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Abstract : Many studies on climate change and its impacts use a single climate scenario. However,
one climate scenario may not accurately predict the potential impacts of climate change. We estimated
temperature and precipitation changes by 2070 using 17 of the CMIP5 Global Climate Models (GCMs)
and two emission scenarios for three spatial domains: the Asian continent, six East Asia countries, and
South Korea. For South Korea, the range of increased minimum temperature was lower than for the
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ranges of the larger regions, but the range of projected future precipitation was higher. The range of

increased minimum temperatures was between 1.3 °C and 5.2 °C, and the change in precipitation
ranged from - 42.4 mm (- 3.2%) and + 389.8 mm (+ 29.6%) for South Korea. The range of increased
minimum temperatures was between 2.3 °C and 8.5 °C for East Asia countries and was between 2.1

°Cand 7.4 °C for the Asian continent, and the change in precipitation ranged from 28.8 mm (+ 6.3%)
and 156.8 mm (+ 34.3%) for East Asia countries and from 32.4 mm (+ 5.5%) and 126.2 mm (+ 21.3%)
for the Asian continent. We suggest climate change studies in South Korea should not use a single

GCM or only an ensemble climate model’s output and we recommend to use GFDL-CM3 and

INMCM4 GCMs to bracket projected change for use in other national climate change studies to

represent the range of projected future climate conditions.

Keywords : Climate Scenario, CMIP5, Minimum Temperature, Precipitation, RCP

I. Introduction

Impacts of climate change extend over a wide
range of the environment, economy, and society
(Arnell et al. 2016), so studies on evaluating the
potential impacts of climate change are actively
being carried out (e.g. Choe 2015; Elsen &
Tingley 2015; Prieto-Torres et al. 2016). For exam-
ple, climate change vulnerability assessments can
provide useful information for the establishment
of adaptation strategies (Choe et al. 2017).

Even though the Intergovernmental Panel on
Climate Change (IPCC) provides various General
Circulation Models (GCMs), many Korean studies
on climate change and its impacts have often
relied on one GCM (e.g. impacts on ecosystem,
industry, and climate vulnerability assessments;
Park et al. 2014; Park et al. 2015; Kim et al. 2015;
Kim et al. 2016), or an ensemble approach using
partial GCMs (Lee et al. 2016). The Korea
Meteorological Administration has recently devel-
oped a 12.5-km scale climate change scenario
from a HadGEM2-AO model (KMA 2012). Many
modeling studies conducted in South Korea use
this climate scenario to suggest national climate
change adaptation strategies (Shin & Jung 2015).
However, this GCM may not accurately predict

the potential impacts of climate change.

Since climate projections by alternative models
can be variable, a single GCM will likely not fully
express the uncertainty in climate change scenar-
ios (Aratjo & New 2007). Each GCM has uncer-
tainty originating from the variations in initial
conditions that each GCM is run on and the
structural differences among the models (Murphy
et al. 2004; Kim & Cho 2016). Therefore, the eval-
uation of the differences in predicted future con-
ditions among various GCMs would be helpful
for their use in development of climate change
studies and for guiding mitigation and adaptation
strategies and policy decisions in preparation for
uncertain climate change conditions.

An alternative way to address these inter-
model variations is the ensemble approach which
combines several GCMs to produce a mean
model (Sanderson et al. 2015; Giorgi et al. 2016).
However, there are recognized challenges for the
ensemble approach such as lack of verification,
model dependence, and mean bias (Tebaldi &
Knutti 2007).

Shin & Jung (2015) analyzed CMIP5 (Coupled
Model Intercomparison Project Phase 5; Taylor et
al. 2012) climate change projections from 34

GCMs to estimate the range of projected future
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climate conditions from GCMs by RCP
(Representative Concentration Pathways) scenar-
ios for four spatial extents: Global, South Korea,
North Korea, and Japan. However, they only con-
sidered regional average values from each GCM
and the spatial resolutions of the GCMs they con-
sidered were various, generally at coarse resolu-
tion, with grid resolutions ranging from approxi-
mately 21 km to 619 km at the equator (ENES
2016).

In this study, we assess conditions of future
projected climate by 2070 for 17 CMIP5 (Taylor et
al. 2012) GCMs under two emission scenarios.
We examine these trends for three nested region-
al scales; the Asian continent, six East Asia coun-
tries, and South Korea, and select two GCMs and
two emission scenarios that bracket future condi-
tions. We compare the predicted future condi-
tions for Asia with those for six East Asia coun-
tries and for South Korea.

Our main objectives in this study were: (1) to
estimate temperature and precipitation changes
for the Asian continent by 2070; (2) to evaluate
the difference of climate projections among vari-
ous GCMs; and (3) to identify regional climate
projection patterns from two GCMs that bracket
the range of projected climate futures. The ulti-
mate goal of this study is to provide detail on the
uncertainties of climate projections and sugges-
tions on using appropriate GCMs for regional cli-
mate change studies to prepare for the impacts of

climate change.

II. Materials and Methods

This study analyzed climate change for three
nested regions: South Korea, six East Asia coun-

tries (China, Japan, Mongolia, Russian Federation,

and South and North Korea), and the Asian con-
tinent. The Asian continent was defined using the
boundary of “World Countries” provided by Esri
Data & Maps, which identifies 53 countries and
42 million km? of land area as part of the conti-
nent (Figure 1). Asia is the world’s largest and
most populous continent containing around 60%
of the world’s population, and has diverse cli-
mates according to location and physical geogra-
phy (Wheeler 2015).

1. Global Climate Models from CMIP5

We obtained minimum temperature and pre-
cipitation for historical and 17 future CMIP5
GCM projections that have results for two RCP
(RCP 4.5 and RCP 8.5) emission scenarios from
the WorldClim website (WorldClim 1.4; http://
www.worldclim.org) at 10-minute (of a longi-
tude/latitude degree) spatial resolution (= 18.5
km at the equator) (Table 1). The WorldClim
website provides monthly minimum and maxi-
mum temperature, and precipitation climate vari-
ables, and these climate datasets have been used
or cited in over 5,917 instances (Web of Science,
accessed Nov. 28 2016).

For historical climate representations, we used
30-year means of precipitation and mean temper-
ature (representative of 1960-1990), which were
generated through interpolation of climate data
from weather stations, at a 30 arc-second resolu-
tion (= 1 km?) (Hijmans et al. 2005). For future
time periods, we used 2070 data representing the
20-year means for 2061-2080 as target year
because they are publicly available future data
from the WorldClim. These future projections
have been downscaled using the current-time
WorldClim climate surfaces. This was computed
as the difference between the GCM run for the
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baseline years and for the target years. These
change were interpolated to high resolution grids
and then calibrated with WorldClim historical
dataset (Hijmans et al. 2005).

The RCPs are future emission scenarios given
different assumptions about greenhouse gas con-
centrations in the atmosphere. RCPs describe the
radiative imbalance in W/m? of Earth’s surface
by 2100 as increases from preindustrial emissions.
Most GCMs represent four RCPs: 2.6, 4.5, 6.6,
and 8.5 (van Vuuren et al. 2011; SCENIC 2014),
and we chose two RCPs (RCP 4.5 and RCP 8.5)
for this study to compare the differences between
RCP scenarios. RCP 4.5 is a scenario of stabilizing
radiative forcing at 4.5 W/m? in 2100 without
exceeding that value (Thomson et al. 2011). RCP
8.5 is a high greenhouse gas emissions pathway
and “baseline” scenario that does not adopt any
mitigation target (Riahi et al. 2011).

2. Differences of Future Climate Conditions

We analyzed the differences in annual mean
minimum temperature (annual Tmin) and total
annual precipitation (annual PPT) between the
historical data and the 2070 projections using the
all 17 GCM projections for the three spatial
domains under the two RCPs. We selected the
annual Tmin for this study because it is expected
to become warmer at a faster rate than annual
mean maximum temperature in most locations
(Hartmann et al. 2013). We averaged the 12
monthly minimum temperature values (°C) repre-
senting the historical mean and for 2070 from
each GCM for each target region. For precipita-
tion, we added the 12 monthly total precipitation
(mm) provided by WorldClim to compute annual
precipitation for the historical and future time

periods for each GCM and each target region.

Then, we subtracted the historical climate data
values from future climate values for each GCM
to evaluate climate change ranges among the var-
ious GCMs. Finally, we selected two GCMs that
bracket most of the climate projections for the
Asia continent to see the spatial climate change

patterns for 2070.

II1. Results

1. Climate Change for the Asian Continent

Annual minimum temperature increased under
all GCMs and both RCPs by 2070 for all regional
scales (Figure 2 and Table 1). For the Asian conti-
nent, the range of increased minimum tempera-
tures was between 2.1 °C (INMCM4; IN) and 5.3
°C (GFDL-CM3; GFDL) under RCP 4.5, and the
range of increased minimum temperatures was
between 3.4 °C (GISS-E2-R; GISS) and 7.4 °C
(GFDL) under RCP 8.5 (from the historic mean of
-1.6 °C). For the six East Asia countries, the range
of increased minimum temperatures was between
2.3 °C (INMCM4; IN) and 6.1 °C (GFDL) under
RCP 4.5, and the range of increased minimum
temperatures was between 3.6 °C (GISS) and 8.5
°C (GFDL) under RCP 8.5 (from the historic
mean of -9.1 °C). For South Korea, the range of
increased minimum temperatures was between
1.3 °C (INMCM4; IN) and 3.6 °C (GFDL) under
RCP 4.5, and the range of increased minimum
temperatures was between 2.3 °C (INMCM4; IN)
and 5.2 °C (GFDL) under RCP 85 (from the his-
toric mean of 5.9 °C).

On average, all the GCMs project increases in
annual precipitation for the Asian continent and
for the six East Asia countries by 2070 under the
two RCPs, but regional differences could be

expected from standard deviation values (Figure
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2 and Table 1). For the Asian continent, the range
of increased precipitation was between 32.4 mm
(+ 5.5%, IN) and 104.3 mm (+ 17.6%, GFDL)
under RCP 4.5, and the range of increased pre-
cipitation was between 55.7 mm (+ 9.4%, GISS)
and 126.2 mm (+ 21.3%, HadGEM2-CC; HG)
under RCP 8.5 (from the historic mean of 593.4
mm). For the six East Asia countries, the range of
increased precipitation was between 28.8 mm (+
6.3%, IN) and 125.7 mm (+ 27.5%, GFDL) under
RCP 4.5, and the range of increased precipitation
was between 52.6 mm (+ 11.5%, MPI-ESM-LR)
and 156.8 mm (+ 34.3%, GFDL) under RCP 8.5
(from the historic mean of 456.6 mm). For South
Korea, one GCM projected decreases in precipita-
tion under both RCP scenarios. The range of pre-
cipitation change was between -84 mm (- 0.6%,
BCC-CSM1-1; BC) and 271.9 mm (+ 20.6%,
MIROC-ESM-CHEM; MI) under RCP 4.5, and the
range of changed precipitation was between -
42.4 mm (- 3.2%, IN) and 389.8 mm (+ 29.6%,
ACCESS1-0; AC) under RCP 8.5 (from the his-
toric mean of 1,317.5 mm).

Under RCP 4.5 scenario, for the larger regions,
the climate change trends that 17 GCMs projected
were similar. GFDL projects higher precipitation
than the other GCMs. For South Korea, projecting
trends for minimum temperature were similar,
but there were different projecting trends for pre-
cipitation. BC projected the lowest precipitation
and MI projected the highest precipitation.

We present these climate change ranges from
the 17 GCMs in Figure 2. In the figure, the origin
of the axes represents mean conditions for the
historical 1960-1990 timeframe, used as the base-
line. The x axis refers to changes in annual Tmin
(°C), and the y axis to changes in annual PPT
(mm). We selected the GFDL-CM3 (GFDL) and

the INMCM4 (IN) GCMs for subsequent spatial
assessments of climate change because they
bracket most of the variance of future climate
conditions for Asia continent and they are suit-
able to prepare for the uncertainty of climate

change.

2. Spatial Assessments of Climate Change for
Asia Continent in 2070

GFDL-CM3 (GFDL) and INMCM4 (IN) project-
ed increases in annual minimum temperature in
all regions in Asia continent by 2070 (Figure 3).
Temperature increases more in the higher lati-
tudes in both GCMs, but the degree of increasing
temperature was much higher from the GFDL
GCM. However, there were regional differences
in temperature projections between the two
GCMs. For example, IN projected higher temper-
ature increase in the Tibetan plateau than in sur-
rounding regions, while GFDL identified poten-
tial regional climate refugia (refugia have facilitat-
ed the persistence of species under changing cli-
mates; Keppel et al. 2012) in Tibet. Surrounding
this region, local temperature change is high
under the GFDL GCM.

On average, the two GCMs under both RCPs
each project an increase in annual precipitation on
the Asian continent. However, some countries
especially in Western Asia including Turkey, Iran,
Afghanistan and Central China were projected to
have decreases in annual precipitation under the
four climate projections (Figure 4). In case of pre-
cipitation, regional differences among GCMs were
larger than those of temperature. For example, the
GFDL projects an increase in precipitation in all
East Asia, but some regions in South Korea and
Southern Japan were projected to have a decrease

in annual precipitation under the IN GCM.



19 YL HI26H M2E

IV. Discussion

We found that various climate projections pro-
duce different ranges of climate change for the
Asian continent, and the ranges differ under the
two RCP scenarios (Figure 2). On average, all of
the GCMs we used in this study predicted
increasing temperature in Asia continent, but the
level of warming and the location was dependent
on the GCM and RCP. Similarly, regionally aver-
aged values of all 17 GCMs project an increase in
annual precipitation for the Asian continent, but
there are significant regional differences in the
amount of and location of increases and decreas-
es. These are in part due to the differing circula-
tion patterns present in the various GCMs.

We selected the two GCMs under two RCPs to
identify the regional differences from the four cli-
mate projections (Figures 3 and 4). Some regions
show opposite climate trends from each climate
projection by 2070. We conclude that reliance on
a single specific GCM is risky for estimating cli-
mate change for a certain region in that it is not
easy for climate models to predict the future with
acceptable levels of accuracy and precision (Millar
et al. 2007). In this study, we found that the
regions at higher latitudes are at greater risk from
increasing temperature, and that the increasing
temperature in Western Asia would be higher
compared to more easterly regions at the same
latitude from the two GCMs bracket most of the
future climate conditions of the Asia continent.
Model agreement is lower for precipitation, but
the regions in the West Asia would experience a
decrease in precipitation, under the four climate
projections we used to bracket future conditions.

For South Korea, the range of increased mini-
mum temperature from the four GCM/RCP com-

binations was lower than the range of tempera-

tures predicted for East Asia or Asia (Figure 2).
The range of precipitation change for South
Korea was greater than the range for the larger
regions. Some GCMs projected an increase
amount of precipitation in South Korea that was
higher than the highest projected precipitation
values for Asia as a whole. One GCM under each
emission scenario projects a decrease in precipita-
tion for South Korea, while all GCMs predict an
increase in precipitation over Asia as a whole.
The GCM developed
Meteorological Administration using HadGEM2-

from Korean

AO projected increasing temperature of +2.4 °C
and +34 °C from the RCP 4.5 and RCP 8.5, and
increasing precipitation of: +10.5% and +15.5%,
respectively, for Korean Peninsula by 2070.
Compared to our results for South Korea, these
amounts fall between the range of the 17 GCMs,
but are closer to the optimistic values.

We suggest climate change studies in South
Korea should assess the range of future climate
conditions projected (e.g. Thorne et al. 2015), and
not to stick to a single model’s outputs to prepare
adaptation strategies. Climate change impacts
under different GCMs represent a range of future
possible conditions and we should therefore pre-
pare for a range of possibilities under the uncer-
tainty of climate change using a scenario-based
approach to represent the range of possible cli-
matic futures. For example, in our former study,
Aconitum austrokoreense, which is an endangered
species in South Korea, was projected to decrease
and move northwards by 2050. The extent of
suitable areas in 2050 was larger by 2.8 times
under the NorESM1-M (warmer GCM) than
under the HadGEM2-ES (hotter GCM). The suit-
able areas spread in Gangwon and Jeolla

provinces under the NorESM1-M, but mainly



Hyeyeong Choe - James H. Thorne - Dongkun Lee / Comparing climate projections for Asia, East Asia and South Korea 120

spread in Gangwon province under the
HadGEM2-ES.

Managing uncertainty will require various
approaches including short-term and long-term
strategies with flexibility, which include enhanc-
ing ecosystem resistance and resilience as well as
assisting ecosystems to adapt to future climate
changes (Millar et al. 2007; Hallegatte 2009; Millar
& Stephenson 2015). To reduce the cost associated
with various climate change adaptation studies,
information on variability and on low-probability
and/or high-consequence events is important for
decision makers (Webster 2003). In this study, the
GFDL and IN GCMs represent the range of mini-
mum temperature of all three regions well, so we
recommend Korean studies on climate change to
use these two GCMs and to prepare for potential
impacts from climate change. However, the range
of precipitation change of the two GCMs we
looked at in more detail for South Korea does not
correspond with the variations for East Asia or
Asia. To prepare for the uncertainties of precipita-
tion for South Korea, using additional GCMs
including ACCESS1-0, BCC-CSM1-1, and
MIROC-ESM-CHEM is recommended to capture
the range of precipitation change.

Our simple approach to identify the ranges of
future climate change can be applied to identify
proper bracketing of projected futures. However,
there are some challenges that this study does
not address. Increasing extreme weather phenom-
ena is an important aspect of climate change and
can be a critical determinant of patterns of
ecosystem structure and function (Butt et al.
2016). Further research is required to better
understand climate change patterns because our
study is only focusing on average projections of

climate change.

Moreover, since we found that various GCMs
project different trends depending on the region
analyzed, identifying the range of climate change
should be done respectively depending for a
study region and identifying common climate-sta-
ble and climate-risky areas across scales could be

one of the climate assessment analyses.
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Table 1. The GCMs used in this study and the differences in annual minimum temperature ("C) and annual precipitation (mm)
between historical data (representative of 1960-1990) and 2070 projections (average for 2061-2080) under RCP 4.5 and
RCP 8.5 (pr means precipitation, th means minimum temperature). For more information about the GCMs, please visit
http://cmip-pcmdi.linl.gov/.

RCP4.5 RCP8.5
Region Institute GCM Code | prmean tn.mean pr.mean tn.mean
r.sd N tn.sd r.sd o tn.sd
mm | P o mm) | "0 o

ngif[)/ ACCESSI-0 | AC | 60.53 | 8328 | 3.87 09 | 7979 | 13415 | 56 | 132
BCC BCC-CSM1-1 | BC | 5435 | 9584 | 3.03 08 | 713612903 | 487 | 136
NCAR CCSM4 CC | 4484 [ 6342] 311 | 098 | 6819 | 112.81 | 488 | 149

CNRM/
CERFACs | CNRMLCMS | N | 49.62 | 479 | 32 | 121 | 6665 | 5803 | 47 | 159
NOAAGFDL | GFDL-CM3 | GF | 10426 | 10248 | 527 | 221 | 123.11 | 13544 | 74 | 274
NASAGISS | GISS-E2-R | GS | 4504 | 8166 | 246 | 044 | 6651 | 11251 | 339 | 0.9
% HadGEM2-AO | HD | 6583 | 9877 | 444 | 128 | 8146 | 16998 | 5.75 1.6
Asia MOHC HadGEM2-ES | HE | 6947 | 9033 | 446 | 149 [103.92 [ 19022 | 658 | 198
contiment |\ yOHC HadGEM2-CC | HG | 6744 | 11148 | 415 | 138 | 126225298 | 65 | 2.04
INM INMCM4 IN | 3243 ] 5626 | 208 | 062 | 5567 | 849 389 | 125
IPSL IPSL-CMSA-LR| IP | 59.07 | 11452 ] 385 | 0.85 | 802517089 | 6.16 | 1.31
MIROC MIROC5 MC | 7714 [ 11767 | 317 | 093 | 99.12 [ 13374 | 493 | 1.66
MRI MRI-CGCM3 | MG | 5553 | 805 | 258 07 | 11397 [ 20223 [ 433 | 104
MmiRoc | MIROCESM- 1y oo 57 1 11307 | 464 | 166 | 9995 | 14174 | 686 | 224

CHEM

MPI-M MPI-ESM-LR | MP 376 | 10662 | 3.18 | 081 575 | 150.28 5 [ 116
MIROC MIROC-ESM | MR | 61.57 | 10064 | 492 | 168 | 88.58 | 140.61 | 6.86 | 224
NCC NotESMI-M | NO | 5512 | 8394 | 348 | 124 | 7427 [ 12125 ] 514 | 165
Six | NOAAGFDL| GFDL-CM3 | GF | 12572 | 7450 | 612 | 224 [156.77 | 103.15| 850 | 2.70
countries INM INMCM4 IN | 2885| 2686 | 229 | 054 | 53354 | 3384 | 436 | 117
South | NOAAGFDL| GFDL-CM3 | GF | 15261 | 12748 | 3.62 | 0.1 |308.80 | 11880 | 522 | 0.16
Korea INM INMCM4 IN | 3127 ] 2614 | 133 | 020 | 4239 | 4848 | 233 | 032
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Figure 1. The location and the countries of the Asian continent and of six East Asia countries. Maps throughout this article were
created using ArcGIS® software and “World Countries” dataset by Estri. For more information about the dataset, please
visit www.arcgis.com.
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Figure 2. The difference between historical and projected future climate conditions for three spatial domains under the RCP 4.5
(left) and the RCP 8.5 (right) emissions scenarios, and using 17 CMIP5 GCM projections. The origin of the axes represents
mean conditions for the 1960-1990 timeframe, used as the baseline. The x axis refers to changes in annul minimum
temperature ("C), and the y axis to changes in annual precipitation (mm). The gray lines extending from the GCM dots
represent spatial standard deviations.
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Figure 3. The Change of annual minimum temperature ("C) by 2070 (average of 2061-2080) from historical data (representative of
1960-1990).
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Figure 4. The Change of annual precipitation (mm) by 2070 (average of 2061-2080) from historical data (representative of 1960-

1990).




