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Abstract: Seomijn River Basin has numerous hydraulic structures designed to satisfy water demands
and mitigate future droughts. However, the increasing water demand and export to neighboring
areas cause water deficits and conflicts between water users. Therefore, practical strategies to
mitigate the potential damage from climate change are essential. In this study, we aimed to propose
practical strategies under climate change by examining the future water security of the Seomjin
River Basin under five different water allocation scenarios referenced from the practical policies of
various countries. Future climate models determined based on extreme precipitation indices of the
ETCCDI were used to investigate their impact on water security, which was evaluated using unmet
demand; demand coverage; reliability, resilience, and vulnerability; and aggregation index metrics.
We found that prioritizing domestic and industrial water use is the optimal water security strategy,
and unconditional allocation of instream flow can cause a significant water deficit for other water
uses. However, prioritizing all water uses equally also proved effective under some conditions. Thus,
our study highlights the importance of adaptive management and suggests that the optimal water
allocation strategy lies in its flexibility in response to varying circumstances.

Keywords: climate change; drought; water security; water allocation

1. Introduction

Climate change, or climate crisis, is a severe and urgent issue. Since the 18th century
industrial revolution and the rapid rise in carbon dioxide emissions post-1970s, environmental
changes and natural disasters have increased dramatically [1,2]. Although the frequency of
geophysical disasters such as earthquakes and volcanoes has remained relatively stable over
the past decades, the frequency of climate and hydrological disasters such as droughts and
floods has increased, directly threatening human survival and prosperity. Anthropogenic
influences have already affected weather and extreme climate events worldwide [3]. Changes
in hydrometeorological phenomena owing to recent climate change have led to increased
damage from extreme floods and droughts. Since the 1970s, the variance in annual precip-
itation has increased, leading to severe droughts every five to seven years. The number of
drought days surged to an average of 63.1 days in the 2010s, indicating a rising trend in
drought occurrence. Projections suggest that the average precipitation will increase by up to
16.0% by the latter half of the 21st century, whereas the number of rainy days will decrease.
Climate change is the most significant risk factor in water resource management, highlighting
the urgent need for proactive water disaster response strategies [4,5].

Drought, characterized by prolonged periods of deficient rainfall, is a slow-onset natu-
ral disaster that causes significant economic, social, and environmental disruptions, making
it the most expensive climate-related disaster worldwide [6,7]. The term drought can be
distinguished from the perspectives of natural events and risk factors. As a natural event,

Water 2024, 16, 2933. https:/ /doi.org/10.3390/w16202933

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w16202933
https://doi.org/10.3390/w16202933
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0009-0008-0744-6300
https://orcid.org/0000-0002-9703-7875
https://doi.org/10.3390/w16202933
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w16202933?type=check_update&version=1

Water 2024, 16, 2933

20f21

drought typically refers to a temporary shortage of precipitation below the normal levels for
a specific watershed [8]. In contrast, from a risk perspective, drought signifies a scenario in
which reduced precipitation leads to water resources failing to meet the demand, resulting
in water scarcity [9]. Water scarcity due to drought is one of the most severe risks faced by
water resource managers, who have traditionally designed water resource management
systems to maintain water supply during the worst droughts [10]. With the increasing
frequency and duration of droughts due to human activity and climate change [11-13],
understanding the vulnerability of hydrological cycles and drought conditions is crucial.
This underscores the need for robust management plans to address possible dry scenarios.

Increases in urban and industrial water demand and growing concerns regarding
environmental flow must be addressed from the perspectives of sustainable development,
social balance, and equity. Therefore, water security, which defines the societal needs
for water and resilient ecosystems, is a key concept for evaluating water infrastructure,
allocation, and management at different watershed scales [14]. Although the importance
of water security is expected to intensify in the future and become more vulnerable, the
expanding quantitative water supply through hydraulic structures is becoming increasingly
constrained owing to economic and environmental reasons within a limited territory.
Therefore, traditional water management policies, such as water supply enhancement in
regional dimensions, should be replaced by sustainable policies that constitute the core
of sustainable development, as defined by the World Commission on Environment and
Development, to ensure the needs of the present without compromising on the future
generations’ ability to meet their needs [15-17].

Allocation regimes typically follow a predetermined sequence of priorities. These regimes
manage priority access to water during competition, under normal conditions or exceptional
circumstances, such as scarcity and drought. In many countries, allocation regimes prioritize
water use for domestic, human, and national needs. However, there are exceptions such as the
Netherlands, some Canadian Provinces, Israel, and Peru. For example, in the Netherlands, the
highest priorities are safety (preventing dike collapse) and environmental damage prevention.
The second most common priority is agriculture or environmental use. Allocation regimes of
some countries specify priority uses in great detail, with Hungary, Mexico, and Peru having
six distinct levels and Spain and South Africa having five distinct levels [18]. The different
priority sequences defined in various allocation regimes are illustrated in Figure 1. These
diverse implementations demonstrate a wide range of water allocation practices. In South
Korea, the allocation sequence prioritizes domestic and industrial use, followed by agricultural
use and environmental flow maintenance. However, this allocation system faces challenges,
particularly during periods of prolonged drought or increased water demand, and more flexi-
ble management strategies are needed to ensure that all essential water requirements are met
without compromising long-term sustainability. Improved infrastructure operations, better
water conservation practices, and enhanced regulatory frameworks should be considered to
comprehensively overcome these challenges.

Much research has been performed on water security and allocation. In South Ko-
rea, Lee et al. [19] proposed a decision-making method for prioritizing water allocation
during droughts using an analytic hierarchy process (AHP) method. Choi et al. [20] priori-
tized different scenarios for water budget analysis using multi-criteria decision analysis.
Lim et al. [21] determined the standard level of reservoir storage under different priority
scenarios for domestic, industrial, and agricultural water use and assessed the degree
of water scarcity to evaluate the contribution of dams in maintaining ecological flow.
Kim et al. [22] proposed an efficient approach for evaluating the risks of system failures
within a decision-centric framework based on a water allocation model. Internationally,
Wang et al. [23] optimized the operating rules for a reservoir system to account for eco-
logical flow and water use priorities, whereas Luo et al. [24] provided a comprehensive
overview of water management policies based on water use priorities. Zehtabian et al. [25]
considered the appropriate priorities for all demands and applied environmental flow in
integrated water resource management to offer practical options for water management.
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Figure 1. Sequence of water use priority in different countries [18].

Previous studies on water security and allocation have primarily focused on method-
ologies for optimizing water management systems. However, these studies meet certain
limitations in evaluating future water security unless proposing practical policies with quanti-
tative results under various climate conditions. Therefore, this study aimed to evaluate future
water security under various climate change scenarios, especially dry scenarios, by applying
practical water allocation strategies. Three distinct dry scenarios were selected and five different
water allocation strategies were applied to each climate scenario to assess the impact of water
allocation on future water security and to provide comprehensive insights into sustainable
water resource management during climate change in the Seomjin River Basin.

2. Materials and Methods
2.1. Study Area

The Seomjin River Basin is situated in southern South Korea and covers an approximate
area of 8298 km?. The basin is comprised of two major watersheds, Seomjin River and Seomjin
River Downstream. Seomjin River Watershed features the Seomjin River, one among the five
largest rivers in South Korea. The river originates in the north, and its largest tributary, the
Boseong River, originates in the southwest and merges with it. In contrast, Seomjin River
Downstream Watershed lacks sulfficiently large rivers and drains directly into the sea; however,
it hosts significant national industrial complexes. Figure 2 illustrates the study area.

Multiple dams have been constructed in Seomjin River Watershed, where resources for
water supply are abundant, to meet the increasing water demand. These include multipurpose
dams (the Seomjin and Juam dams), water supply dams (the Dongbok, Donghwa, and
Sueo Dams), and hydroelectric dams (the Boseong River dam). However, because of the
substantial water demand from adjacent administrative districts and industrial complexes,
approximately 80% of the water secured by hydraulic structures is transferred to the outer
and inner watersheds. This situation can cause potential conflicts between water users during
droughts when the main river flow becomes insufficient. In addition, the estuary of watershed
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is the primary site for domestic harvesting, particularly of corbicula (a type of freshwater
clam). However, the recent expansion of the Daap intake station’s capacity and increased
water intake have reduced downstream flow and degraded water quality, damaging corbicula
production and leading to complaints from local residents. Thus, despite numerous water
storage facilities, the basin remains vulnerable to drought and faces challenges regarding water
allocation. Therefore, comprehensive analyses of water security and demand management
plans for different watershed scenarios should be considered.

126°40'0"E  127°0'0"E  127°20'0"E  127°40'0"E

4
N
- W= ==
%#X
35°40'0" N+ ! r35°40'0"N
35°20'0" N r35°20'0"N
Legend
Standard unit watershed
Seomjin River Watershed
Seomjin River Downstream Watershed
| Stream -
Hydraulic structure
35°0'0" N+ F35°0'0"N
34°40'0"N ¢ ,seomﬁ'n’\_,River L “,. * 134°40'0"N
) Dbﬁ;fst;r“eam '
.~ Watetshed
Hydraulic structure IR T o
a: Seomjin River Dam ’
b: Donghwa Dam
c: Dongbok Dam 34°20'0"N- 34°20'0"N
d: Juam Dam
e: Sueo Dam
f: Juam Regulation Dam X b { —— km
g: Boseong River Dam : v 0 10 20 10 60 80
h: Daap Intake Station ‘

126°40'0"E  127°0'0"E  127°20'0"E  127°40'0"E
Figure 2. Description of study area.

2.2. Soil and Water Assessment Tool

Soil and Water Assessment Tool (SWAT) is a physically based, semi-distributed model
designed to predict the continuous and long-term hydrological cycle of a watershed under
various soil types, land covers, climate conditions, and management practices [26]. Devel-
oped by the United States Department of Agriculture, Agricultural Research Service, the
model enables the efficient processing and computation of continuous simulations over
a long time [27]. Spatially distributed data on land use, topography, and soil are used
as inputs (Figure 3) to estimate outputs such as runoff, evapotranspiration, percolation,
sediment, and nutrients [28-30]. The hydrological process simulated by SWAT is based on
the following balanced equation:

t
SWt = SWO + Z(Rday - qurf - Wseep - Ea - ng) (1)
i=1

where SW; is the humidity of the soil (mm), SWy is the base humidity of the soil (mm),
t is the time (days), Ry, is the rainfall volume (mm), Qs is the surface runoff, E, is the
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evapotranspiration (mm), Wsp is the seepage of water from the soil into deeper layers,
and Qg is the underground runoff (mm).
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Figure 3. SWAT input data: (a) land use map; (b) digital elevation map; (c) soil map.

SWAT was used to estimate and provide natural runoff, and its calibration was per-
formed by excluding observation points located downstream of the hydraulic structures
affected by artificial discharges. Calibration results were evaluated using two objective
functions: coefficient of determination R? and percent BIAS (PBIAS), defined as follows:

[£(0i = M)(S; = S)I?

2
K= (0, —M)*L(Si— S ) ?
PBIAS = 100 x % (3)

where O; is the observed value at time i; P; is the simulated value at time i; M is the mean
of the observed values; and S is the mean of the simulated values.

To estimate the natural runoff aligned with our research objectives, the target wa-
tershed was delineated into standard watershed units. The calibrated model was used
to account for the long-term changes in natural runoff in the water balance analysis by
applying future climate change scenarios and historical meteorological data.

2.3. K-WEAP

We used the Korea-Water Evaluation and Planning System (K-WEAP), a flexible and
visible model that helps users to evaluate water resources by setting scenarios based on
different input variables, for the analysis. K-WEAP is a devised version of Water Evaluation
and Planning (WEAP) tool developed by Korea Institute of Construction Technology
(KICT) and Stockholm Environment Institute-Boston Center (SEI-B) to better consider the
characteristics of South Korea [31]. The model provides a comprehensive, user-friendly
framework for planning and policy analysis, which can be applied for complex water
budget analyses and regional water security observation. It can also represent water
resource systems by incorporating natural inflows, water use efficiency, dam operation, and
supply priority as input data, allowing it to consider various water supply and demand
scenarios. Considering these characteristics and the extensive use of K-WEAP in planning
and managing water resources in South Korea at different basin scales [32-34], we used
K-WEAP to analyze future water security based on practical water allocation priorities.
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2.3.1. Model Setting

Spatial resolution of water budget analysis differs according to water use. Domestic
and industrial water demands are primarily organized at the administrative district level.
Accordingly, locally permitted intake for domestic, industrial, and agricultural uses were
applied through a network in a standard watershed unit. Temporal resolution was set
to 5-day intervals, aligned with the methodology commonly employed in national water
resource plans and evaluations [4,35].

Water supply and demand were considered by establishing a water budget network
within the study area. The network illustrates water use, consumption, return, and transfer
between water sources and demand sites based on schematic elements of K-WEAP, includ-
ing transmission link, return flow link, wastewater treatment plant, and local supplies.

The water supply sources were categorized into natural inflow (unregulated inflow)
and supply from dams, agricultural reservoirs, and groundwater. The specification and
operation data of the hydraulic structures were obtained from relevant institutions, and the
structures were mapped onto the network based on geographical information. Given the
challenge of individually applying over 1000 agricultural reservoirs in the study area, we
applied representative reservoirs of each watershed unit to the network, except for those
used for nonagricultural purposes. Groundwater nodes were included in the network,
based on administrative or standard watershed units.

Regarding water demand, domestic water use involved the process from intake facilities
to wastewater treatment facilities based on each administrative district. Industrial water use
was distinguished between local uses and those managed by the government in industrial
complexes. Conversely, agriculture water use was separated into irrigation and non-irrigation
uses at the standard watershed unit, reflecting the complex interconnections with supply
sources, including agricultural reservoirs and groundwater. Figure 4 shows the basic network
of domestic, industrial, and agricultural water supply and demand applied in this study.

@ Demand site @ Demand site Groundwater
B Groundwater B Groundwater
A Reservoir A Reservoir
@ Wastewater treatment plant + Transmission link
Transmission li Wastewater
» Transmission link ~—— Return flow
— Return flow treatment plant . Stream Reservoir
— Stream s e .
Irrigation Non-irrigation
Domestic
Groundwater
Permissioned
Permissioned Permissioned intake
intake
a >
> >
(@ (b)

Figure 4. Schematic network of water supply: (a) domestic and industrial supply; (b) agricultural supply.

2.3.2. Input Data

Data on unregulated flow, agricultural reservoirs, groundwater resource, and dams
serving as supply sources were collected based on data from hydrological models and
observed data. The natural runoff simulated by SWAT was assumed to be the total amount
of inflow for each sub-watershed, whereas the inflow of representative reservoirs for
agricultural purposes within each sub-watershed was determined by considering the ratio
of drainage area to watershed area, calculated as follows:

Z Ares,z'

Qres,i = Qn,i X
Asub,i

(4)
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Qu,i = Qn,i - Qres,i (5)

where A, ; is the drainage area of the agricultural reservoir in sub-watershed i, Ay, ;
is the watershed area of sub-watershed i, Q,,; is the volume of the natural flow of sub-
watershed i estimated by SWAT, Q,,; is the volume of the inflow of a representative
agricultural reservoir in sub-watershed i, and Q,, ; is the volume of the unregulated flow
of sub-watershed i. The annual recharge of groundwater for each administrative district
(domestic and industrial) and a standard watershed unit (agricultural) was estimated by
averaging the groundwater use for the corresponding purpose. Moreover, dams within the
watershed were considered to release water based on a monthly target release as part of a
water supply plan to compensate for unpredictable future releases.

The target water demand, facility capacity, and water consumption were determined
to assess future water security. The target water demand was retrieved from the Ministry of
the Environment (ME) [4], which recommends the projected water demand by considering
population growth, economic development, and agricultural activities. For domestic and
industrial water use, water demand was aggregated in the higher administrative division
by compiling data from the lower divisions. Data were collected from 11 districts (Imsil,
Sunchange, Namwon, Gokseong, Gurye, Hadong, Sunchang, Gwangyang, Boseong, Yeosu,
and Goheung) that influence the water resources within the watersheds. The agricultural water
demand was organized across 71 standard watershed units. The total amounts of projected
water demand for domestic, industrial, and agricultural water use are 118.78 Mm3/ year,
342.83 Mm?/year, and 1044.64 Mm?/year, respectively. Figure 5 displays the three types
of annual water demand in the target watersheds. Moreover, the capacity of each intake
facility was individually considered to account for the currently operating facilities, whereas
water consumption during the supply procedure was considered based on the average loss or
consumption rate of each demand site to ensure reliability of the water budget analysis.

Water
Demand
(m/year)

Water
Demand
(mYyear)

Water
Demand
(m/year)

110,000.0 656,829.0 49,689,400.0

00 0.0
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0 10 20 0 60 80 N 0 10 2 40 0 80 : N 0 10 20 40 60 80

(@) (b) ©

Figure 5. Distribution of annual water demand: (a) domestic; (b) industrial; and (c) agricultural demands.

2.4. Climate Change Scenarios
2.4.1. Coupled Model Intercomparison Project 6

For future climate data, the sixth phase of the coupled model intercomparison project
(CMIP) was used in this study. CMIP6, which is also known as a Shared Socioeconomic
Pathways (SSP), considers global economic and demographic changes along with greenhouse
gas emissions for climate simulation. Five SSP scenarios (SSP1: sustainability; SSP2: middle
of the road; SSP3: regional rivalry; SSP4: inequality; and SSP5: fossil fuel development)
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represent different combinations of mitigation and adaptation challenges [36]. Moreover, SSP
scenarios are combined with Representative Concentration Pathways (RCPs) using shared
policy assumptions to ensure that the future scenarios are reasonable [37,38]. Thus, SSP126
(SSP1-RCP2.6), SSP245 (SSP2-RCP4.5), SSP460 (SSP4-RCP6.0), and SSP585 (SSP5-RCP8.5) are
the updated versions of the RCP scenarios from CMIP5. In this study, we employed climate
model data obtained from CMIP6 and four SSP scenarios (SSP1-3 and SSP5) over the study
area. Table S1 lists 15 general circulation models (GCMs) that are integrated in CMIP6 to
satisfy all the necessary input data for the SWAT model, including precipitation, maximum
and minimum temperatures, relative humidity, average wind speed, and solar radiation.

2.4.2. Extreme Precipitation Indices

The World Climate Research Program and World Meteorological Organization jointly
established the Expert Team on Climate Change Detection and Indices (ETCCDI) to identify
the impacts of climate change on extreme water events [39]. The ETCCDI include 27 indices,
11 of which are related to precipitation and 16 to temperature. These indices were calculated
based on daily precipitation and temperature values. Notably, frequent natural disasters,
such as floods and droughts, in various regions are associated with changes in the frequency
and intensity of precipitation extremes. Moreover, the projection of precipitation extremes
is a key topic for improving our understanding of the causes and consequences of extreme
events on the natural events [40—42]. Therefore, this study relies on the projection of
precipitation-related indices among the ETCCDI to understand future changes in climate
extremes over the study region. Table S2 presents the definitions of the extreme precipitation
indices of the ETCCDI.

2.5. Water Allocation Scenarios

By default, the water allocation priority of each demand site is set to equal in the
K-WEAP model, ensuring that all demand sites receive the same satisfaction rate when
water resources are insufficient to meet the total demand. However, in reality, the im-
portance of water demand often takes precedence, as different industries exhibit varying
tolerances to water shortage. For example, shortage of agricultural water may have min-
imal societal impact, whereas shortage of domestic water can cause significant societal
disruption. Furthermore, differences in development goals, functional positioning, and
levels of economic and social development in urban agglomerations necessitate varying
water allocation priorities across cities. Therefore, the determination of water allocation
should fully consider these factors.

Our water budget analysis employed five scenarios of water allocation priority, as
depicted in Figure 6. These scenarios vary in the order of priority given to domestic,
industrial, agricultural, and instream flow requirements. The first scenario prioritizes
domestic, industrial, and agricultural uses before instream flow. The second scenario
gives priority to domestic and industrial needs, followed by agricultural and instream
flows. The third scenario considers all uses (domestic, industrial, agricultural, and instream)
equally. The fourth and fifth scenarios prioritize instream flow first, with the fourth scenario
addressing domestic, industrial, and agricultural needs and the fifth scenario focusing on
domestic and industrial uses before agricultural needs. By incorporating these varying
priority scenarios, we comprehensively evaluated the impacts of different water allocation
strategies on the overall water supply and demand balance.

Figure 7 shows the flow requirement points located within the Seomjin River Basin.
Water allocation scenarios were applied to the K-WEAP network by varying the priorities of
the demand sites based on their water use purposes. In cases where a dam restricts natural
streamflow, different priority criteria were used to allocate water upstream and downstream.
There were 13 designated points (Unam-gyo, lljung-ri, Hyeonpo-ri, Pyeongnam-ri, Yujeok-gyo,
Sindeok-ri, Dongrim-gyo, Godal-gyo, Yeseong-gyo, Taean-gyo, Gurye-gyo, Songjeong-ri, and
Gajang-gyo) for instream flow in the target watersheds. All these points were situated within
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watershed 40, with one upstream of the Seomjin River Dam, one downstream of the Boseong
River Dam, and eleven downstream of the Seomjin River and Juam Dam.
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Figure 7. Details of the 13 flow requirement points in the study area.
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2.6. Future Water Security

Three key indices are commonly used to evaluate water security, namely reliability,
resilience, and vulnerability (RRV). Hashimoto et al. [43] introduced the concept of the RRV
in the context of water resource systems. The reliability (R,;) index measures the probability
that a system is in a satisfactory state and is defined as the ratio of the number of time
steps where demand is met to the total number of time steps; a higher reliability indicates a
more dependable water system. Resilience (R.s) quantifies the ability of a system to recover
from failure to a satisfactory state after falling below a satisfactory threshold. It can be
defined as the ratio of the probability of transition from the unsatisfactory to the satisfactory
state; a high resilience value indicates that the system can quickly return to a satisfactory
state. Vulnerability (V) assesses the extent of deficits by measuring the severity of failures
when the system fails to meet demand; a lower vulnerability demonstrates less severe
consequences from the failure of the system. These three indices were calculated as follows:

M d
14
RESZ{M Zid(])} 7)
]:
1 M
Vi = M o(j) (8)
j=1

where M is the total number of water deficit events, T is the number of time intervals,
d(j) is the duration of the water deficit eventj (days), and v(j) is the severity of the water
deficit (Mm?3).

Although individual metrics of the RRV can provide important information regarding
water security, relying solely on these separate indicators may not be sufficient to analyze
multiple scenarios and find solutions within them. The aggregation index (AI) integrates
these indices into a simple comprehensive score, providing a clearer evaluation of the
overall state. Therefore, in this study, we applied both RRV and Al to examine future
water security. The Al is estimated based on the dimensionless vulnerability (V) and is
calculated as follows:

s mEmel) o
wd = “Aynual demand
_ 1/3
Al = [Res X Reps X (1 — Vul.d)] (10)

3. Results and Discussion
3.1. Calibration Results

The streamflow was calibrated using SWAT across six calibration points within the
target watersheds: Jhwapo-gyo, Unam-gyo, Hyeonpo-ro, Hapgang-gyo, Yongseo-gyo,
and Daeseok-gyo. Among various parameters available in SWAT, six parameters (CN2,
CH_N(2), ESCO, GW_DELAY, and GWQMN) were adjusted for calibration (Table S3), and
the calibration period spanned from 2013 to 2023. Figure 8 shows the comparison between
observed and simulated streamflow. The preliminary R? values of the calibration points
ranged from approximately 0.62 to 0.81, suggesting a good to very good fit between them.
Similarly, PBIAS values ranged from —3.31% to +3.05%, indicating proper bias in the model
simulations (Table 1). Furthermore, the temporal patterns of the simulated data agreed
reasonably with the observed data at all calibration points, implying that the seasonal
variations and hydrological events were captured during the simulation.
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Figure 8. Streamflow calibration results against six calibration points. The black graph represents the
observed data and the red graph represents the simulated data.

Table 1. Results of statistical tests during calibration of six points.

Calibration Point R? Percent BIAS (%)
Point 1 0.81 +2.35
Point 2 0.63 +2.90
Point 3 0.78 —0.08
Point 4 0.65 —3.31
Point 5 0.64 +3.05
Point 6 0.62 +0.86

3.2. Determination of Dry Scenarios

Fifteen GCMs under four different SSP scenarios were evaluated using extreme pre-
cipitation indices of the ETCCDI to derive magnitudes of dryness individually, and the
results were ranked based on these indices to compare their effectiveness in representing
dry scenarios in the study area. Figure 9 illustrates the dryness ranking of the 60 climate
models. The sum of the scores indicates the overall performance, with lower scores repre-
senting better performance under dry scenarios. The INM-CM4-8 model under the SSP585
and SSP245 scenarios exhibited the driest performance, with total scores of 129 and 133,
respectively. These results explain the superior capability of the models in simulating dry
conditions, making them highly reliable for dry-scenario applications. Additionally, the
MIROC6 model under SSP370 ranked among the top three models, with a score of 137,
further demonstrating its proficiency in depicting dry climates.

The dryness scores for the 60 climate models ranged from 129 to 606. Although three
representative models were chosen for dry scenarios, an additional model was selected
to leverage the dry scenarios effectively. Models with scores of 314 or 315, which can
be considered to have a moderate climate, included CNRM-ESM2-1 ssp370, MPI-ESM1-
2-HR ssp585, and MRI-ESM2-0 ssp370. Given that the extreme precipitation indices of
MRI-ESM2-0 ssp370 were not generally dry and showed no red areas on the heat map,
MRI-ESM2-0 ssp370 was selected as a representative model for moderate climates.

The selected dry and moderate climate models were considered for SWAT to simulate
unregulated flow in the future, and the flow data were input to K-WEAP to evaluate the
water budget analysis and water security in the future, especially for dry and moderate
climate conditions.
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Figure 9. The 60 climate models ranked for dryness based on extreme precipitation indices.

3.3. Evaluation of Future Water Security
3.3.1. Unmet Demand/Demand Coverage

A basic approach was used for examining water security; unmet demand and demand
coverage were estimated using four climate models with five different water allocation
scenarios. Table 2 presents the average values of the unmet water demand and demand
coverage in the study area. INM-CM4-8 under SSP5 showed unmet demand ranging
from 93.904 Mm? /year (Scenario 2) to 111.313 Mm?3/year (Scenario 4), with demand
coverage between 90.60% and 92.08%. For INM-CM4-8 under SSP2, unmet demand varied
from 76.264 Mm?/year (Scenario 2) to 103.202 Mm? /year (Scenario 4), while demand
coverage spanned from 91.97% to 93.56%. For the MIROC6 under SSP3, unmet demand
was between 75.727 Mm?3/ year (Scenario 3) and 92.331 Mm?/ year (Scenario 4), with
demand coverage ranging from 92.20% to 93.60%. The model MRI-ESM2-0 under SSP3
representing a moderate scenario presented better outcomes, with unmet demand from
29.660 Mm?/ year (Scenario 3) to 44.111 Mm?3/ year (Scenario 4) and demand coverage
from 96.27% to 97.08%. Unmet demand peaked under Scenario 4 regardless of climatic
conditions, whereas Scenarios 2 and 3 exhibited the lowest deficit. In contrast, the INM-
CM4-8 SSP5 scenario showed the driest conditions with the worst water deficit, and this
model was used as a representative dry scenario for further analysis.



Water 2024, 16, 2933 13 of 21
Table 2. Results of unmet demand and demand coverage analyses for three water use types.
Unmet Demand (Mm?/year) (Demand Coverage)
Climate Model SSp Category Water Allocation
Total Domestic Industrial Agricultural

Scenario 1 102.155 (91.37%) 1.066 (99.10%)  28.107 (91.80%) 72.982 (89.90%)

Scenario 2 93.904 (92.07%) 0.929 (99.22%)  19.849 (94.21%) 73.126 (89.88%)

INM-CM4-8 SSP5 Scenario 3 95.074 (91.97%) 1.721 (98.55%)  20.776 (93.94%) 72.577 (89.95%)
Scenario 4 111.313 (90.60%)  4.970 (95.82%)  32.669 (90.47%)  73.674 (89.80%)

Scenario 5 103.842 (91.23%)  5.047 (95.75%)  25.070 (92.69%)  73.725 (89.80%)

Scenario 1 93.809 (92.08%)  0.718 (99.40%)  27.392 (92.01%)  65.699 (90.91%)

Scenario 2 84.850 (92.83%)  0.599 (99.50%)  18.508 (94.60%)  65.743 (90.90%)

INM-CM4-8 SSP2 Dry Scenario 3 84.795 (92.84%) 1.219 (98.97%)  18.349 (94.65%) 65.227 (90.97%)
Scenario 4 103.202 (91.28%) 4533 (96.18%)  32.376 (90.56%)  66.293 (90.82%)

Scenario 5 95.134 (91.97%) 4.530 (96.19%)  24.304 (92.91%) 66.300 (90.82%)

Scenario 1 84.030 (92.90%) 1.079 (99.09%)  28.102 (91.80%) 54.849 (92.41%)

Scenario 2 76.264 (93.56%) 0.970 (99.18%)  20.785 (93.94%) 54.509 (92.46%)

MIROC6 SSP3 Scenario 3 75.727 (93.60%) 1.488 (98.75%)  19.608 (94.28%) 54.631 (92.44%)
Scenario 4 92.331 (92.20%) 4515 (96.20%)  32.661 (90.47%)  55.155 (92.37%)

Scenario 5 84.199 (92.89%)  4.538 (96.18%)  24.491 (92.86%)  55.170 (92.36%)

Scenario 1 43.188(96.35%)  0.069 (99.94%)  19.393 (94.34%)  23.726 (96.72%)

Scenario 2 33.258 (97.19%) 0.063 (99.95%) 9.460 (97.24%) 23.735 (96.71%)

MRI-ESM2-0 SSP3 Moderate Scenario 3 29.600 (97.50%)  0.122 (99.90%)  5.842 (98.30%)  23.636 (96.73%)
Scenario 4 44111 (96.27%)  0.652 (99.45%)  19.724 (94.25%)  23.735 (96.71%)

Scenario 5 34.562 (97.08%) 0.601 (99.49%)  10.254 (97.01%) 23.707 (96.72%)

Table 2 presents the overall water deficit in the study area; however, the demand
coverage was spatially distributed along the study area, and specific regions or points
vulnerable to water security were identified. Figures 10-12 illustrate the average demand
coverage for domestic, industrial, and agricultural water uses by administrative district or
standard watershed unit. For domestic and industrial waters, water deficits are generally
not severe under moderate climatic conditions. However, administrative districts within
watershed 41 experienced an increase in unmet demand when water allocation shifted from
domestic and industrial use to instream flow. This occurred because of the concentration
of instream flow points in watershed 40 and the limited water transfer from watersheds
40 to 41 under water allocation conditions. In addition, Namwon City, located in the
upper-right part of the study area, showed considerable variation in domestic water use.
The city relies on water supply from the Donghwa Dam, as it has two primary sources:
direct water supply from the dam and intake from the weir below the dam. However,
besides its original purpose to supply agricultural water downstream, the dam provides
water to five administrative districts, including Namwon City. Therefore, the limited water
supply from dams in a dry climate and the prioritization of instream flow made the city
susceptible to water deficits. In contrast, the demand coverage of agricultural water use
showed minimal spatial variation despite the changes in water allocation, indicating that
the allocation adjustments do not significantly damage agricultural water in the study
area. Moreover, the results suggest that systemic factors such as the operating rules of
agricultural facilities, water resource management, and irrigation systems have a greater
impact than water allocation on future water security.
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Figure 11. Demand coverage distribution for industrial water use.

Considering the climatic conditions and water allocation scenarios, the total unmet
demand and demand coverage were estimated for 13 designated instream flow points.
Table 3 shows the total unmet demand of the instream flow in the study area and a compar-
ison of the variations in the three points with high unmet demand. Averaging all water
allocation scenarios, the unmet instream flow under dry scenarios was 5.429 Mm?/year,
whereas the performance was better under moderate scenarios, with an average value
of 1.106 Mm?3/ year. Under moderate climate conditions, most deficits occurred at Point
C, whereas they varied across different points under dry climate conditions. Under dry
scenarios, Scenario 1 showed the highest unmet demand of 6.616 Mm?/year; its demand
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coverage varied from 90.54% at Point C to 98.82% at Point L. The situation was slightly im-
proved under Scenario 2 with an unmet demand of 6.508 Mm?/year and a similar coverage
variability to that of Scenario 1. Unmet demand substantially reduced to 5.775 Mm? /year
under Scenario 3, with a better overall coverage from 90.15% at Point C to 99.42% at Point
L. Under Scenarios 4 and 5, the unmet demand further reduced to 4.616 Mm3/ year and
4.629 Mm3 /year, respectively, with Scenario 5 achieving a nearly perfect demand coverage
of 99.99% at Point L. Regarding variations at individual points, Point C is believed to be
vulnerable owing to the absence of upstream hydraulic structures and its dependence on
natural runoff. Point G was located downstream of the Donghwa Dam and its limited
water resources prompted vulnerability. Finally, Point L, most downstream among the
instream flow points of the study area, served as a benchmark for the total runoff in the
study area; its unmet demand was lower than those of other vulnerable points, thus posing
no significant issues.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
Dry
Moderate
Figure 12. Demand coverage distribution for agricultural water use.
Table 3. Results of unmet demand and demand coverage analyses for instream flow.
Unmet Demand (Mm?®/year) (Demand Coverage)
Category Water Allocation - - -
Total Point C Point G Point L
Scenario 1 6.616 4.267 (90.54%) 1.078 (96.40%) 0.383 (98.82%)
Scenario 2 6.508 4.262 (90.55%) 1.057 (96.47%) 0.377 (98.84%)
Dry Scenario 3 5.775 4.441 (90.15%) 0.688 (97.70%) 0.189 (99.42%)
Scenario 4 4.616 3.752 (91.68%) 0.721 (97.59%) -
Scenario 5 4.629 3.761 (91.66%) 0.714 (97.62%) 0.008 (99.99%)
Scenario 1 1.072 1.052 (97.67%) - -
Scenario 2 1.074 1.052 (97.67%) - -
Moderate Scenario 3 1.171 1.170 (97.41%) - -
Scenario 4 0.958 0.958 (97.88%) - -
Scenario 5 0.958 0.958 (97.88%) - -
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3.3.2. RRV and AI

RRYV indices were estimated for the three water uses and instream flows under various
climate and water allocation conditions (Table 4). Under dry conditions, the reliability
index for domestic use ranged from 0.886 to 0.956, resilience index from 0.176 to 0.316,
and vulnerability index from 0.092 Mm? to 0.345 Mm?, with Scenario 4 having the low-
est reliability and highest vulnerability. For industrial use, the reliability index ranged
between 0.944 and 0.961, resilience index between 0.412 and 0.510, and vulnerability in-
dex between 1.097 Mm? and 1.542 Mm?, with Scenario 2 showing the best performance.
Agricultural use demonstrated high reliability (0.967 to 0.968) but low resilience (0.297)
and high vulnerability (1.501 Mm? to 1.542 Mm?), with minimal variation across scenarios.
For instream flow, the reliability index ranged from 0.966 to 0.977, resilience index from
0.275 to 0.289, and vulnerability index from 0.720 Mm? to 0.782 Mm?3, with Scenario 3
having the lowest resilience. Under moderate conditions, domestic use reliability improved
significantly, ranging from 0.958 to 0.997, resilience from 0.223 to 0.588, and vulnerability
from 0.020 Mm? to 0.092 Mm?, with Scenario 2 performing the best. Similarly, industrial
use reliability increased to range between 0.957 and 0.972, resilience between 0.511 and
0.620, and vulnerability between 0.424 Mm? to 1.098 Mm?3, showing marked improvement
in Scenario 3. Agricultural use reliability index ranged from 0.967 to 0.987, with resilience
index at 0.423, and vulnerability index between 0.834 Mm3 and 0.852 Mm?>. Instream
flow reliability index ranged from 0.991 to 0.993, resilience index from 0.338 to 0.385, and
vulnerability index from 0.339 Mm?3 to 0.415 Mm3, with the highest resilience exhibited
under Scenario 2. Generally, Scenarios 2 and 3 outperformed the other scenarios in terms of
reliability. However, Scenario 3 was weak in recovering from water deficit and vulnerability,
which were even worse than those of Scenario 1. On prioritizing instream flow under
Scenarios 4 and 5, the flow apparently recovered; however, whether its value is higher than
the loss in domestic and industrial water use needs to be accounted for.

Table 4. Reliability, resilience, and vulnerability indices for all water uses.

Water Allocation Scenario

Water Use Climate Index
Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

Rep (%) 0.951 0.956 0.925 0.886 0.890
Dry Res 0.311 0.316 0.255 0.176 0.178
Vi (Mm?) 0.093 0.092 0.123 0.330 0.345

Domestic
Rgp (%) 0.996 0.997 0.982 0.958 0.964
Moderate Res 0.588 0.543 0.428 0.223 0.235
Vi Mm3) 0.030 0.048 0.020 0.092 0.092
Rei (%) 0.946 0.956 0.961 0.944 0.952
Dry Res 0.453 0.510 0.476 0.412 0.426
Vi (Mm3) 1.419 1.097 1.334 1.532 1.542

Industrial
Rep (%) 0.956 0.964 0.972 0.957 0.964
Moderate Res 0.542 0.588 0.620 0.511 0.550
V1 (Mm3) 0.971 0.557 0.424 1.098 0.645
Rep (%) 0.967 0.968 0.968 0.968 0.968
Dry Res 0.297 0.297 0.294 0.293 0.293
V1 (Mm?) 1.501 1.510 1.500 1.532 1.542

Agricultural

Rep (%) 0.987 0.987 0.987 0.987 0.987
Moderate Res 0.423 0.423 0.424 0.423 0.423

Vi (Mm3) 0.852 0.851 0.834 0.837 0.837
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Table 4. Cont.
Water Allocation Scenario
Water Use Climate Index . . .
Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
Rei (%) 0.966 0.967 0.972 0.977 0.977
Dry Res 0.288 0.289 0.279 0.276 0.275
Vu (Mm?) 0.732 0.720 0.782 0.777 0.779
Instream flow
Rep (%) 0.991 0.991 0.992 0.993 0.993
Moderate Res 0.384 0.385 0.359 0.338 0.338
Vi (Mm3) 0.342 0.339 0.412 0.415 0.414

Information on possible water deficits in the study area was collected by examining
the RRV indices under each scenario. However, defining the best strategy to strengthen
the study area against a dry climate remains ambiguous because of multiple indices with
different patterns. Therefore, the Al based on the RRV indices was estimated to determine
the scenarios that were valid under dry conditions. Figure 13 presents a bar graph of the
Al value for each scenario. Generally, the Al of all water uses and instream flows tended
to decrease as dryness increased. Scenario 2 showed the highest Al for domestic and
industrial use under dry conditions, with values of 0.671 and 0.786, respectively. Scenario
4 had the lowest index for domestic use under both dry and moderate conditions, with
values of 0.537 and 0.598, respectively. Scenario 3 showed the highest index for industrial
use (0.844) under moderate climatic conditions, suggesting improved water allocation. The
prioritization of instream flow and deprioritization of agricultural water did not greatly
influence the Al under either moderate or dry climate conditions. Therefore, domestic and
industrial water uses were highly sensitive to both climate and water allocation conditions,
whereas the others were not notably affected by water allocation.

O Domestic 0O Industrial O Agricultural O Instream flow
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Water allocation scenarios Scenario 5

Figure 13. Als for different water allocation scenarios under dry and moderate climatic conditions.
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4. Conclusions

This study conducted a water budget analysis of the Seomjin River Basin, a drought-
prone watershed, by adopting practical water allocation scenarios. The allocation scenarios
included priority shifting between domestic, industrial, and agricultural water uses and
instream flow. The impact of water allocation changes on water security was assessed
under future dry and moderate climatic conditions, which were determined from the
extreme precipitation indices of the ETCCDI. The future water security was evaluated from
multiple perspectives based on unmet demand, demand coverage, RRV, and Al Variations
imposed by climate conditions and water allocation changes were examined separately
and comprehensively, focusing on determining the best strategy for target watersheds to
mitigate future drought-related water deficits.

The water allocation system showed variability in water security under different
climatic conditions, with Scenario 4 (prioritizing instream flow) having the highest unmet
demand and Scenarios 2 and 3 having the lowest. Scenario 2, prioritizing domestic and
industrial water, was most suitable in dry climates, whereas Scenario 3, with equal water
distribution, was best for moderate climates. Although Scenarios 2 and 3 generally outper-
formed others in terms of reliability, Scenario 3 had issues with resilience and vulnerability.
Scenarios 4 and 5 improved the instream flow reliability but at the expense of domestic and
industrial water uses. Agricultural water use remained stable across scenarios owing to
its reliance on reservoirs and irrigation dams. An Al based on RRV indicators highlighted
that Scenario 2 consistently performed well for domestic and industrial water uses under
dry conditions. This implies that domestic and industrial water uses are highly sensitive to
water allocation, whereas instream flow was less affected by water allocation changes.

There are few limitations to consider. First, the scope of climate models and water
allocation scenarios in this study may not fully capture the wide range of possible climate
changes and regional conditions. Second, the water allocation priorities were tailored to
the specific conditions of the Seomjin River Basin, making it difficult to generalize the
findings to other regions or countries. Therefore, future research should incorporate a
broader range of climate scenarios and water management strategies, while also considering
regional characteristics and the uncertainties of climate change for more detailed and
comprehensive analyses.

The findings comprehensively demonstrated that managing water allocation prior-
ities in the Seomjin River Basin could highly influence the water resource system, and
prioritizing domestic and industrial water is the most suitable strategy. The evaluation of
water security varies depending on the analytical perspective, which means that there is
a possibility that a flexible plan could ensure optimal water allocation. Ultimately, future
water management policies should prioritize the sectors most sensitive to climate variabil-
ity while meeting ecological needs without compromising human and industrial water
security [44]. Therefore, water management approaches that consider multidimensional
water allocation strategies must be studied further.
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