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Abstract: Climate change has inherent multidisciplinary characteristics, and predicting the future of a
single field of work has a limit. Therefore, this study proposes a water-centric nexus approach for the
agriculture and forest sectors for improving the response to climate change in the Korean Peninsula.
Two spatial models, i.e., Environmental Policy Integrated Climate and Integrated Valuation of
Ecosystem Services and Tradeoffs, were used to assess the extent of changes in agricultural water
demand, forest water supply, and their balance at the watershed level in the current and future
climatic conditions. Climate changed has increased the agricultural water demand and forest water
supply significantly in all future scenarios and periods. Comparing the results with RCP8.5 2070s
and the baseline, the agricultural water demand and forest water supply increased by 35% and 28%,
respectively. Water balance assessment at the main watershed level in the Korean Peninsula revealed
that although most scenarios of the future water supply increases offset the demand growth, a risk
to water balance exists in case of a low forest ratio or smaller watershed. For instance, the western
plains, which are the granary regions of South and North Korea, indicate a higher risk than other
areas. These results show that the land-use balance can be an essential factor in a water-centric
adaptation to climate change. Ultimately, the water-centric nexus approach can make synergies by
overcoming increasing water demands attributable to climate change.

Keywords: water-centric nexus; climate change adaptation; agricultural water demand; forest water
supply; watershed

1. Introduction

Since the first climate change study by Callendar [1], various such studies have been
conducted. The motivation for further climate change research has continued to evolve with
the IPCC Assessment Reports, the adoption of the Paris Agreement, and the acceleration of
climate change itself [2,3]. Climate change has inherent multidisciplinary characteristics,
and the future predictions of a single field of study has limits [4,5]. In particular, risks
in one area are often transferred to another, and recently, experts have tried to adopt a
nexus approach to respond to and supplement such occurrences [6-8]. Several types of
nexus approach, such as water-food-energy, have emerged, and these multidirectional
linkages contribute to the impact of climate change and set the direction of adaptation [6,7].
However, most studies dealt with policy and theoretical design or understanding the
linkage using statistical indicators [6,9,10]. In other words, research on climate change
adaptation through an empirical nexus approach, such as the use of physical models, is
continuously needed.

Most climate change-related disasters or large-scale events are caused by hydrological
changes, such as droughts and floods [11,12]. For instance, the Korean Peninsula experi-
enced heavy flooding and landslides in 2011 because of record heavy torrential rains [13]
and record droughts for 2014 to 2015 and 2017, which led to a shortage of agricultural
water [14,15]. Such hydrological changes can affect different areas, such as agriculture,
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manufacturing, and settlement environments, and the importance of water will increase
around the world [16,17].

The incorporation of water-related adaptations to climate change requires understand-
ing of the supply and demand of water. In terms of terrestrial ecosystems, agriculture
has the largest water demand and forests are the largest source [18]. The hydrological
changes caused by climate change can affect this supply-demand balance [19,20]. In North
Korea, the supply-demand balance of such water has collapsed in the past because of de-
forestation [21], and the Korean Peninsula is expected to experience increased agricultural
droughts attributable to climate change [22,23].

The assessment of water supply and demand requires a developing model that can
produce estimates in spatial units. The agricultural sector has used crop models to estimate
crop productivity and related variables based on climate and agricultural management,
such as the Environmental Policy Integrated Climate (EPIC) model, the Decision Support
System for Agrotechnology Transfer (DSSAT), and the Agricultural Production Systems
sIMulator, to estimate crop water demand or irrigation requirements [24,25]. Lim et al. [25]
predicted virtual water of crops according to climate change in the Korean Peninsula
through the EPIC model. Yoon and Choi [26] simulated crop water requirements according
to climate change in South Korea through the DSSAT model. They predicted that the
amount of precipitation increased; however, the water required would increase owing to a
decrease in effective precipitation during the growing season.

In terms of forest sectors, hydrological models, such as the Soil and Water Assessment
Tool (SWAT) and the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST),
can determine the amount of water supplied from forest areas [27,28]. Although forest
hydrological future climate change studies were not conducted on the Korean Peninsula,
Yu et al. [29] analyzed the future forest water supply of China as a SWAT model. Addition-
ally, Kim et al. [27] used InVEST to estimate forest water supply considering past climate
change in South Korea. These cases show the effectiveness of EPIC and InVEST in terms of
applicability to the Korean Peninsula, implying that highly connected research between
several sectors is required. The use of these models and the nexus approach can facilitate
directional changes to adapt to climate change.

In this study, a water-centric nexus approach of agriculture and forest is proposed
for an improved response to climate change in the Korean Peninsula. To this end, two
spatially explicit models i.e., EPIC and InVEST to evaluate the changes in agricultural
water demand and forest water supply in current and future climate conditions are used.
We focus on assessing the water supply—demand balance at the watershed level in the
Korean Peninsula, and its modification attributable to climate change. Ultimately, it is
expected that these efforts will contribute to the enhancement of water-related adaptation
to climate change.

2. Data and Methods
2.1. Study Area

Our study examined the entire Korean Peninsula, which consists of the Republic
of Korea (hereafter called South Korea) and the Democratic People’s Republic of Korea
(hereafter called North Korea). The territorial area of the Korean Peninsula includes the
land between the latitudes of 33.23° N and 43.01° N and the longitudes of 124.14° E and
130.93° E (Figure 1). Located in a temperate monsoon climate zone, the Korean Peninsula
has hot humid summers and cold dry winters. The annual average temperature in this
region is 10-16 °C, and the annual precipitation is approximately 1000-1400 mm [26].
Because the Korean Peninsula is located in the mid-latitude, a region highly affected by
climate change, the increase in temperature and variability in precipitation is expected to
increase significantly [23,25]. If the current greenhouse gas emission continues, the average
temperature will rise by 7 °C at the end of the 21st century and the precipitation will increase
by 14%; however, drought is also expected to increase significantly [30]. Geographically,
a wide range of plains is distributed in the western regions, and mountainous areas are
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formed by the Taebaek Mountains and the Kaema Plateau in the eastern and northern
regions, respectively [25,31].
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Figure 1. Basic spatial information of the Korean Peninsula: (a) national boundary with elevation and (b) major watershed map.

The Korean Peninsula has an area of 221,000 km?, of which 55,000 km? is occupied
by croplands. Approximately 20,000 km? of such croplands is in South Korea, and the
remaining 35,000 km? is in North Korea. The cropland areas in North Korea have increased
significantly in the past two decades [32,33] as a result of the food shortages in the 1990s,
which resulted in rapid deforestation as a response [33]. Topographically, many forest
areas exist in the eastern mountainous region, and the proportion of cropland increases
toward the western and southern regions. However, in terms of land use by watershed, the
small western coastal watershed has a relatively low forest ratio, and watersheds located
in North Korea have a low ratio of the forest than cropland and high grassland (Table S1).

Rice cultivation is the most popular agricultural activity, which accounts for approxi-
mately 50% of the croplands in the Korean Peninsula [19,34], as rice is a traditional staple
food in both countries. Although temperate forests dominate in the temperate climate of the
Korean Peninsula, there are also subtropical evergreen forests on the southern coasts and
subalpine forests distributed in the mountainous regions [31]. In North Korea, the Tumen
River and Yalu River, which originate from Mt. Baekdu, form a large basin, whereas the
Chongchon River and Taedong River supply most of the water to the western plains [21].
In South Korea, the Han River and Nakdong River are the largest basins, with most of the
large rivers flowing into the western and southern plains.

Although South Korea and North Korea have similar natural environments, approxi-
mately 70 years of division between the two countries has resulted in significant socioeco-
nomic differences.

2.2. Method
2.2.1. The Concept of Water-Centric Nexus and Spatiotemporal Setting

The proposed water-centric nexus approach is attributed to the water-food-ecosystem
nexus to respond to climate change [35,36]. Because the connecting link between forest
ecosystems and food is in “water”, our study is directed toward a water-centric empirical
nexus. Here, water connects agriculture and forests and becomes the main component of
the nexus affected by land use and climate. Therefore, our water-centric nexus approach
covers water supply and demand for forests and croplands, the two largest land covers
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in the terrestrial ecosystems of the Korean Peninsula and the world as per the water—
food-ecosystem nexus perspectives [37]. Forests are the largest source of water in the
terrestrial ecosystem, and it has been confirmed that the flow of water through forests can
be dealt with in terms of supply [21,27]. However, croplands, which are the most used
landscape of water, can be addressed in terms of water demand. Therefore, forests and
croplands are used as supply and demand, respectively, to assess the current and future
water supply—demand balance changes.

For the water-centric nexus approach, the main watershed of the Korean Peninsula
is used as a basic space unit of the nexus, which is an area where water is collected geo-
graphically, making it appropriate to assess water-centric balance and its related changes.
The balance between forest water supply and agricultural water demand in the watershed
can be assessed, and adaptation measures can be derived through changes in the balance
resulting from climate change (Figure 2). This is a simplified evaluation compared with
the process of estimating numerical values with a physical model, but it suggests a new
approach to address the increasing demand for water resources in terms of adapting to
climate change. In particular, this approach can identify the potential of forest water re-
sources in terms of supply. It can also assess the potential of creating synergy between the
two major land covers in the spatial unit of the watershed. However, for agricultural water
demand, a wide variety of crops that are grown in the peninsula are not taken into account.
The research was conducted by assuming the cultivation of rice on the entire cropland,
which is the representative food crop of the Korean Peninsula.

Watershed

Figure 2. Conceptual diagram of the water-centric nexus for agriculture and forest attributable to
climate change.

This study covered three periods: the baseline period, the near future, and the far
future. The baseline period was from 1981 to 2010. The near and far future were denoted as
the 2050s and 2070s, respectively, which were obtained by averaging results from 2041 to
2060 and from 2061 to 2080 for the former and latter, respectively. In terms of space units,
the entire Korean Peninsula was set at a spatial resolution of 1 km?, and whole forests
and cropland covers were evaluated. Although some weather data had a coarser spatial
resolution, they were given a spatial resolution of 1 km? to determine the spatial difference
and quantification of water supply and demand. Previous research also indicated that a
spatial resolution of 1 km? was appropriate for agriculture and forestry in studies of the
Korean Peninsula [23,31].
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2.2.2. Model and Input Data Description for the Agriculture Sector

EPIC is an extensively used global crop model developed in the United States [38]. The
EPIC crop model is widely used in estimating crop productivity and other variables relevant
to the overall agricultural environment, such as water use, soil carbon, hydrological cycle,
and nitrogen cycle [39,40]. It has been used universally to estimate changes in regional and
global agricultural conditions in Europe, Asia, and the United States [41,42]. In particular,
recent studies related to changes in agricultural production and water use in the Korean
Peninsula attributable to climate change [25,43,44] as well as studies related to changes in
the agricultural environment caused by deforestation in North Korea have also used the
EPIC model [21,33]. In this study, the EPIC0810 version was used.

The EPIC model converts the required crop growth from daily meteorological energy
and biomass growth in a simulation [38]. The daily potential biomass growth is calculated
using climate parameters, such as biomass—energy conversion rates and solar radiation for
individual crops. Factors related to plant stress (nutrient level, temperature, water, salinity,
and aeration) operate daily and reduce the potential biomass. Eventually, crop yields are
simulated based on the crop harvest index and actual biomass accumulation [45].

The EPIC model has been used in a number of studies on the Korean Peninsula and
East Asia to estimate crop productivity and water use [21,25,42]. In the present study,
the calibrated model methodology of Lim et al. [25] and Lim et al. [21] was adopted
for the estimation of rice production and water demand. This methodology has been
previously applied to the Korean Peninsula. Accordingly, the harvest index was set to 0.55,
the biomass—energy ratio was 30 kg MJ ™!, the base temperature was 10 °C, the optimal
temperature was 25 °C, and the potential heat unit (PHU) was 1300-1500 °C, which was
based on the climate experienced in the specific grid level [21,25,44].

Rice needs an extensive irrigation system. Thus, it is the optimal crop to calculate
the water demand for croplands. The EPIC model can be used to calculate the amount
of irrigation water for specific irrigation settings by each crop. In our research, the crop
irrigation requirement calculated by the EPIC crop model was defined as the “agricultural
water demand”. For estimating the total amount of water required for maximum crop
production, the irrigation setting was “optimal irrigation”.

In terms of input data, daily meteorological data and monthly statistical data are
required as inputs for the EPIC model. Six meteorological variables are necessary from the
daily weather data: minimum temperature, maximum temperature, precipitation, solar
radiation, wind speed, and relative humidity (Table 1).

The meteorological data were acquired from the online portal system for the climate
data of the Korean Meteorological Administration, and 102 weather stations were used
from 1981-2010. The variables were determined for points without any records, by ap-
plying the Kriging and inverse distance weighted (IDW) interpolation techniques for a
1 km? spatial resolution. From previous interpolation comparison studies, the Kriging
method was applied to interpolate the maximum and minimum temperatures; the IDW
method was used to interpolate precipitation, wind speed, relative humidity, and solar
radiation [19,46,47]. Two representative climate change scenarios were selected to estimate
future agriculture water demand: representative concentration pathways (RCPs) of 4.5
and 8.5. This study used data from the HadGEM2-AO global climate model (GCM) and
the HadGEM3-RA regional climate model, developed by the Hadley Centre for Climate
Prediction and Research. The climate model data for the study area were acquired through
the Coordinated Regional Climate Downscaling Experiment-East Asia. Originally, future
climate data from HadGEM2-RA used a 12.5 km? spatial resolution. However, for this
study, the data were resampled with a spatial resolution of 1 km? using the nearest neighbor
methodology considering the small patch characteristics of Korean croplands. Although
an increased number of weather stations or forecasting data are required throughout the
Korean Peninsula to interpolate the 1 km? grid, it was applied with the highest-resolution
data available owing to the difficulties in acquiring data from South and North Korea.



Agronomy 2021, 11, 1657

6 0f 20

Despite these limitations, the meteorological data were interpolated at a 1 km? spatial
resolution to verify uniformity and consider agricultural specifics.

The PHU data represent cumulative columns where plants can reach maturity ob-
tained for each grid using the PHU calculator of the Blackland Research Center [48]. The
PHU used in the simulation also reflected the difference between the average and crop-
specific base temperatures for the growing season [49].

The EPIC crop model requires diverse soil-related parameters such as pH, bulk density
(t m~3), cation exchange capacity (cmol kg’l), OC (%), electrical conductivity (mS cm 1),
sand (%), and silt (%). These can be acquired from the Digital Soil Map of the World [50] and
spatially modified using the International Soil Reference and Information Centre-World
Inventory of Soil Emission database [51].

The amounts of irrigation water and fertilizer required for each area and crop were
simulated to determine the spatiotemporal differences in the required amounts. Owing
to the regional variance in planting and harvest dates, these periods were automatically
allotted based on local climate conditions by setting the first planting start date, which
considers the agricultural practices in the Korean Peninsula. The first farming start date for
rice was set to 1 March.

2.2.3. Model and Input Data Description for the Forest Sector

The InVEST model is an effective instrument for spatially quantifying ecosystem
functions and services. Since its development in the United States [52], it has been widely
applied at the regional scale and in many countries, such as South Korea [27,53] and North
Korea [21]. The InVEST model covers diverse ecosystem functions and contains dozens of
submodels, such as water yield, habitat quality, carbon storage, and sequestration, marine
water quality, and timber production.

This study used the water-yield submodel of In'VEST (InVEST-WY) to calculate the
water supply of forests in the Korean Peninsula. The annual water yield was estimated on
each grid in the whole study area using InNVEST-WY. In this study, the annual water yield
by forests was defined as the “forest water supply”. Equation (1) followed the Budyko
curve, which can simulate grid-based water supply Y(x) using several variables such as
average annual precipitation. Here, P(x) represents the annual precipitation in a pixel,
and AET(x) denotes the actual annual evapotranspiration of a pixel. Using Equation (2),
the model can estimate the amount of water loss through evapotranspiration. From
Equations (3) and (4), the porous ratio w(x) under the seasonality factor Z and the potential
evapotranspiration to precipitation R(x) ratio were calculated. The final AET(x) was
obtained using Equation (5) [52].

(4 AETRN o
Y0 = (1= 508 ) Pt <1>
AET(x) _ 14+ w(x) x R(x )
P(x) 1+ w(x) x R(x) 4+ (1 +R(x))
L AWC(X)
w(x) =Z X TP +1.25 (©)]
_ Kc(lx) x ETp(x)
R(x) = T)O 4)
AET(x) = Kc(lx) x ETp(x) 5)

The main factors in INVEST-WY that can be used for output calibration to reflect re-
gional characteristics are Z (seasonality constant) and K (coefficient). First, the seasonality
constant Z was calculated by 0.2 x N, where N represents the average number of rainy
days (>1 mm d~!) per year during the study period [54,55]. The value of N was calculated
as ~80 from the dataset of the Korean Meteorological Administration, and Z was calculated
as ~16. K. is listed in the biophysical table of INVEST model. It is used to estimate actual



Agronomy 2021, 11, 1657

7 of 20

evapotranspiration, reflecting the water used by plants. K. for forested areas was set to
0.77 based on a recent study on forest K. coefficients in South Korea [56]. Other factors
of the biophysical table were applied to the non-adjusted value according to the IN'VEST
model manual [52].

For simulating with InVEST-WY, six input data were required: potential evapotran-
spiration (PET), annual precipitation, plant available water content (AWC), depth-to-root
restricting layer, watersheds, land use (Table 1). Additionally, two main components were
also required such as seasonality factor, and biophysical table. These data represent the
physical conditions, meteorological characteristics, and spatial attributes in each grid. The
biophysical table, which includes data on land-cover types, species-specific K, and the
maximum root depth by land-cover types, was used to simulate water yield [39]. The
input data were constructed following the InVEST user guide. If some input data were not
available to simulate the model in the Korean Peninsula, global data or the default dataset
of the InVEST model was applied.

Meteorological data were collected from the climatologies at high resolution for
the Earth’s land surface areas (CHELSA) data portal system [57] for the baseline and
future periods. The annual precipitation was used directly, and the monthly maximum
temperature, minimum temperature, average temperature, and solar radiation were used to
estimate the PET. For the two future periods, two RCP scenarios (RCP4.5 and RCP8.5) were
used from the HadGEM2-AO GCM. The CHELSA climate dataset provided various GCM
data, such as HadGEM2-AQ, and constructed with a spatial resolution of 30 arc-second.
Thus it was reprocessed to 1 km? using the nearest neighbor resampling technique.

The Hargreaves method was used to estimate the PET of the baseline and future
periods. The Hargreaves equation is a temperature-based empirical method that was
proposed in 1975 and modified in 1985 [58]:

PET = 0.0023 x R, x TD®? (TC + 17.8) (6)

where TD denotes the monthly temperatures range based on the minimum and maximum
temperatures (°C), R, is solar radiance (M] m~2), and TC is the monthly average tem-
perature (°C). The Hargreaves method has been described in previous literature [25,58];
therefore, it is not described herein.

The depth-to-root restricting layer represents the soil depth where the root penetration
is inhibited by chemical and physical characteristics. No detailed spatial data exist for
this parameter for the Korean Peninsula. Therefore, the maximum root depth dataset
from Canadell et al. [59] was used for the categories of a coniferous tree (3.9 m), mixed
forest (3.4 m), broadleaf trees (2.9 m), grass lands (2.6 m), and croplands (2.1 m). Based
on these values, spatial depth-to-root data using spatial joins with adjusted land cover
data proposed by Jeon et al. [60] were regenerated to assess forest ecosystem services.
This approach was used to simulate the forest water supply of South Korea estimated by
Kim et al. [27] and North Korea estimated by Lim et al. [21]. The AWC can be used to
identify the pore-space ratio of plant soils determined by the soil porosities of sand, silt,
and clay. North Korea does not disclose such data. Therefore, the soil map data by the
Rural Development Administration (RDA) of South Korea [61] for the Korean Peninsula
were used.
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Table 1. Input variables used for each model.

Sector Variables Source

Daily maximum temperature

Daily minimum temperature Historical: KMA

Daily precipitation Climate Change
Scenario: CORDEX-East Asia
(GCM: HadGEM2-AO)

Daily solar radiation

Daily wind speed
Agriculture sector Daily relative humidity
(EPIC model) Potential heat unit Blackland Research Center [48]
Soil pH
bulk density

Cation exchange capacity ;1.1 Soil Map of the World [50]

Electrical conductivity

Sand
Silt
Potential evapotranspiration CHELSA [57]
Annual precipitation (GCM: HadGEM2-AO)
Forest sector ;
(InVEST model) Plant available water content RDA [61]
Depth-to-root restricting layer Canadell et al. [59]
Land use GLC30 [62]

2.2.4. Validation

To calculate the water supply to the forests, accessing quantitative observations of
water supply amount is impossible, and internal data are restricted. Therefore, this study
employed the concept of water supply potential proposed by Kim et al. [27] for evaluation.
The water supply potential is the difference between AET and the annual precipitation in
forest areas. The annual precipitation is interpreted as the total amount of water input, and
AET indicates the total amount of water used by the forest. Therefore, this difference refers
to the maximum amount of water supply by forests [27]. The accuracy of the calculated
water yield in forests was assessed using a simple linear regression model applied to the
water supply potential.

To evaluate the estimated water demand by agriculture, statistical validation was
conducted using the estimated irrigated rice yield and national statistics of rice production.
Because agricultural water demand cannot be quantified by observation, the accuracy
of water demand was evaluated using irrigated rice productivity. The data of rice yield
per hectare for North Korea were obtained from the Food and Agriculture Organization
Statistics (FAOSTAT). However, for South Korea, the data were obtained as local level
statistics from the Korean Statistical Information Service (KOSIS). The accuracy of the
estimated rice yield was assessed using a simple linear regression model.

2.3. Land-Cover Data

The 2010 Global Land Cover 30 (GLC30) dataset, developed by the National Geomatics
Center of China, was used to extract the current agriculture and forest areas of the Korean
Peninsula. The land cover of GLC30 has a spatial resolution of 30 m? and includes 10 land-
cover types based on Landsat 7 satellite imagery from 2010 [21,62]. The land-cover types
include forests, cultivated lands, grasslands, shrublands, wetlands, water bodies, tundra,
artificial surfaces, bare lands, and permanent snow and ice. The reported accuracy of the
GLC30 dataset is 80% across most of the testing area; it is 97.2% across the Southeastern
Canada testing area, which is comparable to the environment of the Korean Peninsula
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(Kappa coefficient: 0.950) [62]. The nearest resampling technique was used to resample
the land cover data to a resolution of 1 km? to spatially match the resolution of other
input variables.

3. Results and Discussion
3.1. Evaluation of Model Performance in the Baseline Period

The two models accurately estimated forest water supply and irrigated rice yield in
terms of the coefficients of determination. The water supply potential, calculated by annual
precipitation and AET, and the estimated water supply from the forest are well fitted: the
coefficients of determination for both North and South Korea are 0.98 and 0.97, respectively
(Figure 3a,b).
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Figure 3. Evaluation results of each model and region: InNVEST-WY for (a) North Korea and (b) South Korea; EPIC model
for (c) North Korea and (d) South Korea.

The rice yield statistics and estimated rice yields data in this study estimated similar
trends on productivity. The coefficient of determination based on the evaluation results
for North Korea using FAOSTAT rice yield is 0.78 (Figure 3c), and the coefficient of de-
termination using KOSIS based on the evaluation results for South Korea is 0.72. Both
regions demonstrated high accuracy (Figure 3d). The agricultural water demand data were
unavailable for validation and, therefore, the performance of the simulation model was
evaluated indirectly by applying irrigated rice yields.

3.2. Assessment of Climate Change Impact on Crop Productivity and Agricultural Water Demand
3.2.1. Assessment of Climate Change Impact on Crop Productivity

The irrigated rice yield was estimated to be 4-5 t ha~! (Table 2), with overall high
productivity in South Korea. The case of northeast North Korea, which is generally disad-
vantageous for rice production owing to low summer temperature, low precipitation, and
high altitude showed relatively low productivity. (Figure 4). The two climate change scenar-
ios generally had positive effects on irrigated rice production. In the RCP4.5 scenario, the
productivity of the entire Korean Peninsula increased over time, whereas in the RCP8.5 sce-
nario, it increased until the 2050s and decreased thereafter. This suggests that an increased
temperature increases the land area suitable for cultivating rice and rice productivity, with
irrigation compensating for any negative impacts on water-related balance. This trend is
similar to previous studies on irrigated rice yields [25,63]. However, the spatial resolution
of this study is higher than that of others, to observe detailed regional differences.

Table 2. Rain-fed and irrigated rice yields under baseline and future climate conditions.

Rain-Fed Rice Yield (Average) Irrigated Rice Yield (Average)
South Korea North Korea Korean Peninsula South Korea North Korea Korean Peninsula
(tha1) (tha 1) (tha1) (tha1) (tha1) (tha 1)
Baseline 2.53 2.80 2.67 4.56 4.24 4.39
RCP4.5 2050s 1.94 1.99 1.96 4.66 4.29 4.44
RCP4.5 2070s 1.77 2.24 2.02 4.60 4.73 4.66
RCP8.5 2050s 1.91 1.69 1.79 457 4.25 438
RCP8.5 2070s 1.26 1.68 148 4.29 4.33 4.30
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Figure 4. Irrigated rice yields under baseline and future climate conditions in the Korean Peninsula.

Rain-fed rice was directly affected by climate change. The baseline yield of rain-fed
rice was only 60% of that of irrigated rice, but the yield was relatively uniform across the
Korean Peninsula (Figure 5). In the RCP4.5 scenario for both the 2050s and 2070s, it was
predicted that low-productivity areas would be widespread on the western coastal plains
and in the southeastern regions, which are the main food-production zones in the Korean
Peninsula. In the RCP8.5 scenario, a significant decrease was observed in the western
plains of North Korea for the 2050s, and it was found that this decrease would expand to
include the entire peninsula by 2070. Indeed, the temperature rise and associated increase
in precipitation volatility are expected to cause significant damage to non-irrigated rice
paddies. These results are remarkably similar to previous agriculture/drought cases for
the same periods and areas [23], which suggests that they accurately reflect the impact of
drought or disrupted water balance on productivity. In particular, the decline in produc-
tivity in the western plains is likely to be a major threat to food security. Therefore, more
aggressive irrigation is required in the future.

3.2.2. Assessment of Climate Change Impact on Agricultural Water Demand

The baseline irrigation demand for rice for the peninsula ranges from 120 to 180 mm
(Figure 6). This does not differ significantly between South and North Korea. Jeju Is-
land, which is a volcanic island with highly permeable soil [64], has the highest demand.
Each spatial grid imposes an average water demand of 136 mm y~!, and a total of
8943 million m® y ! of water is required for agriculture throughout the Korean Penin-
sula (Table 3). North Korea had 13% more water demand than South Korea because of its
inherent larger cropland area.
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Figure 6. Agricultural water demand under baseline and future climate conditions in the Korean
Peninsula.
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Table 3. Statistics of agricultural water demand and forest water supply under baseline and future climate conditions.
Forest Water Supply Agricultural Water Demand
South Korea North Korea Ko.rean South Korea North Korea Ko.rean
Mean 11s o) Peninsula Mean (mm 11s o) Peninsula
_ (million (million 1s _ (million (million 1s
(mm y-1) m’ y-1) my-1) (million y 1) m’ y-1) o y-1) (million
y y mdy-1) y y mdy-1)
Baseline 495.65 33,269 30,189 63,458 136.75 4198 4745 8943

RCP4.5 2050s 594.57 37,990 38,620 76,610 174.90 5477 5985 11,462
RCP4.5 2070s 513.70 38,724 27,874 66,598 175.22 5543 5939 11,482
RCP8.5 2050s 573.64 40,774 33,367 74,141 179.80 5322 6491 11,813
RCP8.5 2070s 629.59 42,096 39,112 81,208 183.93 5766 6277 12,043

The future irrigation demands are predicted to increase significantly, in general, for
both climate change scenarios, with the demand being the highest under the RCP8.5
scenario. By the 2050s, local changes were obvious, and by the 2070s, nationwide changes
were predicted (Figure 6). In the 2050s, there was a particularly dramatic increase in the
irrigation demand in the western plains of North Korea, which would place a significant
pressure on the water supply. In the RCP8.5 scenario for the 2070s, which is the highest
demand period, the average water demand in each grid is 183 mm y~!, and a total
water volume of 12,043 million m® y~! is required for agriculture throughout the Korean
Peninsula (Table 3). This is an increase of approximately 35% compared with the baseline
period, suggesting that climate change alone can lead to a large demand change without
land-use change. When both countries were compared, the demands in North Korea and
South Korea increased by 31% and 38%, respectively. This could be interpreted to mean that
an increase in future irrigated rice yield (Section 3.2.1) is possible if it satisfies the condition
on which the irrigation demand increased. The total precipitation increases under the RCP
4.5 and 8.5 scenarios [30]; however, this result shows that the effective precipitation during
the crop growing season decreases due to increased precipitation variability. In the same
context, Lim et al. [23] argued that agricultural drought in the Korean Peninsula would
increase under the RCP scenario.

Under the RCP scenario, unexpectedly low demand was observed in the northeastern
region of North Korea, which is unfavorable to rice production (Figure 6). This can be
understood as a positive change in water demand as the temperature rises due to climate
change. However, it is not easy for wide cultivation caused by rugged mountainous
regions. Because the influence of heavy rains and the like moves north from the south, it is
considered that the effect of hydrological disasters is less reflected. Although it is a positive
result, the effectiveness of the actual cultivation should be evaluated from various angles
because it was not an existing suitable area.

3.3. Assessment of Climate Change Impact on Forest Water Supply

Estimates indicate that the overall water supply for the future climate scenarios will
increase significantly (Figure 7). Although differences can be observed in the size of the
increase, water supply is larger than the current baseline for all scenario and time-period
combinations. This reflects a greater rise in precipitation compared with evapotranspiration
in the Korean Peninsula due to climate change [65,66]. Currently, the total amount of
water supplied by forests to the Korean Peninsula is 63,458 million m3 y~!, which is
81,208 million m3 y~! in the 2070s for the RCP8.5 scenario (Table 3). This is approximately
28% higher than the baseline conditions. In the RCP4.5 scenario, water supply in the 2050s
is expected to be higher than that in the 2070s, and in the RCP8.5 scenario, it increases
even further.
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Figure 7. Forest water supply under baseline and future climate conditions in the Korean Peninsula.

In terms of geographical distribution, the higher water supply area expands northward
over time (Figure 7). In the RCP8.5 scenario, most of North Korea produces levels similar
to South Korea, except the northeastern region. However, in the North Korean areas
where water supply increased, forests have remained devastated for the last 30 years [33].
This lack of forests can have a negative impact on the long-term water supply [21]. In
South Korea’s Gyeongsang Basin and North Korea’s northeast regions, the water supply is
currently relatively low, and this will remain the case compared with other regions.

Although the total forest water supply increases significantly because of the rise in total
precipitation, in the present study, water supply is based on the annual hydrological cycle,
so the total forest water supply amount can be interpreted as the potential water supply.

3.4. Assessment of Water Balance of Agricultural Water Demand and Forest Water Supply at the
Watershed Level

From the assessment of the water supply-demand for each watershed for the water-
centric nexus between agriculture and forest, it was predicted that, although water demand
increased in most watersheds, it can be offset by forest water supply. In watershed-level
assessment, the baseline was compared with the 2070s under the RCP8.5 scenario, which
showed the most significant change.

Water supply and demand increased in all watersheds. In particular, in the watersheds
located on the western part of the Korean Peninsula, significant changes can be observed
in both supply and demand (Figure 8). Forest water supply increased by more than 20% in
all regions, and agricultural water demand showed a large deviation, where it increased
and decreased (Table 4). In North Korea, agricultural water demand increased significantly
in the major regions for food production especially in the Chongchon River, Taedong River,
and Ryesong River basins. In South Korea, the demand for water from the Han River,
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Anseong River, Sapgyo River, Geum River, and Mankyung-Dongjin Rivers basins located
in the western plains increased significantly (Table 4). Specifically, in the western plains,
owing to low forest ratio, the increase in water supply is small, which is expected to pose a
threat to water balance in the future.

a

50 100 200 km

0
“@’ 0 50 100 200 km

Water Supply-Demand Balance
(million m3 km? y*)
<0.095
0.095-0.155
777 0.155-0.215
I 0.215-0.275
I 0.275-0.335
I 0.335-0.395

Gy I 0.395 < G

Figure 8. Water supply-demand balance under climate change at the main watershed level: (a) base-
line period and (b) RCP8.5 2070s.

Table 4. Agricultural water demand and forest water supply under climate change at the main watershed level.

Mai Forest Water Supply Agricultural Water Demand
ain
Watershed Baseline RCP8.5 2070s Change Rate Baseline RCP8.5 2070s Change Rate
(million m® y-? (million m® y— (%) (million m® y— (million m3 y— (%)

Tumen River 1969.6 2559.4 +29.9 390.0 469.2 +20.3
Yalu River 8779.1 11,918.7 +35.8 813.9 898.9 +10.4
Northeastern Basin 3454.5 4168.7 +20.7 324.9 369.5 +13.7
Chongchon River 4118.7 5426.8 +31.8 694.9 978.9 +40.9
Taedong River 4677.8 6039.4 +29.1 1401.7 2048.5 +46.1
Eastern Basin 3032.4 3809.8 +25.6 271.2 326.6 +20.4
Ryesong River 1116.9 1436.6 +28.6 474.5 682.7 +43.9
Han River 17,150.9 21,943.0 +27.9 1104.4 1541.3 +39.6
Han River: east sea 1860.2 2462.3 +32.4 42.8 479 +11.9
Han River: west sea 266.0 326.5 +22.7 69.4 110.8 +59.7
Anseong River 251.3 318.4 +26.7 126.3 194.3 +53.8
Sapgyo River 288.8 353.2 +22.3 115.5 180.8 +56.5
Geum River 2785.3 3484.1 +25.1 489.5 720.2 +47.1
Geum River: west sea 452.3 541.3 +19.7 144.8 224.7 +55.2
Nakdong River 7029.4 9141.8 +30.0 1016.8 1374.6 +35.2
Nakdong River: east sea 866.3 1177.4 +35.9 54.6 74.8 +37.0
Nakdong River: south sea 885.0 1031.8 +16.6 67.8 82.1 +21.1
Mankyung-Dongjin Rivers 529.6 635.5 +20.0 216.9 318.4 +46.8
Hyungsan River 281.0 389.1 +38.5 59.4 73.7 +24.1
Sumjin River 2055.3 2395.7 +16.6 243.4 298.4 +22.6
Sumjin River: south sea 1089.7 12121 +11.2 125.0 157.0 +25.6
Taehwa River 198.6 266.9 +34.4 28.7 33.6 +17.1
Yeongsan River 745.6 881.3 +18.2 246.5 324.7 +31.7
Yeongsan River: west sea 289.7 337.0 +16.4 98.0 138.1 +40.9
Yeongsan River: south sea 319.9 369.1 +15.4 62.2 84.6 +36.0
Huiya-Sooyoung 260.9 337.7 +29.5 25.7 31.1 +21.0
Tamjin River 187.7 213.5 +13.7 21.4 27.3 +27.6

Jeju Island 5379 631.2 +17.4 187.8 188.0 +0.1
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The result of the current and future assessment for the watershed-level water demand-
supply balance per unit area reveal that the increase in forest water supply exceeds the
increase in agricultural water demand, and the future balance changes more positively
(Table 5). However, this is only the case when all water supply sources are used. The
balance decreased only in the two watersheds of the Anseong River and Sapgyo River in
South Korea. These watersheds were found to have a smaller watershed size and lower
forest ratio than others, which resulted in a greater demand than available supply. Except
for the small watershed, it is noteworthy that the water balance increased in most of the
watersheds. In North Korea, the Taedong River and Ryesong River basins have a relatively
low balance because the water supply growth rate is not high compared with the increase in
agricultural water demand. This area is one of North Korea’s representative granary areas,
and it is an area where croplands have increased significantly because of deforestation. In
South Korea, for the Geum River, Mankyung-Dongjin Rivers, and Yeongsan River basins,
water balance increases slightly. This region is also a western plain granary and has a low
forest ratio basin.

Table 5. Water supply—demand balance under climate change at the main watershed level.

Main
Watershed

Baseline (1981-2010) RCP8.5 (2070s)

Change Rate (%)

million m3 y—1 million m3 km? y—1 million m3 y—1 million m3 km? y—1

Tumen River
Yalu River
Northeastern Basin
Chongchon River
Taedong River
Eastern Basin
Ryesong River
Han River
Han River: east sea
Han River: west sea
Anseong River
Sapgyo River
Geum River
Geum River: west sea
Nakdong River
Nakdong River: east sea
Nakdong River: south sea
Mankyung-Dongjin Rivers
Hyungsan River
Sumjin River
Sumjin River: south sea
Taehwa River
Yeongsan River
Yeongsan River: west sea
Yeongsan River: south sea
Huiya-Sooyoung
Tamjin River
Jeju Island

1579.6 0.151 2090.2 0.200 +32.3
7965.2 0.251 11,019.8 0.347 +38.3
3129.6 0.147 3799.1 0.179 +21.4
3423.7 0.270 4447.9 0.351 +29.9
3276.1 0.153 3990.9 0.186 +21.8
2761.2 0.428 3483.1 0.539 +26.1
642.4 0.092 753.9 0.108 +17.4
16,046.5 0.466 20,401.7 0.593 +27.1
1817.4 0.467 2414.4 0.621 +32.9
196.6 0.100 215.6 0.109 +9.7
125.1 0.075 124.1 0.075 -0.7
173.3 0.104 172.4 0.103 —-0.5
2295.8 0.232 2763.9 0.279 +20.4
307.5 0.103 316.6 0.106 +3.0
6012.7 0.254 7767.2 0.328 +29.2
811.7 0.274 1102.7 0.372 +35.8
817.2 0.332 949.7 0.386 +16.2
312.6 0.093 317.1 0.094 +1.4
221.5 0.194 3154 0.277 +42.4
1811.9 0.369 2097.3 0.427 +15.8
964.7 0.285 1055.1 0.312 +9.4
169.8 0.257 233.3 0.353 +37.4
499.1 0.144 556.6 0.160 +11.5
191.7 0.090 199.0 0.094 +3.8
254.7 0.169 284.5 0.189 +11.7
235.1 0.272 306.6 0.354 +30.4
166.3 0.329 186.2 0.369 +12.0
350.1 0.189 443.2 0.239 +26.6

Overall, agricultural water demand increased by 35%, but the forest water supply
increased by 28%, with most of the increase in demand being covered by the increase in
supply (Figure 9). Therefore, the balance of water supply—demand increased by 23%. In
particular, it was confirmed that it is possible to respond to the increasing water demand in
agriculture through water-centric adaptation.
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Figure 9. Overall water supply-demand and balance change attributable to climate change: (a) agricultural water demand

(unit: million m3 yfl), (b) forest water supply (unit: million m?3 yfl), and (c) water supply—-demand balance (unit: million
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3.5. Water-Centric Nexus Approach to Adaptation for Climate Change

Although the expected precipitation in the Korean Peninsula increases because of
climate change, rainfall intensity and heat waves will also increase [12,44,67]. Therefore,
the irrigation requirements for the forecasted crop production will also increase. This result
implies the importance of irrigation-related adaptation to agriculture. Previous studies in
East Asia have also suggested that irrigation issues due to climate change would be a major
threat to agricultural production [68,69]. The positive aspect is that the potential water
supply from the forests could offset the increasing agricultural water demand. It is also
encouraging that future food production can be increased if the water supply is sufficient.

To utilize a potential water supply, a watershed is expected to play an important
role in irrigation systems and pumping-related infrastructure in a region. Because the
supply of water by forest is a potential supply, the level of construction with respect to
irrigation systems and pumping-related infrastructure will have a direct impact on its
utilization for actual agricultural activities [70]. The water-centric nexus approach in this
study showed this possibility, and a technical application in agricultural fields is necessary
for actual linkage.

From the assessment of the water supply—demand balance for each watershed in the
Korean Peninsula, it was found that, in general, a low forest ratio and small watershed
necessitate a need for focused attempts at adaptation. In a forest-rich watershed, there
is a high possibility of adaptation due to the increased potential supply, whereas regions
with a low forest ratio will be unable to cope with the increasing demand. Rich and well-
managed forests could have a positive impact on the forest-to-agriculture water-centric
nexus. Such a phenomenon has represented the deterioration in water balance attributable
to deforestation in North Korea [21].

For North Korea, which has remained degraded in recent decades, it is necessary to
restore the forests and manage them wisely to make the water-centric supply—demand
system a tool of adaptation. South Korea should also maintain and increase the water
supply by suppressing urban expansion and managing forests continuously. Ultimately,
land-use balance will result in an increase in water balance between forest and agriculture
and will play an important role in adapting to climate change.

3.6. Limitations and Uncertainties of the Nexus Approach

The water-centric nexus approach of this study has several limitations. First, forest
water supply is understood as a potential supply, and heavy rain and irrigation systems are
not considered. This results in implications at a macro level, and further research is required
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for detailed linkages. In terms of agricultural water demand, only one representative
crop, i.e., rice, was applied to the whole cropland. This means that the paper does not
represent the diversity of the actual agricultural field conditions. In addition, it does not
consider the adaptation method through phenological changes in crops but rather the
water-oriented demand-supply aspects. Additional studies are required to consider more
complex adaptations. In terms of climate change, the uncertainty of the climate model
could not be solved using a single GCM. However, it is designed to be compared with
(and support the joint use of) existing studies by utilizing GCM, which is extensively used
in the Korean Peninsula. Although the identical GCM data were used in both models,
data downscaled by different institutions had to be used owing to the limitations of the
spatiotemporal resolution of climate data. This study tried to use identical data as much as
possible, but the difference in downscaling techniques may lead to uncertainty in model
prediction due to data differences. However, the basic trend is expected to be equal using
the identical GCM.

Despite the above limitations, the water-centric nexus proposed in this study sug-
gests the importance of the direction of macroscopic climate change adaptation and
land-use balance.

4. Conclusions

A comprehensive water-centric nexus approach for assessing water supply-demand
balance at the main watershed level in the Korean Peninsula has significant implications
for broadening perspectives on climate change adaptation. In terms of crop production,
productivity could increase because of climate change if sufficient irrigation is possible. The
changes of forest water supply and agricultural water demand under baseline and future
climate conditions were estimated through the EPIC and InVEST-WY models, respectively.
Both agricultural water demand and forest water supply showed a significant increase in
all future scenarios and periods due to climate change. Comparing the RCP8.5 2070s and
baseline scenarios, the agricultural water demand and forest water supply increased by
35% and 28%, respectively. Although most future water supply increases offset demand
growth, the water balance assessment at the main watershed level in the Korean Peninsula
is expected to be a risk due to the low forest ratio and /or small watersheds. Specifically, the
Taedong River and Ryesong River basins (North Korea) and the Anseong River and Sapgyo
River basins (South Korea) in the western granary region are where active adaptations
are required. These results imply that land-use balance could be an important factor in
water-centric adaptation to climate change. Ultimately, although the water supply of
this study has potential, the water-centric nexus approach can be expected to introduce
synergies by overcoming the increasing water demand attributable to climate change.
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