICM, developed by
Wallingford, facilitated the operation and visualization of the urban water cycle simulation,
making it a preferable choice for this study [23,24]. For example, Fan et al. (2022) [25]
applied InfoWorks ICM to analyze the hydrological and pollution reduction in outfall and
storage under different hydrological patterns, vertical parameter settings, and green infras-
tructure installation locations. However, most of the stormwater management practices in
China only focused on reducing the volume rather than the FFE, which is key to a more
effective LID practice design and stormwater runoff management [23,26].

Therefore, the aims of this study are: (1) to establish a model using InfoWorks ICM for
stormwater runoff quality monitoring and estimation; (2) to conduct sensitivity analysis,
calibration, validation, and uncertainty analysis on the established model; and (3) to
optimize various LID facilities to maximize their performance while minimizing the cost.
This study presents a promising method for urban runoff management, and the results are
available for decision-makers to use in future planning.

2. Materials and Methods

2.1. Site Description

This study took place in Yixing (31◦07′~31◦37′ N, 119◦31′~120◦03′ E), a city located
in the Southern part of Jiangsu Province, China (Figure 1). Yixing is hilly in the south,
flat in the north, and has Taihu Lake to the east. The city has a humid subtropical climate
and is influenced by the East Asian monsoon, which results in four distinct seasons and
dense river networks. The average annual rainfall is 1177 mm and mostly occurs during
the spring and summer. Rapid urbanization results in a growing amount of waste and
poses a threat to the environment, especially the Taihu Lake. Therefore, the control and
management of non-point pollution are of great significance. The study was conducted
in a 0.1113 km2 residential area with 8.6% green area, 48.4% construction area, and the
remaining 43% roads.

2.2. Stormwater Sampling and Data Acquisition

Flowrates were monitored at 5–10 min intervals, and the samples for water quality
analysis were manually collected in 500 mL polyethylene bottles. The data for four rainfall
events (7 November 2015, 22 August 2015, 5 April 2018, and 23 April 2018) were acquired
from the automatic rain gages at the 104 freeway, which recorded every 0.2 mm.

Then, the collected samples were sent to the laboratory for water quality analysis. The
samples were kept in the fridge before analysis, and all the experiments were performed
within 24 h. The concentrations of suspended solids (SS), NH4

+-N, chemical oxygen
demand (COD), and total phosphorus (TP) were measured by the weighing method,
Nessler’s reagent spectrophotometry method, rapid digestion spectrophotometry method,
and Mo-Sb anti-spectrophotometric method, respectively.

2.3. Data from Stormwater Monitoring

Four different storm events were used to calibrate and validate the rainfall-runoff
model (Table 1): storm events on 22 August 2015 and 11 July 2015 for the calibration process
and storm events on 4 May 2018 and 23 April 2018 for validation.
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Figure 1. Map of the study area: (a) location of Jiangsu Province in China; (b) location of Yixing City
in Jiangsu Province; (c) the DEM (Digital Elevation Model) of Yixing City; (d) study area; (e) simulated
image of InfoWorks ICM.

Table 1. Data from stormwater monitoring.

Previous Dry
Duration (h)

Depth
(mm)

Duration
(min)

Average
Intensity (mm/h)

Characterization

22 August 2015 39 20.2 420 2.89 Moderate
11 July 2015 18 13.0 150 5.20 Heavy
4 May 2018 22 9.0 160 3.38 Moderate

23 April 2018 3 55.0 576 5.73 Heavy

2.4. Rainfall-Runoff Pollution Model Setup

InfoWorks ICM was applied to set up an urban rainfall-runoff pollution model, includ-
ing a hydrologic module and a water quality module (Figure 2). In the hydrologic module,
the surface runoff in impervious areas, including roads and buildings, was calculated by the
rational method, while the infiltration in the green areas was estimated using the Horton
equation [26,27]. The nonlinear reservoir method was applied in the routing model. Since
the study area has a separate sewer system, only the storm drain was simulated using the
Saint-Venant equations. In the model, the pipelines were generalized into connecting lines
between nodes, and the boundary conditions were the water outlet or head loss.

Based on the hydrologic module, the water quality module simulates the accumulation,
erosion, and transport processes of the pollutants [28]. In InfoWorks ICM, the accumulation
process was assumed to be linear, and the accumulation rate decreased exponentially as the
mass of surface sediments increased. The buildup of pollutants is calculated by the Euler
approximation equation as shown below:

dM
dt

= Ps − K1gM (1)

where M is the mass of accumulations (per unit area) (kg/ha), Ps is the pollutant accumula-
tion coefficient (kg/(ha×day)), K1 is the decay factor (day−1).
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Figure 2. Flowchart for optimizing LID size.

The wash-off process is modeled as the function of accumulated pollutants and rainfall
intensity:

dM
dt

= −KagM(t) (2)

Ka(t) = C1 I(t)C2 − C3 I(t) (3)

where Ka(t) is the wash-off rate; I(t) is the rainfall intensity; and C1, C2, and C3 are wash-off
coefficients.

The runoff is calculated by the single linear reservoir confluence equation. The model
also assumes that the quantity of pollutants in surface runoff equals the product of surface
sediments and the efficacy coefficient, which remains unchanged during a rainfall event.

2.5. Model Calibration and Uncertainty Analysis

For the hydrologic model, the sensitive parameters as well as their range were referred
to previous studies [12,29]. Then, the runoff model was calibrated by two rainfall events
in 2015 (22 August 2015 and 11 July 2015), and the remaining two (4 May 2018 and
23 April 2018) were applied for verification. The accuracy of the model was evaluated by
Nash–Sutcliffe Efficiency (NSE) graphically and statistically.

For the water quality model, the sensitivity, uncertainty analysis, and calibration were
analyzed by the Generalized Likelihood Uncertainty Estimation (GLUE) method, which is a
global analysis method that concludes several optimal parameter sets to avoid interactions
between parameters.

The first step of the GLUE method is to determine the likelihood function (Equation (4)).

L(α|y) =
(

1 − σ2
ε

σ2
0

)N

(4)

where L(α|y) is the likelihood of parameter set α, given the observed data (y). The quantities
σ2

ε and σ2
0 refer to the error variance between model simulations and observed data and the

variance of the observed data, respectively.
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Then, the data of two rainfall events (22 August 2015 and 11 July 2015) are applied for
the rough calibration to narrow the range of parameters. By assuming that the distribution
of the parameters was uniform, 2000 sets of parameters were randomly chosen. The batch
input of model parameters and the automatic output of model results were realized by
redeveloping the InfoWorks ICM via RUBY. Then, the values of the likelihood function
were calculated using the VBA function in Excel.

2.6. LID Module

In InfoWorks ICM, the LID facilities are attached to the model as discrete elements, and
their performance is simulated by a unit-based process (Table S1). The model generalizes
each LID facility into a space composed of multiple vertical layers, including surface layers,
pavement layers, soil layers, storage layers, an underdrain, and a drainage mat. Then, the
simulation is achieved by estimating the water quantity and quality in different layers [12].

A sensitivity analysis was conducted to investigate how the parameters of the LID
facilities impact the volume and pollutant reduction in surface runoff. The sensitivity
analysis was performed by the Morris screening method using a random One-factor-
At-a-Time (OAT) design, in which only one input parameter ei is modified between two
successive runs of the model. The change induced on the model can then be unambiguously
attributed to such a modification using an elementary effect defined by

ei = (y(xi)− y)/Δx (5)

where y(xi) is the new outcome, y the previous one, and Δx is the variation in the parame-
ter x.

The rainfall event used in this sensitivity analysis has a return period of three years,
a duration of 2 h, a peak coefficient of 0.4, and a 48-h dry period.

2.7. Optimizing LID Configuration

Since the size of LID facilities is the key to LID design, the EMC (Event Mean Con-
centration) equation (Equation (6)) was applied to analyze the influence of different LID
facility sizes on the volume and pollutants reduction in surface runoff. EMC is often used
in water quality evaluation, and when the reduction in pollutants is larger than the volume,
the EMC value is larger than 0.

EMC =
∑ CtQtΔt
∑ QtΔt

=
∑ CtVt

∑ Vt
(6)

where Δt is the calculation interval, Qt is the flux during the time interval, Vt is the volume
of runoff, and Ct is the concentration of the pollutants in Δt.

The performance of LID facilities of different sizes was tested by rainfall events with
a peak coefficient of 0.4, a duration of 2 h, a dry period of 48 h and return periods of 1,
3, 5, and 10 years. By changing the portion of the bioretention cell (from 2.5% to 20%),
permeable pavement (from 10% to 90%), and green roof (5–50%) in the study area, the
results of water quality, volume, and EMC reduction versus the size were plotted as figures
for further analysis.

The response surface method (RSM) based on the Box–Behnken design (BBD) was
applied for the multi-purpose optimization calculated by Design-expert. The portion of the
bio-retention cell, permeable pavement, and green roof were set as factors, and the water
volume reduction rate (f1(x)), pollution removal rate (f2(x)), and cost (f3(x)) were set as
responses. The results were analyzed by the least-squares method, and individual linear,
quadratic, and interaction terms were determined by the analysis of variance (ANOVA).
The optimal design parameters were the values of the factors with the largest desirability
in the numerical optimization process (Equation (7)) (Table 2).

D =
(
dw1

1 × dw2
2 × · · · · · · × dwn

n
)1/(w1+w2+······+wn) (7)
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where dn is the dimensionless response and wn is the weights of each response.

Table 2. Objective, weights, and range of responses.

Objective Weights Minimum Maximum

Quantity reduction Maximize 4 0 100
Pollutant removal Maximize 2 0 100

Cost Minimize 4 0 15

As the study area has 8.6% of the green area, 43.0% of the road, and 48.4% of the
construction area, the portions of the sunken green belt (x1), permeable pavement (x2), and
green roof (x3) were set to be smaller than 8.6%, 43.0%, and 48.4%, respectively. These three
green infrastructures were chosen due to their wide applications as LID [17,30,31]. The
cost (f3(x)) is the sum of the area times the unit price of each LID facility, and the price
was collected from the market and relevant papers: the sunken green belt is $14.3/m2, the
permeable pavement is $28.6/m2, and the green roof is $25.3/m2. The design and solutions
are shown in Table 3.

Table 3. Experimental design and results for response surface analysis.

Design Matrix Solutions Solutions

Run X1 X2 X3 f1(x) f2(x) f3(x) f1(x) f2(x) f3(x)

1 7.6 10 30 44.95 84.43 6.74 35.15 83.12 6.74
2 7.6 30 10 49.86 92.50 6.97 38.57 91.30 6.97
3 7.6 20 20 66.49 95.58 11.19 56.54 95.00 11.19
4 7.6 10 10 71.35 97.62 11.42 59.94 97.68 11.42
5 6.6 20 30 47.43 84.43 7.08 39.74 83.12 7.08
6 8.6 20 30 52.34 92.50 7.30 43.16 91.30 7.30
7 8.6 10 20 63.99 85.66 10.86 51.95 95.00 10.86
8 8.6 20 10 68.85 97.62 11.08 55.35 97.68 11.08
9 7.6 20 20 39.14 82.77 4.96 30.64 81.04 4.96

10 7.6 30 30 60.69 94.10 9.41 52.16 93.21 9.41
11 7.6 20 20 55.72 94.10 8.75 42.97 93.21 8.75
12 8.6 30 20 77.11 98.52 13.20 64.37 98.51 13.20
13 6.6 30 20 58.21 94.10 9.08 47.56 93.21 9.08
14 6.6 10 20 58.21 94.10 9.08 47.56 93.21 9.08
15 7.6 20 20 58.21 94.10 9.08 47.56 93.21 9.08
16 6.6 20 10 58.21 94.10 9.08 47.56 93.21 9.08
17 7.6 20 20 58.21 94.10 9.08 47.56 93.21 9.08

3. Results and Discussion

3.1. Calibration, Validation, and Sensitivity Analysis
3.1.1. Hydrologic Model

Before calibration, the sensitive parameters of the hydrologic model were selected
from the InfoWorks ICM manuals, most of which suggested that the percent of impervious
area and the depth of depression storage on the impervious portion of the study area
were the most sensitive parameters (Table 4). The difference between the observed and
simulated flow is shown graphically in Figure 3. The Nash–Sutcliffe model efficiency
coefficients (NSEs) were 0.86, 0.89, 0.89, and 0.88 for the rainfall events on 7 November 2015,
22 August 2015, 5 April 2018, and 23 April 2018, respectively. As for the peak flow, the
differences in volume and time between the observed and simulated data were less than
20%. The results indicated that the simulated runoff was in good agreement with the
observed discharge and was acceptable for further analysis.
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Table 4. Parameters for the rainfall-runoff model.

Models Parameters Value

Runoff model

Runoff coefficients for impervious pavements 0.93
F0 (Horton) initial infiltration (mm/h) 76.20
Fc (Horton) Permeability rate (mm/h) 3.81

K (Horton) reduction rate (L/h) 0.01
Horton recover rate (L/h) 0.014

Routing model

Slope of the impermeable surface (m/m) 0.003
Slope of the permeable surface (m/m) 0.00

Manning roughness of the impermeable pavement 0.013
Manning roughness of the permeable surface 0.15

Initial loss the impermeable surface (mm) 0.7
Initial loss the permeable surface (mm) 1.0

Figure 3. Observed and simulated flow rates in calibration.

3.1.2. Water Quality Model

For the water quality model, the uncertainty analysis was conducted by the GLUE
method, and the calibrated parameters are shown in Table S2.

The simulations of SS, COD, and TP are acceptable; however, the modeled NH4
+-N

concentration is not accurate enough (Figure 4). The inaccuracy in NH4
+-N modeling

indicated that the concentration of NH4
+-N in runoff might not be linearly related to the

concentration of SS [32]. According to the likelihood distribution of different parameters,
it can be concluded that the SS simulation is most sensitive to C3, and the NSE value
plateaus when C3 falls in the range of −8 to −6. The model is not sensitive to the value of
C1, since a high NSE value always occurs whatever C1 is in the range. The COD modeling is
sensitive to both γ1COD and γ3COD, and the NSE value reaches the maximum when γ1COD
is around 1 and γ3COD is around 0.25. For the NH4

+-N simulation, γ1NH+
4 −N and γ3NH+

4 −N
are the sensitive parameters, while for TP, the sensitive parameters are γ1TP and γ3TP.
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Figure 4. Observed and simulated (a) SS, (b) COD, (c) NH4
+-N, (d) TP concentrations in calibration.

Then, the upper and lower ranges of the uncertainty analysis falling within the 90%
confidence interval were plotted with the observed data. The observed data for SS and
COD falls in the uncertainty range, while some of the observed NH4

+-N and TP concentra-
tions were not in the model’s uncertainty range. This exclusion can be explained by the
assumptions of the water quality simulation in InfoWorks ICM that the concentrations of
pollutants are linearly related to the concentration of SS and the coefficient is consistent in
a storm event [23]. Therefore, it neglected the relationship between pollutants and rainfall
characteristics and might result in errors. In addition, Deletic et al. (2012) [33] pointed out
that such integrated models containing several interdependent sub-models might cause
over-parametrization and enlarge the uncertainty of the models.

The model was then calibrated with rainfall events on 5 April 2018 and 23 April 2018.
The NSE values of the SS and COD modeling of both rainfall events imply that the model
is accurate enough; however, for NH4

+-N and TP modeling, with NSE values larger than
0.6 and a similar peaking time, the results can be regarded as acceptable.
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3.2. Impact of LID Sizes on the Volume and Pollutant Reduction of Surface Runoff

Size is the most important parameter in LID design because it directly influences the
volume and quality of the runoff in a catchment. As shown in Figure 5, when the area
of the sunken green belt is enlarged, the volume reduction increases linearly; however,
the pollutant reduction rate increased at first and then declined. The curve of pollutant
reduction is due to the FFE, for the initial rainfall carries most of the pollutants, and the
concentration of pollutants declines as the rainfall goes on. Likewise, according to the
figures, the FFE increased with the increase in rainfall intensity, the runoff interception
decreased, and the change in pollutant removal was negligible.

Figure 5. The impact of the sunken green belt on runoff water quality and quantity. (a) rainfall
intensity once a year. (b) rainfall intensity once every three years. (c) rainfall intensity once every five
years. (d) rainfall intensity once every ten years.

Comparing the figures in Figure 5, it can be concluded that when the peak and duration
were consistent, the water quantity reduction rate decreased significantly with the increase
in rainfall intensity. However, the change in water quality reduction rate was negligible.
Besides, the FFE were enhanced with the increase in rainfall intensity. Therefore, even
though less water was retained by the sunken green belt when the precipitation intensified,
the change in intercepted pollutants was negligible.

Since permeable pavements only intercept rainfall on the surface, the reduction in
water quantity is directly proportional to the area of the LID facility with a slope of
around one (Figure 6). The pollutants accumulated on the surface were also intercepted
with the runoff, and thus the pollutant removal curve is almost the same as the quantity
reduction curve.

In the model, the green roof only received rainwater that fell directly on it, so the
water reduction rate was proportional to the area. When the rainfall intensity increased,
there would be an overflow on the green roof [34]. The water reduction rate would thereby
decrease, but the changes in the pollution removal rate were negligible (Figure 7). In this
model, the accumulated pollutants on the surface of green roofs were not considered. As a
result, the total amount of accumulated pollutants decreases when green roofs take up more
space in the study area, and therefore the pollutants in the stormwater are diminished.
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Figure 6. The impact of permeable pavement area on runoff water quality and quantity. (a) rainfall
intensity once a year. (b) rainfall intensity once every three years. (c) rainfall intensity once every five
years. (d) rainfall intensity once every ten years.

Figure 7. The impact of green roof area on runoff water quality and quantity. (a) rainfall intensity
once a year. (b) rainfall intensity once every three years. (c) rainfall intensity once every five years.
(d) rainfall intensity once every ten years.

3.3. Optimization of LID Facilities

For water quantity reduction, the results were fitted with a first-order polynomial
equation (Equations (8) and (9)), and the value of the regression coefficients was calculated
for rainfall events with a three-year and ten-year return period. The p-Value for either
rainfall intensity is less than 0.0001, which indicates that the model is significant enough.
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For each rainfall event, since the determination coefficients R2, Adj R2,and Pred R2 were all
100%, the model fits perfectly.

f1three−years(x) = 1.59606 + 2.44357X1 + 1.07443X2 + 0.82593X3 (8)

f1ten−years(x) = 0.93942 + 1.70496X1 + 1.07295X2 + 0.61173X3 (9)

The response surfaces for runoff quantity reduction are shown in Figure S1, in which
the results indicate that there were no interactions between the portion of the sunken green
belt, permeable pavements, and green roof. The water reduction rate increased with any
one of the above variables when other variables remained unchanged.

For pollutant removal, the regression coefficients were calculated, and the response
variable was fitted with the following second-order polynomial equations:

f2 three−years(x)
= −41.52042 + 19.28233X1 + 2.23699X2 + 2.23699X3 − 0.15076X1X2
−0.15076X1X3 − 0.01728X2X3 − 0.70556X2

1 − 8.63834E−0.03X2
2

−8.63834E−0.03X2
3

(10)

f2 ten−years(x)
= −34.15688 + 16.9891X1 + 2.17877X2 + 2.17877X3 − 0.13749X1X2
−0.13749X1X3 − 0.017156X2X3 − 0.5773X2

1 − 8.57779E−0.03X2
2

−8.57779E−0.03X2
3

(11)

The ANOVA analysis indicated that the model was significant because either p-Value
was smaller than 0.0001 and the Adj R2 for rainfall events with different intensities was
0.9995, 0.9991, respectively. The determination coefficients (R2) for two simulated rainfall
events were 99.98% and 99.96%, respectively, which indicated that the model was adequate
for prediction and that only 0.02% and 0.04% of the total variation could not be explained
by the model within the range of experimental variables.

The response surface analysis of runoff pollution removal rate was also considered
accurate because the p values were smaller than 0.0001. The contour lines in Figure S2
were almost straight and parallel, indicating that the portion of the sunken green belt, the
permeable pavement area, and the green roof had little impact on the runoff pollutant
removal rate. Additionally, when other variables remained the same, the runoff pollutant
removal rate increased with any one of the above variables.

The combinatorial optimization function in Design-expert was employed to calculate
the optimal LID configuration under two rainfall intensities. The optimal solutions were
the overlapped areas of the contour figures (Figure 8). The maximal desirability for a 3-year
return period rainfall event was 0.585. The optimal configuration of LID facilities in the
investigated area was 8.6% of the sunken green belt, 15% of the permeable pavement, and
10% of the green roof, with an estimated cost of about $900,000. Under this LID design, the
runoff volume reduction rate and pollutant removal rate were 47.3% and 90.4%, respectively.
The outcomes were similar to the prediction values, which proved the effectiveness of the
response surface method in LID design optimization.

For precipitation with a 10-year return period, the maximal expectation was 0.538.
The optimal portion of the sunken green belt, permeable pavement, and green roof in the
study area was 8.6%, 19%, and 10%, respectively, with a total cost of about $1,000,000. The
runoff volume reduction rate and pollutant removal rate of this LID design were 42.1%
and 90.9%, respectively. These results indicated that the sunken green belt was a better
choice compared with permeable pavement and a green roof in terms of water quality
improvement and price. Therefore, in the LID design, the sunken green belt should take
priority over permeable pavement and green roof, and the optimal area of these two LID
facilities needs to be calculated [35,36]. However, Shen and Xu (2021) [30] found that the
runoff generated by impermeable roads drained directly into the rainwater wells and not
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through the green belts. Therefore, the confluence relationship between impermeable roads
and green belt areas should be changed from parallel to series to improve the volume
control effect on rainfall-runoff [30].

Figure 8. Contour overlay diagram. (a) rainfall intensity once every three years. (b) rainfall intensity
once every ten years.

3.4. Perspectives and Limitations

This study established a rainfall-runoff model and calibrated and validated the data of
real-case rainfall events in InfoWorks ICM. The impact of the sizes of these three different
types of LID facilities on the water quantity as well as the water quality was examined
by different rainfall events with different intensities, and the optimal design in a certain
study area was determined by the response surface methodology using the Design Expert.
Ho et al. (2022) [31] reported that the green roofs and permeable pavements had a higher
unit cost reduction rate than the rain barrels. However, through our methods, we found
that the sunken green belt was a better choice compared with permeable pavement and a
green roof in terms of water quality improvement and price. Our study provided a strategy
for optimizing the design of LID facilities for stormwater runoff treatment, which could
provide insight into the future planning of LID facilities in urban ecosystems.

The limitations of this study lie in the water quality estimation of both the model and
the LID facilities. In InfoWorks ICM, the LID facilities are only modeled to remove the
pollutant from the intercepted runoff and neglect the physical removal processes, such as
filtration and sedimentation. Moreover, in this research, only runoff quantity reduction,
pollutant removal, and total investment were taken for optimization purposes; however,
other objectives, such as social and human benefits, and difficulty in construction should
be included.

4. Conclusions

This paper provided a strategy for optimizing the design of LID facilities for stormwa-
ter runoff treatment through the rainfall-runoff model and the response surface method-
ology. Using the GLUE method in the calibration and uncertainty analysis of the water
quality model avoided equifinality and improved the accuracy of the parameters as well
as the efficiency of model calibration. Results showed that LID facilities only removed
pollutants in the intercepted runoff, so the initial flush effect cannot be significantly allevi-
ated. Meanwhile, the sunken green belt was more effective and economical in reducing
the runoff volume and improving runoff quality. However, for areas with limited green
space, the optimal ratio of various LID facilities can be obtained from the surface response
method and the overall expectation function method. The optimization process used the
response surface methodology, which incorporates hydrological responses, water quality
dynamics, and the investment of different LID designs. However, other objectives, such as
social and human benefits and difficulty in construction, should be included in the future.
This proposed methodology may be helpful in stormwater management facility planning.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15050989/s1. Table S1: Parameters for LID facilities. Table S2: The
values of water quality model parameters. Figure S1. Response surfaces for water quantity reduction
rate. (a) rainfall intensity once every three years. (b) rainfall intensity once every ten years. Figure S2.
Response surface diagram for water quality reduction rate. (a) rainfall intensity once every three
years. (b) rainfall intensity once every ten years.
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Abstract: The occurrence of preferential flow in vegetated artificial substrates can weaken the
stormwater management performance of green roofs. To explore preferential flow, various plant–
substrate combinations that involved two Sedum species (Sedum sarmentosum and Sedum lineare) and
two artificial substrates for three depths of 6, 10, and 14 cm were established. Artificial substrates
without plants were either perlite-based (namely, PAS) or vermiculite-based (namely, VAS), and they
were also set as controls. Thereafter, solute breakthrough experiments were conducted, followed by
inverse and forward modeling in Hydrus-1D. Skewness coefficients of all solute breakthrough curves
were non-zero, suggesting a prevalence of preferential flow. The Nash–Sutcliffe efficiency coefficients
during calibration and validation were greater than 0.7. The obtained hydraulic parameters were
different among various vegetated PAS and pure PAS without plants, but appeared the same for the
VAS case. Rainfall intensity, plant species, and substrate depth, and the interaction of plant species
and substrate depth all had significant effects on PAS preferential flow outflow and index (PFI).
Substrate depth had a significant effect on VAS preferential flow and PFI. Since a 10 cm-PAS with S.
lineare had the smallest PFI of 43.16% in simulation scenarios, its use may better control preferential
flow in green roofs.

Keywords: green roofs; preferential flow; artificial substrate; Sedum roots; solute breakthrough
experiments; HYDRUS-1D

1. Introduction

Urban stormwater issues, such as inland flooding and water pollution [1], remain
challenging in many Chinese cities, and “Sponge City” is a Chinese concept to tackle these
issues [2]. Green roof, especially that which is categorized as “extensive green roof” [3] with
flat or gentle slope [4], has become one of the important stormwater control measures for
sponge city construction. A green roof usually consists of multiple function layers, among
which the vegetation layer and substrate layers play important roles in retaining rainwater
and detaining runoff [5,6]. When rainwater falls on a green roof, the plant leaves, stems, and
branches intercept rainwater, and the substrate layer stores rainwater in its pore structure.
Due to the limited depth of the substrate layer, there is a maximum amount of water that
substrate can hold within its structure against the pull of gravity [7] (that is, water-holding
capacity (WHC) [6] or maximum water capacity [8]). Normally, it is believed that green
roof runoff will not occur until the rainwater stored in the substrate pores exceeds the
WHC of the substrate [6]. The retained rainwater refers to the difference between rainwater
and runoff, and green roofs can be effective in reducing rainwater volume [3]. Detention
refers to the temporal delay that occurs between rainwater that is not retained and green
roof runoff, and this process can determine the timing and magnitude of peak runoff [9].
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Sedum species, which are extremely resistant to the harsh conditions of summer drought
and winter cold on roofs with stable coverage [10], have been widely used in green roof
projects [11–13]. According to the Guidelines for the Planning, Execution, and Upkeep
of Green-Roof Sites (hereinafter referred to as FLL standards) [7], an artificial substrate
consisting of 80% to 90% v/v lightweight aggregate and 10% to 20% v/v organic matter
favors plant growth, with a quality of nutrient-rich, lightweight, and good permeability.
Artificial substrate has now become the preferred choice for green roofs, compared to
garden soil and improved soil [14].

Previous green roof studies have showed that plant selection, as well as substrate type
and depth, influenced stormwater management in green roofs [15–18]. It should be noted
that there is a link between plant root traits and the stormwater management performance
of green roofs. MacIvor and Lundholm [19] monitored the hydrological performance
of 15 green roofs, each with a monoculture of different plants, but the same substrate
consisting of potting soil, brick, perlite, sand, peat, and compost, in the Atlantic Canada
coastal region. The monitoring results indicated that the greater the plant root density, the
less the rainwater retained. Hu et al. [20] conducted continuous hydrological monitoring on
four green roofs with a monoculture of different plants (Callisia repens, Portulaca grandiflora,
Plectranthus prostratus, and Sedum lineare), but the same substrate consisting of peat soil,
perlite, and vermiculite, in Shenzhen, China. It was noted that the larger the diameter
of individual roots, the less the rainfall retained. The above facts clearly show that plant
roots influence the green roof hydrological performance, and runoff differences among
substrates with different plants may link to root-induced changes in pore structures and
hydraulic properties of substrates [21]. However, quantitative studies on plant root traits
and hydraulic properties of vegetated substrates for green roofs are relatively rare.

Quite often, the rainwater retention effect of green roofs decreases with the increasing
amount of rainfall [22]. This can be explained by the limited WHCs of green roofs and may
also be associated with the preferential flow in the root-induced macropore channels during
large rainfall events [22]. Preferential flow is a non-uniform, non-equilibrium flow [23], a
common form of water movement and solute transport [24,25]. With large pores as the
preferred paths, the occurrence of preferential flow can cause a rapid transport of water and
solute and insufficient contact between substrate and water; as a result, substrate can generate
runoff before it reaches its WHC [21,26]. The generation of preferential flow will make green
roofs less capable of retaining rainwater and detaining runoff [27], especially for large rainfall
events that are critical for urban drainage and flood control [28]. Moreover, in consideration
of the interaction between water, heat, and solute [29,30], preferential flow will also influence
green roofs’ other performances, such as cooling effect and runoff quality improvement.

The generation of preferential flow in green roofs can be the result of a combination
of water conditions and internal factors [31]. Water conditions referring to initial water
content, rainfall intensity, etc. may affect the time of runoff occurrence and volume [32,33].
Internal factors are mainly characteristics related to the vegetation layer and substrate
layer. An artificial substrate compliant with the FLL standards will contain a considerable
amount of large particles (>2 mm) and have a limited portion of fine particles (<63 μm).
This composition would create numerous large pores (e.g., 0.03–3.00 mm) that are likely
to cause preferential flow to occur [34]. Liu and Fassman-Beck [35] detected preferential
flow in non-vegetated substrate by indoor experiments and simulation methods, indicat-
ing the occurrence of preferential flow in substrate with porous structures at low water
content. However, this study did not consider the role of plants. Plant roots account for a
large proportion of the green roof substrate layer [36], and the pore channels formed by
plant root are also one of the important mechanisms for preferential flow generation [37].
Zhang et al. [38] showed that in both the mixture and as a monoculture, an herbaceous
plant (Stypandra glauca) created preferential flow pathways in green roofs. However, very
few studies have provided quantitative data about root traits (e.g., dimeter and volume
density) of commonly used Sedum species for the stormwater management purpose, and
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detailed investigation about preferential flow in green roof substrates with Sedum species
remains lacking.

The purposes of this paper are: (1) to detect the occurrence of preferential flow in
various plant–substrate combinations by indoor solute breakthrough experiments, (2) to
characterize the substrate hydraulic properties of each combination, and (3) to analyze the
effects of plant species, substrate depth, rainfall intensity, and initial water content on the
preferential flow development in plant–substrate combinations. Two artificial substrates
with various plant species and substrate depths were subjected to solute breakthrough
experiments to detect the occurrence of preferential flow. The Hydrus-1D model, validated
by experimental data, was used to obtain the hydraulic parameters of each combination
and to investigate the influence of different factors on preferential flow.

2. Materials and Methods

2.1. Plants and Substrates

Two Sedum species indigenous to China, Sedum sarmentosum (SS) and Sedum lineare
(SL), and two artificial substrates in accordance with the FLL standards, perlite-based
artificial substrate (PAS) and vermiculite-based artificial substrate (VAS), were selected for
experiments. The basic physical (e.g., saturated hydraulic conductivity (Ks)) and chemical
properties of PAS and VAS are shown in Table 1 [39]. For each artificial substrate, both plant
species were propagated by stem cuttings in monoculture at three depths (6 cm, 10 cm,
and 14 cm) in 10 cm-diameter acrylic cylinders and grown in an artificial climate chest for
103 days to ensure an excellent plant coverage [39]. Thereafter, plant root characteristics,
such as root volume density, and Ks of these 12 vegetated substrates of varying depths
(Table 2) were measured [39].

Table 1. Characteristics of the artificial substrates [mean (SE)].

Characteristics
Substrate Type

PAS VAS

Components (% by volume) 90% perlite (<6 mm)
10% chicken manure

90% vermiculite (<5 mm)
10% chicken manure

Bulk density (g/cm3) 0.21 (0.01) 0.34 (0.01)
Total porosity (%) 91.40 (0.01) 78.80 (0.02)

WHC (%) 36.65 (1.33) 64.05 (1.55)
Organic matter content (g/kg) 31.15 (2.72) 38.64 (2.60)

Ks (cm/min) 54.45 (0.19) 18.48 (1.39)

Table 2. Characteristics of plant roots and vegetated artificial substrates [mean (SE)].

Substrate Depth-Substrate
Type-Plant Species

Root Volume Density
/(mm3/cm3)

Root Volume Density
of 0.2–0.4 mm

Roots/(mm3/cm3)

Ks
/(cm/min)

6 cm-PAS-SS 0.63 (0.00) 0.33 (0.00) 2.12 (0.17)
10 cm-PAS-SS 0.42 (0.01) 0.33 (0.01) 1.97 (0.19)
14 cm-PAS-SS 1.37 (0.02) 0.20 (0.01) 0.56 (0.00)
6 cm-PAS-SL 0.71 (0.03) 0.31 (0.01) 2.64 (0.09)
10 cm-PAS-SL 0.02 (0.00) 0.01 (0.00) 0.68 (0.06)
14 cm-PAS-SL 1.13 (0.02) 0.15 (0.00) 0.74 (0.05)
6 cm-VAS-SS 2.46 (0.04) 0.37 (0.02) 19.19 (0.54)

10 cm-VAS-SS 0.16 (0.00) 0.09 (0.00) 14.14 (1.31)
14 cm-VAS-SS 5.66 (0.06) 0.14 (0.01) 12.77 (0.57)
6 cm-VAS-SL 1.59 (0.02) 0.59 (0.01) 16.94 (1.28)

10 cm-VAS-SL 1.31 (0.02) 0.44 (0.01) 15.44 (0.67)
14 cm-VAS-SL 8.98 (0.24) 0.15 (0.01) 13.60 (0.67)
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2.2. Solute Breakthrough Experiments

For preferential flow detection in various plant–substrate settings, solute breakthrough
experiments were conducted. For each substrate type (PAS or VAS), possible influential
factors, such as plant species, substrate depth, rainfall event, and initial water content,
were all considered (Figure 1). The level settings of each factor are shown in Figure 1,
while plant species, substrate depth, and rainfall event were set as 3-level and initial water
content was set as a virtual level, producing a 4-factor, 3-level, orthogonal experimental
design for each substrate type. The applied rainfalls of 2 a, 5 a, and 10 a corresponded to
1 h-duration storms for return periods of 2, 5, and 10 years in Wuhan City in central China,
with rainfall intensities of 3.8 cm/h, 5.4 cm/h, and 6.6 cm/h, respectively [40]. The initial
water content was either water-holding capacity (WHC) or mild drought conditions (MDC)
to represent a typical wet/dry moisture condition in green roofs in Wuhan’s climate [40].
For each substrate type, nine sets of experiments were conducted, as referring to nine
lines in Figure 1. Therefore, there were 18 sets of experiments for the two substrates, and
with each set repeating for three times, 54 sets of solute breakthrough experiments were
conducted in total.

Figure 1. Orthogonal design of solute breakthrough experiments.

Figure 2 shows the apparatus for solute breakthrough experiments, which consisted
of a Mariotte bottle (volume 4 L), a rainfall device (37 needles of 0.45 mm diameter for
inflow), an acrylic column (diameter 10 cm, loading plant–substrate), an outflow collection
container, and an automatic weighing scale (capacity 30 kg, accuracy ±0.1 g). NaCl solution
of concentration 1 g/L was used as the tracer, which was dosed through the Mariotte
bottle. After 60 min of dosing, the NaCl solution was replaced with deionized water
without changing intensity [40]. The outflows from the acrylic column were measured
automatically by the weighing instrument at 3 min intervals, and outflow water samples
were also collected manually for NaCl concentration measurements. Since the Ks values
(Tables 1 and 2) of different plant–substrate combinations were notably larger than the
applied rainfall intensities, neither ponding nor overflow occurred in all experiments, and
the measured outflow was equal to runoff. The cumulative outflow mass [g] was first
converted into outflow volume [L] by assuming a water density of 1 g/cm3, and was then
converted into water depth [cm] by dividing the column surface area of 10 cm diameter.
Taking PAS1 as an example (Figure 1), the cumulative outflow process is shown in Figure 3a.
The negative values represent the outflow direction vertical downward. The result of the
related solute breakthrough curve is also shown in Figure 3b. The C and C0 [g/L] are the
outflow and inflow solute concentration, respectively. V [L] is the cumulative outflow
volume with time. V0 [L] is the infiltrated water volume within the substrate pores, equal
to the volume of rainfall minus the volume of outflow in the same time.
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Figure 2. Apparatus for solute breakthrough experiments. 1—Mariotte bottle, 2—rainfall device,
3—acrylic column, 4—outflow collection container, 5—automatic weighing scale.

Figure 3. An example of measured data. (a) Cumulative outflow curve; (b) Solute breakthrough curve.

2.3. Preferential Flow Detection

The shape of the solute breakthrough curve can be quantified by the temporal moments
method to determine whether preferential flow is occurring [41]. The temporal moments
(M) are described as [42]:

MP =
∫ ∞

0
TPc(Z, T)/c0 dT p = 0, 1, 2, . . . (1)

where p is the order of the moments; T is equal to V/V0; c(Z, T) and c0 are the time-
dependent outflow and the initial solute concentrations [g/L], respectively; and Z is the
dimensionless spatial coordinate.

The temporal moments method also uses the standard moments (μ′
p) and central

moments (μP), as defined by the following equations:

μ′
p = MP/M0 (2)

μP =
1

M0

∫ ∞

0

(
T − μ′

1
)Pc(Z, T)/c0dT p = 0, 1, 2, ... (3)
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The first-order standard moments (μ′
1) describe the breakthrough time of the tracer in

the solute breakthrough experiment, and the second-order central moments (μ2) describe
the degree of dispersion of the solute breakthrough curve. The third-order central moments
(μ3) are used to quantitatively describe the asymmetry of the solute breakthrough curve.
The dimensionless skewness coefficient (S) then can be obtained as below:

S = μ3/μ2
3/2 (4)

If S < 0, the solute breakthrough curve is a rightward biased curve, and if S > 0, the
solute breakthrough curve is a leftward biased curve, and if S = 0, the solute breakthrough
curve is symmetric [43,44]. When preferential flow occurs, S �= 0.

2.4. Determination of Substrate Hydraulic Parameters
2.4.1. Calculation of Substrate Hydraulic Parameters

Substrate hydraulic parameters were calculated using inverse modeling by Hydrus-
1D [45]. In Hydrus-1D, the water flow module and the inversion module were activated,
in which the cumulative outflow data (Figure 3a) were set as the objective function,
and the nonlinear Levenberg–Marquardt algorithm was used to minimize the objective
function [46]. Once preferential flow was detected (Section 2.3), a dual permeability
model [47,48] was selected to describe water flow movement. The dual-permeability model
(Equations (5)–(9)) assumes that the porous substrate consists of two interacting, over-
lapping pore domains. The micropores with relatively low permeability are the matrix
domain (subscript m), and the high-permeability preferential flow paths, such as large
pores and fractures between the matrix, are the preferential flow domain (subscript f ).
Both domains are quantified separately using the two coupled Darcy–Richard equations
(Equations (5) and (6)). In these equations, substrate hydraulic parameters (θr, θs, a, n, Ks,
and l) defining water retention curves and hydraulic conductivity functions were needed,
and the van Genuchten–Mualem formula [46] was used to fit these parameters.

∂θ f

∂t
=

∂

∂z

[
K f

(
∂h f

∂z
+ 1

)]
− S f − Γw

ω
(5)

∂θm

∂t
=

∂

∂z

[
Km

(
∂hm

∂z
+ 1

)]
− Sm +

Γw

1 − ω
(6)

θ = ωθ f + (1 − ω)θm (7)

Γw = αw

(
h f − hm

)
(8)

αw =
β

a2 ΓKa (9)

where θ f , θm, θ are the water content of the preferential flow domain, matrix domain,
and the entire domain, respectively, [cm3·cm−3]; t is the simulation time [min]; z is the
vertical coordinate positive upward [cm]; S f and Sm are the plant water uptake rates of
the preferential flow domain and matrix domain, respectively [min−1]; K f and Km are the
unsaturated hydraulic conductivity of the preferential flow domain and the matrix domain,
respectively [cm·min−1]; h f and hm are the matric potential of the preferential flow domain
and the matrix domain, respectively [kPa]; ω is the proportion of the preferential flow
domain to the whole domain [dimensionless]; Γw is the water exchange rate between the
two domains [min−1]; αw is the first-order mass transfer coefficient for water [cm−1·min−1];
β is a dimensionless geometry-dependent shape factor; Γ is a dimensionless scaling factor; a
is the distance between the center of the matrix domain and the boundary of the preferential
flow domain [cm]; and Ka is the effective hydraulic conductivity of the fracture-matrix
interface [cm·min−1].
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For inverse modeling, substrate geometry values and initial water contents were
set according to the orthogonal design of solute breakthrough experiments (Figure 1).
The corresponding spatial-temporal discretization settings were given in Chen’s previous
study [39]. Since constant rainfall intensities were applied in the experiments, the upper
boundary was set as the constant flux boundary. According to the apparatus setting
(Figure 2), the lower boundary was set as the seepage face. Due to the short duration of
rainfall, evaporation and plant uptake were not considered [49], and therefore, S f ,Sm in
Equation (5) and Equation (6) were 0. Some parameters, such as a, β, and Γ in Equation
(9), were determined as 0.1 [33,47], 15 (spherical shape assumption), and 0.4 (empirical
value) [50], respectively. Still, there were other parameters needed for Equations (5)–(9),
including hydraulic parameters of the matrix domain (θrm (taking the value of 0), θsm, am,
nm, Ksm, lm (pore curvature, generally taking the value of 0.5)), hydraulic parameters of the
preferential flow domain (θr f (taking the value of 0.5), θs f , α f , n f , Ks f , l f (taking the value
of 0.5)), the parameter of the interface (Ka), and the dimensionless factor (ω). Constraints
on those unspecified parameters were given to ensure an overall unique solution and
convergence in the parameter optimization [51]. Based on substrate physical properties
(Table 2), the constraint of saturated water content (that is, the sum of θsm and θs f ) of PAS
was set as <0.90, and the constraint of saturated water content of VAS was set as <0.78. Since
αm, α f , nm, n f were related to the physical properties of the particles, and the empirical
parameter range was set as α ∈ (0.001, 0.01), n ∈ (2, 5) [52]. The constraint of hydraulic
conductivities of the two domains was set as Ksm + Ks f ≤ Ks. The empirical range of Ka

was 10−7–10−4 when preferential flow occurred [47]. Based on the measured and modeled
values of the objective function, the coefficient of determination R2 (Equation (10), [52])
and the Nash–Sutcliffe efficiency coefficient NSE (Equation (11), [53]) were calculated to
determine the optimal parameters.

R2 =

⎡
⎢⎣ ∑N

i=1(Oi − Ō)(Pi − P̄)[
∑N

i=1(Oi − Ō)
2
]0.5[

∑N
i=1(Pi − P̄)2

]0.5

⎤
⎥⎦

2

(10)

NSE = 1 − ∑N
i=1(Pi − Oi)

2

∑N
i=1(Oi − Ō)

2 (11)

where N is the total number of observations; Pi and Oi are, respectively, the ith modeled
and observed values (i = 1, 2, . . . , N); and P̄ and Ō are the mean modeled and observed
values, respectively. The R2 values close to 1 indicate that variations of the observed values
can be captured well in the modeling. NSE can range from −∞ to 1, with a closer value of
1 representing a more perfect match [52,53].

2.4.2. Validation of Substrate Hydraulic Parameters

Substrate hydraulic parameters obtained from the inverse modeling were validated
by the forward modeling for the solute transport process in Hydrus-1D, and the dual
permeability model (Equations (5)–(9)) was used for the associated water flow process. The
classical convection-dispersion equation to describe the solute transport process based on
water transport is as follows [46]:

∂θ f c f

∂t
+ ρ

∂s f

∂t
=

∂

∂z

(
θ f Df

∂c f

∂z

)
− ∂q f c f

∂z
− φ f − Γs

w
(12)

∂θmcm

∂t
+ ρ

∂sm

∂t
=

∂

∂z

(
θmDm

∂cm

∂z

)
− ∂qmcm

∂z
− φm +

Γs

1 − w
(13)

Γs = ωdp(1 − w)θm

(
c f − cm

)
+ Γwc∗ (14)
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where Cf ,Cm are the concentrations of the preferential flow domain and the matrix domain
[g·cm−3]; ρ is the bulk density of the substrate [g·cm−3]; D f , Dm are the sorbed concen-
trations of the preferential flow domain and the matrix domain [g·g−1]; q f , qm are the
volumetric fluid flux densities of the preferential flow domain and the matrix domain
[cm·s−1]; φ f , φm are sink-source terms that account for various zero- and first-order or other
reactions in both domains [g·cm−3·s−1]; Γs is the solute mass transfer term [g·cm−3·min−1];
ωdp is the first-order solute mass transfer coefficient [min−1]; and c∗= c f for Γw> 0 and
c∗ = cm for Γw< 0.

Most settings of the water flow process for the forward modeling in Hydrus 1D were
the same as those for the inverse modeling, such as spatial-temporal discretization, initial
values, and boundary conditions. The additional inputs as required by the solute transport
process were set according to the solute breakthrough experiments (Section 2.2). The
molecular diffusion coefficient in free water Dw for Cl− was 1.7 cm2/day, and the dispersion
coefficient DL was 1/10 of the corresponding substrate depth (Figure 1). Substrate bulk
densities are given in Table 1. The incoming solute concentration was 1 g/L, and the solute
dosing time was 60 min (Section 2.2). The forward modeling predicted solute concentrations
at different moments, and based on modeled and observed concentrations, R2 and NSE
were calculated to assess the rationality of the substrate hydraulic parameters.

2.5. Preferential Flow and Influential Factors

Based on the constructed Hydrus-1D model with validated parameters, four influ-
ential factors, including plant species, substrate depth, rainfall intensity, and initial water
content, can be varied, according to the control variable method [49] to explore the law of
preferential outflow for different plant–substrates. A total of 54 simulated conditions were
established [39]. This study focuses on conceptual understanding and describing the flow
process rather than performing parameter optimization or stochastic model analysis.

For each simulated condition, the solute breakthrough curve was obtained, and its
skewness coefficient was calculated for the preferential flow detection (Section 2.3). In
addition, the preferential outflow and the preferential flow index (PFI, the percentage of
the preferential outflow to the total water flow [33]) based on simulation results were also
obtained. Multi-factor ANOVA was used to test whether the main effects and interaction
effects of different influential factors on preferential outflow and PFI were significant. The
coefficient of variation, Cv [54], was used to describe the variance of preferential outflow
and PFI among simulation conditions [55]. According to Nielsen’s classification criteria [56],
Cv ≤ 10% indicates a weak coefficient of variation, 10% < Cv < 100% indicates a medium
coefficient of variation, and Cv ≥ 100% indicates a strong coefficient of variation.

3. Results and Discussion

3.1. Preferential Flow Detection

The characteristics of the solute breakthrough curves corresponding to the 18 experi-
mental sets of the 2 artificial substrates are shown in Table 3. It can be seen that the S values
of all curves are not 0. Among them, the S values of the vegetated and non-vegetated PAS
are −0.06–0.37 (PAS1–PAS6) and 0.01–0.21 (PAS7–PAS9), respectively. The S values of the
vegetated and non-vegetated VAS are 0.01–0.30 (VAS1–VAS6) and 0.17–0.61 (VAS7–VAS9),
respectively. The results indicate that preferential flow commonly occurs in the green roof
plant–substrate combinations. According to the existing literature [57,58], the occurrence
of preferential flow is related to the non-homogeneity of the substrate, plant roots, and
moisture conditions, which will be discussed later in Section 3.3.
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Table 3. Summary of solute breakthrough curve characteristics.

Experimental
No.

M0 M1 μ’
1 μ2 μ3 S Experimental

No.
M0 M1 μ’

1 μ2 μ3 S

PAS1 2.34 0.53 0.23 1.61 −0.12 −0.06 VAS1 1.28 0.58 0.5 0.41 0.01 0.05
PAS2 1.18 0.48 0.41 0.47 0.09 0.27 VAS2 0.79 0.49 0.62 0.22 0.01 0.06
PAS3 0.81 0.35 0.43 0.29 0.05 0.34 VAS3 0.45 0.47 1.05 0.07 0.01 0.30
PAS4 1.13 0.42 0.37 0.57 0.16 0.37 VAS4 0.87 0.51 0.58 0.24 0.01 0.05
PAS5 1.26 0.48 0.38 0.57 0.16 0.37 VAS5 0.94 0.52 0.55 0.26 0.03 0.23
PAS6 1.25 0.50 0.40 0.49 0.07 0.22 VAS6 0.87 0.50 0.58 0.25 0.00 0.01
PAS7 3.39 0.62 0.18 2.46 0.44 0.11 VAS7 1.90 0.48 0.25 1.37 0.98 0.61
PAS8 0.77 0.40 0.52 0.31 0.00 0.01 VAS8 0.62 0.39 0.63 0.18 0.01 0.17
PAS9 0.76 0.37 0.49 0.26 0.03 0.21 VAS9 0.57 0.37 0.64 0.17 0.02 0.26

3.2. Substrate Hydraulic Parameters
3.2.1. Results

Figure 4 show the modeled cumulative outflows from the inverse modeling and the
corresponding observed outflows. It can be seen that the calculated R2 (Equation (10))
are in the range of 0.998–0.999, and NSE (Equation (11)) are in the range of 0.741–0.997.
Figure 5 shows the predicted outflow concentrations from the forward modeling and the
corresponding measured concentrations. It shows that R2 are in the range of 0.937–0.993,
and NSE are in the range of 0.741–0.973. These data indicate that the substrate hydraulic
parameters (Table 4) obtained from the inverse modeling are validated for the forward
modeling and can be further used for the preferential flow simulation of different plant–
substrates combinations (Section 3.3). In Table 4, the hydraulic parameters of the matrix
domain remain constant for each substrate, irrespective of plant–substrate combinations,
as the dual permeability model assumes that the root system only make changes to the
preferential flow domain [59]. Considering the significant effect of plant root traits on Ks
of PAS [60], the hydraulic parameters of the preferential flow domain of PAS are varied.
However, since there was no insignificant difference in Ks of VAS due to the root system [60],
hydraulic properties of the preferential flow domain of VAS can be viewed as the same.

Table 4. Summary of substrate hydraulic parameters.

Name

Matrix Domain Preferential Flow Domain

ω Ka/
(cm·min−1)θsm/

(cm3·cm−3)
αm /

(cm−1)
nm

Ksm /
(cm·min−1)

θsf /

(cm3·cm−3)

αf /
(cm−1)

nf
Ksf /

(cm·min−1)

6 cm-PAS-SS

0.150 0.008 2.50 0.100

0.33 0.050 2.1 2.0 0.12

0.75 × 10–6

10 cm-PAS-SS 0.35 0.050 2.1 1.8 0.11
14 cm-PAS-SS 0.27 0.002 1.5 0.4 0.05
6 cm-PAS-SL 0.36 0.054 2.0 2.5 0.14

10 cm-PAS-SL 0.30 0.005 1.8 0.5 0.07
14 cm-PAS-SL 0.30 0.005 1.8 0.6 0.07

pure PAS 0.75 0.009 3.8 54.4 0.60 0.16 × 10–6

6 cm-VAS-SS

0.131 0.011 2.41 0.105 0.60 0.008 2.618

19.1

0.026 0.75 × 10–6

10 cm-VAS-SS 14.1
14 cm-VAS-SS 12.7
6 cm-VAS-SL 16.9
10 cm-VAS-SL 15.4
14 cm-VAS-SL 13.6

pure VAS 18.8
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‒ modeled ○ observed 

Figure 4. Comparison of modeled and observed values of cumulative outflow in inverse modeling.
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‒ modeled ○ observed 

Figure 5. Comparison of predicted and measured outflow concentrations in forward modeling.
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3.2.2. Implications

Based on the obtained hydraulic parameters (Table 4), the corresponding water reten-
tion curves of PAS in preferential flow domain can be plotted. A water retention curve
reflects the variation of pore water in the substrate with the matric potential, and also
indirectly reflects the distribution of pore size in the substrate [61,62]. It can be seen from
Figure 6 that curves from vegetated PAS are significantly different from that from pure
PAS. The initial stable water content in high matrix potentials (i.e., around 0 kPa) from pure
PAS is noticeably greater than those from the other curves, and afterwards, the decrease
in water content, along with lower matrix potentials, is much steeper than those from the
other curves. Among these vegetated PAS, curves also show various differences in terms of
the initial stable water content, the decreasing slope, and the specific matric potential that
the stable water content starts to decrease. Those differences in the water retention curves
of PAS indicate different pore structures are present due to different root characteristics,
and further exploration, therefore, is made below.

Figure 6. Water retention curves of PAS (preferential flow domain).

To further analyze the root-induced changes of hydraulic properties, the capillary
model [63] was combined with a water retention curve for analysis. The capillary model
considers that the matric potential S is mainly the result of capillary forces acting on circular
capillaries of a certain range of pore sizes. In the model, σ is used to denote the water
surface tension coefficient (7.5 × 10−4 N/cm at room temperature), r0 denotes the capillary
radius, and D denotes the capillary diameter (i.e., equivalent pore diameter, D = 2r0). The
relationship between the equivalent pore diameter and the matric potential is D = 4σ/S.
When the matric potential is S1, the corresponding equivalent pore diameter is D1. Only
in the pore diameter less than D1 are capillary pores filled with water, and the water
content is θ1. When the matric potential is S2 (S1 < S2), D2, θ2 are obtained in the same
way. The ratio of the pore volume occupied by pores with an equivalent pore size between
D2 and D1 to the total volume of substrate pores is called the equivalent pore volume
ratio (θ1–θ2). Based on the above theory, equivalent pore volume ratios of PAS between
0–−10 kPa, −10–−100 kPa, −100–−1000 kPa were calculated (Table 5). As can be seen
from Table 5, compared to vegetated PAS, pure PAS has greater volume ratios of pores,
with diameters > 0.03 mm and between 0.003–0.03 mm, but lower ratios of pores with
diameters <0.003 mm. According to the agronomic criteria, pores larger than 0.03 mm in
diameter tend to act as macropores for water permeable and aeration, and water in pores
between 0.003–0.03 mm are most easily accessible to plants [35]. The differences in pore
structure between vegetated PAS and pure PAS reflect that the presence of roots in PAS can
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effectively block its macropores. Further analysis combined with the root characteristics
(Table 2) reveal that the volume ratio of pores > 0.03 mm in diameter is linearly correlated
(correlation coefficient r = 0.92) with the root volume density of 0.2–0.4 mm roots [39]. This
indicates that for vegetated PAS, although shallow-rooted Sedums with a large portion
of fine roots often lead to a reduction of macropores, the presence of 0.2–0.4 mm roots
can effectively offset the reduction. The root characteristics, in turn, are associated with
interactions between plant species, substrate type, and substrate depth [60]. The relatively
high (28.48–30.63%) macropores are present in 6 cm-PAS-SS, 10 cm-PAS-SS, and 6 cm-PAS-
SL (Table 5). It is noted that a deeper PAS does not promote the development of 0.2–0.4 mm
roots (Table 2); on the contrary, it will foster a root system resulting in macropore blockage
and Ks reduction [60].

Table 5. Equivalent pore volume ratio of PAS.

Name

Range of Equivalent Pore Sizes
(Corresponding Matric Potentials)

>0.03 mm
(0–−10 kPa)

0.003–0.03 mm
(−10–−100 kPa)

0.0003–0.003 mm
(−100–−1000 kPa)

6 cm-PAS-SS 28.48% 5.34% 0.42%
10 cm-PAS-SS 30.60% 6.34% 0.61%
14 cm-PAS-SS 0.99% 12.47% 12.30%
6 cm-PAS-SL 30.63% 6.12% 0.60%
10 cm-PAS-SL 4.18% 18.80% 6.92%
14 cm-PAS-SL 4.30% 21.05% 5.42%

pure PAS 41.63% 48.41% 0.11%

3.3. Preferential Flow and Influential Factors
3.3.1. Perlite-Based Substrate (PAS)

With the substrate hydraulic parameter (Table 4) in the Hydrus-1D model, various
simulation conditions (Table 6) were set up to systematically investigate the effects of plant
species, substrate depth, rainfall intensity, and initial water content on the preferential
outflow in PAS. The results of the skewness coefficient (S), preferential outflow, and PFI
under each simulation condition are shown in Table 6. All of the S values are not zero,
suggesting that the occurrence of preferential flow is prevalent. The preferential outflow all
exceed 2.49 cm, and the PFI ranges from 33.00% to 100.00%.

Based on the simulation results (Table 6), multi-factor ANOVA was performed, and
the results are shown in Table 7. It can be seen that for PAS, rainfall intensity, plant species,
substrate depth, and the interaction of plant species and substrate depth, all had significant
effects on the preferential outflow and PFI, while the initial water content had no significant
effect on both. Therefore, simulation conditions with the initial water content of WHC were
excluded from the following analysis, which focuses on rainfall intensity, plant species, and
substrate depth for 27 simulation conditions only.

Rainfall intensity: It can be seen from F values in Table 7 that rainfall intensity has
the greatest effect on preferential outflow (F = 268.98), and a correlation analysis for the
27 simulation conditions shows a positive (correlation coefficient r = 0.83) linear relation-
ship between the two. When the rainfall intensity varied with fixed other factors (plant
species, substrate depth, etc.), among all the simulation conditions (Table 8), preferential
outflow produced from 10 a-rainfall was greater than that from 5 a-rainfall, which in turn
was greater than that from 2 a-rainfall (Table 6). However, the rainfall intensity influenced
PFI to a lesser extent (F = 8.175). The positive (correlation coefficient r = 0. 78) linear
correlation between PFI and rainfall intensity also exists for the 27 simulation conditions.
It is noted that in Table 8, with rainfall intensity varying, high mean PFI (≥67.19%), but
low Cv (≤2.97%) are present in non-vegetated PAS, 6 cm- and 10 cm-PAS with SS, and 6
cm-PAS with SL. Table 5 reveals that these plant–substrate combinations have high portions
of macropores (28.48–41.63%), comprising pore networks favoring preferential flow devel-
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opment [34]. Therefore, preferential flow development in these plant–substrates is mainly
influenced by internal pore structure and less correlated with rainfall intensity, resulting in
high mean PFI, but low Cv values. In contrast, for 14 cm-PAS with SS, and 10 and 14 cm-
PAS with SL, small portions of macropores (0.99–4.30%, Table 5) provide few preferential
paths, and therefore, the related preferential flow development can be influenced by both
internal pore structure and rainfall intensity. Correspondingly, the associated mean PFI are
57.51–82.50%, 36.04–51.06%, and 33.00–65.68%, respectively, and the Cv values are 17.77%,
17.47%, and 38.63%, all showing considerable degrees of variability (Table 8).

Plant species: The effect of plant species on preferential outflow (F = 118.54, Table 7) is
second only to rainfall intensity (F = 268.98, Table 7). When plant species varied with fixed
other factors (substrate depth, rainfall intensity, etc.), among all the simulation conditions
(Table 9), preferential outflow Cv values from 6 cm-PAS subject to various rainfalls were
less than 10%, while those from 10 cm-PAS and 14 cm-PAS subject to various rainfalls were
greater than 20%. Considering the secondary importance of plant species for preferential
outflow (Table 7), the change in preferential outflow Cv can be attributed to plant species,
and the effect of plant species on preferential outflow becomes more prominent for deeper
substrates. In addition, for any three simulations of varying plant species, but fixed other
factors (Table 9), non-vegetated PAS had the largest preferential outflow (Table 6). This
may be due to a high volume ratio of macropores (>0.03 mm) in the non-vegetated PAS
(41.63%, Table 5), which was 1.36–42.05 times larger than that in the vegetated PAS, and
since macropores are potential preferential flow paths, eventually the largest preferential
outflow occurred in non-vegetated PAS. Table 7 also shows that plant species have the
greatest effect on PFI (F = 84.98). Similar to preferential outflow, based on changes in PFI Cv
values for simulations of varying plant species, it can be concluded that the effect of plant
species on PFI also becomes more prominent for deeper substrates. As plants make changes
to the pore structures of PAS (Table 5), further analysis for the 27 simulation conditions
shows a positive (correlation coefficient r = 0.92) linear correlation between macropore
volume ratio and PFI. Since the macropore volume ratio is also significantly and positively
correlated with the root volume density of 0.2–0.4 mm roots (Section 3.2.2), it indicates that
Sedum roots of 0.2–0.4 mm diameter promote the development of preferential flow.

Substrate depth: The effect of substrate depth on the preferential outflow is the smallest
(F = 31.66, Table 7). When the substrate depth varied with fixed other factors (plant species,
rainfall intensity, etc.), among all the simulation conditions (Table 10), preferential outflow
Cv values from non-vegetated PAS subject to various rainfalls were less than 1%, followed
by less than 20% from PAS with SS, and greater than 27% from PAS with SL (Table 10). This
indicates that PAS with SL is more influenced by substrate depth in terms of preferential
outflow, compared to non-vegetated PAS and PAS with SS. In addition, for any three
simulations of varying substrate depth, but fixed other factors (Table 10), 6 cm-vegetated
PAS had the largest preferential outflow (Table 6). Similar to preferential outflow, the effect
of substrate depth on PFI was the smallest (F = 23.94, Table 7), and based on PFI Cv changes,
it is concluded that PAS with SL is more influenced by substrate depth in terms of PFI,
compared to non-vegetated PAS and PAS with SS. Likewise, for any three simulations
of varying substrate depth, but fixed other factors (Table 10), 6 cm-vegetated PAS had
the largest PFI (Table 6). The 6 cm depth of vegetated PAS is associated with high root
volume densities of 0.2–0.4 mm roots (0.33 mm3/cm3 for 6 cm-PAS-SS and 0.31 mm3/cm3

for 6 cm-PAS-SL, Table 2) that can play positive roles for preferential flow development.
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Table 6. Simulation results of PAS under different simulation conditions.

Simulation
No.

Plant
Species

Substrate
Depth/(cm)

Rainfall
Intensity/(a)

Initial Water
Content/(%)

S Preferential
Outflow/(cm)

PFI/(%)

1

Sedum
sarmentosum

6

2
WHC −0.35 6.38 84.29

2 MDC −0.35 6.38 84.29
3

5
WHC −0.06 9.01 83.43

4 MDC −0.06 9.01 83.43
5

10
WHC −0.31 11.05 83.65

6 MDC −0.31 11.05 83.65
7

10

2
WHC 0.64 5.08 67.19

8 MDC 0.64 5.08 67.19
9

5
WHC 0.04 7.59 70.32

10 MDC 0.04 7.59 70.32
11

10
WHC 0.27 9.37 70.77

12 MDC 0.04 9.37 70.77
13

14

2
WHC 0.34 4.35 57.51

14 MDC 0.34 4.35 57.51
15

5
WHC 0.12 7.71 71.43

16 MDC 0.12 7.71 71.43
17

10
WHC 0.56 10.89 82.50

18 MDC 0.56 10.89 82.50
19

Sedum lineare

6

2
WHC 0.37 6.73 89.00

20 MDC 0.37 6.73 89.00
21

5
WHC −0.27 9.56 88.55

22 MDC −0.27 9.56 88.55
23

10
WHC −0.39 11.58 87.73

24 MDC 0.39 11.58 87.73
25

10

2
WHC 0.88 2.72 36.04

26 MDC 0.88 2.72 36.04
27

5
WHC 0.37 4.61 42.37

28 MDC 0.37 4.61 42.37
29

10
WHC −0.52 6.74 51.06

30 MDC −0.52 6.74 51.06
31

14

2
WHC 0.07 2.49 33.00

32 MDC 0.07 2.49 33.00
33

5
WHC 0.18 4.09 38.01

34 MDC 0.18 4.09 38.01
35

10
WHC 0.22 8.66 65.68

36 MDC 0.22 8.66 65.68
37

No-plants

6

2
WHC 0.09 7.59 99.97

38 MDC 0.09 7.59 99.97
39

5
WHC 0.10 10.85 100.0

40 MDC 0.10 10.85 100.0
41

10
WHC 0.11 13.21 99.92

42 MDC 0.11 13.21 99.92
43

10

2
WHC 0.01 7.56 99.89

44 MDC 0.01 7.56 99.89
45

5
WHC 0.59 10.73 99.91

46 MDC 0.59 10.73 99.91
47

10
WHC 0.63 13.08 99.92

48 MDC 0.63 13.08 99.92
49

14

2
WHC 0.18 7.59 99.87

50 MDC 0.18 7.59 99.87
51

5
WHC 0.21 10.76 99.91

52 MDC 0.21 10.76 99.91
53

10
WHC 0.46 13.19 99.77

54 MDC 0.46 13.19 99.77
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Table 7. Multi-factor ANOVA results for preferential outflow and PFI of PAS.

Sources of Variance
F Values

Preferential Outflow PFI

Plant species 118.54 ** 84.98 **
Substrate depth 31.66 ** 23.94 **

Plant species × Substrate depth 13.96 ** 10.55 **
Rainfall intensity 268.98 ** 8.175 *

Initial water content 0.00 0.00
Note: * (p < 0.05) reached a significant level and ** (p < 0.01) reached a highly significant level.

Table 8. Mean values and Cv of PAS preferential outflow and PFI for different rainfall intensities.

Simulation No.
(Rainfall Intensity Varying)

Fixed Variables:
Plant Species,

Substrate Depth,
Initial Water Content

Preferential Outflow PFI

Mean Values
/(cm)

Cv
/(%)

Mean Values
/(cm)

Cv
/(%)

2, 4, 6 SS, 6 cm, MDC 8.81 26.56 83.79 0.53
20, 22, 24 SL, 6 cm, MDC 9.29 26.22 88.43 0.73
38, 40, 42 No-plants, 6 cm, MDC 10.55 26.75 99.96 0.04
8, 10, 12 SS, 10 cm, MDC 7.35 29.30 69.36 2.97
26, 28, 30 SL, 10 cm, MDC 4.69 42.88 43.16 17.47
44, 46, 48 No-plants, 10 cm, MDC 10.46 26.49 99.91 0.02
14, 16, 18 SS, 14 cm, MDC 7.65 42.75 70.48 17.77
32, 34, 36 SL, 14 cm, MDC 3.20 63.03 45.56 38.63
50, 52, 54 No-plants, 14 cm, MDC 10.51 26.71 99.85 0.07

Table 9. Mean values and Cv of PAS preferential outflow and PFI for different plant species.

Simulation No.
(Plant Species

Varying)

Fixed Variables:
Substrate Depth,

Rainfall Intensity,
Initial Water Content

Preferential Outflow PFI

Mean Values
/(cm)

Cv
/(%)

Mean Values
/(cm)

Cv
/(%)

2, 20, 38 6 cm, 2 a, MDC 6.90 9.02 91.09 8.83
4, 22, 40 6 cm, 5 a, MDC 9.81 9.63 90.66 9.36
6, 24, 42 6 cm, 10 a, MDC 11.95 9.42 90.43 9.36
8, 26, 44 10 cm, 2 a, MDC 5.12 47.26 67.71 47.16
10, 28, 46 10 cm, 5 a, MDC 7.64 40.04 70.87 40.60
12, 30, 48 10 cm, 10 a, MDC 9.73 32.74 73.92 33.26
14, 32, 50 14 cm, 2 a, MDC 4.81 53.66 63.46 53.31
16, 34, 52 14 cm, 5 a, MDC 7.52 44.40 69.78 44.40
18, 36, 54 14 cm, 10 a, MDC 10.91 20.76 82.65 20.62

Table 10. Mean values and Cv of PAS preferential outflow and PFI for different substrate depths.

Simulation No.
(Substrate Depth Varying)

Fixed Variables:
Plant Species,

Rainfall Intensity,
Initial Water Content

Preferential Outflow PFI

Mean Values
/(cm)

Cv
/(%)

Mean Values
/(cm)

Cv
/(%)

2, 8, 14 SS, 2 a, MDC 5.08 20.01 67.19 19.98
4, 10, 16 SS, 5 a, MDC 8.10 9.72 75.06 9.69
6, 12, 18 SS, 10 a, MDC 10.44 8.88 78.97 9.03
20, 26, 32 SL, 2 a, MDC 3.98 59.91 52.68 59.78
22, 28, 34 SL, 5 a, MDC 6.09 49.60 56.31 49.73
24, 30, 36 SL, 10 a, MDC 8.99 27.10 68.16 27.08
38, 44, 50 No-plants, 2 a, MDC 7.58 0.23 99.91 0.05
40, 46, 52 No-plants, 5 a, MDC 10.78 0.58 99.94 0.05
42, 48, 54 No-plants, 10 a, MDC 13.16 0.53 99.87 0.09
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3.3.2. Vermiculite-Based Substrate (VAS)

Since the hydraulic parameters of varying VAS remain unchanged or appear com-
parable (Table 4), minor changes in the pore structures of VAS due to Sedum root system
are expected. Therefore, the influential factors considered for VAS were substrate depth,
rainfall intensity, and initial water content, for which simulation conditions involving
no-plants only were set up in Table 11. The resulted skewness coefficient S, preferential
outflow, and PFI are also listed in Table 11. None of the S values are zero, which indicates
the prevalence of preferential flow occurrence in VAS. The minimum values of preferential
outflow and PFI are 7.04 cm and 93.06%, respectively.

Table 11. Simulation results of VAS under different simulation conditions.

Simulation
Conditions

Substrate
Depth
/(cm)

Rainfall
Intensity

/(a)

Initial Water
Content

/(%)
S

Preferential
Outflow

/(cm)

PFI
/(%)

1

6

2
WHC 0.05 7.42 98.27

2 MDC 0.05 7.42 98.27
3

5
WHC 0.06 10.62 98.33

4 MDC 0.06 10.62 98.33
5

10
WHC 0.30 13.01 98.26

6 MDC 0.30 13.01 98.26
7

10

2
WHC 0.05 7.24 95.81

8 MDC 0.05 7.24 95.81
9

5
WHC 0.23 10.36 95.84

10 MDC 0.23 10.36 95.84
11

10
WHC 0.01 12.67 95.84

12 MDC 0.01 12.67 95.84
13

14

2
WHC –0.61 7.04 93.09

14 MDC –0.61 7.04 93.09
15

5
WHC 0.17 10.05 93.06

16 MDC 0.17 10.05 93.06
17

10
WHC 0.26 12.31 93.12

18 MDC 0.26 12.31 93.12

Multi-factor ANOVA was also performed based on the above simulation results
(Table 12). It can be seen that for VAS, both rainfall intensity and substrate depth had
significant effects on preferential outflow, and substrate depth had a significant effect on
PFI. However, initial water content had no significant effect on preferential outflow and
PFI. Therefore, simulation conditions with the initial water content of WHC were excluded
from the following analysis, which focuses on rainfall intensity and substrate depth for
nine simulation conditions only.

Table 12. Multi-factor ANOVA results for preferential outflow and PFI of VAS.

Sources of Variance
F Values

Preferential Outflow PFI

Substrate depth 104.095 ** 50,845.585 **
Rainfall intensity 10,207.964 ** 1.098

Initial water content 0.000 0.000
Note: ** (p < 0.01) reached a highly significant level.

Rainfall intensity: The F value of 10,207.964 (Table 12) clearly shows the dominant role
of rainfall intensity on preferential outflow, and a correlation analysis for the nine simulation
conditions also shows a positive (correlation coefficient r = 0.98) linear relationship between
the two. The larger the rainfall intensity, the greater the preferential outflow produced.
In contrast, rainfall intensity had no significant effect on PFI (Table 12). When the nine
simulation conditions of varying rainfall intensity were grouped by the substrate depth
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(Table 13), the resulting mean PFI values are high (≥93.06%), while the Cv values are
extremely low (≤0.1%).

Table 13. Mean values and Cv of VAS preferential outflow and PFI for different rainfall intensities.

Simulation No.
(Rainfall Intensity Varying)

Fixed Variables:
Substrate Depth,

Plant Species,
Initial Water Content

Preferential Outflow PFI

Mean Values
/(cm)

Cv
/(%)

Mean Values
/(cm)

Cv
/(%)

2, 4, 6 6 cm, no-plants, MDC 10.35 27.09 98.29 0.04
8, 10, 12 10 cm, no-plants, MDC 10.09 26.98 95.83 0.02
14, 16, 18 14 cm, no-plants, MDC 9.80 26.97 93.09 0.03

Substrate depth: In addition to the rainfall intensity, VAS depth also had an effect on
preferential outflow (Table 12, F = 104.095). When the nine simulation conditions of varying
substrate depth were grouped by the rainfall intensity (Table 14), it was noted that in a
rainfall event, preferential outflow from 6 cm-VAS was the largest and from 14 cm-VAS was
the smallest (Table 11). The Cv values of preferential outflow were small (<3%, Table 14).
The PFI was only influenced by the VAS depth (Table 12), and its variation pattern, along
with different substrate depths, was consistent with that of the preferential outflow (e.g.,
6 cm-VAS had the largest PFI, and the Cv values had limited variations (Table 14)).

Table 14. Mean values and Cv of VAS preferential outflow and PFI for different substrate depths.

Simulation No.
(Substrate Depth Varying)

Fixed Variables:
Rainfall Intensity,

Plant Species,
Initial Water Content

Preferential Out-flow PFI

Mean Values
/(cm)

Cv
/(%)

Mean Values
/(cm)

Cv
/(%)

2, 8, 14 2 a, no-plants, MDC 7.24 2.62 95.72 2.71
4, 10, 16 5 a, no-plants, MDC 10.34 2.76 95.74 2.75
6, 12, 18 10 a, no-plants, MDC 12.66 2.76 95.74 2.69

Considering the negative role of preferential flow on green roof stormwater perfor-
mance [23,64], the degree of preferential flow should be minimized as much as possible in
green roofs. The above analysis shows that preferential flow development in PAS and VAS
are controlled by different factors. For PAS, rainfall intensity, plant species, and substrate
depth all had significant effects on PFI (Table 7), while for VAS, only substrate depth played
a role on PFI. After reviewing Tables 8 and 13, it is known that 10 cm-PAS-SL has the
lowest mean PFI of 43.16%, regardless of rainfall intensity, and all VAS have large mean
PFI ranging from 93.09% to 98.29%. Therefore, for the preferential flow control purpose,
a combination of 10 cm-PAS-SL may be recommended for the plant–substrate design in
green roofs. It should be noted that this recommendation is made based on green roof
performance for individual large rainfalls. Future research focusing on improving green
roof performance for both large and small rainfalls over a long period may come up with a
better plant–substrate design recommendation.

4. Conclusions

In order to investigate the law of preferential outflow in various green roof plant–
substrate combinations, two Sedum plants (namely Sedum sarmentosum and Sedum lineare)
were planted in two artificial substrates (namely, PAS and VAS) at three different depths,
and pure artificial substrates were also set as controls. Thereafter, indoor solute break-
through experiments and water flow and solute transport simulations in Hydrus-1D were
conducted. The in-door experimental results showed that the skewness coefficients of all
solute breakthrough curves were non-zero, indicating preferential flow generally occurred
in green roof plant–substrate combinations. The hydraulic parameters of different sub-
strates were obtained from the inverse modeling in Hydrus-1D. The correlation coefficients
between the modeled and measured values of the cumulative outflow for PAS and VAS
were in the range of 0.998–0.999, and the Nash–Sutcliffe efficiency coefficients were in the
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range of 0.741–0.997. For PAS, the different hydraulic parameters of the vegetated PAS at
different depths were due to the differences in root-induced pore structure. In contrast,
hydraulic parameters from different VAS can be viewed as the same. According to the
forward modeling results in Hydrus-1D, it is concluded that for PAS, rainfall intensity,
plant species, substrate depth, and the interaction of plant species and substrate depth all
had significant effects on the preferential outflow and PFI, while the initial water content
had no significant effect on both. For VAS, both rainfall intensity and substrate depth had
significant effects on the preferential outflow, and substrate depth also had a significant
effect on PFI. Likewise, initial water content had no significant effect on VAS preferential
outflow and PFI. The 10 cm-PAS with S. lineare may be recommended for preferential
flow control purposes. Further research considering both preferential flow control and
stormwater retention improvement for green roof design is needed.
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Abstract: Sponge City, as a new concept in urban stormwater management, utilizes on-site or local
hydrologic processes for runoff control and therefore is highly dependent on the geographical location
(soil type) and site-specific climatic conditions. Field studies are valuable because of the insufficient
quantity of field performance data in low-impact development (LID)-related research. Rain gardens
are recommended for LID to manage stormwater. A rain garden was designed as a pilot project in
Nanchang city, which is one of the typical red soil areas in southern China. Red soil is usually not
conducive to runoff infiltration due to its low organic carbon, strong acidity and low permeability
rainfall characteristics, but the permeability of the filter media layer is an important parameter in LID
design. The construction depth of the rainwater garden was 600 mm, and 30% sand, 10% compost
and 60% laterite were used as combined matrix; the permeability coefficient of medium layer was
1.48 × 10−5 m·s−1. Rainfall runoff control and pollutant removal efficiencies were studied based on
the on-site conditions. The analysis of almost 2 years of field data showed that volume capture ratio
of annual rainfall was 78.9%, the mean load removal of TSS, NH3-N, TP, TN, COD and NO3-N were
92.5%, 85.3%, 82.9%, 80.5%, 79.8% and 77.5%, respectively, which could meet the technical guidelines
for sponge city construction in Nanchang. The research results could provide a basis for sponge city
design in low organic carbon and low permeability areas.

Keywords: rainfall runoff; low impact development; runoff control; pollutant removal; Sponge City

1. Introduction

The rapid urbanization in China over recent decades has led to significant changes
in surface hydrological characteristics, such as permeability and detention/storage, etc.,
and thus resulted in severe non-point source pollution and urban flooding [1–3]. In
China, the Sponge City projects initiative has been promoted, and implemented since
2014, as a new approach to urban storm water management, which utilizes on-site or
local hydrologic processes for runoff control and therefore is highly dependent on the
geographical location (soil type) and the site-specific climatic conditions. In recent years,
Sponge City technical guidelines have been issued for major cities such as Beijing, Shanghai,
Wuhan and Chongqing, but are not available as yet for many other locations. For some
areas, a number of demonstration projects have been completed for selected management
practices such as rain gardens that led to good treatment results [4].

The rain garden is one of the most commonly used low-impact development (LID)
measures due to its characteristics which reflect the natural water-cycle processes [5,6].
Rain gardens play a vital role in reducing rainwater volume and flow, preventing assets’
destruction, removing pollutants from urban runoff, and recharging groundwater [7].
Rain gardens use plants, soil, and their associated microbial communities to reduce or
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remove pollutants with mechanisms such as filtration, evapotranspiration, adsorption and
biotransformation [8–11]. Studies have shown that native soils can effectively be used in the
design of rain gardens as long as volume removal goals are achieved [12–14]. Additionally,
rain gardens can attenuate runoff peak flow and reduce runoff volumes through the process
of detention and retention [15–18]. At present, rain gardens are widely used world-wide
because of their flexibility in size and location, ecological values to the landscape and
treatment cost-effectiveness compared to conventional runoff treatment methods [14,19].

In China, research efforts in relation to rain gardens have thus far mostly focused on
theoretical aspects and laboratory experiments, some on policy standards and construction
technology, rather than the individual, event-based or even, to a lesser extent, long-term
treatment performance [20–22]. Laboratory tests could be far from reality in terms of repli-
cating real field conditions [23]. Consequently, to date there are still insufficient available
field-performance data in the literature [15]. Field tests are very much needed since rain
garden performance mainly depends on site-specific infiltration and evapotranspiration,
and their effectiveness would be significantly impacted by such parameters as soil type
and conditions, types of plants, plant survival, rainfall patterns, pollutant levels, ground
use types and other hydrological properties [24].

The precipitation pattern in Southern China is typically characterized by high-intensity,
localized and uneven temporally distributed storms. The urban drainage facilities have
not generally been correspondingly upgraded [25]. Urban flooding and runoff-induced
pollution have thus become the most frequent hazards in many cities in Southern China.
Additionally, red soil is the typical soil type in the humid areas of subtropical China, with
an area of 56.9 million hm2, including most of Jiangxi and Hunan Provinces. Red soil is not
conducive to the infiltration of runoff and the construction of rain gardens due to its low
permeability [26].

Therefore, it is of great interest to study the feasibility of using infiltration-type LID
practices such as rain gardens in the red soil region in Southern China. The present study
was thus conceived, and a full-scaled rain garden was constructed and tested at a college
campus in Nanchang, Jiangxi Province. To achieve this objective, it was decided to use
flow and water-quality monitoring to quantify the retention of flow and pollutant and load
reductions by the rain garden system. Based on the field experimental data, an in-depth
discussion on the design and construction of the facility and its treatment performance
on runoff pollutant was presented, which could provide much-needed guidance for the
planning and design of rain gardens in red soil regions in the world.This paper was
conducted to close the gap in our theoretical research and treatment performance of these
LID facilities for Sponge City.

2. Materials and Methods

2.1. Study Area

Nanchang, a typical city in Southern China (Figure 1a), has a subtropical humid
monsoon climate characterized by high temperature, rainy summers and mild winters with
less rain. The mean annual temperature is 17.7 ◦C, with an annual precipitation ranged
from 941 to 1764 mm, which is unevenly distributed (42.96% of it falls during summer
months). The annual runoff volume of Nanchang is 6.153 billion m3 (831.1mm), the annual
average runoff volume in the flood season is 40.5 billion m3, with 18.9% of it in June. The
analysis of rainfall statistics of Nanchang showed that the occurrence probability of acid
rain was higher than 90% and the mean pH was lower than 5.6 [27]. This is an important
cause of local red soil acidification.

121



Water 2023, 15, 267

Figure 1. Location map of the rain garden (a) The location of Nanchang in China; (b) The location of
the rain garden in Nanchang; (c) The location and surrounding schematic of the rain garden.

2.2. Design Parameters for the Rain Garden

A full-scale rain garden (Figure 1b) was constructed at the Nanchang University cam-
pus in July 2016 for the collection and treatment of road runoff. The catchment area of
the test rain garden (Figure 1c) was 1533.24 m2, obtained by measuring the size of the
surrounding pavement draining into the rain garden. According to the Design Specifica-
tions of China’s Outdoor Drainage Design Code [28], the surface type of the catchment
area was mainly hard concrete pavement, and the runoff coefficient was set to be 0.9. The
volume capture ratio of annual rainfall in the Nanchang area was 60–85% by the Sponge
City Construction Technology Guide of Nanchang City. Due to the frequent occurrence
of the rainy season, the control target was set at 85%, and the design rainfall depth was
38.9 mm, with the average recurrence interval (ARI) of 5 years. The total design runoff
volume (V) was calculated by the volumetric method Equation (1):

V = 0.001FHψ, (1)

where F is the runoff catchment area (m2); ψ is the runoff coefficient; and H is the design
rainfall depth (mm).

The water balance method was used for the surface area of the test rain garden [27].
Firstly, it assumed that runoff from the catchment area would entirely flow into the rain
garden. When the amount of runoff exceeded the capacity of storage and infiltration, the
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total runoff balance of the rain garden was calculated, as shown by Equation (2). Secondly,
the method ignored evaporation from the rain garden during the calculation time period.
In addition, in the design of the rain garden, the effluent could be assumed to be zero.
Finally, the area of the rain garden could be calculated by Equation (6), which was derived
from Equations (2)–(5). Parameters set in the equations were shown in Table 1.

(a) Design storage capacity:

V = G + Vw + Ws, (2)

where G is the medium void storage (m3); Vw is the aquifer storage (m3) and Ws is the
permeation during rainfall (m3).

(b) Mediumvoid storage:

G = n · A f · d f , (3)

where n is the average porosity of the filter media layer; df is the filter media layer thickness
(m) and Af is the rain garden area (m2).

(c) Aquifer storage:

Vw = (1 − m)A f · hm, (4)

where m is the proportion of plants cross-sectional surface area in the surface area of the
aquifer and hm is the maximum water depth of the standing water aquifer (m).

(d) Permeation:

Ws =
60K·(d f + h)·A f ·T

d f
, (5)

where K is the permeability coefficient of planting soil (m·s−1); h is the average water depth
of the aquifer (m) and T is the rainfall duration (min).

(e) The rain garden area:

A f =
V·d f

n·d f
2 + (1 − m

)
hm·d f + 60K·T·(d f + h)

, (6)

Table 1. Parameters selection and reference of Equations (2)–(5).

Parameters Value SU Reference

n 0.3 - [29]
df 0.25 m Section 2.6
m 0.2 - [30]
hm 0.2 m Section 2.6
K 1.5 × 10−6 m·s−1 laboratory test
h 0.1 m half of hm
T 120 min [31]

2.3. Water Sample Collection

The rain garden was constructed in August 2016. The inlet and outlet of the rain
garden were monitored during the period from September 2016 to January 2018. Water
quality and flow sampling points were set up at the inlet and the perforated under-drain
pipe of overflow well. Automatic flow-monitoring equipment was used to collect data,
which will help determine the detailed hydrological and water quality processes at the rain
garden.Data collected included runoff volume and discrete samples for water quality. In a
whole rainfall event, according to the duration of rainfall, the sampling intervals were 5, 10,
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15 and 20 min until the flow was very small or non-detectable. The water quality samples
were tested for total nitrogen (TN), nitrate (NO3-N), ammonium (NH3-N), total phosphorus
(TP), chemical oxygen demand (COD) and total suspended solids (TSS). Sample testing
was undertaken according to the test methods specified in the Standard Methods for the
Examination of Water in China [32–36].

2.4. Data Analysis

During each rainfall event, the cumulative mass of pollutants in the inflow and outflow
were calculated by taking the integral of the product of concentrations and flow rates, as
shown in Equation (7). If the value was positive, it meant that the system retained pollutant
mass. If the value was negative, it meant the system exported/leached pollutant mass. To
undertake the detailed investigation of the treatment performance, the removal efficiencies
of pollutant load and the even mean concentration (EMC) reduction were both calculated,
as shown in Equations (8) and (9):

Total pollutant mass =
∫ t

0
C(t)Q(t)dt, (7)

Pollutant load removal % =

[
1 −

∫ t
0 Cout(t )Qout(t )dt∫ t

0 Cin(t )Qin(t )dt

]
× 100%, (8)

Pollutant EMC reduction % =

[
1 −

∫ t
0 Cout(t )Qout(t )dt/Vout∫ t

0 Cin(t )Qin(t )dt/Vin

]
× 100%, (9)

where Cin(t) and Cout(t) are the influent or effluent concentrations of each pollutant at time
t (mg·L−1); Qin(t) and Qout(t) are the influent or effluent flow rates at time t (L·s−1) and Vin
and Vout are the influent or effluent volume (L). Limits of integration refer to time 0 (runoff
initiation) and time t (time at which runoff ceases).

2.5. Storage Capacity and the Rain Garden Area

The rain garden was expected to not only alleviate the local flooding, but also effec-
tively improve the water quality of a nearby landscape lake on campus. Figure 2 shows the
photos of the site before, during and after the construction of the rain garden.

Figure 2. Pictures of the rain garden before, during and after construction.
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The rain garden surface area required was at least 204.9 m2 as calculated by Equation (5)
when the design storage capacity was 54.78 m3, calculated by Equation (1). A two-stage
front pool was designed between the inlet and the rain garden (Figure 3), taking consid-
eration of calculation results, terrain features of the site and creating some visual effects.
The areas of the front pool No.1 and front pool No.2 were 15 m2 and 64 m2, respectively.
The surfaces of the two-stage front pool were covered with turf, and the interior was filled
with red soil only without a gravel drainage layer. The main function of the two-stage front
pool was to provide preliminary runoff and erosion control. The filter media layer of the
rain garden was filled with combination substrates. The outflow of the rain garden was
collected by the PVC perforated pipe at the bottom and eventually flowed into the campus
landscape lake.

Figure 3. Plane layout of the rain garden.

Based on the design layout of the rain garden, a variety of plant communities were
set up in the rain garden and the surroundings. Plants were an important part for the rain
garden, which could retain water and certain pollutants. Native plants were the best choice
in most cases since they were adapted for local environmental conditions and required less
care. Additionally, plants should be able to tolerate periodic inundation. The principles
of economic benefit, local conditions and diversity were followed and major plant species
were chosen, such as Canna generalis, Lythrumsalicaria, Cyperus alternifolius, Irispseudacorus
and Miscanthus sinensiswere [26].

2.6. Inlet and Cross-Section Design of the Rain Garden

Inlet design is a critical part of a rain garden. When the road elevation is higher than
the surface of the rain garden, road runoff would flow into the rain garden and be tested.
For the Nanchang site, the minimum elevation of the catchment area was 19.0 m, where
catch-basins were available to collect road runoff. After the transformation (Figure 4), when
the rainfall was light, road runoff could be completely collected by the rain garden.

Figure 4. Before and after the inlet reconstruction.

125



Water 2023, 15, 267

The rain garden had some specific design features that would enhance runoff infil-
tration and temporary storage in underlying soil layers, which would help reduce both
the total runoff volume and its peak flow [37,38]. As the elevation of the landscape lake
was 17.65 m, which was 1.35 m lower than the inlet. It was necessary to strictly control
the structural thickness of the rain garden. Details of the design features are shown in
Figure 5. It should be noted that the design of the rain garden requires attention to the
following points.

Figure 5. Section structure of the rain garden.

(a) The aquifer was mainly for storage runoff and precipitation of TSS.
(b) The mulch layer was covered with bark of 50 mm deep, which could maintain soil

moisture [22,39]. Moreover, a suitable microbial environment was built between the
bark and soil layer, which was propitious to the microorganisms on the degradation
of organic matter and reduce runoff erosion of the topsoil.

(c) The filter layer required good permeability to provide a suitable growth environment
for plants. Its depth depended on the type of soil and plants. When herbs were
used, its depth was about 250 mm. As the clay content of red soil was above 40%,
its permeability coefficient was only 1.5 × 10−6 m·s−1. Runoff could not infiltrate
as soon as possible or might even spillover if red soil was used as the planting soil
without being amended. Therefore, the filter media layer was filled with a mix of 30%
sand, 10% compost and 60% red soil as combination substrates, which provide better
osmotic properties and organic matter. The permeability coefficient of the amended
media layer was determined to be 1.48 × 10−5 m·s−1.

(d) The sand filter layer, with a depth of 100 mm, prevented the soil substrate from sinking
and blocking the perforated drain.

(e) The gravel drainage layer was 200 mm in depth. There were two perforated under-
drain pipes, 150 mm in diameter with a drilling diameter of 15 mm to 20 mm [40,41].
The perforated pipes were used for the timely discharge of the filtered water. The
particle size of the gravel was 20–30 mm, which was greater than the perforation aper-
ture. The middle of the perforated under-drain pipe had a 100 mm-diameter silt riser,
which was used to regularly remove sediment in the perforated under-drain pipe.
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3. Results and Discussion

Impermeable surfaces in urbanized environments accelerate surface water runoff
during rainfall events, decrease infiltration [42], reduce aquifer replenishment and degrade
the water quality of aquatic ecosystems receiving pollutant-laden rain runoff, thus acceler-
ating the issue of water pollution further [43]. Urban stormwater runoff represents a great
challenge to modern water pollution management [44,45].

3.1. Runoff Reduction and Pollutant Removal

Ten rainfall events were monitored to determine the characteristics of the stormwater
runoff entering the rain garden facility and evaluate its performance in terms of pollutant
removal and volume reduction. Rainfall depth ranged between 6.3 and 30.9 mm with a
mean value of 19.2 mm.

In particular, the planting media thickness and soil porosity in the rain garden were
significant indicators of overflow in native soils with lower seepage rates [14]. Based on
monitoring ten rainfall events, the rain garden had a good retention capacity and there was
no overflow during the monitoring period, indicating that the rain garden worked well.
The data matrix on runoff control is given in Table 2.

Table 2. Runoff reduction and pollutant removal efficiency data for every rainfall event.

Rainfall
Event

Rain-
fall/mm

Runoff Re-
duction/%

EMC Reduction/% Load Removal/%

NH3-N NO3-N TN TP COD TSS NH3-N NO3-N TN TP COD TSS

2016.09.11 11.3 78.5 43.8 44.0 35.7 59.8 6.9 35.6 86.8 86.5 85.9 90.8 80.5 86.0
2016.10.22 26.6 71.5 13.1 −22.5 −58.9 −4.1 9.6 73.9 75.2 65.1 54.7 70.3 74.2 92.6
2016.11.23 6.3 85.6 52.6 −93.7 40.9 70.4 −58.5 59.3 93.2 38.1 91.5 95.7 77.2 94.1
2016.12.21 10.5 64.2 −0.6 3.5 −6.8 14.1 46.3 68.7 64.0 65.6 61.8 69.3 80.8 88.8
2017.03.12 22.6 87.3 33.7 −7.4 −13.1 −21.4 55.1 89.5 92.0 83.1 84.6 82.9 92.0 98.5
2017.04.09 23.5 83.6 19.9 14.1 42.0 61.7 14.7 92.6 86.8 85.9 90.5 93.7 86.0 98.8
2017.05.08 22.5 80.5 −7.9 −43.8 −62.4 −4.4 36.4 83.3 78.9 71.9 68.3 79.6 87.6 96.8
2017.06.06 30.9 81.8 47.4 44.0 27.6 27.6 −159.6 87.8 90.4 89.8 86.8 86.8 52.7 92.3
2017.11.17 27.3 87.7 7.5 32.3 −90.5 29.4 −104.4 55.6 94.9 96.3 90.8 96.0 90.5 97.2
2018.12.14 12.2 68.6 68.8 77.7 68.1 −16.6 23.8 36.3 90.2 93.0 90.0 63.4 76.1 80.0

max 30.9 87.7 68.8 77.7 68.1 70.4 55.1 92.6 94.9 96.3 91.5 96.0 92.0 98.8
min 6.3 64.2 −7.9 −93.7 −90.5 −21.4 −159.6 35.6 64.0 38.1 54.7 63.4 52.7 80.0

mean 19.2 78.9 27.8 4.8 −1.7 21.6 −13.0 68.3 85.3 77.5 80.5 82.9 79.8 92.5
SD 8.5 6.6 21.4 37.6 44.6 28.1 56.7 17.2 7.5 13.9 11.3 9.8 7.8 4.6

Overall, the total runoff control rate ranged from 64.20% to 87.70%, and the average
runoff control rate was 78.9%, which achieved the Sponge City Construction Standards
for Nanchang [31]. Field performance assessment demonstrated that this rain garden
effectively cut inflow volumes through the filter media. This has important implications
for the management of urban waterways, where increased flows are a key stressor [38].

The rain garden had the best removal efficiency for TSS, followed by NH3-N, TP
and TN. TSS, TP and nitrogen showed different removal characteristics, which could be
attributed to different treatment mechanisms [7,46,47]. Rain gardens can remove nutrients
and hydrocarbons from stormwater via several mechanisms [7]. Nutrients are removed
by several mechanisms: filtration, adsorption, sedimentation, ion exchange, chemical
precipitation, biological decomposition and plant uptake [12]. Pollutants such as TSS and
TP would be primarily removed by physical processes while nitrogen would be primarily
removed by biochemical processes, such as denitrification [15]. TSS was removed via
the physical filtration of the particulates and colloids during percolation through the
filter media. The rain garden was consistently effective in removing TSS irrespective of
the rainfall sizes, runoff volumes and influent loads’ amounts and treatments [23]. The
rain garden was effective at treating phosphorus regardless of soil type [12].TP removal
efficiency was highly dependent on the filter media. The red soil was effective in TP
reduction since the content of phosphorus in red soil was relatively low. Moreover, the red
soil contained a large amount of Fe2O3 (amorphous iron oxide), Al2O3 (aluminum oxide)
and kaolinite, which were conducive to the adsorption and fixation of TP [48–50]. The red
soil had four kinds of parent materials; details of them are shown in Table 3 [51].
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Table 3. Parent materials of red soil and its compositions proportion.

Parent Material Quaternary Red Clay Granite Arenite Pelite

Proportion of red soil/% 4.1 17.1 11.6 13.2
Organic matter/% 0.7 1.4 0.9 1.5

TP/% 0.06 0.09 0.06 0.06
SiO2/% 73.3 44.6 71.7 73.3

Fe2O3/% 5.7 13.7 7.0 6.6
Al2O3/% 15.7 37.4 17.4 16.4

Kaolinite/% 38.6 43.7 38.9 32.1

The removal efficiencies of nitrogen and COD in the rain garden fluctuated greatly.
The water quality pollutant-load reduction fluctuated, which was consistent with relevant
research results in bioretention tanks [52]. Soil media and plants played a vital role in the
pollutant removal processes of rain gardens [7]. Plants were significant to treatment after
media saturation. The extent of plants that assimilated pollutants was largely dependent
on root structure, runoff detention time and the ability of plants to acquire pollutants
from the media [5,30,53]. It was noteworthy that Table 2 also showed negative values
for pollutant reduction percentages, particularly for EMC reduction inNO3-N, TN and
COD. This explained the occurrence of nutrient leaching which could be attributed to
the flushing of runoff retained in the filter media layer from the preceding rainfall event
containing elevated pollutants due to the evapotranspiration. Furthermore, nutrients
presented in the rain garden could also contribute to pollutant leaching. Various plant-
based mechanisms and chemical processes such as adsorption, reduction, sedimentation,
cation-exchange capacity, complexation and so forth were involved in the removal of
contaminants from stormwater [7].

The removal efficiency of pollutant load for NH3-N, NO3-N, TN, TP, COD and TSS
increased by 57.4%, 72.7%, 82.2%, 61.2%, 92.7% and 24.2% compared to EMC reduction
separately. The removal efficiency of the pollutant load was generally higher than the
EMC reduction. This might be due to the fact that runoff volume control was taken into
consideration in the calculation of pollutant load removal. In addition, the concentration
of pollutants of campus runoff was generally lower than that of urban roads and parking
lots, resulting in less obvious EMCs removal efficiency of the rain garden. It could be
observed that there were wide differences in the efficiencies of pollutants’ removal among
different rainfall events due to a number of factors such as plants, rainfall patterns and soil
condition [25]. The removal effectiveness had been shown to be reliant upon the rainfall
patterns (e.g., length of wet and dry weather) and temperature [54,55].

3.2. Time Variation of Pollutant Concentrations

In order to discuss the migration of runoff pollutants in the rain garden, the variation
in concentration of each pollutant with the change in time was analyzed by sampling
data from 10 January 2017 (Figure 6). The average residence time between the start of
the influent and the appearance of effluent was approximately 100 min, which included
the total flow-through time in the two-stage front pool and the infiltration time in the
rain garden.

As shown in Figure 6, the concentration of pollutants varies with rainfall time and
showed some common characteristics, and each concentration of inflow pollutants de-
creased with rainfall duration and finally tended to flatten out, which was due to the initial
scouring effect. The concentrations of these pollutants were higher before inflow in the
early 20 min, and the pollution of rain water was more serious at the initial stage. The
pollutant load was always heavy in the initial stage of the runoff [9]. There were significant
fluctuations in the concentration of outflow pollutants except for TSS, which was due to
different degrees of the initial scouring effect of different pollutants [56]. The fluctuations
in the outflow were generally lower than those in the inflow.
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inflow outflow

Figure 6. The time-variation of pollutant concentrations in inflow and outflow.

The average concentrations of NH3-N, TN, TP and TSS in the outflow were relatively
good, and the concentration of these pollutants decreased gradually and then tended to be
stable. After adsorption and filtration by the rain garden, the concentrations of NH3-N in
the outflow were relatively steady, for the optimal sponge had an excellent treatment effect
on NH3-N in rainwater while ensuring rapid infiltration [57]. The concentrations of NO3-N
and COD in the outflow were unstable, and greater concentrations appeared in the early
stage of the outflow. The concentrations of NO3-N and TN fluctuated, which was related
to the fact that the removal of NO3-N in the rain garden was easily affected by various
factors, and nitrogen retention may have occurred there [12]. Because NO3-N is a part of
TN, the fluctuation of the concentrations of NO3-N will also cause the concentrations of TN
fluctuate to some extent.

Among the water quality indicators, the COD concentration fluctuated the most. The
concentrations of COD in 30 min decreased gradually before inflow, and the average
concentration of COD was 25.30 mg·L−1 in the later stage of inflow. Even the COD
concentration in the effluent was higher than that in the influent at the initial stage of
operation. This was due to the poor stability of the rainwater garden at the initial stage of
the operation. The microbial activities and organic secretions released by the plant roots in
the rainwater garden system entered the effluent, resulting in a higher COD concentration
in the effluent.

Despite variation in inflow concentrations, pollutant concentrations in the effluent
were relatively constant, although an initial spike was sometimes observed forNO3-N,
and COD. It could be seen that the range of outflow pollutant concentrations were lower
compared to the inflow concentrations, suggesting a level of reliability in treatment [38].
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3.3. Limitations or Directions for Further Research

Rain gardens can retard surface runoff, reduce and delay flood peaks effectively and
play a major role in rehabilitating the water cycle. The control effects of rain garden on
pollutants could be improved by by-passing some initial runoffs.

Although stormwater cannot be treated completely without conventional sewage
systems in urban areas, rain gardens can decrease the dependence on these. Stormwater
infiltration and redistribution by rain gardens are also potentially significant ecosystem
services and impart value to vacant land that presently has little or no value [58].

This is the first study presenting treatment performance results on rain garden in red
soil area of Nanchang city at the field-scale. Ultimately, the results of this paper provide
key insights into the design and operating conditions of rain garden, especially for the
future reliable treatment of stormwater. However, in order to fully validate the rain garden
studied, long term operational monitoring needs to be put in place to provide assurance that
Sponge City construction planning and design objectives are being continuously met. More
data will be obtained with auto-sampling, which is typically necessary for performance
monitoring and maintenance. A large set of additional data may be provided for further
simulation and model analysis, and finally for the development of a validation framework
for stormwater treatment systems.

4. Conclusions

In this study, the special features in the design of a rain garden and the modification of
the filter media layer play an important role in the field performance of a rain garden in a
red soil region. Rainfall characteristics and catchment partition were important parameters
in designing the rain garden. The construction of rain gardens in red soil regions, such as
Southern China, should pay close attention to the permeability of the filter media layer and
the architectonics of the rain garden.

The average runoff control rate obtained by this study was 78.9%, which achieved
the Sponge City Construction Standards for Nanchang. The efficiency of runoff pollutant
load removal generally was higher than the EMC reduction rates. The rain garden showed
the best removal in TSS, followed by NH3-N and TP. Under the same average recurrence
interval (ARI) the mean load removal of TSS, NH3-N, TP, TN, COD and NO3-N were
92.5%, 85.3%, 82.9%, 80.5%, 79.8% and 77.5%, respectively. The red soil was effective in
TP reduction. On the other hand, the removal efficiency of NO3-N, TN and COD were
negative at times, showing pollutant leaching.

The results of the study indicated favorable storage/infiltration functions in the field
performance of this rain garden, the potential to control more than 70% of storm runoff
and its effectiveness at pollutants’ load removal. The results of this study could provide
a good reference for the construction of rain gardens in a red soil region. Therefore, the
application of this rain garden may be recommended in other red soil urban areas.
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Abstract: Urban block-scale sponge system design needs address how to specify the optimal approach
to combine the number of areas and types of sponge facilities for diverse land conditions and sponge
system design objectives, while ensuring sponge performance and economic efficiency. With the
gradual application of multi-objective optimization algorithms in the design of sponge cities, multi-
objective combinatorial problem solving for sponge facilities based on optimization algorithms is
more accurate and efficient than traditional design methods based on the designer’s experience. This
study utilizes a residential complex in Nanjing as a practical example, selects six types of typical
sponge facilities to construct a multi-objective optimization combination model for sponge facilities,
and employs the SPEA-2 algorithm to determine the optimal combination of sponge facility types and
quantities. Finally, 186,754 combinations of sponge facilities were calculated. For the three sponge
objectives of optimal performance and economy for stormwater infiltration and storage, optimal
performance and economy for runoff pollution control, and optimal average overall performance for
stormwater infiltration, runoff pollution control, and economy, a number of combinations of sponge
types and numbers were obtained.

Keywords: multiobjective optimization; sponge city planning and design; urban block; sponge
facility combination

1. Introduction

Under natural conditions, the underlying surface has good permeability and pre-
cipitation can infiltrate directly into the soil and participate in the hydrological cycle [1].
However, the increase in impermeable underlying surface in cities has gradually led to an
increase in the amount of runoff volumes and a decrease in the amount of naturally infil-
trated stormwater, causing many urban water environment problems [2]. Examples include
urban flooding, lack of water in urban green spaces, etc. [3,4]. Sponge cities aim to increase
the resilience of cities to rainfall by optimising the urban underlying surface and thereby
increasing the natural infiltration and storage capacity of rainwater [5]. Now, China’s
sponge cities have moved from the pilot exploration stage to the systematic demonstration
stage [6].

Given the scarcity of land resources in built-up urban areas, how to optimize the
combination of sponge facilities to maximize ecological and economic benefits has become
an important issue for sponge city planners. The selection and combination of sponge
facility types is an important step in the planning and design process of urban sponge
systems [7,8]. The performance and cost of sponge facilities vary, how to reasonably select
the type and number of sponge technology facilities based on site conditions and sponge
city policy requirements requires consideration of multiple design objectives such as runoff
control, pollution control and stormwater resource utilization [9].
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The problem of optimising the combination of sponge or eco-stormwater management
facilities has been extensively researched by many scholars in similar fields. Advanced
experiences can provide us with a reference. These concepts mainly include the Low Impact
Development (LID), Green Infrastructure (GI) and Best Management Practices (BMPs)
etc. [10]. Different combinations of facilities will create different stormwater management
effects. For example, in terms of stormwater runoff control [11], stormwater pollution
control [12] and in terms of economic performance [13]. Therefore, depending on the
objectives of the project, different types of LID-BMP-GI facilities are combined in different
practical projects. The combination of facility types chosen for the different scales of
the project also varies considerably [14–16]. In recent years, multi-objective optimisation
models have become more widely used in the sponge city [17,18].

A multi-objective optimization model-based approach provides methods and ap-
proaches to address the multi-objective combination of sponge facilities [15,19]. The design
variables, objective functions, constraints, software tools and solution algorithms are all
significantly different in the construction of multi-objective optimisation models due to the
different purposes and scenarios for which different combinations of stormwater manage-
ment facilities are studied [15,20–23].

The aims of this study are: (1) to construct a multi-objective optimisation model for
a typical combination of sponge facility type and scale at the urban plot scale. (2) To
explore the application and solution of parametric design software (e.g., grasshopper),
which is more commonly used by urban planners, to the multi-objective optimisation
model. (3) Apply the constructed multi-objective optimisation model for sponge facility
combinations to a case study in Nanjing, China, and apply it empirically to solve for sponge
facility types and scales under different optimal combination scenarios.

2. Methodology

2.1. The Multi-Objective Optimization Model

In real-world cases, people are often faced with decision problems that consist of
multiple interacting and conflicting goals that need to be weighed to obtain the best
solution to the problem. A multi-objective optimization problem is when we are faced with
a decision problem with more than one objective [24].

In general, multi-objective optimization problems have conflicting objectives, and
it is very unlikely that multiple objectives will be optimal at the same time. Thus, the
solution to a multi-objective optimization problem is not unique, but rather there is a
set of many Pareto optimal solutions. The set of Pareto optimal solutions constitutes the
Pareto front [25]. In Bi-objective optimization problems, the Pareto front is usually a two-
dimensional curve, while in multi-objective optimization problems, the Pareto front is a
hypersurface [26]. The set of Pareto optimal solutions is a set of possibilities, but in practice
it is necessary for the decision maker to select one or more of the set of Pareto optimal
solutions as the optimal solution to the multi-objective optimization problem. The decision
maker can select one or several optimal solutions from among the many Pareto fronts
based on the visualisation. If more than one optimal solution is selected, the values of
the objective function corresponding to the multiple optimal solutions are compared and
analysed in relation to the application scenario in which the problem needs to be solved.
The mathematical expression for the multi-objective optimization problem is as Equation
(1) and the components of a multi-objective optimization model as Table 1.

⎧⎨
⎩

opt f (x) = [ f1(x), f2(x), . . . , fi(x)]
s.t. x ∈ X

X ⊆ Rn
(1)

where opt f (x) is the objective function that maximises or minimises the objective function;
f1(x), f2(x), . . . , fi(x) is the i single objective function; Rn is the set of objective function
constraints.
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Table 1. Components of a multi-objective optimization model.

Elements of the Model Description

Decision variables
Constructing a choice of options for describing the characteristics of a system
(process) in a mathematical model, where each different set of values taken for the
design variables corresponds to a solution value for the problem.

Constants Known constants to be considered in model construction.

Objectives A function constructed according to the objective problem to be solved, usually
requiring a maximum or minimum value.

Constraints Constraints that need to be met to establish decision variables.

2.2. Model Framework

The multi-objective combination optimization model for sponge facilities is mainly
used to solve the problem of selecting and scaling combinations of different sponge facilities.
This means that different types and numbers of sponges are required to achieve both
optimal stormwater management performance and economic cost objectives per unit area
of urban land. A logical framework for a multi-objective optimization model of sponge
facilies combination is shown in Figure 1.

Figure 1. A logical framework for a multi-objective optimization model of sponge facilities combination.

The modelling steps are as follows:

• First, determine the sponge city design objective functions under different site conditions.
• Second, determine the number of design variables and constraints, while obtain-

ing model constants such as sponge capacity attributes and economic cost per unit
sponge facility.

• Again, establish a list of multi-objective optimization model for sponge facilities
combination.

• Finally, the optimization algorithm is used to solve the model list to obtain the Pareto
solution set, and the optimal solution for the combination of sponge facilities is selected
according to the project situation.

2.3. Model Components
2.3.1. The Objective Functions

For different site conditions, the objective function can consist of three objectives:
rainwater infiltration and storage, rainwater harvesting and utilisation, and runoff pollution
control, with the overall objective of optimal sponge performance at the lowest economic
cost. Its mathematical formula is expressed as:

F = opt f (x) = [ f1(x), f2(x), . . . , fi(x)] (2)

Max f1(x), and Min f2(x) (3)

136



Water 2022, 14, 3292

where F is the overall objective of the optimisation; f1(x) is the sponge performance
objective function of the sponge facility; and f2(x) is the economic cost objective number.

(1) Sponge performance objective function

Under the control scale requirements for sponge systems, three indicators are used to
measure the sponge performance of different types of sponge facilities, namely rainwater
infiltration capacity, rainwater resource storage capacity and runoff pollution control
capacity, one or more of which can be selected as the overall sponge performance objective
function depending on site conditions.

• Rainwater infiltration and storage effect

The rainwater infiltration and storage effect includes the infiltration and storage
volume of rainfall on the site by the sponge facilities, with reference to the formula for
calculating rainwater infiltration and storage facilities in the the Technical Guide for Sponge
City Construction [27], The mathematical expression for rainwater infiltration and storage
effect is:

Vs =
n

∑
m=1

(Km JAimTsm + Asmhmnkm) (4)

where, Vs is rainwater infiltration volume (m3); K is soil infiltration coefficient (m·s−1); take
the value can refer to Table A2; J is the hydraulic gradient, usually taken as J = 1; Ai is the
effective infiltration area (m2); horizontal infiltration surface according to the projected area,
vertical infiltration according to the effective water level height 1/2 calculation, oblique
infiltration surface according to the effective water level height 1/2. Ts is infiltration time (s),
usually take 2 h; As is effective storage area (m2); h is effective rainwater storage depth (m);
nK is facility fill porosity, no fill to take 1; n is the number of different sponge facility types.

• Rainwater harvesting and utilization effect

The rainwater harvesting capacity effect of a sponge facility is determined by its unit
storable volume and unit area, expressed by the mathematical formula:

Vr =
n

∑
m=1

vm Am (5)

where Vr is the volume of rainwater collected and utilised (m3); vm is the volume of water
stored per unit area of the sponge facility (m3/m2); Am is the area of the sponge facility
(m2); n is the different sponge facility types.

• Runoff pollution removal effect

The pollution control objectives of sponge cities are mainly reflected in the removal
effects of sponge facilities on SS, COD, BOD, TN and TP in urban runoff surface source
pollution. In urban runoff SS is significantly correlated with several other water quality
indicators, and the Technical Guidelines for Sponge City Construction issued by the Ministry of
Housing and Urban-Rural Development of China selects SS indicators as runoff pollution
control indicators, so this study also adopts SS as a measure of pollution removal capacity
of sponge facilities, with the formula expressed as:

Vp =
n

∑
m=1

kpm AmP (6)

where Vp is the amount of pollution removed by the sponge facility (t); kpm is the removal
rate of SS by different sponge facilities (%); Am is the area of different sponge facility types
(m2); P is the annual pollution load of site runoff (t/m2); and m is the different sponge
facility types.

137



Water 2022, 14, 3292

(2) Economic objective function

The total cost of the project’s sponge facilities is expressed as the sum of the product
of the area of the different facility components and the cost per unit area of such facilities,
where the cost per unit area of the sponge facilities needs to be determined according to the
local market and facility section structure.The mathematical expression of which is:

E =
n

∑
m=1

Ammm (7)

where E is the total construction cost of the proposed sponge facility(yuan); Am is the area
of the type of facility (m2); mm is the cost per unit area of the mth type of facility (yuan);
and n is the different sponge facility types.

2.3.2. The Decision Variables

The variables in the construction of the multi-objective optimization model for sponge
facilities combination are the number of areas for different types of facilities

With reference to several types of sponge facilities that are more frequently used in
China’s sponge city practice, this study selects six types of typical sponge facilities for
application, namely horizontal green space without water storage modules, horizontal
green space with water storage modules, water-storing sunken green space, permeable
hard surface, designed water body and green roofs. The details are shown in Table 2.

Taking the area A of each type of sponge facility as a decision variable and using
Ai to denote the planned design area of different facilities, where i denotes the type of
facility (i = 6 for horizontal green space, horizontal green space with water storage module,
water-storing sunken green space, permeable hard surface, designed water body, green
roof), the variables involved in this study are listed in the Table 3.

2.3.3. The Constraints

In actual sponge city project design practice, constraints are imposed by site planning
and land use and other factors on the area that can be laid out for different types of facilities,
mainly including the following categories.

(1) Constraints of the total area

This means that the sum of the area of each sponge facility type on the site should be
less than or equal to the total area of the planned and designed site.

A1 + A2 + A3 + A4 + A5 + A6 ≤ ATA (8)

where A1–A6 is the sum of the area of each type of sponge facility on the site; ATA is the
total area of the planned and designed site.

(2) Constraints of the site green space ratio

The total area of green space type facilities such as horizontal green space and sunken
green space must be less than the total area of green space on the site, in accordance with
the green space ratio restrictions in the site plan.

A1 + A2 + A3 ≤ AGS (9)

where A1 is the area of the horizontal green space without water storage modules; A2 is the
area of the horizontal green space with water storage; A3 is the area of the sunken green
space on the site.
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Table 2. Description of the characteristics of 6 types of typical sponge facilities.

S/N Name Description Section Illustration

1 Horizontal Green Space Without
Water Storage Modules

Low cost, low infiltration and runoff
pollution control, low stormwater
storage capacity

2 Horizontal Green Space With Water
Storage Modules

Infiltration and runoff pollution
control advantages of horizontal
green space, but space saving, high
rainwater harvesting efficiency and
high cost

3 Sunken Green Space

Low cost with a certain volume of
water storage and pollution control
function for rainwater runoff, but the
actual storage volume is insufficient

4 Permeable Hard Surface

Effective stormwater infiltration and
runoff pollution control, insufficient
stormwater storage capacity and high
costs.

5 Green Roof
Only be used on building roofs, with
less scope for application and higher
costs.

6 Designed Water Body
High rainwater storage capacity, low
pollution control and low cost of
construction.

Table 3. Composition of variables for a multi-objective optimization model for sponge facilities
combination.

Serial Number
Design Variable

Symbol
Description Unit

1 A1 Area of horizontal green space m2

2 A2 Area of horizontal green space
with water storage modules m2

3 A3 Area of water-storing sunken
green space m2

4 A4 Area of permeable hard surface m2

5 A5 Area of designed water body for
water storage m2

6 A6 Area of green roof m2

(3) Runoff Control Constraints for Sponge City Construction

In order to meet the design storage volume requirements corresponding to volume
capture ratio of annual rainfall and runoff of the sponge city, the sum of infiltration vol-
ume, rainwater harvesting volume and runoff pollution treatment volume in the function
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should be greater than or equal to the design storage volume under the design rainfall
corresponding to the annual volume capture ratio of the site.

Vs + Vr + Vp ≥ VDSV =
n

∑
m=1

(
KmJAimTsm + Asmhmnkm + vm Am + kpm AmP

) ≥ VDSV (10)

where Vs is the infiltration volume; Vr is the rainwater harvesting volume; Vp is the runoff
pollution treatment volume on the site. VDSV is the design storage volume.

(4) Constraints of the Site Building Density Rate

According to the plot ratio requirements in the site plan, the area of the green roof
must be smaller than the site building footprint.

A6 ≤ AB (11)

where A6 is the area of the green roof on the site; AB is the planned building footprint.

(5) Constraints of the Hard Surface Area

The permeable hard surface provided on the site shall be less than equal to the sum of
the areas of all hard surfaces such as roads and squares on the site.

A4 ≤ AHS (12)

where A4 is the area of permeable hard surface sponge facilities on the site; AHS is the total
area of hard surface such as roads and squares on the site.

(6) Constraints of the Water Surface Rate

If the site water surface ratio constraint is stipulated in the detailed site plan, consid-
eration needs to be given to the fact that the proportion of the site occupied by designed
water body for storage should be less than or equal to the water surface ratio requirement
in the site plan.

A5 ≤ AWS (13)

where A5 is the area of the designed water body in the site and A is the planned site water
surface rate footprint.

(7) Non-negative Constraints

Non-negative area for each type of sponge city facility

A1,A2,A3,A4,A5,A6 ≥ 0 (14)

where A1–A6 is the sum of the area of each type of sponge facility on the site.

2.3.4. The Constants

The constants are the basic attribute parameters for the different types of sponge
facilities. The values of the basic constants for rainwater infiltration and storage, rain-
water harvesting and utilisation, runoff pollution control and unit cost can be found in
Tables A1–A5, listed in the Appendix A.

2.4. Model Solution
2.4.1. Algorithms

In recent years, evolutionary algorithms based on simulating the evolutionary process
of natural organisms have become an important method for solving multi-objective opti-
mization problems. Compared to traditional mathematical planning methods evolutionary
algorithms have the characteristics of being informative, adaptable and scalable. At present,
the more commonly used evolutionary algorithms include Genetic Algorithms, Simulated
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Annealing Algorithms, The Strength Pareto Evolutionary Algorithm, Ant Colony Opti-
mization Algorithm etc. [28]. The Non-Dominated Sorting Genetic Algorithm (NSGA-II)
and The Strength Pareto Evolutionary Algorithm (SPEA-2) are the most widely used and
influential multi-objective evolutionary algorithms, and are the reference for performance
comparisons of other evolutionary algorithms. Compared to the first generation of tradi-
tional genetic algorithms, the advantages of the enhanced evolutionary algorithm include
reduced computational complexity of the initial evolutionary algorithm, faster computa-
tional speed, improved accuracy of the optimization results and reduced computational
effort [29,30]. In this study, the Strength Pareto Evolutionary Algorithm (SPEA-2) was
selected as the algorithmic solution tool for the multi-objective optimization sponge facility
combination model.

2.4.2. Software Tools

In this study, Rhinoceros and Grasshopper, which are widely used in the field of urban
planning and design, are used as the basic software platforms for the calculation of opti-
mization algorithms [31–34]. Grasshopper is a parametric design plug-in for Rhinoceros
with visual programming capabilities, but it cannot be run independently of Rhinoceros
itself, and can generate results through operator command operations, and can also re-
alise circular iterative operations based on the written algorithms, greatly improving the
efficiency of planning and design personnel [35].

This study uses the Octopus multi-objective optimization plug-in. Octopus is a multi-
objective optimization plug-in based on the Grasshopper developed by the University
of Applied Arts in Vienna, Austria, and Bollinger+Grohmann (Frankfurt, Germany). It
provides designers with a quick and easy-to-use multi-objective parametric design plug-in
for computational design and is widely used in the field of planning and design [36,37].

3. Case Study

3.1. Overview of the Study Area
3.1.1. Location

The study area is located in the southeast of Nanjing, with a total planned area of
approximately 18.13 square kilometres for the Shangfang District urban area. The No. 2
residential complex selected for this study is located on the southern side of Shangfang
District, with a total area of 3.77 hectares (Figure 2).

3.1.2. Weather

The study area is located in a subtropical monsoon climate, with an average annual
rainfall of 1038.7–1124 mm and an average annual rainfall day of 124.2 days. Most of the
annual rainfall is concentrated in June to August, accounting for more than 50% of the
annual rainfall, with June to July being the rainy season.

3.1.3. Underlying Surface

The current topography of the study area is relatively flat, with over 80% impervious
area and the main land types are impervious building roofs and road squares, along with
some infiltrated bare earth wasteland. The current status of the site has a large proportion
of highly developed industrial, residential and storage land attributes. The vegetation is
poorly protected and the water system in the area is underdeveloped, with most of the
original water system being filled in and some areas poorly drained.
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Figure 2. (a) Location of Nanjing in China, Source: Ministry of Natural Resources of China; (b) Lo-
cation of Shangfang District in Nanjing; (c) Location of the study area in the Shangfang District;
(d) Satellite image of the study area, Source: Google Maps 2018-10.

3.1.4. Planning and Policy Status

According to the Nanjing Urban Master Planning (2007–2020), the Jiangning District
Urban and Rural Master Planning (2010—2030) and the Nanjing Jiangning Shangfang
Group Control Detailed Planning, the current land use in the study area has been greatly
adjusted, with a large proportion of industrial land replaced by residential and commercial
land. The commercial land use is mainly concentrated in the northwest and southeast of
the site in two separate plots 02–06 and 02–19, and the green space in the area has been
reorganized and a separate green space has been planned in the west, so that the green
space rate has been improved to a large extent (Table 4).
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Table 4. Statistics of the urban planning underlying surface classification of the study area.

Serial Number Underlying Surface Classification Planning Indicators (m2)

1 Total site area 377,133
2 Area of building area 41,260
3 Area of road and open space 229,343
4 Area of green space 106,530
5 Area of water surface 9600

3.1.5. Sponge City Scale Control Requirements

Based on the requirements for runoff control in this area in the Nanjing Sponge City
Construction Pilot City Implementation Planning and the Nanjing Sponge City Special
Planning, the total annual runoff control rate for the study area sponge city is 85%, cor-
responding to a design rainfall of 38.8 mm, We obtained the control index parameters of
annual runoff control rate, design rainfall amount, surface source pollution control rate,
rainfall field control rate and design of storage volume for the control unit in which the
study area is located through the upper planning. The details are shown in Table 5.

Table 5. Study area sponge city design scale and control requirements.

Planning Control
Index

Annual Runoff
Control Rate (%)

Design Rainfall
Amount (mm)

Surface Source
Pollution Control
Rate (%)

Rainfall Field
Control Rate (%)

Design of Storage
Volumes (m3)

Values 79.52 29.7 55 87.3 750–1000

3.2. Optimization Objectives

By analysing the site topography, land use type and runoff characteristics, the main
water environment issues faced in the study area as follow:

(1) A large proportion of impervious surface area and a low water surface ratio
resulting in a high volume of runoff from the site.

(2) The site is highly developed and surface runoff pollution is more serious.
(3) A high proportion of green space is planned for the site, with high water demand

for vegetation and high long-term maintenance and management costs.
By integrating the water environment issues that need to be addressed at the site,

rainwater infiltration and collection, runoff pollution control and economic objectives are
selected as the site sponge system design optimization objectives, and a multi-objective
optimization model for sponge facility.

3.3. Constraint Settings

Based on the control requirements for boundary conditions, green area ratio, building
density, water body area and square road area in the detailed control planning of the study
area, as well as the scale control requirements in the sponge city planning (Table 5), In
conjunction with Section 2.3.3 the constraints, we obtained the relevant constraints for
the model.

3.4. Model List

After setting the objective function and constraints, we obtained a list of elements
for a multi-objective optimization model for sponge facilities in the study area, with each
element specified as follows in Table 6.
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Table 6. A list of elements for a multi-objective combined optimization model for sponge facilities in
the study area.

Design
Variables

A1: Area of horizontal green space

A2: Area of horizontal green space with water storage module

A3: Area of water-storing sunken green space

A4: Area of permeable hard surface

A5: Area of designed water body for water storage

A6: Area of green roof

Objective
Functions

Overall objective function Sub-objectives Formula Description

opt{ f 1x, f 2(x), f 3(x)}
Max f 1(x), f 2(x) and Min f 3(x)
(Maximum sponge efficiency

and lowest economic cost)

f 1x
Rainwater infiltration
and storage objective

Max f 1(x) =
{∑n

m=1(KmJAimTsm+
Asmhmnkm) + vm Am}

n = 6

Max f 1(x)
The larger the

rainwater infiltration
storage capacity the
better the objective

f 2(x)
Runoff pollution
control objective

f 2(x) = ∑n
m=1 kpm Am p

Max f 2(x)
The greater the runoff

pollution removal
capacity the better the

objective.

f 3(x)
Economic objective f 3(x) = ∑n

m=1 Ammm

Min f 3(x)
The lower the economic

cost, the better the
objective.

Constraints

Constraints of the total area A1 + A2 + A3 + A4 + A5 + A6 ≤ 377,000

Constraints of the site green space ratio A1 + A2 + A3 ≤ 106,530

Runoff Control Constraints for Sponge City Construction 1.7248A1 + 2.764A2 + 2.39A3 + 1.89A4 + 0.34A5 +
1.344A6 ≥ 750

Constraints of the hard surface area A4 ≤ 229,343

Constraints of the Site Building Density Rate A6 ≤ 41,260

Constraints of the Water Surface Rate A5 ≤ 9600

Optimization
Algorithms The Strength Pareto Evolutionary Algorithm-2 (SPEA-2)

4. Results

4.1. Parameter Settings

The six decision variables A1–A6 were connected to the G-side of the Octopus plug-in
in the form of a Number slider. The three objective functions of rainwater infiltration, runoff
pollution control and economic objectives are entered into the O-side of the Octopus plug-in
using the objective function equation in Evaluate. The rainwater infiltration function and
pollution control are evaluated for the maximum value and the economic objective for the
minimum value. At the same time, constraints are set between the six decision variables
Number slider, through the setting of constraints can improve the speed of the model
calculation, reduce the number of invalid scenario simulation calculation. The sponge
objective function and the pollution control objective function are maximum values, and
as the default design of the Octopus plug-in program is to find the minimum value, the
sponge objective function and the pollution control objective function formula output data
need to be negative (i.e., the output formula is multiplied by −1).

The Octopus parameters were set as follows: Optimization algorithm: SPEA-2, popu-
lation size: 100, maximum number of iterations: 500, elite rate 0.5, mutation probability 0.1,
mutation ratio 0.5, crossover rate 0.8, and Grasshopper cell connection method detailed in
Figure 3.
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Figure 3. Connection and illustration of the Grasshopper operator for multi-objective combinatorial
optimization of sponge facilities.

4.2. Validity Verification

After 500 iterations of the Octopus plug-in, the results of the three objective functions
were extracted and analysed, showing that the values of rainwater infiltration and runoff
pollution removal capacity gradually increased with the number of iterations and the
economic cost values gradually decreased with the number of iterations, indicating that the
objective functions were gradually optimised with the iterative operation of the algorithm.

The resultant values gradually stabilise at the 10th iteration of the rainwater infil-
tration objective function (Figure 4) and at around 370 iterations of the pollution control
objective function and they gradually reach a maximum value at the 10th iteration of
the rainwater infiltration objective function. In order to verify whether the optimization
algorithm converges towards the optimization objective, 500 generations of the evolution-
ary process of the Pareto optimal solution of concentrated rainwater infiltration storage,
pollution control objective function value per generation maximum value, and economic
cost objective function minimum value for comparison can be seen from Figures 4–6. In
the 400th generation around the three objective functions, basic unity basically remains
unchanged and the optimization objective gradually gains better convergence, meeting the
optimization requirements.

 

Figure 4. Evolutionary process of maxima in Pareto-optimal solutions for rainwater infiltration and
storage objectives.
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Figure 5. Evolutionary process of maxima in the Pareto-optimal solution of pollution control objectives.

Figure 6. Minimal value evolutionary process in the Pareto optimal solution of economic cost
objectives.

4.3. Analysis of the Results

A total of 186,754 optimal solution sets were obtained after 500 generations of the
algorithm. 123 sets of optimal solutions obtained in the 500th generation were selected
(Figure 7), and this solution space can provide designers with a rich choice of solutions.
Based on the design objectives of this case, the optimal solution for rainwater infiltration
and storage, the optimal solution for pollution control, the optimal solution for economic
efficiency and the comprehensive average optimal solution are compared and analysed
(Figure 8).

Figure 7. Spatial distribution of multi-objective optimal solutions for rainwater infiltration, runoff
pollution control, economy and cost of sponge facilities.
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Figure 8. (a) Pareto front distribution of runoff pollution control (x-axis) and economic cost (y-axis);
(b) Pareto front distribution of rainwater infiltration and storage (x-axis) and economic cost (y-axis);
(c) Pareto front distribution of runoff pollution control (x-axis) and rainwater infiltration and storage
(y-axis).

4.3.1. Optimal Solution for Rainwater Infiltration, Storage and Economic Objectives

In the spatial distribution of the Pareto optimal solution set, the green X-axis represents
the infiltration capacity of the combination of sponge facilities, and the closer the value is
to the origin, the better the infiltration capacity of the combination of facilities. The green
Y-axis is the economic cost of the combination of facilities, the closer to the origin the lower
the economic cost of the combination of facilities. As shown in Figure 9, the value with the
strongest rainwater infiltration capacity and the lowest economic cost is the optimal set of
blue circles in the bottom left corner, with a rainwater infiltration capacity of 998 m3 and an
economic cost of 52,440 yuan.

Figure 9. Rainwater infiltration and storage and economic objective are both optimal.
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4.3.2. Optimal Solution for Runoff Pollution Control and Economic Objectives

In the spatial distribution of the Pareto optimal solution set, the green X-axis represents
the pollution control capacity of the combination of facilities, and the Y-axis represents the
economic cost level, the higher the runoff pollution control capacity of the combination of
facilities, the closer the X-axis numerical optimal solution is to the position of the origin, as
shown in Figure 10, the blue circle in the upper left corner is the optimal target parameter
value for runoff pollution control, which corresponds to a runoff pollution treatment
capacity of 6345 t. The value of the model variable when the runoff pollution control
objective is optimal as shown is Table 7.

p j p

Figure 10. Optimal parameters for runoff pollution control.

Table 7. The value of the model variable when the runoff pollution control objective is optimal.

Optimization Objective

Objective Values Area of Sponge Facilities (m2)

Rainwater
Infiltration and

Storage Volumes
(m3)

Runoff Pollution
Control (t)

Economic
Costs (yuan)

A1 A2 A3 A4 A5 A6

Optimal runoff pollution
control (regardless of
economic factors)

999 6435 453,730 2173 0 4 1938 2 6

Optimal runoff pollution
control and lowest
economic cost

995 5258 109,340 3579 0 1 1 0 33

4.3.3. Optimal Solution for All Objectives

As can be seen from Figure 11, the Pareto solution set for each objective should be as
close as possible to the origin of the coordinates and located at the outer convex position
of the solution set set surface. The selection of the integrated optimal value takes into
account the factors of rainwater infiltration and storage, pollution control and cost, and
compromises between the optimal values. 4 combinations of sponge facilities are selected
from the three-objective Pareto optimal solution set as the optimal solution alternatives
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(Table 8). We offer four sets of optimal decision options and the final decision should
be made by the designer, project implementer and stakeholders. Of the four solutions,
solution 2 can be chosen if the best infiltration, storage and decontamination performance
is considered, and solution 4 can be chosen if the lowest economic cost is desired.

Figure 11. Optimal parameters for all objectives.

Table 8. The value of the model variable when the comprehensive objective is optimal.

S/N
Facility
Combination
Solution

Area for Various Types of Facilities (m2) Rainwater Infiltration
and Storage Volumes (t)

Runoff Pollution
Control
(t)

Economic
Costs (yuan)

A1 A2 A3 A4 A5 A6

1 Solution 1 3579 0 1 1 9 34 999 5260 110,110
2 Solution 2 3243 1 1 365 11 46 999 5400 174,590
3 Solution 3 2905 0 4 5 2 202 986 4517 98,890
4 Solution 4 2131 0 2 43 10 405 991 3723 93,820

4.3.4. Target Interval Selection and Priority for Specific Facility Types

There are also special cases in the selection process of sponge facilities, where appli-
cation scenarios may require the selection of a combination of options within a certain
target range, for example the selection of a combination of facilities within a certain price
range. In addition to this, decision makers often require a single type of facility to be
selected as the main facility, for example a demonstration area with a green roof. In this
case, the combination solution can be selected from the set of Pareto solutions derived
from arithmetic, the optimal solution for all facility combinations can be derived as a data
table, a target-variable correspondence can be established, and then the number of facility
combinations corresponding to a certain target interval value or a certain type of facility
quantity dominated by conditional statements can be selected.

In this case, a total of 61,920 sets of optimal solutions were generated, corresponding
to a total of 371,520 facility area parameters. See Table 9 for a schematic representation of
facility combinations dominated by a single type of facility.
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Table 9. The value of design objective for the maximum area of a particular type.

S/N
Facility Combination
Solution

Area for Various Types of Facilities (m2) Rainwater Infiltration
and Storage Volumes
(m3)

Runoff Pollution
Control
(t)

Economic
Costs (yuan)

A1 A2 A3 A4 A5 A6

1 Maximum Area of A1 3632 0 19 2 2 13 999 5345 112,450
2 Maximum Area of A2 209 439 345 719 138 165 999 5400 174,590
3 Maximum Area of A3 1101 9 1330 19 43 18 986 4208 209,770
4 Maximum Area of A4 2131 0 2 43 10 405 991 3723 93,820
5 Maximum Area of A5 809 10 708 100 858 105 999 4946 568,780
6 Maximum Area of A6 3300 0 21 2 0 975 999 6400 450,570

5. Discussion

After calculation, a total of 186,754 combinations of sponge facilities were obtained for
the study case. This solution space provides designers with a rich choice of sponge facility
combinations, allowing them to flexibly select sponge facility combinations according to
the site water environment problems to be solved and the design objectives.

Although good computational results were obtained with the SPEA-2 algorithm via
the Octopus plug-in, the accuracy of the data results and the applicability of the software
tool are issues that deserve further research and discussion. Therefore, in this study, the
NSGA-II algorithm was selected for the comparative validation of the multi-objective
combinatorial optimization model for sponge facilities, and the choice of software tools
was also discussed.

5.1. Comparison of Algorithms

In the case of consistent objective functions and constraints, the NSGA-II algorithm of
MATLAB software was used to solve the case study model, and from the spatial analysis
of the final obtained solution set distribution, the rainwater infiltration storage objective
frontier solution set range was between 757–1000 m3, the runoff pollution control objective
function frontier solution set range was distributed between 3155–5028 t, and the economic
cost The target solution set is distributed between RMB 216,430 and RMB 276,219. Four in-
tegrated optimal solutions were selected from the relevant solution sets, and the calculation
results of each solution and the corresponding A1-A6 variables are detailed in Table 10.

Table 10. A comprehensive optimal solution based on the NSGA-II algorithm.

S/N
Facility Combination
Solution

Area for Various Types of Facilities (m2) Rainwater Infiltration
and Storage Volumes
(m3)

Runoff Pollution
Control
(t)

Economic
Costs
(yuan)A1 A2 A3 A4 A5 A6

1 Solution 1 2197 0 241 1 399 15 858 3678 127,712
2 Solution 2 2261 1 233 754 336 3 999 5011 275,823
3 Solution 3 2259 1 204 237 459 4 917 4083 177,862
4 Solution 4 2203 1 175 22 636 8 907 3590 143,711

The results obtained based on the NSGA-II algorithm are compared with the optimiza-
tion results of the SPEA-2 algorithm. In terms of the number of optimal solution sets, both
algorithms obtain a rich set of Pareto front solutions, which can provide a rich choice of
sponge facility type combinations for site scale sponge system design decisions; in terms of
the optimization objective values obtained, both optimization algorithms obtain optimal
solution sets within the constraint range for the rainwater infiltration and storage objective;
in terms of the pollution control objective the SPEA-2 algorithm obtained results in the
range of 3500–5500 t, while the NSGA-II algorithm obtained target calculated values in
the range of 3155–5028 t, from the total obtained optimal target value analysis, the SPEA-2
algorithm obtained target optimal value than NSGA-II to about 10% higher; economic cost
objectives SPEA-2 algorithm obtained optimal value solution set distribution in the range
of 90,000–360,000 yuan. The Pareto front solution obtained by SPEA-2 is also superior to
the NSGA-II algorithm. Due to the stochastic nature of the genetic algorithm, the results
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obtained by the author for the NSGA-II algorithm after several operations are still relatively
close to the final values of the study, and the results are basically representative of the
algorithm’s ability to solve the multi-objective combination model for sponge facilities.

By comparing the two algorithms, the objective optimal values obtained by the two
algorithms are generally close to each other, and the distribution characteristics of the
number of different types of sponge facilities corresponding to the same objective values
are also more consistent, and both algorithms can meet the needs of sponge city design
well. However, the SPEA-2 algorithm achieves better results than the NSGA-II algorithm
for the multi-objective combination of sponge facilities.

5.2. Selecting Software Tools

The study used two optimization algorithms with different software tools, Grasshop-
per and MATLAB with different characteristics.

(1) Octopus is a multi-objective optimization plug-in based on the Grasshopper para-
metric design platform, and its interface is more user-friendly and easier for urban planners
to get used to. Whereas mathematical software like MATLAB mostly requires the user to
have programming skills and the learning time cost will be higher.

(2) In terms of data visualization, Octopus provides a more convenient way to visualize
the process and result data, while MATLAB-based optimization algorithms can often only
obtain images and data of the final optimal solution, which is more cumbersome than
grasshopper for recording and visualizing historical data of the evolutionary process.

5.3. Comparison with Related Research

We compared this study with related studies on the application of multi-objective
optimisation models in sponge cities in recent years, and the differences between this
research work and other studies in terms of research objectives, scale, methodology and
tools can be clearly seen. Meanwhile, we illustrate the highlights of relevant research.
Please see Table 11 for more details. The relevant study also provides a good reference for
our future research works.

Table 11. Comparison of this study with related research.

References Objectives Scale Methodology Tools Highlights

Te Xu, Haifeng
Jia et al. (2017) [15]

LID-BMPs planning,
LID-BMP chain

layout optimization

Block-scale,
site-scale

Multi-objective
optimization

SWMM-based
methodology,

NSGA-II algorithm

Coupling MOEA to
SWMM and LID-BMP

chain layout,
optimization was

combined with
block-scale scenario

analysis

Kun Zhang, Ting
Fong May Chui

(2018) [9]

selected, designed,
and allocated for

LID-BMP-GI

From site to
catchment scale

Strategic planning
cycle

Spatial allocation
optimization tools

(SAOTs)

Spatial allocation of
LID-BMP-GI practices is

illustrated.
Strategic planning cycle

Yang Yu, Yongchao
Zhou et al. (2022) [22]

LID spatial allocation
optimization

Neighborhood
scale

Integrated
hydrological

computing enginean
with optimization

algorithm

SWMM &MATLAB,
PICEA-g algorithm

LID spatial allocation
optimization couples
SWMM & MATLAB,
PICEA-g algorithm

Joong Gwang Lee,
Ariamalar

Selvakumar et al.
(2012) [14]

SUSTAIN-based
approach to
optimising

applications in BMPs

Watershed-scale Optimization module SUSTAIN, NSGA-II
algorithm

Details of the SUSTAIN
model

Zijing Liu, Haifeng
Jia et al. (2022) [38]

Decision-making
framework for

GI layout
City scale

An adaptive GI
layout

decisionmaking
System

Arcgis

Considering Site
Suitability and Weighted

Multi-Function
Effectiveness:
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Table 11. Cont.

References Objectives Scale Methodology Tools Highlights

Jingwei Hou, Moyan
Zhu et al. (2020) [20]

Optimal spatial
priority scheme of
urban LID-BMPs

City scale Multi-objective
model

ArcMap,
ADEA (Adaptive

differential evolution
algorithm)

Includes different
investment periods

Zijing Liu,
Changqing Xu et al.

(2022) [21]

Multiobjective
optimization of

green-grey coupled
infrastructures

Block-scale

Multiobjective
evaluation
framework,
Intelligent

optimization
algorithm

SWMM
NSGA-II algorithm

Integrating
socioecological indexes,

Grey-green infrastructure
coupling

Our works Sponge facilities
combination Block-scale Multi-objective

optimization

Octopus,
Grasshopper,

SPEA-2

Six typical sponge
facilities, Application of

Grasshopper with
SPEA-2 algorithm

Meanwhile, this study also has some limitations, for example: (1) In the selection
of design variables for the model, we have selected only six typical types of sponge
facilities, other than that other types of sponge facilities are not involved. (2) We did not
consider additional social influences, such as landscape aesthetics and social behavioural
preferences, in our objective setting. (3) The analysis of application scenarios for selecting
the best solution and optimal solution for the model can be further extended.

6. Conclusions

This study focuses on the combination of typical sponge facility areas and types
at the urban block scale to achieve optimal stormwater management performance and
economic benefits for different site conditions and sponge system objectives, provided
that the sponge system scale is determined. Six typical sponge facilities were selected for
multi-objective optimization modelling and applied in practice with a case study located in
Nanjing, China. By comparing the SPEA-2 and NSGA-II algorithms, both algorithms can
meet the computational requirements of sponge city planning and design, but from the
experimental results, it is observed that the SPEA-2 algorithm is superior for the application
of multi-objective optimisation combination models for sponge facilities.The mathematical
models, software tools and empirical cases involved in this study can provide references
for sponge city practice and research.

In further research, more types of sponge facilities can be selected as design variables,
and a corresponding multi-objective optimisation model database for sponge facilities can
be established to further expand its scope of application. In terms of model application
scenarios, two types of application scenarios can be categorised, one for completed urban
areas and the other for new urban areas in the future; at the same time, the multi-objective
optimisation algorithm can be coupled with the urban hydrological model to achieve more
complex and refined optimisation results.
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Appendix A

Table A1. Constants implications of multi-objective optimal combination models for sponge facilities.

Scheme Constants Description of Constants Unit

1 s Infiltration storage capacity per unit area of facility m3

3 r Water collected per unit area of facility m3

4 p Runoff pollution removal per unit area of facility t
5 e Facility cost per unit area of facility Yuan/m2

Table A2. Reference infiltration coefficients for different soil types [39].

Materials Grain Size (mm) Weight (%) Permeability Coefficient K (m/s)

Clay - - <5.7 × 10−8

Silty clay - - 5.7 × 10−8 ~ 1.16 × 10−6

Powdered soil - - 1.16 × 10−6 ~ 5.79 × 10−6

Silt >0.075 >50 5.79 × 10−6 ~ 1.16 × 10−5

Fine sandy clay >0.075 >85 1.16 × 10−5 ~ 5.79 × 10−5

Medium sand >0.25 >50 5.79 × 10−5 ~ 2.31 × 10−4

Homogenised medium sand - - 4.05 × 10−4 ~ 5.79 × 10−4

Coarse sand >0.50 >50 2.31 × 10−4 ~ 5.79 × 10−4

Round gravel >2.00 >50 5.79 × 10−4 ~ 1.16 × 10−3

Pebbles >20.0 >50 1.16 × 10−3 ~ 5.79 × 10−3

Slightly fractured rock - - 2.31 × 10−4 ~ 6.94 × 10−4

Rocks with many fissures - - >6.94 × 10−4

Table A3. Porosity reference for different soil types.

Type of Soil K (mm/h) ψ (mm) Φ (Fractions) FC (Fractions) WP (Fractions)

Sandy Soil 120.4 4.9022 0.437 0.062 0.024
Loamy Sandy Soil 29.972 6.096 0.437 0.105 0.047
Sandy Loamy Soil 10.922 10.9982 0.453 0.190 0.085
Loamy Soil 3.302 8.89 0.463 0.232 0.116
Silty Loamy Soil 6.604 16.9926 0.501 0.284 0.135
Sandy Clay Loam Soil 1.524 21.9964 0.398 0.244 0.136
Clay Loamy Soil 1.016 21.0058 0.464 0.310 0.187
Chalky Clay Loam Soil 1.016 27.0002 0.471 0.342 0.210
Sandy Clay Soil 0.508 24.003 0.430 0.321 0.221
Chalky Clay Soil 0.508 29.0068 0.479 0.371 0.251
Clay Soil 0.254 32.004 0.475 0.378 0.265

* K is saturated hydraulic conductivity, mm/h, ψ is flat suction head, mm, ϕ is porosity, fraction, FC is water yield
capacity, fraction, WP is withering point, fraction [40].

Table A4. Reference for runoff pollution removal capacity of different sponge facilities.

Name of
coefficient

Horizontal
green space

Horizontal Green
Space with Water
Storage Modules

Water-storing
Sunken Green
Space

Permeable
Hard Surface

Designed
Water Body for
Water Storage

Green Roof

K 65 85 60 85 0 75
P Annual average SS of stormwater runoff from urban areas

* K is the removal rate of SS from runoff by different sponge facilities (%), P is annual average SS of stormwater
runoff from urban areas [41].
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Table A5. Reference unit cost for different types of sponge facilities.

Serial Number Types of Sponge Facilities Rource of Values
Unit Area Cost
(yuan/m2)

Notes

1 Horizontal green space Technical Guide for Sponge
City Construction 30–50

2 Horizontal green space with
water storage modules Prices in Nanjing 800–1200 Depth of 0.8–1 m

3 Water-storing sunken
green space

Technical Guide for Sponge
City Construction 40–50 Average depth

100–200 mm

4 Permeable hard surface Technical Guide for Sponge
City Construction 60–200

5 Designed water body for
water storage Prices in Nanjing 80 Average depth 1 m

6 Green roof Technical Guide for Sponge
City Construction 100–300
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Abstract: This paper presents a comparative cross-nation study of the transition to more sustainable
stormwater management (SSWM) in the United States and China. Multi-level perspective and
multiphase models are used to examine the transition dynamics and reflect on how transition theory
explains the change within federal and socialist context. Instead of simply differentiating the two
countries’ transition patterns by using terms such as bottom-up or top-down, we consider the
importance of changes at all three levels of the system. The main difference between the transition
process in the United States and China is the extent to which niche level innovations are developed,
especially in the type of actors and activities investigated. The analysis suggests that the Chinese
transition is less radical, while the U.S. pathway exhibits signs of reconfiguration, dealignment and
realignment. Developing learning networks across sectors and actors to spread knowledge and
experience appears to be the next major challenge for the Chinese Sponge City initiative. Despite the
feasibility of transition theory for transition comparison, the author suggests its usage with caution
and critical reflection to avoid the risk of embedding the mindset of ‘catch-up’ and convergence.

Keywords: stormwater management; transition; multi-level perspective

1. Introduction

Urban stormwater management is traditionally based on the principles of a command-
and-control technocracy whereby water is transported away from a city as quickly as
possible using built infrastructure to avoid flooding. Building on the sustainability debate
that came to the fore in the 1990’s, there was a widespread aspiration to shift to more
sustainable stormwater solutions. These took off at the turn of the 21st Century with
strategies such as Water Sensitive Urban Design (WSUD), Sustainable Urban Drainage Sys-
tems (SuDs), and Low Impact Development (LID) and gained global traction as the world
urbanized and looked to do so in an environmentally friendly way [1]. In a similar way, the
Sponge City Initiative (SCI) was proposed by the Chinese government in 2012, envisioning
cities with the capacity to infiltrate, drain and filter stormwater freely, improving resilience
to floods, droughts, and contamination, hooking into some of the major problems in the
contemporary environmental crisis discourse [2].

The SCI is a national strategy to achieve the goals of new-type urbanization (xinx-
ingchengzhenhua) and the harmonious development of human and nature [3]. SCI calls
for more integrated urban water management rooted in the physical and hydrosocial water
cycle [4,5] and a planning and design strategy for sustainable urban development that pro-
motes rainwater systems integrated with strategic ecosystem conservation and restoration
or remediation [6]. Its implementation requires a comprehensive integration of multiple
aspects from policies, designs, to social communication and other subsystems [7] and in
many ways contrasts to the techno-centric six-word principles (of the sponge city) that have
been frequently adopted by the government, academy and industry (infiltration, detention,
storage, purification, usage, and drainage).
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Perhaps the most familiar change to stormwater management in the SCI is the encour-
agement of LID as an alternative approach (albeit largely technical) to hard-engineering
stormwater systems, primarily for flood mitigation and pollution control. Borrowing
the terminology from the U.S., LID refers to on-site natural and engineered infiltration
and storage techniques such as pervious paving, rain-gardens, and greenroofs. However,
widespread implementation of new approaches is not easy because established systems
tend to privilege previous technologies and practice, known as path dependency.

Addressing such persistent societal problems (often environmental) is a central topic
of socio-technical transition research. From a socio-technical perspective, sustainability
transitions cannot be achieved through ‘green’ technology alone but requires a broader
systemic societal change, whereas technical evolution can be used as an entrance point for
studying societal changes [8,9]. Sustainable stormwater management (SSWM) transition,
in-line with other subjects, refers to a long-term, purposeful, multi-dimensional, and
fundamental transformative process that involves technological, social, institutional, and
economic changes in the stormwater management system [10,11].

The multi-level perspective (MLP) serves as the core analytical framework for studying
socio-technical transition dynamics. It views transitions as a non-linear process that results
from the interplay of developments at three functional levels: landscape, regime, and
niche [12]. Landscape usually refers to various external trends (for example, demography,
macroeconomy, political culture, societal concerns) and shocks (for example, wars, crisis,
accidents) that affect transition. Niches are protective spaces where innovative activity can
take place. The regime corresponds to the incumbent system, encompassing the dominant
rules and practices that guide activities in particular directions. Based upon MLP, different
transition pathways can be outlined, for example according to the timing and the nature of
the three levels’ interaction [13]. Historical transition pathways that trace the emergence
of sustainable regimes could inspire ideas of transition management [14], meaning that
sustainability transitions could be facilitated by purposive intervention (governance).

Reflecting its origins within European-capitalist social contexts, socio-technical tran-
sition theories have been applied to examine numerous western developed cases from
energy, agro-food, transportation, and the water sector. Several researchers have used a
socio-technical approach to provide insights on ‘what characterizes and shapes the SSWM
transition’. Some focus on the competition processes between technology choices. For
example, four barriers that affect the adoption of alternative techniques in French stormwa-
ter management (difficulty in behavior adaptation, unclear advantages over traditional
sewerage method, legal constraints, and the reluctant manufacturers) were examined using
transition theory [15]. Some highlight the role of actors, for example, the importance of
actor-networks launched by a small group of actors across various sectors and the net-
worked bridging organizations throughout the transition of Melbourne stormwater quality
management [16]. Others have explored the timing and types of actions. Ref. [17] focused
on the link between technical attributes, governance and transition stage within a Brussels
case study, concluding that soft actions such as manuals and legislation prevailed in the
early stage of transition, while decentralized processes and collaboration between formal
and informal networks were important for the diffusion of later actions. The development
of transition pathways allows comparison between transitions with different contexts. For
example, the comparison of WSUD development of Netherlands and Australia concluded
that both countries have similar transformation pathways followed by dealignment and
realignment [18].

In China, the application of socio-technical theories is mainly limited to the energy and
transport fields. A handful of exceptions in the water management sector exist: Ref. [19]
used the MLP to understand the dynamics and forces that can induce a leapfrogging devel-
opment of wastewater treatment; the endogenous (regional) and exogenous (international)
innovation processes in early transition to on-site water recycling in Chinese cities [20,21]
focus on the water regime transition of the social-ecological system at the county level,
whereas the transition process is deemed to be driven by landscape pressure and internal
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instability within the regime but ignoring the effect of niche innovations. To the best of
our knowledge, there is no such published literature that specifically focuses on the SSWM
transition process although numerous studies have acknowledged that the Chinese urban
water and stormwater management is experiencing transition through the implementa-
tion of SCI [22–27]. Most of these studies focused on recent policy changes and practices
or identified opportunities and constraints of taking up the new initiative in a general
approach.

It is still unclear to what extent western-centric transition theories describe the transi-
tion being experienced in China and, if they do, what does it tell us about the stormwater
transition known as the SCI? There is a need to assess the cross-cultural robustness of
transition theories as transitions differ by nature, scope, and driving forces [28]. Moreover,
how is the case in China different from that of other countries, and importantly, does this
lead to unique challenges?

This article applies a socio-technical analytical approach to historically reconstruct
stormwater management trajectories in the United States and China. The U.S. is selected
because it is well-studied in terms of SSWM and is the origin of LID. It is also arguably
a major international source of experience for the SCI. These two countries have similar
scales of economies, vast territories, and various climates. They also have distinct political,
legal, organizational, and cultural characteristics and history. Therefore, the comparison of
their stormwater transition process in this study aims to:

1. identify the current stage of the two countries’ SSWM transition;
2. identify unique opportunities and challenges for the Chinese SCI;
3. reflect on the feasibility of applying socio-technical transition theory to compare

transitions in federal and socialist societies.

2. Rational and Approach

This study begins with an overview of the SSWM transition stories of the two countries.
A descriptive, country-based approach is adopted. The historical analysis is performed
at the country-scale to describe the nationwide transition under different social systems.
Drawing on various literature data sources, including policies, regulations, guidance doc-
uments, history articles, media reports, and peer-reviewed journal articles, the transition
stories are told from the rise of social awareness around the need to modify modern reticu-
lated systems to address growing environmental and social issues. For the U.S., post-World
War II is considered the first key node of the transition, when rapid urban expansion and
booming industrial sectors greatly increased domestic and industrial effluents, intensified
drainage pressure, and resulted in serious water pollution. For China, the timeline was
drawn after the founding of the People’s Republic of China (1949) when the recovery of
urban drainage systems began, alongside a renewed focus on cities and industry. Since it
is unrealistic to involve every issue that is relevant to water and environment, only those
considered important for stormwater transition are discussed.

A socio-technical transition study using MLP usually needs to assign different elements
to the three levels (landscape, regime, and niche). In this study, the regime refers to the
stormwater management paradigm at the national level. Examples of elements may
include dominant stormwater practices, relevant policy, legislation (rules), guidelines,
institutional arrangements, etc. The niche level mainly includes local practice (for example,
local innovative policy, local legislation, social activities), and technological innovations.
The landscape factors can be represented by slow-changing trends such as urbanization,
population growth and mobility, climate change, macroeconomics, macropolitics, social
values, culture patterns, and disruptive shocks such as environmental crisis, war, and
disasters. For ease of interpretation, the timelines of major changes at the three levels (not
fixed) are illustrated in Figures 1 and 2. While it should be noted that these elements are not
bound to their level but may evolve to other levels, for example, the local social activities
may scale up to large-scale social movements which could be regarded as a landscape
pressure to the regime. The boundary between may not be very distinct, for example, the
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policy and market can sometimes be regarded as part of the regime and other times as
landscape factors. In a word, the assignment of elements is context specific. Therefore, in
the text we are not going to separately describe the development at each level (in the way
that some transition studies have) but we will examine them in the specific context.

Figure 1. The transition trajectory of the U.S. stormwater management.
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Figure 2. The transition trajectory of the Chinese stormwater management.

Based upon the historical timeline, the transition phases and pathways of the two
countries are analyzed. The multi-phase model is often used to identify different transition
stages. Four phases were identified: predevelopment, where the regime is relatively stable
while some niches may emerge under landscape pressure; take-off phase, where change
starts to build up and the regime begins to shift; acceleration phase, in which structural
changes occur in a visible way; and stabilization, when the new system reaches equilibrium
again [29]. These stages have general descriptions in some of literature [13,29–31], making
comparisons requires indicators developed specifically for SSWM transition to make the
evaluation criteria consistent (Table 1). The indicators for entering stabilization are some-
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what open to debate since the implications for SSWM or sustainability are subjective and
dynamic, while such uncertainty does not affect the comparison in this study as transitions
in both countries are considered have a long way to reach stabilization (as discussed below).

Table 1. Indicators of transition phases.

Transition Phase Indicators in This Study

Predevelopment

• The stormwater management regime is centered on drainage
issues. End-of-pipe and hard engineering logic is dominant.

• Niches may emerge by the introduction of innovative
technologies, local practices and activities.

Take-off

• The regime incorporates some of the innovative niches to
reorient its stormwater practices.

• Broader objectives of stormwater management come into sight.

Acceleration

• Varied actors and stakeholders are involved and a learning and
supporting network is shaping between them.

• Innovative knowledge and experience is well spread.
• The new stormwater regime starts to provide comprehensive

benefits across socio-cultural, economic, and ecological sectors
beyond stormwater quantity and quality issues.

Stabilization Open to debate

The typology given by [13] is a common reference tool to identify transition pathways:
transformation, reconfiguration, technological substitution, and de/realignment. Under
a transformation pathway, underdeveloped niche innovations fail to break through to
wider levels whereby actors gradually modify the direction of development trajectories
and innovation activities. In reconfiguration, niche innovations are well developed and
are being incorporated to trigger subsequent adjustments and change to the regime’s
basic architecture. During technological substitution, niche innovations have developed to
replace the regime; and under de/realignment, landscape pressure creates space within the
regime whereby niche innovations co-exist and compete for extended periods until one of
them replaces the regime.

3. Stormwater Management Trajectories

3.1. United States
3.1.1. Predevelopment: Suburbanization and Raising Discontent of Water Pollution

Before WWII, industrialization and urbanization had progressed in the U.S. for more
than a century (if regarding the textile industry pioneered in 1790s as the beginning). The
new round of urban expansion set off by the post-war prosperity expressed itself differently:
revitalized factories relocated to rural areas to reduce costs. Nuclear families (a family
group consisting of parents and their children), promoted as the ideal family structure
to stimulate the economy, were encouraged to move to suburbs as the proliferation of
automobiles enabled further travel distant. As a result, farmland, forest, and undeveloped
green space were converted to transportation infrastructure and estates, which contributed
to increased surface runoff and pollution.

These land use changes were reflected in the deterioration of water bodies, strength-
ened the landscape pressure while on the other hand provided unique niches for raising
public environmental awareness. When people moved to the suburbs, interests in outdoor
recreational activities that closely related to nature grew as one of the romantic fantasies of
nuclear family life. Ironically, environmental degradation quickly dispelled such fantasies.
Suburban dwellers, mostly upper-middle class individuals, later became the major force of
the national environmental organizations and actively participated the massive environ-
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mental movement from 1950s to 1970s [32]. The 1950s and 1960s saw a series of influential
publications (for example, Silent Spring), the setup of nonprofit organizations (for example,
Nature Conservancy), and public protests (for example, against construction of the Echo
Park Dam) on environmental protection. Some local officials and communities which faced
with significant pollution hazards began to take active measures such as establishing local
water boards and financing clean-up programs. It should be noted, however, that this
was built on the earlier efforts of conservation movement (1890–1920), the prevalence of
preservationism and wilderness since the middle of the 19th century. In other words, it
took a rather long process for public perceptions towards their relationship with nature
and the environment to realize such transition.

The stormwater regime at the time still focused on drainage and sanitation issues and
retained a strong end-of-pipe, hard engineering logic. There was a dominant and pervading
belief in science and technology, which made engineers the core urban solver [33]. The
construction of large-scale hydro-engineering projects, especially dams since the Great
Depression (1930s), went further; these were driven by the demand of economic stimula-
tion and extended political influence [34]. The Federal Water Pollution Control Act 1948
(FWPCA) firstly required a cooperation between federal and state entities to address declin-
ing water quality. However, the Act only ‘encouraged’ pollution control without federal
supervision [35]. Federal efforts mainly limited in assisting the construction of large-scale
grey infrastructure such as sewers and treatment plants [36]. States retained primary power
and responsibility of water pollution management. By 1966, all states had passed some
type of water pollution legislation, but enforcement varied greatly [37]. For many state
governments, the priority of economic development was still unassailable. Consequently,
the federal encouragement and local clean-up efforts could do little to regulate rivers and
streams especially those issued with industrial permits under state legislation.

3.1.2. Take-Off: Ecology Concern and Stormwater Quality Legislation

The 1969 fire disaster on the Cuyahoga River, Cleveland, which was caused by accu-
mulated industrial pollution from storm water overflows and raw sewage discharges, was
a notable shock to the regime, triggering widespread distrust of the ability of state and
local governments to effectively manage water quality [38]. It is generally believed that this
incident directly led to the establishment of the Environmental Protection Agency (EPA)
in 1970 and the revision of FWPCA in 1972 (the Clean Water Act, CWA) [39]. While the
1969 Cuyahoga event was not the first and even not the most serious river-fire disaster, the
significant regime change was considered more deeply promoted by the relatively fully
developed niche activities and the already destabilized regime.

The 1972 FWPCA explicitly separated point and non-point source pollution, the former
became subject to the National Pollutant Discharge Elimination System (NPDES) permit,
however, non-point source pollution was still not specifically addressed. Pushed by the
prevalent environmental activism that aimed to protect the nation’s eco-heritage from
extinction, the Endangered Species Act of 1973 was passed. The Act offered a new window
for bringing stormwater quality into the regime as bio-indices for quality evaluation
were introduced, whereby a higher standard of water quality was required for habitat
reservation [40]. Under this Act, a growing number of biologists and environmental groups
expressed their concern over the impact of stormwater on ecosystem health. In 1979,
EPA launched the National Urban Runoff Program (NURP) to investigate the impact of
stormwater on species’ habitats, whereby its final report formally determined stormwater
as a pollution source. The report highlighted the effectiveness of detention basins, retention
ponds, and wetlands on capturing contaminants from stormwater runoff. These findings
in turn spurred increasing interests on nature-based solutions to stormwater management.
During the same period, several states and municipalities started formulating stormwater
ordinances demanding on-site storage and detention (for example, Florida, Pennsylvania).
Maryland took the lead by creating a statewide infiltration program during the mid 1980s,
which became the origin of LID.
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Building upon the results of NURP, the next decade saw significant changes in the
U.S. stormwater regime. The amendments of CWA in 1987, section 402(p) in particular,
brought stormwater under the NPDES permit (National Research Council 2009). States
were required to develop and implement nonpoint pollution management programs. Com-
bined sewer overflow (CSO) was identified as a point source, whereby its control was
guided under the National Combined Sewer Overflow Control Strategy in 1989 and its
revised version in 1994. In response to the revised CWA, the Municipal Separate Storm
Sewer System (MS4) program was launched in two phases (Phase I, 1990-; Phase II, 1999-)
to require a NPDES permit for stormwater discharge and submission of a stormwater
management or pollution prevention plan.

Spaces for niches to grow were also intentionally created through these regime changes.
In 1992, the Total Maximum Daily Load (TMDL) limit describing the maximum pollutant
that a water body can receive was incorporated into CWA. Most states were responsible
for developing TMDLs and submitting them to EPA for approval. For water that did not
meet the minimum criteria, cleanup plans that were essentially watershed-based were
required. This promoted the establishment of collaborative watershed groups (for example,
partners of Chesapeake Bay program). Moreover, public participation was mandated
in specific provisions: the Phase II rule defined six elements as minimum control mea-
sures that contributed to successful stormwater programs: public education and outreach,
public involvement/participation, illicit discharge detection and elimination, construc-
tion site runoff control, post construction runoff control, and pollution prevention/good
housekeeping [41].

3.1.3. Nowadays: Exploration of Multiple Benefits from Stormwater Management

While the MS4 programs did not strictly require the implementation of specific runoff
control measures, it did create momentum for LID adoption. In order to help local govern-
ments and developers comply with stormwater legislation and regulations, the EPA along
with organizations such as the Natural Resources Defense Council and the LID center made
a concerted effort to spread the stormwater experience of Maryland. The diffusion of LID
was accelerated via the release of manuals that guided its national application [42], case re-
ports containing evidence of its cost-effectiveness [43,44], the establishment of websites that
assembled policies and training resources of sustainable stormwater issues (for example,
http://water.epa.gov (accessed on 12 June 2020)), and databases that offered precedent de-
sign and performance of stormwater devices (for example, the Best Management Practices
database). LID for flood mitigation was also emphasized, especially after the flood defense
failure in New Orleans in 2005, which again highlighted the deficiency of hard engineering
flood control approaches and the necessity for transition [45]. The dismantling of dams
since the end of 1990s also signaled the erosion of the past hard-engineering regime.

Green infrastructure (GI), a concept that originated from landscape planning, shares
similar logic with LID in mimicking natural hydrological processes. The popular Green
Alley programs in several U.S. cities (for example, Chicago and Los Angeles), although
initially stormwater-focused, were acclaimed to provide ecological and cultural services [46].
A memo released by EPA and the Energy Independence and Security Act of 2007 endorsed
GI as a wet weather infrastructure solution [47]. Federal agencies were required to reduce
stormwater runoff via LID and GI from federal projects [48].

Despite LID having been increasingly used in the U.S. since the 1990s and generally
positive feedback has been received from previous practice, LID adoption and implemen-
tation at the national level is not as expected [48–51]. The enforcement and outcomes of
stormwater programs are also highly variable [52]. Multiple reasons have been identified
such as technical infeasibility, lack of financial support, uncertainty of LID cost-effectiveness,
challenges in operation and maintenance, conflict of stormwater regulations and other local
ordinances, etc. While some of these challenges might be common to all countries, the
large degree of discretion left for states to have their own governing system (metric, review
processes, institutions setup, etc.) and legal codes is the most distinct characteristic of the
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U.S. system which may be beneficial for local-based decision-making but complicates policy
transfer between cities and states, making both tracking compliance to federal regulations
difficult. Although there have been strong calls for consistent nation-wide rules [52] and
commitments by EPA to enact them, in 2014, the EPA deferred on such actions, insisting on
leveraging existing requirements and playing a supporting role in the implementation of
local stormwater programs.

The regime actors decided to move to a more cooperative manner instead of a more
top-down approach. Since 2010, the EPA started to distribute thousands of questionnaires to
MS4s, NPDES permitting authorities, and developers, to collect specific information about
their stormwater practices, oversight, and finance issues to inform how could EPA improve
its stormwater program [53]. The Nonpoint Source Outreach Toolbox has been continuously
updated in recent decades in order to assist state and local agencies and other organizations
with educating the public on nonpoint source pollution or stormwater runoff [54]. In 2016,
the National Municipal Stormwater Alliance was established to represent MS4 permittees
at the national level, providing a unified voice when working with the EPA, states, regional
municipalities and other stormwater organizations. In the same year, the EPA issued a
revision of the MS4 rules, which resulted in more flexibility for permitting authorities to
issue and administer small MS4 permits. A draft guide, toolkit, and technical assistance
was released to promote comprehensive, community-wide planning approaches to manage
stormwater [55].

3.2. China
3.2.1. New China: Restoration of Drainage Infrastructure, Rising of Technocrats, and
Restricted Exposure to Nature

Stormwater drainage has a long history in China. The well-known Fushou drainage
system built in the Northern Song dynasty (960–1127) includes both combined drainage
and storage infrastructures, with one of the sections still functioning today [56]. People in
the agricultural society viewed domestic sewage as precious fertilizer which usually would
not be discharged into stormwater sewers [57]. However, due to a century of war and
drastic social changes since 1840, the Chinese urban economy and infrastructure were badly
damaged. Therefore, one of the important tasks of urban planning after the founding of the
People’s Republic of China was the basic sanitation remediation of major cities through
sewer construction and retrofitting, as well as filling up significantly polluted river channels
for sanitation and urban development [58]. However, this endeavor was soon halted by the
Great Leap period (1958–1960) and the Great Cultural Revolution (1966–1976). Following
this period saw the emergence of technocrats as social order returned and the revolutionary
veterans stepped down from decision-making positions. Drainage recovery work rapidly
resumed under the supervision of these technocrats. Given the lack of funding and mature
technology in China at the time, most of the drainage systems were built as combined
sewers. The design standards were far below that of the U.S. For example, the recurrence
interval of most drainage systems in Chinese cities were usually in a range from 0.5 to
5 years (5 to 10 years in the U.S.).

As the economy steadily grew, China’s population rose rapidly from 0.54 billion in
1949 to 0.83 billion in 1970. Following the similar route, increased domestic and industrial ef-
fluents led to the degradation of water quality in China’s aquatic environments. Meanwhile,
technocrats kept enlarging their influence due to the continued to prioritize industrializa-
tion and economic development of macro policy. Similar to the U.S. hydro-engineering
construction boom since the 1930s, multiple plans for large dams and hydropower stations
were implemented for flood control, cheaper energy, and economic stimulation. Water-
ways were modified or filled for further development. This development paradigm was
underpinned by the once-popular political slogan ‘rendingshengtian’, which means ‘man
can conquer nature’. The ‘antagonistic’ mindset together with additional impacts of dam
construction (for example, population migration) were pushing people away from water
and environment both physically and cognitively.
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While compared with the U.S. case which finally developed strong enough bottom
force to affect the regime, there was little sign of influential niche activities in China
at the time. The highly centralized planned economy and the dominant urban society
organization approach, as well as the danwei (work unit) system that attach people’s
residence to their workplace are considered as the two major landscape factors for this
lack. The Five-year Plan, developed to set national development goals under the planned
economy, was over-reliant on pure administrative means, which greatly inhibited niche-
level activities. Its profound influence on subsequent environmental management remained
for a long time even after it changed to a socialist market economy in the 1980s. The danwei
is typically enclosed by walls, which implies security and has a unique social identity for
Chinese people [59]. Such values contrast with western desire for outdoors life (recall the
nuclear family fantasies). Most social and recreational activities took place in the danwei,
which restricted the exposure of city dwellers to nature and therefore minimized public
concerns towards degraded environmental water quality.

3.2.2. Evolving Water Quality Management: Tightening Regulation and Point Pollution
Source Focused

A major perceived shock that opened a window for the water quality regime was
the 1972 pollution event of the Guanting Reservoir, Beijing, which killed numerous fish
and threatened the health of locals [60]. This event coincided with the first instance of
Chinese participation in the 1972 United Nations Conference on the Human Environment,
which was the first world conference to make the environment a major issue. In response
to this pollution event, a series of local measures were immediately adopted to deal with
the reservoir issue, whereas little had been addressed for pollution in other areas due to
the near absence of legal and institutional systems of environment protection.

Although the global environmental movement was not as influential in China as it
was in the western world, certain worldviews were still assimilated by top leaders, which
brought new opportunities for change. The first act on water pollution, the Water Pollution
Prevention and Control Law was passed in 1984. The Ninth Five-Year Plan initiated in
1996 aimed to improve the water quality of major rivers and lakes by 2000. The 1990s saw
some government-led environmental campaigns (for example, the China Environmental
Protection Century demonstration) and the formation of some early environmental groups.

Entering into the 21st century, urbanization in China has already developed to an
astonishing scale. The urban population has tripled in the past three decades, driven by
factors such as migration policies, rural-urban disparity, and land development for urban
use [61]. On the one hand, the centralized managed water system in cities allows people to
have access to stable water supply and sanitation. While on the other, such rapid growth
has been accompanied by the substantial pollution risk of drinking water resources. The
serious eutrophication of major freshwater resources in Southern China, especially the
event known as the Wuxi water crisis, served as another catalyst that urged more stringent
instruments to be adopted.

In 2007, the Regional and Watershed Restriction Approvals was implemented to limit
the number of emerging polluting enterprises from the central government level [62]. The
Three Red Lines set for water consumption, water use efficiency, and water environment
restoration in 2011 is regarded as the most rigorous regulatory regime for water resources
management. Some local institutional innovations became the regime. The River Chief
System, first experimented in Changxing county, Zhejiang Province in 2003, was incorpo-
rated into law in 2017 to strengthen the responsibility of individual government officials
on river health management. These instruments now play a key role in preventing local
governments from sacrificing environmental interests, while also consolidating the reliance
of top-down administration. However, stormwater was still marginalized at this stage and
seldom involved in these point source-focused actions.
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3.2.3. Emerging Niches and the Proposal of Sponge City Initiative

As the water quality regime was experiencing incremental transformation, research
interest in stormwater sector gradually started to accumulate, which was, to a great extent,
attributed to the global flow of relevant knowledge. In 2003, Yu and Li [63], a group of
researchers in landscape design who were under the great influence of western landscape
perspective proposed the idea of the sponge city and drew an analogy between wetlands
and sponges, emphasizing its function in absorbing excess water. They held the view
that current planning and development ignored the important role of nature in regulating
river flow and flood. Some demonstration sites designed by them were heralded as the
predecessor of sponge city experiments (for example, the Qunli wetland park in Harbin).
Scientists from Beijing University of Civil Engineering and Architecture led by Che and Li
specifically focused on LID utilization for stormwater management [64–66]. The number of
studies on runoff quality also grew during this period [67–69].

The Chinese market once offered niches when a number of development projects
labeled as ‘eco-friendly’, ‘green’, and ‘low carbon’ cropped up in some cities from 2000s,
whereas stormwater retention and water recycling were promoted as one of the ‘selling
points’. Local governments were supportive because it seemed to be an appealing way
to improve city image and attract foreign investment on environmental and ecological
grounds. However, without sufficient scientific proof and institutional support, these
projects evolved into tools for financial gain rather than environmental protection, with
some of these projects being abandoned mid-development (for example, Dongtan Eco-city,
Shanghai) [70,71]. A few recognized successful cases do exist, usually developed later
around the 2010s in the form of urban planning, such as the early planning of Guangming
District in Shenzhen which first introduced the LID concept.

Compared with more invisible stormwater quality, the general public in China is no
doubt more familiar with urban flooding issues. Floods in cities across the country had
become commonplace. According to People’s Daily, 62% of 351 cities in China experienced
waterlogging (neilao) from 2008 to 2010 [72]. People started to express their distress over
waterlogging through a popular sarcastic joke: ‘watch the sea in the city’ (chengshikanhai).
Under the heat of the complaining, in the 2011 Two Sessions, one of the National People
Congress deputies proposed to build ‘sponge-like’ cities using greenbelts and sloped
pavements as a solution to urban flooding. The next year, the Beijing storm disaster on
12 July resulted in at least 79 deaths and about 11.64 billion yuan economic loss (approx
$1.86 billion USD). These significant casualties and economic losses generated considerable
public discontentment towards conventional flood management and lead to growing
appeals from scholars to implement stormwater management approaches to improve city
resilience to climatic variability. At the 2013 Central Working Conference of Urbanization,
President Xi formally put forward the request for nationwide sponge city construction.
Although the Beijing storm disaster on July 12th was clearly an important SSWM transition
node, it is important to appreciate the other contextual factors which formed the transition,
such as the experience from previous niche activities, profession’s efforts, changes in public
perception, etc.

Urgent demand for flood control is clearly a dominant driver, however, the motivation
from ecological sustainability promotion cannot be ignored. Notably, at the end of the same
year of the Beijing storm shock, the 18th Communist Party of China National Congress made
the strategic decision of ‘vigorously promoting the construction of ecological civilization’.
Sponge city is regarded as the practice of ecological civilization in urban water management.
The Strategy of Yangtze River Protection and the wave of ecological protection in the Yellow
River basin established by the central government in 2016 and 2019, respectively, were
not only about protecting the river itself, but sought to regulate urban development in
cities along the two major rivers. Many projects under the two programs were integrated
with local sponge city construction. More comprehensive objectives of sponge city have
also been developed in plans and guidance. The Assessment Standard for Sponge City
Construction Effect released in 2018 involves requirements for runoff reduction, CSO
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control, ecology, groundwater, urban heat island, etc. [73]. After reviewing a number of
local sponge city plans, the authors concluded that except for the requirement of runoff
quantity control, the common controlling indices (kongzhixingzhibiao, in some cities, also
referred as mandatory indices) are riparian ecosystem restoration, water surface ratio,
and nonpoint source pollution control. The utilization rate of stormwater may also be a
controlling index in cities suffering from severe water scarcity due to pollution or drought,
for example, in Hefei and Guiyang.

3.2.4. Insufficient Follow-Up Knowledge and Experience Diffusion

Immediately after this conference, a national technical guidance for sponge city con-
struction was published to advise the usage of LID infrastructure to deal with stormwater
problems [2]. The Chinese-style pilot projects played a unique role in promoting local
stormwater experiments at this early stage. In 2015 and 2016, 30 cities were selected in
two batches as sponge city pilots by the ministries of State Council, which implied that
they could obtain special financial support and attention on this issue from the central
government. All local governments are required to complete the drafting of special plans
for sponge cities and devise an integrated plan of urban drainage and flood control [74].
The speed of top-down execution was astonishing (at least on paper), whereby at the
end of 2017, almost all major cities have incorporated sponge city in their urban plan-
ning documents. The central government also sought to strike a new balance of power
and responsibility with local governments. The 2015 amendments to the Legislation Law
conferred limited legislative power on all cities, which brought more local wisdom and
innovations. For example, Hebi (one of the 30 pilot cities) formulated its first local laws and
regulation on the Construction of Circular Economy and Ecological City, which includes a
specific chapter for sponge city.

Nevertheless, when the China Economic Weekly [75] reported that 19 of the 30 pilots
were still experiencing severe urban flood or waterlogging in rainy seasons, including
Beijing, Tianjin, Wuhan, etc., there was widespread skepticism towards the effectiveness of
the sponge city solution [76], and criticism among researchers on SCI implementation such
as lack of a fully understanding of sponge city concept [77], the trend of ‘one model fits
all’ [78]. The Ministry of Housing and Urban-Rural Development (MHURD) responded by
saying that ‘sponge cities cannot be built overnight and its construction is still accelerating’.
Besides, although SCI was proposed with a mixed of policy goals, the dominant expected
effect from sponge city programs was significant improvements in flooding prevention.
The timing of the regime shift and its close association with the flood shock created a
misleading context that sponge city was only designed for flooding prevention. As a result,
public perceptions towards sponge cities can be easily swayed by unsatisfactory outcomes
when it rains heavily.

Yet despite these more incidental factors, the institutional arrangements that left little
space for public engagement and the lack of cooperative and learning networks might be
the root causes of these despairing public perceptions. Although recently the amendment
of Environmental Protection Law regulates special provision on public participation in
environmental protection [79], which normalized procedures such as public hearings and
opinion collection in decision-making, has opened a window for public engagement. So
far, citizens are more likely to be passive recipients that are only informed after decisions
have been made [80]. In addition, government-led policy propaganda was almost the
only source for people to understand the initiative. The failure of central government
to diffuse comprehensive knowledge on the implication of sponge cities compounded
negative perceptions especially because the public is rarely aware of the benefits of sponge
cities in other sectors. SSWM transition can be stymied because these misunderstandings
could result in unwillingness to be involved.
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3.2.5. Still Firm Incumbent Hard Engineering Approach

LID was not the only component of sponge city projects. In many cities, the con-
struction of large rainwater storage tanks, pumping stations, traditional drainage systems,
and deep tunnels projects are listed in local sponge city plans and received substantial
investment (for example, Shanghai, Guangzhou, and Wuhan) [77]. They served as a remedy
for low-standard drainage systems constructed prior to the sponge city. LID or GI infras-
tructure is encouraged but not required or regulated. When flood control is emphasized as
the major stormwater management goal, it may take a long time for LID to become equally
competitive as traditional technologies, unless other innovations or disruptive changes
occur. Although recent years also saw the shut-down of some dams and hydropower
stations, exemplified by the case in Zhangjiajie, a national park in Hunan province to
protect giant salamander habitat, hard engineering approaches to flood management were
still held in strong faith at the meso level.

4. Discussion

4.1. Theory Validation

Stormwater management transition in China and the U.S. is in accord with the general
multi-level dynamic. At the landscape level, the two countries share similar trends in urban
expansion and development, economic development, population growth, climate change,
and supranational activities over environmental protection and sustainable development.
Flooding and water pollution events play an important role in raising awareness of the
necessity of stormwater management transition, as it is usually an underlying social
problem that people would not notice until the system fails. These contribute to the
destabilization of the incumbent regime and provide momentum for niche activities to
grow. Landscape changes do not always lead to positive transitions. For example, compared
to the post-war relocation and family structure change in the U.S., the highly centralized
production and activity space after liberation in China during the 1950s and 1960s inhibited
niche opportunities, especially for the general public. From this perspective, we assert
that landscape is a crucial functional level especially in SSWM transition research because
its influence ultimately unfolds in the reshaping process of people’s perception of urban
space and their relationship with the water environment, according to which the transition
process can be either hindered or proceeded. This could be the meeting ground between
socio-ecological and socio-technical research considering that the former focuses more on
the society-nature interaction [81].

In both countries, local experiments on LID or sponge city preceded national actions,
although their effect and impact on the regime vary. In the U.S., the driving force from the
bottom was prominent due to multiple actors and various niche activities involved in the
process, especially social groups and the general public. They served as a strong catalyst of
internal niche innovations and then expanded their voice to the macro level, urging the
government to make the change. The clear bottom-up characteristics are similar to many
western countries that experienced environmental movements from the 1970s. Meanwhile,
the regime actions also led to changes on the ground, such as the NURP investigation con-
ducted by EPA that inspired localities stormwater impacts on ecology system and research
interests over LID, the MS4 programs that drove innovative management strategies and
technologies, the multiple organizations that brought different groups into the conversation
and so on.

In the Chinese case, governments and techno-professions were dominant niche actors,
whereas the public had little awareness and access to stormwater issues. The incentives
of early stormwater experiments were more of an economic gain for developers and
local governments compared with improving environmental outcomes. The need for
transition was not completely recognized by the regime and neither was the value of local
innovations. The opening up of the opportunity window of transition [82], which depends
on when the institutional context permits niche innovations to be introduced, was largely
delayed until the Beijing flood disaster in 2012. Consequently, the niche development was
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relatively underdeveloped when the SCI started to be promoted in China compared with
LID implementation in the U.S. Lack of additional pressure from grassroots movements
made both niche and regime changes less radical. However, these changes were still
important in reshaping the institutional context and providing valuable theoretical and
practical experience for the proposal of SCI.

Transition is a process of the long-term modulation between the three levels. The
significance of the activities at the macro and the micro level should be paid with special
attention, rather than just focusing on the resultant regime changes. It may be easy to
describe the U.S. and Chinese transition as ‘bottom-up’, where micro niches cluster and
influence the incumbent regime, and ‘top-down’, where a large and rapid change in
landscape leads to regime change. However, these terms should be used with caution
because they only describe the surface trigger mechanisms and may in fact hide the idea
that the transition is a long-term process with influence from all three levels. There is, of
course, a possibility that the transition is the result of being squeezed between top-down
and bottom-up influences, which is most likely the case in both countries.

4.2. Transition Pathway

Before the enactment of stormwater quality legislation in the U.S. and the proposal of
SCI in China, the water quality regime had experienced gradual, cumulative adjustments
from loose regulations to strict effluent discharge restriction, from local affairs to federal
or national government supervision, and reorientations of the development path from
‘all for economy’ to ‘ecology matters’. These changes form necessary (but not necessarily
sufficient) conditions for transition. Although stormwater management was generally
marginalized in urban issues, its concern seems to be only a matter of time as the result
of increasing demand for water quality and ecology conditions. However, the length of
that time, and the effect of the quality and ecology concern on stormwater transition are
different in the two countries.

For the U.S., the provision of ecosystem health is the major driving force of stormwater
management transition. The stormwater sector underwent restructuring major legislative
changes, followed by the centralization of power in the federal government. The emerging
technologies initially adopted to solve locally specific problems were then expanded to a
broader geographical range and usage. If the changes in water quality management are
considered as moderate pressure to the stormwater regime, then it is fair to say that the
transition in the U.S. began with a transformation pathway and followed with observable
signs of reconfiguration.

In China, the demand for urban flood control largely drove the proposal of SCI.
Admittedly, the Beijing flood disaster is a shock to the regime and the proposal of SCI
is a breakthrough of stormwater policies. However, the regime did not experience a
shift as radical as that after take-off in the U.S., rather it changed in a more moderate
way under the mixture of policy goals and processes which interacted between SCI and
other sustainability programs. There are no visible changes to the basic structure of the
regime. SCI is still implemented through a state-planning system that is far from complete.
Not only does the existing permit system of pollution discharge only target the point
source, the urban planning regulations also do not require any order/priority between
stormwater discharge and land use [83]. Apart from the duty of municipalities to ensure
basic drainage and sanitation conditions (the feature of the incumbent regime), stormwater
quality management is essentially non-mandatory.

Differentiated from other technical innovation-based transitions, LID is more of an
artificial approach to simulate natural ways of regulating water. There is no doubt that the
technical innovations at the niche level are increasingly more developed, at least sufficient
to be alternatives for regime actors. However, they are still unable to entirely replace
existing drainage systems and may have to co-exist with the previous regime for a long
time. The transition itself is therefore not a complete technological substitution in both
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countries. In addition, the possibility of other particular technologies being fully developed
to substitute others should not be excluded.

LID is considered less competitive in China, largely determined by the functional
features of this type of technology and the institutional settings that encourage them.
While LID is especially useful for reducing pollution from first-flush and mitigating the
runoff directly entering into drainage systems, it could be inadequate when dealing with
flooding problems in extreme climate events. Compared with the regulatory restrictions
on stormwater quality in the U.S. which endow more motivation for LID adoption, the
Chinese stormwater management regime is largely centered around quantity. Therefore,
traditional stormwater management approaches are still privileged.

4.3. Transition Phases

According to the defined phase border, the predevelopment and take-off phase of the
SSWM transition in the U.S. and China can be demarcated around the revision of CWA
in 1987 and the sponge city proposal in 2013, respectively. These two actions mark the
reorientation of stormwater practices, the beginning of extending stormwater management
to more than previous hard-engineering, end-of-pipe, single-purpose drainage. The focus
of this section is on whether they have entered into or how close they are to the acceleration
phase used in transition theory.

In the U.S., the new regime starts to provide multiple benefits beyond stormwater
treatment and there are many indications of a general desire for further changes, either in
the promotion of LID or in stormwater governance improvement. Given the experience
of local governments, experts, social groups, and the general public in expanding their
influence on the other two levels, actors at different levels have relatively strong connections.
A support network promoting collective learning is shaping. Under the common effort of
the government, research institutions, non-government organizations, industry groups,
etc., the adoption of various approaches of knowledge and experience dissemination for
LID promotion appears in time, helping smooth the transition from take-off to acceleration.
Cross-sector organizations established in recent years bring varied actors together towards
the same sustainable goal. The engrained difficulty mainly lies in achieving state/federal
balance and policy transfer between different regions to ensure consistent enforcement and
outcomes, which remains a core challenge for many environmental governance problems
within the federal system.

The Chinese transition history show a relatively limited institutional space for niches
to grow. In particular, the general public had less opportunities to participate. A few early
social movements to address point source pollution were under government leadership.
Although SCI has been successfully proposed in a relatively top-down approach, the
negative impacts of lacking multi-stakeholder participation may not become apparent
until it hinders the following implementation of the program and the embedding of the
emergent stormwater policy. For example, installing LID devices to private properties
such as green roofs or rainwater tanks, local facilities maintenance, and moreover, getting
financial support from the public could face strong resistance (one suggested funding source
is public-private partnership, which proves to be almost failed). There is also a salient
vacancy on the follow-up knowledge and experience diffusion after nearly nine-year SCI
implementation. Despite several case studies and the release of local guidance, few reviews
based on case studies, manuals, or databases that can be influential across varied regions
and audience types have been produced. There is a lack of platforms or intermediary
organizations that could promote communication, coordination, and cooperation between
different institutions, sectors, and regions. This is especially important considering that
many cities have little history of relevant knowledge and experience.

This evidence suggests that the SSWM transition in the U.S. is closer to acceleration
while that of China is currently at the early phase of take-off. Nevertheless, the Chinese
transition history along with its unique socio-institutional system holds its own opportuni-
ties. Compared with that in the U.S., the state-planning mechanism may benefit stormwater
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plans developed with more comprehensive goals and allow the integration of stormwater
management and the development of other areas such as economic development. Policy
transfer may face fewer obstacles because the basic political, legal, and institutional systems
of most regions in China are highly consistent. The Chinese central government has more
centralized power and experience in managing areas with geographical and cultural diver-
sity. Local areas have a high compliance with state decisions, whereas the U.S. states may
have varied responses to the federal government decisions. However, such an advantage
could only be realized with a full recognition of local customs and practical knowledge [84]
otherwise there might present the risk of ‘one model fits all’ and its shortcomings.

5. Conclusions

This study reveals the different features of the transition toward Sustainable Stormwa-
ter Management in the U.S. and China. This was conducted in part by applying the
multilevel perspective model which showed the requirement for activities at all three levels
(landscape, regime, and niche), no matter which social system to which it was applied. The
U.S. transition is marked by relatively developed niche activities and strong links between
niche and regime and landscape. The civil society serves as a significant actor. In contrast,
niches are less developed in China and the governance and politics of the transition do
not explicitly incorporate the public as stakeholders. When we considered LID as the
focused innovative technology, the U.S. transition pathway shows a more apparent trend of
dealignment and realignment. LID is now symbiotic to the regime rather than a substitution
in both countries. Based upon the multi-phase model, the U.S. transition is deemed closer
to the acceleration phase while the Chinese one is at the early stage of take-off.

The purpose of this study is not to provide a specific answer, but to provide a new
way of thinking. The authors believe that the results of the study play a reminder or warn-
ing role for stormwater practitioners: the process of seeking the solution to stormwater
management problems, such as obvious preference for grey engineering approach, lack
of public participation and investment, etc., should not be separated from studying the
transition history of the specific social system. Since these problems are formed under the
long-standing influence of multi-level elements interaction. Moreover, when brainstorming
the more sustainable way, the ideas should not be limited in fields of explicit stormwater
engineering area and should attempt to utilize the current landscape and niche character-
istics as new niches. Measures that only hit one aspect of one single level are unable to
vacillate current regimes.

However, caution and critical reflection are needed when interpreting the comparison
since the conclusion that one country is ahead of another may lead to an overly simplistic
heuristic that the latecomer needs to facilitate (the same) changes to converge on the earlier
adopter. The transition pathway is full of variability, uncertainty, and complexity and is
place- and context-based. Essentially, the comparison does not uncover (and in fact, tends
to cloak) an important question: is it necessary or possible for a socialist, central-planning
society to learn from the route of a capitalist and more decentralized society (and, if so, to
what extent and in what way)? It is unclear whether the current transition pathway will lead
the U.S. stormwater management toward sustainability. It is also too early to say whether
the stormwater quality-led transition with niche-driven radical changes is the best way
to approach the environmental crisis in China. From this perspective, applying western-
centric transition theory to such a comparison tends to imply that the capitalist transition
is the way forward. This may impede countries with a distinct social system (especially
eastern, developing, and socialist) from exploring alternative and more environmentally
focused development pathways.
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Abbreviations

SSWM sustainable stormwater management
LID Low Impact Development
SCI Sponge City Initiative
MLP multi-level perspective
WWII World War II
FWPCA Federal Water Pollution Control Act
EPA Environmental Protection Agency
NPDES National Pollutant Discharge Elimination System
NURP National Urban Runoff Program
CSO Combined sewer overflow
MS4 Municipal Separate Storm Sewer System
TMDL Total Maximum Daily Load
CWA Clean Water Act
NRDC Natural Resources Defense Council
GI Green infrastructure
MHURD Ministry of Housing and Urban-Rural Development
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Abstract: Urban stormwater is known to cause a myriad of problems, ranging from flooding to water
quality degradations. This paper provides an extensive review of analytical probabilistic model
(APMs) used in the design of urban runoff control systems. APMs are closed-form mathematical
expressions representing a long-term system’s output performance derived from the probability
distribution of the system’s input variables. Once derived, the APMs are easy to handle, allow for
sensitive analysis, and can be co-opted into optimization frameworks. The implementation of APM in
the planning and design of runoff control systems will not only help address the runoff quantity and
quality problems of urban stormwater, but will also go a long way in optimizing the benefits derived
from the systems. This paper reviews studies that document the negative impacts of urbanization on
runoff quantity and quality, and the best management practices (BMPs) used to mitigate the impacts.
Three design methodologies used in urban stormwater control systems were reviewed. A detailed
review of research on the development and use of APMs in urban stormwater management in various
runoff control systems is presented, and recommendations are proffered.

Keywords: best management practices; low-impact development; water-sensitive urban design;
blue-green infrastructure; sponge cities

1. Introduction

Urbanization causes a disruption of the natural water cycle. The clearing of land
surfaces reduces evapo-transpiration processes that intercept and return rainfall to the
atmosphere. Grading the land involves filling depression storage and the removal of topsoil
while subsoil is compacted. The construction of impervious surfaces such as roads, roofs
and paved walkways reduces infiltration and increases surface runoff. Rainfall that used
to infiltrate the ground now runs off the surface at an increased rate, depending on the
level of changes made to the land surface. These changes cause an increase in the peak
runoff and total volume of runoff. Conversely, the time of concentration of the catchment is
decreased, which causes flows across the land surfaces to occur at faster rates. This effect
is further aggravated by artificial drainage systems that are designed to convey runoff to
rivers as quickly as possible. With the development of impervious surfaces, infiltration into
the soil is reduced, thus reducing the quantity of water available to recharge aquifers and
feed-in the base-flow during dry weather periods [1–5].

In addition to increasing the runoff quantity, urbanization also affects the runoff
quality negatively, by increasing the concentration of pollutants carried by stormwater [6].
As runoff runs over roads, parking lots, rooftops of urbanized areas, it picks up a variety
of pollutants and transports them to downstream water bodies. The receiving water
body is affected by the cumulative impact of urban activities from the entire watershed,
and the resultant changes in stormwater quantity and quality are felt in the downstream
waters [7,8].
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Several attempts have been made by researchers to quantify the effects of urbanization
on stormwater runoff entering receiving water bodies. Todeschini (2016) [9] studied the
modifications of stormwater runoff and water quality caused by increased imperviousness
in the Bivio Vela industrial catchment in northern Italy. Runoff flows generated from
51 rainfall events of smaller and higher intensities were monitored. The results showed
that the conversion of 33% of pervious to impervious surfaces had resulted in a great
increase in peak flows, the volume of flows, the number and duration of combined sewer
overflows and the pollutants mass discharge. Likewise, Schütte and Schulze (2017) [10]
studied the effects of land-use changes due to the proposed urbanization of two sub-
catchments of uMngeni catchment (South Africa) on hydrological flows. The study used
ACRU software to model the current (2017) and future flows that may arise as a result of the
conversion of agricultural lands to impervious surfaces. The results show that increases in
impervious surfaces would result in a significant increase in stormflows due to a change in
rainfall–runoff conversion caused by the reduced evapotranspiration. Urbanization within
a watershed has a number of negative impacts on downstream waters. These impacts
include: changes to stream flow and stream geomorphology, degradation of water quality
and impact on aquatic habitat [1,4].

Stormwater best management practices (BMPs) are techniques, measures, or structural
controls that are used in a given set of conditions to manage the quantity and/or improve
the quality of stormwater runoff in the most cost-effective manner [11]. They are designed
facilities or modified natural environments that help control the quantity as well as improve
the quality of urban stormwater. Urban runoff control systems can be classified in to two
BMPs: (1) Methods that are used to reduce the volume of stormwater runoff that will
otherwise flow into the receiving water bodies. These methods allow the infiltration of
the stormwater into the ground, thereby aiding in groundwater recharge. (2) Methods
that remove pollutants from the stormwater through filtration, sedimentation, absorption,
biological uptake, etc. [12,13]. However, most stormwater BMPs serve both purposes.
The most commonly employed stormwater BMPs include various types of stormwater
ponds, filtration practices, vegetated channel practices, wetlands, pervious pavements and
rainwater tanks [9]. Green roofs iare also among the most commonly used stormwater
BMPs [14–16].

Due to their importance, sustainable stormwater management concepts have been
given different names all over the world. Qi et al. (2021) [17] presented a comprehensive
list of them, as synonymously adopted all over the world. The list ranges from BMPs to
low-impact development, integrated urban drainage systems, sustainable urban drainage
systems, stormwater control measures, water-sensitive urban design, resilience cities and
sponge cities. Nature-based solutions, green infrastructure, or blue–green infrastructure
are other terminologies also used to refer to methods used in mitigating the impact of
flood risk related to urban stormwater [18–20]. In its quest to restore its cities following
the negative consequences of stormwater runoff due to urbanization, China developed the
sponge cities plan in 2013, aimed at promoting source control. The concept uses natural
methods to retain rainwater, thereby recharging groundwater, reducing flooding and water
pollution problems, and gradually restoring the natural hydrology of the cities. The sponge
cities pilot scheme started in 30 cities, and following the successes recorded, the concept is
now being adopted at the national level [21,22].

This review paper compiles research on analytical probabilistic models’ (APMs’)
applications to urban stormwater management over the last 35 years, when the models
began to debut. A search of the literature was carried out in the SCOPUS and Google
Scholar databases using different combinations of the terms: “analytical probabilistic
models” AND “stormwater management” OR other BMPs such as “detention ponds,
bioretention cells, green roofs, pervious pavements, rain garden, etc.” A total of 183 entries
were returned by Google Scholar, while SCOPUS returned 45 entries in the first search. The
search was repeated and different entries were returned. The entries were filtered and a
total of 126 published articles found to be relevant were reviewed. This attempt to compile
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and review studies on the use of APMs in urban stormwater management is, to the best
knowledge of the authors, the first of its kind in this area of research. Figure 1 shows the
chronological order of the articles.

Figure 1. Number of published articles on APMs of stormwater management.

2. Design of Urban Runoff Control Systems

Runoff control systems can be designed based on three approaches: a design storm,
continuous simulation and analytical probabilistic models.

The design storm approach uses the statistical analysis of rainfall to establish the IDF
curves of an area. A design storm consists of rainfalls of various durations, developed to
serve as the input that the runoff control system may experience during its life time [5].
The peak runoff, generated from the design storm, is routed through the runoff control
facility in order to estimate the facility’s capacity. Many authorities specify design storms
in their stormwater regulations. For instance, commonly used regulations specify that
post-development peak runoff be less than pre-development peaks for storms having
recurrence intervals of 2, 5, and 10 years, with an emergency overflow spillway of 100-year
recurrence interval capacity [23]. The duration of the design storm is chosen to be the
same as the critical duration or the time of concentration of the catchment. The design
storm used for the control system is selected based on risk factors, such as the risk of
overflow to downstream conveyance structures and land-use. The assumption being
used in the development of the design storm concept is that the recurrence interval of
the resulting runoff is the same as the recurrence interval of the rainfall producing the
event [24]. This assumption ignores the effect of storm separation time on runoff generation
and the temporal variations in storm hyetograph pattern, which are known to affect the
behavior of runoff. Due to this, the design storm approach suffers from severe criticisms
voiced by many researchers, particularly in the design of stormwater storage systems [24].
Detailed shortcomings of the design approach can be found in [25].
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Instead of analyzing the rainfall history to extract concise information, continuous
simulation involves the conceptual representation of the catchment and a meteorological
input over a longer period. In this case, the effects of storm separation time and the temporal
variation of the storm event are captured. The long-term rainfall data are input directly
into the continuous simulation software [5]. The result of continuous simulation is the
response of the catchment to the rainfall input. However, despite the numerous advantages
of the continuous simulation approach, its major problem is its computational burden,
requiring a large number of simulations to evaluate system configuration [26]. The models
are also extensive, requiring a large computer memory and time for the system analysis [25].
Many types of computer software have been developed for the continuous simulation
of a catchment’s response to rainfall input, but SWMM is by far the most widely used
software. Todeschini et al. (2012) [27] used SWMM to investigate the effectiveness of design
configurations and operating conditions of stormwater detention tanks in combination
with flow regulators upstream. The results suggest that the optimum performances were
obtained by regulating flows into the detention tanks to values between 0.5 to 1 liters per
hectare, and tank volumes of 35 to 50 m3 per hectare of impervious area, for catchments
ranging from 4.8 to 48 hectors. These values gave the maximum annual pollutant mass
entrapped by the tank and minimum volume of stormwater sent to downstream treatment
plants. Mobley and Culver (2014) [28] used the SWMM model of a 12 ha residential
site, near Fort Collins, Colorado, to modify the design of a detention pond such that
the ecological flows downstream of the catchment were preserved, while maintaining
regulatory flow requirements. Pereira et al. (2019) [29] used PC-SWMM to simulate surface
runoff, and predict the impacts of urbanization and the use of detention ponds in an urban
sub-catchment in Brasilia. Thirteen different configurations of ponds were tested and the
best configuration of ponds was observed to be located near the outlet of the catchment.
This configuration was found to reduce flood peak discharge by 10 to 30%, and reduce
nutrient load by 40 to 60% and COD by 46%. Continuous simulation, though data-intensive
and time-consuming, is most commonly used to design or modify the design of existing
runoff control systems.

3. Analytical Probabilistic Models (APMs)

APMs are closed-form analytical expressions of a system’s output performance derived
from the probability distribution of the system’s input variables. The approach was initially
proposed by Benjamin and Connel (1970) [30]. The approach was first applied to water
resources by Eagleson (1972) [31] in water resources engineering, and later extended to
the area of stormwater management by many researchers [25,32]. In APMs of urban storm
water management, continuous rainfall data are divided into individual events using a
pre-defined minimum storm separation time, and the APM parameters are developed
using the rainfall statistics [32–34]. The input variable is rainfall characteristics (i.e., rainfall
depth, duration, inter-event time), and the output is the catchment’s response to the rainfall
input (i.e., runoff event volume, peak discharge, etc.). Using derived probability theory, the
probability distribution of output variables can be determined analytically if the probability
distributions of the input variables are known and the functional relationship between
them is either monotonically increasing or decreasing [35].

The application of APMs in urban stormwater management involves the following
stages, as described in [24–26,36–46]:

i. Selection of a case study of urban catchment and determination of its physiographic
information (catchment area, slope, proportion of imperviousness, drainage length,
depression storage, runoff coefficient);

ii. Discretization of the long-term continuous rainfall data into individual events using
the minimum inter-event time definition;

iii. Use of probability distributions, such as Exponential, Weibull, etc., to fit rainfall depth,
duration and intervention time;

iv. Development of APM parameters for the rainfall station;
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v. Development of APMs for stormwater characteristics such as runoff volume and peak
runoff captured by the facility, total runoff, pollutants captured and treated by the
facility, volume of spilled runoff, etc.

The APMs, once derived, were validated with other known approaches such as design
storm and continuous simulation, and the results were generally found to be in good
agreement [5,24,26,36–45]. Guo (2001) [5] assessed the suitability of using APMs in the
design of urban flood control detention ponds, alongside other approaches, namely, design
storm and continuous simulation, using a hypothetical catchment in Chicago. The results
show that all the three approaches generated similar results for the prediction of peak flow
of various durations from small urban catchments. Quader and Guo (2006) [46] studied
the discrepancy in peak flood estimations between design storm and the APM approach.
The effects of sub-catchment aggregation and time of concentration, as represented in the
two approaches, were examined. A case study catchment of Cataraqui North in Ontario
(Canada) was selected, and MIDUSS software was used for the design storm modeling.
The results were found to be in good agreement, with only 25% discrepancy between the
two peaks generated using the two approaches, which were attributed to sub-catchment
aggregation and the choice of time of concentration.

Exponential PDF is the most widely used distribution to model rainfall characteristics,
particularly in Canada and the USA, where the APMs of stormwater management were
developed. Hassini and Guo (2016) [47] used long-term rainfall data from seven rain-gauge
stations in northern USA to test the validity of using one-parameter exponential distribution
in modeling rainfall characteristics (depth, duration and inter-event time). Poisson’s
and Chi-square tests were used. It was found that exponential distribution fits rainfall
characteristics well, and was therefore recommended for APM. The exponential PDF is used
in more than 80% of the research papers reviewed herein. However, other distributions were
tested to determine their fit to rainfall characteristics in other regions of the world. In this
regard, Bacchi et al. (2008) [33] compared the use of one-parameter exponential distribution
and two-parameter Weibull distribution to model rainfall characteristics for three stations
in Italy. The results indicate that the Weibull distribution fits the Italian climate better. The
distribution was combined with rainfall–runoff transformation to derive the PDF for the
runoff volume and overflow volume of a storage facility, from which the design failure
probability can be obtained. Balistrocchi et al. (2009) [48] also used Weibull distribution to
model rainfall characteristics for Milano rainfall stations in Italy, while Generalized Pareto
Type 3 distribution was used to model rain storm depth with long durations in Toronto,
Canada [49]. Pareto and Gamma-2 PDF were found to work well for rainfall depth and
duration in Spain [50]. Weibull distribution was also found to fit rainfall characteristics
in Poland [51]. Log-normal distribution was found to fit rainfall characteristics for some
stations in Korea [52], while three-parameter exponential distribution was used to model
rainfall characteristics in Busan (Korea) as an improvement to single-parameter exponential
distribution [53].

In rainfall–runoff process modelling from urban catchments, Guo and Adams (1998a) [36]
used the exponential distribution to model the frequency distribution of rainfall depth,
duration, and inter-event time, from which a closed-form expression for the average
annual runoff event volume and the runoff event volume return period was derived. A
hypothetical catchment with a different runoff coefficient and various soils was used to test
the model against similar results obtained from a numerical simulation model (SWMM).
A close agreement between the analytical model and the simulation model was obtained.
Similarly, a close agreement was obtained between the results of runoff event volumes
and average annual runoff volume with a specified recurrence interval. Guo and Adams
(1998b) [37] also used the expression for runoff event volume and its duration together, with
the catchment’s average time of concentration, to derive an expression of peak discharge
rate, using the assumption of a triangular inflow hydrograph and exponential distribution
for rainfall depth. A closed-form analytical expression for the exceedance probability of
peak discharge per rainfall event and its return period was determined. The results from the
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analytical model compared favorably with those obtained using a continuous simulation
model, SWMM.

Guo et al. (2012) [54] further improved the APM by incorporating both Hortonian and
saturated overland flow mechanisms into the model to cater for the increasing use of low-
impact development (LID) techniques in urban watersheds, whose infiltration is always
below the natural infiltration. The PDFs of runoff event volume under the two scenarios
of infiltration excess and saturation excess runoff were derived separately, and combined
to obtain APM expressions for the expected value of the runoff event and its recurrence
interval, as well as the average annual runoff volume. The results were compared with
continuous simulation from HEC-HMS and there was very good agreement. Hassini and
Guo (2017) [55] derived APM expressions for the exceedance probability of peak discharge
in a small urban catchment considering triangular and trapezoidal hydrographs. Rainfall
data from Sherburne, Minnesota in the USA were used and a hypothetical catchment with
different times of concentration, imperviousness and soil types was assumed. Design storm
(using HEC-HMS model) was used to predict the peak discharges at different return periods.
The peak discharges generated from the developed APM were found to be comparable
with those of the design storm. Hassini and Guo (2020) [56] further added the effect of
saturation excess and infiltration excess runoff to their previous work [24] to develop APMs
for runoff event volume and exceedance probability of peak discharge in a small urban
catchment. Rainfall data from seven stations in the USA were used and a test catchment in
Hamilton (Canada) was used. The results of the APMs were found to be comparable to
those of design storm, with a percent difference ranging from 0.1% to 18%. Hassini and Guo
(2021, 2022) [57,58] recently developed a new and more accurate APM that can be used for
the design of runoff control systems. An APM for the frequency distribution of runoff event
volume was developed considering infiltration and saturation excess runoff generation.
The new model can effectively estimate runoff volume with different recurrence intervals,
and was found to be very sensitive to changes in soil saturation.

APMs have the ability to model flood routing. Guo and Zhuge (2008) [59] developed
analytical probabilistic expressions of flood routing to determine the probability distribu-
tion of peak outflow from a channel reach with and without a detention pond in between.
The outflow hydrographs were obtained, and the results of the analytical models were com-
pared with those of a single-event design storm using stormwater modeling software—the
MIDUSS and SWMM surface runoff routing algorithms. It was shown that the analytical
models compared well with the design storm. However, the use of different surface routing
models gave variations in the results of about 20%. Guo et al. (2009) [60] developed
closed-form analytical probabilistic channel routing equations for determining the flood
frequency distribution downstream of a catchment, given the catchments’ characteristics
and APM parameters derived from rainfall data. The model was verified by comparing
its results with those of HEC-HMS continuous simulation using 25 reaches and rainfall
data from Halifax, Canada. The results of the flood peak attenuations were presented as a
function of storage-delay time and return period, which can be used for watershed and
stormwater management purposes. Guo and Markus (2011) [61] enhanced the versatility
of APMs applied to small watersheds by incorporating SCS-CN for the determination of
rainfall excess from the catchments, and Clark’s unit hydrograph for runoff routing. The
results of the APM were compared with those of design storm using the HEC-HMS model.
Twelve watersheds were used in Chicago under urbanizing conditions, and the results
show that the analytical model can be used in stormwater management.

Flood peak estimation is another area wherein APMs were also found to be useful.
Guo and Dai (2009) [62] expanded the ability of the analytical model to cater for a larger
catchment and the master planning of a drainage system. A probabilistic rainfall areal
reduction method was used. Both the APM and design storm approaches were used to
obtain rainfall frequencies and flood peaks. A case study catchment of the Ganaraska river
watershed, Canada was simulated using the OTTHYMO model, and rainfall data from
Toronto Pearson International Airport station were used. The results show the capability
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of APMs in accurately representing the effects of rainfall characteristics across different
geographical regions, and their effects on flood frequency.

In the case of modeling the pollutants build-up and wash-off from urban catchments,
Behera et al. (2006) [45] assumed that: (1) rainfall duration, inter-event time, pollutant
build-up and wash-off follow an exponential distribution; (2) the wash-off load is uniform
over the entire catchment and depends on the runoff volume generated, to derive analytical
expressions for the PDF of wash-off load, expected value of pollutant event wash-off
load, annual average wash-off load and the long-term average pollutant event mean
concentration (EMC). The analytical models were calibrated and verified against values
observed in a test catchment, and a good agreement was obtained.

The APMs can be used to screen runoff control alternatives in order to determine
additional data requirements. Similarly, the APMs can be used in sensitivity analysis to
determine the most important parameters, which makes long-term meteorological compu-
tation simpler and more economic, supports decision-making and eases stormwater system
design [25]. The APMs are computationally efficient and can be easily implemented in
a spreadsheet or computer program, as compared to design storm or continuous simula-
tion [54]. Therefore, analytical models can be used as an alternative to time-consuming
continuous simulation.

One of the greatest advantages of APMs over design storm and continuous simulation
is the option of co-opting them into an optimization framework. The optimization of
runoff control systems can be classified based on the objective function (i.e., runoff quantity,
quality and/or cost), uncertainty (deterministic or stochastic), and control approach (static
or dynamic) [63]. Genetic algorithm, particle swarm optimization, ant colony optimization,
artificial bee colony, simulated annealing, harmony search and cuckoo search are some of
the optimization techniques that can be applied to optimize flood control systems [17].

4. APM Application to Urban Runoff Control Systems

A schematic diagram showing various stormwater BMPs is shown in Figure 2. APMs
have been applied to a wide variety of stormwater BMPs. The application of APMs to these
systems in discussed under this section.

Figure 2. Stormwater BMPs.

4.1. Detention Ponds/Stormwater Tanks

Detention ponds involve the temporary storage of runoff in ponds, basins or even
underground containers, and are meant to control the quantity as well as quality of urban
runoff downstream of a catchment [64,65]. The purpose of stormwater detention is to
reduce the flood damages caused by increased runoff due to imperviousness by limiting
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post-development peak discharges to be less than or equal to pre-development runoff [66],
or to a rate based on other criteria specified by the stormwater authorities in charge [67].
Furthermore, stormwater detention improves the quality of stormwater runoff in addition
to reducing the peak discharge [68]. The residence time resulting from stormwater detention
allows for the suspended particulate matter and adsorbed contaminants to settle [69,70].
As a BMP, detention ponds can help limit the pollutants loaded into receiving water bodies.

Many researchers have dedicated much attention to the application of APMs in de-
tention basins. Papa et al. (1997) [71] derived APM expressions for the pollution control
performance of detention ponds for different combinations of active to permanent pool
volumes. The results of the study have been compared to those simulated using SWMM
software. It was found that the degree of suspended solid removal in both cases was
comparable, with a difference of only 5 to 10% in extended dry ponds and 10 to 30% in
wet ponds. Guo and Adams (1999a) [42] derived analytical expressions for the probability
distribution of peak outflow rate from flood control detention ponds. The derived ana-
lytical expressions were used to determine the storage–discharge relationship required to
achieve the specified level of flood control at the facility. Using the runoff volume and
peak outflow rate presented in [36,37], the runoff rate exceedance probability per rainfall
event was derived based on different combinations of storage and outflow. Comparisons
were made between the results obtained from the analytical probabilistic model and similar
results obtained from SWMM software, and the results were found to be in good agreement.
Guo and Adams (1999b) [43] also used the expressions previously developed in [36,37] to
derive APM expressions for the long-term performance of a stormwater quality control
pond. The expression of flow capture efficiency was derived from the total spill volume,
while the volume-weighted average detention time of the basin was derived by taking
into account the variable inflow and outflow rates and the inter-runoff event time. The
APM expressions describing the detention time and the statistical solution of flow capture
efficiency were compared with similar values obtained from SWMM, and the results were
found to be in close agreement, thus confirming the validity of the assumptions made in
deriving the models.

Li and Adams (2000) [44] used an analytical probabilistic approach to derive runoff
quantity and quality control performances for urban runoff control systems. Rainfall was
first transformed to runoff, and the runoff transformed to overflow using the derived
analytical expressions. The runoff volume was also transformed to runoff pollution mass
load using the EMC concept, and was later transformed to total pollution mass discharge
load. The APM expressions for fraction of runoff overflow and total pollution mass
discharge load were used to derive closed-form APM expressions for the long-term runoff
control and long-term pollution control performances of the stormwater storage and
treatment systems. Comparisons between the runoff control performances predicted with
the analytical model (coded in computer programs called SUDS and EXSUDS) and those
obtained using a continuous simulation model STORM were conducted, and the results
were in reasonably good agreement.

Analytical expressions for runoff control performances using different forms of rainfall–
runoff transformations were developed [24,26,38–41]. Chen and Adams (2005a) [38] mod-
ified the rainfall–runoff transformation to consider infiltration rather than a common
runoff coefficient, and developed closed-form analytical expressions for runoff control
performances, including exceedance probability of a spill volume, expected value of a
spill volume, average annual volume and number of spills, and runoff capture efficiency.
The performance of the modified analytical model developed was tested against values
obtained from continuous simulation using SWMM and the analytical models developed
earlier by [25] for rainfall–runoff transformation (called ASTORM models), and good simi-
larities between the three results were obtained. Chen and Adams (2005b) [39] also used
the extended version of rainfall–runoff transformation, which divides the catchment into
pervious and impervious areas with different depression storages and runoff coefficients,
to develop APM expressions for the average annual number and volume of spills and the
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runoff control efficiencies. The results of the extended analytical model were compared
with those from ASTORM and SWMM, and the results were in good agreement, with the
extended model outperforming the ASTORM rainfall–runoff conversion model.

Chen and Adams (2006a) [40] used two types of rainfall–runoff transformations,
ASTORM and the extended ASTORM, to derive analytical expressions for stormwater
quality control based on build-up and wash-off functions. The appropriate models for
pollutant build-up and wash-off (designated as Type 1 and Type 2) were chosen, and
were combined to formulate the pollutant load model. Finally, the system quality control
measures were derived, which are closed-form expressions that can be used to evaluate
the long-term system behavior. Comparisons were made between the quality control
models developed with observed values, and the values predicted using SWMM gave
good estimates of system performance. Chen and Adams (2006b) [41] also used the
derived analytical expressions based on three different rainfall–runoff transformations
(i.e., ASTORM, Type 1 and Type 2) to derive APM expressions for stormwater quality
control measures. In this case, pollutant removal via the extended detention dry pond was
assumed to take place primarily through sedimentation, and TSS control was considered
as a surrogate measure of other pollutants’ removal. Closed-form APM expressions for
average annual volume of runoff, average annual number of spills, average annual runoff
control and pollutant removal efficiencies were derived. A comparison of the results from
Type 1, Type 2 and SWMM was conducted, and the results were in good agreement.

Chen and Adams (2007a) [26] used the ASTORM rainfall–runoff transformation,
extended ASTORM and the modified rainfall–runoff transformation to develop analytical
expressions for average annual runoff volume from an urban catchment. In the second
case, the Horton’s infiltration equation was slightly modified, in that the rainfall duration
was assumed to be a temporarily averaged constant. Model verification showed that both
of the two analytical models compared favorably with results obtained from SWMM. Chen
and Adams (2007b) [24] also used rainfall–runoff transformations, and pollutant build-up
and wash-off functions, to derive analytical expressions of the cumulative density function
(CDF) of pollutants load, as well as the expected value of pollutant EMC and average
annual pollutant EMC. In the rainfall–runoff transformation, two types of models were
proposed: the lumped parameter rainfall–runoff, and its extended form [39,44]. Two forms
of pollutant load model (Type 1 and Type II) were obtained, and the expected pollutants’
EMC and average annual pollutants’ EMC values were derived. The pollutant load models
were compared with observed values, and a good agreement was obtained. However, the
Type II load model was found to outperform Type I in the estimation of average annual
pollutants’ EMC.

Apart from the tremendous contributions made to the development of APM in relation
to detention pond’s analysis and design, coming from Canada and USA, some important
contributions coming from Italy are noticeable. Becciu and Raimondi (2014) [72] derived
APM expressions for the overflow spill of stormwater detention ponds. Two management
rules regarding the emptying of the pond were considered. Likewise, the probabilities
for spilled volumes varied from zero to one, corresponding to no spill and a spill volume
equal to the storage capacity of the pond, respectively. Data of rainfall series from Milano-
Monviso, Italy, were used. The resulting analytical expressions can act as very valuable tools
that can be used to estimate the overflow probability and the probability of a specific spilled
volume. Raimondi and Becciu (2015) [73] used rainfall statistics, detention pond outlet
operation rules, storage volume and maximum outflow to derive APM expressions for the
pre-filling probability of detention ponds. As in their previous paper, the same management
rules regarding the pond’s emptying were considered. The results can be used to estimate
the pond’s volume and out flow rate as a function of pre-filling probability. A comparison
of the analytical results with continuous simulation, using case study rainfall data from
Monviso, Milano (Italy), showed a very good agreement, thus confirming the applicability
of the method in the design and performance assessment of stormwater detention basins.
Becciu and Raimondi (2015) [74] derived a similar expression for the PDF of a detention
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pond’s spilled volume in order to evaluate its efficiency. Becciu et al. (2015) [75] also
derived APMs of retention time in stormwater detention ponds. The analytical formulae
developed can be used for the design of pond storage corresponding to a specified retention
time that ensures some pollutants are removed from the pond. The APM expressions were
validated against results from a continuous simulation using the case study in Monviso,
Milano (Italy), and were found to fit very well. Raimondi et al. (2022) [76] derived APM
expressions for the probability of runoff volume and residual storage in sustainable urban
drainage systems. The models were applied to two catchments in Genova and Milano
(Italy) using rainfall data from Monviso station. In both cases, the results were compared
with those from continuous simulation, and were found to be accurate.

Due to the shorter rainfall durations compared to the corresponding dry spell be-
tween the rainfall events, some researchers have considered rainfall arrival as a marked
Poisson’s process, and modeled rainfall characteristics stochastically [77–80]. Wang and
Guo (2019) [81] used analytical stochastic models (ASM) to describe the runoff capture
efficiency of detention ponds as a power function, rather than linear. The ASM results
were compared with the results of an SWMM continuous simulation using a case study
catchment area located in Jackson, Mississippi. The values of the root mean square error
(RMSE), Nash–Sutcliff efficiency (NSE) and correlation coefficient (R) for runoff capture
efficiency were 0.021, 0.994 and 0.9983, while these values for average pond fullness level
were 0.012, 0.998 and 0.9997, respectively. This indicates the applicability of ASMs.

Stormwater retention basins can also be analyzed by using stochastic water balance
to develop analytical models. Parolari et al. (2018) [82] developed a stochastic water
balance model of stormwater retention ponds under passive and active outlet conditions.
Analytical expressions of the steady-state and joint PDF of water level and valve closure
time, which can be used to define the water level and flow duration curves of the basin,
were derived. The model’s performance was tested by taking observations of water levels
from a retention pond located in Ann Arbor, MI, USA. He results show that the model
accurately predicts the water level PDF, which can be used to form a basis for evaluating
the changes in rainfall–runoff due to climate change and land-use.

Stormwater detention tanks are used to mitigate the impact of sewer overflow. Bal-
istrocchi et al. (2009) [48] applied APMs to develop a CDF of the overflow volume and
pollutant load distribution of a sewer tank. Weibull distribution was used to model rainfall
characteristics. Analytical expressions of performance indices such as the decrease in the
annual runoff volume and ratio of pollutant load captured by the tank were derived. The
model was verified with SWMM continuous simulation, using the urban catchment of Bres-
cia, Italy, and the results were found to be satisfactory. Andres-Domenech et al. (2010) [50]
derived analytical PDFs of the number of overflows, volume of overflows and overflow
reduction efficiency of a stormwater tank. Rainfall data from Valencia and Santander, Spain
using different probability distributions were tested. Pareto and Gamma-2 PDFs were
found to fit well. The analytical results regarding long-term volumetric flow and overflow
reduction efficiencies were compared with those of IW continuous simulation, and were
found to be similar. Becciu and Raimondi (2012) [83] developed APM expressions for
the pre-filling probability of stormwater tanks. The effects of minimum inter-event time
definition on outflow rate and storage volume were investigated using rainfall data from
Monviso, Milano, Italy. The results of the APM were compared to the results of continuous
simulation, and it was shown that the APM underestimated the pre-filling probability due
to some assumptions made in the development of the model. Thus, the model needs to
be refined further. Stormwater tanks, designed using APM, have also been found to be
capable of improving the quality of sewer discharges from catchments along the Tyrrhenian
coast of Italy [84].

Detaining runoff in stormwater detention ponds for a longer period improves the
quality of the treated runoff, but this poses the risk of overflow from subsequent rainfall,
which may generate runoff. There is an optimal detention time in the facilities such
that the trade-off between runoff and pollution control is addressed [18]. There is also

185



Water 2023, 15, 1640

a need to minimize the cost of building the facility, while at the same time achieving
the objectives. Papa and Adams (1997) [85] used APM expressions to develop a dynamic
programming model for the optimization of the cost of building detention ponds in multiple
parallel catchments, subject to meeting runoff quality control constraints. Shamsudin et al.
(2014) [86] used long-term rainfall data to obtain the rainfall characteristics and develop
APM parameters for a catchment in Malaysia. The APM was coded via particle swam
optimization (PSO) to develop a methodology that addresses the trade-off between the
runoff and pollution control performances of detention ponds. The detention pond’s
volume and outlet were appropriately sized such that a least-cost design was obtained.

Dan’azumi et al. (2013a) [35] developed APM parameters relevant to the rainfall
characteristics of Malaysian cities, and used the parameters to develop an optimization
algorithm via PSO that can be used to optimize detention time in wet detention ponds
such that they give the best pollution control performance [87]. Behera and Teegavarapu
(2015) [88] used the APM expressions of pollution control in extended wet detention ponds
to compare the results of three optimization techniques: dynamic programming (DP), non-
linear programming (NLP) and genetic algorithm (GA). They sought to obtain the optimal
values of pollution control, pond depth, storage volume and release rate of ponds treating
urban stormwater from multiple sub-catchments releasing their outflow into a common
downstream point, such that the quality control target at the downstream river could be
met at minimum cost. The results show that the NLP and GA provided an improved
solution compared to the DP.

4.2. Rainwater Harvesting System/Rainwater Tanks

Rainwater tanks, consisting of rain-barrels and cisterns, are rainwater harvesting
systems (RHS) that store rainwater for household use and reduce the volume of runoff
generated from urban surfaces. The use of rainwater tanks reduces water consumption
from municipal supply, and thus reduces the water bill. The water stored in the tank can
be used for gardening and toilet flushing, thus reducing municipal water consumption.
Some rainwater tanks have two compartments: the rainwater tank itself and an infiltration
facility, which aids in groundwater recharge [89,90].

Raimondi and Becciu (2014a) [89] developed APM expressions to estimate the prob-
ability of meeting the water demand using rainwater tanks as a function of household
population and number of storm events occurring, using long-term rainfall data from
35 years at the Milano-Monviso station. The results of the study can be used to determine
whether it is efficient to use rainwater harvesting alone, or in combination with munici-
pal water supply. Raimondi and Becciu (2014b) [90] developed APMs for the design of
multi-use rainwater tanks. These rainwater tanks were designed to have two basins: a
rainwater basin and an infiltration basin. A trade-off between the risk of water shortage
in the basin and the risk of overflow was studied. The results of a case study in a catch-
ment in Milan, Italy, show that the probability of complete rainwater use in a household
depends on the period of regulation, with weekly regulation yielding a higher probability
compared to daily regulation. Additionally, the probability of overflow was high for a
small storage volume and low infiltration rate. Becciu et al. (2016) [91] improved on their
previous models by considering the effect of re-filling during the regulation period, and
developed an analytical expression to estimate the CDF of active storage in the rainwater
tank. The results were compared with those of a continuous simulation model using data
from Milano, Italy, and there was a good agreement.

Guo and Baetz (2007) [78] derived an analytical expression that could be used to
design rainwater storage units in green buildings, focusing on the rate of water use in the
building, the climate characteristics of the area and the reliability of the system. The APM
was applied to a hypothetical catchment in Chicago and Montana, USA, and it was shown
that the APM provided an efficient approach to designing the system. De Paola and De
Martino (2013) [92] studied the efficiency of four stormwater tank configurations using
SWMM, and applied the semi-probabilistic approach to determine the qualitative and
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quantitative stormwater capture efficiencies of the most efficient tank configuration. It was
concluded that the analytical approach provided similar results to continuous simulation.
Kim et al. (2012) [93] used mass balance equations for each component of a rainwater tank
to develop APM expressions for the rainfall–runoff reduction in an RHS. The PDF and
CDF of runoff from the catchment and the RHS were derived, and the expected value of
runoff volume was determined. The model was applied to a dormitory building in Seoul
(Korea) to design an RHS and to estimate the runoff reduction achieved as a result of it.
Di Chiano et al. (2023) [94] used APM expressions to derive the CDF of active storage
in RHS. Active storage was considered as a function of rainfall moments, water demand
and mean number of chained events under deficit conditions. The results of the model
were compared with those of continuous simulation, using rainfall data from Monviso,
Milano (Italy), focusing on a case study of RHS in Milan. An average normalized RMSE of
0.033, under three demand conditions, was obtained between the APM and the continuous
simulation, suggesting a very good prediction.

Stochastic mass balance equations of RHS have been used to develop analytical models
for RHS systems. Guo and Guo (2018a) [95] derived an ASM that could be used to determine
the size of an RHS using a differential mass balance equation. Analytical expressions of a
rainwater tank’s efficiency in terms of water supply reliability, required storage volume
and its runoff reduction benefits were derived. The stochastic models, developed using
rainfall data from five different climates (Atlanta, Concord, Detroit, Flagstaff and Billings)
in the USA, were validated against the results obtained from SWMM continuous simulation
and also those of Guo and Baetz (2007) [78]. The values of mean Nash–Sutcliffe efficiency
(NSE), root mean square error (RMSE) and correlation coefficient of 0.98, 0.035 and 0.99,
respectively, were obtained, indicating a good result. Pelak and Porporato (2016) [96]
modeled rainfall as a marked Poisson’s process, and developed an analytical expression
that optimizes the volume of a rainwater harvesting system at minimum cost. The volume
was expressed as a function of rainfall parameters, roof area, water use rate, and the
cost of the cistern and that of the external water source. The cost consists of fixed and
distributed costs. The result of the study can be used to size an RHS in any climate. This
will help reduce urban stormwater runoff and water consumption from public mains. Sim
and Kim (2020) [97] used stochastic mass balance to develop an analytical model for the
quantification of the water supply and stormwater interception efficiency of an RHS. In
the study, the sensitivity of the RHS to climate change was evaluated, and the model was
assessed using rainfall data from Busan (Korea). The results of the analytical model were
compared with those derived using multiple regression. The R2 and RMSE values for
water supply and stormwater interception efficiency ranged from 0.91 to 0.96 and 0.026 to
0.033, respectively. Cheng et al. (2021) [98] also used water balance to develop a stochastic
model of an RHS. Due to the random occurrence of rainfall, the reliability of the model was
expressed in terms of the fraction of time for which the RHS satisfies water demand. The
model was applied to three RHSs in Toronto, Canada, and was found to have high accuracy.

4.3. Green Roofs

A green roof is a rooftop garden. These are used to provide shade, reduce the temper-
atures of the roof surface and surrounding air, and to moderate the heat island effect [99].
Green roofs comprise four layers: a vegetation layer, a substrate layer, a drainage layer
and a waterproof layer. Some green roofs have a water storage layer combined with the
drainage layer for holding more rainwater. Vegetation is planted on top of the substrate
layer, where rainwater is retained. Excess rainwater from the roof is drained through the
drainage layer [100].

Researchers also explored the application of APMs to green roof design and analysis.
Zhang and Guo (2013a) [79] derived analytical expressions for runoff generation from
green roofs. The results obtained from the analytical models were compared with those
of continuous simulation using the LID module of SWMM, and also from the field results
derived from a real case study in Portland, USA. The results of the APM were found to
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be in good agreement with both. Additionally, Guo et al. (2014) [101] derived analytical
expressions for long-term average runoff reduction rates (defined as the ratio of total runoff
captured to that of total runoff generated) and the irrigation water requirement of green
roofs. The performance values of the APM in terms of runoff reduction rates and irrigation
time fraction at different growing medium depths under semi-arid climate (Atlanta, USA)
and humid climate (Billings, USA) conditions were compared with those from continuous
simulation using SWMM, and it was concluded that the APM can be used as an alternative
to SWMM in the planning, design and management of green roofs.

Guo (2016) [102] further refined the work of [101] by considering rainfall occurrence as
a stochastic process to derive a stochastic differential equation of green roofs. The stochastic
water balance equation was formulated to determine the mean and PDF of the moisture
contents of green roofs. The accuracy of the model, in terms of runoff reduction rates and
irrigation time fraction, was evaluated by testing the results against those of SWMM contin-
uous simulation using four sets of rainfall data from Billings, Phoenix, Atlanta and Boston
(USA), and using sandy and loamy soils as growing media. The comparison of results
between SWMM and the stochastic model implied the good correlation coefficients of 0.993
and 0.995, respectively, for runoff reduction rates and irrigation time fraction. Most studies
assume that the RHS is dry at the beginning of the rainfall event. However, some moisture
retention is possible in the roof at the beginning of the next rainfall period. Raimondi and
Becciu (2020) [100] considered the possibility of pre-filling from previous rainfall events to
develop an APM for the design of green roofs. The APM was tested against the results of
continuous simulation, using rainfall data from the Milano Monviso (Italy) station. The
results show that the model compared well with continuous simulation. Thus, the APM
can be used for the optimization of the design of green roofs. Raimondi et al. (2022a) [103]
extended their work from 2020 to develop an APM that could be used to determine the
thickness of the substrate layer of green roofs as a function of runoff reduction. The results
of the study compare well with those obtained from continuous simulation.

Raimondi et al. (2022b) [104] used APM to develop a model for the survival of
vegetation on green roofs without the need for irrigation. The thickness of substrate
medium and risk of vegetation withering were combined to design the green roof. The
APM was tested using two green roofs in Milano and Calabria (Italy). The results from
the analytical model compared excellently with those of continuous simulation. Guo et al.
(2022) [105] used a stochastic model of rainfall to model the hydrologic and hydraulic
process occurring on green roofs. Both the saturation excess runoff and infiltration excess
runoff were considered, and analytical equations that can be used for the quantification
of the performance of green roofs were derived. The results of the analytical model were
compared with those of continuous simulation, and were found to be accurate. Raimondi
et al. (2023) [106] used APMs to determine the probability that runoff from a green roof will
exceed a certain threshold, given the substrate thickness, climatic variable and moisture
content of the roof. The reduced retention capacity of the system due to previous rainfall
was also considered. The analytical model was tested using a case study in Milano (Italy),
and the results were similar between the model and the continuous simulation.

4.4. Filtration Practices

Filtration practices are surface or underground practices that reduce the volume of
runoff by infiltration through the soil. They provide a performance that is independent
of local conditions, and their designs are applicable to roadside and congested urban
conditions. According to [107], bioretention cells and sand filters are amongst the filtration
practices commonly used for small to medium catchment basins, because they usually
occupy only 2 to 3% of the drainage area, and hence are suitable in dense urban settings.
Sand and gravel filters are also commonly used as filtration practices for the management
of urban stormwater [108]. Other filtration practices include pervious pavements, etc.
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4.4.1. Bioretention Cells/Biofilters/Rain Gardens/Impervious Area Disconnection

Bioretention systems are shallow landscaped depressions, commonly located in park-
ing lots or within residential land-use areas, that are designed to incorporate many of the
pollutant removal mechanisms that are operated in forested ecosystems. They are also
known as biofilters or rain gardens [13]. Stormwater treatment in a bioretention cell is
achieved through sedimentation, filtration, soil adsorption, micro-biological decay pro-
cesses and the uptake of pollutants by plants [109]. The components of a bioretention area
include a grass buffer strip, planting soil, plant material, a ponding area with surface mulch,
an underground sand bed, an organic layer and infiltration chambers [110].

Daly et al. (2011) [13] tracked the water balance of a biofilter by considering its inflow
variability, filter media and vegetation type. An analytical model for the long-term PDF
of soil moisture content of the filter, and the statistics of outflow, evapotranspiration and
overflow, were derived. The total nitrogen removal performance was also estimated from
the model. The results of the analytical model were tested with real data collected from a
biofilter in Malborne, Australia, and it was shown that the model could be used to assess
the performance of biofilters across different climates.

Zhang and Guo (2014) [111] modeled runoff from both pervious and impervious
urban surfaces to develop closed-form APM expressions for the stormwater runoff capture
efficiency of bioretention cells. The results obtained were compared to those of an SWMM
continuous simulation model, and close agreement was observed, thus validating the
APM expression. However, some assumptions were made regarding the amount of water
present in the cells before any rainfall event, which need to be considered in extreme
cases. Accordingly, Guo et al. (2020) [112] refined the work of [111] to consider wider
ranges of application. A dynamic water balance was considered to stochastically model the
hydrology of bioretention cells. Analytical expressions for the long-term runoff capture
efficiency, the fraction of time for which the cell processes runoff, the average water stored
inside a cell, and the storage capacity required to achieve capture efficiency were derived.
These four performance indices generated by the ASM were compared with the results of
continuous simulation, and close agreements were obtained, thus verifying the applicability
of the ASM.

The resilience and reliability of using bioretention cells as runoff control systems was
studied by [113]. APM expressions were used to evaluate the resilience indices related
to the system’s robustness, rapidity and serviceability in the context of extreme runoff
events. The results of the APM were compared with those generated using the continuous
simulation SWMM. Resilience indices of 0.66 to 1.0 and 0.73 to 1.0, respectively, were
observed for the APM and SWMM. The reliability index found ranged from 56% to 100%
and 60% to 100% for the APM and SWMM, respectively.

Impervious area disconnection is a system that works in a similar way to bioretention
cells. Runoff from urban surfaces (roof tops, pavements) is made to pass through pervious
surfaces (grassed area), where processes such as infiltration and pollutant removal occur,
thus reducing the volume of surface runoff. The time of concentration in the catchment
is also reduced, thereby reducing the peak discharge from the catchment. Wang et al.
(2019) [81] determined the effect of impervious area disconnection on runoff reduction from
two urban catchments in the USA. Two different catchments’ soils (sandy and loamy) were
used. The runoff reduction due to impervious area disconnection was examined using
different imperviousness ratios. The results of the APM and SWMM were compared, and
in all cases, impervious area disconnection was found to significantly reduce the volume
of runoff to the sewer system, and the APM results compared very well with those of the
SWMM. Zhang and Guo (2013b) [80] studied the hydrologic operations of a rain garden
to derive analytical expressions for its long-term runoff capture efficiency. The results
from the APM model were compared with those of SWMM simulations, and a very good
agreement between the APM and continuous simulation results was observed. The APM
was applied to rain gardens in Atlanta and Flagstaff in USA to demonstrate the sensitivity
of runoff capture efficiency to specific model parameters.
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4.4.2. Infiltration Trenches/Basins

Infiltration trenches are rectangular excavations with void-forming materials, such as
gravel aggregates, which are designed to receive, filter, store and infiltrate urban stormwater.
They aid in reducing urban runoff and improving groundwater recharge. They also assist
in sediment and heavy metal removal from stormwater [114]. Guo and Gao (2016) [115] de-
rived analytical expression for the total annual overflow volume and total runoff reduction
rate of infiltration basins. The results of the APM were compared with those of SWMM
continuous simulation using rainfall data from Atlanta and Billings (USA), and the results
were found to be consistent, with a relative difference of less than 10%. Guo and Guo
(2018b) [116] derived APM expressions for the overflow frequency and stormwater capture
efficiency of non-vegetated infiltration facilities, such as infiltration trenches, infiltration
chambers, dry wells, etc. In deriving the expressions, infiltration was assumed to occur at
the bottom only. The results from the analytical expressions were compared with those of
SWMM simulations in relation to a case study of a catchment in Concord, New Hampshire
(USA), using sandy and loamy soils, and the two sets were found to be in good agreement.
The average absolute difference and average relative difference between the APM and
SWMM were found to be 0.04% and 5%, respectively. Wang and Guo (2020a) [117] analyzed
the water balance of infiltration-based BMPs by considering infiltration through their sides
and bottom, in an attempt to overcome the shortcomings of [108]. The mean degree of
saturation and mean runoff capture efficiency were derived, and the results of the analytical
model were compared with those of SWMM. Two soils, sandy and loamy, were used, and
the rainfall data from two climate conditions (Billings and Jackson) were used to develop
the APM model. The results were found to be reasonably comparable, with the largest
absolute relative difference being less than 10%.

Following the design guidelines released by the Atlanta and New Durham authorities,
Wang and Guo (2020b) [118] applied the analytical models they had developed earlier
in [117] to a practical design analysis of infiltration trenches. Runoff values, generated using
rainfall data from hypothetical catchments, in the two locations were assumed, and the
performance of the trench was assessed as a function of its soil type, footprint dimensions,
drain time and infiltration conditions. The results of the runoff reduction ratio indicate
that the conditions of infiltration through the sides, the bottom, and both combined have
profound effects on the runoff reduction ratio, by up to 15%. The runoff reduction ratio
was found to be most highly affected by changes in soil type and trench dimensions.

4.4.3. Permeable Pavements

Pervious pavements consist of pavements made with porous blocks or porous asphalt
that permits water to infiltrate. Pervious pavements may also be made from impervious
blocks that are fitted in such a way that water can pass between them. They can be used in
road surfaces with light traffic or in car parks. The infiltration rate through the pavement
may be as high as 1000 mm/h in new developments, although this value may reduce to 10%
of the original value over the lifetime of the pavement [119]. Zhang and Guo (2015) [120]
derived analytical expressions for the runoff capture efficiency of a permeable pavement
as an LID system to mitigate the impact of urban stormwater. SWMM simulations were
run on the modeled pavement in order to validate the APM expressions, and the results
showed little discrepancy. It is recommended that the APM results be compared with those
of a case study on real-life pavements.

Stochastic differential equations of permeable pavements were used by Guo et al.
(2018) [121] to model the dynamic water balance of their system. Rainfall and the corre-
sponding net inflow were represented as a marked Poisson process to develop the PDF of
inflow volume, and to derive analytical expressions for the long-term stormwater capture
efficiency and moisture content of permeable pavements. The results of the APM were
compared with those simulated using SWMM using data from the four climates of Atlanta,
New Durham, Charlotte and Flagstaff (USA), and were found to be very similar.
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Three runoff control systems—bioretention cell, permeable pavement and green
roofs—were compared to determine the most cost-effective. The runoff reduction efficien-
cies and licecycle costs of implementing each of them were considered. APM expressions
were combined with a genetic algorithm for the optimization. The objective function was
to maximize runoff reduction capacity and minimize the lifecycle cost. The results show
that the bioretention cell had the greatest runoff reduction capability, but given the high
land cost in urbanized areas, permeable pavements are the most reasonable option [122].

4.5. Vegetated Open Channel Practices

These are systems designed to treat stormwater runoff in a swale or channel formed
by check dams or other processes. Usually, they do not allow for quantity control, and
are therefore combined with other stormwater BMPs to meet regulations. These systems
directly receive runoff from an impervious surface; they have a temporary ponding time of
less than 48 h and feature a 6-inch drop onto a protected shelf to minimize the clogging
potential of the inlet [4]. Up to the time of submitting this review, no publications have
been found on the application of APMs to vegetated open channel practices. This issue can
be explored by future researchers. Two of the common types of vegetated open channel
practices include grassed swales (dry/wet) and grassed channels.

According to [123], grassed swales are broad, shallow earthen channels used to treat
stormwater runoff using flood-tolerant and erosion-resistant grasses. Filtering via these
practices occurs through the vegetation, a subsoil matrix, and infiltration into the underlying
soils. Grassed swales feature gentle longitudinal slopes, with check dams perpendicular to
the flow so as to slow down the flows and allow the particulates to settle. There are two
types of grass swales—dry swales, which have a filter bed of prepared soil laid over an
under-drain system, and wet swales, which are designed to sustain moisture conditions
that support wetland vegetation [124].

Grassed channels are used in pretreatment practices that provide nominal treatment,
because they lack the filter media present in grassed swales. They act by allowing the
infiltration of some runoff from small storms into areas with pervious soils, and are therefore
most highly applicable to other structural stormwater BMPs [123]. They help in reducing
the effect of imperviousness, and provide aesthetic benefits. Grassed channels are designed
for use on <4% flat slopes with infiltration rates greater than 0.27 inches per hour. The
stormwater runoff takes an average of 5 min to flow from the top to the bottom of the
channel. For efficient usage, the channel should be used to treat small drainage areas of
less than 5 acres. For the effective removal of particles, the grass of the channel should be
maintained at a height of 3 to 4 inches [4].

4.6. Other Stormwater BMPs

Other types of stormwater BMPs that are used to control urban stormwater runoff
include: constructed wetlands, dry wells, artificial marshes, oil/greet separators, catch
basins, etc. [119,125]. Their effectiveness can be represented via a decrease in the SCS curve
number of the basins. Perez-Pedini et al. (2005) [126] determined the optimal number
and location of infiltration facilities in a watershed for the purpose of peak flow reduction
at the watershed outlet. The watershed was discretized into 4553 hydrologic response
units, whereby each unit represents a 120 × 120 m plot of the watershed. Different types
of infiltration-based BMPs were conceptualized as binary integers that decrease the curve
number of hydrologic response unit by five. The results of the optimization show that
the optimal number and location of infiltration-based BMPs depends on various factors,
such as flow travel time, catchment network connectivity, land-use, contributing area, and
distance to the channel. APMs of stormwater management can be applied to constructed
wetlands, dry wells, artificial marshes, catch basins, etc., in future studies.
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5. Recommendations for Future Direction

Urban stormwater raises flood and water pollution problems for many communities
across the world, and the cost of the damage cannot be easily quantified. This paper has
reviewed the literature on APM applications in urban stormwater management. Once
derived, the APM models can easily be co-opted into any optimization frameworks, thereby
giving the freedom to maximize benefits and minimize cost. The following recommenda-
tions are given:

(a) The APM parameters were obtained from analyses of the long-term data on rainfall
depth, duration and inter-event time. To make them more applicable, it is necessary
to develop a comprehensive database of APM parameters describing rainfall charac-
teristics in cities across the world, for the purpose of runoff control systems design;

(b) Most rain-gauge stations, particularly in developing countries, record daily rainfall
only. Urban catchments have shorter times of concentration, and studies in these parts
of the world have to rely on rainfall disaggregation techniques, whereby daily rainfall
is broken down to an hourly or even sub-hourly time scale, which may raise some
reliability problems. There is a need for a database of finer-resolution rainfall data.
The provision of a large network of hourly and sub-hourly rain-gauge data will not
only be useful to urban hydrologists, but also to other professionals. It will also help
in reducing the uncertainties caused by rainfall disaggregation. Another source of
uncertainty is the spatial distribution of rain-gauge stations used to develop rainfall
characteristics and APM parameters. Research is required into the effects of the spatial
distribution of rain-gauge stations on the reliability of rainfall characteristics;

(c) The APM parameters were derived based on minimum inter-event times of 2 h, 6 h,
12 h and 24 h. In the case of small urban catchments, with faster concentration, it
is recommended that a database of APM parameters based on a smaller discretized
inter-event time, such as 5 min, 15 min, 30 min or 1 h, be developed. This requires
the archiving of rainfall data at a sub-hourly resolution, which could then be used to
develop its own database;

(d) There is uncertainty about the inter-event time value to be used in rainfall event aggre-
gation from a continuous time series. This calls for further research on its reliability;

(e) The APMs are mostly based on the exponential distribution of rainfall characteristics.
Rainfall characteristics were also found to follow other distributions, such as Gamma,
Weibull, and log-normal. A distribution fit test for other PDFs needs to be undertaken
in different climates;

(f) A decision support system that incorporates meteorological, catchment and runoff
control systems’ characteristics altogether needs to be developed, which can then
eventually be used in the design and real-time control of these systems;

(g) The design of some systems, such as rainwater tanks, involves the consideration of
rainfall variability vis-à-vis water demand and the cost of municipal water consump-
tion. Likewise, designing detention ponds for runoff quantity and pollution control
involves conflicting objectives. There is a need for studies that embed APMs into
optimization techniques so as to derive optimum benefits from the runoff control
systems at the least cost;

(h) Climate change is known to affect the design of stormwater conveyance and storage
systems. There is a research gap regarding the effect of climate change on runoff
control systems designed using APMs. The impact of climate change on the reliability
of the systems needs to be investigated, so as to ensure their design functions are met;

(i) There is a research gap regarding the APMs related to the runoff reduction efficiency
and pollution control performance of vegetated open channel technologies, such as
swales, grass channel, etc.;

(j) Different runoff control systems have been reviewed in this paper. Some systems may
be more suitable to specific climates. There is a research gap in the determination of
the best system for each specific geographical area.
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6. Conclusions

Urban stormwater runoff is detrimental to downstream drainage systems and to
receiving water bodies. The risks range from flooding to water pollution. This paper has
reviewed the literature on runoff control systems, such as detention basins, rain gardens,
rainwater harvesting system, bioretention cells, pervious pavements, infiltration trenches,
etc. The design of runoff control systems can be carried out using the traditional design
storm approach, continuous simulation and APMs. The major flaw of the design storm
approach is its inability to capture the effects of inter-event time. That is, the design storm
assumes that the recurrence interval of runoff is the same as that of the rainfall that causes it.
The continuous simulation approach, on the other hand, is laborious and time-consuming,
thus making it unsuitable for use at the planning stage of a runoff control project. APMs,
however, are more compact, easy to use, and offer a direct way to conduct sensitivity
analyses in routine planning projects. Moreover, APMs are flexible and can be co-opted
into an optimization framework. Despite their simplicity, the APMs provide results that
are as accurate as those of continuous simulation. This paper offers an extensive review of
the applications of APMs to urban stormwater management.
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Abstract: Natural stormwater treatment systems (NTS) are built ecosystems designed to capture and
treat stormwater runoff via natural processes. Although NTS design typically targets water services,
the biological communities associated with NTS (i.e., plants, animals, and microbes) can provide
non-targeted functions that can result in ecosystem services, such as biodiversity, pollination, and
climate regulation, or in some cases disservices. Additional co-benefits of NTS include recreation,
education and outreach opportunities, and aesthetic value. A review of NTS ecosystem services and
co-benefits is provided with specific examples from Los Angeles County, highlighting the need for
ecosystem services indicators, standard measurements, and monitoring. As NTS become globally
widespread, best practices must include the ability to holistically assess NTS performance in ways
that extend beyond water treatment services. Three models are presented that can be used to evaluate
NTS performance. Such information can be important in advancing NTS design, choosing spatial
placement, and making choices between NTS and more traditional stormwater treatment options.

Keywords: urban runoff; urban ecology; nature-based solutions; natural treatment systems; biofilters;
ecosystem services; monitoring and evaluation; planning and management

1. Introduction

Development and urbanization transform landscapes by replacing vegetation with
impermeable surfaces. Subsequent precipitation events can lead to altered levels of water
infiltration, modified water flows, and introduction of contaminants into stormwater
runoff [1,2]. As a result, flooding and property damage, increased safety and health risks,
and environmental damage can occur [3]. Urban planners and developers have traditionally
addressed stormwater runoff issues by building drainage systems that connect directly to
large bodies of water (e.g., streams, oceans) or treatment plants.

Natural stormwater treatment systems (NTS) are an alternative urban runoff man-
agement strategy [4]. NTS (also referred to as low-impact development or sustainable
drainage systems) are human-made systems that use natural processes (e.g., gravity-driven
hydrology, plant absorption of water and nutrients) to capture and treat urban runoff. We
use the term NTS to encompass the different types of installations following current usage
by collaborators [5,6]. They come in different forms: bioretention systems (e.g., biofilters,
bioswales, rain gardens), infiltration basins and trenches, permeable pavements, dry wells
and ponds, treatment wetlands, and combinations of these. They are part of a larger
framework that now is often referred to as the sponge city [7]. The sponge city concept
was developed in China to address urban water issues through “natural storage, natural
infiltration, and natural purification” [8]. A sponge city seeks to retain rainwater, prevent
flooding, and increase water quality through natural and semi-natural solutions [7,9]. The

Water 2023, 15, 1460. https://doi.org/10.3390/w15081460 https://www.mdpi.com/journal/water199



Water 2023, 15, 1460

focus of this paper is on bioretention systems (i.e., biofilters) because they are explicitly
intended to host biological communities as part of their design and less oriented toward
hardscape infrastructure; however, they can offer numerous, often unrecognized benefits
beyond the water services targeted in their initial design.

NTS can support diverse ecosystem services, defined as the direct and indirect ben-
efits humans obtain from ecosystems [10,11] (Figure 1). Non-water (i.e., non-targeted)
ecosystem services associated with NTS have long been acknowledged [5,12] and are only
beginning to be meaningfully considered by spatial planning [13,14], engineering-based
design, monitoring programs [15], and economic valuation efforts [16], which have been
generally limited to targeted water functions. Ecosystem services described for other green
spaces (e.g., parks, green roofs, urban forests) include offsetting carbon emissions [17,18],
cooling local temperatures [19], cultural services (e.g., recreation, education and outreach,
aesthetic value; [20]), and benefits to human health and well-being [21]. The incorporation
of ecosystem services and other co-benefits into NTS design can present urban planners
and developers with additional benefits, costs, and tradeoffs to consider [22,23].

 

Figure 1. Diagram of targeted and non-targeted ecosystem services associated with natural stormwa-
ter treatment systems (a bioretention system pictured here) and methods used to assign a value
to them.

We use Los Angeles County to focus this first comprehensive overview of NTS services
because it hosts a dense human population near the coast where urban runoff has a
large influence on local water quality [24], is in a Mediterranean climatic zone where
periodic droughts are common, and expects to experience hydrological changes due to
climate change [25]. Los Angeles County also has policy in place to encourage NTS
infrastructure. California has passed several propositions to protect water supply and
quality (e.g., AB-1471 2014). In 2004, Los Angeles passed Proposition O, which allowed the
city to issue up to 500 million USD to fund projects that improve local water quality. In 2012,
Los Angeles adopted its Low Impact Development Ordinance (RA-2012-0175) requiring
development and redevelopment projects that alter impervious areas to mitigate runoff
by capturing precipitation and utilizing natural resources where possible. A subsequent
low impact development standards manual was published in 2014 [26]. As a result of these
environmental conditions and political momentum, green infrastructure and NTS have
been broadly distributed throughout Los Angeles County (Figure 2 [27]; https://www.ar
cgis.com/apps/dashboards/c41e288cd1cf4bf18b28404423c58735 (accessed on 31 January
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2023)) and continue to be implemented. This study uses a small subset of Los Angeles NTS
to illustrate potential ecosystem services.

 

Figure 2. Location of natural stormwater treatment systems in Los Angeles County [27]. Blue
indicates sites visited in 2015. Purple indicates sites visited in 2016. View the interactive Google map
here: https://goo.gl/76sswN (accessed on 31 January 2023).

This paper is a narrowly focused literature review on targeted and non-targeted ecosys-
tem services associated with NTS using Los Angeles County to provide specific geographic
context. As there is an existing wealth of literature on targeted water services [28], they are
reviewed here in summary for presentation alongside non-targeted ecosystem services. No
attempt is made to systematically review the larger literature that is growing rapidly and, at
some point, will be able to support informative meta-analyses concerning specific structures
and functions underlying NTS. However, there are elements of a semi-systematic review
in its broad coverage of multidisciplinary research [29]. The present lack of quantitative
hydrologic and ecological NTS information in the context we examine highlights the need
for robust data collection. Measurement of ecosystem services and indicators is seen as the
starting point. However, U.S. regulatory frameworks, specifically a series of Presidential
executive orders [30], require cost–benefit assessment of different options so the translation
from biophysical impacts to the monetary valuation comparisons policymakers need is
emphasized. An ecosystem services framework can offer alternative design options that
maximize overall NTS value and introduce areas of improvement for urban stormwater
management [31].

2. Targeted Water Services

2.1. Stormwater Infiltration

NTS are designed to capture stormwater runoff for infiltration or reuse and have
been shown to be effective [32], although methods to evaluate infiltration vary [33]. Most
bioretention systems are oriented vertically, using gravity to direct water flow through
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several layers that generally consist of a ponding area with vegetation, porous filter media,
and a drainage zone (Figure 3). Infiltration rates can vary widely depending on variables
such as size [34], age [35], filter media [36,37], and other design factors [38]. For example,
NTS with internal water storage or submerged zones can have elevated levels of infiltration,
evapotranspiration, and nutrient removal (specifically denitrification) but may not be
suitable for areas with impermeable soils [39]. Another example is an underdrain that can
help ensure desired water retention times but can be prone to clogging [40]. Vegetation
also plays a role by intercepting precipitation and water flows [41] and preventing clogging
of filter media to maintain infiltration capacity [42,43]. Additionally, with proper design,
evapotranspiration by plants can contribute significantly to reduced volumes of stormwater
runoff [44,45].

Figure 3. Diagram of a bioretention system with vertical layers.

Stormwater infiltration is important in urban areas with low permeable surface area
that are prone to flooding and changes in groundwater recharge [3,46]. Los Angeles
lacks the infrastructure to handle large volumes of stormwater [47], and flooding can
occur with heavy rainfall resulting from atmospheric rivers. This issue is occurring in a
region that experiences episodic drought [48], highlighting the need for proper stormwater
management and use, which can include NTS as a strategy that provides additional benefits.

2.1.1. Flood Control

Flood risk is measured as a combination of hazard (e.g., runoff volume, base and
peak flows, flood plain) and vulnerability (e.g., infrastructure, population density). Fluvial
flooding is caused by overflow of river or lake systems, whereas pluvial flooding is caused
by extreme or heavy rainfall. By altering landscapes and hydrology, urbanization can
lead to an increased flood risk for both types [49]. NTS have been shown to significantly
reduce runoff volume and the magnitude of high-flow events by capturing and storing
stormwater runoff. Three bioretention cells in humid continental Ohio reduced both runoff
by 45.6% on average and peaks flows ranging from 24 to 96%, performing best when
peak flows occurred before the bulk of rainfall volume [50]. During the 13 months of
observation, 140 storm events were recorded with antecedent dry periods ranging from
0.3 to 20 days and maximum peak flows of 105 L s−1 [50]. In humid subtropical North
Carolina, 125 storm events were observed over 22 months with antecedent dry periods
ranging from 0.3 to 31.3 days and maximum peak flows of approximately 38 L s−1 [51]. The
study found that a Filterra™ system in an impervious parking lot captured 72% of runoff
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volume and reduced peak flows by 57% [51]. Hatt et al. (2009) found an average of 33%
reduction in runoff volume, as well as an 80% reduction in peak flow reductions in three
bioretention systems in Australia. Data were collected during 32 natural and simulated
storm events with maximum peak flows of approximately 40 L s−1 and an average return
interval of 3 months for simulated events [42]. In a more recent field study, Bonneau et al.
(2020) reported a 35% reduction in stormwater volume and an 80% reduction in peak flow
in a bioretention basin in Australia during rainfall events over 3 years, with average peak
flows of approximately 33 L s−1 [52]. Relative to Australia, southern California generally
has larger NTS built exclusively for groundwater recharge and longer dry periods that can
decrease contaminant removal rates [53].

Most Los Angeles NTS exhibited visual indicators of flood control services: permeable
surfaces that allow for water infiltration, graded landscaping to help direct runoff, and
ponding areas designed to temporarily store water. For example, Elmer Avenue Green
Street was constructed specifically to address street flooding during precipitation events
by incorporating bioswales, biofilters, permeable pavements, and rain barrels [54]. How-
ever, additional data are needed to confirm whether they are effective. Spatially explicit
measurements for flood hazard may be relevant (e.g., soil porosity, basin size, changes
to magnitude and timing of flood peaks; [55]), as well as those for flood resilience (e.g.,
population and area exposed to changes in flood frequency; [56]). There may be a return
period at which NTS infiltration rates and storage capacity can no longer provide flood
control services, which likely depends on NTS characteristics such as size, filter media, and
maintenance frequency [57]. Additionally, Los Angeles is expected to experience a sea level
rise in some areas, which may make some types of NTS (e.g., treatment wetlands) that can
serve as living shorelines more suitable than others [58].

The value of flood control has been studied in the context of wetlands [59], generally by
assessing differences in property damage along a spectrum of wetland area (e.g., reduction
in damages as proxied by replacement cost). Brander et al. (2006) conducted a meta-analysis
to estimate the value of flood control by wetlands that resulted in a median of 20-30 USD
(1995) per hectare annually [60]. Watson et al. (2016) estimated a net present value of
less than 100 USD per hectare of wetland annually, which may be lower than comparable
studies due to the small beneficiary population [61]. NTS generally operate on a more
localized scale than major wetland restoration projects, so one unknown is how different
NTS designs vary in their spatial extent of flood control.

2.1.2. Groundwater Recharge

Groundwater is used by more than half the U.S. population, and its recharge is an es-
sential component of the water cycle [62]. Major sources of recharge in urban environments
include runoff infiltration and leakages from the water supply and sewage systems [46].
Urbanization can decrease groundwater recharge due to the installation of impermeable
surfaces [1]. However, the importation of large volumes of water to meet demand in highly
populated urban areas can also lead to significant leakages and water recharge.

NTS can contribute to groundwater recharge by providing permeable surfaces and
pore space in their filter media that allow stormwater runoff to pass into the soil subsurface.
The Avalon Green Alley project in south Los Angeles is designed to allow water to percolate
into the soil and recharge the water table [63]. Beneath the permeable pavement of the
green alley, catch basins store stormwater temporarily, where it can be bioremediated before
flowing into surrounding soil. Quantifying groundwater recharge can be challenging, but
several methods exist to do so, such as physical measurements [64] and numerical modeling
techniques [65].

The value of groundwater recharge can be calculated using various methods; the most
appropriate is dependent on the end-use of the water. For example, in 2010, California
withdrew 12,700 million gallons of groundwater per day, of which approximately 22.2%
was used for domestic purposes [62]. The value of groundwater recharge can therefore
be associated with the price of water to consumers. Replacement costs can also be used
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to assign a value to groundwater recharge. Artificial groundwater recharge is the spread
of water on land to increase infiltration or the injection of water directly into the aquifer;
its cost can provide an estimate of the value of groundwater recharge. These actions have
associated costs and can be used to estimate a value for the same service performed by NTS.

2.2. Improved Water Quality

As stormwater runoff flows over urban surfaces, it can acquire contaminants such as
polycyclic aromatic hydrocarbons (PAH), pesticides, pharmaceuticals, and other organic
pollutants [66]. The “first flush” phenomenon is defined as elevated levels of stormwater
pollution at the beginning of storm events [67,68]. First flush can be difficult to model
because it is dependent on a variety of factors, such as climate, precipitation, catchment
size, and land use type [68]. Southern California receives little precipitation and has long
periods without rainfall, even during the “wet” season, which allows for the build-up of
contaminants and results in first flush. These contaminants can then enter larger bodies
of water (e.g., rivers, oceans) and degrade the local environment [69]. Many highly urban
areas, such as Los Angeles, are coastal; this can exacerbate the issue of water quality because
stormwater runoff can drain directly into the ocean with little opportunity (i.e., distance)
for treatment. Treatment can depend on NTS water retention times, which are influenced
by storage basin depth and type and amount of filter media [70]. Short retention times do
not allow for adequate biofiltration, but long retention times can present hazards in the
form of flood risk and mosquito reproduction [71], so there are tradeoffs to consider.

There is a range of common urban pollutants in stormwater runoff; these include
heavy metals (e.g., PAH, Cd, Cu), total suspended solids and nutrients (mainly nitro-
gen and phosphorus), and pathogens. Müller et al. (2020) provides a comprehensive
review of sources [72]. Heavy metals can persist in the environment and accumulate in
sediment, plants, and animals, leading to the degradation of environmental and human
health [73]. The input of excess nutrients and organics into streams, lakes, and the ocean
(i.e., eutrophication) can be damaging to local ecosystems by generating harmful algal
blooms, hypoxia, and anoxia [74]. Pathogens also pose a risk to human health through
exposure (e.g., from recreation activities and stormwater reuse). Lim et al. (2015) found
that captured stormwater can be used for toilet flushing with acceptable risk, but it does
not meet required standards for showering and food-crop irrigation [75]. Beach closures
and advisories are often the result of bacteria levels exceeding water quality standards [76].
In addition to the threat to human health, the resulting closures have associated economic
costs, e.g., less use of parking lots, restaurants, and shopping [77].

NTS remove contaminants through several pathways. Physical filtration removes
debris, particle-bound contaminants, and suspended solids, which can lead to clogging
and subsequent deterioration of bioremediation functions. Informed NTS design, such
as plant selection, can help maintain infiltration capacity [43]. Contaminant molecules
can also be removed from runoff by adsorption (sticking of contaminant molecules onto
porous surfaces with uneven or leftover attractive forces [78]) and assimilation (uptake
of contaminants by plants; [79]). Adsorption can be enhanced with soil amendments,
such as biochar; the type of amendment may depend on the targeted contaminant [78]. A
significant portion of bioremediation is performed by soil microbial communities that can be
stimulated by moisture [80]. In drought-prone areas such as southern California, extended
dry conditions can decrease microbial abundance and activity, which can negatively impact
enzyme activity and nutrient cycling [81]. Drought-resistant microbes can be introduced to
NTS soil to help promote plant growth and continued phytoremediation under stressful
conditions [82]. NTS can prevent contaminants from traveling further to pollute local
bodies of water, but they can also concentrate pollutants in plants and filter media [83].
These concentrated contaminants can leach into surrounding soils, e.g., due to lower oxygen
levels that increase metal solubility. As a result, some maintenance is likely required to
prevent build up and transport of contaminants into the environment [28]. Maintenance
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costs, such as for plant or substrate renewal, can be uncertain [84] but potentially minimized
through good design and regular inspection [85].

Contaminant removal may be the most well-studied service provided by NTS. Figure 4
shows examples of systems installed to remove debris and contaminants from runoff.
Water infiltration systems can be installed into sidewalk tree wells to capture urban runoff
before it can reach larger bodies of water. The Filterra™ system (Contech Engineered
Solutions, West Chester, PA, USA) has been shown to effectively filter suspended solids,
phosphorous, nitrogen, and zinc, with mean removal efficiency of 92%, 54%, 33%, and 66%,
respectively [51]. The removal rates of heavy metals (copper, zinc, lead, and cadmium) by
bioretention systems can be quite high (above 90%) [75], but not in all cases. Smolek et al.
(2017) found that the Filterra™ system did not remove copper [51]. The type of filter
media can influence the removal of metals, which accumulate in the top 5 cm of soil [75].
Heavy metal concentrations are unlikely to exceed soil quality standards for human health
over the NTS lifetime [83]. However, ecological thresholds may be reached to varying
extents. For example, Waara and Johansson (2022) measured concentrations of cadmium,
copper, zinc, silver, and antimony that put aquatic organisms at risk in Swedish stormwater
ponds [86]. In contrast, heavy metal concentrations in stormwater ponds in Denmark did
not pose a risk to habitat function but were reflected in biomass so ecological risk could
increase over time [87]. Sediment and nutrient removal by NTS have also been found to
be relatively high (more than 50% in most cases) in several laboratory experiments [88,89].
However, at a watershed-level, NTS may be better suited for reducing contaminant load
(the rate at which contaminants are discharged) into local waters rather than meeting
concentration-based water quality standards [90]. Although these laboratory experiments
provide a deep understanding of how NTS may function under specified conditions (e.g.,
dry vs. wet conditions, high vs. low temperatures), in situ studies are also needed to put
laboratory experiments into context. How NTS operate over both long (e.g., months to
seasons) and short (e.g., period of a storm) time scales are an open question, as is how the
timing of water quality measurements (e.g., beginning or end of the storm, post-saturation)
can influence perceived effectiveness.

 

Figure 4. Examples of Los Angeles systems designed to remove debris and contaminants from runoff:
(a) biofilter along Elmer Avenue Paseo, (b) biofilter in the Avalon Green Alley, and (c) Filterra™
bioretention system on Grand Boulevard.

There are many studies that estimate the value of improved water quality using a
variety of methods, with the two most common being a production function approach and
contingent valuation. A production function approach can value improved water quality
by comparing the cost of alternative methods for contaminant removal, such as a stormwa-
ter treatment plant. This is the approach generally used by Stanford’s Natural Capital
project [91] coupled with a measure of replacement cost. Several of their water-related
modules of the InVEST workbench (i.e., urban flood risk mitigation, urban stormwater
retention, water purification) can be useful starting points for examining the impacts of
different NTS and can often accept location-specific parameter values [92–95]. Contingent
valuation, including discrete choice experiments, asks a sample of respondents about their
willingness to pay (WTP) for a spectrum of water quality [96,97]. The specific variant of
a method is dependent on the fate of the stormwater and the final ecosystem service it
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provides, e.g., improved intake water quality for drinking water or improved water quality
in lakes, rivers, and streams that can host higher levels of biodiversity.

3. Non-Targeted Ecosystem Services

NTS can provide a range of non-targeted ecosystem services, linked to their utilization
of natural structures and functions, and other co-benefits [98,99]. Filter media and plant
communities, which increase infiltration and remove contaminants, host biodiversity that
contributes to ecological processes that can result in beneficial ecosystem services [6]. These
ecosystem services (or costs, in the case of disservices) are not generally considered during
the design and assessment of NTS. One unique feature of NTS is that they are human made
so can be designed to provide specific benefits, which are discussed here to further expand
design options that can enhance NTS value.

3.1. Biodiversity

Vegetated NTS act as man-made ecosystems that contain a diversity of plants, animals,
and microbes from which ecosystem services can be generated [5,100] (Figure 5). They
provide patches of habitat within an urban landscape and potentially act as corridors
through which organisms can move. This can be important for population connectiv-
ity and resilience in a changing environment due to removal of natural habitat, habitat
fragmentation, and climate change [101].

 

Figure 5. Examples of biodiversity that can support ecosystem services in Los Angeles natural
stormwater treatment systems: (a) plant diversity at the South Los Angeles Wetland Park, (b) Bick-
nell manzanita tree as a bee attractant, and (c) signage illustrating the biodiversity of the Ballona
Freshwater Marsh.

Whereas NTS biodiversity (here loosely defined to encompass plant, animal, and
microbial species richness, abundance, and distribution) can be measured using a range
of accepted methods (e.g., visual surveys, fauna collections, eDNA surveys), how this
biodiversity translates into ecosystem services is more complex and will need targeted
studies. There can be synergies between NTS design and landscape architecture, such
as planning larger project areas [102], adaptive and flexible systems [103], and the rede-
velopment of un- or underutilized land [104,105]. Plants act as ecosystem engineers in
bioretention systems, influencing both hydrological and ecological features and, therefore,
plant selection can affect many of the services discussed in this paper [105]. Vegetation
captures precipitation [41], undergoes evapotranspiration [44,45], maintains media porosity
with roots, and assimilates pollutants [43]. Plants determine photosynthesis and respiration
rates, organic matter in soil, and, ultimately, carbon sequestration and storage in NTS [106].
Additionally, plant communities influence microbial and infaunal communities, which sub-
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sequently impact function. Despite this, plant selection in NTS design typically emphases
stress tolerance and competitiveness rather than specific factors influencing ecosystem
services [107]. Microbial communities in NTS are most often assessed in the literature with
respect to the harmful taxa present (e.g., fecal-indicator bacteria; [108]) or as functional
groups (i.e., denitrification, greenhouse gas emissions). Fauna, except in wetland settings,
are usually not considered in NTS design, despite their role in facilitating targeted functions
and services. Mehring et al. (2016) identify common biofilter taxa, such as Megadrilacea
(earthworms), Enchytraeidae (potworms), and Collembola (springtails) [109]. Earthworms
are known to increase water infiltration via burrows [110], whereas springtails can impact
plant growth and nutrient cycling [6]. As a result, these soil invertebrates can be considered
ecosystem engineers that move and aerate soil, shaping the microbial, floral, and faunal
communities from which more ecosystem services can stem. Because urban NTS can
receive more water than native ecosystems, they can host elevated biodiversity of local soil
invertebrates relative to natural habitats [111]. Higher biodiversity can be beneficial if they
enhance service provision or detrimental if they involve invasive species that disrupt func-
tion. Wetland bird species contribute to local diversity and provide recreational services
in the form of birdwatching. NTS also have the potential to provide bird habitat patches
within an urban landscape [112].

Studies exist on the economic value of biodiversity in urban and engineered settings
(e.g., constructed wetlands, agriculture) [113]. These employ the standard suite of non-
market valuation techniques [114]: the production function approach, contingent valuation,
travel cost analysis, and/or the hedonic property pricing methods to estimate society’s
willingness to pay (WTP) for biodiversity and its conservation. The production function
approach tends to be used when the NTS alters an input to some process such as sewage
treatment so that it is possible to estimate the reduction in cost of that activity relative to
the status quo without the NTS. Contingent valuation is a stated preference approach that
is widely employed because it can largely emulate the other techniques by constructing
the relevant market in a survey context. Travel cost analysis is heavily used when NTS
influence the quantity or quality of outdoor recreation. This method is based on the notion
that it costs time and money to travel to the recreational site. Variation in those costs
acts like a market price influencing the amount of the recreational activity undertaken.
Hedonic pricing tends to be used when an ecosystem service is incorporated in housing
or land prices in a manner similar to school quality. The value of NTS biodiversity has
not been assessed, but studies in urban ecosystems may be a useful starting point. For
example, Dupras et al. (2014) estimated that urban forests in the Greater Montreal area in
Canada host biodiversity that creates a value of CAD (2013) 2623 per hectare annually [115].
Biodiversity associated with other human-made ecosystems, such as agricultural land [116],
may also be relevant.

3.2. Climate Regulation Related to Carbon

Carbon dioxide emissions are the largest contributor to anthropogenic climate change [117]
and, as a result, climate-regulating services related to carbon (i.e., carbon sequestration
and storage) have become increasingly important, especially in urban areas that contribute
disproportionately to global emissions [118]. NTS plants have the potential to contribute to
this effort by converting atmospheric carbon dioxide into biomass through photosynthesis.
How long this carbon is subsequently stored is dependent on several factors. Although
some carbon is quickly rereleased during respiration, some is stored as plant biomass and
soil detrital compounds. Turnover rates vary with type of biomass, soil moisture, soil
oxygenation, soil organic matter, and microbial communities [119,120]. Some bioretention
systems contain saturated or submerged zones designed to create anaerobic conditions for
denitrification [88,121] but may also help prevent microbial breakdown of organic matter.

Quantifying carbon sequestration and storage would necessitate measurements that
include net carbon fluxes, soil and plant carbon density, and biomass turnover rates. This
has been performed in urban green spaces and could also be performed in NTS. Nowak et al.

207



Water 2023, 15, 1460

(2013) estimated annual carbon sequestration in U.S. urban forests to be 25.6 million
tons [122], which at 36 USD (2015) per ton of carbon [123], has a value of over 900 million
USD (2015) annually. On smaller scales, green roofs have also been shown to sequester
carbon and decrease carbon emissions due to lowered electricity usage for cooling [124,125].
NTS likely operate on scales more similar to green roofs than urban forests. The Stanford
Natural Capital InVEST Workbench [91] has developed modules that allow for assessing
carbon sequestration that may also be useful in specific contexts [126–128]. The monetary
valuation of any carbon sequestered from the U.S. regulatory vantage point is driven by
the standardized social cost per ton of carbon promulgated by the U.S. Environmental
Protection Agency [129].

3.3. Micro-Climate Regulation

Micro-climate regulation is complex and highly dependent on geographic context. In
addition to physically storing carbon, increased green space can reduce air and surface
temperatures [19,130], reducing electricity use and emissions of greenhouse gases. The
urban heat island effect occurs due to increased air temperature in urban settings relative to
undeveloped areas as a result of replacing vegetation with pavement [131,132]. Pavements,
such as asphalt and cement, have lower surface albedo than natural vegetation and therefore
absorb more radiative energy. Non-vegetated surfaces also convert absorbed radiative
energy into convective heat, which contributes to the urban heat island effect at higher rates
than vegetation; these rates are dependent on the thermal properties of the material [133].
Evapotranspiration also contributes to plant regulation of micro-climates by increasing
the amount of water in the air, i.e., humidity. In tropical contexts, increased humidity can
counteract air cooling effects [134]. However, in arid southern California, the decrease in
air temperature can be more important than the increased humidity in preventing heat
impacts and mortality [135]. Additionally, vegetation can provide shade. Even small green
spaces (e.g., green roofs) can have a significant impact on microclimate [19]. Factors that
affect microclimate regulation include UV intensity, wind, and size of the green space.

The value of microclimate regulation by urban green space can, in many instances,
be calculated using avoided costs methods, which can be seen here as a variant of the
production function method. For example, if a green space makes an area cooler, people are
likely not to run their air conditioning for as long or as intensively, in the same way as would
be achieved by better insulation. The energy savings produced could be used to assign an
economic value to the microclimate regulating services provided by the green space.

3.4. Pollination

Animal-mediated pollination is an important ecological process that supports many
benefits. For example, bee pollination can increase agricultural crop quantity, food quality,
and market value [136]. However, bee populations have been declining due to changing
land use and management, pesticides, pollution, higher pathogen prevalence, and climate
change [137]. Additionally, development and urbanization cause habitat fragmentation,
which can lead to changes in species and functional diversity [138]. NTS can provide
patches of habitat and refuge for animals within urban areas. Pollinators, such as bees and
birds, can connect these habitat patches as they move among plants to feed and collect
pollen (Figure 6). Increased suitable habitat and connectivity may facilitate the recovery
of pollinator populations and create more resilient communities that can recover from
disturbances, e.g., disease or long periods of intense drought [139]. Habitat patches have
been shown to maintain distinct bee communities that, in aggregate, retain a significant
amount of local species diversity [140].

Pollination services are typically seen as an input to the agricultural process, with
improvements to pollination associated with increases in agricultural productivity [141].
They have also been evaluated in urban settings. For instance, Breeze et al. (2015) estimated
the WTP for non-market pollination services in the United Kingdom using a contingent
valuation survey deploying a discrete choice experiment [142]. Their estimates suggest
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taxpayers are willing to pay GBP 13.4 annually per person to maintain these benefits. Visual
indicators for potential pollination services include the presence of animal-pollinators (e.g.,
bees, birds) as well as flowering plants. Quantification of this service requires data on the
frequency of animal-to-flower visits as well as connectivity among NTS and other areas.

 

Figure 6. Flowering plants that could provide pollination services observed in bioretention systems
at: (a) Elmer Avenue, (b) Bicknell Avenue, (c) Grand Boulevard, and (d) Los Angeles Zoo.

3.5. Other Co-Benefits

The following co-benefits have been separated from other ecosystem services because
their provision does not directly employ ecological processes. However, biodiversity and
ecological processes associated with NTS can enhance these co-benefits.

3.5.1. Recreation

NTS can have built-in public spaces that human communities can utilize. Walking
trails, bike lanes, benches, and wildlife viewing sites can provide recreational services
(Figure 7). The recreational use of urban green spaces can depend on amenities such as dog
areas, playgrounds, barbeque areas, and landscaping [143]. Urban green spaces have been
linked to improvements in physical and mental health [21,144,145]. They have also been
linked to more active and healthy lifestyles overall [146]. In Los Angeles County, which
is the most populous county in California [147], these types of spaces can be important in
the midst of a densely populated, heavily urbanized area. The travel cost method is most
often used to calculate the value of recreational services [148] but may not be appropriate
for hyper-local neighborhood amenities if there is little to no cost associated with access.
Contingent valuation and hedonic pricing have also been employed [149]. Sociocultural
and socioeconomic characteristics may play a role: people of color and lower-income
communities utilize urban green spaces at lower rates than other groups [150,151]. In
Porto, Portugal, Graça et al. (2018) found that lower socioeconomic areas have the most
green space, but they are unlikely to be developed in ways that provide services to the
community [152]. This suggests the possibility that poorer communities can be served by
NTS that enhance existing green spaces in a way that make them more accessible.
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Figure 7. Visual indicators of recreation at Los Angeles natural stormwater treatment systems:
(a) walking trail on Elmer Avenue Paseo, and (b,c) signage and drinking fountains at South Los
Angeles Wetlands Park.

3.5.2. Education and Outreach

NTS present an opportunity for education and public outreach regarding stormwater
issues, pollution, watershed and urban ecology, urban planning and management, and
climate change. For example, Ocean View Growing Grounds (OVGG, San Diego, CA, USA)
is a community garden within a food desert (defined as an area that lacks access to fresh
produce and whole foods (often in low socioeconomic areas)) that utilizes bioswales to
prevent flooding. UC San Diego researchers have partnered with community leaders to
host outreach events about hydrology, soil, and urban ecology. Greater understanding and
awareness of NTS and the services they provide may lead to safer gardening practices and
more efficient water use. In Los Angeles, many of the sites have educational information
posted about the project, their goals, and their motivations (Figure 8). As part of the
Elmer Avenue Green Street project, local residents participated in the planning and design
processes, actively engaging in stormwater issues and how to address them.

 

Figure 8. Examples of education and outreach services provided by natural stormwater treatment
systems: (a) South Los Angeles Wetlands Park, (b) Ballona Freshwater Marsh, and (c) students
conducting fieldwork as part of the National Science Foundation Partnerships for International
Research and Education.

3.5.3. Aesthetic Value and Other Non-Use Values

Aesthetic value has been attributed to urban green spaces [153], which can increase
surrounding property value [154]. NTS may provide similar services to enhance visual,
auditory, and olfactory environmental features that have been linked to human well-
being [155,156]. Green roofs and walls can dampen road traffic noise by up to 7.5 dBA [157].
Urban green spaces provide habitat for “natural” sounds (e.g., birds), which are preferred
over traffic noises [158]. Exposure to green spaces has also been associated with better
cognitive development [159] and reduced physiological stress [158].

3.6. Disservices and Unanticipated Costs

NTS can potentially introduce undesired services, such as installation of unattractive
elements, accumulation of pollutants, and proliferation of disease vectors. The aesthetics
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of NTS may not be favorable to all people, especially when they are not regularly main-
tained. Regular maintenance can not only help plant survival but also prevent build-up of
debris and pollutants, which NTS are designed to intercept. Heavy metals can leach into
surrounding soil and groundwater [42,160]. It is also possible that NTS, despite having
vegetation, can be sites of net greenhouse gas emissions (carbon dioxide and methane)
rather than carbon sinks [161]. Ponding areas, which allow microbial communities to
remove contaminants, can also provide habitat for mosquitoes that pose health hazards in
the form of infectious diseases and allergies. For example, two Los Angeles NTS sites had
advisories about West Nile virus and its carriers (August 2016). Vegetation and soil media
can also provide habitat for urban pests, such as rodents and ticks [162].

Increases in urban green space have been linked to decreases in violent crime [163];
however, the potential of urban parks to help foster various types of crime is well known.
An account of assault was cited in the South Los Angeles Wetland Park (http://abc7.com
/news/arrest-made-in-connection-to-sex-assault-attempts-in-south-la-park/1297020/ (ac-
cessed on 31 January 2023)). These issues can generally be avoided at some cost, whether
it is more frequent monitoring, improved lighting, or increased maintenance. The main
warning here is that whereas these costs are not usually prohibitively expensive, they do
need to be considered during planning and budgeting processes.

4. Potential Quantitative Models to Assess Ecosystem Services Performance in Natural
Stormwater Treatment Systems

One approach to better internalize ecosystem services associated with NTS into de-
cision making is to (1) determine the quantity or rate at which the ecosystem service is
provided (i.e., biophysical value) and (2) determine the value (whether economic or not) of
that quantity or rate. Although non-targeted ecosystem services are acknowledged [12],
field studies that quantify these services are still lacking [164]. Here, we highlight three
potential models for ecosystem services performance assessment in NTS that can be used
as a starting point and improved upon as more data become available.

Benefit transfer approaches use regression models, often built on meta-analyses, to
provide an estimate of the dependent variable (i.e., the rate or value of an ecosystem service).
Examples of potential explanatory variables include study site size, geographic location,
scale of the study (e.g., local, regional, national, global), gross domestic product per capita,
valuation method, and sample size. These preliminary estimates can then be used further,
such as in cost–benefit analysis, because primary studies are not always feasible.

Stochastic frontier analysis (SFA) and data envelopment analysis (DEA) are produc-
tion function modelling techniques that create a “best practice frontier” as a benchmark
of efficiency [165,166]. This benchmark is generated using input and output data from
multiple sources (e.g., firms, projects, NTS), creating one scenario (normalized to be the
best practice frontier) against which the efficiency for other scenarios can be compared and
evaluated. Thus, these approaches provide a measure of how efficient a particular NTS is at
providing an ecosystem service relative to a benchmark and by extension to competing NTS
configurations. SFA includes a stochastic error term that may make it suitable for urban
systems that are subject to environmental variation, e.g., drought and precipitation events.
However, SFA requires an a priori assumption regarding the production function form, i.e.,
the mathematical relationship between inputs and outputs (e.g., Cobb–Douglas, Leontief),
which can have a substantive influence on results if it does not provide a reasonably good
approximation to the actual production function.

DEA is a nonparametric approach that does not require prior knowledge of the
production function form but has the weakness that it does not formally accommodate
idiosyncratic random shocks. DEA handles multiple outputs better than SFA, which may
make it more appropriate for NTS-associated ecosystem services. A recent comparison of
DEA and SFA for rice production is contained in [167].

The benefit transfer approaches, SFA, and DEA results can be used to evaluate how
well an NTS site is performing and may help point to how to improve its functioning.
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Table 1 provides a characterization of benefit transfer, DEA, and SFA from the perspective
of NTS ecosystem services.

Table 1. Advantages and disadvantages of benefit transfer approaches, stochastic frontier analysis,
and data envelopment analysis for assessing the value of ecosystem services in natural stormwater
treatment systems. Adapted from [168].

Benefit Transfer
Approaches

Stochastic Frontier
Analysis

Data Envelopment
Analysis

Assumptions Policy site is equitable
to study site

A priori production
function

Deterministic
approach

Error due to differences in
site characteristics

Incorporated as
stochastic variable

cannot be separated
from inefficiency

Table 1. Cont.

Benefit Transfer
Approaches

Stochastic Frontier
Analysis

Data Envelopment
Analysis

Multiple outputs Single ecosystem
service

Weighted basket of
ecosystem services

Allows for multiple
ecosystem services

Relationship to
independent

variables

Relationship built
into regression model

Relationship built
into regression model

Need additional
regression model

Interpretation of
results

Associated value and
drivers

Benchmark for
efficiency

Benchmark for
efficiency

We would like to have been able to directly compare results from an SFA and DEA
analysis for our Los Angeles sites. This cannot be easily performed due to the lack of
readily available data. There are no standard data collection or monitoring programs for
Los Angeles NTS. This makes it difficult to compare across time and across sites, and to
date the authors know of no monitoring of ecosystem services associated with NTS. More
intensive monitoring and a standardized set of protocols for reporting such data could help
identify transparent and effective management strategies [169], e.g., timing of maintenance,
and improve the above quantitative models for more accurate estimates of value and
efficiency. In situ, mesocosm studies are also needed to evaluate NTS performance under
actual environmental conditions [79]. Other questions that still need to be addressed
include how networks of NTS compare with single systems regarding both targeted and
non-targeted ecosystem services and how NTS operate over time.

Nonmonetary valuation approaches may be required for some ecosystem services,
such as cultural ones that are difficult or inappropriate to assign a monetary value. For
example, a deliberative mapping survey was used to assess the local perception of and
assign a social value to landscape services provided by the Mekong Delta in Vietnam [170].
Other non-monetary valuation approaches include interviews, oral histories, scaling (e.g.,
“very good” through “very bad”, numerical 1–10), and ranking options into an order [171].
Another alternative to monetary valuation is the use of benefit-relevant indicators that
link ecological responses to management decisions and human well-being [172]. These
indicators can support environmental decision making both on their own and as a step
towards valuation [172].

5. Conclusions

Because NTS, such as bioretention systems and treatment wetlands, rely on natural
structures and functions, they provide built ecosystems that can support a host of targeted
and non-targeted benefits. A lack of standardized monitoring data and programs makes
it difficult to assess whether these systems are generating the services they are built to
provide as well as any potential co-benefits. The proposed ecosystem service measurements
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and indicators presented above are a first step towards quantification, verification of their
utility, and identification of design improvements. Although there are few data on the
quantification of these NTS benefits specifically, examples from relevant systems can be
used to get an idea of how these processes may work and on what scale. There also exist
many valuation techniques that can be employed to assign a value to these ecosystem
services for incorporation into urban design and management given the widespread use
of cost–benefit analyses in decision making. Most NTS are implemented to meet water
quality regulations and, although expensive, some of these costs may be offset by the value
of non-targeted ecosystem services provided. However, long-term monitoring is necessary
to assess whether the benefits of non-targeted services actually accrue, and research is
needed to determine how to optimize their collective performance. Better understanding
the co-benefits provided could also garner support for the use of NTS from local governing
bodies and the public. In places such as southern California, where water issues are in
sharp focus in policy debates, effective management of stormwater runoff can reduce
flooding and enhance the water supply while improving microclimate, wildlife habitat,
biodiversity, pollination, recreation, education, or other valuable services. Consideration
of non-targeted ecosystem services by NTS can provide one tool to help urban planners,
community groups, and developers make better decisions.

Author Contributions: Conceptualization, L.A.L., R.F.A., R.T.C. and J.T.L.; field investigation, J.P.G.,
J.T.L. and L.A.L.; writing—original draft preparation, J.T.L. and J.P.G.; writing—review and editing,
J.T.L., L.A.L., R.T.C. and R.F.A.; funding acquisition, L.A.L., R.T.C. and R.F.A. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the University of Southern California Sea Grant [grant
numbers USC NOAA 61207781, USC NOAA 75199714] and the University of California Office of the
President [grant number UCOP MRP-17-455083].

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors would like to thank Dale Squires and Andrew Mehring for insightful
comments and suggestions, Jessica Aceret for illustrations, Brandon Winfrey for field site access,
and Katie Galloway and Laura Walsh for field assistance. We thank the editors and two anonymous
reviewers for their thoughts and insight and alerting us to new references.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Walsh, C.J.; Roy, A.H.; Feminella, J.W.; Cottingham, P.D.; Groffman, P.M.; Morgan, R.P., II. The Urban Stream Syndrome: Current
Knowledge and the Search for a Cure. J. N. Am. Benthol. Soc. 2005, 24, 706–723. [CrossRef]

2. McGrane, S.J. Impacts of Urbanisation on Hydrological and Water Quality Dynamics, and Urban Water Management: A Review.
Hydrol. Sci. J. 2016, 61, 2295–2311. [CrossRef]

3. Hossain, M.K.; Meng, Q. A Fine-Scale Spatial Analytics of the Assessment and Mapping of Buildings and Population at Different
Risk Levels of Urban Flood. Land Use Policy 2020, 99, 104829. [CrossRef]

4. Wendling, L.A.; Holt, E.E. Integrating Engineered and Nature-Based Solutions for Urban Stormwater Management. In Women in
Water Quality. Women in Engineering and Science; O’Bannon, D., Ed.; Springer: Berlin/Heidelberg, Germany, 2020.

5. Rippy, M.A.; Pierce, G.; Feldman, D.; Winfrey, B.; Mehring, A.S.; Holden, P.A.; Ambrose, R.; Levin, L.A. Perceived Services and
Disservices of Natural Treatment Systems for Urban Stormwater: Insight from the next Generation of Designers. People Nat. 2022,
4, 481–504. [CrossRef]

6. Mehring, A.S.; Levin, L.A. Potential Roles of Soil Fauna in Improving the Efficiency of Rain Gardens Used as Natural Stormwater
Treatment Systems. J. Appl. Ecol. 2015, 52, 1445–1454. [CrossRef]

7. Hamidi, A.; Ramayandi, B.; Sorial, G. Sponge City-An Emerging Concept in Sustainable Water Resource Management: A
Scientometric Analysis. Resour. Environ. Sustain. 2021, 1, 100028. [CrossRef]

8. Yin, D.; Xu, C.; Jia, H.; Yang, Y.; Sun, C.; Wang, Q.; Liu, S. From Pilot Exploration to Systemic Demonstration. Water 2022, 14, 1531.
[CrossRef]

9. Li, H.; Ding, L.; Ren, M.; Li, C.; Wang, H. Sponge City Construction in China: A Survey of the Challenges and Opportunities.
Water 2017, 9, 594. [CrossRef]

213



Water 2023, 15, 1460

10. Millennium Ecosystem Assessment. In Ecosystems and Human Well-Being: Synthesis; Island Press: Washington, DC, USA, 2005;
ISBN 1597260401.

11. Haines-Young, R.; Potschin, M. CICES V5. 1. Guidance on the Application of the Revised Structure; Fabis Consulting Ltd.: Nottingham,
UK, 2018.

12. U.S. Environmental Protection Agency. Benefits of Low Impact Development: How LID Can Protect Your Community’s Resources; U.S.
Environmental Protection Agency: Washington, DC, USA, 2012.

13. Liu, Z.; Yang, Y.; Hou, J.; Jia, H. Decision-Making Framework for GI Layout Considering Site Suitability and Weighted Multi-
Function Effectiveness: A Case Study in Beijing Sub-Center. Water 2022, 14, 1765. [CrossRef]

14. Jia, H.; Liu, Z.; Xu, C.; Chen, Z.; Zhang, X.; Xia, J.; Yu, S.L. Adaptive Pressure-Driven Multi-Criteria Spatial Decision-Making for a
Targeted Placement of Green and Grey Runoff Control Infrastructures. Water Res. 2022, 212, 118126. [CrossRef]

15. Chen, Y.; Wang, Y.; Liew, J.H.; Wang, P.L. Development of a Methodological Framework for Evaluating Biodiversity of Built
Urban Green Infrastructures by Practitioners. J. Clean. Prod. 2021, 303, 127009. [CrossRef]

16. Jia, H.; Yao, H.; Tang, Y.; Yu, S.L.; Zhen, J.X.; Lu, Y. Development of a Multi-Criteria Index Ranking System for Urban Runoff Best
Management Practices (BMPs) Selection. Environ. Monit. Assess. 2013, 185, 7915–7933. [CrossRef] [PubMed]

17. Kavehei, E.; Jenkins, G.A.; Lemckert, C.; Adame, M.F. Carbon Stocks and Sequestration of Stormwater Bioretention/Biofiltration
Basins. Ecol. Eng. 2019, 138, 227–236. [CrossRef]

18. Shafique, M.; Xue, X.; Luo, X. An Overview of Carbon Sequestration of Green Roofs in Urban Areas. Urban For. Urban Green.
2020, 47, 126515. [CrossRef]

19. Erlwein, S.; Zölch, T.; Pauleit, S. Regulating the Microclimate with Urban Green in Densifiying Cities: Joint Assessment on Two
Scales. Build. Environ. 2021, 205, 108233. [CrossRef]

20. Dickinson, D.C.; Hobbs, R.J. Cultural Ecosystem Services: Characteristics, Challenges and Lessons for Urban Green Space
Research. Ecosyst. Serv. 2017, 25, 179–194. [CrossRef]

21. Houlden, V.; Weich, S.; Jarvis, S.; Rees, K. The Relationship between Greenspace and the Mental Wellbeing of Adults: A Systematic
Review. PloS ONE 2018, 13, e0203000. [CrossRef]

22. BenDor, T.K.; Shandas, V.; Miles, B.; Belt, K.; Olander, L. Ecosystem Services and U.S. Stormwater Planning: An Approach for
Improving Urban Stormwater Decisions. Environ. Sci. Policy 2018, 88, 92–103. [CrossRef]

23. Elliot, R.; Motzny, A.; Majd, S.; Chavez, F.; Laimer, D.; Orlove, B.; Culligan, P. Identifying Linkages between Urban Green
Infrastructure and Ecosystem Services Using an Expert Opinion Methodology. Ambio 2020, 49, 569–583. [CrossRef]

24. Kessouri, F.; McWilliams, J.C.; Bianchi, D.; Sutula, M.; Renault, L.; Deutsch, C.; Feely, R.A.; McLaughlin, K.; Ho, M.; Howard,
E.M.; et al. Coastal Eutrophication Drives Acidification, Oxygen Loss, and Ecosystem Change in a Major Oceanic Upwelling
System. Proc. Natl. Acad. Sci. USA 2021, 118, 1–8. [CrossRef]

25. Huang, X.; Swain, D.L. Climate Change Is Increasing the Risk of a California Megaflood. Sci. Adv. 2022, 8, 1–14. [CrossRef]
[PubMed]

26. County of Los Angeles Department of Public Works. Low Impact Development Standards Manual. 2014. Available online: https:
//dpw.lacounty.gov/ldd/lddservices/docs/Low_Impact_Development_Standards_Manual.pdf (accessed on 31 January 2023).

27. Levin, L.; Le, J.; Gonzalez, J.; Ambrose, R. Biofilter Catalog and Database for the Los Angeles Region. 2017. Available
online: https://dornsife.usc.edu/assets/sites/291/docs/Publications/Levin_et_al._2017_Biofilter_Report.pdf (accessed on 31
January 2023).

28. Yang, F.; Fu, D.; Zevenbergen, C.; Rene, E.R. A Comprehensive Review on the Long-Term Performance of Stormwater Biofiltration
Systems (SBS): Operational Challenges and Future Directions. J. Environ. Manag. 2022, 302, 113956. [CrossRef]

29. Snyder, H. Literature Review as a Research Methodology: An Overview and Guidelines. J. Bus. Res. 2019, 104, 333–339. [CrossRef]
30. Dudley, S.; Mannix, B. Improving Regulatory Benefit-Cost Analysis. J. Law Polit. 2018, 34, 1.
31. Caro, C.; Marques, J.C.; Cunha, P.P.; Teixeira, Z. Ecosystem Services as a Resilience Descriptor in Habitat Risk Assessment Using

the InVEST Model. Ecol. Indic. 2020, 115, 106426. [CrossRef]
32. Tirpak, R.A.; Afrooz, A.N.; Winston, R.J.; Valenca, R.; Schiff, K.; Mohanty, S.K. Conventional and Amended Bioretention Soil

Media for Targeted Pollutant Treatment: A Critical Review to Guide the State of the Practice. Water Res. 2021, 189, 116648.
[CrossRef]

33. Rammal, M.; Berthier, E. Runoff Losses on Urban Surfaces during Frequent Rainfall Events: A Review of Observations and
Modeling Attempts. Water 2020, 12, 2777. [CrossRef]

34. Berretta, C.; Aiello, A.; Jensen, H.S.; Al, E. Influenc of Design and Media Amendments on the Performance of Stormwater
Biofilters. Proc. ICE-Water Manag. 2018, 171, 87–98.

35. Le Coustumer, S.; Fletcher, T.D.; Deletic, A.; Barraud, S.; Poelsma, P. The Influence of Design Parameters on Clogging of
Stormwater Biofilters: A Large-Scale Column Study. Water Res. 2012, 46, 6743–6752. [CrossRef]

36. Sileshi, R.; Pitt, R.E.; Clark, S.E. Statistical Analyses of Flow Rates of Stormwater Treatment Bioretention Media. Water Environ.
Res. 2019, 91, 877–887. [CrossRef]

37. Skorobogatov, A.; He, J.; Chu, A.; Valeo, C.; van Duin, B. The Impact of Media, Plants and Their Interactions on Bioretention
Performance: A Review. Sci. Total Environ. 2020, 715, 136918. [CrossRef] [PubMed]

214



Water 2023, 15, 1460

38. Askarizadeh, A.; Rippy, M.A.; Fletcher, T.D.; Feldman, D.L.; Peng, J.; Bowler, P.; Mehring, A.S.; Winfrey, B.K.; Vrugt, J.A.;
Aghakouchak, A.; et al. From Rain Tanks to Catchments: Use of Low-Impact Development To Address Hydrologic Symptoms of
the Urban Stream Syndrome. Environ. Sci. Technol. 2015, 49, 11264–11280. [CrossRef] [PubMed]

39. Minnesota Pollution Control Agency. MPCA Bioretention Terminology. Minnesota Stormwater Man. 2015, 1–9. Available online:
https://stormwater.pca.state.mn.us/index.php?title=Main_Page (accessed on 31 January 2023).

40. Bouwer, H. Artificial Recharge of Groundwater: Hydrogeology and Engineering. Hydrogeol. J. 2002, 10, 121–142. [CrossRef]
41. Berland, A.; Shiflett, S.A.; Shuster, W.D.; Garmestani, A.S.; Goddard, H.C.; Herrmann, D.L.; Hopton, M.E. The Role of Trees in

Urban Stormwater Management. Landsc. Urban Plan. 2017, 162, 167–177. [CrossRef]
42. Hatt, B.E.; Fletcher, T.D.; Deletic, A. Hydrologic and Pollutant Removal Performance of Stormwater Biofiltration Systems at the

Field Scale. J. Hydrol. 2009, 365, 310–321. [CrossRef]
43. Payne, E.G.I.; Pham, T.; Deletic, A.; Hatt, B.E.; Cook, P.L.M.; Fletcher, T.D. Which Species? A Decision-Support Tool to Guide

Plant Selection in Stormwater Bio Fi Lters. Adv. Water Resour. 2018, 113, 86–99. [CrossRef]
44. Sharkey, L.J. The Performance of Bioretention Areas in North Caroline: A Study of Water Quality, Water Quantity, and Soil Media; North

Caroline State University: Raleigh, NC, USA, 2006.
45. Thom, J.K.; Szota, C.; Coutts, A.M.; Fletcher, T.D.; Livesley, S.J. Transpiration by Established Trees Could Increase the Efficiency of

Stormwater Control Measures. Water Res. 2020, 173, 115597. [CrossRef]
46. Minnig, M.; Moeck, C.; Radny, D.; Schirmer, M. Impact of Urbanization on Groundwater Recharge Rates in Dübendorf,

Switzerland. J. Hydrol. 2018, 563, 1135–1146. [CrossRef]
47. Sheng, J.; Wilson, J.P. Watershed Urbanization and Changing Flood Behavior across the Los Angeles Metropolitan Region. Nat.

Hazards 2009, 48, 41–57. [CrossRef]
48. Seager, R.; Ting, M.; Li, C.; Naik, N.; Cook, B.; Nakamura, J.; Liu, H. Projections of Declining Surface-Water Availability for the

Southwestern United States. Nat. Clim. Chang. 2013, 3, 482–486. [CrossRef]
49. Park, K.; Lee, M.H. The Development and Application of the Urban Flood Risk Assessment Model for Reflecting upon Urban

Planning Elements. Water 2019, 11, 920. [CrossRef]
50. Winston, R.J.; Dorsey, J.D.; Hunt, W.F. Quantifying Volume Reduction and Peak Flow Mitigation for Three Bioretention Cells in

Clay Soils in Northeast Ohio. Sci. Total Environ. 2016, 553, 83–95. [CrossRef] [PubMed]
51. Smolek, A.P.; Anderson, A.R.; Hunt, W.F. Hydrologic and Water-Quality Evaluation of a Rapid-Flow Biofiltration Device. J.

Environ. Eng. 2018, 144, 1–13. [CrossRef]
52. Bonneau, J.; Fletcher, T.D.; Costelloe, J.F.; Poelsma, P.J.; James, R.B.; Burns, M.J. The Hydrologic, Water Quality and Flow Regime

Performance of a Bioretention Basin in Melbourne, Australia. Urban Water J. 2020, 17, 303–314. [CrossRef]
53. Ambrose, R.F.; Winfrey, B.K. Comparison of Stormwater Biofiltration Systems in Southeast Australia and Southern California.

WIREs Water 2015, 2, 131–146. [CrossRef]
54. Belden, E.; Antos, M.; Kristy, M.; Steele, N.L.C. Sustainable Infrastructure: The Elmer Avenue Neighborhood Retrofit. 2012. Avail-

able online: https://urbancoast.org/wp-content/uploads/2014/10/V3_13_EdwardBelden.pdf (accessed on 31 January 2023).
55. Quinn, N.; Bates, P.D.; Neal, J.; Smith, A.; Wing, O.; Sampson, C.; Smith, J.; Heffernan, J. The Spatial Dependence of Flood Hazard

and Risk in the United States. Water Resour. Res. 2019, 55, 1890–1911. [CrossRef]
56. Nofal, O.M.; van de Lindt, J.W. Understanding Flood Risk in the Context of Community Resilience Modeling for the Built

Environment: Research Needs and Trends. Sustain. Resilient Infrastruct. 2022, 7, 171–187. [CrossRef]
57. Qin, Y. Urban Flooding Mitigation Techniques: A Systematic Review and Future Studies. Water 2020, 12, 3579. [CrossRef]
58. Aerts, J.C.J.H.; Barnard, P.L.; Botzen, W.; Grifman, P.; Hart, J.F.; De Moel, H.; Mann, A.N.; de Ruig, L.T.; Sadrpour, N. Pathways to

Resilience: Adapting to Sea Level Rise in Los Angeles. Ann. N. Y. Acad. Sci. 2018, 1427, 1–90. [CrossRef]
59. Barbier, E.B. The Value of Coastal Wetland Ecosystem Services; Elsevier: Amsterdam, The Netherlands, 2018; ISBN 9780444638939.
60. Brander, L.M.; Van Beukering, P.; Cesar, H.S.J. The Recreational Value of Coral Reefs: A Meta-Analysis. Ecol. Econ. 2007, 63,

209–218. [CrossRef]
61. Watson, K.B.; Ricketts, T.; Galford, G.; Polasky, S.; O’Niel-Dunne, J. Quantifying Flood Mitigation Services: The Economic Value

of Otter Creek Wetlands and Floodplains to Middlebury, VT. Ecol. Econ. 2016, 130, 16–24. [CrossRef]
62. Maupin, M.A.; Kenny, J.F.; Hutson, S.S.; Lovelace, J.K.; Barber, N.L.; Linsey, K.S. Estimated Use of Water in the United States in

2010. 2014; U.S. Geological Survey Circular 1405. Available online: https://pubs.usgs.gov/circ/1405/pdf/circ1405.pdf (accessed
on 31 January 2023).

63. Lindt, R.; Callahan, C.; DeShazo, J.R.; Bieber, E. Lessons Learned from Previous Projects for Green Alley Development in Los
Angeles & Beyond. LA, USA. 2014. Available online: https://www.tpl.org/wp-content/uploads/2015/05/ca-green-alley-aval
on-green-alleys-demo-project.pdf (accessed on 31 January 2023).

64. Kazmierczak, J.; Muller, S.; Nilsson, B.; Postma, D.; Czejak, J.; Sebok, E.; Jessen, S.; Karan, S.; Stenvig Jensen, C.; Edelvang, K.; et al.
Groundwater Flow and Heterogeneous Discharge into a Seepage Lake: Combined Use of Physical Methods and Hydrochemical
Tracers. Water Resour. Res. 2016, 52, 9109–9130. [CrossRef]

65. Reitz, M.; Sanford, W.E.; Senay, G.B.; Cazenas, J. Annual Estimates of Recharge, Quick-Flow Runoff, and Evapotranspiration for
the Contiguous U.S. Using Empirical Regression Equations. J. Am. Water Resour. Assoc. 2017, 53, 961–983. [CrossRef]

215



Water 2023, 15, 1460

66. Masoner, J.R.; Kolpin, D.W.; Cozzarelli, I.M.; Barber, L.B.; Burden, D.S.; Foreman, W.T.; Forshay, K.J.; Furlong, E.T.; Groves, J.F.;
Hladik, M.L.; et al. Urban Stormwater: An Overlooked Pathway of Extensive Mixed Contaminants to Surface and Groundwaters
in the United States. Environ. Sci. Technol. 2019, 53, 10070–10081. [CrossRef] [PubMed]

67. Deletic, A. The First Flush Load of Urban Surface Runoff. Water Res. 1998, 32, 2462–2470. [CrossRef]
68. Maniquiz-Redillas, M.; Robles, M.E.; Cruz, G.; Reyes, N.J.; Kim, L.H. First Flush Stormwater Runoff in Urban Catchments: A

Bibliometric and Comprehensive Review. Hydrology 2022, 9, 63. [CrossRef]
69. Fanelli, R.M.; Prestegaard, K.L.; Palmer, M.A. Urban Legacies: Aquatic Stressors and Low Aquatic Biodiversity Persist despite

Implementation of Regenerative Stormwater Conveyance Systems. Freshw. Sci. 2019, 38, 818–833. [CrossRef]
70. Guo, J.C.Y.; Luu, T.M. Operation of Cap Orifice in a Rain Garden. J. Hydrol. Eng. 2015, 20, 1–6. [CrossRef]
71. Hunt, W.F.; Greenway, M.; Moore, T.C.; Brown, R.A.; Kennedy, S.G.; Line, D.E.; Lord, W.G. Constructed Storm-Water Wetland

Installation and Maintenance: Are We Getting It Right? J. Irrig. Drain. Eng. 2011, 137, 469–474. [CrossRef]
72. Müller, A.; Österlund, H.; Marsalek, J.; Viklander, M. The Pollution Conveyed by Urban Runoff: A Review of Sources. Sci. Total

Environ. 2020, 709, 136125. [CrossRef] [PubMed]
73. Kumar, M.; Gogoi, A.; Kumari, D.; Borah, R. Review of Perspective, Problems, Challenges, and Future Scenario of Metal

Contamination in the Urban Environment. J. Hazard. Toxic Radioact. Waste 2017, 21, 290–307. [CrossRef]
74. Hallett, C.S.; Valesini, F.J.; Clarke, K.R.; Hoeksema, S.D. Effects of a Harmful Algal Bloom on the Community Ecology, Movements

and Spatial Distributions of Fishes in a Microtidal Estuary. Hydrobiologia 2016, 763, 267–284. [CrossRef]
75. Lim, H.S.; Lim, W.; Hu, J.Y.; Ziegler, A.; Ong, S.L. Comparison of Filter Media Materials for Heavy Metal Removal from Urban

Stormwater Runoff Using Biofiltration Systems. J. Environ. Manag. 2015, 147, 24–33. [CrossRef] [PubMed]
76. Searcy, R.T.; Boehm, A.B. A Day at the Beach: Enabling Coastal Water Quality Prediction with High-Frequency Sampling and

Data-Driven Models. Environ. Sci. Technol. 2021, 55, 1908–1918. [CrossRef]
77. Pendleton, L.; Kildow, J. The Non-Market Value of California’s Beaches. Shore Beach 2006, 74, 34–37.
78. Rathi, B.S.; Kumar, P.S. Application of Adsorption Process for Effective Removal of Emerging Contaminants from Water and

Wastewater. Environ. Pollut. 2021, 280, 116995. [CrossRef]
79. Payne, E.G.I.; Fletcher, T.D.; Russell, D.G.; Grace, M.R.; Cavagnaro, T.R.; Evrard, V.; Deletic, A.; Hatt, B.E.; Cook, P.L.M. Temporary

Storage or Permanent Removal? The Division of Nitrogen between Biotic Assimilation and Denitrification in Stormwater
Biofiltration Systems. PLoS ONE 2014, 9, e90890. [CrossRef]

80. Badin, A.; Monier, A.; Volatier, L.; Geremia, R.; Delolme, C.; Bedell, J. Structural Stability, Microbial Biomass and Community
Composition of Sediments Affected by the Hydric Dynamics of an Urban Stormwater Infiltration Basin. Environ. Microbiol. 2011,
61, 885–897. [CrossRef]

81. Bogati, K.; Walczak, M. The Impact of Drought Stress on Soil Microbial Community, Enzyme Activities and Plants. Agronomy
2022, 12, 189. [CrossRef]

82. Ma, Y.; Rajkumar, M.; Zhang, C.; Freitas, H. Inoculation of Brassica Oxyrrhina with Plant Growth Promoting Bacteria for the
Improvement of Heavy Metal Phytoremediation under Drought Conditions. J. Hazard. Mater. 2016, 320, 36–44. [CrossRef]
[PubMed]

83. Al-Ameri, M.; Hatt, B.; Le Coustumer, S.; Fletcher, T.; Payne, E.; Deletic, A. Accumulation of Heavy Metals in Stormwater
Bioretention Media: A Field Study of Temporal and Spatial Variation. J. Hydrol. 2018, 567, 721–731. [CrossRef]

84. Irvine, K.N.; Chua, L.H.C.; Hua’an, Z.; Qi, L.E.; Xuan, L.Y. Nature-Based Solutions to Manage Particle-Bound Metals in Urban
Stormwater Runoff: Current Design Practices and Knowledge Gaps. J. Soils Sediments 2022, 1–18. [CrossRef]

85. Al-Rubaei, A.M.; Engström, M.; Viklander, M.; Blecken, G.T. Long-Term Hydraulic and Treatment Performance of a 19-Year Old
Constructed Stormwater Wetland—Finally Maturated or in Need of Maintenance? Ecol. Eng. 2016, 95, 73–82. [CrossRef]

86. Waara, S.; Johansson, F. Ecological Risk Assessment of Trace Elements Accumulated in Stormwater Ponds within Industrial Areas.
Environ. Sci. Pollut. Res. 2022, 29, 27026–27041. [CrossRef]

87. Søberg, L.C.; Vollertsen, J.; Blecken, G.T.; Nielsen, A.H.; Viklander, M. Bioaccumulation of Heavy Metals in Two Wet Retention
Ponds. Urban Water J. 2016, 13, 697–709. [CrossRef]

88. Zinger, Y.; Blecken, G.T.; Fletcher, T.D.; Viklander, M.; Deletić, A. Optimising Nitrogen Removal in Existing Stormwater Biofilters:
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