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ABSTRACT: This study assesses the regional climate projection newly generated within the
framework of the national downscaling project in South Korea. To obtain fine-scale climate infor-
mation (12.5 km), dynamical downscaling of the HadGEM2-AO global projections forced by the
representative concentration pathway (RCP4.5 and RCP8.5) scenarios is performed using the
Weather Research and Forecasting (WRF) modeling system. Changes in temperature and precip-
itation in terms of long-term trends, daily characteristics and extremes are presented by compar-
ing two 30 yr periods (2041-2070 vs. 2071-2100) in which increasing rates of emission forcing
between the RCP4.5 and RCP8.5 scenarios are relatively similar and quite different, respectively.
The temperature increase presents a relevant trend, but the degree of warming varies in different
periods and emission scenarios. While the temperature distribution from the RCP8.5 projection is
continuously shifted toward warmer conditions by the end of the 21st century, the RCP4.5 projec-
tion appears to stabilize warming in accordance with emission forcing. This shift in distribution
directly affects the magnitude of extremes, which enhances extreme hot days but reduces
extreme cold days. Precipitation changes, however, do not respond monotonically to emission
forcing, as they exhibit less sensitivity to different emission scenarios. An enhancement of high
intensity precipitation and a reduction of weak intensity precipitation are discernible, implying an
intensified hydrologic cycle. Changes in return levels of annual maximum precipitation suggest
an increased probability of extreme precipitation with 20 yr and 50 yr return periods.
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1. INTRODUCTION

Projections of changes in the climate system
under global warming are widely generated using
global climate models (GCMs) forced by emission
scenarios of anthropogenic greenhouse gases (GHGs).
As a part of a contribution to the Fifth Assessment
Report (ARS) of the IPCC (IPCC 2013), the National
Institute of Meteorological Research of the Korea
Meteorological Administration (KMA) is jointly par-
ticipating in the Coupled Model Intercomparison
Project phase 5 (CMIP5; Taylor et al. 2012) with the
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Met Office Hadley Centre using the Hadley Centre
Global Environmental Model version 2 coupled with
atmosphere-ocean configuration (HadGEM2-AO)
(Baek et al. 2013). Climate change experiments
using HadGEM2-AO within the framework of
CMIP5 have played an important role in assessing
future climate at the national standards level in
South Korea.

Although climate projections produced by GCMs
produce fundamental information to estimate the
possible consequences of the future climate, their
coarse resolution prevents them from adequately
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capturing local forcings such as complex topography
and surface heterogeneity that modulate the climate
signal at fine scales (Giorgi et al. 2009). Therefore,
global projection lacks the potential for practical
application to various impact assessments (e.g. sur-
face hydrology, agriculture) that are mostly valid
in regional and local sectors. Even a massive
increase in computational capacity will not allow
GCMs to run with sufficiently high resolution, be-
cause reliable climate projection would require
statistics based on long-term ensemble simulations
that consider as many members as possible. One
method for overcoming this limitation and increas-
ing the detail of global projections is the use of a
regional climate model (RCM) embedded within
GCMs. In particular, numerous modeling studies
have confirmed that RCMs with relatively high
resolution simulate climatic characteristics more
skillfully than do GCMs over East Asia (e.g. Gao et
al. 2001, 2011, 2012, 2013, Im et al. 2007, Yu et al.
2010, Zou & Zhou 2013, Lee et al. 2014, Oh et al.
2014, Hong & Ahn in press). Based on a series of
simulations, Gao et al. (2006) highlight the role of
adequate spatial resolution to resolve the physical
and dynamical process in simulating the climate
over East Asia.

In this regard, several research groups in South
Korea have performed dynamical downscaling of
the HadGEM2-AO global projections forced by the
representative concentration pathway (RCP; Moss et
al. 2010) scenarios using different RCMs. These
experiments were performed in accordance with the
East Asian configuration of the Coordinated Regional
Climate Downscaling Experiment (CORDEX; Giorgi
et al. 2009). For example, Lee et al. (2014) conducted
downscaling using Global/Regional Integrated Model
System (GRIMs)-Regional Model Program (RMP)
and assessed future climate change (2025-2050) with
respect to the current climate (1980-2005). Oh et al.
(2014) performed the same experiments and analysis
except for using the Regional Climate Model version
4 (RegCM4). Both studies suggested that their down-
scaled results showed reasonable performance in
simulating a current reference climate over East
Asia, including the Korean peninsula. Regarding
future projection, they also derived a similar conclu-
sion with intensified heavy precipitation and reduced
weak precipitation over Korea. More specifically, Oh
et al. (2014) report that mean precipitation in summer
over Korea is projected to increase by 44 % (24 %)
for the RCP4.5 (RCP8.5) scenario during 2031-2050
relative to 1986-2005. This increment is significantly
greater than that of any other region in East Asia,

and interestingly, precipitation likely increases more
under RCP4.5 projection than RCP8.5 projection dur-
ing 2031-2050. Since both studies utilized the down-
scaling results with the same boundary condition (i.e.
HadGEM2-AQO) that we used, they are exemplary
references for supporting our findings and compen-
sating for the limitation due to a single RCM (i.e.
Weather Research and Forecasting [WRF]) in this
study.

However, the standard resolution of 50 km under
the CORDEX configuration remains insufficient to
capture complicated physiographical features
which significantly affect the weather and climate
system over Korea. Indeed, the Korean peninsula
is a representative region that highlights the need
for a high-resolution modeling system, because its
geographical area is relatively small and it has a
complicated mountainous terrain (Im et al. 2006,
2007). Im et al. (2007) showed that only nested
domain simulation (20 km) is capable of producing
extreme precipitation episodes that the mother
domain (60 km) fails to capture from the double-
nested RegCM3 simulation. Lee & Hong (2014)
also demonstrated the added value to downscaled
climate extremes over South Korea by the in-
creased resolution of an RCM throughout the com-
parison of GRIMs-RMP simulations with 2 different
resolutions (12.5 vs. 50 km). On this research foun-
dation, the national downscaling project of Korea,
which aims to produce 12.5 km fine-scale climate
multi-model ensemble information focusing on the
Korean peninsula with different RCMs but the
same driving fields (HadGEM2-AQ), is progressing
as the next step to the CORDEX experiments.

In this study, we present the downscaled results
(12.5 km) of the HadGEM2-AO projection under the
RCP4.5 and RCP8.5 emission scenarios using the
WRF modeling system. We investigate the possible
changes in future climate with a focus on compar-
ing two 30 yr periods, namely, 2041-2070 and
2071-2100, which enables us to assess the climate
change behavior at different time periods in
response to the RCP4.5 and RCP8.5 emission sce-
narios. Our analysis is primarily centered on both
the long-term trend on an annual basis and the
characteristics of extremes using daily temperature
and precipitation. As the downscaled data docu-
mented in this study will serve as one of the en-
semble members for the development of a climate
change projection on behalf of the national standard
scenario, this study may provide baseline informa-
tion to contribute to the national downscaling pro-
ject in Korea.
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2. MODEL DESCRIPTION AND EXPERIMENTAL
DESIGN

2.1. WRF description

For fine-scale climate information over South Korea,
we perform dynamical downscaling of the HadGEM2-
AO global projection forced by the RCP4.5 and
RCP8.5 scenarios using the WRF modeling system
(version 3.4; Skamarock et al. 2008). The WRF is a
next-generation meso-scale numerical model with a
wide user community, and the Advanced Research
WRF solver developed at the National Center for
Atmospheric Research (NCAR) was used for the
dynamic core, which is a fully compressible and non-
hydrostatic model (Skamarock et al. 2008).

The physical parameterizations include the Monin-
Obukhov similarity for surface layer scheme (Jiménez
et al. 2012), Noah land surface scheme (Chen & Dud-
hia 2001), Yonsei University (YSU) planetary bound-
ary layer scheme (Hong et al. 2006), NCAR Com-
munity Atmospheric Model (CAM) longwave and
shortwave radiation scheme (Collins et al. 2002),
Single-Moment 3-class (WSM3) microphysics scheme
(Hong et al. 2004) and the Kain-Fritsch cumulus
scheme (Kain & Fritsch 1993). We select this combi-
nation of physical schemes based on previous studies
to optimize the WRF performance through various
sensitivity experiments over the domain centered at
the Korean peninsula (e.g. Cho & Lee 2006, Hong &
Lee 2009, Lim & Hong 2010, Ahn et al. 2013).

2.2. Experimental design and data used

Fig. 1 shows the model domain and topography
used for the WRF simulation. The domain covers
Northern East Asia centered at the Korean penin-
sula (center: 37.5°N, 127.5°E). To emphasize the
resolution effect, we also provide the topography
of HadGEM2-AO (1.875° x 1.250°) over the WRF
domain as a reference. This comparison clearly
demonstrates how the representation of topography
over a narrow peninsula depends critically on the
model resolution. The topography of HadGEM2-
AO shows hardly any mountain slope in the
Korean peninsula. This mal-representation of geo-
graphical characteristics could negatively affect
the model performance in simulating local and
regional climates. On the other hand, the WRF
modeling system (12.5 km) describes much more
realistic features of 2 relevant mountains, such as
the Taebaek Mountains, extending from north to
south along the eastern coastal regions of the
Korean peninsula, and the Sobaek Mountains
located in the south-central regions of the penin-
sula. Indeed, the maximum height of WRF topo-
graphy (608 m) over South Korea is much closer
to the height of the highest observational station
(772 m), compared to that of HadGEM2-AO (148 m)
(Fig. 1).

For the downscaling of the reference climate, WRF
simulation spans 32 yr from 1 January 1979 until
31 December 2010, and the first 2 yr simulation is
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Fig. 1. Topography used for (a) HadGEM2-AO (1.875° x 1.25°) and (b) WRF (12.5 km) simulations over the WRF domain.
Red dots over South Korea in (b) indicate the locations of 60 observational stations used for validating the reference (REF)
simulation
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excluded in the analysis as a spin-up period. For the
future projection, WRF simulation spans 82 yr from
1 January 2019 until 31 December 2100, and the first
2 yr simulation is also excluded as a spin-up period.
The initial and boundary conditions to drive the WRF
modeling system are obtained from the HadGEM2-
AO projection simulated under the CMIP5 experi-
ment design (Baek et al. 2013). Two RCP scenarios,
namely RCP4.5, which is a stabilization scenario
without overshooting pathways to 4.5 W m™2, and
RCP8.5, which is a rising pathway leading to 8.5 W
m~2 by 2100, are used. Since the historical period
based on atmospheric concentration observations ex-
tends to 2005, the reference simulation during 2006—
2010 is forced by the GHG concentrations from the
RCP8.5 scenario. However, this should not introduce
a significant problem because GHG concentrations
for this 5 yr period are not greatly different depend-
ing on the scenario (e.g. CO, concentration averaged
over 2006-2010: RCP4.5: 384.82 ppm, RCP8.5:
384.87 ppm). This study assigns the recent 30 yr of
1981-2010 as a reference period for matching future
scenarios with two 30 yr periods (2041-2070 and
2071-2100). Hereinafter, the WRF simulation during
the reference period is denoted as 'REF’' while WRF
simulations during the future periods under the
RCP4.5 and RCP8.5 scenarios are denoted as
‘RCP4.5" and 'RCP8.5', respectively.

The reference simulation (e.g. REF) is evaluated
against both global gridded data and station data sit-
uated over South Korea. The Climate Research Unit
(CRU) Time Series 2.0 (T'S2.0) with a horizontal reso-
lution of 0.5° x 0.5° over only land area (Mitchell et
al. 2004) is used for the calculation of the bias and
root mean square error (RMSE) in order to estimate
the basic performance of both the HadGEM2-AO
and WRF simulations. For the validation of WRF-
downscaled results in more detail, we use daily
observational data from 60 meteorological stations
whose quality control was maintained by KMA dur-
ing the same period (1981-2010). The red dots in
Fig. 1(b) show the locations of observational stations
used in this study. The locations include both low-
elevation and high-elevation stations and are rela-
tively evenly distributed. We compare simulated
variables at the grid points closest to the stations
with individual observational values. The model grid
(12.5 km) is less than the mean distance of observa-
tional stations (about 30 km), and there is no station
point that matches with the same grid value. In gen-
eral, the high model resolution justifies the compari-
son between station data and the closest grid point
model data (Im et al. 2008b, 2011).

3. RESULTS

The model chain composed of 1 RCM and 1 GCM
limits the robustness of the result because of its de-
pendence on the selected projection. Hence, the use
of a different model combination may afford a differ-
ent conclusion. Although this study does not provide
multi-model ensemble projection, we assess the basic
performance of HadGEM2-AO and WRF in simulat-
ing the reference climate in an attempt to justify the
use of 1 global and 1 regional model. Beak et al.
(2013) demonstrate the skill with which HadGEM2-
AO simulates the present climate simulated, based on
the evaluation index defined by the aggregated and
normalized errors in 19 different key climate quanti-
ties, particularly over East Asia (Fig. 3 in Beak et al.
2013). Hong & Ahn (in press) also demonstrate that
HadGEM2-AO shows superior performance in simu-
lating early summer (MJJ) precipitation compared to
CMIP5 multi-model ensemble mean in both quantita-
tive (e.g. bias and RMSE) and qualitative (e.g. spatial
distribution) aspects over Northeast Asia (Figs. 3 & 4
in Hong & Ahn in press). More specifically, the bias
and RMSE of summer precipitation derived from
HadGEM2-AO—1.27 and 1.5 mm d~!, respectively—
reveal a superior performance compared to the equiv-
alent values of 2.12 and 2.2 mm d~!, respectively,
from the CMIP5 multi-model ensemble mean with re-
spect to TRMM (Tropical Rainfall Measuring Mission)
observation. Therefore, we consider that HadGEM2-
AO satisfies the minimum requirement for downscal-
ing over our target region. In addition to the compari-
son between the HadGEM2-AO and CMIP5 multi-
model ensemble, Hong & Ahn (in press) present a rel-
evant improvement of the summer precipitation from
WRF-downscaled results over the Korean peninsula.
While HadGEM2-AO and the CMIP5 multi-model
ensemble fail to capture the strong magnitude of the
localized maxima related to the stationary front over
Korea, high-resolution WRF reproduces a pattern
that is closer to the TRMM observation. Furthermore,
WREF is capable of reproducing the major characteris-
tics of monsoon evolution (e.g. the speed of northward
movement) similar to those in TRMM, in spite of some
deficiency.

Here, the performance of WRF-downscaled results
in simulating the seasonal mean temperature and
precipitation during the reference period (1981-2010)
is quantitatively evaluated over Korea against both
observations and the HadGEM2-AO global projec-
tion used as the initial and boundary conditions. In
general, WRF is capable of reproducing the main
features of the seasonal variation seen in the ob-
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Table 1. Bias and RMSE of seasonal mean (JJA and DJF)

temperature and precipitation over South Korea (33°-38.65° N,

124°-130.5°E) from HadGEM2-AO and WRF simulation

against the Climate Research Unit (CRU) observation for the
reference period (1981-2010)

Temperature (°C) Precipitation (mm d!)

Bias RMSE Bias RMSE
Summer (JJA)
HadGM2-A0O 0.2 1.59 -3.19 345
WRF -1.42 1.79 -1.14  1.48
Winter (DJF)
HadGM2-AO 1.66 2.2 0.08 0.17
WRF 0.39 1.66 1.02  1.37

served pattern, and of better resolving regional- and
local-scale details compared to the HadGEM2-AO
global projection (see Figs. 2 & 3 in Ahn et al. 2013).
For the objective measure of their performances focus-
ing on the Korean peninsula (33°-38.65°N,
124°-130.5°E), Table 1 presents the quantitative
metrics of the HadGEM2-AO and WRF performance
during the summer (JJA) and winter (DJF) seasons.
In general, the WRF's systematic biases appear to be
inherited from the HadGEM2-AO global projection.
However, the WRF-downscaled results substan-
tially reduce the dry bias of summer precipitation
and warm bias of winter temperature produced in
HadGEM2-AO, as evident in Table 1. In contrast to
the significant improvements of summer precipi-
tation, WRF tends to worsen the wet bias of winter
precipitation. This feature is associated with heavy
snowfall along the high mountainous region (see
Fig. 5 in Ahn et al. 2013), and thus indicates that
WRF shows more reasonable spatial details which
properly reflect the complex topographical feature
of the Korean peninsula. For temperature, WRF
tends to simulate relatively lower temperature than
HadGEM2-AO due to the higher elevation of WRF
terrain. This leads to a positive effect for winter tem-
perature (i.e. reduction of warm bias from HadGEM2-
AQ), but a negative effect for summer temperature
(i.e. enhancement of cold bias). The bias pattern
denoted in Table 1 is not limited to our simulation,
but rather seems to be a typical error found in many
other regional climate simulations over East Asia,
including the Korean peninsula. The magnitude of
biases averaged over Korea are quantitatively less
or similar to other downscaled results using the same
global projection as the initial and boundary re-
ported by Oh et al. (2014), Hong et al. (2013) and Lee
& Hong (2014). For conciseness, we avoid duplicating
the validation of the same features that appeared in

Ahn et al. (2013) and Hong & Ahn (in press). Instead,
in this study, we focus on the long-term trends,
extremes and daily statistics of temperature and pre-
cipitation over Korea.

3.1. Long-term trends of temperature and
precipitation

We begin our analysis with the time series of annu-
ally averaged temperature anomalies. Fig. 2 presents
the anomalies of daily mean temperature (T;,ean), daily
maximum temperature above 95 % (Tiax05), and daily
minimum temperature below 5% (Tyinos) On an
annual basis over South Korea throughout the entire
integration period from the WRF simulation. The
anomalies are obtained by subtracting the climato-
logical mean of the reference period (1981-2010),
which enables systematic biases in the underlying
model to be partly eliminated, and emphasis is
placed on the trends in climate change with respect
to the reference climate. We also display the ob-
served estimates archived at the Korean climate sta-
tions during the reference period in order to validate
the model performance.

During the reference period, temperature shows a
gradually increasing pattern, with the trend being
statistically significant at the 95% confidence level
(see Table 2). Compared to Tyean and Tiaxos: Tminos
exhibits a noticeable warming. In general, REF is
able to capture the major characteristics of temporal
evolution in temperature, showing a similarity with
the observed pattern in terms of variability range and
trend, except for the somewhat steeper slope of
Tnaxes- Moving to the future projection for the 21st
century, positive anomalies from both RCP4.5 and
RCP8.5 become dominant compared to REF. How-
ever, the degree of warming between RCP4.5 and
RCP8.5 shows a different behavior, presumably in
response to feeding the different GHG concentra-
tions from different emission scenarios. The 2 sce-
narios clearly diverge after about 2070. More spe-
cifically, Ty ean derived from RCP8.5 increases contin-
uously by >5°C at the end of the 21st century,
whereas Ty, derived from RCP4.5 appears to stabi-
lize the warming after the mid to late 21st century, in
accordance with the GHG concentrations. By com-
parison, the increasing rate of T,05 is stronger than
that of Ti,.x05, Which is in line with many other studies
that assess future climate changes (e.g. Im et al. 2011).

Table 2 summarizes the basic statistics of trends de-
rived from the Tiean: Tmaxos, @and Things temporal evo-
lution seen in Fig. 2. Since the temporal evolutions of
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Fig. 2. Time-series of annually averaged anomalies of (a) mean temperature (Tjeqn), (b) maximum temperature above 95 %
(Thnaxos) and (c) minimum temperature below 5 % (Ti,ines) With respect to the reference period (REF; 1981-2010). Their trends cov-
ering three 30 yr periods (1981-2010, 2041-2070 and 2071-2100) are separately indicated by dashed lines with the same color

RCP4.5 and RCP8.5 show different behavior for the
two 30 yr periods (2041-2070 vs. 2071-2100) in re-
sponse to the RCP4.5 and RCP8.5 scenarios, we inves-
tigate their characteristics separately for those two pe-
riods. The first period covering 2041-2070 shows a

relatively smaller difference in temperature increase
between RCP4.5 and RCP8.5 (hereinafter referred
to as Futl), whereas the second period covering
2071-2100 shows a quite different rate of temperature
increase in line with GHG forcings used for RCP4.5
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Table 2. Temperature. Mean, coefficient of slope (trend) and
its t-test statistics (p-value) of Tiean, Tmaxos @nd Tiings derived
from observation (OBS) and reference (REF), RCP4.5 and
RCP8.5 simulations during the REF (1981-2010), Futl
(2041-2070) and Fut 2 (2071-2100) periods. *Statistical
significance at the 95% confidence level

Variable Mean  Trend P

OBS Tinean 12.57 0.0348 0.000476*
Tinax9s 32.69 0.0013 0.004638*

Tininos -9.52  0.0839 0.000396*

REF Timean 11.66  0.0329 0.001069*
Tinax9s 29.31  0.0515 0.002667*

Tininos -9.36 0.0519 0.000313*

RCP4.5 Futl Tinean 13.97 0.0471 0.000143*
Tinax9s 31.27 0.0333 0.000278*

Tininos -6.33  0.0595 0.00095*

Fut2 Tinean 14.39 0.0171  0.049097*

Tinax9s 31.98 0.0108 0.064665
Tininos -5.80 0.0394 0.0076825*

RCP8.5 Futl Tinean 14.25 0.0643  0.000000*
Tinaxos 32.14  0.0468 0.000000*

Tininos -6.43  0.0633 0.000012*

Fut2 Tean 16.14  0.0465 0.000040*

Tinax9s 33.73  0.0545 0.000096*

Tininos -3.14  0.0936  0.000001*

and RCP8.5 (hereinafter referred to as Fut2). Table 2
also includes the mean value for each selected period.
In particular, comparison of the mean value between
observation (OBS) and REF explicitly reveals the bias
of the WRF simulation. As indicated by Ahn et al.
(2013), Tiean tends to be underestimated compared to
OBS, but by <1°C. T axes and Tpines derived from REF
show quite different performance. T,,05 is mostly
equal to OBS, but T,.405 Shows a relatively large bias.
Indeed, the cold bias of T, is attributed to T«
rather than to T,,;, (not shown). Changes in T;,,495 and
Thinos for the future period suggest that extremes
based on T,,i, (Tmax) Will decrease (increase), in partic-
ular under RCP8.5 (see Section 3.2).

Next, trend analysis of precipitation is conducted
by examining not only the mean precipitation, but
also the intensity and frequency of daily precipitation
(Fig. 3). A precipitation event is defined as a daily
precipitation value 21.0 mm. First, changes in mean
precipitation from both observation and REF do not
show any readily visible trend. The intensity and fre-
quency of daily precipitation also show a relatively
weak trend compared to the temperature changes.
This is mostly due to large interannual and inter-
decadal variability, and this is considered typical

behavior of regional-scale precipitation variability
(Giorgi 2005). Since Fig. 3 displays the temporal evo-
lution of the anomaly after subtracting the climato-
logical mean during the reference period, the trend
and variability simulated by WRF show good agree-
ment with the observed patterns. However, compari-
son of mean values between OBS and REF clearly
reveals the systematic biases of the model (Table 3).
REF tends to produce excessive occurrence of weak
precipitation (not shown), which is directly associ-
ated with the main deficiency of overestimating the
frequency and underestimating the intensity of daily
precipitation (Table 3). This is a commonly raised
problem in precipitation performance of climate
modeling (e.g. Frei et al. 2003, Kusunoki & Mizuta
2013). However, such systematic biases in the under-
lying model can be partly cancelled when taking the
difference between REF simulation and RCP future
projection, even though such a model bias could
affect the magnitude of changes in response to emis-
sion forcing (Sushama et al. 2006, Hagemann &
Jacob 2007, Im et al. 2008b). In addition, Giorgi &
Coppola (2010) demonstrate that East Asia might be
a region in which the model regional bias is not a
dominant factor in determining the projected regional
change.

Moving to the future projection, the evolution fea-
tures of precipitation are quite different from those
of temperature, and contain mixed features, with
both increasing and decreasing trends. Despite the
initial chaotic appearance of this pattern, some well-
defined or common features can be derived from this
complexity. The most relevant pattern appearing in
the mean, intensity and frequency is the overall
greater amplitude of variability in Fut2 than in Futl.
In contrast to temperature seen in the stabilized be-
havior during Fut2, the enhanced variability derived
from RCP4.5 is roughly equivalent to that from
RCP8.5. Furthermore, precipitation likely increases
more under the RCP4.5 projection than under the
RCP8.5 projection during 2031-2050, which is line
with the results shown by Oh et al. (2014). These
behaviors clearly demonstrate the fact that precipita-
tion changes do not respond monotonically to emis-
sion forcing. Despite the general positive anomalies
of mean and intensity in Futl and Fut?2, it is difficult
to find any readily apparent long-term trends in their
evolution. Since the trend depends on the selected
period and its length, projections derived from a
short period could produce erroneous interpretation
of the results, which highlights the need for a multi-
decadal length of simulation. Unlike the mean and
intensity of daily precipitation, the trend of frequency



256

Clim Res 63: 249-266, 2015

4
o 34 a) Mean
o
g 27
g
o 17
e
§ o
k=3
-
g ~27
<
(]
= 37
-4 T T T T T T T T T T T T T T T T T T T T T T
1980 2000 2020 2040 2060 2080 2100
. 8
i b) Intensity
g °7
g
B 34
G
5
07
g
S -3
8
k=3
o —6
g
a5}
—9 T T T T T T T T T T T T T T T T T T T T T T
1980 2000 2020 2040 2060 2080 2100
40
T 30 c¢) Frequency
-~
Z 20
=
Q
£ 104
&
o 0+
&
§ -10
8 _20-]
Ry
8 -30
s}
—40 T T T T T T T T T T T T T T T T T T T T T T T
1980 2000 2020 2040 2060 2080 2100
Year

Fig. 3. Same as in Fig. 2 but for (a) mean, (b) intensity and (c) frequency of daily precipitation

declines during Fut2, in particular from RCP4.5. Such
changes in the characteristics of precipitation at the
end of the 21st century show agreement with previ-
ous studies, demonstrating that the mode of precipi-
tation tends to change with less frequent but more
intense events, leading to higher hydroclimatic inten-
sity under global warming (Giorgi et al. 2011)

Based on Table 3, the statistical significance of the
precipitation trend is very limited. However, the
fact that no trend is statistically significant does not
necessarily mean that there is no trend of environ-
mental significance (Bae et al. 2008). For example,
the enhanced intensity from RCP8.5 is seemingly
visible during Fut2, but its trend is not clear and it is
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Table 3. Precipitation. Mean, coefficient of slope (trend) and
its t-test statistics (p-value) of mean, intensity and frequency
of daily precipitation derived from observation (OBS) and
reference (REF), RCP4.5 and RCP8.5 simulations during the
REF (1981-2010), Futl (2041-2070) and Fut2 (2071-2100)
periods. *Statistical significance at the 95 % confidence level

Variable Mean Trend p
OBS Mean 5.70 0.013 0.441834
Intensity 16.42 0.032  0.410739
Frequency 81.55 0.196 0.325846
REF Mean 4.16 0.005 0.732346
Intensity 12.94 0.013  0.698788
Frequency 115.10 0.081 0.726538
RCP4.5 Futl Mean 4.84 -0.026 0.144025
Intensity 14.89 -0.012 0.721716
Frequency 117.11 0.010 0.955728
Fut2 Mean 475 -0.026 0.144025
Intensity 1520 -0.021 0.603525
Frequency 112,17 -0.433 0.045139*
RCP8.5 Futl Mean 4.44 0.027 0.027486*
Intensity 14.00 0.083 0.003746*
Frequency 113.69 0.068 0.710195
Fut2 Mean 514 -0.004 0.798016
Intensity 15.89 0.011 0.766437
Frequency 116.47 -0.173 0.375049

not significant at the 95% confidence level because
the natural variability exceeds that of the linear
trend.

3.2. Characteristics of daily temperature

Although analysis of long-term trends provides the
first-order features of model behavior in response to
the RCP emission scenarios, it may not be sufficiently
appropriate to estimate the detailed characteristics
of extremes that cause major economic damage and
degrade society and ecosystems. Therefore, we at-
tempt to examine the changes in characteristics of
daily temperature and precipitation and related
extremes during the 2 different future periods (e.g.
Fut1 vs. Fut2).

Fig. 4 presents the annual frequency distribution
of daily Teans Tmax @nd T, and their anomalies from
60 individual stations (not average) over South Korea
(see Fig. 1b). Such a distribution is a good indicator
to measure both the central tendency (e.g. mean) and
dispersion (e.g. variance) of the daily values. First,
the shape of the annual frequency distribution shows
a bimodal structure, reflecting the contribution of dif-
ferent characteristics to the cold and warm seasons.
Tmean and T, show similar distributions character-

ized by 2 asymmetric peaks, whereas the distribution
of Tin seems to be rather symmetric. Qualitatively,
REF is capable of capturing the asymmetric bimodal
structure of T, can and T, distributions, but fails to
capture the symmetric saddle-like shape seen in the
observed T, distribution. On the other hand, REF
reproduces the lower tails of the T},;, distribution rea-
sonably well, but the lower tails of the T} eqn and Tiax
distributions are shifted to the left side due to the cold
bias. In contrast to the Teanr Tmax and T, distribu-
tions that clearly expose the model deficiency such
as cold bias, their anomaly distributions subtracting
mean climatology agree very closely with the ob-
served pattern in terms of shape and variation range.
This implies that systematic errors underlying mean
climatology can be effectively reduced merely by
using a simple statistical method. Indeed, Ahn et al.
(2012) performed statistical correction based on the
perturbation method using the high-resolution tem-
perature simulated by the WRF modeling system,
and thereby drastically reduced the systematic bias
of raw RCM output. Future work that combines sta-
tistical correction with dynamically downscaled
results will be considered for enhancing the accuracy
and reliability of model simulation.

To describe the future climate statistics with
respect to the reference one, we add the T ean Timax
and T,,;, distributions derived from RCP4.5 and
RCP8.5 projections during both Futl and Fut2
periods. Basically, the shape of the distribution does
not change dramatically, but the warming from
RCP4.5 and RCP8.5 mostly manifests itself as a shift
of the distribution towards higher values compared
to the reference climate, which is in line with those
found in other future projections (e.g. Im et al. 2008a,
2011, Koo et al. 2009). In the case of RCP4.5, there
are few significant differences between Futl and
Fut2 across Tyeans Imax @and T, Which is consistent
with the temporal evolution seen in Fig. 2. However,
the distribution from RCP8.5 shows a much greater
shift in Fut2 than in Futl toward a warmer condition,
as a result of the aggressive increase of GHG con-
centrations during Fut2. Contrasting the response
behavior between RCP4.5 and RCP8.5 during Fut2
demonstrates the mitigation effect, which stresses
the importance of trying to reduce GHG concentra-
tions. Changes in anomaly distribution more clearly
demonstrate the shift of the central location as well as
of the tail bound in accordance with the degree of
warming. During the reference period, the anomaly
distribution is centered at around 0°C, and is barely
skewed by either negative or positive sides. How-
ever, for the future projection, a positive anomaly
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becomes much more likely than a negative anomaly.
As expected, the difference between Futl and Fut2
distributions from RCP4.5 is not relevant, whereas
RCP8.5 produces a notable difference between Futl
and Fut2 distributions.

The shift of distribution has an important implica-
tion because it accompanies the changes in the
extreme events due to changes in the upper and
lower tail bounds. Indeed, the most severe impact of
global warming will be induced by changes in the
frequency and intensity of extremes events rather
than by changes in the mean climate condition (e.g.
Im et al. 2012, Lee et al. 2012). Figs. 5 & 6 present the
spatial distributions of changes in average tempera-
ture of extreme hot days (above the 95th percentile of
the daily T,,.x) and extreme cold days (below the 5th
percentile of the daily T,,,), respectively, from the
RCP4.5 and RCP8.5 projections. These are calculated
by counting T,,.x above the 95th percentile and T,
below the 5th percentile in each individual year and
then averaging them over the 30 yr (e.g. REF, Futl

and Fut2). Based on a 2-tailed ¢-test to diagnose the
statistical significance of the projected changes, the
changes seen in Figs. 5 & 6 are statistically significant
at the 95 % confidence level over the entire region. It
is evident from these figures that the average tem-
peratures derived from both extreme hot and cold
days during Futl and Fut2 increase consistently, but
with different magnitudes across the regions and
emission scenarios. Compared to the intensified ex-
treme hot days, the reduction of extreme cold days is
more pronounced, which demonstrates the asymmet-
ric response of T, and T,,;, under global warming.
Regional variations show a notable difference in the
spatial patterns of extreme changes in T,.w5 and
Tinos- A large increase appears along the south and
west coastal areas in Ty,.495, Whereas Tyinos €xhibits
a northwestward gradient of positive changes, and
spatial details are somewhat tied to the topographical
forcing with a maximum increase over the Taebaek
Mountains. Such a warming amplification in the cold
climate regimes (e.g. high latitude or high altitude) is
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95 % confidence level

a well-known feature that is partially associated with
the snow-albedo feedback mechanism (IPCC 2007,

Im et al. 2008a).

3.3. Characteristics of daily precipitation

Fig. 7 shows the frequency distribution of daily

precipitation derived from observation, REF, and
RCP4.5 and RCP8.5 projections for Futl and Fut2.
First, REF shows good agreement with the observed
distribution, except for the underestimation in the
high-intensity range >100 mm d~!. Therefore, we

attribute the dry bias of the mean precipitation seen
in Table 2 to the underestimation of high-intensity
precipitation. Comparison of the RCP4.5 and RCP8.5
with REF reveals the enhanced probability of high-
intensity precipitation.

To quantitatively display the change in behavior of
daily precipitation across various intensity ranges,
we investigate the changes in the amount of daily
precipitation as a function of intensity in order to
estimate the relative contribution of changes in low-
and high-intensity precipitation (Fig. 8). Initially,
Futl and Fut2 present similar pattern of changes in
daily precipitation in terms of the change sign and
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direction, regardless of RCP4.5 and RCP8.5. More
importantly, both projections exhibit the increased
contribution to total precipitation from high-intensity
precipitation. An enhancement of relatively high-
intensity precipitation and a reduction of weak-
intensity precipitation are discernible, implying an
intensified hydrologic cycle. This reveals the looming
water management challenges in Korea under global
warming (Jung et al. 2013).

This behavioral change in the precipitation charac-
teristics is responsible for the changes in extreme
precipitation. We used 2 indices to measure the fre-
quency and intensity of heavy precipitation: the
changes in the number of days in which the daily

precipitation is >100 mm, which is the threshold level
for severe weather alerts by the KMA (Fig. 9); and
the intensity exceeding the 95th percentile precipita-
tion (Fig. 10). In Figs. 9 & 10, overlaid dots indicate
the areas where the changes are statistically signifi-
cant at the 90 % confidence level. While the tempera-
ture-based extremes exhibit robust statistical signifi-
cance at the 95% confidence level over the entire
domain (see Figs. 5 & 6), the statistical significance of
changes in precipitation-based extremes is restricted
to some parts of the simulated area. In particular,
intensity changes in heavy precipitation show low
statistical confidence, and thus results for this should
be interpreted with caution. From a statistical point
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of view, the relatively low confidence of the projected
summer precipitation is probably caused by its large
natural variability (Im et al. 2008a). In spite of the
complexity due to localized spatial variation, the
dominant pattern is an enhancement in both fre-
quency and intensity of heavy precipitation. In par-
ticular, the southern part of Korea is prone to extreme
precipitation, which increases the vulnerability to
flooding under global warming. This change might
be coupled with the changes in the summer monsoon
because most of the heavy precipitation events over
South Korea are associated with the development of
the summer monsoon (Im et al. 2008a). Consistent
with our result, several studies have supported the
intensification of the East Asian summer monsoon
under global warming based on CMIP5 projections
(e.g. Chen & Sun 2013, Jiang & Tian 2013, Seo et al.
2013, Lee & Wang 2014, Qu et al. 2014, Tian et al.

2015). As shown in Chapter 14 of the IPCC ARS
(Christensen et al. 2013), CMIP5 projections indicate
a likely increase in both the circulation and rainfall of
the East Asian summer monsoon through the 21st
century. There is a growing consensus that atmo-
spheric warming will increase atmospheric water
holding capacity, which can lead to increase in rain-
fall. However, there are considerable uncertainties
regarding future changes in monsoon circulation
strength, and this subject, therefore, remains debat-
able. Indeed, Tanaka et al. (2005) and Ueda et al.
(2006) contend that monsoon circulation will be
weakened in spite of the increase in rainfall.

In order to describe the statistical likelihood of ex-
treme events in daily precipitation, the return levels
obtained by fitting the generalized extreme value
(GEV) distribution are presented. Fig. 11 shows box
plots of the return levels of annual maximum precip-
itation corresponding to the 20 and
50 yr return periods over 60 stations
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g = Ful mFu2| ]
4 4%
0 01
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RCP8.5 during Futl and Fut2. A box
plot is a convenient way of graphi-
cally depicting properties of data in
terms of quartiles and extremes. In
general, RCP4.5 and RCP8.5 present
a similar direction of changes in re-
turn levels of annual maximum pre-
cipitation occurring at 20 and
50 yr intervals. For both RCP4.5
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period. Much higher future values compared to their
corresponding values in the reference climate indi-
cate a more intense heavy precipitation in the future
warmer climate over South Korea. For example, the
intensity of extreme events occurring at a 50 yr inter-
val could be about 800 mm d~! in Fut2 compared to
less than 500 mm d7! in the present climate. This
implies a greater vulnerability to flood hazards due to
an increased probability of more severe extreme
events, which is in line with previous studies that
assessed the changes in extreme precipitation due to
global warming (Im et al. 2012, Sung et al. 2012, Seo
et al. in press).

4. SUMMARY AND DISCUSSION

In this study, we have presented regional changes
in 21st century temperature and precipitation over
South Korea from the latest generation of high-
resolution downscaled projection (12.5 km) under
the RCP4.5 and RCP8.5 scenarios adopted by IPCC
ARS5. This updated projection will support the fur-
ther development of previous findings based on the
Fourth Assessment Report (AR4) framework (e.g.
global projections participating in the CMIP3 pro-
ject and the Special Report on Emissions Scenarios
[SRES] emission scenarios), while also improving
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the model-based projections of climate changes over
the region.

For the fine-scale climate information (12.5 km)
suitable for representing the geographical complex-
ity of the Korean peninsula, a dynamical down-
scaling system composed of HadGEM2-AO and the
WRF model chain is applied within the framework of
the national downscaling project in Korea. Regard-
ing the validity of the reference simulation (1981-
2010), the downscaled result performs reasonably
well in capturing the trends and means of tempera-
ture and precipitation in spite of some systematic
biases. For the future projection, the general charac-
teristics of warming enhancements and precipitation

changes are mostly in agreement with previous
generation models (i.e. downscaling of IPCC AR4
participant models reported by Koo et al. 2009, Im et
al. 2011, 2012). More specifically, we present the
following main findings derived from this latest
regional climate projection:

(1) The temperature response is roughly propor-
tional to the GHG concentrations. Therefore, the
difference in the temporal evolution of temperature
derived from RCP4.5 and RCP8.5 is directly attrib-
uted to the difference between the RCP4.5 and
RCP8.5 emission scenarios. While T,,.,, from the
RCP8.5 projection is sharply accelerated by more
than 5°C by the end of the 21st century, Tean from
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the RCP4.5 projection presents a stabilization in
warming after the mid to late 21st century. In addi-
tion to Theans Tmax @nd T, distributions also show a
differentiated response between RCP8.5 and RCP4.5
projections, which implies a large impact of mitiga-
tion. As a result of shifts in the mean value rather
than the changes in kurtosis (e.g. variability) or
skewness (e.g. asymmetry) of the T, and Ty, dis-
tributions, the changes in the hot and cold extremes
appear to correspond to the shifts in the upper and
lower tail bounds, respectively. Extreme cold days
(below 5% of T,,;,) are reduced and extreme hot days
(above 95% of T,,.x) are enhanced across the whole
region of South Korea. In particular, the degree of
warming is more pronounced in Ty,;, from the RCP8.5
projection during Fut2.

(2) Precipitation changes do not respond monoton-
ically to emission forcing. Although there is no rele-

vant long-term trend of annual mean precipitation,
RCP4.5 and RCP8.5 consistently project an enhance-
ment of relatively high-intensity precipitation and
a reduction of weak-intensity precipitation in the
warmer climate. Furthermore, RCP4.5 and RCP8.5
provide a strong positive anomaly of intensity of daily
precipitation and a decreasing trend of frequency of
daily precipitation during Fut2 (2071-2100). These
changes in the daily precipitation characteristics
reflect the intensified hydrologic cycle with less fre-
quent but more intense precipitation events, imply-
ing that water resources will face greater vulnerabil-
ity as a result of global warming. The changes in the
intensity and frequency of extreme precipitation are
also relevant. The number of days with daily precipi-
tation >100 mm and the intensity of daily precipita-
tion exceeding the 95th percentile are consistently
increased, in particular in the southern part of South
Korea. RCP4.5 and RCP8.5 also suggest an increased
probability of extreme precipitation with 20 and 50 yr
return periods. Furthermore, as Korea frequently
suffers localized heavy rainfall of high intensity over
a short period (Im et al. 2012, 2013), we plan to in-
tensively examine the sub-daily (i.e. 3 h) precipita-
tion in order to assess the accurate characteristics
of extremely heavy precipitation and the related
vulnerability of water resources.

In summary, this study suggests that climate
change resulting from elevated GHG concentrations
may have significant potential impacts over South
Korea, not only in terms of the magnitude of change,
but also in terms of shifts in the distribution of vulner-
able regions, which is in line with similar previous
studies. Since this study presents future projections
based on only 1 global model (i.e. HadGEM-AO) and
1 regional model (i.e. WRF), considerable uncertain-
ties remain. In this regard, we cannot make any spe-
cific conclusion based solely on the perspective
examined in this study. Nevertheless, we would like
to emphasize the general consistency between the
behavior of future climate simulated by the
HadGEM-AO and WRF and by other projections,
which supports the strength of our model chain used
in this study. For example, the HadGEM-AO projec-
tion over our target region is not markedly different
from that of the CMIP5 multi-model ensemble mean.
The increases in temperature and precipitation
around the Korean peninsula projected by HadGEM-
AO (Baek et al. 2013) are consistent with the CMIP5
multi-model ensemble mean reported in Qu et al.
(2014), Lee & Wang (2014), and Seo et al. (2013). In
addition, WRF-downscaled results are also in line
with other projections using different RCMs driven
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by the HadGEM-AO (e.g. Lee et al. 2014, Oh et al.
2014).

The RCP4.5 and RCP8.5 projections presented in
this study will serve as one of the ensemble members
for the development of a national standard scenario,
and may contribute to the quantification of uncer-
tainties by comparing with other downscaling results
from different regional models. In the next step of
this research project, the downscaling of other global
projection (i.e. MIP-ESM: Max-Planck-Institute Earth
System Model) is in progress. Ensemble projections
derived from downscaling of different global projec-
tions will then be examined to provide a more robust
statement with high confidence.
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