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The climate response over Korea to the change in orbital parameters for the mid-Holocene at 6000 BP is
reproduced using a relatively high-resolution (about 75 km) climate model of National Center for At-
mosphere Research (NCAR) Community Climate Model version 3 (CCM3). In response to the mid-
Holocene orbital conditions, the surface temperature over Korea increased over the northern part and
decreased over the southern part by up to about �0.5 �C. The increase in surface temperature is mainly
due to the increase in summer surface temperature as the earth receives more energy. Despite the
reduced insolation in winter, surface temperature increased in North Korea, associated with the increase
in downward long wave and turbulent heat fluxes. The cooler climate in the southern part is due to the
reduced surface temperature in winter, spring, and autumn. In the mid-Holocene, precipitation
decreased overall in most of Korea, except for the southern part, where it slightly increased. Associated
with the reduced precipitation, the climate was overall drier in most of Korea, especially the northern
part, though climate was slightly wetter in southernmost Korea, including Jeju Island. In comparison to
some proxy records, the increase in surface temperature in the mid-Holocene is overall consistent. In
terms of precipitation and hydrological budget, the southern part agrees with proxy evidence, but in
central Korea there exists a disagreement. However, there are only limited numbers of proxy records
throughout Korea. A greater number and lines of proxy evidence are required before we draw any clear
conclusions regarding climate change for the mid-Holocene over Korea.

� 2014 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

The Korean Peninsula is located between Eurasia and the North
Pacific Ocean. The Eurasia continent is very sensitive to the change
in diurnal heating or cooling, whereas the North Pacific Ocean is
relatively stable to a change in external heating because the ocean
has much larger heat capacity than the land. Moreover, the
Tsushima Current flowing towards the Korean peninsula is a branch
of the warm Kuroshio Current from the tropics (Lie and Cho, 2002),
and provides abundant heat to nearby land areas. Associated with
this special geographic setting, the Korean peninsula is under the
strong influence of seasonal climate contrast from the Asian
monsoon, which has a strong influence on agriculture, socio-
economy, and culture (Webster et al., 1998; Ding and Chan, 2005).
ute, Polar Climate Change, 26
ic of Korea.

reserved.
Towards summer, the increasing short wave radiation heats
the Asian continent and leads to the low pressure relative to the
North Pacific, where relatively high pressure develops. With
time, the front between low pressure over the continent and high
pressure over the ocean moves northward and brings moisture to
East Asian countries. Over Korea, this heavy rainfall, called
Changma, starts around late June and accounts for more than half
of the annual precipitation over Korea (Choi et al., 2012). Towards
winter, on the other hand, with the reduction of radiative heating
and accumulation of snow, the Asian continent experiences
extreme surface cooling, especially over Mongolia and southern
Siberia, and high pressure develops. The Siberian high in relation
to the Aleutian Low strongly influences the winter weather over
Korea and Japan (Jhun and Lee, 2004). With this seasonally
contrasting climate sensitivity, the Korean peninsula has very
distinct seasons.

According to the Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report (AR4), warming over the past 100
years (1906e2005) is 0.74 C� (�0.18 �C) (IPCC, 2007), while the
warming trend is larger towards present from the updated IPCC
Fifth Assessment Report (IPCC, 2013) with 0.85 C� (�0.2) from 1880
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to 2012. Compared to the degree of global warming, the warming
trend over Korea is about twice as large, 1.7 C� over the past 100
years (KMA, 2009). Precipitation over Korea is also substantially
increasing, by about 19% during recent years in comparison to the
early 20th century (KMA, 2009). The weather has been more
extreme and the summer season is longer, while winter is shorter.
According to the future climate projection using ECHO-G numerical
model simulation, the temperature over Korea is expected to warm
by 4 C� by the end of 21st century, especially inwinter. Precipitation
will increase by 17%, especially in August and September, with
larger spatial variability of more extreme drought and heavy rain-
fall. By the end of 21st century, most of South Korea is expected to
have a subtropical climate, changing from the temperate climate at
present. However, this climate projection has a large uncertainty.
For example, in the recent decade since 2000, cold surges have
occurred more frequently with longer duration and lower surface
temperature than in the previous decade in 1990s (Woo et al.,
2012). Unfortunately, this hemispheric anomalous extreme
climate event is not well captured by the current numerical models.
To assess the degree of mean and variability of future climate
change, especially in regional scale, numerical model’s predict-
ability must be substantially improved through an understanding
of how the climate operated.

The numerical simulation of past climates can help under-
stand climate change in the future as an alternative source
through a comparison with proxy data. Moreover, the perfor-
mance of numerical models could be tested against known past
climate fluctuations to have confidence in their future predictive
skill. The mid-Holocene climate events provide the optimal op-
portunity to examine the Earth’s climate change mechanisms as a
future analogy, because the mid-Holocene climate is generally
warmer than present and paleoclimate proxy data are relatively
abundant. During the mid-Holocene, the summer insolation was
about 7% (30 W m�2) higher than present at 65�N, whereas the
summer insolation was less by �3.5% (15 W m�2) at 65�S. This
solar insolation change is due to the variation in orbital
parameters.

Mid-Holocene and late Holocene change in vegetation and
climate over Korea was deduced from pollen records (Yi et al.,
2008). By analyzing stalagmite records from Daeya Cave in Ko-
rea, Jo et al. (2011) detected the mid-Holocene climatic optimum
between 8500 and 5900 years before present. By combining iso-
topic composition and pollen records, Lim et al. (2012) obtained
millennial-scale fluctuations in five stages during Holocene time.
Nahm et al. (2006, 2011) studied the Holocene environment using
river wetland samples, and interpreted that the increased abun-
dance of coarse-grained sediment was due to increased precipi-
tation during the mid-Holocene. These proxy reconstructions
provide useful information for the climate in the mid-Holocene. A
comparison of numerically reproduced results with these proxy
reconstructions will be useful in understanding the change
mechanism. In this study, a relatively fine-resolution numerical
model is used to investigate the change in temperature and hy-
drological budget for the mid-Holocene. This study compares the
reproduced results from the second phase of Paleoclimate
Modelling Intercomparison Project (PMIP2) with proxy
reconstructions.

2. Model description and experiments

The numerical model used to simulate the mid-Holocene over
Korea is the third version of the Community Climate Model (CCM3)
developed in the National Center for Atmosphere Research (NCAR)
(Bonan, 1998; Kiehl et al., 1998). Horizontal resolution of the model
used in this study is 512 � 256 cells, which is about 75 km (Duffy
et al., 2003). This is relatively high resolution compared to other
existing models. The model has 18 vertical layers and includes land
surface processes. Amore detailed illustration of themodel is found
in Kim et al. (2008).

The modern climate simulation, called MOD, is forced by
prescribed, climatologically averaged, monthly climatology of
sea-surface temperatures (SSTs) and sea ice distributions pro-
vided by NCAR, a contemporary atmospheric CO2 concentration
of 355 ppm, and the present land mask and topography. In the
mid-Holocene simulation, we applied orbital parameters for
6000 BP. They are composed of eccentricity as a measure of
ellipticity of the earth’s revolution orbit around the sun with
periods of 100,000 and 400,000 y, obliquity as a measure of
earth’s tilt angle from 22.1� to 24.5� with a period of 41,000 y,
and precession of the earth with periods of 19,000 and 23,000 y.
Because, at 6000 BP, the obliquity was larger (24.1�) than present
(23.44�) and the longitude of perihelion was about 90� out of
phase from the present, the earth received more energy in
summer in the Northern Hemisphere, and less in the Southern
Hemisphere. In this experiment, the same sea surface tempera-
ture (SST) condition as in the MOD is used because mid-Holocene
SST reconstructions are limited and their change is relatively
small. According to the second phase of the Paleoclimate
Modelling Intercomparison Project (PMIP2) results, the SST
change between the mid-Holocene and preindustrial period is
less than 0.5 �C in most ocean basins (Joussaume and Taylor,
2000). We presume that the effect of the SST on the climate of
Korea is relatively small compared to the effect of the change in
the radiation budget associated with the change in orbital pa-
rameters. This experiment is named HOL.
3. Results

The experiments were integrated for 6 years, and the last 4 years
were averaged and analyzed. The model performance of the CCM3
used in this study and large-scale features are described in detail in
Kim et al. (2008) and Unterman et al. (2011). In this study, we focus
on the description of the seasonal climate change over Korea for the
mid-Holocene using simulated results from the high-resolution
model. As proxy evidence for past temperature and aridity is
abundant over Korea, we present these variables. For convenience,
winter is averaged values for DecembereJanuaryeFebruary (DJF),
spring for MarcheAprileMay (MAM), summer for JuneeJulye
August (JJA), and autumn for SeptembereOctobereNovember
(SON).
3.1. Model response

Table 1 lists the annual and seasonal mean quantities aver-
aged over Korea from the MOD and HOL simulations. In summer,
surface air temperature (SAT) increases by 0.82 �C, which is
associated with the increase in insolation by 27.41 W m�2 (w6%)
over Korea, because the perihelion, the time when the earth is
closest to the sun, occurs during summer in the northern
hemisphere. Short wave heat fluxes increase by 29.11 W m�2

(w13%) at the surface. In spring and autumn, SAT decreases by
about 0.3 �C, consistent with the reduction in insolation. In
winter, on the other hand, despite the reduction in insolation by
13.72 W m�2 (w7%) and short wave heat fluxes at the surface,
SAT increases over Korea. This anomalous increase in winter SAT
is associated with the increase in downward long wave heat
fluxes and turbulent heat fluxes. In the mid-Holocene, precipi-
tation decreases overall, and the largest reduction occurs in
summer, by about 18%.



Table 1
Annual and seasonal mean quantities from MOD and HOL simulations and their
differences averaged over Korea (123�e132�E; 33�e43�N).

MOD HOL HOLeMOD

Surface temperature (K)
Ann 284.49 284.50 0.01
DJF 274.65 274.84 0.19
MAM 281.72 281.43 �0.29
JJA 294.01 294.83 0.82
SON 287.15 286.89 �0.26

Insolation (W m�2)
Ann 337.60 337.17 �0.43
DJF 204.92 191.20 �13.72
MAM 397.94 395.10 �2.84
JJA 461.28 488.69 27.41
SON 286.22 273.74 �12.48

Short wave (W m�2)
Ann 168.25 173.51 5.26
DJF 97.29 93.05 �4.24
MAM 213.53 215.37 1.84
JJA 217.44 246.52 29.11
SON 144.81 138.69 �6.12

Precipitation (mm/day)
Ann 1.91 1.56 �0.35
DJF 2.79 2.48 �0.31
MAM 3.74 3.55 �0.19
JJA 3.52 2.87 �0.65
SON 2.16 1.92 �0.24
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Fig. 1 displays the geographic distribution of the difference in
seasonal-mean and annual-mean surface air temperature (SAT)
over Korea between HOL andMOD. In themid-Holocene, insolation
and short wave heat fluxes increase during summer over Korea and
this leads to the increase in SAT over the entire Korean Peninsula.
The summer surface warming is especially more pronounced along
the eastern flank of Korea towards the north by more than 1 �C
(Fig.1c). In autumn, associatedwith the reduction in insolation, SAT
decreases almost everywhere in Korea, especially in the south-
ernmost and northern parts. In spring, there is overall surface
cooling over Korea and the surface cooling is larger in the northern
part, by more than 1.5 �C. In winter, surface temperature reduction
is expected because the earth receives less insolation. However, SAT
increases over most of Korea, except for the southern part, where a
slight cooling of about 0.4 C� occurs (Fig. 1a). The SAT increase is
larger in the northern part.

In order to investigate the cause of the anomalous winter SAT
increase over northern most of Korea, we analyzed the change in
radiative and turbulent heat fluxes (Fig. 2). In winter, short wave
heat fluxes at the surface overall decrease, especially in the
northern part (Fig. 2e). This is consistent with the reduction in
insolation at the mid-Holocene. However, the net long wave radi-
ative heat flux increases slightly in the northern and north-eastern
part of Korea, though it decreases in the southern and south-
western parts (Fig. 2a). The increase in net long wave heat fluxes
in the northern part of Korea is mainly due to the increase in
downward longwave heat fluxes, as shown in Fig. 2b. The change in
the turbulent (latent and sensible) heat fluxes shows that in the
mid-Holocene turbulent heat flux, especially the sensible heat flux,
acts to warm the surface over Korea (Fig. 2c and d). This result in-
dicates that the anomalous increase in SAT in winter over most of
Korea is due to the increase in long wave and turbulent heat fluxes
in spite of the decrease in insolation and short wave heat fluxes.

Overall, in the mid-Holocene, the annual-mean surface tem-
perature increases slightly and relatively large annual-mean
warming occurs along the eastern flank of Korea by more than
about 0.3 �C (Fig. 1e). The largest warming is found over the north-
eastern tip of Korea, more than 0.5 �C. On the other hand, in the
southern part of Korea, especially in the south-western part, surface
cooling by more than 0.3 �C is indicated. Jeju Island appears to be
slightly colder in the mid-Holocene.

In addition to surface temperature change, hydrological budget
change is an important indicator for climate change. As indicated in
the area-averaged value in Table 1, in the mid-Holocene, precipi-
tation appears to be overall reduced over Korea, though spatial
variabilities are shown (Fig. 3). In the boreal winter, precipitation
appears to decrease in most of Korea, especially in central South
Korea (Fig. 3a). In spring, a substantial reduction of precipitation
occurs in the northern part of Korea, whereas precipitation in-
creases over most of South Korea, and the largest increase of more
than 1 mm/day occurs along the southern part and Jeju Island. In
summer, the reduction of precipitation is large overall of North
Korea and the eastern part of South Korea (Fig. 3c). On the other
hand, an increase in summer precipitation occurs in the southern
part of Korea. In autumn, the precipitation change pattern is
opposite to that of summer, i.e. increase over the northern part of
Korea and decrease in thewestern flank and southern part of Korea.

Overall, the annual-mean precipitation appears to decrease over
most of Korea, except for the southern part of South Korea where a
slight increase in precipitation of more than 0.4 mm/day occurs
(Fig. 3e). The decreased summer precipitation in the mid-Holocene
over Korea is at odds with the increase in the summer monsoon
precipitation over East Asia obtained in many previous model
studies (e.g., de Noblet et al., 1996; Texier et al., 2000; Turner and
Annamalai, 2012; Jiang et al., 2013). We examined the precipita-
tionover East and SouthAsia, andprecipitation increases, consistent
with these previous model results, but not in the Korean Peninsula.
Thus, the reduced precipitation over Korea in mid-Holocene sum-
mer is a local feature, driven by local circulation change.

Even though precipitation increases in one area, if there is more
evaporation, the climate could be drier. The net water budget be-
tween precipitation and evaporation is, thus, important in deter-
mining the climate zone. Fig. 4 shows the geographic distribution of
the change in precipitation minus evaporation between HOL and
MOD experiments. In winter, over South Korea, evaporation ex-
ceeds precipitation and climatewas slightly drier (Fig. 4a). The drier
winter climate is especially more pronounced in central South
Korea near Seoul. In spring, while North Koreawas drier in the mid-
Holocene, South Korea was wetter (Fig. 4b). In summer, most of the
Korean Peninsula was drier, which is mainly related to the reduc-
tion in precipitation as shown in Fig. 3c. In autumn, there is little
change in hydrological budget over Korea, though slightly wetter
climate is simulated in the northern part of peninsula.

The annual-mean hydrological budget change between present
and mid-Holocene reproduced in the model indicates that, in the
northernpart of Korea, the climatewas overall drier than at present,
while, in the southern part, the climate was slightly wetter in the
mid-Holocene (Fig. 4e). The drier climate over the northern part of
Korea in the mid-Holocene is mainly due to the reduction in pre-
cipitation, especiallyalong the easternflankof theKoreanpeninsula.

The change in low level winds plays a critical role in deter-
mining moisture transport as an indicator of the Asian monsoon.
Fig. 5 shows the difference in low-level (850 hPa) winds between
HOL and MOD. Under the strong influence of the East Asian
Monsoon, seasonally contrasting winds occur over Korea. Inwinter,
associated with the strengthening of the Siberian High, north-
westerly or northerly winds prevail over Korea, while in summer,
with the strengthening of the North Pacific high in response to the
weakening of the Siberian High due to the heating leads to the
south-easterly or southerly winds. In the mid-Holocene winter, low
level winds appear to be weaker than at present with an easterly
wind anomaly. A similar result occurs in spring, when an easterly
wind anomaly develops in central Korea. In summer, on the other
hand, low level winds increase over Korea with a strong southerly



Fig. 1. Geographic distribution of the change in reproduced surface air temperature (SAT) between modern (MOD) and mid-Holocene (HOL) averaged for (a) winter (Decembere
JanuaryeFebruary), (b) spring (MarcheAprileMay), (c) summer (JuneeJulyeAugust), (d) autumn (SeptembereOctobereNovember), and (e) annual-mean.

S.-J. Kim, J.-W. Kim / Quaternary International 344 (2014) 86e96 89



Fig. 2. Geographic distribution of the change in winter heat fluxes between MOD and HOL at the surface for (a) net long wave, (b) downward long wave, (c) latent, (d) sensible, and
(e) net short wave. Units are in W m�2.
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wind anomaly (Fig. 5c). In autumn, low level winds are enhanced in
the mid-Holocene with westerly wind anomalies. Overall, in the
mid-Holocene, annual-mean low level winds are weaker than at
present in most of Korea, with easterly and north easterly wind
anomalies.

3.2. Comparison to PMIP2 data

In order to simulate the climate change for the mid-Holocene,
one needs to consider the effect of ocean and vegetation change in
addition to the effect of orbital parameters. The Paleoclimate
Modelling Intercomparison Project (PMIP) has exerted a huge effort
in reproducing themid-Holocene climate using atmosphere-ocean-
vegetation coupled models. We compared the high-resolution
model results with the second phase of PMIP (PMIP2) data.

Fig. 6 shows the SAT and precipitation change between HOL and
MOD experiments averaged over Korea from different climate
models. Inwinter and spring, all models reproduce the reduction in
SAT by about 0.5e1 �C. The spring cooling is consistent with the
high-resolution model result, but winter cooling is different from
the high-resolution model, which produced anomalous warming
over Korea. In summer and autumn, all PMIP2 models show
warming to various degrees. In terms of precipitation, model to
model variabilities are large. In winter, a slight reduction of pre-
cipitation occurs in all models, except for FGOALS and MIROC,
which leads to the slight increase in precipitation. In spring, all
models show a slight decrease in precipitation. In summer, FGOALS
shows a slight reduction in precipitation, while GISS and IPSL
models show substantial increase over Korea. In autumn, almost all
models show an increase in precipitation, although the degree of
increase is less than 1 mm/day. The change in SAT and precipitation
derived from PMIP2 results is consistent with those over China
(Jiang et al., 2012). Overall, a very little change in annual-mean
precipitation is reproduced in the PMIP2 models over Korea in
the mid-Holocene.

In comparison to the response of those of the high-resolution
model, the SAT reduction in winter and spring is overall larger. Note
that the high-resolution model reproduced the anomalous warming
over Korea in themid-Holocene. This differencemay be related to the
ocean feedback, which is not included in the high-resolution model.
Previous studies showed that in themid-Holocene surface oceanwas
slightly colder in the low and mid latitudes due to the delayed
response to orbital forcing (Marzin and Braconnot, 2009). The colder
ocean in themid-Holocenemaygive somenegative feedback toAsian
summer monsoons (Marzin and Braconnot, 2009). Wang and Wang
(2013) analyzed PMIP2 Ocean and Atmosphere General Circulation
Models (OAGCMs) and applied Institute of Atmospheric Physics (IAP)
coupledmodels to test the role of ocean on the Indian and East Asian
Monsoon and suggested that in the mid-Holocene, the cold ocean
acted to reduce the warming driven by orbital parameters over east
Asia, while it partly enhanced the east Asia monsoon. On the other
hand, using Community Climate System Model version 4 (CCSM4)
coupledmodelandCommunityAtmosphereModelversion4 (CAM4),
Tian and Jinag (2013) found that the annual-mean temperature
increased by 0.2e0.5 �C over East Asia and annual precipitation
decreased over China.

Overall, the role of ocean feedback to Asian summer monsoon
appears to play a significant role in enhancing the land-sea
contrast, which drives a stronger atmospheric circulation over
East Asia. However, the effect of ocean on the climate over East Asia
remains controversial. Moreover, in Korea, local effects are also
important because of the special geographic setting, and thus
overall reduction in summer precipitation and anomalous winter
warming, that are in general different from PMIP2 model results,
occur.
3.3. Comparison to proxy data

Therehavebeenactive studies to reconstructHoloceneclimateover
Koreausingvariousproxies suchaspollen records inwetland sediment
cores and cave records. Locations of the proxy records are shown as
initial letters in theannual-meanSATandprecipitation (Figs.1eand3e).
In central eastern Korea, ‘Y’ represents Yeongwol, in thewestern South
Korea ‘P’ represents Paju, ‘C’ represents Cheonggye-cheon, ‘G’ repre-
sents “Gongju’, and in southern Korea, ‘J’ represents Jeju Island.

By analyzing stalagmite records obtained in the Daeya Cave,
which is located in Yeongwol, central-eastern South Korea, Jo et al.
(2011) found lighter carbon isotopic components, well-developed
fibrous calcite crystals, and faster growth rates of the stalagmite
sample, and they interpreted these as representing the warmest
and wettest climate conditions during the Holocene. Even though
the signal is weak in this region in the numerical model result,
there is a qualitative agreement between model and proxy recon-
struction in surface temperature change, but a disagreement occurs
in the hydrological budget, which was slightly drier in the model.

By analyzing a sediment core sampled from a wetland on Jeju Is-
land, Lim and Fujiki (2011) found that the period between 6500 BP
and 4000 BP is dominated by non-arboreal pollen type such as
Artemisia, dry-tolerant. Towards the present, temperate broadleaved
trees become more dominant. This pollen analysis indicates that in
the mid-Holocene, the climate over Jeju Island was colder and drier,
which is in part consistent with themodel results. From a buried soil
sampled in Yugu floodplain, Gongju, central South Korea, Lim et al.
(2012) investigated millennial-scale vegetation changes during Ho-
locene using stable isotopic composition (d13C) and pollen and found
that from 8900 to 6100 BP, C4 plants were abundant, and high per-
centagesofarborealpollenand lowpercentagesof sporeswere found.
This result indicates more arid environment during early- to mid-
Holocene than present, consistent with the model results.

Frommulti-proxy data from sedimentary cores sampled in river
valley of the Paju area, located northeast of Seoul, Korea, Nahm et al.
(2011) found coarse sands containing pebbles in 7100 BPe5000 BP
sediments and interpreted these to represent intensified rainfall
during the mid-Holocene. From pollen analysis from the same area,
Yi and Kim (2012) found dense woodlands in the mid-Holocene,
indicating an increase in summer monsoon precipitation. These
results are at odds with model results, which show reduced pre-
cipitation in summer in the Paju area (see Fig. 3). Yi et al. (2008)
examined the change in vegetation types during the mid- to Late-
Holocene using the samples of Cheonggye-cheon, a tributary of
the Han River, in Seoul, and found evergreen and deciduous
broadleaved trees, indicating warmer climate. These proxy records
are consistent with model response, especially in summer (Fig. 1),
even though the model response is weak.

Overall, proxy evidence suggests warmer climate in central Korea
and slightly colder climate in southern Korea, Jeju Island, and this
reconstruction is overall consistent with model results (Fig. 1). In
terms of precipitation change, on the other hand, proxy records
indicate the increase in the summer monsoon and associated pre-
cipitation in the mid-Holocene over central Korea, different from
model results (Fig. 3). Regarding the hydrological budget change,
however, some proxy evidence suggests more arid climate, while
others suggest wetter in central Korea during the mid-Holocene. The
model response ismore arid in central andnorthernKorea, but shows
little change in the southern part, making a conclusion difficult. We
need more lines of proxy evidence in different locations over Korea.

4. Summary and conclusions

This study explores the response of the Asian summer monsoon
to the imposition of mid-Holocene orbital conditions. The



Fig. 3. Geographic distribution of the change in reproduced precipitation (PCP) between MOD and HOL averaged for (a) winter, (b) spring, (c) summer, (d) autumn, and (e) annual-
mean. Units are in mm/day.
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Fig. 4. Geographic distribution of the change in reproduced precipitation (P) minus evaporation (E) between MOD and HOL averaged for (a) winter, (b) spring, (c) summer, (d)
autumn, and (e) annual-mean. Units are in mm/day.
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Fig. 5. Geographic distribution of the change in reproduced winds at 850 hPa between MOD and HOL averaged for (a) winter, (b) spring, (c) summer, (d) autumn, and (e) annual-
mean. Units are in m s�1.
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Fig. 6. Regionally averaged SAT over Korea for (a) winter, (b) spring, (c) summer, d) autumn, and (e) annual-mean and precipitation for (f) winter, (g) spring, (h) summer, (i) autumn,
and (j) annual-mean. Units are in K for SAT and mm/day for precipitation.
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simulations were performed with the NCAR CCM3 atmospheric
general circulation model at a spectral truncation of T170, corre-
sponding to a horizontal resolution of about 75 km. The model has
18 vertical layers and includes comprehensive land surface pro-
cesses. The control simulation was forced by present sea surface
temperature provided from NCAR. For the mid-Holocene experi-
ment, we used orbital parameters for 6000 years before present. In
terms of sea surface temperature, we used the same values for the
mid-Holocene experiment, because the SST change for the mid-
Holocene is known to be relatively small.

In response to the change in orbital parameters, summer surface
temperature increases throughout Korea, as would be expected
because the northern hemisphere received more energy in sum-
mer. The summer surface warming is especially larger in the
northern part of Korea. In spring and autumn, the surface tem-
perature decreases slightly, especially in the northern part in spring
and the southern part in autumn. In winter, surface temperature
increases in the northern part of Korea in spite of reduced insola-
tion and short wave radiation at the surface. Analysis indicates that
the winter anomalous warming in North Korea is due to the in-
crease in downward long wave heat fluxes and turbulent, especially
sensible, heat fluxes. Overall, in the mid-Holocene the surface is
warmer in the northern part of Korea, whereas it is cooler in the
southern part. This contrasting temperature response in the south
and north agrees with some proxy evidence sampled in Jeju Island
and the Gongju area, but disagrees with that from other locations.
We need more proxy data to draw any clear conclusion on the
surface temperature change in the mid-Holocene over Korea.

In term of hydrological budget change, precipitation increases in
the southern part of Korea, especially in spring and summer. This
seems to be due to the increase in the Asian summer monsoon
during the mid-Holocene. Precipitation decreases in central Korea
overall. The increase in summer precipitation is also found in proxy
records, indicating heavy rainfall in South Korea. Even though
precipitation increases overall, the precipitation minus evaporation
budget response is negative in most of Korea, indicating a slightly
drier climate in the northern part. The drier climate over central
Korea is coincident with proxy records sampled in the Yugu
floodplain and Daeya Cave data.

In conclusion, the climate is overall cooler and slightly wetter in
the southern part and warmer and drier in the northern part of
Korea in themid-Holocene. This result is somewhat consistent with
proxy evidence, but there are only limited records for the mid-
Holocene. This result indicates that caution is needed when we
look at the climate change over Korea for the mid-Holocene
because regional factors are sometimes more important in modu-
lating climate. With given limited proxy data from only a few lo-
cations, it is hard to reach any clear conclusion at the moment. We
need wider coverage of proxy data to draw any clear conclusion for
the mid-Holocene climate over Korea.
Acknowledgements

This study was supported by the project of the Study on the
Reconstruction, Observation, and Simulation of Polar Climate
Change (PE14010) of Korea Polar Research Institute.
References

Bonan, G.B., 1998. The land surface climatology of the NCAR Land Surface Model
coupled to the NCAR Community Climate Model. Journal of Climate 11, 1307e
1326.

Choi, K.-S., Wang, B., Kim, D.-W., 2012. Changma onset definition in Korea using the
available water resources index and its relation to the Antarctic oscillation.
Climate Dynamics 38, 547e562.
de Noblet, N., Braconnot, P., Joussaume, S., Masson, V., 1996. Sensitivity of simulated
Asian and African summer monsoons to orbitally induced variations in inso-
lation 126, 115, 6 kBP. Climate Dynamics 12, 589e603.

Ding, Y., Chan, J.C.L., 2005. The East Asian summer monsoon: an overview. Mete-
orology and Atmospheric Physics 89, 117e142.

Duffy, P.B., Govindasamy, B., Iorio, J.P., Milovich, J., Sperber, K.R., Taylor, K.E.,
Wehner, M.F., Thompson, S.L., 2003. High-resolution simulations of global
climate, part 1: present climate. Climate Dynamics 21, 371e390.

IPCC, 2007. Climate Change 2007: the Physical Science Basis. Contribution of
Working Group 1 to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press, Cambridge.

IPCC, 2013. Climate Change 2013: the Physical Science Basis. Working group 1
Contribution to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, Cambridge.

Jhun, J.-G., Lee, E.-J., 2004. A new East Asian Winter monsoon index and associated
characteristics of the winter monsoon. Journal of Climate 17, 711e726.

Jiang, D., Lang, X., Tian, Z., Wang, T., 2012. Considerable model-data mismatch in
temperature over China during the mid-Holocene: results of PMIP simulations.
Journal of Climate 15, 4135e4153.

Jiang, D., Lang, X., Tian, Z., Ju, L., 2013. Mid-Holocene East Asian summer monsoon
strengthening: insights from Paleoclimate Modelling Intercomparison Project
(PMIP) simulations. Paleoceanography, Paleoclimatology, Paleoecology 369,
422e429.

Jo, K.-N., Woo, K.S., Lim, H.S., Cheng, H., Edwards, R.L., Wang, Y., Jiang, X., Kim, R.,
Lee, J.I., Yoon, H.I., Yoo, K.-C., 2011. Holocene and Emian climatic optima in the
Korean Peninsula based on textural and carbon isotopic records from the sta-
lagmite of the Daeya Cave, South Korea. Quaternary Science Reviews 30, 1218e
1231.

Joussaume, S., Taylor, K.E., 2000. The Paleoclimate Modeling Intercomparison
Project. In: Braconnot, P. (Ed.), Paleoclimate Modelling Intercomparison Project
(PMIP). Proceedings of the Third PMIP Workshop. WCRP, La Huardiere, Canada,
pp. 9e25, 4e8 October 1999.

KMA, 2009. Understanding Climate Change II, Climate Change over Korea: Present
and Future. National Institute of Meteorological Research.

Kiehl, J.T., Hack, J.J., Bonan, B.G., Boville, B.A., Williamson, D.L., Rasch, P., 1998. The
National Center for Atmospheric Research Community Climate Model: CCM3.
Journal of Climate 11, 1131e1149.

Kim, S.-J., Crowley, T.J., Erickson, D., Govindasamy, B., Duffy, P., Lee, B.-Y., 2008. High-
resolution climate simulation of the last glacial maximum. Climate Dynamics
31, 1e16. http://dx.doi.org/10.1007/s00382-007-0332-z.

Lie, H.-J., Cho, C.-H., 2002. Recent advances in understanding the circulation and
hydrography of the East China Sea. Fishery and Oceanography 11 (6), 318e328.

Lim, J., Fujiki, T., 2011. Vegetation and climate variability in East Asia driven by low-
latitude oceanic forcing during the middle to late Holocene. Quaternary Science
Review 30, 2487e2497.

Lim, J., Yi, S., Nahm, W.-H., Kim, J.-Y., 2012. Holocene millennial-scale vegetation
changes in the Yugu floodplain, Kongju area, central South Korea. Quaternary
International 254, 92e98.

Marzin, C., Braconnot, P., 2009. The role of the ocean feedback on Asian and African
monsoon variations at 6 kyr and 9.5 kyr BP. Comptes Rendus Geoscience 341,
643e655.

Nahm, W.-H., Kim, J.-K., Yang, D.-Y., Kim, J.-Y., Yi, S., Yu, K.-M., 2006. Holocene
paleosols of the Upo wetland, Korea: their implications for wetland formation.
Quaternary International 144, 53e60.

Nahm, W.-H., Kim, J.-Y., Lim, J., Yu, K.-M., 2011. Responses of the upriver valley
sediment to Holocene environmental changes in the Paju area of Korea. Geo-
morphology 133, 80e89.

Texier, D., de Noblet, N., Braconnot, P., 2000. Sensitivity of African and Asian
monsoons to mid-Holocene insolation and data-inferred surface changes.
Journal of Climate 13, 164e181.

Tian, Z., Jinag, D., 2013. Mid-Holocene ocean and vegetation feedbacks over East
Asia. Climate of the Past 9, 2153e2171.

Turner, A., Annamalai, H., 2012. Climate change and the South Asian summer
monsoon. Nature Climate Change 2, 587e595.

Unterman, M.B., Crowley, T.J., Hodges, K.I., Kim, S.-J., Erickson, D.J., 2011. Paleo-
meteorology: high resolution northern hemisphere wintertime mid-latitude
dynamics during the last glacial maximum. Geophysical Research Letters 38,
L23702. http://dx.doi.org/10.1029/2011GL049599.

Wang, T., Wang, H., 2013. Mid-Holocene Asian summer climate and its responses to
cold ocean surface simulated in the PMIP2 OAGCMs experiments. Journal of
Geophysical Research 118, 4117e4128. http://dx.doi.org/10.1002/jgrd.50287.

Webster, P.J., Magana, V.O., Palmer, T.N., Shukla, J., Tomas, R.A., Yanai, M.,
Yasunari, T., 1998. Monsoons: processes, predictability, and the prospects for
prediction. Journal of Geophysical Research 103, 14451e14510.

Woo, S.-H., Kim, B.-M., Jeong, J.-H., Kim, S.-J., Lim, G.-H., 2012. Decadal changes of
surface air temperature variabilities and cold surge characteristics over the
Korean peninsula and their relation for the AO for the past three decades.
Journal of Geophysical Research 117, D18117. http://dx.doi.org/10.1029/
2011JD016929.

Yi, S., Kim, J.-Y., Yang, D.-Y., Oh, K.-C., Hong, S.-S., 2008. Mid- and late-Holocene
palynofloral and environmental change of Korean central region. Quaternary
International 176e177, 112e120.

Yi, S., Kim, J.-Y., 2012. Pollen analysis at Paju Unjeong, South Korea: implications of
land-use changes since the late Neolithic. The Holocene 22, 227e234.

http://refhub.elsevier.com/S1040-6182(14)00276-6/sref1
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref1
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref1
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref2
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref2
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref2
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref2
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref3
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref3
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref3
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref3
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref4
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref4
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref4
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref5
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref5
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref5
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref5
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref6
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref6
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref6
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref7
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref7
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref7
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref8
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref8
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref8
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref9
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref9
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref9
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref9
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref10
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref10
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref10
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref10
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref10
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref11
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref11
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref11
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref11
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref11
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref12
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref12
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref12
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref12
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref12
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref12
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref13
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref13
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref14
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref14
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref14
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref14
http://dx.doi.org/10.1007/s00382-007-0332-z
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref16
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref16
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref16
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref17
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref17
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref17
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref17
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref18
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref18
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref18
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref18
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref19
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref19
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref19
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref19
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref20
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref20
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref20
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref20
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref21
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref21
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref21
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref21
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref22
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref22
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref22
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref22
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref23
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref23
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref23
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref24
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref24
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref24
http://dx.doi.org/10.1029/2011GL049599
http://dx.doi.org/10.1002/jgrd.50287
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref27
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref27
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref27
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref27
http://dx.doi.org/10.1029/2011JD016929
http://dx.doi.org/10.1029/2011JD016929
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref29
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref29
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref29
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref29
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref29
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref30
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref30
http://refhub.elsevier.com/S1040-6182(14)00276-6/sref30

	Reproduction of climate for the mid-Holocene over the Korean Peninsula using a high-resolution numerical model
	1 Introduction
	2 Model description and experiments
	3 Results
	3.1 Model response
	3.2 Comparison to PMIP2 data
	3.3 Comparison to proxy data

	4 Summary and conclusions
	Acknowledgements
	References


