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Abstract: Low-impact development (LID) structures are widely used to mitigate urbanization impacts
on hydrology. The performances of such structures are strongly affected by field conditions, such
as the ratio of LID area to drainage area and rainfall properties, such as rainfall intensity. In this
study, onsite continuous monitoring was performed at a permeable pavement site and a raingarden
site in Taipei, Taiwan, to determine their water retention and groundwater recharge potential under
subtropical weather. In addition, the verified Storm Water Management Model (SWMM) was used
to illustrate the annual performance on the hydrological cycle. Based on one year of monitoring,
data on 41 and 24 rainfall events were obtained at the permeable pavement and raingarden sites,
respectively. The ratio of the permeable pavement area to the total drainage area was 36.0%, and
this ratio was 15.9% for the raingarden. The results showed that the average runoff reduction rate
was 14.7% at the permeable pavement site, and 98.3% of the rainfall was retained in the raingarden
and an underground storage tank. The validated model showed that the permeable pavement site
experienced 45.3% outflow, 31.6% evaporation, and 23.1% infiltration annually. For the raingarden
with an underground storage tank, 91.4% of the annual rainfall infiltrated and was stored, with only
4.1% outflow. According to the observed rainfall event performance and the simulated annual perfor-
mance, the permeable pavement and raingarden performed well in subtropical regions. Pavement
that was approximately 1/3 permeable in a drainage area increased infiltration by approximately
20%, and a raingarden with a sufficient underground storage tank preserved over 90% of the rainfall.

Keywords: hydrological cycle; low impact development (LID); urban storm; permeable pavement;
raingarden

1. Introduction

With increasing amounts of impermeable pavement, such as buildings and roads,
the hydrological cycles in urban areas are changing. In these urban areas, hydrological
cycles have more runoff, large and quick peak flow, less infiltration and base flow, and little
groundwater recharge [1,2], resulting in ponding and flooding being more frequent in low-
lying areas. Moreover, urbanization is a dynamic process, and the associated hydrology is
changing. When the drainage infrastructure has already been built, the incremental runoff
might be greater than the original design capacity and might result in temporal ponding
or long-lasting flooding. Therefore, many urban storm management measures have been
implemented to mitigate damage from urban floods. In the US, low-impact development
(LID) has been used [3]. In the UK, sustainable drainage systems (SuDS) are used in all
types of development to provide a natural approach for managing drainage and preventing
flooding in urban areas [4]. In Australia, water-sensitive urban design (WSUD) is used
to ensure that cities are more resistant to water (water-sensitive cities) [5]. In Japan, to
protect against urban inundation, a new act and the Comprehensive Urban River Basin
Management were developed [6]. China’s specific urban water management strategy is
known as a sponge city [7]. In Taiwan, the terms LID and sponge city are commonly
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used. Although urban water management has different names in different countries, the
core concept is to reduce impermeable pavement and to enhance onsite infiltration and
storage capacity.

LID aims to reduce runoff, attenuate peak flow, and remove pollutants [2]. LID facili-
ties are not large structures; rather, they are generally small, local, and diverse. Permeable
pavements, raingardens, green roofs, bioretention facilities, grass swales and belts, and
infiltration trenches are considered as LID facilities. They can be designed and constructed
on buildings, roads, campuses, and parking lots. LID provides multiple environmental
benefits and is adopted in many cities to mitigate urban flood risks [1,4]. The successful
implementation of LID facilities has been shown. For example, many studies have been
conducted on permeable pavements; for example, Tirpak et al. [8] observed a permeable
pavement site in Ohio, US that reduced runoff by 43% and peak flow by 75% compared
with impermeable pavement. Alyaseri et al. [9] compared different types of permeable
pavement in St. Louis, US and its optimal performance was a reduction in runoff of 46%.
Liu et al. [10] monitored pilot sites with three types of permeable pavements at Tongji
University in China, and these sites reduced runoff by at least 40.2%. Shafique et al. [11]
monitored permeable pavement in Seoul, South Korea, and runoff was reduced by 30–65%,
while in Taiwan, Cheng et al. [12] studied permeable pavement in front of a senior high
school in Taipei city with a runoff reduction between 35% and 41%. Unlike permeable pave-
ment, rain gardens not only mitigate the impacts of urbanization on hydrological systems
but also reduce pollution and have high aesthetic value [13,14]. However, the performance
of a raingarden is not easy to evaluate. Asleson et al. [13] suggested evaluation methods for
a raingarden, including visual inspection, infiltration rate testing, and synthetic drawdown
testing. Jennings et al. [15] provided an analytical algorithm that combined precipitation,
the properties of a raingarden, infiltration, evaporation, and evapotranspiration to assess
the performance of raingardens. Bethke et al. [16] indicated that planting media thickness
and soil porosity in a raingarden are significant parameters. Based on 15 years of raingarden
observations at Villanova University in the United States, Amur et al. [17] concluded that
16% of all rainfall events resulted in overflow.

In addition to the substantial total runoff reductions, the previous cases show that
the reduction rate may decrease with intensive rainfall. Over a short duration and with a
high intensity rainfall event, the performance of permeable pavement is poor; however,
its performance increases over the long duration and with low rainfall intensities. The
cited studies noted that increasing precipitation intensity would increase the probability
of raingarden failure [13–15]. The performance of the LID facility is based on the high
infiltration rate; thus, once the rainfall intensity is larger than the infiltration rate the
performance will be lower. Nichols et al. [18] assessed a raingarden at the Philadelphia
Zoo in the United States to determine seasonal effects in colder regions, and the results
confirmed that the raingarden overperformed. Few practical cases in subtropical regions
where rainfall intensity is relatively high have been studied. Additionally, in previous
studies the impacts on groundwater have rarely been discussed. Surface runoff is usually
monitored to speculate about infiltration, but no real data on groundwater performance are
available. Thus, this study observed two LID cases in Taipei, Taiwan, a subtropical city, to
determine their performance in runoff reduction and groundwater recharge potential.

Previous studies showed the effectiveness of these facilities in reducing runoff com-
pared with taking no action, proving that the LID practices worked. Now, maximizing their
performance is important. The objective of this study was to evaluate the performance of a
permeable pavement and a raingarden in a subtropical region based on field observations.
Because the onsite observations can only show the performance of each rainfall event,
they cannot demonstrate the whole hydrologic cycle. A model tool was then applied to
determine the annual hydrologic cycle contributed by the LIDs and without the LIDs.
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2. Materials and Methods
2.1. Flowchart of This Study

This study aimed to demonstrate and analyze the performance of permeable pave-
ments and raingardens in subtropical regions to determine whether such facilities perform
as well as those in other weather regions. Groundwater in addition to outflows was
monitored. Outflows can show the water retention potential, and groundwater level can
reflect the infiltration recharge potential. Onsite monitoring was used to assess the per-
formance during rainfall events. However, the monitoring was not able to illustrate the
whole hydrological cycle. Therefore, the model tool was applied. The model can display
the annual performance with rainfall, infiltration, and evaporation, and can simulate the
performance before these facilities were installed. With the observed event performance
and the simulated annual performance, the effectiveness of LID structures in subtropical
regions, such as Taipei, Taiwan, can be revealed. The flowchart of this study is shown
as Figure 1.
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Based on a literature review and experiences in Taiwan, permeable pavements and
raingardens are two popular LID facilities and were selected in this study. The onsite
monitoring sensors are continuous sensors, and the data were received every 5 min. Rainfall,
outflows, and groundwater levels were monitored. The parameters of the sites were used to
build the model, and the monitoring data were used to validate the model. After acceptable
model calibration and verification, the model was used to assess the annual performance,
and to display the hydrological cycle without the LIDs.

2.2. Two Field Cases

Two LID facilities located in Taipei City, Taiwan, were assessed in this study. One
is a permeable pavement set in a sidewalk, and the other is a raingarden placed at an
elementary school. The two sites were built at different times. The permeable pavement
site was built when the sidewalk was being retread. We separated a corner of the road as
a drainage area and set a flow meter in the gutter to measure the runoff. The permeable
pavement site is shown in Figure 2. The total drainage area is 615.5 m2, whereas the
permeable pavement area is 221.6 m2; the other surface is asphalt pavement. The ratio of
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permeable pavement area to drainage area is 36%, and the loading ratio, which is the ratio
of the drainage area to the permeable area, is 2.78:1.
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The raingarden site is shown in Figure 3. The total drainage area of this site is
493.2 m2, including the surface of the nearby basketball court and the roofs of the buildings.
At the raingarden site, the total raingarden area is 78.4 m2, including 31.4 m2 of gardens
and 47 m2 of retrofitted permeable pavements. The ratio of the raingarden area to the
drainage area is 15.9%, and the loading ratio is 6.29:1. In addition, an underground storage
tank was installed in the garden. The storage tank collects and stores the infiltrated water,
which can then be pumped out as irrigation water. The volume of the underground
tank is 15 m3.

Land 2022, 11, x FOR PEER REVIEW 4 of 17 
 

drainage area and set a flow meter in the gutter to measure the runoff. The permeable 
pavement site is shown in Figure 2. The total drainage area is 615.5 m2, whereas the per-
meable pavement area is 221.6 m2; the other surface is asphalt pavement. The ratio of per-
meable pavement area to drainage area is 36%, and the loading ratio, which is the ratio of 
the drainage area to the permeable area, is 2.78:1. 

The raingarden site is shown in Figure 3. The total drainage area of this site is 493.2 
m2, including the surface of the nearby basketball court and the roofs of the buildings. At 
the raingarden site, the total raingarden area is 78.4 m2, including 31.4 m2 of gardens and 
47 m2 of retrofitted permeable pavements. The ratio of the raingarden area to the drainage 
area is 15.9%, and the loading ratio is 6.29:1. In addition, an underground storage tank 
was installed in the garden. The storage tank collects and stores the infiltrated water, 
which can then be pumped out as irrigation water. The volume of the underground tank 
is 15 m3. 

At the two sites, the outflow was measured by a water level meter and V-notch weir, 
but no particular inflow point was monitored because the surface runoff was overland 
flow into the gutters. Therefore, the inflow was calculated by the measured onsite rainfall, 
drainage area, and an assumed runoff coefficient. A groundwater observation well was 
installed at the site to monitor the groundwater recharge. 

  
(A) (B) 

Figure 2. The studied permeable pavement site. (A) Site photo and (B) sketch of the site area. 

 
(A) 

Figure 3. Cont.



Land 2022, 11, 951 5 of 16Land 2022, 11, x FOR PEER REVIEW 5 of 17 
 

 
(B) 

Figure 3. The studied raingarden site. (A) Site photo and (B) sketch of the site area. 

The monitoring periods for the two sites were different. The permeable pavement 
site was built in 2021, and the one-year monitoring period was from March 2021 to March 
2022. The raingarden site was built in 2019, and the one-year period was from January 
2020 to December 2020. In Taipei, given the subtropical climate, the early summer rainy 
season is from May to June, and July to October is the typhoon season. Most rainfall is 
concentrated in summer, but rainfall occurs from December to January due to the north-
east monsoon season. Therefore, rainfall is abundant in Taipei. The total rainfall was 1308 
mm in 2020 and 2095 mm in 2021. In this subtropical area, the temperature is over 30 °C 
in summer, and in urban areas, the heat island effect in Taipei makes the temperature 
increase to nearly 40 °C. From June to September, the high temperature increases the 
amount of evaporation, and over the four months evaporation accounts for over 50% of 
the annual amount of evaporation. The total amount of evaporation was 720 mm in 2020 
and 650 mm in 2021. The rainfall and evaporation data for Taipei are shown in Figure 4. 

 
Figure 4. Precipitation and evaporation data from 2020 to 2022 in Taipei. 

2.3. Modeling Tool 
In addition to onsite monitoring of rainfall impacts on hydrological cycle perfor-

mance, the annual rainfall impacts on the performance of these cycles were evaluated by 
modeling tools. Unlike the hydrological impacts when outflow is caused by a random 

0

50

100

150

200

250

3000
2
4
6
8

10
12
14
16
18
20

pr
ec

ip
ita

tu
on

(m
m

/d
ay

)

ev
ap

or
at

io
n(

m
m

/d
ay

)

Date

evaporation precipitation

Figure 3. The studied raingarden site. (A) Site photo and (B) sketch of the site area.

At the two sites, the outflow was measured by a water level meter and V-notch weir,
but no particular inflow point was monitored because the surface runoff was overland
flow into the gutters. Therefore, the inflow was calculated by the measured onsite rainfall,
drainage area, and an assumed runoff coefficient. A groundwater observation well was
installed at the site to monitor the groundwater recharge.

The monitoring periods for the two sites were different. The permeable pavement
site was built in 2021, and the one-year monitoring period was from March 2021 to March
2022. The raingarden site was built in 2019, and the one-year period was from January
2020 to December 2020. In Taipei, given the subtropical climate, the early summer rainy
season is from May to June, and July to October is the typhoon season. Most rainfall is
concentrated in summer, but rainfall occurs from December to January due to the northeast
monsoon season. Therefore, rainfall is abundant in Taipei. The total rainfall was 1308 mm
in 2020 and 2095 mm in 2021. In this subtropical area, the temperature is over 30 ◦C in
summer, and in urban areas, the heat island effect in Taipei makes the temperature increase
to nearly 40 ◦C. From June to September, the high temperature increases the amount of
evaporation, and over the four months evaporation accounts for over 50% of the annual
amount of evaporation. The total amount of evaporation was 720 mm in 2020 and 650 mm
in 2021. The rainfall and evaporation data for Taipei are shown in Figure 4.
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2.3. Modeling Tool

In addition to onsite monitoring of rainfall impacts on hydrological cycle performance,
the annual rainfall impacts on the performance of these cycles were evaluated by modeling
tools. Unlike the hydrological impacts when outflow is caused by a random rainfall
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event, the model helps present the annual hydrological cycle with precipitation, outflow,
infiltration, and evaporation. The Storm Water Management Model (SWMM) is a widely
used modeling tool for evaluating urban drainage systems and is capable of assessing the
performance of LID facilities. Several applications of this model have been used in LID
assessments [16,19–26]. The SWMM was developed by the US Environmental Protection
Agency (USEPA) and has been widely adopted worldwide. The model has also been
applied in Taipei city [27]. Therefore, the SWMM was applied to the two study sites to
determine their annual hydrological performance. The details of the model can be obtained
from its official website and manual [28].

Before SWMM application, model calibration and verification were implemented. The
coefficient of determination (R2) and Nash Sutcliffe Efficiency index (NSE) were used to
verify the simulation results. When close to 1, both indicators indicate that the simulations
are close to the observations and are regarded as high acceptable levels. According to
Moriasi et al. [29], 0.75 < NSE < 1.00 is a very good performance rating, and an R2 greater
than 0.5 is considered acceptable.

3. Results and Discussion
3.1. Observed Performance of Permeable Pavement

The permeable pavement site is not 100% permeable, where 36% of the pavement is
permeable and the remainder is impermeable pavement. Information on 41 rainfall events
was collected from March 2021 to March 2020, as shown in Table 1. The rainfall and outflow
were observed. However, no measured inflow data were available because the sites are
open and wild space and because rainwater enters the sites by gravity and overflow; thus,
no inflow channel could be measured. The inflow was calculated as rainfall multiplied
by the total surface area, which assumed that during short-term rainfall events, rainfall
losses such as depression and evaporation were not accounted for. Therefore, from the
input rainfall amount and the output flow, the reduction rate can be obtained. During the
41 rainfall events, the reduction rate ranged from 5.0% to 30.8%, and the average was 14.7%.
Notably, this performance was based on a 36% contribution from the permeable pavement
in the drainage area. If the drainage area was replaced with 100% permeable pavement, the
reduction rate could increase threefold to 45%.

All 41 events were outflow events. The total rainfall amount of the 41 events was
1821.2 mm, which means that 273.8 mm of the rainfall did not generate any outflow in the
monitoring period. Thirty of the 41 events resulted in reduction rates between 11% and
20%, four events resulted in a reduction rate of less than 10%, and seven events resulted
in reduction rates greater than 21%. During the four events with reduction rates less than
10%, the total rainfall amount was high except the event on 31 May, when the reduction
was 9.7%. In contrast, when the total rainfall was less than 30 mm, a high reduction rate
occurred. The data show that the general rainfall amount was between 20 and 100 mm and
that approximately 1/3 of the permeable pavement area contributed to runoff reductions
of 11–20%.

The permeable pavement helped increase infiltration and decrease surface runoff.
From the observed outflow data, a reduction in surface runoff occurred. It was expected
that the water that was not runoff would infiltrate and recharge the groundwater. We
set a groundwater observation well on the site to observe the change in the groundwater
table. The results showed that the groundwater table was highly correlated with the
rainfall events. Figure 5a shows the monitored groundwater table. During rain events, the
groundwater table rose immediately, and when the rain stopped, the groundwater dropped
too. The data provide evidence that permeable pavement is beneficial for groundwater
recharge. Without the infiltration provided by the permeable pavement, the groundwater
table might not have experienced the sharp changes.
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Table 1. Observed rainfall events at the permeable pavement site.

Date (yy/mm/dd) Rainfall (mm) Rainfall (m3) Outflow (m3) Reduction Rate (%)

2021/3/24 22.0 13.5 10.5 22.8
2021/4/28–29 51.4 31.6 26 17.7

2021/5/5 7.4 4.6 3.2 30.8
2021/5/24 13.2 8.1 6.8 16.5

2021/05/30–31 43.8 27.0 24.0 11.0
2021/5/31 46.2 28.4 25.7 9.7
2021/6/1 30 18.5 16.4 11.0

2021/6/4–6 181 111.4 105.9 5.0
2021/6/22 45.2 27.8 23.4 15.8

2021/6/23–24 22.2 13.7 11.2 17.7
2021/6/25 13.8 8.5 6.8 20.2

2021/7/21–24 189.6 116.7 100.0 14.3
2021/7/31 30.6 18.8 15.8 16.0
2021/8/2 24.4 15.0 12.8 14.8

2021/8/6–7 133.4 82.1 70.8 13.8
2021/8/10 39.8 24.5 21.9 10.4
2021/8/13 81.6 50.2 47.6 5.2
2021/8/14 19.6 12.1 10.4 13.9
2021/8/19 33.2 20.4 18.3 10.6
2021/8/25 39.8 24.5 21.7 11.4
2021/9/2 17.4 10.7 9.1 15.3
2021/9/4 23.4 14.4 12.3 14.7

2021/9/11–12 74.8 46.0 41.0 10.9
2021/9/16 14 8.6 7.6 11.5
2021/9/17 22.6 13.9 12.5 10.4
2021/10/1 17 10.5 9.3 10.9

2021/10/11–13 115.4 71.0 61.8 12.9
2021/10/21–22 21.6 13.3 10.0 24.8
2021/10/23–25 33 20.3 15.5 23.7

2021/11/8 24.8 15.3 13.4 12.1
2021/11/12–13 19.4 11.9 10.0 16.2
2021/11/25–27 15.8 9.7 7.8 20.2
2021/12/6–7 22.6 13.9 11.0 21.0

2021/12/21–22 24.6 15.1 12.7 16.4
2022/1/21–22 30.8 19.0 16.2 14.4

2022/1/22 46.6 28.7 25.0 12.9
2022/2/3 27.2 16.7 13.7 18.0

2022/2/13–14 45.4 27.9 24.5 12.3
2022/2/19–23 117.8 72.5 66.9 7.8

2022/3/6–7 18.4 11.3 9.7 14.1
2022/3/22–23 20.4 12.6 11.0 12.5

Average 44.4 27.3 24.4 14.7

3.2. Observed Performance of the Raingarden

The raingarden site had a drainage area of 493.2 m2, including gardens, retrofitted
permeable pavement, basketball courts, roofs, and green space. Unlike the permeable
pavement site, where the rainfall at the drainage area accounted for all of the outflows, the
rainfall at this site was not all runoff. Several types of land cover at this site had different
pervious and impervious properties. We used different runoff coefficients for different land
cover types, and took area as a weighing factor to produce the combined runoff coefficient
of this site, which was 0.73. Therefore, the input rainfall volume is rainfall multiplied
by drainage area multiplied by the runoff coefficient (0.73). A total of 24 rainfall events
occurred in 2020 at this site, as shown in Table 2. The outflow was measured by the onsite
monitoring sensor.
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The observed data showed that the average runoff reduction rate reached 98.4%.
Nineteen of the twenty-four events had 100% reduction rates, meaning that they did not
flow out from the site. These high reduction rates occurred because the raingarden site
had a high infiltration capacity and had an underground storage space. The rainwater was
directed to the tank through the garden, and the stored rainwater was then recycled as
irrigation water for the garden. The design target for this raingarden site was to retain
water onsite and not have it flow out; therefore, a storage tank was constructed. Even if
the rainfall amount was greater than 100 mm, most rainfall was retained at the site. The
total rainfall amount throughout the 24 events was 1036 mm, which means that 272 mm of
rainfall did not enter the tank and might have been stored in the soil.

Although a 15 m3 underground storage tank was installed and was supposed to collect
infiltrated water, the runoff through the garden and green space recharged groundwater
as well. Some rainfall events had rainfall amounts larger than the tank storage volume of
15 m3, but still no outflow was found. This scenario might have contributed to infiltration.
A groundwater observation well was constructed to monitor the change in the groundwater
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table. The observations are shown in Figure 5b. The results were similar to those at the
permeable pavement site, where the groundwater level was highly related to rainfall events.
However, the response of the groundwater table at the raingarden site was slower than
that at the permeable pavement site. The groundwater table presented a slowly increasing
and decreasing curve. This phenomenon might have been caused by the deep soil layer
in the rain garden, and the groundwater recharge was from the released soil water. The
amount and velocity of soil water control groundwater recharge. However, at permeable
pavement sites, the amount of water retained in soils is much less than that in raingardens,
so the groundwater table curve changes more dramatically.

Table 2. Observed rainfall events at the raingarden site.

Date (yy/mm/dd) Rainfall (mm) Rainfall (m3) Outflow (m3) Reduction Rate (%)

2020/1/26–27 31.0 11.2 0.0 100.0
2020/2/16 16.5 5.9 0.0 100.0
2020/3/4 18.0 6.5 0.0 100.0

2020/3/9–10 48.5 17.5 0.0 100.0
2020/3/13 19.0 6.8 0.0 100.0
2020/3/27 22.5 8.1 0.0 100.0
2020/3/28 20.0 7.2 0.0 100.0

2020/5/21–23 116.5 41.9 0.2 99.6
2020/5/27–28 64.5 23.2 0.0 100.0

2020/6/1–2 39.0 14.0 2.4 82.6
2020/6/7 51.0 18.4 0.0 100.0

2020/6/14 46.0 16.6 0.9 94.5
2020/7/1 18.5 6.7 0.0 100.0
2020/7/2 43.0 15.5 0.0 100.0

2020/7/28 18.0 6.5 0.0 100.0
2020/8/3 179.5 64.6 5.1 92.2
2020/8/4 60.0 21.6 1.5 93.1

2020/8/22–23 13.5 4.9 0.0 100.0
2020/8/27 68.5 24.7 0.0 100.0

2020/9/24–25 13.5 4.9 0.0 100.0
2020/9/26–27 58.5 21.1 0.0 100.0

2020/9/28 19.5 7.0 0.0 100.0
2020/12/8–9 30.5 11.0 0.0 100.0
2020/12/23 20.5 7.4 0.0 100.0

Average 43.2 15.6 0.4 98.4

3.3. Model Calibration and Verification

The observed model performance of each rainfall event was influenced by rainfall
characteristics and reflected the whole-year results. Here, the SWMM was used to demon-
strate the annual water performance. Before SWMM application, model calibration and
verification were implemented. Figures 6 and 7 show the simulation results for the per-
meable pavement site and raingarden site, respectively. Five rainfall events at each site
were selected, three for calibration and two for verification. Short (<1 h) and long (>10 h)
rainfall events were tested. At the permeable pavement site, the outflow was simulated
and compared with the measured flow. At the raingarden site, the measured outflow was
almost zero. The model simulation of the raingarden site used the water level in the tank
rather than the outflow data to compare the observations.
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Figure 7. Five different rainfall events used for model calibration and verification at the raingarden site.

The simulation results were acceptable, and the R2 and NSE results are shown in
Figures 6 and 7. Table 3 shows the model parameters of the site dimensions used in the
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SWMM. The flow change was significantly correlated with rainfall, and the response was
very quick at the permeable pavement site. The water level in the underground tank in
the raingarden site increased at a relatively slow and flat rate because the rainfall flowed
into the garden and soil first and was then directed to the storage tank. Notably, for the
raingarden, the increases in the water level according to the simulations and observations
were different, and this difference was likely due to the effect of antecedent soil moisture.
If the soil was dry, then the increasing slope of the water level increased faster in the field
than in the simulation. In addition to this effect, the simulated water level curve matched
the observed curve.

Table 3. The model parameters of the LID facilities used in the SWMM.

Parameters Permeable Pavement Site Raingarden Site Unit Data Sources

Layer Surface
Berm height 0 550 mm actual value

Surface roughness 0.011 0.24 - calibrated value
Surface slope 0.92 1 % actual value

Layer Pavement
Thickness 240 X * mm actual value
Void ratio 0.17 X - actual value

Impervious surface
fraction 0.01 X - actual value

Permeability 10.9 X mm/h calibrated value
Layer Soil

Thickness 40 300 mm actual value
Porosity 0.4 0.3 volume fraction actual value

Conductivity 0.5 0.4 mm/h calibrated value
Suction head 3.5 3.5 mm calibrated value

Layer Storage
Thickness X 250 mm actual value
Void ratio X 0.3 - actual value

Seepage rate X 0.5 mm/h calibrated value

* The raingarden had no pavement layer, and the permeable pavement site had no storage layer.

3.4. Annual Hydrological Cycles at the Permeable Pavement and Raingarden Sites in the Verified
Model Simulations

The annual rainfall data and evaporation data associated with the monitoring period
were input into the verified SWMM of the two sites. The results of the annual simulation
are listed in Table 4. The verified SWMM showed that the annual hydrological cycle at the
permeable pavement site involved 45.3% outflow, 31.6% evaporation, and 23.1% infiltration.
At the raingarden site, which has an underground storage tank, the annual hydrological
cycle mostly involved infiltration and storage, at 91.4%; the other parts of the cycle were
4.1% outflow and 4.6% evaporation. The annual hydrologic cycles of the two sites are
depicted in Figure 8.

Table 4. Simulation results of the annual water performance at the two field sites.

Field Sites Year Rainfall (mm) Evaporation (mm) Outflow (mm) Infiltration (mm)

Permeable
pavement site 2021 2095.2 662.06 948.49 484.48

Raingarden site 2020 1308.5 59.72 53.05 1195.73
(infiltration and storage)
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In subtropical regions, rainfall intensity is high, and the annual rainfall amount is
substantial. In such abundant rainfall areas, permeable pavement and raingardens still
perform well. In particular, permeable pavement is constructed to address infiltration but
might not be able to infiltrate rainfall as quickly during large and intense rainfall events.
However, in this study, according to the onsite monitoring, the infiltration rate was fast
on permeable pavement, and the model simulations proved that approximately 23% of
the annual rainfall could be infiltrated and recharge the groundwater. This performance
was based on the permeable surface accounting for 36% of the entire drainage area. In
this study, the annual evaporation rate was 31.6%, which was larger than the infiltration
ratio. In high-temperature urban areas, high amounts of evaporation occur. However,
the evaporation ratio might be slower than the current state if the ratio of the permeable
surface increases because permeable pavement can store water underground and reduce
the pavement temperature. Annual outflow accounted for 45.3% of the hydrological cycle
at the permeable pavement site in this study. Without 36% permeable pavement, the model
simulated a 100% impermeable pavement scenario that resulted in no infiltration, and
the outflow increased to 68.4% (Figure 9a). This result shows that the flooding risk might
be increasing.
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The results at the raingarden site showed that 91.4% of the rainfall was stored at the
site and only 4.1% flowed out. The raingarden included a storage tank, and the rainfall
in the drainage area was retained unless heavy rain such as a typhoon occurred or the
stored water was not pumped out and the storage volume decreased. If the raingarden
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and storage tank are removed and the area is returned to its original land cover, then
the outflow would increase from 4.1% to 53.5%, and the infiltration would be reduced to
15.9% (Figure 9b). Notably, the evaporation ratio with the raingarden was very low, at only
4.6%. Theoretically, evaporation in the rain garden should account for a high percentage
of the annual hydrology. The simulation results showed a low ratio of evaporation but
a high ratio of infiltration and storage. The infiltration and storage of the LID module
in the SWMM likely played dominant roles, and evaporation likely played a minor role,
implying that most rainwater was retained in the soil and storage tank. Jennings et al. [15]
also concluded that evaporation and evapotranspiration play minor roles in reducing
runoff in raingardens. When the raingarden was removed from the model simulation, the
evaporation ratio increased to 30.6%, which is similar to that at the other site (Figure 9b).

4. Conclusions

The observations and simulation results confirmed that permeable pavements and
raingardens are beneficial for reducing runoff in a subtropical region. In abundant rainfall,
LID can reduce runoff and with adequate storage volume, rainwater can become an irriga-
tion water source. Compared with the cited studies that state that permeable pavement can
reduce runoff by 27.7–65%, this study showed that the performance of the 1/3 permeable
pavement site reduced runoff by approximately 20%. If the percentage of permeable pave-
ment is increased, the runoff reduction rate is expected to be 60%, which is as good as the
cited cases. The raingarden site in this study had a high level of water retention, which was
over 90%, much higher than those in the cited cases. The excellent performance is because
it had an underground storage tank. This design can increase storage volume and recycled
rainwater as an irrigation source for gardens.

In addition to the observed hydrological cycle performances, the verified model
provided an understanding of the annual hydrologic cycle. Without these LID facilities,
the annual runoff at the permeable pavement site might increase from 45.3% to 68.4%, and
that at the garden site might increase from 4.1% to 53.5%. The incremental increase in
runoff would strengthen the loading of the drainage system and increase the neighborhood
flooding risk. Another interesting finding from the simulations is the performance of
evaporation. Evaporation cannot be presented in each rainfall event observation, but the
model can show its contribution. The evaporation was 30% in the annual hydrological cycle
at the permeable pavement site. However, a relatively low evaporation percentage, less
than 5%, was found in the raingarden simulation. This might have been because of model
limitations, and infiltration and storage dominated the runoff reductions in the raingarden;
thus, the effect of evaporation became minor in the model simulations.

This study proved that with the high rainfall intensity and rainfall amount in subtropi-
cal regions, LID facilities can still perform as well as in other regions. The weather factors do
not significantly affect the performance of LID practices. Rather, the infiltration rate at the
sites plays a crucial role. The permeable pavement site was built in 2021, and the raingarden
was built in 2019. The young LID facilities had good infiltration capacities. Once clogging
occurs at the sites and the infiltration ability decreases, runoff will increase, and retention and
groundwater recharge will decrease. The permeable pavement might experience clogging in
the first 2–3 years, which leads to a reduction in permeability [30–32]. The sediment loads in
locations affect the clogging level [33,34]; therefore, regular maintenance, such as sweeping
and cleaning, is suggested [34].
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