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ABSTRACT: Dynamically downscaled agro-climates for present (1981–2010) and future (2071–2100) climates under
Representative Concentration Pathways (Historical, RCP4.5, and RCP8.5) in Northeast Asia (118∘ –138∘ E, 30∘ –45∘ N) are
analysed in terms of the indices, such as vegetable and crop periods, frost days, and the climatic yield potential (CYP) for
Japonica type rice (hereafter, rice). The model employed for dynamical downscaling is the Weather Research and Forecasting
(WRF), with a 12.5-km horizontal grid spacing in the domain. According to our results, the CYP for rice, one of the major crops
presently cultivated in the area, is expected to decrease throughout most of the region, despite a projected expansion of both
vegetable and crop periods. This is projected to occur particularly in South Korea, Japan, and Southeast and Northeast China.
Such a change is related to the projected rise in temperature within these regions, which will exceed the grain-filling optimum
temperature of rice. In contrast, the climate projection of the RCPs is that the CYP will increase over northeastern parts of the
Korean Peninsula and the Russian Far Eastern region (Primorsky), because temperatures in these regions are expected to rise
and approach the grain-filling optimum temperature. For the RCPs, the optimum heading date, on which the domain averaged
CYP is the highest, is expected to be later than that of the Historical by approximately 17–24 days. In addition, the maximum
CYP in the RCPs is projected to decrease compared with that of the historical, and the possible period of rice ripening (period
in which the CYP is greater than 0) is also expected to decrease.
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1.

Introduction

According to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), global
mean surface air temperature has risen by 0.89 ∘ C over the
last century (1901–2012) because of the augmentation of
greenhouse gases such as CO2 , and the rate of warming
has been rapidly increasing since the 1950s (globally
0.01 ∘ C year –1 ). Increased greenhouse gases have caused
changes in the weather and climate, and accordingly have
influenced subsystems on Earth, such as the biosphere.
Such changes have led to serious food security risks
for countries over the entire globe (Australian Agency
for International Development, 2004; U.S. Government,
2010; Alexandratos and Bruinsma, 2012), and the United
Nations Framework Convention on Climate Change has
formally recognized that climate change will seriously
impact agriculture (Su et al., 2009). The Organisation
for Economic Co-operation and Development–Food and
Agriculture Organization (2013) expects that international
prices of major crops (e.g., wheat, oilseeds, rice, coarse
and raw sugar, and grains) and livestock products will
* Correspondence to: J.-Y. Hong, Department of Atmospheric sciences, Pusan National University, 2, Busandaehak-ro 63beon-gil,
Geumjeong-gu, Busan, 609-735, South Korea. E-mail: hongja0627@
pusan.ac.kr

rise over the next decade owing to the slower growth in
production, together with other causes such as the use
of crops for energy and biofuels, which will exacerbate
food shortages. Thus, it is necessary for each country to
consider any issues in relation to their ability to maintain
their populations by being self-sufficient. This is of considerable importance in Northeast Asia, as the region hosts
about 20% of the world’s population (Central Intelligence
Agency, 2014).
On the basis of results from climate change scenarios with a coupled general climate model, Meehl et al.
(2004) stated that throughout the 21st century in the United
States the number of frost days will decrease in accordance with changes in night-time minimum temperatures.
In addition, Bonsal et al. (2001) and Heino et al. (1999)
displayed similar results for Canada and Northern Europe,
respectively. Frich et al. (2002) calculated growing season length (GSL), which is defined as the number of
days in which the daily mean temperature is higher than
5 ∘ C, and found that the GSL had lengthened throughout most of the mid-latitudes in the Northern Hemisphere.
Shim et al. (2008) divided data for the period 1969–2006
into two different intervals, and using the agro-climatic
index showed that vegetable and crop growth periods on
the Korean Peninsula have increased. However, Lal et al.
(2005) reported that while an increased concentration of
atmospheric CO2 normally improves crop productivity, the
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current yield of rice in tropical regions will decrease by
17% in case of a temperature rise of 2 ∘ C. Gao (2012)
insisted that by the 2030s, crop production in China will
also be reduced if sufficient adaptation measures are not
taken.
Several recent studies have compiled agricultural projections based on the Coupled Model Intercomparison
Project phase 5 (CMIP5) (Taylor et al., 2012) model data.
Using future climate data from CMIP phase 3 (CMIP3)
(Meehl et al., 2007) and CMIP5, Sultan et al. (2013) considered that millet and sorghum yields in West Africa
would decrease by 0–41% at the end of the 21st century,
mainly because of temperature rises. Ramirez-Villegas
et al. (2013) simulated temperature thresholds for 12 major
crops (including wheat, maize, rice, barley, soybean, cassava, and potato) in the Andes, Africa, and South Asia
using a crop model based on raw CMIP3 and CMIP5 data
(data without model bias treatment). Results showed that
the root mean square errors (RMSEs) of temperature in
CMIP5 decreased in comparison with those of CMIP3,
except for winter precipitation. Therefore, the authors suggested that the data produced based on CMIP5 were more
realistic than the CMIP3 data.
The objective of the study is to estimate climatic rice
production changes for the future climate in terms of the
agro-climate indices over Northeast Asia, using dynamically downscaled data forced by CMIP5 simulations. For
these objectives, we used a coupled general circulation
model (CGCM) data of CMIP5 based on Representative
Concentration Pathways (RCPs) (Moss et al., 2008; van
Vuuren et al., 2011). Furthermore, we applied a dynamical downscaling method with a horizontal resolution of
12.5 km to produce the regional climate in Northeast Asia
(118∘ –138∘ E, 30∘ –45∘ N) and simulate the regional climate in detail, using CGCM data for the boundary and
initial conditions of the regional climate model, Weather
Research and Forecasting (WRF).
The models and observations used in this paper, and the
experimental design are introduced in Section 2. Section
3 then analyses the simulation performance of the WRF
in terms of the agro-climate, and Section 4 presents the
agro-climate changes under RCP scenarios. Summary and
conclusions are finally presented in Section 5.
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(HadGEM2-AO) results, produced by National Institute of
Meteorological Research/Korea Meteorological Administration (NIMR/KMA). The NIMR/KMA is jointly
participating in the CMIP5 experiments with the Met
Office Hadley Centre using HadGEM2-AO (Baek et al.,
2013). Baek et al. (2013) showed that HadGEM2-AO
has fine performance in simulating the global warming
and multi-decadal variation over India and the East Asia
regions. The HadGEM2-AO simulations are based on
the IPCC Historical, RCP4.5, and RCP8.5 scenarios (HS,
RCP4.5, and RCP8.5 runs, respectively, hereafter). Spatial
and temporal resolutions of the HadGEM2-AO data are
1.875∘ × 1.25∘ and 6 h, respectively. A detailed description
of the model is provided in Collins et al. (2011) and Baek
et al. (2013).
The WRF simulation domain covering Northeast
Asia is centered on 127.5∘ E and 37.5∘ N, and has a
12.5 km horizontal resolution (Figure 1) with 28 vertical layers. The physical processes used in this study
consist of the Kain-Fritsch cumulus parameterization
(Kain, 2004), WRF Single-Moment 3-class microphysics
(Hong et al., 2004), the National Center for Atmospheric
Research (NCAR) Community Atmospheric Model
(CAM) longwave and shortwave radiation (Collins et al.,
2002), Monin–Obukhov similarity surface layer physics
(Jiménez et al., 2012), the Noah land surface model (Chen
and Dudhia, 2001), and the Yonsei University planetary
boundary layer physics (Hong et al., 2006). In addition,
yearly varying CO2 concentrations (Meinshausen et al.,
2011) are applied, with an integration time step of 60 s.
The configuration of the WRF used in this study is
summarized in Table 1.
The WRF simulations were conducted from 1 January
1979 to 31 December 2010 for the HS run, and from 1
January 2019 to 31 December 2100 for the RCP4.5 and
RCP8.5 runs. Simulation outputs were saved every hour
over the entire simulation period. Two different analysis
periods were chosen to examine the agro-climate during
different climatic periods: 1981–2010 (the first 2 years

2. Model and data
2.1. Model experiment and data
In this study, the WRF version 3.4 (Skamarock et al.,
2008), a community mesoscale numerical weather
prediction system, is employed as a regional climate
model. The WRF model adopts a fully compressible
and non-hydrostatic assumption, and a terrain-following
hydrostatic pressure coordinate. A general explanation
of the model can be found at http://www.wrf-model.org/
index.php.
Initial and boundary forcing data for dynamic downscaling are obtained from the Hadley Centre Global
Environmental Model version 2 – Atmosphere and Ocean

Figure 1. The domain and topography (m) of WRF.
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Table 1. Physical schemes of the WRF and details of the model’s
configuration.
Contents

Description

Equation
Vertical levels (top)
Horizontal resolution
Domain dimensions
Integration time step
Microphysics scheme

Non-hydrostatic
28 (50 hPa)
12.5 km
201 × 180
60 s
WRF Single-Moment 3-class
(Hong et al., 2004)
NCAR CAM (Collins et al., 2002)

Longwave/shortwave
radiation
Surface layer
Land surface process
Planetary boundary
layer
Cumulus
parameterization

Monin-Obukhov similarity
(Jiménez et al., 2012)
Noah (Chen and Dudhia, 2001)
Yonsei University (Hong et al.,
2006)
Kain-Fritsch (Kain, 2004)

are considered as model spin-up time) for the current climate, and 2071–2100 for the future climate. The analysis
variables used were daily mean surface air temperature,
daily minimum temperature for frost days, hourly precipitation, and hourly incoming net shortwave radiation (SR).
The daily duration of sunshine was calculated using hourly
precipitation and SR. Specifically, each hour was accumulated as a daily duration of sunshine if hourly SR exceeds
0 and hourly precipitation equals 0 for each grid point.
Two sets of observation data with different horizontal
resolutions were used to evaluate the simulated variables:
0.5∘ × 0.5∘ horizontal resolution monthly temperature
and frost days from the Climatic Research Unit (CRU)
time series (TS) 3.2 (Harris et al., 2014) for the period
1981–2010, and 0.25∘ × 0.25∘ horizontal resolution
daily temperature from the Asian Precipitation–Highly
Resolved Observational Data Integration Towards Evaluation of Water Resources (APHRODITE) V1204R1 (Yasutomi et al., 2011) for the period 1978–2007. However,
although the horizontal resolution of the CRU is relatively
lower than that of APHRODITE, the CRU provides frost
days, whereas APHRODITE data (which contain higher
spatial and temporal resolution data than CRU) do not
provide minimum temperature, which means that frost
days cannot be calculated. Therefore, frost days were compared to CRU data in the HS run, and other indices were
compared to data calculated using APHRODITE data. In
addition, the Student’s t-test is performed to illustrate the
statistical significance level of the model results.
As our major concern in this study is to investigate
the future changes of agro-climate, systematic model
biases have been removed in estimating the projected
agro-climate changes by subtracting the results of the
HS run from those of the RCP runs. The bias correction method used in this study has been widely used
in many studies (e.g., Ahn et al., 2012; Chen and Sun,
2013; Gao et al., 2013; Oh et al., 2014; Hong and
Ahn, 2015).

2.2. Agro-climate indices
Frost occurs when the surface minimum temperature drops
below 0 ∘ C due to phenomena such as radiation cooling or
cold temperature advection (Moonen et al., 2002; Meehl
et al., 2004), and frost adversely affects crops by freezing
cellular tissue and damaging foliage. In this study, frost
days are defined as the number of days on which the daily
minimum temperature is below 0 ∘ C between September
and March (SONDJFM), and the first and last frost dates
are defined as dates on which a daily minimum temperature
lower than 0 ∘ C appeared first and last, respectively, during
the SONDJFM period.
Many plants germinate or elongate when the daily mean
temperature is 5 ∘ C or higher (Shim et al., 2008). The
vegetable period is an indicator of the climatic limit in
which cultivation can occur, and of periods that are suitable
for the cultivation of overwintering crops such as barley
and apple trees. It is defined as the number of days in which
the daily mean temperature is above 5 ∘ C from March to
October (MAMJJASO).
The crop period for rice is an index that measures the
number of days where the daily mean temperature is above
15 ∘ C, which is a critical temperature for the rice rooting
period. Rooting of rice seedlings under natural conditions
is only possible when the temperature is at least 15 ∘ C
(Shim et al., 2008). The crop period for rice are defined as
the accumulated numbers of days on which the daily mean
temperatures are at least 15 ∘ C during the MAMJJASO
period.
It is difficult to quantify regional climatic resources during the rice cultivation period. However, one possible way
to evaluate them is to estimate the Climate Yield Potential (CYP), assuming that no unexpected agrometeorological disasters will occur during the cultivation period
(Shim et al., 2008). The index differs depending on the
crop species. In this study, the CYP for the rice species
Japonica type rice (hereafter, rice), the major crop grown
in Korea, northeastern China, and Japan is estimated.
CYP of rice defined in terms of the grain-filling optimum
temperature is obtained from average daily surface air
temperature (T 1 ) and accumulated hours of sunshine (DS)
during the 40-day after the heading date (Hanyu et al.,
1966):
(
)
(
)2 )
(
(1)
CYP kg 10−3 m−2 = DS 𝛼 –𝛽 Ta – T1
where the 𝛼 and 𝛽 are regression coefficients, which can be
changed depending on the variety of rice. T 1 is the most
proper mean temperature for rice during the grain-filling
period. In this study, 𝛼, 𝛽, and T 1 are assigned as 4.14, 0.13,
and 21.4, respectively, following Hanyu et al. (1966). It is
possible to consider that it may not be strictly relevant to
apply this empirical formula to the whole domain, as the
equation was deduced for use in the agricultural climate
over Japan and all the various rice cultivars. However, it is
considered that the domain where rice is mainly cultivated
and which is used in this study is a relatively small area
comprising the Korean Peninsula and some of Japan and
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China, and we therefore assume that there will be no significant problem in estimating the indices with this formula.
The constant threshold values in Equation (1) have also
been used in many studies estimating CYP for rice in the
Korean Peninsula (e.g., Son et al., 2002; Kim et al., 2007).
2.3. Experimental design
Because the CYP is obtained using the average temperature and accumulated sunshine hours over 40 days after
rice heading, it is necessary to obtain a heading date. The
optimum heading date period for rice cultivars in the central region of the Korean Peninsula is from early to late
August (Shim et al., 2008), and the average optimum seeding season for rice is from late April to late May (Lee et al.,
2012). The heading dates for rice in the southeastern and
northeastern regions of China are from between 70.6 days
and 109.3 days after seeding (Wei et al., 2008; Wei et al.,
2009). Because the domain of this study includes the
region around the Korean Peninsula, every day from 1
July to 18 September is defined as a heading date. That
is, the earliest heading date of early maturing rice varieties
seeded at the earliest day of optimum seeding season (21
April) becomes July 1 if the rice ears appear by 71 days
(the shortest period for tillering and culm internode elongation) after seeding. Likewise, the latest heading date of late
maturing rice varieties seeded at the last day of optimum
seeding season (31 May) becomes September 18 if the rice
ears appear by 110 days (the longest period for tillering
and culm internode elongation) after seeding. Thus, in this
study, the period from July 1 to September 18 is considered
the heading date period for the rice.

3. Model performance for Historical climate
3.1. Surface air temperature
As surface air temperature is a major variable in the estimation of agro-climate indices, it is necessary to validate
a climate reproducibility of the WRF model in terms of
surface air temperature. To illustrate the general performance of the model, such as its ability to simulate general
pattern and terrain-following fine distribution of surface
air temperature, we presented the result from the HS run
in Figure 2 without removing the bias. Figure 2(a) displays the simulated 30-year mean surface air temperature
from the HS run over the domain, compared with the two
observation data. The general pattern of surface air temperature over Northeast Asia is reproduced reasonably by the
WRF. As the horizontal resolution of the WRF is higher
than those of CRU and APHRODITE (Figure 2(b) and
(c)), the fine distributions of temperature following terrain and altitude are better represented in the HS run. As
in CRU and APHRODITE, climatological characteristics
of latitudinal and altitudinal distribution are well simulated. For example, it is warmer in the western part of
the Korean Peninsula than in the eastern part, in western
Manchuria than in eastern Manchuria, and in the coastal
area than the inland area over Japan, which is similar to
the observations. The results of HS run basically show a
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cold bias over the domain, except for over the southern
coastal region in Korea and Japan where there is a warm
bias (Figure 2(d) and (e)). The eastern coast and northern
(125∘ –132∘ E, 40∘ –45∘ N) regions of the Korean Peninsula
have higher mountain ranges compared to other regions
(Figure 1) and show relatively lower temperature distributions. However, CRU and APHRODITE data do not display detailed terrain-following temperatures because their
spatial resolutions are relatively coarser compared with
those of the HS run. The negative differences in these
regions are attributable to differences in spatial resolutions
between the data. As decreases in temperature according to
altitude are reflected well in the high resolution data compared with the low resolution data, WRF simulated relatively low temperature distribution. That is, the higher the
resolution, the greater the effect of elevation (Ahn et al.,
2012; Gerelchuluun and Ahn, 2014).
Table 2 displays scores of historical annual surface air temperature with respect to CRU (green) and
APHRODITE (red) over the region. The pattern correlation coefficient of WRF with CRU (APHRODITE) and
the normalized standard deviation of the model for CRU
(APHRODITE) are close to 1.0. The root mean square
errors (RMSEs) of the model do not present any large
differences to those of the observation. Thus, the results
indicate that the simulated surface air temperature in the
HS run is similar to that of the observations in terms of
magnitude, distribution, and spatial variation.
3.2.

Agro-climate indices

Frost days as well as vegetable and crop periods for
the HS run are compared with the results of CRU and
APHRODITE in Figure 3. The latitudinal distribution
and general pattern of the number of frost days in the
HS run are similar to those from CRU (Figure 3(a)). The
numbers of frost days in the HS run and from CRU are
larger in the higher latitudes. Regionally, the number of
frost days is smaller in the coastal area of Japan and in
the southeastern region of China than in other regions,
and those in the northern region of the Korean Peninsula
are larger by at least 40 days than those in other regions
on the same latitude. However, because of model bias
and the difference in spatial resolutions between the CRU
and the HS run, differences are seen in the number of
frost days between the southwestern part of Korea and the
northwestern part of Japan.
Both vegetable and crop periods for the HS run and
APHRODITE are shorter in the northern part than in the
southern area of the domain (Figure 3(b) and (c)). The
vegetable and crop periods of the southeastern region
of China, the southwestern coastal area of the Korean
Peninsula, and the coastal area of Japan (areas which are
warmer than other regions on the same latitude because
of their lower altitudes) are longer than those of other
regions, while those in the Liaoning region (119∘ –125∘ E,
39∘ –45∘ N) of China are similar to those of the central
region of the Korean Peninsula which are situated on
relatively lower latitudes. The vegetable periods of the
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(a)

(b)

(c)

(d)

(e)

Figure 2. Distributions of annual mean surface air temperature from (a) HS run, (b) CRU, and (c) APHRODITE. Parts (d) and (e) show the differences
between the HS run and each observation. The grid point with black dot shows the 95% confidence level based on the Student’s t-test.

Table 2. Scores of annual mean surface air temperature averaged
over Northeast Asia (118∘ –138∘ E, 30∘ –45∘ N) between the HS
run and CRU (APHRODITE).
Versus HS
run
CRU
APHRODITE

Spatial
correlations

Normalized
standard deviations

RMSE

0.97
0.99

1.23
1.10

1.41
1.14

HS run is similar to those of the APHRODITE, not only
in terms of the patterns but also in the values produced.
Therefore, there is less than 5 days difference between the
two in most areas. The crop periods of the HS run shows
negative differences in the coastal region of the Korean
Peninsula, but positive differences in northeastern China
and other parts of Korea. This is because the differences
between the two are related to the model bias of the WRF
and the difference in spatial resolution between the model
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(a)

(b)

(c)

Figure 3. Averages (two left panels), and differences (right-most panels) of (a) SONDJFM frost days, (b) MAMJJASO vegetable periods, and (c)
MAMJJASO crop periods for the HS run and observations. The grid point with black dot shows the 95% confidence level based on Student’s t-test.

and the APHRODITE data. However, the general patterns
of the crop periods in the model are quite similar to those
in the APHRODITE data.

4. Agro-climate changes under RCP runs
4.1. Changes in temperature
Projected future changes in annual mean and minimum
temperatures between the RCP runs and the HS run
are shown in Figure 4. There is a significant increase
in both variables for each RCP run. Relatively larger
increases of mean and minimum temperatures at high
latitude and high altitude regions are simulated for each
case and RCP run. The increase in minimum temperature
is greater compared with mean temperature. Overall,
these changes are more substantial in the RCP8.5 run
than in the RCP4.5 run. Regional mean temperature

changes for mean and minimum temperature under the
RCP4.5/RCP8.5 runs are 3.2 ∘ C/5.3 ∘ C and 3.5 ∘ C/5.6 ∘ C,
respectively. The increases in mean and minimum temperature for the RCP4.5/RCP8.5 runs are usually less than
3.0 ∘ C/4.5 ∘ C and 3.0 ∘ C/5.0 ∘ C below 38∘ N, respectively.
The largest warming in the RCP4.5/RCP8.5 runs, exceeding 3.5 ∘ C/6.0 ∘ C, respectively, was found in regions
above 42∘ N.
4.2.

Changes in frost, vegetable, and crop periods

Changes in the number of frost days under future climate changes are obtained from the difference between
the RCP runs and the HS run for the two 30-year periods
(Figure 5). The date of the first frost in fall is projected
to be delayed by about 10–15 days in the RCP4.5 run,
and by about 20–25 days in the RCP8.5 run within the
domain. However, relatively larger retreat in the first frost
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(a)

(b)

Figure 4. Changes in annual mean and minimum temperatures for (a) RCP4.5 and (b) RCP8.5 runs. Grid points with black dots show the 95%
confidence level based on the Student’s t-test.

date are projected in the southern part of the domain, where
according to differences in the last frost dates during early
spring, they are simulated to advance by 5–35 days. In
general, a greater decrease is projected in the climate of
the RCP8.5 run (by an average of 30 days) than in the
RCP4.5 run (by an average of 20 days), with no increase
seen throughout the entire region. In addition, for regions
of lower latitude (below 38∘ N), a decrease of more than 30
days and 40 days is projected, respectively, for the RCP4.5
and RCP8.5 runs. These decreases in frost days are consistent with the previous studies of Sillmann et al. (2013) and
Yang et al. (2014). They showed that the linear change of
CMIP5 multi-model ensemble for frost days under RCP8.5
is about −40 days over East Asia and −46.9 days over
China, respectively, by the end of the 21st century.
The vegetable periods throughout MAMJJASO are
shown to increase by 5–15 days and by 10–35 days, for
the RCP4.5 and RCP8.5 runs, respectively (Figure 6).
The regions where the vegetable period is indicated to
increase the most are the northeastern region of Korea
and the central region of Japan and the values are larger
in the RCP8.5 run than in the RCP4.5 run. No significant
changes are projected over eastern China (30∘ –35∘ N) in
either of the RCP runs.
The 30-year mean crop periods in MAMJJASO are
projected to increase by at least 10 days in both the RCP
runs (Figure 7). In the RCP climates, crop periods are

projected to greatly increase in the central and northern
regions of the Korean Peninsula, the inland region of
Japan, and the Primorsky area (Far Eastern region) of
Russia, where annual mean temperatures are relatively
lower than in the southeastern region of China where
annual mean temperatures are at least 12 ∘ C (Figure 2(a)).
The RCP4.5 run indicates a region where the crop period
will be greater than 40 days, and this is situated along
the eastern part of coastal region of the Korean Peninsula.
This period rises to about 45 days over most of Korea
in the RCP8.5 run, and the least differences are shown
to be located in northeastern China. These are similar to
the results obtained by Xia et al. (2015), who suggested
that in the Northern Hemisphere by 2080–2099 relative to
1985–2004, the average number of days by which the start
of the growing season advances based on CMIP5 models
is about −11.3 days and −21.6 days under RCP4.5 and
RCP8.5, respectively. Therefore, in comparison with the
HS run, the number of frost days is decreased whereas, the
vegetable and crop periods are increased, which suggests
that the rice growing period will be increased.
4.3. Climatic yield potential (CYP)
4.3.1. CYP versus heading dates
Time series of domain-averaged CYPs for the HS,
RCP4.5, and RCP8.5 runs with respect to heading dates
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(a)

(b)

Figure 5. Changes in the first frost date in September–November, the last frost date in January–March, and frost days in September–March under
the (a) RCP4.5 and (b) RCP8.5 runs. Grid points with black dots shows the 95% confidence level based on the Student’s t-test.

are illustrated in Figure 8. The black, blue, and red solid
lines indicate CYPs in the HS, RCP4.5, and RCP8.5 runs,
respectively. The value at the vertical axis in Figure 8
is a CYP corresponding to the heading date. As mentioned earlier, for example, the CYP for a heading date
of August 1 is determined by the temperatures and
sunshine for 40 days from 2 August to 10 September.
The CYP with the greatest value will deliver the largest
production of rice, and but when the index is below 0,
no rice has been produced. For instance, if the heading
date is 1 August and the corresponding value of CYP
is positive, temperatures and sunlight that are suitable
for the ripening of rice are given for 40 days from 2
August. In addition, if the CYP of 1 August is larger than
that of 1 July, 40 days from 2 August are considered a
more appropriate grain-filling period than 40 days from
July 2.
The CYP of the HS run (CYP-HS, hereafter) exhibiting high positive values when the heading dates are in
early July gradually increases with later heading dates to
reach its peak (1075) on a heading date of 4 August. The
CYP-HS rapidly decreases with heading dates that are later
than the middle of August, and reaches below 0 with heading dates later than 30 August. This means that the optimum heading dates in the CYP-HS are between early July
and late August, and the result showing that the CYP is at
its maximum when the heading date is in early August is
similar to that of Shim et al. (2008). Therefore, the HS run
appears to appropriately simulate the CYP from a temporal
viewpoint.

The CYP of the RCP4.5 run (CYP-RCP4.5) reaches
a value higher than 0 when the heading date is later
than 15 July, and reaches its maximum (985) when the
heading date is 21 August. It decreases with heading dates
later than 21 August, and becomes 0 when the heading
date is later than 12 September. The CYP of the RCP8.5
run (CYP-RCP8.5) shows zero rice productivity when
the heading date occurs before early August, and only
becomes positive when the heading date is later than 5
August showing a maximum (839) with a heading date of
28 August. It decreases when the heading date is later than
28 August, and reaches 0 when the heading date occurs
later than 18 September.
These results imply that the maximum values of the
CYP-RCPs are smaller than those of the CYP-HS, and that
the maximum rice potential will therefore decrease in RCP
climates. The number of days during which the CYP is
at least 0 in the HS, RCP4.5, RCP8.5 runs is 61, 59, and
43 days, respectively. Therefore, the averaged CYP during
which the value of CYP is above 0 is much smaller in the
case of the CYP-RCP4.5 (588) and the CYP-RCP8.5 (543)
compared with the CYP-HS (860). The smaller number
of days in which the CYP is at least 0 is associated with
disadvantages in cultivating rice that have diverse growth
periods including early or late maturing cultivars. That
is, if the number of days during which the CYP is at
least 0 in the CYP-RCPs becomes smaller than that of
the CYP-HS, cultivating the diverse rice that are currently
cultivated will become difficult. In summary, the possible
period of rice ripening and the average rice productivity is
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(b)

Figure 6. Vegetable period changes in March–October of (a) RCP4.5
and (b) RCP8.5 runs. Grid points with black dots show the 95% confidence level based on the Student’s t-test.

shown to greatly decrease in the RCP runs compared with
production in the HS run.
The domain average optimum grain-filling periods for
rice in the RCP4.5 and RCP8.5 runs are from mid/late
August to late September and from late August to early
October, respectively. These periods are later by approximately 17 days and 24 days, respectively, compared with
the HS run which shows dates from early August to the
middle of September.
4.3.2.

Spatial distribution of CYP changes

In this section, spatial changes in the CYP of the RCP
runs are examined. The systematic model biases of the
projected changes of the CYP have also been removed by
subtracting the CYP-HS from the CYP-RCPs. Figure 9
displays changes (RCPs minus HS) in the square mean
differences of T a and T 1 (TS_CYP), DS (DS_CYP), and
CYP of the maximum CYP-HS heading date (4 August)
under the RCP4.5 and RCP8.5 runs, respectively. Both of
these runs show similar spatial distributions, but the differences are larger in the RCP8.5 run than in the RCP4.5
run. The TS_CYP increases in regions other than the

Figure 7. Same as Figure 6 except for the crop period.

northeastern region of the Korean Peninsula and the
Primorsky area of Russia, and such increases are particularly large in the southeastern region of China, the
southwestern region of the Korean Peninsula, and the
coastal area of Japan. This is because temperatures in
these regions rise above T1 . The 40-day accumulated precipitation in the RCP runs is simulated to increase in most
domains compared with the HS run; however, the 40-day
accumulated precipitation hours are projected to decrease
in all domains (not shown). This result is the same as
found in previous studies (e.g., Chen and Sun, 2013; Oh
et al., 2014; Hong and Ahn, 2015) that showed increases
in precipitation intensity under future climate according
to increases in precipitation and decreases in precipitation
frequency. Thus, the DS_CYP increases in most domains
because of the decrease in precipitation hours in RCP
runs compared with the HS run. The DS_CYP is longer
by at least 15 h compared with the HS run during the
grain filling period for 40 days. According to the changes
in these two variables, the CYP decreases in almost all
regions except for the northeastern region of the Korean
Peninsula and the Primorsky area of Russia. Therefore, if
ears of rice come into on the maximum CYP-HS heading
date, the rice productivity of the RCP4.5 and RCP8.5
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Figure 8. Domain area-averaged CYP with respect to heading date, for the HS, RCP4.5, and RCP8.5 runs.

runs would still be lower than that of the HS run in most
regions.
Figure 10 illustrates the differences in TS_CYP,
DS_CYP, and CYP, which are accumulated when the
CYP is positive at individual grid points during the heading date period (1 July to 18 September) (CYP-RCPstotal
minus CYP-HStotal ). As with Figure 9, the RCP4.5 and
RCP8.5 runs exhibit similar distributions, but changes
are more prominent in the RCP8.5 run. TS_CYP in the
RCP4.5 run is seen to decrease a little in the northeastern
region of the Korean Peninsula and in the Primorsky area
of Russia, and then increases a little or shows no change in
other regions. However, TS_CYP in the RCP8.5 increases
in regions other than the northeastern region of the Korean
Peninsula and the Primorsky area of Russia. DS_CYP of
the RCP runs is seen to increase in comparison with that
of the HS run in all domains, and in particular greatly
increases in the southeastern region of China, the Primorsky area of Russia, and the central region of Japan. As
a result in Figure 9, the CYP decreases in regions other
than the northeastern region of the Korean Peninsula and
the Primorsky area of Russia, and certain regions in Jilin
region (125∘ –130∘ E, 42∘ –45∘ N) of China. In summary,
rice productivity decreases in most regions that currently
farm rice over a large area.
Therefore, in climates under the RCP4.5 and RCP8.5
runs, the optimum heading dates are projected to be
delayed, and the periods during which heading would be
possible are projected to be shortened in comparison with
the HS run. In addition, the entire rice yield is projected to
decrease because the accumulated CYP during the possible period of rice ripening, which the CYP exceeds 0, will
greatly decrease in most regions.
5. Summary and discussion
Climate is one of the most important factors influencing agricultural production, and this paper therefore

investigates agricultural climate change according to
future climate change. In this study, the simulated future
agro-climate indices mainly focused on rice production
under RCP4.5 and RCP8.5 scenarios were compared with
those of the present climate (Historical simulation), in
order to investigate the possible changes in agricultural
production in Northeast Asia. For this, a high-resolution
regional climate of Northeast Asia was simulated by
applying the low-resolution climate change scenario
produced by HadGEM2-AO to WRF through dynamical
downscaling. The WRF simulations were conducted
from 1 January 1979 to 31 December 2010 for the HS
run, and from 1 January 2019 to 31 December 2100 for
the RCP4.5 and RCP8.5 runs to generate high space
(12.5 km) and time resolution (1 h) data. Two different
analysis periods were chosen to examine the agro-climate
during different climatic periods: 1981–2010 for the
current climate, and 2071–2100 for the future climate.
The analysis variables used were daily mean surface air
temperature, daily minimum temperature for frost days,
hourly precipitation, and hourly incoming net shortwave.
Using the dynamically downscaled high resolution data,
agro-climates were analysed and projected in terms of the
indices, such as vegetable and crop periods, frost days,
and the CYP for Japonica type rice, one of the major crops
presently cultivated in the Northeast Asia, where studies
on the climate change-related rice production are rare.
According to our analysis, WRF simulates the general
pattern and fine distributions of surface air temperature following terrain and altitude reasonably well in the HS run
over Northeast Asia, resulting in good performance in producing fine-resolution frost days, vegetable and crop periods in the HS run similar to those in observation. Because
of the increase in minimum temperature in this region, the
number of frost days is projected to decrease by 19–30
days on average in RCP runs. Our results indicate that
the 30-year mean vegetable periods are projected to be
extended throughout MAMJJASO by 5–15 days and by
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(a)

(b)

Figure 9. Changes in TS_CYP, DS_CYP, and CYP for: (a) RCP4.5 and (b) RCP8.5 runs against the maximum CYP-HS heading date (4 August).
The panels on the far left shown the differences between the RCPs and the HS run for the square difference of surface air temperature and critical
temperature averaged for the heading date. The middle panels represent the differences between the RCPs and HS runs for the 40-day accumulated
duration of sunshine. The panels on the far right indicate the differences in the CYP between the RCPs and HS runs. Grid points with black dots
show the 95% confidence level based on the Student’s t-test.

10–35 days, for the RCP4.5 and RCP8.5 runs, respectively. The crop periods are also projected to increase by
at least 10 days in both the RCP runs. These expected
decreases in frost days and increases in growing periods are broadly consistent with previous studies focused
on North America, Europe, West Africa, and South Asia
(e.g., Heino et al., 1999; Bonsal et al., 2001; Frich et al.,
2002; Meehl et al., 2004; Ramirez-Villegas et al., 2013;
Sillmann et al., 2013; Sultan et al., 2013; Maloney et al.,
2014; Yang et al., 2014; Xia et al., 2015). Whereas these
studies used low-resolution model data, our results based
on spatially and temporally high-resolution model data
afforded a more detailed and comprehensive projection in
terms of space and time.
Although improved agricultural conditions can be
expected, the CYP is projected to decrease in relation
to the increased temperature within the future climate,
based on the RCP4.5 and RCP8.5 runs. This is projected
to occur particularly in South Korea, Japan, and Southeast
and Northeast China. Such a change is related to the
projected temperature rise within these regions, which
will exceed the grain-filling optimum temperature of rice.
This implies that the CYP of RCPs for rice is set to decline
in most regions, except for the north part of the Korean
Peninsula and the Primorsky area of Russia, if the period
of heading dates for rice is the same as the current period,
because of the increase in temperature which exceeds the
most favourable crop temperature. The result is roughly

similar to the projection of Zhou and Wang (2015) who
estimated a 14.83% increase of rice yields in northeastern
China for the period 2070–2099 compared with the period
1976–2005 under the RCP4.5 scenario using a crop model
with low-resolution global data.
The accumulated CYP where the CYP is higher than 0
in the RCP runs decreases compared with that of the HS
run in the southern region of the Korean Peninsula and in
Japan, where rice is currently produced in large quantities.
The domain-averaged maximum CYP-RCPs decrease by
90–236 kg per unit area (1000 m2 ) more than that of the
CYP-HS. Both indicate that the average rice productivity is
projected to decrease compared with that in the Historical
climate. In addition, the number of days during which the
rice ripening is possible is also expected to decrease. This
implies that in climates under the RCP 4.5 and RCP8.5
scenarios, the cultivation of diverse cultivars of rice which
have different heading dates will become difficult because
of the reduction of the possible period of rice ripening.
The future domain-average optimum grain-filling periods
for rice are also expected to be delayed by 2–3 weeks
compared with the present period. The agricultural environment that is currently suitable for the growth of rice is
likely to deteriorate.
The limitations of this study include the lack of consideration for the development of varieties suitable for growth
within this altered climate, or of biological changes associated with greenhouse gas increases (such as the overgrowth
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(a)

(b)

Figure 10. Same as Figure 9, except for accumulated data when values of CYP are above 0 for: (a) RCP4.5 and (b) RCP8.5 runs compared with the
HS run.

of crops and vegetation in an environment with increased
greenhouse gases). In addition, the effects of climatic damage have not been considered, such as the loss of crops in
relation to extreme weather events. In addition, this study
used only a single regional model with a boundary condition sourced from a single CMIP5 model for the projection of agro-climate changes. Further model studies using
diverse CGCMs and RCMs may reduce the uncertainty of
projection and reveal the range of the uncertainty.
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