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Abstract

Climate change is expected to amplify the future flooding risks in rural areas which could have devastating implications for the sustainability of
the agricultural sector and food security in South Korea. In this study, spatially disaggregated and statistically bias-corrected outputs from three
global circulation models (GCMs) archived in the Coupled Model Intercomparison Project Phases 5 and 6 (CMIPS5 and 6) were used to project
the future climate by 2100 under medium and extreme scenarios. A hydrological model was developed to simulate the flood phenomena at the
Shindae experimental site located in the Chungcheongbuk Province, South Korea. Hourly rainfall, inundation depth, and discharge data collected
during the two extreme events that occurred in 2021 and 2022 were used to calibrate and validate the hydrological model. Probability analysis of
extreme rainfall data suggested a higher likelihood of intense and unprecedented extreme rainfall events, which would be particularly notable
during 2051-2100. Consequently, the flooded area under an inundation depth of >700 mm increased by 13-36%, 54-74%, and 71-90% during
2015-2030,2031-2050, and 2051-2100, respectively. Severe flooding probability was notably higher under extreme CMIP6 scenarios than under
their CMIP5 counterparts.
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1. Introduction

Climate change is aggravating the frequency, intensity,
and severity of extreme hydrological events, such as floods,
droughts, typhoons, rising sea levels, and heat waves, resulting
in increased risks and damage to lives and properties (Qin and
Lu, 2014; Zhang et al., 2019). Furthermore, these events are
significantly impacting sustainable global food production,
water resources availability and management, biodiversity
loss, and population exposure to heat waves (Calvin ef al.,
2023). Among the extreme events, floods are one of the most
severe natural disasters, with approximately 2.2 billion
people at risk of damage and loss during 1-in-100-year flood
events (Rentschler and Salhab, 2020). Between 1970 and
2021, the floods claimed two million lives and caused
economic losses of up to 4.3 trillion US dollars (WMO, 2023).
Therefore, it is crucial to assess the impacts of climate change
on the occurrence probability of floods to ensure economic,
social, and environmental sustainability.

South Korea is among the countries most susceptible to
climate change due to its tropical monsoon climate. In recent
years, extreme rainfall patterns caused by climate change
have been observed nationwide (Adelodun et al., 2023). In
July 2023, South Korea experienced the third-highest re-
corded rainfall event and heaviest rainfall in 150 years,
demolishing 9,200 homes and displacing over 14,400 people.
This event also damaged over 34,000 hectares (ha) of farm-
land and caused the death of more than 825,000 livestock
nationwide (Chang, 2023). Managing and preventing future
floods will be a daunting task, as the country receives up to
60% of the annual rainfall from July to September, often
resulting in riverine, flash, and urban floods (Moazzam et al.,
2022).

Several studies have investigated the impacts of climate
change on flooding at global, national, regional, and catch-
ment scales (Eccles et al., 2021; Han et al., 2022; Hossein-
zadehtalaei ez al., 2021; Xu et al., 2023; Zhang et al., 2019).
Most of these studies combine bias-corrected climate change
projections from global climate models (GCMs) or regional
climate models (RCMs) and hydrological models, such as
SWAT, HEC-HMS, TOPMODEL, FLO-2D, MIKESHE,
SWMM, and HEC-RAS to simulate the behaviors of the

physical processes of flooding (Goldenson et al., 2023; Kim
et al., 2020; Xu et al., 2005).

Son et al. (2010) utilized future climate change data from
13 GCMs to examine the probability of extreme rainfall,
associated flood volume, and flood level of the Namhangang
River in South Korea. The authors reported that climate
change led to 13.0-15%, 29-33.5%, and 12.6-13.6% increase
in the occurrence probability of extreme rainfall, flood
volume, and flood level. Hwang et al. (2018) investigated the
influences of climate change on design flood levels in the
Hwajabae drainage basin, Seoul, South Korea, using XP-
SWMM. The study concluded that the peak flood volume
would increase in the future and stressed the need to redesign
urban drainage facilities to accommodate extreme flooding.
Kwak et al. (2020) evaluated the effects of climate change
scenarios (RCP4.5/8.5 and SSP 2-45/5-85), rainfall distribu-
tion, and curve number (CN) on changes in flood volume in
the Yedang watershed using HEC-HMS simulations. Although
previous studies provide valuable findings and suggestions
for adaptive management of future floods, these were mostly
focused on urban flooding. Despite the importance of agri-
culture to the country’s economic development, environmental
sustainability, and food security, little attention has been paid
to understanding the impact of the changing climate on
flooding in agricultural watersheds in South Korea (Kim et
al., 2018; Lee and Shin, 2021).

In South Korea, flooding greatly affects agricultural areas,
leading to critical consequences, including crop damage, soil
degradation, and loss of arable lands (Li e al., 2021). There-
fore, the primary purpose of this study was to estimate the
impact of future climate on flood risks in agricultural areas
in South Korea. To achieve this aim, we evaluated and com-
pared the occurrence probability of extreme rainfall events
based on the long-term historical and future climate change
data. A hydrological model was developed to simulate the
flooding phenomenon in rural areas based on the hourly
recorded rainfall, discharge, and inundation depth data
collected from the Shindae experimental site. Finally, the
inundation depth of future floods under medium and extreme
scenarios was assessed. The study results help gain insight
into the flood risks under climate change conditions for the

Shindae experimental site, and the developed hydrological
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model can be applied to other agricultural regions in South

Korea.

2. Methodology

2.1 Study area

In South Korea, the Chungcheongbuk Province is one of
the main agricultural-producing provinces which has been
frequently experiencing heavy rainfalls, floods, and droughts
due to climate change (Adelodun ez al., 2022). We selected
the Shindae experimental site in Chungcheongbuk Province,
because of the availability of relevant data and information
required to simulate flood phenomena in an agricultural area.
The size of the study area was 4.8 km?, and it is located
between 36.660° N-36.680° N and 127.400° E-127.450° E
with elevation ranging between 28.1 and 36.56 m (Fig. 1).

The primary land-use types in the study area are paddy
fields, upland crop fields, fruit orchards, and greenhouses,
accounting for 87.93% (4.22 km?), 3.29% (0.16 km?), 0.08%
(0.004 km?), and 8.70% (0.42 km?) of the total area, respecti-

vely. The study area has also been part of a drainage improve-

126.900°E 128.0IOO°E 130.[}00"5

ment project managed by the Korea Rural Community Cor-
poration. The mean annual rainfall and temperature measured
between 1974 and 2020 are 1219 mm and 12.5°C, respectively
(Adelodun et al., 2022). The drainage system in the study area
drains into the Seoknamcheon Stream and flows into the

Geumgang River.

2.2 Datasets

Spatial data used in this study include the 20 cm resolution
DEM acquired from the National Geographic Information
Institute, a farm map of the study site created by the Ministry
of Agriculture, Food and Rural Affairs, actual survey data,
and drainage structure specifications. We used historical
rainfall data (1975-2014) from Cheongju weather station to
calculate the occurrence probability of extreme rainfall
events. Furthermore, hourly rainfall, inundation depth, and
discharge data were collected in the field during the summers
0f2021-2023 (June-August).

Future climate change projections were derived from three
Coupled Model Intercomparison Project 5 and 6 (CMIP5 and
CMIP6) GCMs (Table 1), which have been reported to be the

best-performing GCMs for simulating the seasonal, annual
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Fig. 1. (a) Location of the study area, (b) Elevation profile of the study area, (c) picture of the study area
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Table 1. Names and Institute of selected GCMs
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Modelling Center CMIP5 CMIP6
Commonwealth Scientific and Industrial Research Organization and Bureau of Meteorology, Australia | ACCESS1-3 -
Beijing Climate Center, China Meteorological Administration, China - BCC-CSM2-MR
NOAA Geophysical Fluid Dynamics Laboratory, USA - GFDL-ESM4
NASA Goddard Institute Space Studies GISS-E2-R
Meteorological Research Institute, Japan MRI-CGCM3 | MRI-ESM2-0
climate change patterns in this area (Ahmad and Choi, 2023; 1 R )
Park ef al., 2021; Song et al., 2021; Adelodun ef al., 2023). PDE: flw) = Geap| = —5=—c (1
Daily GCMs outputs forced under two representative con-
. . z—p
centration pathway (RCP) scenarios: RCP4.5 and RCPS.5, coP: Flz) = exp(— 6—7) )

and two shared socioeconomic pathway (SSP) scenarios:
SSP2-4.5 and SSP5-8.5, were used to project future rainfall
during three time slices: S1 (2015-2030), S2 (2031-2050), and
S3 (2051-2100). The future rainfall data were downscaled and
bias-corrected following the procedure previously reported in
another study (Ahmad and Choi, 2023). Multi-model ensem-
bles of the GCMs under different climate change scenarios
were used to account for the uncertainties and variations in the
individual models and thereby improve the reliability and
accuracy of the climate change projection (Karmalkar ez al.,
2019; Tegegne et al., 2020).

2.3 Frequency analysis of rainfall data

Frequency analysis is an essential tool to understand the
probability of extreme rainfall events, which is crucial for
various applications such as designing hydraulic structures
and analyzing erosion and flood problems. Different proba-
bility distributions, such as log-normal, Gumbel, log-Pearson
type 111, and normal frequency distributions, have been used
to analyze the occurrence probability of extreme rainfalls and
floods. These analyses are based on statistical methods and
involve fitting probability distributions to recorded rainfall
data (Badou et al., 2021; Al-Awadi et al., 2023).

In this study, the annual maximum daily precipitation data
in the baseline (1975-2014) and future time slices (S1-S3)
were extracted and fitted to the Gumbel distribution (Egs. (1)
and (2)) using the probability-weighted moment as the
parameter estimation method. Gumbel distribution has been
identified as the optimal probability distribution type of point
frequency rainfall in South Korea (MLTM, 2012; ME, 2019).

where x is the random variable, p is the location parameter,

and £ is the scale parameter.

2.4 Hydrological modelling

A hydrological model was developed in this study to
simulate the flood phenomenon at the study site. The simu-
lation process included the construction of a drainage system
network, hydrological calculation of the flood volume in each
sub-block, and calculation of the design volume at the final

drain through flood tracking and synthesis.

2.4.1 Development of flood simulation model

The drainage system of the study area was imported into
the hydrological model as a network of nodes (junction
points) and links (channels) along with the elevation and
spatial location of the drainage system elements. The drainage
system network comprised 137 nodes and 129 links, and the
entire area was divided into 63 drainage blocks, each centered
on a drainage channel (Fig. 2). Flow dynamics in the drainage
system were simulated using the St. Venant’s one-dimensional

unsteady flow equations as follows:

OA L 0Q

ot X 0 (3)
Q. o j) oH
at + ax( A T4 oz +9A5— )

where Q is runoff (m*/s), St is the slope of a sub-block, and
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Fig. 2. Drainage network at the study site comprising nodes, links,
and drainage blocks

A is the cross-sectional area of surface flow in a sub-block
(m?). Egs. (3) and (4) were implemented using the extended
transport (EXTRAN) block in the Storm Water Management
Model (SWMM).

2.4.2 Food volume calculation

The flood volume was calculated based on rainfall-runoff
theory and unit hydrograph. This study employed the soil
conservation service (SCS) dimensionless unit diagram
method. Type III standard curve number index (CN IIT) was
selected to represent the flood-causing direct runoff gene-
ration in the watershed when the soil remains saturated or
nearly saturated with limited infiltration capacity. This
mimics worst-case scenarios that can be encountered on the
field. The rainfall-runoff theory was applied to calculate the
effective rainfall that contributes to direct runoff, excluding
losses from actual rainfall. In each sub-block, runoff generated
because of the effective rainfall was estimated using the unit
hydrograph. The duration of the effective rainfall (D) was
estimated as a function of the total rainfall time (t;) using Eq.
(5). The peak occurrence time (t,) and peak flow rate (q,) were
derived using Egs. (8) and (9). The rainfall was then redistri-
buted by duration around t,. The longitudinal axes (qs, g2, ***
gn) of the unit diagram corresponding to the duration were
calculated using the relationship between t/t, and q/qj (Al-
Ghobari et al., 2020; Im and Park, 1997; Tramblay ez al., 2010).

25,

5= 230 —254 5)
(P—025)*

V= pross ©

D =0.133t, (7
D
tp = ?+O'6tr (8)
0.208A
g ohd ©

P

where A is the area in km?, Q is the runoff depth (mm), and
S is the potential maximum soil moisture retention after the
runoff begins (mm). The Muskingum flood routing method
was applied to estimate the temporal change in flooding from
upstream to downstream (Kim e? al., 2023; Mohammad, 1978).

2.5 Model calibration and validation

The hydrological model was calibrated to understand and
minimize the difference between the simulated and measured
discharges in the study area. Hourly data of inundation depth,
discharge, and rainfall collected during the storm event on
August 23-25, 2021, were used to calibrate the time of
concentration (t.) and CN. Based on the calibrated parameters,
the simulated discharge data were compared with the discharge
data collected between August 10-15, 2022, to validate the
hydrological model. The Nash-Sutcliffe efficiency (NSE),
root mean square error (RMSE), and Kling-Gupta efficiency
(KGE) were used to evaluate the model performance and

error metrics, as shown in Egs. (10)~(12):

Zjnz 1(ans.7' - Qsim i)2
NSE=1- — 10
,j”:1 ( Q)},S,,j - Qobs )2 ( )
RMSE= \/%Z?:l(Qobsi - Qsimi)2 (1 1)
KGE=1—V(r—1)*" (B—1)* (a—1)? (12)

where Qobs and Qs are observed and simulated discharge
values at each time-step, n is the total number of observations
or total time steps, ém is the mean of the observed discharge,
r is the Pearson correlation coefficient, /3 is the ratio of the
standard deviation of simulated discharge to that of observed
discharge, and a is the ratio of the means of simulated to means

of observed discharges.



960

3. Results & Discussions

3.1 Rainfall distribution pattern

Annual maximum daily rainfall data during the baseline
and future time slices were compared to comprehend the
occurrence probability of heavy rainfall events. During the
baseline period, the average annual daily maximum rainfall
was 131 mm. Under RCP8.5, SSP2-4.5, and SSP5-8.5, the
average annual maximum daily rainfall was projected to
decrease in the S1 period and increase under RCP4.5.
Furthermore, the average annual maximum daily rainfall was
projected to increase across all climate change scenarios in
the S2 and S3 periods, with a more notable increase in the S3
period compared to other periods. Overall, these results
indicate an anticipated increase of 8-23% in average annual
maximum daily rainfall in the future (S2 and S3 periods), with
an average reduction of 3-9% in the S1 period.

To understand the occurrence probability of extreme
rainfall events under climate change scenarios, we fitted a

Gumbel probability distribution to the annual maximum

le-2
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daily rainfall data using the probability-weighted moment
method for parameter estimation. Fig. 3 shows the probability
density functions of the fitted rainfall data during the baseline
and future periods. The frequency of extreme events is more
dependent on variance (scale parameter) compared to the
mean (location parameters) (Katz and Brown, 1992). There-
fore, assessing these variations is crucial for interpreting the
impact of climate change on extreme events.

Under the RCP4.5 scenario, notable shifts in the location
and scale parameters suggest frequent extreme rainfalls and
the shifts were notably evident during S3 (Fig. 3(a)). In contrast,
under RCP8.5 and SSP2-4.5, projections indicate an increase
in the scale parameter along with a reduction in the location
parameter for all the future periods except the S1 period,
indicating high variability in the future rainfall distribution
under RCP8.5 and SSP2-4.5 (Figs. 3(b) and 3(¢)). Under the
SSP5-8.5, the pattern of climate variability in the S1 period
aligns with the baseline, whereas the variance and mean
increase in the S2 and S3 periods (Fig. 3(d)). Overall, our

results show a higher frequency of future rainfall events with
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higher uncertainty.

3.2 Calibration and validation of the hydrological model

This study focused on estimating two critical parameters,
t. and CN, essential for calibrating the hydrological models
(de Almeida et al., 2016; Hawkins et al., 2019). Peak discharge
rate and flood event timing are highly dependent on the key
catchment response time parameter (t.) (Kousari ez al., 2010).
Its estimation relies on variables from monitoring rainfall-
runoff events in a watershed (Perdikaris ez al., 2018). The SCS
curve number method is commonly used to estimate peak
discharge in watersheds (Garg et al., 2003). CN significantly
influenced the peak discharge estimation, and its sensitivity
increased with the return period of rainfall. Therefore, a
precise estimate of t. and CN is crucial for calibrating
hydrological models and improving the accuracy of hydro-
logical simulations.

The hydrological model was calibrated using field-
measured rainfall and discharge data from August 23 to 25,
2021. Fig. 4(a) shows the comparison between the simulated
and measured discharges during calibration. The hydro-
logical model simulated slightly mismatched discharge
during the calibration and validation periods which could be
attributed to the model’s assumptions: uniform land cover,
CN, and soil characteristics. Under actual field conditions,
these parameters could be spatially heterogeneous. However,
the observed and simulated discharges were sufficiently
corroborated (Althoff and Rodrigues, 2021). After calibration,
the model showed satisfactory performance in simulating the
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measured discharge with the NSE, KGE, and RMSE values
0f0.75,0.70, and 0.53 m’s™, respectively (Fig. 4). During the
validation phase, the model performance was slightly re-
duced, but the NSE, KGE, and RMSE values remained within
acceptable limits (Fig. 4(b)). Overall, the model satisfactorily
simulated the flooding phenomena in the study area,

indicating its reliability for predicting future floods.

3.3 Inundation under climate change scenarios

The hydrological model was applied to simulate inunda-
tion in the study area using extreme rainfall during the base-
line and future time slices. We used three inundation depths
to explain the magnitude of flooding: inundation depths of
<300 mm, 300-700 mm, and > 700 mm representing normal,
moderate, and extreme flooding, respectively. The relative
changes in the area under inundation considering climate
change scenarios were also computed for the future period
with respect to the baseline. Fig. 5 shows the area under
normal, moderate, and extreme inundation depths during the
baseline and future time slices.

During the baseline period, out of 4.80 km? 3.57 km?
(74%) remained under normal, while 0.41 km*(9%) and 0.83
km?(17%) were in moderate and extreme inundation,
respectively. All the climate change scenarios projected that
the area under extreme inundation would increase in the
future, particularly under the SSP 5-8.5 scenario and during
the S2 and S3 periods. During the S1, the moderate flooded
area increased by 5-21 % regardless of the scenarios, except
under RCP 4.5, where it decreased by 0.38%. During the S2
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Fig. 4. Performance evaluation of the hydrological model during (a) calibration and (b) validation periods based on Nash-Sutcliffe efficiency
(NSE), root mean square error (RMSE), and Kling-Gupta efficiency (KGE)
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and S3, the moderately flooded area was projected to decline
under all emission scenarios, except under RCP4.5, when
moderately flooded areas increased by 9.80% and 8.64%,

while the flooded area with extreme inundation depth was

projected to increase by 51.50-74%.

A significant percentage of the study area was heavily

inundated because of frequent intense rainfall, regardless of

the emission scenarios. These findings are consistent with the
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results obtained by Edamo ez al. (2023) in a study conducted
in Ethiopia, where he projected that flooding would increase
in the future under climate change with an extreme flood in
the 2050s under RCP8.5 climate scenarios (Edamo ef al.,
2023). Similarly, in another study conducted in China and
Indonesia, flooded areas with higher inundation depths
(exceeding 0.5 m) were projected to increase under climate
change scenarios (Li ef al., 2021; Zhang et al., 2019).

The projection of changes in inundation depth under a
changing climate is essential for developing and implementing
informed adaptation strategies. To identify the parts of the
study area that are more vulnerable to flooding, we examined
the spatial variation of the flood extent during the baseline and

future scenarios, and the results are shown in Figs. 6~8.

During baseline, 73% (46 drainage blocks) of the study area
were under normal inundation, while 3% (2) and 24% (15)
were under moderate and extreme inundation, respectively,
with all the drainage blocks under extreme inundation located
at the northwestern and northeastern part of the field (Fig.
6(a)). During S1, the number of drainage blocks under normal
inundation reduced within 13(21%) and 32(51%) and those
with moderate inundation increased to 6(10%)-12(19%) and
leaving 23-39 drainage blocks under extreme inundation
(Figs. 6(b)~6(e)). The drainage blocks with extreme inun-
dation are in the upstream of the study area; this could be
attributed to its nearly flat slope and narrower channels.
The number of drainage blocks with extreme inundation
increased to 43(68%) - 59(94%) during the S2 and S3 periods

Baseline

RCP8.5

(d)

SSP5-8.5

Legend
[0 Inundation depth (> 700 mm)

Inundation depth (300 - 700 mm)
B inundation depth (< 300 mm)

Fig. 7. Spatial distribution of inundation during the baseline and S2 period (2031-2050) under (a) baseline, (b) RCP4.5, (c) RCP8.5, (d) SSP2-
4.5 and (e) SSP5-8.5 scenario. Blue represents inundation depth < 300 mm, yellow represents inundation depth between 300 and 700

mm, and red represents inundation depth > 700 mm
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Baseline =

RCP4.5 . |

RCP8.5 < e s

SSP2-4.5

(d)

SSP5-8.5

Legend
[0 Inundation depth (> 700 mm)
Inundation depth (300 - 700 mm)
I Inundation depth (< 300 mm)

(e)

Fig. 8. Spatial distribution of inundation during the baseline and S3 period (2051-2100) under (a) baseline, (b) RCP4.5, (c) RCP8.5, (d) SSP2-
4.5 and (e) SSP5-8.5 scenario. Blue represents inundation depth < 300 mm, yellow represents inundation depth between 300 and 700

mm, and red represents inundation depth > 700 mm

with more extreme inundation conditions during S3 period
while the drainage blocks with moderate inundation reduced
to 2-13 and drainage blocks with normal inundation reduced
to 2-7 drainage blocks (Figs. 7 and 8). These results show that
under extreme rainfall, the upstream of the study will be

inundated than the downstream.

4. Conclusions

The study highlights the importance of understanding and
projecting future flood risks, especially in rural areas of South
Korea. Climate change impacts on the occurrence probability

of future floods were simulated by using the field data

collected at the Shindae experimental site, Chungcheongbuk
Province, South Korea. The assessment of the future climate
pattern revealed an anticipated increase in extreme rainfall
events in the study area. The probability distribution function
curve showed a higher shift in variance than that of the mean,
which further suggested that the severity of future extreme
rainfall events would progressively become more unpredic-
table. The hydrological model developed in this study
showed good performance in simulating the flood processes.
Hence, the model can be applied to other locations provided
the t;, CN, and other required site information are available.
During 2015-2050, most floods could be categorized as
moderate, featuring an inundation depth of 300-700 mm,
whereas, during 2051-2100, a typical flood would have an
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inundation depth of greater than 700 mm. Upstreams of the
study area were highly susceptible to flooding due to narrower
drainage channels and nearly flat slopes. Hence, the capacity
of the drainage system should be reviewed/improved to
accommodate such severe future flooding. In this study, a
semi-distributed hydrological model was employed, which
did not account for the spatial variability of soil characteristics,
land use, and climate. Moreover, the GCMs also produce
highly uncertain climate projections because of simplified
physics and a lack of complete understanding of intricate
land-climate interactions. These limitations and uncertainties
were not addressed in this study but should be an integral part
of future studies. The occurrence probability of future floods
was examined based only on the anticipated future rainfall
variability. However, the flood phenomenon is also highly
dependent on land use variations. Hence, incorporating both
the climate and land use variations when gauging the future
flood risks could be more conclusive for devising mitigation
plans. Despite acknowledging limited data availability and
multiple sources of uncertainties, the study outcomes could
be instrumental in managing future flood risks. The strategies
to improve flooding resilience must be given priority. These
could include the reconstruction of infrastructure, implemen-
tation of land use management practices, and development

of early warning systems.
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