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Abstract

We present an analysis of a simulated climate projection covering the period 1971-2080 over the
Korean Peninsula with a regional climate model (RegCM3) using a one-way double-nested system. The
mother and nested domain cover the East Asian region at 60 km grid spacing and the Korean Peninsula
at 20 km grid spacing, respectively. The mean climate state as well as the frequency and intensity of
daily extreme events are investigated at various temporal and spatial scales, with a focus on surface air
temperature and precipitation. Our analysis is primarily centered on the comparison of two 30-year cli-
mate periods between 2021-2050 and 2051-2080, in order to assess climatic changes at different time
periods in response to anthropogenic forcings under the IPCC B2 emission scenario.

Regarding the interdecadal variation of projected temperature and precipitation over the whole inte-
gration period, we find that the temperature change gradually increases by 3.2 K for the 2070s, with a
persistently increasing trend. The projected precipitation in the future shows generally greater amounts
than in the reference run despite significant interdecadal variation. A substantial increase (decréase) of
hot (frost) spells is projected along with increasing of maximum and minimum temperature. Wet spells
of long periods tend to be more frequent, accompanying the inerease of precipitation amounts. The tem-
perature changes are statistically significant at the 90% confidence level in all seasons and regions, indi-
cating robustness of the projected change while the precipitation changes show low statistical confidence,
especially summer season, due to the large natural variability. Based on the spatial distribution, al-
though the general pattern between the mother and nested domain simulations ghews similarity, more
detailed structure over Korea is found in the nested domain simulation. By comparison of the change be-
tween 2021-2050 and 2051-2080 periods, the climate change signal of beth temperature and precipita-
tion becomes more pronounced in the late 21%* century as the greenhouse gas concentration is increased.

1. Introduction

It has been well known that the global
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also has experienced a gradual warming (Oh
et al. 2004), as indicated by a significant warm-
ing trend from the observed record. In South
Korea, the increasing rate of the average tem-
perature is reported to be about 1.5 K during
the 20th century mainly due to the greenhouse
effect and rapid urbanization (Kwon 2005),
-which is almost three times of global warming
trend. This indicates that Korea will be
strongly expected to be vulnerable to climate
change (Oh et al. 2004; Boo et al. 2006). In
fact, there is discernable evidence that recent
climate changes over Korea have already af-
fected many environmental and biological sys-
tems (Boo et al. 2004; Im et al. 2007a).

In order to derive a meaningful interpreta-
tion about climate change and to project the po-
tential future change, scenario simulations have
been performed in numerous climate change
studies (Gao et al. 2001; Gallardo et al. 2001;
Giorgi et al. 2004a,b; Mearns et al. 1999; Oh
et al. 2004; Réisdnen et al. 2004; Kitoh et al.
2005; Kusunoki et al. 2006). Projections carried
out based on future emission scenarios of
greenhouse gases could provide useful insights
for possible consequences due to climate change
(Boo et al. 2004). To date, climate projections
have been most widely simulated using coupled
global climate models (GCMs) based on the
IPCC SRES emission scenarios (IPCC 2000),
with reasonable success (May and Roeckner
2001; Min et al. 2006). GCMs represent the
broad features of current climate well and can
reproduce the observed large-scale changes in
climate over the recent past. Substantial prob-
lems arise, however, at the regional scale. In
areas where coasts and mountains have a sig-
nificant effect on the weather such as in Korea,
scenarios based on GCMs will fail to capture
the local detail needed for impact assessments
at a regional level. Indeed, Korea is a represen-
tative region where the limitations of GCMs
are particularly important, since the Korean
Peninsula is small (the area of South Korea is
99,585 km?) with a narrow mountain system
surrounded by ocean, and since the climate of
Korea is characterized by the occurrence of
extreme precipitation episodes induced by oro-
graphical features (Part et al. 2003). Also, at
such coarse resolutions, extreme events such
as drought or heavy rainfall are either not cap-
tured or their intensity is unrealistically low.
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One method for overcoming this limitation and
adding detail to global projections is to use a re-
gional climate model (RCM) (Christensen et al.
1998; Mearns et al. 1999).

With this background, we have developed the
RegCMS3 one-way double-nested system, with
the mother domain encompassing the eastern
regions of Asia at 60 km grid spacing and the
nested domain covering the Korean Peninsula
at 20 km grid spacing (Im et al. 2006, 2007a).
We carried out the scenario experiments cover-
ing the period 1971-2080 using the ECHO-G
B2 scenario simulation as the initial and lat-
eral boundary conditions. A 110-year simula-
tion is a long enough period to consider interde-
cadal variability of the model, which exhibit
large fluctuations due to the external forcings
of greenhouse gases. We first evaluated the ref-
erence scenario (1971-2000) against a dense
observational network over the Korean terri-
tory (Im et al. 2007a). Im et al. (2007a) con-
firmed from this evaluation that the down-
scaled simulation (60 km and 20 km horizontal
resolution) shows considerable improvement
in the recent climate compared to the simula-
tion from the GCM (approximately 350 km
horizontal resolution). Subsequently, we have
examined the potential future change for the
30-year period of 2021-2050 with respect the
reference simulation (Im et al. 2007b). In this
study, we extend the analysis period to con-
sider the long-term variability. The multi-
decadal length of our simulations allows us to
examine interdecadal variability and trends of
the climate change signal, thereby providing a
more reliable projection. Projections derived
from a short period at a certain time in the
future could lead to different interpretations of
the results due to model variability, especially
for precipitation where there may be large nat-
ural variability. Hence, we assess the possible
future climate change with a focus on the
two 30-year periods 2021-2050 and 2051-2080
based on the IPCC SRES B2 scenario with re-
spect to a reference climate for a given baseline
period (1971-2000). From a time-slice analysis,
we can assess the climate change at different
time periods in response to anthropogenic forc-
ings. Our analysis is primarily centered on sur-
face air temperature and precipitation, the
two variables most used in impact assessment
studies (Giorgi et al. 2004a). Emphasis in this

NI | -El ectronic Library Service



Met eor ol ogi cal Soci ety of Japan

December 2007

study is placed on the high-resolution spatial/
temporal aspects of mean and extreme climate
change under different climate settings over
Korea generated by complex topography and
coastlines that are relevant on a regional scale.
To this end, we will analyze the future climate
change on various temporal scales, ranging
from interdecadal to daily. It is expected that
this study could provide useful insight into the
future change signal as well as advance under-
standing of regional climate change over Korea.

In Section 2 we present a brief description of
the modeling system and experiment design.
The projected results for mother and nested do-
main simulation are then discussed in Section
3 and the summary and conclusions presented
in Section 4.

2. Model and experiment design

Both global and regional climate models and
the experimental setup used in this study are
described in Im et al. (2007a,b) in detail, and
the references therein. Therefore, we include
only a brief description here.

The ECHO-G global climate model is used to
provide the initial and boundary conditions,
and consists of two component models, an at-
mospheric component ECHAM4 containing a
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land surface scheme and the oceanic component
HOPE-G with an embedded sea-ice model. The
horizontal and vertical resolution of ECHAM4
is spectrally truncated T30 (grid size approxi-
mately ~3.75°) and 19 hybrid sigma-pressure
levels (highest level at 10 hPa), respectively.
The horizontal resolution of HOPE-G corre-
sponds to a Gaussian T42 grid (~2.8°) and the
model employs 20 vertical levels (Min et al.
2005). Analysis of results using the ECHO-G
scenario (Oh et al. 2004) showed that the A2
[B2] scenarios over East Asia (defined as grid
box of 80°E-180°E, and 20°N-60°N) by 2100
result in an increase in temperature of 6.5
[4.5] K and an increase in precipitation of 10.5
[6.0]%, respectively.

The regional model used here is the Interna-
tional Centre for Theoretical Physics (ICTP)
RegCM3. This is an upgraded version of the
model originally developed by Giorgi et al.
(1993a,b) and then improved as discussed by
Giorgi and Mearns (1999), and Pal et al. (2000).
The regional model configuration, as well as a
detailed evaluation of the present and recent
climatology simulated by the RegCM3 one-way
double-nested system, has been described by
Im et al. (2006, 2007a). Figure 1 shows the
model domain system used in this study. The
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mother domain covers the eastern regions of
Asia (including the Korean Peninsula) at 60 km
grid spacing, while the nested domain focuses
on the South Korean Peninsula at 20 km grid
spacing.

The integration spans the 110-year period of
January 1971 through December 2080. Analy-
sis is focused on the period 2021-2050 and
2051-2080. According to the B2 emission sce-
nario, the COy, NoO, and CH; mean concentra-
tion during 2021-2050 (2051-2080) (COg =
447.2/515.1 ppm, NoO = 342.4/354.9 ppb, and
CH,4 = 2083.9/2383.5 ppb) are increased by
about 29(49)%, 12(16)%, and 31(49)%, respec-
tively, compared to the values during the
reference period (COg =346.3 ppm, NyO =
305.3 ppb, and CH4 = 1596.0 ppb). The initial
and time-dependent meteorological lateral
boundary conditions are interpolated at 6-
hourly intervals from the ECHO-G B2 scenario
simulation which covered the period 1860-
2100. Sea surface temperature (SST) over the
ocean areas and major GHG concentration ob-
tained from the corresponding ECHO-G fields
are directly interpolated onto the RegCM3 grid
system. The SST is updated monthly, and con-
centrations of major GHG vary every year.

3. Results

Possible future changes in the mean climate
state as well as in the frequency and intensity
of extreme climate events due to emission forc-
ing could be derived by comparing simulated
current climate conditions as a baseline to si-
mulated future climate states with increased
GHGs (Meehl et al. 2000). Hence we compare
changes by comparing relevant statistics (deca-
dal and seasonal mean, daily frequency and in-
tensity) for the future climate of two periods of
2021-2050 and 2051-2080 with respect to the
present day period of 1971-2000.

3.1 Changes in mean climatology

We begin our analysis of the interdecadal
variation of projected temperature and precipi-
tation over the whole integration period for the
purpose of determining the trend and persis-
tence in the long-term variability of the change
signal in response to increasing greenhouse gas
concentration. Figure 2 presents the area-
averaged decadal mean temperature and
precipitation anomalies over Korea from the
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Fig. 2. Interdecadal variation of pro-
jected temperature and precipitation
anomaly over Korea based on IPCC
SRES B2 scenario.

nested domain simulation. Anomalies are com-
puted with respect to the mean of the reference
period (1971-2000).

For validation of the simulated results dur-
ing reference period, we used the temperature
and precipitation data at 57 climate stations
archived at the Korea Meteorological Adminis-
tration (KMA). The trend and variability of the
simulated temperature during reference period
illustrate remarkable similarity with those of
the observation. According to the regional pro-
jection, it is clearly shown that temperature
change gradually increases by 3.2 K for the
2070s, with a persistently increasing trend. In
contrast to the temperature pattern, the precip-
itation change exhibits substantial variability.
For the reference period, the observations show
a fairly constant increasing trend through the
last 30 years, whereas the reference simulation
shows the maximum in the 1980s. Precipitation
change does not show a well defined long term
trend even though it generally has a positive
anomaly in the future projection. Enhancement
of variability is evident after 2020s. The pro-
jected precipitation in the future shows gener-
ally greater values than in the reference run
and significant interdecadal variations with a
large range of fluctuation instead of a regular
trend throughout the simulation. This is a
typical behavior of regional scale precipitation
change (Giorgi 2005), and points to the need
for carefully evaluating individual -climate
change simulations to establish the robustness
of regional precipitation change signals.

Note that present scenario experiments have
not included the land cover change and atmo-
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- spheric aerosols effects which may partially re-
lated to the biased temperature and precipita-
tion results as shown by Fig. 2. The land use/
land cover and atmospheric aerosols over East
Asia including the Korean Peninsula have sig-
nificantly changed in past several decades. The
changes in land cover might have affected the
albedo and the soil and vegetation functions
and then could bring changes to the East Asian
monsoon by altering the complex exchange of
water and energy from surface to atmosphere
(Fu 2003). Atmospheric aerosols also could in-
fluence the climate by inducing surface cooling
throughout direct (scattering and absorbing
solar radiation) and indirect (modifying the
microphysical and optical properties of clouds)
effects, especially over the East Asian region
where the emission of aerosol have been rap-
idly increasing during the last decades (Qian
et al. 2003; Giorgi et al. 2002, 2003).

In order to understand the difference con-
cerning the synoptic-scale climate characteris-
tics over East Asia during each period of in-
creasing and decreasing precipitation as shown
by Fig. 2, we perform a composite analysis of
850 hPa winds, water vapor flux, and 500 hPa
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geopotential height. Circulation changes can
modulate the patterns and magnitude of the
surface climate in an important manner (Réisa-
nen et al. 2004). The future precipitation change
is mainly attributable to the change of wind
fields in the horizontal transport of water vapor
associated with the intensification of a subtrop-
ical high (Kusunoki et al. 2006). Figure 3
presents the difference in the 850 hPa winds,
water vapor flux, and 500 hPa geopotential
height between two composites (the average of
two periods of increasing precipitation: 2051—
2060 and 2071-2080/the average of two periods
of decreasing precipitation: 2031-2040 and
2061-2070) and the reference (1971-2000) sce-
nario for the winter and summer season.
Basically, the changes of the atmospheric cir-
culation over East Asia modify the winter and
summer monsoon intensity. By comparison of
the composites of the periods of increasing and
decreasing precipitation, we see that monsoon
intensity induced by the seasonal reversal of
low-level circulation is different, especially in
the summer season. During the summers of pe-
riods of increasing precipitation, the southeast-
erly flow that sweeps over Korea is evident, in-
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Fig. 3. Composite analysis of difference between precipitation decrease (2031-2040, 2061-2070) and
increase (2051-2060, 2071~2080) periods and reference simulation (1971~2000) in the 850 hPa
winds (upper panels), 850 hPa water vapor flux (middle panels), and 500 hPa geopotential height
(lower panels) for winter (a and ¢) and summer (b and d) season over East Asia. Shading indicates
the magnitude of wind (upper panels) and water vapor flux (middle panels).
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dicating an overall intensification of monsoonal
activity in summer. The increased southeaster-
lies are favorable for advection of lower level
warm and moist air from the Pacific Ocean, re-
sulting in more precipitation (Lu et al. 2007).
In winter the prominent feature is related to
the weakening of the East Asian monsoon
circulation due to a reduction of the land-sea
contrast, leading to a weakening of the prevail-
ing northwesterly flow. Both composite features
show a similar wave pattern of weakening of
the northwesterly flow, but the magnitude is
more pronounced during periods of increased
precipitation.

By comparison between wind fields and
water vapor flux in the 850 hPa height, the
change in the wind field mainly contributes to
the change in the water vapor flux, which is a
key factor to the change in the precipitation.
Based on the wind fields for summer season,
the strongest flux vectors curve anticyclonically
along the west margin of the western Pacific
high in periods of increasing precipitation while
the strongest flux vectors come predominately
from China mainland in periods of decreasing
precipitation. During the wet period, main
transport branch from Pacific Ocean intensify
summer monsoon bringing abundant moisture
over Korea.

The increase in the 500 hPa height reflects
the greenhouse warming under enhanced GHG
concentrations, in which the atmosphere holds
more water vapor. The positive signal in the
500 hPa height due to warming is similar in
both composite members. However, the heights
during periods of increased precipitation show
larger magnitude and a stronger gradient
which is likely to represent a stronger warming
signal.

Recent studies show that East Asia is likely
to experience a warmer and wetter climate over
the 21st century with stronger amplitudes than
in the global mean change using global projec-
tion results (Min et al. 2006; Kripalani et al.
2006). Particularly, it is reported that the inter-
nal variability and uncertainty are larger in the
regional precipitation than in the global precip-
itation. This implies that the uncertainty is
increasing as the temporal and spatial scales
are reduced. In order to examine the seasonal
and regional dependency of climate change, the
area-averaged seasonal mean change over East

Vol. 85, No. 6

Asia (mother domain simulation) and Korea
(nested domain simulation) are shown for four
seasons (DJF, MAM, JJA, and SON) and an-
nual mean (ANN) (Fig. 4). Here, the error-bar
represents interannual variability measured by
the standard deviation of the seasonally aver-
aged temperature and precipitation. For tem-
perature change, we notice that increases in
both regions during 2051-2080 are much larger
than those during 2021-2050. Moreover, the
seasonal dependency of the pattern of tempera-
ture change is also intensified, especially over
Korea. In the winter season during 2051-2080,
the temperatures increase up to 3.0 K and
3.3 K over East Asia and Korea, respectively.
All temperature change signals consistently ex-
ceed the interannual variability, which implies
robustness of the signal. A pronounced increase
of the mean value in the late twenty-first cen-
tury indicates that the warming signal becomes
more pronounced as the GHG concentration is
increased.

Moving to the seasonal precipitation varia-
tion, considerable difference between precipi-
tation and temperature is found in terms of in-
terannual variability. Unlike temperature, the
variability of precipitation ranges widely across
regions and seasons, consistently exceeding the
mean change. Since a spatially discontinuous
variable such as precipitation has a greater
location dependency than does temperature
(Mearns et al. 1984), it might be natural that
seasonal estimates of precipitation changes are
more unreliable than those of temperature. In
spite of a very large uncertainty in the projec-
tion, the seasonal change in precipitation has
an overall increase, especially in the cold sea-
son. During 2051-2080, winter precipitation
over Korea increased by about 40%. Accord-
ingly, the enhancement of winter precipitation
over Korea is generally considered a very likely
future consequence of climate change. The vari-
ability over Korea is much larger than that of
East Asia. It means that the uncertainty in-
creases as the scale of interest becomes finer
and closer to that needed for impact assess-
ment studies, since the variability also in-
creases at finer scale (Giorgi 2005).

In order to address the issue of statistical sig-
nificance of the change in seasonal and annual
mean temperature and precipitation with re-
spect to the reference simulation (1971-2000)
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Fig. 4. Seasonal mean change of area-averaged temperature and precipitation over East Asia and
Korea and their interannual variability for the two futures (2021-2050 and 2051-2080) rela-
tive to reference (1971-2000). The units of temperature and precipitation change are K and %,

respectively.

as shown by Fig. 4, we perform a two-tailed
t-test assuming unequal variances (Welch’s
t-test). For both East Asian (mother domain
simulation) and Korean region (nested domain
simulation), and for both future periods (2021
2050/2051-2080), the change in mean tempera-
ture was very significant, with p-values below
10-8 for all seasons as well as annual mean.
The p-values represent the probability that the
absolute value of the test statistic exceeds that

calculated for the future and reference scenario
by random chance. For precipitation, we have
less confidence. The p-values obtained from the
t-test for precipitation are given in Table 1.
For East Asian region, the change in precipita-
tion is significant at the 5% level or lower
(p < 0.05) for JJA, and annual mean for the
2021-2050 period, and for JJA, SON, and an-
nual mean for the 2051-2080 period. For the
Korean region, the change in precipitation was

Table 1. P-values of a two-tailed t-test assuming unequal variances between simulated seasonal and
annual mean precipitation for both regions and for both future periods. Values in bold indicates

significant at the 5% level.

DJF MAM JJA SON ANN
2021-2050 0.1172 0.6281 0.0154 0.1052 0.0015
East Asia
2051-2080 0.0733 0.3195 0.0026 0.0002 0.0004
K 2021-2050 0.0033 0.0612 0.7521 0.4538 0.0806
orea :
2051-2080 0.0017 0.2048 0.1453 0.1865 0.0034
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Fig. 5. Difference between future scenarios (2021-2050 and 2051-2080) and reference simulation
(1971-2000) temperature (upper panels) and precipitation (lower panels) in ECHO-G run for win-
ter (a and ¢) and summer (b and d) season. Units are K and mm/day.

significant at the 5% level or lower for DJF for
the 2021-2050 period, and for DJF and annual
mean for the 2051-2080 period.

Figures 5 and 6 present the spatial distribu-
tion of differences between the future and refer-
ence scenarios in surface air temperature and
precipitation over East Asia computed from
the ECHO-G and RegCM3 mother domain sim-
ulation. Although the large-scale circulations in
the regional climate simulation and driving
fields are very similar, the regional details of
the simulated surface changes can be quite dif-
ference due to the effects of local topographical
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and land use features (Im et al. 2007a). By com-
parison of the two future-period simulations,
we find the change signal becomes more inten-
sified in the late twenty-first century as global
warming undergoes, even though both simula-
tions are essentially the same in terms of the
spatial distribution.

For temperature, substantial warming is evi-
dent, and larger at higher latitudes in winter
with consistent pattern. In the cold season
(DJF), significant warming is found over almost
the entire region, indicating excess of 4 K over
the northern areas of the Korean Peninsula
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Fig. 6. Difference between future scenarios (2021-2050 and 2051-2080) and reference simulation
(1971-2000) temperature (upper panels) and precipitation (lower panels) in RegCM3 mother
domain run for winter (a and ¢) and summer (b and d) season. Shading in precipitation indicates
statistically significant at the 90% and 70% confidence level for winter and summer season. Units

are K and mm/day.
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during 2051-2080. The regional model shows a
surface warming pattern similar to that of
ECHO-G, with a strong positive northward gra-
dient. The magnitude of the surface warming
is, however, smaller in the mother domain
simulation than in ECHO-G by 0.5~-1.2 K. In
particular, over central mainland China, the
mother domain simulation shows considerably
less warming as compared to the ECHO-G sim-
ulation. This difference is probably associated
with differences in the simulated changes in
the surface variables such as snow cover and
soil water content (Im et al. 2007b). Significant
regional differences are also observed between
the summer warming patterns of the ECHO-G
and mother domain simulations, even though
warming is evident throughout the entire inte-
gration area. ECHO-G shows a maximum over
the Yellow Sea, while the mother domain simu-
lation shows a maximum along the western
boundary region. Furthermore, as can be ex-
pected, the gradients in the warming patterns
are much sharper and more complex in the re-
gional model simulation than in ECHO-G.

In contrast to the temperature, changes in
precipitation are unclear and a relatively large
spread in both periods exists. The regional de-
viation is also larger than for the temperature
fields. Lack of spatial details for ECHO-G
simulation is highlighted. It can be noted that,
even for the 30-year average, the precipitation
change pattern in the regional model exhibits
a much greater fine scale structure than that
in the global model simulation especially sum-
mer season, although this variability does not
seem to be tied to specific topographic features
of the region. For winter precipitation, even
though both simulations project the precipita-
tion increase over broad area, the area of in-
crease is more expanded in the mother domain
simulation. In particular, a distinct large in-
crease is observed over the central region
including the entire Korean Peninsula. It is
very likely that the precipitation increase dur-
ing winter season is due to enhance water-
holding capacity of the warmer atmosphere
based on the Clausius-Clapeyron relation.
Greater differences between the ECHO-G and
mother domain simulations are found for the
change in the summer monsoon precipitation.
In the ECHO-G simulation, one of the largest
increases in precipitation occurs over central
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and southern mainland China, while in the
mother domain simulation, the largest increase
in monsoon precipitation occurs over north-east
China. Previous regional modeling experiments
(e.g., Deque et al. 2005) have shown that the
lateral boundary forcing exerts a relatively
weak control on a nested model solution during
summer, when local processes such as land-
atmosphere interactions and especially moist
convection play a major role in determining
precipitation.

The detailed structures of future change of
surface climate over Korea produced from the
nested domain simulations are illustrated in
Fig. 7. The general patterns are along the lines
of those found in the mother domain simula-
tions. An important aspect of the changes from
the nested domain simulation is the fine scale
structure of the change signal associated with
coastlines and topography. The temperature
warming signal is amplified over the cold re-
gion during the winter, showing a strong north-
ward gradient. One possible explanation of the
warming amplification in the cold season has
been attributed, at least partially, to snow
reduction (Im et al. 2007b), and the resulting
snow-albedo feedback mechanism (Giorgi et al.
1997), which increases the absorption of heat at
the surface where snow cover is significantly
less. It can be clearly seen in our scenario that
in areas where the snow decreases, there is an
increase in solar absorption due to a decreased
albedo. The spatial pattern correlation between
the snow depth and the clear-sky surface ab-
sorbed solar flux change is —0.89 (See Figs. 9
and 10 in Im et al. 2007b). During the summer,
temperature change intensity is less evident
and spatial pattern is more uniform across the
Korean Peninsula domain.

The amount of winter precipitation tends to
increase during 2021-2050 relative to 1971-
2000, and the intensity become more evident
during 2051-2080. When looking at the spatial
distribution, the maximum along the north-
eastern coastal ranges is likely to be a detailed
orographic effect in response to topographic up-
lifting of on-shore moist flow. The change of
summer precipitation has a more complex dis-
tribution. The changes in seasonal precipita-
tion are likely due to different mechanisms
between the warm and cold season. In the cold
season precipitation is produced by large-scale
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Fig. 7. Same as Fig. 6, except for the nested domain simulation.

circulation under strong baroclinicity condi-
tions, whereas in summer the rain is produced
by more complicated phenomena such as ty-
phoons, tropical storms, and monsoon convec-
tive systems (Im et al. 2006). The southern
parts of Korea during 2021-2050 will be
expected to have dry conditions, whereas pre-
cipitation during 2051-2080 is projected to in-
crease over whole area, with a maximum in
northwest region.

We carried out a two-tailed t-test to calculate
the statistical significance of these changes pro-
" jected by RegCM3. In Figs. 6 and 7 the shading
in precipitation indicates the areas where the
change is statistically significant at the 90%
(winter) and 70% (summer) confidence level.
The temperature changes are statistically sig-
nificant at the 90% confidence level in all sea-
sons and over the entire analysis area (not
indicated by shading). For the precipitation
in mother domain, although the significant re-
gions are restricted to a small part of the simu-
lated area, shading areas become extended in
the late twenty-first century. In the nested do-
main, the change signal is more mixed. In win-
ter, the area of statistically significant increase
is widespread across northern part of South
Korea while in summer, most of the projected
precipitation changes show low statistical con-
fidence, probably because of the large natural
variability. This makes it very difficult to arrive

at any general interpretation. This uncertainty
is commonly revealed in future projection ex-
periments using state-of-the-art high resolu-
tions in both regional and global climate mod-
els (Leung et al. 2004; Kusunoki et al. 2006),
indicating a significant diversity among model
results. This problem justifies the need for fur-
ther ensemble experiments of various kinds
(e.g., emission scenarios, global model driving
fields, initial conditions, and so on) to reduce
the uncertainty, which could provide more
promising climate scenario information.

In summary, Figs. 2-7 indicate that there
are predominant change signals present over
East Asia including the Korean Peninsula in
response to global warming. The amplitude as
well as the uncertainty of change signal are in-
tensified over Korea relative to that over East
Asia, showing a strong seasonal and regional
dependency. Enhanced GHG is very likely to
lead to increased temperature and precipita-
tion in the spatial and temporal mean senses,
but its geographical distribution is not directly
responded to the increase of the GHG, in par-
ticular with respect to precipitation (Kitoh
et al. 2005). The projected temperature and
precipitation from the regional modeling sys-
tem demonstrate the greater spatial detail due
to the effect of local topographical features over
Korea. On the other hand, these features are
not found in the ECHO-G simulations which
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are used as initial and boundary conditions. It
well illustrates the need for high resolution in
regions characterized by complex topography.
In addition, climate change scenarios based on
linearly interpolated output from a GCM (typi-
cal horizontal grid spacing ~ 300 km) are un-
likely to be adequate for use in regional impact
studies (Johns et al. 1997).

In the next section, we turn our attention to
the analysis of daily properties for further un-
derstanding of the characteristics related ex-
treme events in more detail.

3.2 Changes in daily properties

Global warming would result in not only
changes in mean climatology but also in the in-
crease in frequency and intensity of extreme
events on daily time scales (Kitoh et al. 2005).
Therefore, the change of daily properties of the
relevant climate variables is investigated. Here,
we convert model grid data to 57 station data
at the grid point closet to the observed station
locations over the Korean territory (Im et al.
2007a).

We first examine the probability density
function (PDF) of temperature fields, including
a measure of the central tendency (e.g., the
mean) and a measure of dispersion (e.g., the
standard deviation or variance) (Leung et al.
2004). Figure 8 shows the PDF of the distribu-
tion of the daily mean, maximum, and mini-
mum temperature. Among them, the distribu-
tion range is different while the fundamental
shape is similar. The shape of annual PDF ex-
hibits a bimodal structure reflecting seasonal
characteristics for the cold season (lower and
broader distribution) and the warm season
(higher and narrower distribution). There is
a common tendency of a shift to a higher
mean values in the future climate than that
during the reference period, suggesting in-
creased milder conditions due to greenhouse
warming. The change range during 2021-2050
with respect the reference simulation shows to
be much higher than that of 2051-2080. Com-
pared to the change of the mean value in the
future, change of the dispersion appears to be
negligible. Accordingly, there is an increase in
the number of extreme hot days and a decrease
in the number of extreme cold days. These fea-
tures are clearly revealed in the hot and frost
spell distributions (See Fig. 10).
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Fig. 8. Probability density function of the
annual distribution of daily mean (up-
per), maximum (middle), and minimum
(lower) temperature in Korea.

Figure 9 shows frequency distribution of
daily precipitation in 5 mm/day intervals for
1970-2000 (reference scenario), 2021-2050
and 2051-2080 for 57 stations. It can be seen
that there is an increase in precipitation events
in nearly all bin intervals for the future scenar-
ios, with the 2051-2080 scenario showing the
largest increase in all intervals. To assess sta-
tistical significance, we first note that if all pre-
cipitation events for all stations are considered
independent, then the number of events is suffi-
ciently large that a Chi square test gives a p-
value < 10710 for both future scenarios tested
against the reference scenario. Therefore we
must reject the null hypothesis that the future
projections have the same distribution as the
reference scenario. However, precipitation is
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Fig. 9. Frequency distribution of daily
precipitation in 5 mm/day intervals in
Korea.

often associated with large scale systems, and
hence there is likely some dependence amongst
the stations due to their relatively close prox-
imity. If we assume that the stations are com-
pletely dependent, a Chi square test gives a
p-value of 0.7 for the 2021-2050 period, and
p < 10719 for the 2051-2080 period. Thus, for
the far future, 2051-2080, the daily precipita-
tion distribution is significantly different statis-
tically from the reference scenario even under
the conservative assumption of complete de-
pendence. For the near future, 2020-2050, we
cannot reject the null hypothesis, and more
detailed analysis of station interdependence
is needed in order to assess statistical signifi-
cance. However, given that the near future sce-
nario results are intermediate between the
reference and far future scenario results, it
is reasonable to assume the increase in precipi-
tation in the near future scenario is likely
significant.

In this study, we also attempt the ‘series
approach using daily data in terms of the se-
quences of wet/dry and frost/hot days. Because
persistence of weather events may lead to
extremes such as flood, drought and so on, suc-
cessive events of various durations can reveal
significant structure of the frequency and in-
tensity of extremes (Halenka et al. 2006). The
four categories of spells used in this study are
calculated as a number of consecutive days as
follows. A wet day is defined as a day with pre-
cipitation accumulation greater than or equal
to 1.0 mm, and at least one dry (wet) day is
referred to as a dry (wet) spell. A frost day
is defined as a minimum temperature less

>
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than 273.15 K (0°C), while a hot day occurs if
the maximum temperature exceeds 303.15 K
(30°C). All spells are divided into 9 duration in-
tervals. Each duration interval is empirically
chosen based on the expected properties of the
weather variables, as interval size gradually in-
creases (Im and Kwon 2007).

Figure 10 presents the potential future
change (2021-2050 and 2051-2080) of fre-
quency of the frost and hot spell for various du-
rations with respect to the reference (1971—
2000). The lines in Figure 10 indicate daily
minimum/maximum temperature in the frost/
hot spells averaged over the spells of each dura-
tion class. The projected frost and hot spells in-
dicate a significant warming in the frequency
as well as the intensity. An increase in the
number of hot days has been projected over
Korea, along with increasing mean maximum
temperature except for the 13-26 day duration
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Fig. 10. Future change of frequency dis-
tribution of the frost and hot spells of
various durations. Here, the lines for
the frost/hot spell indicate the daily
minimum/maximum temperature aver-
aged over the spells of each duration
class.
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during 2021-2050. At the same time, episodes
‘of severely successive cold days may become
less frequent in the milder future climate. Rela-
tively short period frost spells are likely to in-
crease due to breaks of long spells by green-
house warming. However, extreme frost spells
exceeding 33 days tend to decrease and ex-
treme frost spells exceeding 96 days would es-
sentially vanish during 2051-2080. In addition,
a substantial increase of minimum tempera-
ture is found throughout the whole duration,
in particular exceeding 2 K during 2051-2080.
The increasing trend of projected temperature
due to anthropogenic forcing is associated with
an increase (decrease) in the number of hot
(frost) days as well as corresponding maximum
(minimum) temperature.

Regarding the dry and wet spells related
to daily precipitation (Fig. 11), the dry spell
change does not reveal any significant trend,
but shows the reduction in events less than 3
days. On the other hand, the enhancement in
the relatively intensive events exceeding 4
days is evident in the wet spells. As indicated

(A) Dry spell
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5180-Ref |

=
f=3
I=
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4 Frequency
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o
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7
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Fig. 11. Same as Fig. 10, except for dry
and wet spells. Here, the lines for wet
spell indicate the daily precipitation
averaged over the spells of each dura-
tion class.
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by the averaged daily precipitation for each
duration, an increase of precipitation intensity
is projected in the future except for the 3—-24
day duration (2021-2050) and 6 day duration
(2051-2080). The results suggest the possibil-
ity that precipitation intensity in the future
may increase in response to anthropogenic forc-
ings, and appears in line with results found in
other regional climate change projections for
the 21st century (Boo et al. 2006; Gao et al.
2006).

4. Summary and discussions

In this study, we investigate possible future
climate changes with a focus on the Korean
Peninsula under forcing from the IPCC SRES
B2 emission scenario. For simulating the
fine-scale climate change scenario, a one-way
double-nested regional climate model system
using RegCM3 has been applied to the ECHO-
G (ECHAM4/HOPE-G) global climate model of
approximately 350 km horizontal resolution. In
order to consider the interdecadal variability of
the model, a total 110-year simulation period of
1971-2080 is performed. The comparison be-
tween 2021-2050 and 2051-2080 is key for as-
sessing climate change at different time periods
in response to anthropogenic forcings.

Projected changes in both temperature and
precipitation fields provide strong evidence
that East Asia including the Korean Peninsula
undergoes a warmer and wetter climate regime
in response to the intensification of the summer
monsoon and weakening of the winter mon-
soon. The magnitude of the change signals
both in mean and extremes of temperature and
precipitation in response to anthropogenic forc-
ings is more pronounced in 2051-2080 com-
pared to the period of 2021-2050 as GHG con-
centration increased. The temperature exhibits
a positively persistent trend throughout whole
period increasing by 3.2 K for 2070s while
precipitation is characterized by pronounced in-
terdecadal variations, with gradual amplifica-
tion of the fluctuation range. During wet peri-
ods, the summer monsoon is intensified due to
stronger southeasterly flow, favorable for ad-
vection of lower level warm and moist air from
the Pacific Ocean. The temperature changes
are statistically significant with robustness
regardless of region and season while the pre-
cipitation changes show the low statistical con-
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fidence due to large variability. A significant
increase (decrease) of hot (frost) spells is found
along with increasing of maximum and mini-
mum temperature. Wet spells of long periods
tend to be more frequent as well, accompanied
with an increase of precipitation amounts.

Although it cannot be expected that a single
realization in this study can establish the ro-
bustness of the regional change signal due to
large uncertainties, these results could provide
useful information for impact assessment as
well as a plausible interpretation for the future
climate, considering the reasonable verification
of the reference scenario (Im et al. 2007a; Im
and Kwon 2007).

Large scale forcing arising from global warm-
ing may lead to local changes of the surface cli-
mate over complex terrain regions such as the
Korean Peninsula. A substantial change in
the fine scale pattern of the climate is found
across Korea, which justifies the need for high
resolution modeling over the region. The nested
model added more realistic detail to the simu-
lated surface climatology due to its better rep-
resentation of topography and coastlines. This
work has demonstrated the feasibility of the
nested modeling methodology for regional cli-
mate studies. Two of the main limitations of
this work have been the use of a single projec-
tion, which prevents an accurate treatment of
emission scenarios with large uncertainty, and
the shortcomings in the quality of the driving
GCM fields. In the near future, we will attempt
a time-slice experiment of a high resolution
GCM for providing higher-quality driving fields
based on the various emission scenarios, which
should result in more accurate nested model
simulations for application to climate change
studies.
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