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Abstract: Representative Concentration Pathway (RCP) scenarios have been used for various studies
in the field of climate change. In this regard, the Shared Socioeconomic Pathway (SSP) scenario has
been newly introduced to examine climate change impacts, but relevant research is still insufficient.
For this reason, new SSP scenarios with a combination of Low-Impact Development (LID) techniques
are applied to predict rainfall-runoff efficiency and hydrological variation. The inter-model variability
in the monthly average precipitation for each GCM according to new SSP scenarios under future
climate was investigated. Based on the RCP 4.5 and RCP 8.5 scenarios, the results show precipitation
changes with an increase of 4.8% and 12.3%, respectively. Furthermore, precipitation projections
under SSP2-4.5 and SSP5-8.5 scenarios are predicted to increase by 13.9% and 20.6%, respectively,
indicating that the magnitude of precipitation increases with new climate change scenarios. The
Storm Water Management Model (SWMM) during the future period indicated that LID applications
will reduce runoff compared with scenarios with no LID application. In particular, the introduction
of permeable pavement and infiltration trenches revealed the best runoff reduction performance
among the combinations of LID techniques considered. In addition, this study projected changes in
the urban hydrological cycle for the climate over the next 30 years to reflect the implementation of
urban hydrological cycle plans, which take approximately 10 years. Overall, it was found that, in the
future, LID applications will contribute to improving the sustainability of the urban hydrological
cycle of the study area. The results of our study can provide future directions for water management
strategies in Korea.

Keywords: low-impact development; SSP2-4.5; SSP5-8.5; SWMM

1. Introduction

As a result of climate change, extreme events are occurring with increased frequency
and intensity [1–3]. Changes in the magnitude and frequency of heavy rainfall lead to
an increased inundation risk. Therefore, impact assessments have focused on improving
sustainability in urban regions that have experienced water-related disasters caused by
climate change [4,5]. Regarding the concept of sustainable development, several works
of literature were reviewed across various research fields such as agriculture systems,
computer science, and renewable energy [6–8].
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A common method for assessing the impacts of climate change is to employ climate
change scenarios [9]. However, because climate change scenarios have varying dynamics
and resolutions, there is significant uncertainty among them. To quantify this uncertainty,
an ensemble of scenarios is often used. This allows the uncertainty to be quantified from
all scenarios based on inter-model variability [9–16]. Because Korea’s climate is affected
by topographical characteristics, it is necessary to use downscaled scenarios to reflect the
regional climate [3].

Recently, the Shared Socioeconomic Pathway (SSP) scenario was proposed by the Inter-
governmental Panel on Climate Change’s sixth assessment report. This scenario considers
future reductions, adaptations, and efforts to mitigate climate change based on future
social and economic changes, such as population, economic development, ecosystems,
resources, institutions, and social factors [17]. The Sixth Coupled Model Intercomparison
Project (CMIP6) is composed of SSP1-2.6, SSP2-4.5, SSP4-6.0, and SSP5-8.5, each of which
results in 2100 radiative forcing levels similar to their predecessor. New future scenarios
were also introduced in CMIP6, including SSP119, SSP4-3.4, SSP5-3.4OS, and SSP3-7.0.
To date, a large number of studies have focused on comparisons between RCPs and
SSPs [18,19]. In previous studies, researchers investigated flood risk mitigation effects
of Low-Impact Development (LID) techniques for an urban area that aims to deal with
climate change [20–23]. In previous studies, they projected future precipitation based on
the reproducibility and past data sets to evaluate LID techniques for its rainfall-runoff
mitigation efficiency. Contrary to the previous studies, we introduced the 18 GCM models
to compute precipitation data based on the new climate change scenarios (SSPs). Moreover,
it was confirmed that combinations of scenarios with three LID techniques could be suitable
for analyzing urban characteristics. This study projected changes in the urban hydrological
cycle for climate change. Overall, the application of LID techniques in the study area is
expected to enhance the sustainability of the urban hydrological cycle in the future.

Precipitation in Korea is greatly affected by topography, and floods occur frequently
because of extreme weather. In Seoul, the capital of Korea, frequent urban flooding, as
a result of summer precipitation and extreme population concentrations, threatens its
sustainability. In addition, changes in the urban hydrologic cycle are expected because of
the nonstationarity of the hydrological cycle, which is a major threat to the sustainability of
the city. However, future climate projection applying LID techniques was challenging, as
it requires a lot of time and effort to conduct modeling with a complicated combination
of various techniques for climate change scenarios (CCSs). Recently, LID techniques were
implemented in the SWMM, making it easier to analyze the efficacy of LID techniques [24].
LID refers to techniques and design methods implemented to manage urban hydrological
cycle systems via functions such as storage, infiltration, and filtration to create hydrological
cycle characteristics similar to natural conditions.

Representative LID techniques include green roofs, permeable pavement, planter boxes,
tree filter boxes, dry ponds, sand filters, rain barrels, and rain gardens. When LID strategies
are applied to rainfall-runoff mitigation, executing complex operations for the hydrological
cycle is is required. For example, rain gardens perform the functions of filtration, retention,
and infiltration simultaneously. Through these complex functions, the efficient management
of the urban hydrological cycle is possible [25]. The rainfall-runoff reduction effects of
individual LID techniques are 10–20% for vegetation channels, 25–50% for vegetation
retention areas, 45–60% for green roofs, 45–75% for permeable pavement, and 50–90% for
infiltration facilities [26]. Simulated runoff through SWMM driven by combinations of LID
techniques was analyzed to figure out the performance of LID techniques regarding the
mitigation effect on urban runoff volume. In this study, we adopted nine combinations of
three techniques (green roof, permeable pavement, and infiltration trench) [26] presented in
previous studies and projected its effects to assess the sustainability of the urban hydrological
cycle, which is expected to undergo changes due to future climate changes.
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2. Study Area and Methodology
2.1. Procedure

The objectives of this study were to project changes in the hydrological cycle of urban
watersheds according to future LID scenarios. The projected changes in the future urban
hydrological cycle were determined by considering the effects of LID under the impact of
climate change. On this basis, the precipitations under SSP2-4.5 and SSP5-8.5 were divided
into two groups: current (1981–2005) and future (2046–2075). In addition, precipitation at
the global grid scale was downscaled to the scale of the observation station, which included
18 global climate change scenarios under SSP2-4.5 and SSP5-8.5. While earlier research
primarily examined the effects of LID techniques, this study provides a comprehensive
assessment of both the benefits and limitations of LID methods across an extensive array of
climate change scenarios. This study discussed the future direction of water circulation
restoration strategies in South Korea. Figure 1 shows the procedure of this study.

Figure 1. Procedure of this study.

2.2. Study Area

The study area, Cheonggye-cheon, has been frequently damaged by flooding (Figure 2).
Its watershed slope upstream is very steep at 14.8% and is mainly composed of urbanized
regions with a short flood travel time. In addition, as most of the urban facilities, such as
housing, are concentrated in the lowlands, most facilities are vulnerable to flooding caused
by heavy rainfall in the summer. Thus, in the event of heavy rainfall, runoff is concentrated
in the lowlands, and inundation is frequent.

Figure 3 shows the average monthly precipitation (1981–2020) of Seoul, the watershed
to be studied. In particular, due to typhoons and rainy seasons in summer, the precipita-
tion was observed to be significantly larger than in other seasons. The risk of flood and
inundation damage induced by heavy rainfall in the lowlands is very high.

For SWMM construction, 293 sub-watersheds were divided based on the slope and build-
ings of the target watershed. Input data were constructed using the runoff curve index for
each watershed by examining the land use and soil layer of each watershed. During SWMM
construction, the input parameters can be divided into physical and hydrological parameters.
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Figure 2. Study area: Cheonggye-cheon watershed, Seoul, South Korea.

Figure 3. Average monthly precipitation in Seoul.

The physical parameters include subwatershed-related parameters, such as the area
of the sub-watershed, average slope, and the total impervious area, as well as parameters
related to the drainage system, such as the length, pipe diameter, width, and slope of
the channel. Meanwhile, hydrological parameters include the Manning roughness coef-
ficients of pervious and impervious watersheds, the Manning roughness coefficients of
channels and pipe networks, surface depression storage, infiltration-related parameters,
and characteristic width. In this study, the runoff amount was calculated using the runoff
curve number (CN) and the roughness coefficient of the watershed. The runoff curve
number considers physical and hydrological parameters, such as hydrologic soil groups,
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land cover types, land cover treatment conditions, hydrological conditions, impermeable
areas, and antecedent soil moisture conditions (AMCs). The runoff CN value calculated
by considering the type of soil and the state of surface use for each small drainage area
was reduced by 10–90% for the entire watershed, with the exception of the rural area. As a
result, the CN value based on the AMC-III condition, which is mainly used in Korea, was
applied in this study, and it was divided into three types A, B, and D, according to the soil
classifications. In addition, the roughness coefficient, which indicates the roughness of the
boundary with the flow, was 0.030 for the permeable area and 0.014 for the impermeable
area; these values were based on the values presented in the SWMM manual.

Precipitation and runoff data observed from 2017 to 2019 were used to calibrate and
correct the constructed SWMM model. The coefficients of determination (R2) and Nash–
Sutcliffe Efficiency (NSE) were introduced to evaluate the suitability of the model through
three events. In this study, calibration and correction of the model were performed. We
employed the parameters of the best simulated and observed events based on the R2 and
NSE results.

2.3. Methodology
Bias Correction of Global Climate Models (GCM)

The impact assessment of climate change mainly focused on a statistical relationship
based on observations and the variables of the GCM scenarios. Newly GCM scenarios
were based on new emission scenarios, SSP [27] (Table 1). GCMs have a large uncertainty,
resulting in various resolutions and dynamic systems among the scenarios. Therefore, it is
necessary to select appropriate scenarios or utilize all available scenarios [3,28,29]. Most raw
GCMs include systematic errors in simulating precipitation. This is known as bias, which
is the difference between observation and simulation [30,31]. Therefore, it is necessary
to post-process the climate model output, based on [32] with a different combination of
GCMs, to replicate the observed climate via bias correction (Table 2). Quantile Mapping
(QM) is a bias-correction method and can be downscaled to the scale of the observation
station. Equation 1 mathematically formalizes the transformation of the model data, xm,p,
into bias-corrected projections, x̂o,p, by mapping the cumulative probabilities of model data
onto the historical observations as shown below:

x̂o,p = F−1
o,h [Fm,p(xm,p)] (1)

where xm,p and x̂o,p denote the climate model data and the estimated future observation
during projected future periods, respectively. Fm,p represents the cumulative distribution
function (CDF) from the modeled data during projected periods, and F−1

o,h represents the
inverse CDF from the observation during historical periods. Climate model data were
used to determine the quantile level, and then the bias-corrected projection with respect to
historical distribution was reproduced. The effectiveness of QM lies in its ability to match
the statistical properties of the projected data with the observed data, thereby potentially
improving the reliability of climate projections. Herein, we produced a downscaled regional
climate scenario using QM.

Table 1. Types of SSP scenarios.

Type Assumptions

SSP1 Sustainability—low mitigation and adaptation challenges
SSP2 Middle of the road—intermediate mitigation and adaptation challenges
SSP3 Fragmentation/regional rivalry—high mitigation and adaptation challenges
SSP4 Inequality—low mitigation and high adaptation challenges
SSP5 Conventional/fossil-fueled development—high mitigation and low adaptation challenges
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Table 2. List of climate models used in this study.

No. GCM Resolution
(Degrees) Institution

1 ACCESS-CM2
1.25° × 1.875°

Commonwealth Scientific and Industrial Research Organisation
2 ACCESS-ESM1-5 in collaboration with the Queensland Climate Change Centre of Excellence
3 CanESM5 2.81° × 2.81° Canadian Centre for Climate Modelling and Analysis
4 CNRM-CM6-1 [33] 1.4° × 1.4°

Centre National de Recherches Meteorologiques
5 CNRM-ESM2-1 [33] 1.4° × 1.4°
6 EC-Earth3 0.35° × 0.35° EC-Earth Consortium
7 GFDL-ESM4 [34] 0.5° × 0.5° Geophysical Fluid Dynamics Laboratory
8 INM-CM4-8

2° × 1.5° Institute for Numerical Mathematics
9 INM-CM5-0
10 IPSL-CM6A-LR 2.5° × 1.27° Institute Pierre-Simon Laplace

11 KACE-1-0-G 1.875° × 1.25°

National Institute of Meteorological
Sciences (NIMS) and Korea

Meteorological Administration
(KMA)

12 MIROC6 1.4°× 1.4° Japan Agency for Marine-Earth Science and Technology, Atmosphere and
Ocean Research Institute and National Institute for Environmental Studies

13 MIROC-ES2L [35] 2.81° × 2.81° Japan Agency for Marine-Earth Science and Technology
14 MPI-ESM1-2-HR 0.94° × 0.94°

Max Planck Institute for Meteorology (MPI-M)
15 MPI-ESM1-2-LR 1.875° × 1.86°
16 MRI-ESM2-0 1.125° × 1.125° Meteorological Research Institute
17 NorESM2-LM 2.5° × 1.89° Norwegian Climate Centre
18 UKESM1-0-LL [36] 0.5° × 0.5° Met Office Hadley Centre

3. Results
3.1. Projection of Change in Precipitation and Runoff of Future

Future precipitation changes in the Seoul region from 2046 to 2075 were projected
according to the SSP scenario. In the scope of South Korea’s commitment to attain carbon
neutrality by 2050, it is anticipated that significant shifts in climate change mitigation
strategies will occur by the year 2050. As a result, a comprehensive assessment of the
climate change impact for the period spanning from 2046 to 2075 has been undertaken.
The annual average precipitation under the current climate (1981–2005) of the 18 GCMs
was 1463.8 mm, with minimum and maximum values of 1339.62 mm and 1514.5 mm,
respectively, and the standard deviation was 41.3 mm. The annual average precipitation
of the SSP2-4.5 scenario for the future period (2046–2075) was 1664.8 mm, in which the
minimum and maximum values were 1429.8 mm and 2037.1 mm, respectively, and the
standard deviation was 148.2 mm. Thus, there was a 13.9% increase in precipitation in the
SSP2-4.5 scenario based on the future period, as compared with the current period. ACCESS-
CM2 showed the highest increase of 27.6%, and INM-CM4-8 exhibited a decrease of 4.6%.
Meanwhile, in the SSP5-8.5 scenario, the annual average precipitation was 1762.9 mm,
wherein the minimum and maximum values were 1557.3 mm and 2094.1 mm, respectively,
and the standard deviation was 135.8 mm. In SSP5-8.5, the average precipitation based on
the future period was 20.6% higher than that based on the current period. UKESM1-0-LL
showed the largest increase (36.5%), and IPSL-CM6A-LR showed the smallest increase
(6.5%) (Figure 4).
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(a) SSP2-4.5 (b) SSP5-8.5

Figure 4. Comparison of the annual average precipitation in the future (SSP2-4.8 & SSP5-8.5) vs. the
current one based on GCM.

The annual variability of precipitation under future climates has been previously
investigated. The inter-model internal variability of the monthly average precipitation is
investigated for each GCM according to scenarios SSP2-4.5 and SSP5-8.5 under the future
climate scenario. In SSP2-4.5 and SSP5-8.5, the precipitation rates in July and August were
high, and inter-model variability was large. In the SSP2-4.5 scenario, the precipitation
of CNRM-CM6-1 was 681.5 mm, and that of INM-CM4-8 was 331.9 mm in July; the
deviation between these models was 349.6 mm. Meanwhile, in August, CanESM5 and
MIROC6 produced precipitation values of 622.3 mm and 271.8 mm, respectively, wherein
the deviation was 350.6 mm, which was larger than that of the other months. Regarding
the SSP5-8.5 scenario, in July, CNRM-CM6-1 exhibited precipitation of 635.2 mm, and the
IPSL-CM6A-LR model projected 285.2 mm of precipitation, wherein the deviation between
the models was 350.0 mm. In August, CanESM5 projected 669.6 mm of precipitation, and
MIROC6 projected 284.4 mm of precipitation, wherein the deviation between the models
was 385.2 mm. The monthly variability shown in Figure 5 is characteristic of the observed
precipitation in Korea, as the summer, July to August, is more volatile than the other
seasons, and the average precipitation is large.

(a) SSP2-4.5 (b) SSP5-8.5

Figure 5. Monthly averaged precipitation simulated using SSP2-4.5 and -8.5 which models.
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3.2. Urban Hydrological Cycle Considering LID

The SWMM-LID model incorporates a function for analyzing the hydrological impacts
of the LID rainwater-management infrastructure. The United States Environmental Protec-
tion Agency (EPA) developed the SWMM model to simulate LID techniques [37], such as
bioretention ponds, wetlands, infiltration trenches, vegetated swale permeable pavement,
and green roofs.

In this study, we projected changes in the hydrological cycle according to future climate
change scenarios by applying the LID techniques of permeable pavement, green roofs,
and infiltration trenches, which are considered suitable for urban watersheds by changing
their weights (Table 3). The weight application was divided into a total of 293 areas after
constructing a basin in which a manhole was the lowest runoff based on the observation
map of the target basin and multiplying each area by the weight of the LID techniques, as
listed in Table 3. Nine combinations of LID techniques were applied to 18 GCMs.

Table 3. Weighted values of LID facilities for the nine combinations in the SWMM model.

Index Porous
Pavement Green Roof Infiltration

Trench Scenario #

Weighted value

1/3 1/3 1/3 1©
2/3 1/3 0 2©
2/3 0 1/3 3©

0 2/3 1/3 4©
0 1/3 2/3 5©

1/3 0 2/3 6©
1 0 0 7©
0 1 0 8©
0 0 1 9©

There is a "Subjective method" and there is a "Statistical method” for weight calcu-
lation. In this study, the weight calculation with the subjective method was used. The
subjective method is the simplest method for calculating weights, in which the researcher
subjectively determines the weights of individual detailed indexes without objective anal-
ysis. Subjective methods determine weights based on the preferences or decisions of the
decision makers [38]. In this study, the weights used for the analysis are different, ranging
from 0, 1/3 to 2/3, in order to make the sum of the weights applied to the three LID
techniques equal to 1 for decision making. This methodology was performed to be able to
select the best combination among the three LID techniques that produce the lowest runoff
at the target basin. In addition, the expressions according to weighting were as follows:
P = porous portion, G = green roof, and I = infiltration trench. The numbers after these
abbreviations were 0.0, 0.3, and 0.6, which indicated that the LID techniques were applied
to 0, 1/3, or 2/3, respectively, of the total applicable area. These expressions were thus
denoted as follows: 1© is P-0.3 G-0.3 I-0.3, 2© is P-0.6 G-0.3 I-0.0, 3© is P-0.6 G-0.0 I-0.3,
4© is P-0.0 G-0.6 I-0.3, 5© is P-0.0 G-0.3 I-0.6, 6© is P-0.3 G-0.0 I-0.6, 7© is P-1.0 G-0.0 I-0.0,
8© is P-0.0 G-1.0 I-0.0, and 9© is P-0.0 G-0.0 I-1.0.

Nine LID techniques were applied to eighteen climate change scenarios to predict
changes in the hydrological cycle for each SSP scenario. For the future period, when the
three LID techniques of permeable pavement, green roof, and infiltration trench were
applied to the SSP2-4.5 and SSP5-8.5 scenarios, the following hydrological cycles were
projected (Figure 6). The application of the permeable pavement ( 7©) and infiltration
trench ( 9©) to the entire watershed exhibited an excellent runoff-reduction effect. The
best performance for reducing runoff was the combination of 3© and 6©, which applied
1/3, 2/3 or 2/3, and 1/3 of the permeable pavement and infiltration trench, respectively.
Conversely, runoff increased by 1–10% in 8©, wherein a green roof is applied to the entire
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city center because the ratio of the area to which the green roof can be applied is very low
at approximately 2.64%.

(a) SSP2-4.5 (b) SSP5-8.5

Figure 6. Analysis of runoff using a combination of LID techniques.

Figure 7 shows the runoff reduction rates before and after the application of LID
techniques in the future climate. In addition, the ratio between future runoff without
considering LID and that after applying LID to the future runoff was determined. For each
GCM, the runoff considering LID, as compared with that not considering LID, decreased
by approximately −0.2% to 27.4%, although it varied depending on the GCM and the
LID technique applied. Specifically, GFDL-ESM4, IPSL-CM6A-LR, and MIROC6 had the
highest runoff-reduction rates in the SSP2-4.5 and SSP 5-8.5 scenarios, although there were
some differences depending on the applied LID techniques (Tables 4 and 5). Overall,
the results show that LID techniques effectively reduce runoff. In scenarios based on
SSP2-4.5, the models exhibited lower variation in daily precipitation throughout the year
compared to those based on SSP5-8.5. As a result, the LID technique demonstrated superior
efficacy in reducing runoff under SSP2-4.5 conditions compared to SSP5-8.5. These findings
underscore the necessity for the additional implementation of LID techniques in scenarios
characterized by more severe greenhouse gas emissions.

(a) SSP2-4.5 (b) SSP5-8.5

Figure 7. Rate of reduction with the combination of LID techniques.



Water 2023, 15, 4002 10 of 14

Table 4. Reduction rate of runoff according to the SSP2-4.5 scenario and combination of LID tech-
niques in the future period (unit: %).

GCM 1© 2© 3© 4© 5© 6© 7© 8© 9©
ACCESS-CM2 8.2 8.5 12.5 3.9 8.2 12.5 12.8 −0.2 12.7

ACCESS-ESM1-5 0.0 8.9 13.0 4.1 8.5 13.0 13.4 −0.1 13.1
CanESM5 7.9 8.2 12.1 3.8 7.9 12.1 12.4 −0.1 12.2

CNRM-CM6-1 8.2 8.6 12.6 3.9 8.2 12.6 13.0 −0.1 12.7
CNRM-ESM2-1 9.1 9.4 13.9 4.3 9.1 13.8 14.3 −0.1 14.0

EC-Earth3 10.0 10.4 15.3 4.8 10.0 15.3 15.7 −0.1 15.5
GFDL-ESM4 9.7 10.1 14.8 4.6 9.7 14.8 15.2 −0.1 14.9
INM-CM4-8 10.0 10.4 15.3 4.8 10.0 15.2 15.7 −0.1 15.4
INM-CM5-0 9.0 9.3 13.7 4.3 8.9 13.6 14.0 −0.1 13.8

IPSL-CM6A-LR 0.0 8.9 13.0 4.1 8.5 13.0 13.4 −0.1 13.1
KACE-1-0-G 7.9 8.2 12.1 3.8 7.9 12.1 12.4 −0.1 12.2

MIROC6 8.2 8.6 12.6 3.9 8.2 12.6 13.0 −0.1 12.7
MIROC-ES2L 9.1 9.4 13.9 4.3 9.1 13.8 14.3 −0.1 14.0

MPI-ESM1-2-HR 10.0 10.4 15.3 4.8 10.0 15.3 15.7 −0.1 15.5
MPI-ESM1-2-LR 9.7 10.1 14.8 4.6 9.7 14.8 15.2 −0.1 14.9

MRI-ESM2-0 10.0 10.4 15.3 4.8 10.0 15.2 15.7 −0.1 15.4
NorESM2-LM 9.0 9.3 13.7 4.3 8.9 13.6 14.0 −0.1 13.8
UKESM1-0-LL 10.0 10.4 15.3 4.8 10.0 15.2 15.7 −0.1 15.4

Table 5. Reduction rate of runoff according to the SSP5-8.5 scenario and the combination of LID
techniques in the future period (unit: %).

GCM 1© 2© 3© 4© 5© 6© 7© 8© 9©
ACCESS-CM2 7.6 7.9 11.6 3.6 7.6 11.5 11.9 −0.1 27.4

ACCESS-ESM1-5 0.0 8.6 12.7 3.9 8.3 12.6 13.0 −0.1 12.8
CanESM5 7.7 8.0 11.8 3.7 7.8 11.8 12.1 −0.1 11.9

CNRM-CM6-1 7.9 8.2 12.1 3.8 7.9 12.1 12.4 −0.1 12.2
CNRM-ESM2-1 9.3 9.7 14.2 4.4 9.3 14.2 14.6 −0.1 14.4

EC-Earth3 8.6 8.9 13.1 4.1 8.6 13.0 13.4 −0.1 13.2
GFDL-ESM4 9.5 9.8 14.5 4.5 9.5 14.4 14.9 −0.1 14.6
INM-CM4-8 8.4 8.7 12.8 4.0 8.4 12.8 13.1 −0.1 12.9
INM-CM5-0 8.7 8.9 13.2 4.1 8.6 13.1 12.0 −0.1 13.3

IPSL-CM6A-LR 0.0 8.6 12.7 3.9 8.3 12.6 13.0 −0.1 12.8
KACE-1-0-G 7.7 8.0 11.8 3.7 7.8 11.8 12.1 −0.1 11.9

MIROC6 7.9 8.2 12.1 3.8 7.9 12.1 12.4 −0.1 12.2
MIROC-ES2L 9.3 9.7 14.2 4.4 9.3 14.2 14.6 −0.1 14.4

MPI-ESM1-2-HR 8.6 8.9 13.1 4.1 8.6 13.0 13.4 −0.1 13.2
MPI-ESM1-2-LR 9.5 9.8 14.5 4.5 9.5 14.4 14.9 −0.1 14.6

MRI-ESM2-0 8.4 8.7 12.8 4.0 8.4 12.8 13.1 −0.1 12.9
NorESM2-LM 8.7 8.9 13.2 4.1 8.6 13.1 12.0 −0.1 13.3
UKESM1-0-LL 10.2 10.6 15.6 4.9 10.2 15.5 16.0 −0.1 15.7

Figure 8 shows the average runoff based on the current and future periods. Accord-
ing to the results, permeable pavement and infiltration trenches both exhibit excellent
performance in runoff reduction. Therefore, in order to improve the sustainability of ur-
ban hydrological circulation through the application of the LID technique, it is necessary
to determine the applicability of the technology regarding the conditions based on the
advantages and disadvantages of the LID technique on the target location.
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Figure 8. Average runoff of current and future (SSP2-4.5 & SSP5-8.5) scenario.

4. Discussion

Precipitation in Korea is concentrated in the summer, accounting for approximately
30% of the total annual precipitation. In the future, summer precipitation will increase by
5–10%. In addition, the CMIP5 projected an overall increase in precipitation throughout
Korea [13,19]. The precipitation under the previous climate change scenario of the CMIP5
(RCP) increased by 4.8% and 12.3% in RCP 4.5 and RCP8.5, respectively [16]. Moreover, the
precipitation under the new climate change scenario of CMIP6 (SSP), which was analyzed in
this study, shows increasing rates of 13.9% and 20.6% in SSP2-4.5 and SSP5-8.5, respectively.
While previous studies emphasized that RCP8.5 is more uncertain than RCP4.5 [13], in the
case of SSPs, the difference in inter-model variability between SSP2-4.5 and SSP5-8.5 was
not relatively large, indicating that the uncertainties of SSP2-4.5 and SSP5-8.5 are generally
smaller than those of RCP4.5 and RCP8.5. On this basis, the results of Song et al. [19] were
in good agreement with those of this study.

Green roofs are superior in the landscape to permeable pavement and infiltration
trenches, and by applying a green roof, it is possible to delay roof runoff [39]. However, in
our study, the case study area was relatively small, and it is expected that the effect of green
roofs will vary depending on the size of the study area. In this study, only three types of LID
techniques were investigated. Therefore, when applying LID techniques in the future, an
appropriate combination of LID techniques should be proposed considering the advantages
and disadvantages of each technique (e.g., in the case of permeable pavement, permeability
is excellent, but continuous maintenance is required due to the clogging of pores). Thus,
the harmonious performance of multiple techniques can minimize the disadvantages of
LID applications. Then, the result of the runoff reduction according to the combination
of other LID techniques will be different. In addition, in order to present the direction of
Korea’s water management policy to reduce the amount of both precipitation and runoff
in urban watersheds, research using a combination of various LID techniques should
be conducted.

When implementing Low-Impact Development (LID) techniques, it is crucial to take
into consideration the specific characteristics of each technique, including factors such as
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soil properties, application area, and maintenance requirements. Failing to do so may result
in the application of inappropriate LID techniques for the existing natural terrain and soil
conditions [40]. Additionally, neglecting to account for the interaction between different
LID technologies and opting for simplistic installations can lead to unnecessary expenses.
Consequently, it is imperative to incorporate assessments of runoff reduction efficiency,
technology interactions, and cost–benefit analyses into the application of LID techniques.
Moreover, it is advisable to establish objectives aimed at minimizing hydraulic changes
stemming from development activities. To optimize the effectiveness of Low-Impact
Development practices, it is equally important to consider the long-term sustainability and
adaptability of these techniques in response to changing climatic conditions, ensuring that
the implemented solutions continue to perform efficiently in the face of variable weather
patterns and do not become obsolete or require excessive modification as environmental
conditions evolve.

5. Conclusions

This study projected future urban hydrological cycle changes based on LID tech-
niques in Cheonggye-cheon. According to SSP2-4.5 and SSP5-8.5, the precipitation from
18 GCMs was downscaled to the observation scale. As a result, ensemble averages of an-
nual precipitation in the future were projected to be 1664.8 mm (SSP2-4.5) and 1762.9 mm
(SSP5-8.5). Compared with current conditions, precipitation was expected to increase by
13.9% (SSP2-4.5) and 20.6% (SSP5-8.5).

On this basis, an increase in runoff in the urban hydrological cycle is expected because
of the non-stationarity of precipitation projected by the climate change scenarios. Therefore,
this study projected the changes in urban runoff from introducing combinations of LID
techniques under different SSP scenarios. In particular, we considered permeable pavement,
green roofs, and infiltration trenches. The application of permeable pavement and infil-
tration trenches to the watershed had the greatest effect on runoff reduction. Meanwhile,
application of a green roof to the entire study area resulted in an insignificant reduction.

Regarding flood concentration time lag and landscape qualities, green roofs can also
be effective depending on the area size. In the future, we will focus on the economic benefits
and maintenance costs for various types of LID techniques. In addition, we plan to develop
an evaluation method that can accurately reflect RCP information and other state-of-
the-art scenarios.

According to the climate change scenario, the amount of precipitation increases, and
the runoff increases consequently. However, when LID techniques are applied, it can
be seen that the increased rate of runoff decreases. This minimizes the impact of urban
development and illustrates the function of LID techniques that have been developed
to be as similar as possible to the hydrological water cycle before urban development.
Therefore, the application of LID techniques is expected to restore natural water circulation
throughout the basin.
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