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Abstract: Low-impact development (LID) methods are an important approach to storm-water
mitigation. Modeling the effects of these installations using rainfall-runoff simulations can provide
useful data for future design and implementation. In this study, we used the Storm Water
Management Model to assess seven types of LID installations (vegetated areas, garden pots, tree
filter boxes, permeable pavement, infiltration ditches, rain barrels, and infiltration blocks) at a South
Korean industrial site. Using both short- and long-term simulation periods and distinct sub-basins
within the study site, we were able to assess LID performance at the combined watershed, as well as
at one LID facility. All LID types showed reasonable performance for storm-water runoff reduction,
though rain barrels were the least effective. The effect of rainfall runoff reduction on LID facilities is
changed according to rainfall depth (annual precipitation, monthly rainfall), the ratio of drainage
area and facility capacity. We concluded that SWMM-LID modeling can effectively support the
management of LID installations by providing additional design and planning data to better mitigate
the effects of storm-water runoff.

Keywords: low impact development; storm-water reduction; SWMM; urbanization; water cycle
recovery

1. Introduction

The development of industry and transportation in urban areas has led to a rapid increase in
urban population density and associated changes in land cover characteristics [1-3]. Urbanization
affects hydrologic processes, drainage capacity, and flooding in urban areas by increasing the total
runoff volume and peak discharge of storm events [4]. Therefore, understanding the impact of
urbanization on hydrologic processes is essential to reducing flood damage. Successful urban water
resource management requires the installation of effective water management facilities. The practice
of low-impact development (LID) effectively reduces storm-water and pollutant loads by improving
surface and subsurface water circulation and/or retention [5-7]. This engineering technique produces
facilities that are designed to be more environmentally friendly [8-12]. As LID designs can have
long-term effects with minimal management after installation, they are especially appropriate for use
in urban areas.

Water 2018, 10, 967; doi:10.3390/w10080967 www.mdpi.com/journal /water


http://www.mdpi.com/journal/water
http://www.mdpi.com
https://orcid.org/0000-0002-3937-3547
http://www.mdpi.com/2073-4441/10/8/967?type=check_update&version=1
http://dx.doi.org/10.3390/w10080967
http://www.mdpi.com/journal/water

Water 2018, 10, 967 2 of 15

Many previous studies have explored various applications of LID design and function. For example,
Perez-Pedini et al. [13] applied LID to restore hydrological functions before urban development,
using permeable pavement, ecological storage, and infiltration facilities as part of a proposed optimal
management method based on infiltration. Montalto et al. [9] analyzed the cost efficiency of combining
sewer systems with LID in urban areas. Rossman [14] suggested a practical method for simulating LID
using the Storm Water Management Model (SWMM), and provided two examples of bio-retentive
and vegetative swales demonstrating the effect of LID facilities on runoff reduction. James [15] used
the SWMM and runoff curve number method to analyze the reduction of storm-water and pollution
load from LID facilities. Several other studies [16,17] evaluated the effects of runoff and nutrition
reduction in urban areas, and used sensitivity analyses to identify the most effective parameters.
McCutcheon and Wride [18] evaluated the effects of bio-retention cells on short- and long-term
runoff reduction. Joo et al. [19] investigated the capacities of non-point-source (NPS) pollutant
treatment facilities, and analyzed their effects in urban areas. Joo et al. [20] applied the Storm Water
Management Model (SWMM) to simulate infiltration flows in an LID street-based tree box installation.
Shin et al. [21] analyzed LID-related improvements in water circulation and flow reduction, and
evaluated estimation methods for optimal LID installation area in terms of drainage-area management.
Despite such diverse studies, evaluations of the effectiveness and projected performance of LID
techniques are still insufficient. Single LID facility-based modeling, the most common study method,
is insufficiently capable of evaluating the effectiveness and projected performance of LID techniques.
Thus, additional perspectives should be evaluated by implementing short- and long-term facility-based
and drainage-based modeling.

Of the many ways to assess LID performance, the most common is through the monitoring and
measuring of storm-water at a number of sites within drainage areas. For example, in South Korea,
a non-point-source (NPS) pollution control system was established in 2004, and a reporting system
was introduced in 2006 [6]. Recently, as a part of the effort to improve water circulation functions
in an industrial complex, a project called “The Pilot Project to Develop Zero Storm-water Complex:
Maintenance and Evaluation” was implemented, which evaluated the effects of LID on reductions
in storm-water and NPS pollutants in urban areas. However, such monitoring approaches have
temporal, spatial, and economic limitations. The modeling of rainfall-runoff processes with regard
to LID facilities and simulated storm-water outputs can complement or improve the accuracy of
traditional monitoring data. Therefore, in this study, we conducted a model-based assessment of LID
effectiveness for storm-water management at a South Korean industrial site using the Storm Water
Management Model V.5.1 (SWMM-LID).

2. Materials and Methods

2.1. Study Area and LID Installations

We used the Ochang Science Industrial Complex, located in Cheongju, South Korea, as the study
site. The SWMM-LID modeling was built based on the actual design plan of the pipe network and the
LID installations. The drainage area is typical of an industrial complex; most land cover consists of 95%
impervious area. It is composed of over 100 conduits (the mean length is 63.3 m) and 140 manholes.
The average length of the conduits is about 60.6 m, and the average slope is about 1.2%. The slope
of the drainage area was estimated using the measured elevation data. Interpolation was performed
using the spatial analysis tool in the ArcGIS program, and the average slope was estimated for each
drainage station. The digital elevation model (DEM) provided by the Korea Geographic Information
Institute was used for the missing points, and the drainage zone boundary was set to minimize errors
in the interpolation process. Through this process, the average slope of the watershed was estimated
to be about 2.53% (1.31-3.40%).

As the area has widespread roads, sidewalks, and other impermeable areas, the use of LID
facilities in this area is appropriate; the total drainage area is approximately 411,183 m?, with installed
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LID facilities covering about 32,830 m? [22]. For this study, we used seven types of the LID facilities
installed in the area to analyze the effect of LID in urban area. These are suitable as they are designed
for research purpose considering the characteristics of this site. We divided the total drainage area
into 10 sub-basins (Figure 1), with seven types of LID installations in use since 2015 (Table 1). Each
installation is suitably located to provide its intrinsic functions with regard to storm-water and NPS
pollutant reduction [7,23]. Also, Table 2 provides the details of the LID installations such as drainage
area, type of LID, and quantity in the Ochang Science Industrial Complex.

Figure 1. Total drainage area of the study site at the Ochang Science Industrial Complex, Cheongju,
South Korea, showing the 10 sub-basins considered in this study. In the figure, the red point indicates
the nearest automatic weather station (AWS) around the drainage area.

Table 1. Overview of LID installations in the study site and their functions: infiltration (IN), filtering
(FI), storage (ST), evapotranspiration (EV), ecological habitat (EC), and groundwater supply (GW).
“X” indicates that a given installation provides that function; “n/a” indicates that it does not.

Function

LID Installation IN I ST EV EC GW
Vegetated area (VA) X X X X X X
Tree filter box (TF) X n/a X X X X
Garden pot (GP) X X n/a X X X
Infiltration Ditch (ID) X X X X n/a X
Rain Barrel (RB) X X X n/a n/a X

Infiltration block (IB) n/a n/a X n/a n/a n/a
Permeable Pavement (PP) X X n/a X n/a X

Each of the seven LID installations has specific features and functions; see [7] for further details:

o  The vegetated areas (VAs) are storage areas used in city parks or parking lots that provide
green landscapes. They are divided into three layers: a surface layer designed to accommodate
vegetation, a soil layer storing storm-water, and a gravel drainage layer simulating groundwater
recharge and water circulation processes.

o  The tree filter boxes (TFs) are street-based concrete forms planted with trees that contain soil,
gravel, and wood chips for filtering and retaining storm-water. These are easy to install in roadside
locations and include perforated drainpipes. Their design is similar to the garden pots (below),
but the soil layer is relatively deep.
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e  The garden pots (GPs) are divided into three layers capable of treating the storm-water that flows
in via the surface and/or drainage system. The surface layer consists of wood chips above a soil
layer used to grow vegetation, with gravel and drainage pipes in the lowest layer. Non-perforated
pipes are used to draw inflow toward the installation and perforated pipes are used internally.

e  The infiltration ditches (IDs) have three functions: storage, runoff delay, and drainage. Unlike other
LID installations, here drainage pipes are installed on the surface to drain storm-water when it
exceeds the storage capacity of the ditch. The IDs are efficient to install.

e  The rain barrels (RBs) retain storm-water from building roofs to slow the time of peak flow.
They are easy to manage and contain gravel to maximize infiltration.

e Infiltration blocks (IBs) are similar to the RBs, but consist of permeable gravels and conduits that
are capable of infiltrating and draining storm-water. In contrast to the RBs, they may be installed
in roads and streets. The general design directs storm-water into an above-ground barrel and
drains excess storm-water into the lower gravel layer or barrel.

e The permeable pavement (PP) uses permeable materials to induce infiltration and drainage
of storm-water through otherwise hard surfaces. Gravel is installed under PP areas to enable
drainage and filtering.

Table 2. Installation features of the LID facilities for each sub-basin: In this table, Total (m?) and LID
(m?) indicate actual drainage areas for collecting a direct runoff into outlets at a sub-basin and entire
LID facilities, respectively. LID Ratio (%) is a ratio of the LID (m?) to the Total (m?). In the unit column,
‘ea’ (or each) indicates a number of units.

Drainage Area .
Sub-Basin - Type of LIDs Unit Quantity Note
Total (m?)  LID (m?)  LID Ratio (%)

VA m? 1256 lea
PP m? 6744

Al 37,655 11,965 31.8 TF en 8 15.84 m2
GP m 84
GP m 29

A2 38,240 4936 12.9 PP m2 1588
GP m 8

A3 34,179 9290 27.2 TF ea 6 11.88 m?
PP m? 2640
GP m 15

Ad 24,777 7659 309 PP m2 2030
GP m 44

A5 20,389 4262 20.9 PP m2 1097
TF ea 56

A6 24,763 4032 16.3 PP m? 1105 110.88 m?
GP m 425
D m 18 36 m?

Bl 34,806 7024 20.2 PP m2 1403
TF ea 4 7.92 m?
VA m? 475 lea
1D m 85 170 m2
PP m? 2866

24 12,42

B2 30,6 425 40.6 ar m 255
TF ea 11 21.78 m?
RB ea 14 11.34 m?
VA m? 100.46 1ea
ID m 118 236 m?
GP m 116.6

B3 82,128 20,231 24.6 PP m? 4720
TF ea 33 65.34 m?
RB ea 4 3.24 m?
1B ea 5 7.44 m?
VA m? 103.54 1ea
D m 117 234 m?
RB ea 4 3.24 m?

B4 83,622 15,752 18.8 P m 1053
PP m? 5670

TF ea 18 35.64 m?
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2.2. Modeling

2.2.1. Storm Water Management Model

In 1971, SWMM was developed to simulate storm-water and water quality of drainage system
in urban areas by Metcalf and Eddy, in collaboration with the University of Florida and W.R.E [24].
The SWMM is able to simulate short and long term scenarios as a dynamic rainfall-runoff simulation
model. The SWMM is based on the process of simulating rainfall in the drainage area as runoff and
pollutant loads, and it reflects the physical characteristics of hydraulic structures. The SWMM can trace
the water flow in the drainage system; it can contribute to an effective drainage system management
in urban areas. The manual issued by the EPA-SWMM provides more detailed information about the
SWMM [23,25].

The SWMM-LID (SWMM V.5.1) is a model that functions LID facility management; it can
simulate the distributed rainfall-runoff. Figure 2 shows a conceptual diagram of the LID facility
in the SWMM-LID model (Figure 2a) and the basic structure of the LID facility (Figure 2b). In the
SWMM-LID model, the LID facility only considers the surface water in the impervious area as the
influent. Thus, the volume of the inflow entering the LID facility depends on the ratio of the impervious
area. Figure 2b shows that the LID layer structure is composed of surface, soil, and storage layers.
Since each layer reflects the design of the LID facilities, it is able to consider the characteristics of the
actual facilities. The SWMM-LID provides eight technical elements; if a given element is not similar
to the others in the LID facilities, it can be established properly in the LID facilities by modifying the
layers of technical elements and parameters.
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(a) Storm-water runoff process by LID. (b) LID layer structure.

Figure 2. Conceptual diagram of the storm-water runoff process by LID facility and LID layer structure
in SWMM-LID model [7].

2.2.2. Setup of the SWMM-LID

We set up the SWMM-LID based on the actual design of the drainage system and LID installations
with 100 conduits (average length 60.6 m) and 140 manholes. The drainage zone boundaries were
set to minimize calculation errors; then, the slopes of the drainage basins were estimated using a
digital elevation model (DEM), provided by the Korea Geographic Information Institute. Missing
areas and slopes were interpolated using the spatial analysis tool in the ArcGIS program to allow
the estimation of average slope of each drainage basin. The average slope of the overall drainage
basin was estimated to be about 2.53% (ranging from 1.31-3.40%). Further modeling required a proper
definition of SWMM-LID technical elements (the functions listed in Table 1) for each LID installation
in order to properly predict their performance.
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We used the design plans and completion reports for each installation type to define their physical
parameters, such as the thicknesses of the surface, soil, and drainage layers for the VPs and GPs.
In the case of the IBs, the depth in the design plan is used as storage depth for LID modeling of
the SWMM-LID. As for the TFs, the sill height of the surface was established, as the height of the
surface sill and the vegetation soil depth was regarded as the storage layer. Soil input parameters
corresponding to sandy loam were used, as this is the soil type in the study area’s group A, as defined
by the Soil Conservation Service (SCS) for SCS CN method employed in this study [26].

2.3. Data and Preprocessing

2.3.1. Weather Data

For the rainfall-runoff analysis, we used data for temperature, precipitation, evapotranspiration,
wind speed, and humidity from the nearest automatic weather station (AWS) of the Korea
Meteorological Administration, the Ochang observatory (station identification number #683).
Cumulative precipitation for 10 min was used for simulations.

For calibration of the LID modeling, selected storm events (E1-E7, Table 3) occurred from 2013 to
2015 are used. It should be noted that this study used seven storm events to calibrate model for before
and after LID installation. Also, it is emphasized that this study used all the monitoring data available,
since the monitoring system in the application area has operated only for the selected storm events.
Thus, the data collection was constrained by the monitoring system. The evaluation of the model’s
short-term effects used four storm events (E8-E11) observed in 2016 (Table 3). The evaluation of the
model’s long-term effects used eleven storm events from 2005-2015 and meteorological parameters
for long-term simulation taken from 30-year average values [27]. For this study, LID facilities were
installed and have been monitored from 2015; thus, we used the data set (E1-E11) to evaluate the effect
of LID on runoff reduction in the study site.

Table 3. Storm events used for model calibration and evaluation.

Dat Number of T'otal Duration Mear.l
No e Purpose Antecedent Days _ Rainfall Intensity
*  (month/day/year) ¢ ay
with No Rain (mm) (h) (mm/h)
El 11/24/2013 Calibration (before 4 19 11 1.7
E2 04/17/2014 LID installation) 14 6.5 13 0.5
E3 07/12/2015 3 9.2 17 0.5
E4 07/29/2015 . . 4 8.3 4 2.1
E5 08/25/2015 (i?gblfstt‘gﬁa(ggr‘:)r 2 24.1 18 13
E6 10/01/2015 18 34.1 18 1.9
E7 10/27/2015 15 27.7 8 3.5
E8 09/16/2016 7 40.5 21 2
E9 10/03/2016 Evaluati 5 19.8 8 25
E10 10/05/2016 valuation 2 13.7 7 1.9
E11 10/08/2016 2 33.2 16 2.1

2.3.2. Precipitation Analysis

The annual observed precipitation for the study site from 2005-2015 ranged from 751.1 mm (2015)
to 1796.5 mm (2011) with an average of 1214.0 mm. Annual precipitation in 2008, 2014, and 2015 was
less than 1000 below the average precipitation for the 11 year study period. Precipitation tended to
be concentrated from June to September, averaging 872 mm during this period (70% of the annual
total), while only 8.4% of annual precipitation was observed in winter (November, December and
January). These patterns are typical for the South Korean climate. In addition, 10 min precipitation
events exceeding 2.0 mm were observed more frequently in the wet season. In particular, 10 min
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precipitation events exceeding 4.0 mm in the wet season accounted for 10.5% of the total precipitation
frequency rate (excluding 0.0 mm), i.e., significantly more than for other periods (the annual average
is 4.9%).

We determined the temporal resolution of precipitation for SWMM-LID modeling using both
10-min and 60-min precipitation data. The 60-min maximum precipitation estimated using 10-min
precipitation data was consistently larger than the recorded 60-min precipitation (Figure 3). Similarly,
the difference between recorded 60-min runoff and that estimated from the 10-min data (Figure 4)
tended to be similar but with a ~30% difference in the peak flow resulting from the difference in the
maximum precipitation. The result is natural, since the 10-min-based data is more accurate, and yields
higher temporal resolution to capture the instantaneous precipitations than the 60-min-based data.
This influence is presumed to be larger in settings such as the industrial complex used in this study,
where the impervious area is high. Therefore, we decided that 10-min precipitation data were more
appropriate than 60-min data for simulating rainfall-runoff in urban areas.

150 30
= O  Estimated from 10-minute data
E X Recorded data
g Difference §
100 120 €
(0] X
IS £
c ©
= o
) © 0 Q O o %
€ 50 - X X : X - 10 ©
2 o) R /X 6 B OH X =
i~ O X X Q X X o
5 X x 0
= X

0 L L L v J L L L 0
2000 2004 2008 2012 2016
Year

Figure 3. The difference (red line) between annual maximum 60-min precipitation as directly recorded
(Xs) and that estimated from 10-min precipitation data (Os).
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20200 2 &_\
00 L—L L L 0.000 L— L )
7115 19:12 71215 4:48 712115 14:24 7/13/15 0:00 71115 19:12 712/15 4:48 71215 14:24 7113/15 0:00
Date (mm/dd/yy hh:nn) Date (mm/dd/yy hh:nn)
(a) Node#1. (b) Node#2.

Figure 4. Comparisons of runoff simulated from precipitation data for 60-min periods directly recorded
(black) and 60-min periods estimated from 10-min data: In this figure, Node# 1 and #2 indicate two of
nodes (or junctions) in the SWMM-LID model for the application area. The unit, cms, means a cubic
meter per second.

2.3.3. Calculation of Runoff Reduction

We evaluated the effects of each LID installation in the different basins using the following equation;
this equation has been used in many of studies related to the storm-water reduction effect [28-31].

Qy — Quip

0

R(%) = x 100(%), )

where R is the reduction rate, Qg (cms) is the simulated runoff without LID installations, and Qyp
(cms) is the simulated runoff with LID installations.
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3. Results

3.1. Calibration

The SWMM-LID was calibrated for all sub-basins using data observed from 2013-2014, before
LID installations in 2015. Since LID facilities were installed in 2015, we compared the simulation
results before and after 2015. This process used parameters for direct runoff (impervious-related,
infiltration-related, width of overland flow path, and Manning’s N); the results shown in Figure 5.

The parameters of each LID installation (height, moisture retention, and drainage) were calibrated
using observed data in 2015 (storm events E3-E7).
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RSR: 0.70 RSR: 0.62 RSR: 0.65
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Figure 5. Calibration results for each sub-basin of the study area using observed and simulated runoff
flows for the E1 and E2 storm events. In this figure, correlation coefficient (CC), Nash-Sutcliffe efficiency
coefficient (NSE), Bias (B), percent bias (PBIAS), RMSE-observations standard deviation ratio (RSR),
root-mean-square error (RMSE), and R-squared are used as error indices to verify the calibration results.
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To verify the calibration results, this study employed various error indices to evaluate the
model performance against to the observed data. Correlation coefficient (CC), Nash-Sutcliffe
efficiency coefficient (NSE), Bias (B), percent bias (PBIAS), RMSE-observations standard deviation ratio
(RSR), root-mean-square error (RMSE), and R-squared are used as the error indices. Regarding the
formulations of the error indices, the reader can see [32]. As a result, most calibrated results showed
that the model’s performance is acceptable to simulate runoff flows. According to mean values of the
error indices, CC is 0.77 which means the simulation results have strong correlation with the observed
data: B is 0.85, and NSE is 0.0. In addition, it is able to see the results of error indices for each sub-basin
in Figure 5.

3.2. Short-Term Assessment

This study implemented event-based simulations to evaluate the performance of the LID facilities.
As a result, Figure 6 shows representative hydrographs consisting of inflow, outflow, and reduced
fraction. The results area presented for storm event E8 in total drainage area. Inflows into a drainage
area are adapted as a runoff hydrograph arising from w /o LID facilities (e.g., drainage area without LID
facilities). Outflows from LID facilities with the reduction process are adapted as a runoff hydrograph
arising from w/ LID facilities (e.g., drainage area with LID facilities). Table 4 shows the modeled runoff
reduction percentage by LID installation and sub-basin using four storm events (E8-E11). The GPs and
IDs performed best with no runoff recorded in any storm events, while the worst performance came
from the RBs, with an average reduced runoff of only 33.9%. The total average runoff reduction for all
seven LID types was 76.6%, demonstrating that LID installations are effective at reducing storm-water
runoff. The IBs had the most inconsistent performance, with a 0.51 coefficient of variation, significantly
higher than an average coefficient (0.17) of variation of all other installations. Clearly, the performance
of each LID type is somewhat dependent on rainfall characteristics.

0.0

T = : | r i ' : P Rainfall

CE 20 Inflow (w/o LID)

x E f - — - Outflow (w/ LID)
4.0 - ... Reduced fraction
0.6

(O]

£% 04

2L

= 02
0.0

‘ ‘ \
9/17/16 0:00 9/17/16 12:00 9/18/16 0:00
Date (mm/dd/yy hh:nn)

Figure 6. Hydrograph results of the total drainage area: In this figure, the hydrograph consists of inflow,
outflow, and reduced fraction. The inflow indicates a case without LID facilities and the outflow is the
other case with LID facilities. The reduced fraction means a portion of reduced runoff by LID facilities.

The runoff reduction in each sub-basin varied from 4.2-41.7% (Table 4). The highest average
reduction occurred in A5 (30.7%), and the lowest in A2 (9.0%), although both had the same LID types.
These differences may reflect the relative size of the sub-basins to the drainage size of LID installations
and a scale of the LID installations. In the case of the A5, a drainage area by LID installations is 20.9%
(total drainage area = 20,389 sq. meter, LID drainage area = 4262 sq. meter) to total drainage area. The A2
is 12.9% (total drainage area = 38,240 sq. meters, LID drainage area = 4936 sq. meters). With regard
to the individual storm events, the average runoff reduction for the total drainage area was highest
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for the lowest rainfall intensity (E10, 20.2%) and lowest for the highest rainfall intensity (E9, 15.5%),
demonstrating that runoff reduction capability of LID installations is sensitive to rainfall intensity.

Table 4. Modeled runoff reduction (%) for four storm events.

Event
LID Facility s 9 E10 - Mean
Vegetated area (VA) 95.5 79 91.2 86.7 88.1
Tree filter box (TF) 73.8 86.7 90.1
Garden pot (GP) Norunof No runoff Nounof No runoff No runoff
Infiltration ditch (ID)
Rain barrel (RB) 23.6 50 29.2 32.6 33.9
Infiltration block (IB) 344 39.6 85.4 45.1 51.1
Permeable pavement (PP) 87.1 59.4 65.9 67.3 69.9
Drainage/Installed LID
Al VA, PP, TF, GP 9.1 42 133 114 9.5
A2 GP, PP 9.2 8.8 9.1 8.8 9
A3 GP, TE, PP 13.7 11.5 17.5 143 14.3
A4 GP, PP 25 21.4 25.9 26.4 24.7
A5 GP, PP 23.8 27.8 41.7 294 30.7
A6 TE, PP 10.9 125 8 12.6 11
Bl GP, ID, PP, TF 21 17.2 23.9 21.2 20.8
B2 VA, ID, PP, GP, TF, RB 22.8 28.4 32.7 31.7 28.9
B3 VA,ID, GP, PP, TF, RB, IB 18.2 119 159 135 149
B4 VA, ID, RB, GP, PP, TF 179 11.7 13.6 129 14
Mean 17.2 155 20.2 18.2 17.8

For most areas in the short-term simulation, the runoff reduction rate increased in a clear linear
relationship with the drainage area ratio (Figure 7). The derived equation (R-squared = 0.94) of the
linear relationship is as below:

Mean reduction (%) = 0.75 x Drainage ratio (%) — 0.54

50
— - Regression curve
95% level confidence curve
A A1
O A2
40 ® A3
O A4
= + A5
§ O Ae
3 v B + "5
',8 » B2 P .
> > B3 o
B Y% B4 v
v .
% 20 e
g 2
s e
10 O/ o A
0
0 10 20 30 40 50

Drainage ratio (%)

Figure 7. Mean runoff reduction by drainage ratio (drainage area of each sub-basin/LID drainage area
x 100%) from the short-term simulation.

A5 and B1 were outliers with a relatively high runoff reduction rate while A1, A3, and B3 showed
the opposite trend.
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3.3. Long-Term Assessment

The modeled annual average runoff reduction rate was highest for GP (77.7%), followed by TF
(73.0%), ID (66.8%), VA (39.8%), PP (38.6%), IB (37.7%), and RB (11.5%); the total average reduction
rate was 48.4%. RBs in particular showed a very modest ability to reduce runoff, likely due to their
limited storage capacity. The annual reduction rate was highest in 2015, when annual precipitation was
lowest, and the lowest in 2011 (annual precipitation 1796.5 mm). The IDs had the smallest coefficient
of variation (0.04) for runoff reduction in ID, and the RBs had the highest (0.32).

Most LID installations showed an inverse tendency of decreasing runoff reduction as the annual
precipitation increased (Figure 8). This tendency was most pronounced for the RBs, while the
slope of the ID’s linear regression line was close to zero, meaning that storm-water reduction did
not meaningfully change with annual precipitation. We interpret steeper regression line slopes as
representing LID types with larger variations in the rate of storm-water reduction depending on annual
precipitation. Also, the steeper slope means that the LID type is sensitive to the annual precipitation.

100.0
—o— VA
A TF
o GP
80.0 R——o o < RB
N A'Q'”O o = IB
_ © o 0 0 0 0l0re, & D
X 600 4 PP
[
Ke)
©
=] _
3 400 o 2 Sa
[h4 —O— O O'—B AD ]
O o sty
20.0 «
< <4+ ¢
« < .
00 L | L | L | L
400 800 1,200 1,600 2,000

Annual precipitation (mm)

Figure 8. Runoff reduction trend by annual precipitation for all LID types.

From 2005-2015, the runoff reduction rate for each sub-basin ranged from 12.9% (A1, A2) to 46.2%
(B2), with a total average annual reduction rate between 16.5% and 31.9%. The average reduction
rate was the highest in 2015, with the smallest annual precipitation (751.1 mm), about 1.5 times the
average reduction rate (22.2%). The average reduction rates for the A and B drainage areas overall were
20.9% and 24.6%. The B2 drainage area (with the highest reduction rate) had the highest percentage
of LID coverage (40.6%), while the A2 drainage area (with the lowest reduction rate) had the lowest
percentage (12.9%).

The reduction rate in the long-term simulation tended to increase as the drainage area ratio
increased (Figure 9). A5, A6, and B1 had relatively high reduction rates relative to the drainage ratio,
while Al and A3 showed the opposite trend. These results can be used to determine proper drainage
areas for future management, supplementation, and expansion of LID installations. For most areas in
the long-term simulation, the derived equation (R-squared = 0.72) of the linear relationship is as below:

Mean reduction (%) = 0.42 x Drainage ratio (%) + 13.42
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Figure 9. Mean runoff reduction by drainage ratio (drainage area/LID drainage area x 100%) from the
long-term simulation. In the lowest annual precipitation case (2015 year, 751.1 mm), the total runoff
reduction rate was highest (33.2%), while the lowest rate was 19.6% in 2011. The monthly rate of

reduction was low during the wet season (averaging 14.6%), and high during the dry season (averaging
31.7%), suggesting that seasonal runoff depends on the magnitude of seasonal precipitation.

The comparison result of two regression curves from the short- and the long-terms showed a
different trend when the drainage ratio was smaller. At this point, it is necessary to discuss the slope of
the regression curves in terms of various points on the LID assessment. The short-term has a relatively
dramatic slope compared to that of the long-term slope: 0.75 and 0.42 respectively. Especially, this
difference of slopes has a large effect on the relationship between the drainage ratio and mean reduction.
When the drainage ratio is smaller, the short-term result represents the lower efficiency of LID performance,
as the short-term result is the event-based simulation with heavy rainfalls. The difference of the mean
reductions between the short- and the long- terms is almost 2.5 times, at 10% drainage ratio (the short
term: 7.0% and the long-term: 17.6%). Thus, the importance of the use of both mean reductions should
be emphasized, as the meaning of both values indicates the different point of view.

4. Discussion

Most previous studies of this subject used an hourly temporal resolution without any comparison
analysis of different time scales [9,13-21]. This practice has the potential to generate significant errors in
runoff and reduction results, as a higher temporal resolution may be necessary for properly simulating
characteristics in highly impervious urban areas. In order to address this concern, we conducted
a comparative analysis of precipitation data with different temporal resolutions to determine an
appropriate resolution and apply this to the study’s watershed.

In addition, we implemented this study at an actual large-scale LID installation, using the site’s
LID design plan and monitoring system for the SWMM-LID modeling of the entire industrial area.
This approach provided additional benefits compared to previous studies, whose LID simulations
were based on one or two smaller LID installations, making it difficult to determine the complete
performance of LID installations at larger scales [14,18]. We also examined the effect of rainfall runoff
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reduction on LID facilities at annual and monthly scales, in order to determine the short- and long-term
rainfall runoff reduction effects over the combined watershed, as well as the effluent reduction effects
at a single LID facility.

Temporal resolution is a key issue for proper simulations of LID performance, as the LID
installations behaved differently depending on rainfall characteristics, particularly in terms of the
amount and intensity. Further studies should analyze various temporal resolutions by drainage size to
achieve finer resolution. Uncertainties in the monitoring data should also be analyzed to determine
their effects on the modeled LID performance, as the calibration is particularly dependent on these
data. The use of ensemble or data assimilation approaches would improve the accuracy of runoff
reduction projections and provide more informative results to stakeholders and end users.

5. Conclusions

We used the SWMM-LID model to analyze the effects of low-impact development (LID) on
storm-water runoff reduction in a South Korean urban industrial area. A short-term simulation of
runoff reduction for the seven types of LID installations produced an average reduction rate of 76.6%,
demonstrating the effectiveness of LID installations. However, the reduction rate for each sub-basin
ranged from 9.0-30.7%, with the difference being driven by the types of LID installations in each, as
any given LID installation affects only its own drainage area (not all sub-watersheds). The reduction
rate of the total drainage area was highest with the lowest average rainfall intensity, suggesting that
LID performance is sensitive to short-term precipitation patterns. From a long-term perspective, the
runoff reduction performance of all LID installations showed an inverse tendency to decrease as the
annual precipitation increased. This was most notable for rain barrels, while infiltration ditches were
mostly unaffected by precipitation levels. Furthermore, the monthly runoff reduction was lowest
during the wet season and highest during the dry season. These results demonstrate the necessity of
evaluating runoff reduction rates with regard to precipitation patterns. This study’s methodology can
be used to assess the performance of LID facilities and sub-basins for management purposes.

We showed that SWMM-LID modeling can be used to support the management of LID
installations that lack monitoring equipment. The ability to predict storm-water runoff reduction in
both short- and long-term periods can also be used for future design and supplementation of LID
installations. However, the calibration periods used in this study were not ideal, as the 2013-2015
period contained few intense storm events. Also, the monitoring system was not operating at all times,
so measurements of inflow and outflow were incomplete. Finally, as this study clearly shows that LID
performance is affected by precipitation patterns, future research should explore this connection more
thoroughly to evaluate the need for future design considerations.
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