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ABSTRACT: The climate response over Asia/Arctic to the change
in orbital parameters for the last interglacial maximum (LIGM) is
investigated using the NCAR CCM3. After implementing LIGM
orbital parameters, the insolation decreases in January and
increases in July in the northern hemisphere in comparison to
present values. The reduced net short-wave radiative heat fluxes in
January lead to the surface cooling in low to mid latitudes of Asia,
whereas a warming is obtained in northern Asia where the net
short-wave radiative heat fluxes change little. The January warm-
ing in northern Asia/Arctic in the LIGM, consistent with proxy
records, is mainly due to the marked increase in downward long
wave heat fluxes associated with the increase in cloud and in part
by the increase in the Arctic Oscillation polarity. In July, the
increased insolation leads to the surface warming over most Asia,
even though a slight cooling is obtained in low latitudes in spite of
the increase in insolation, due to the decrease in the short-wave
heat fluxes at the surface by the increase in the cloud amount. Pre-
cipitation overall increases at South and East Asia in July, due to
the stronger southwest and southerly winds. The change in inso-
lation due to the orbital parameters determines the climate change
pattern in low- to mid-latitudes over Asia in the LIGM, even though
the degree of climate change is much lower than suggested by proxy
estimates. The results obtained in this study implies that, under
the different climate background such as future global warming,
the change in greenhouse effect associated with cloud feedback
could play an important role in determining the climate change
over Asia/Arctic.
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1. INTRODUCTION

The last interglacial maximum (LIGM) occurred at 126,000
years before present (BP) provides opportunity to investi-
gate the effect of orbitally induced insolation changes on
regional climates (Kukla et al., 2002; CAPE-Last Intergla-
cial Project Members, 2006). Many of paleoclimate proxy

*Corresponding author: seongjkim@kopri.re kr

Chinese Academy of Meteorological Sciences, Beijing 100081, China
Korea Institute of Geoscience and Mineral Resources (KIGAM), Daejeon 305-350, Republic of Korea

Korea Polar Research Institute (KOPRI), KORDI, PO Box 32, Incheon 406-840, Republic of Korea

data have indicated that the LIGM climate was as warm as
or warmer (from about 0.5 °C to 2.0 °C) than present (van
der Hammen et al., 1971; Ruddiman and McKintyre, 1976;
Woilard, 1978; Keen et al., 1981; Mangerud et al., 1981;
Miller et al., 1983; De Vernal et al., 1986; LIGA members,
1991; Cortijo et al., 1994; Zagwijn, 1996; Aalbersberg and
Litt, 1998; Kukla et al., 2002; EPICA Community mem-
bers, 2006; CAPELast Interglacial Project Members, 2006,
and references there in) and sea level was about 6 m higher
than present level (Bloom et al., 1974; Ku et al., 1974; Dodge
et al., 1983), due to the melting of the west Antarctic ice
sheet (Stuiver et al., 1981) and melting of the Greenland ice
sheet (Otto-Bliesner et al., 2006).

The LIGM warming was observed to be much more pro-
nounced in Asia than global level. For example, pollen
records obtained in northern Asia suggested that air tem-
peratures were higher during the LIGM by more than 10 °C
in winter and 4-8 °C in summer in northern Siberia and
2—6 °C in winter and 1-2 °C in summer in the Lake Baikal,
and precipitation was about 100—150 mm above the modern
values with a spread of Taiga (Grichuk, 1969; Rindzyun-
skaya and Pakhomov, 1977; Frenzel et al., 1992; Lozhkin
and Anderson, 1995; Velichko et al., 1998; Tarasov et al.,
2005). The warmer Asian climate during the LIGM is also
supported by the enhanced Asian monsoon reconstructed
by the analysis of stalagmites from Dongge Cave (Yuan et
al., 2004) and increased precipitation in the lake Baikal
(Granoszewski et al., 2005).

In order to investigate the causes of the climate change in
the LIGM, several lines of numerical experiments were per-
formed. Using CCM1 atmospheric general circulation model
(AGCM) coupled with mixed layer ocean model, Harrison
et al. (1995) obtained warming by more than 8 °C in north-
ern Scandinavia and Beringia over the Arctic in northern
winter during the last interglaciation associated with the
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change in the extent and thickness of sea ice, but they
obtained cooling in most regions of Siberia. In summer,
however, they obtained the warming by more than 8 °C at
latitudes around 60°N over Asia. Using ECHAM-1/LSG
coupled atmosphere—ocean GCM, Kubatzki et al. (2000)
and Montoya et al. (1998, 2000) obtained the surface warm-
ing by more than 4 °C in central Asia in northern summer,
but they obtained the cooling by 2—3 °C in southern Asia in
northern winter. More recently, using ECHAM4 coupled to
HOPE-G model, Groll et al. (2005) obtained a slight warm-
ing over northern Asia and substantial warming by more
than 2 °C in northern Europe in winter in the LIGM, which
is in a better agreement with the observed proxy data. They
and Kaspar et al. (2005) attributed the simulated warm Euro-
pean climate in winter to the increased westerlies and reduced
sea ice extent.

These previous model studies have provided useful infor-
mation on large-scale LIGM climate condition. During the
LIGM summer, all model obtained the warming in the
northern hemisphere including Asia and the summer warm-
ing is consistent with proxy estimates. However, in winter,
simulated LIGM climate varies from model to model, espe-
cially over Asia/Arctic. For example, some models obtained
a cooling over northern Asia in the LIGM simulations, other
models obtained slight warming. The latter agrees better
with proxy estimates, but the degree of surface warming is
substantially underestimated. Moreover, the cause of anom-
alous winter warming over northern Asia remains uncertain
and has not been analyzed. Because the anomalous response
in northern Asia for the LIGM conditions could provide
information that help understand the climate response under
the future global warming, a proper understanding on how
climate system responds to the different external forcing is
important.

The purpose of this study is to investigate the climate
response over Asia to the change in the LIGM orbital con-
ditions and to examine how much the change in orbital
parameters illustrate the total climate change obtained by
proxy estimates. Because the seasonal climate response is
quite distinct and strongest to the change in orbital param-
eters in the LIGM as illustrated later, we focus on the cli-
mate response to the change in orbital parameters.

2. MODEL DESCRIPTION AND EXPERIMENTS

We performed simulations with the NCAR CCM3.10.11
atmospheric general circulation model with 3.6.6 physics.
This model is easily accessible and has been proved to be
quite stable. The CCM3.6.6 includes a capability to calcu-
late earth’s orbital parameters, screen height temperature,
the algorithm to calculate solar zenith angle. As a global
spectral model, CCM3 includes 18 levels in a hybrid ver-
tical coordinate that is terrain-following at the surface and
reduces to a pressure coordinate in the upper atmosphere
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with the model top at 2.9 hPa. The CCM3 atmospheric gen-
eral circulation model used in this study has horizontal res-
olution at T42 truncation. The transform grid has 128 x 64
cells, with a typical grid size of about 2.8°. More detailed
physical processes are represented as described in detail by
Kiehl et al. (1998 a, b). The CCM3 includes a comprehen-
sive model of land surface processes known as the NCAR
Land Surface Model (LSM; Bonan, 1998).

Two experiments are performed. The first simulation,
referred to as MOD, features the modern conditions, namely
ocean is forced by prescribed, climatologically-averaged,
monthly sea—surface temperatures (SSTs) and sea ice dis-
tributions provided by NCAR (http:/www.cgd.ucar.edu/),
atmosphere CO, concentration is 355 ppmv, and present
land mask and topography are used. We specified the SST
and sea ice boundary with observed climatological values.

In the second experiment, referred to as LIGM, we
applied orbital parameters of the LIGM (Table 1). Earth’s
orbital parameters are composed of eccentricity, obliquity,
and precession. The eccentricity is a measure of ellipticity
of the orbit for the earth’s revolution circle around the sun
and has a period of 100,000 and 400,000 years. The obliquity
(or axial tilt) is a measure of earth’s tilt angle with respect
to the plane of the earth’s orbit and varies from 22.1° to
24.5° with a period of 41,000 years. The precession is a
change in the orientation of the rotation axis of the earth
and has 19,000 years and 23,000 years. As listed in Table
1, the eccentricity is almost the same and the obliquity is
slightly larger in the LIGM. The longitude of perihelion
(the time when the earthsun distance becomes shortest) is
about 189 degree out of phase compare to that of present.
This indicates that the earth was closest to the sun in north-
ern hemisphere summer rather than in winter as today. The
atmosphere CO, concentration was reduced by 10 ppmv
from the present level because Petit et al. (1999) suggested
the atmospheric CO, concentration of about 270 ppmv,
which is 10 ppmv lower than the level of pre-industrial (280
ppmv). Because the atmospheric CO, concentration in the
LIGM is almost the same as that of the pre-industrial, its
effect on the climate change in the LIGM might be negli-
gible. Because we are aiming at investigating the role of
orbital parameters on the seasonal climate response over
Asia for the LIGM, we keep the SST conditions same as
present. Since we used the same SST and sea ice distribu-
tion for both periods, there would be an underestimation of
surface temperature over the Arctic areas. Using the CCSM
coupled AOGCM, Otto-Bliesner et al. (2006) obtained the

Table 1. Orbital conditions for the MOD and LIGM experiments

Experiment
Parameter ’ MOD LIGM
Eccentricity 0.01670° 0.0397°
Obliquity 23.441° 23.922°
Lon of Perihelion 102.72° 292.03°
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Arctic sea ice reduction by 50% in summer and the reduced
sea ice led to simulated warming of the Arctic Ocean by
about 2 °C.

3. RESULTS

The model was integrated for 15 years and the last 10
years were analyzed. Since we use the atmosphere only
general circulation model with specified sea surface condi-
tions, 15 years are enough for the atmosphere to adjust as
shown in the time variation of annual mean surface air tem-
perature (SAT) averaged globally and over Asia from 30° to
190°E and from 10°N to 80°N for the MOD and LIGM
(Fig. 1). The SAT fluctuates interannually, but there is no
climate drift with time for both MOD and LIGM experi-
ments. We analyzed the January, July, annual mean quan-
tities over the Asia continent because the observed proxy
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Fig. 1. Time variation of the annual mean surface air temperature
(SAT) averaged over a) global and b) Asia domain (10°N to 90°N;
30° to 190°E) for the MOD (black) and LIGM (red) simulations.
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data are available in those time periods only. Using the sin-
gle month will slightly underestimate the amplitude of cli-
mate change in the LIGM due to calendar mismatch as
shown in Figure 1 and also noted in a previous study (e.g.,
Joussaume and Bracconot, 1997) by the insolation forcing
difference of the two periods, but its effect is relatively
small.

3.1. Global and Asia Mean Response

With LIGM conditions, the SAT slightly increases in
northern summer and slightly reduced in northern winter,
indicating the larger seasonal contrast than today. This change
is associated with the change in orbital parameters. The
change in the timing of perihelion increased the seasonal
insolation contrast in the northern hemisphere and this
effect was amplified by the higher eccentricity. In addition,
the increased axial tilt led to the increase in summer inso-
lation at high northern latitudes and reduction in winter
insolation at mid latitudes. The overall effect of orbital con-
figurations at the LIGM was the increase in summer inso-
lation in the northern hemisphere, especially in middle and
high latitudes and the decrease in winter insolation, espe-
cially at low latitudes.

Table 2 summarizes the regional mean quantities aver-
aged over the Asia land simulated in the MOD and LIGM
experiments. In the LIGM, the area-mean surface temper-
ature (SAT) at 2-m screen level increases in July by about
2.97 °C and decreases in January by 0.76 °C compared to
the MOD experiment. The increase in SAT in July is largely
offset by its reduction in January and other months and
eventually the annual-mean surface temperature is slightly
reduced in the LIGM by 0.46 °C over Asia land. The reduc-
tion in annual-mean surface temperature is also obtained
by previous LIGM simulations. Using ECHAM/LSG and
CLIMBER-2, Kubatzki et al. (2000) obtained the annual mean
temperature reduction in the ECHAM/LSG and CLIMBER-2
by 0.3 °C and 0.7 °C, respectively, over the northern hemi-
sphere land.

The surface temperature change in the LIGM compared
to the MOD is predominantly due to the change in insola-
tion. As listed in Table 1, the eccentricity of the earth’s orbit
and obliquity were slightly greater in the LIGM, and the
perihelion occurred in July in contrast to the present when
the perihelion occurred in January. This means that at 126
kBP the earth received more energy in northern summer
and less in northern winter. This feature is well reflected in
the change in incoming solar radiation (insolation) (Table
2). In July, the insolation increases by ~47 Wm™, which is
about 10% of present value. In January, on the other hand,
insolation decreases by ~14 Wm™ (about 9%).

In order to find out the role of orbital parameters on the
surface temperature change, we investigate the change in
energy budget at the surface. Following Peixoto and Oort



176

Table 2. January, July, and annual mean quantities from MOD and
LIGM simulations averaged over Asia land (30°—190°E; 10°-80°N).
Radiative heat fluxes in parentheses are the values in the case of
clear sky. The bold face indicates values statistically significant at
95% confidence level. For the underlined values, statistical significance
is not estimated because there is no interannual variation

MOD LIGM LIGM-MOD

Surface Temperature (K)

Ann 279.40 278.94 —0.46

Jan 266.43 265.67 —0.76

Jul 291.94 29491 2.97
Insolation (Wm™)

Ann 312.34 312.65 0.31

Jan 162.90 149.16 —13.74

Jul 460.90 507.52 46.62
Short-wave (Wm™)

Ann 136.18(181.85) 138.42(180.86) —3.76(—0.99)

Jan  68.66(85.51) 61.26(77.09) —7.40(-8.42)

Jul  201.41(284.67) 209.51(310.42) 8.10(25.75)

Long-wave (Wm™)
Ann —67.27(-100.71) —63.58(-97.85) 3.69(2.86)

Jan —57.69(-97.94) —56.08(-97.62) 1.61(0.32)

Jul  —69.44(-97.00) —62.12(-88.70) 7.32(8.30)
Latent (Wm™)

Ann —40.66 —43.34 -2.67

Jan -12.34 -11.13 1.21

Jul -76.24 —90.66 -14.42
Sensible (Wm™)

Ann -26.22 —23.58 2.64

Jan —6.83 -1.71 5.12

Jul —44.93 —44.21 0.72
Cloud Fraction(5)

Ann 53.50 55.46 1.96

Jan 55.23 56.01 0.78

Jul 55.95 61.67 5.72
Precipitation (mm/day)

Ann 2.04 222 0.18

Jan 0.93 0.92 0.01

Jul 3.52 4.47 0.95

(1992) and Boer (1993), the energy budget at the surface
layer of land is written as

oT

Ci—=S+F+LE+H,
ot

where C- is the heat capacity of a layer, T the temperature,
S the net short-wave (S = (1— )S ", where S* the incoming
solar radiation and « the surface albedo), F the net long-
wave radiative heat fluxes (F'=F ‘— oT*, where F" is the
incident and —oT" the emitted long wave radiation at the
surface, where ois StefanBoltzmann constant (5.67 x 10° W
m~ K™)), and LE the latent heat fluxes (L is latent heat of
evaporation), and H is the sensible heat fluxes at the land
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surface. Note that the ground heat flux term involved in
melting snow and ice or freezing water is not included in the
equation because the term is negligible over a long-term
period. In equilibration, the rate of change term is small and
the difference in heat budget terms between LIGM equilibrium
and MOD climates is 6S+dF + LJE + 0H=0. Sign convention
is that all fluxes are positive if they act to warm and negative
if they act to cool the land surface.

With LIGM conditions, the net short-wave radiative heat
flux increases by 8.1 Wm™ (about 4%) in July and acts to
warm the surface. In January, on the other hand, the short-
wave heat flux is reduced by 7.4 Wm™ (about 11%) and
acts to cool the surface. This result is not consistent with the
change in the insolation because its increase in July is much
larger than the amount of its decrease in January by more
than three times. The difference between the insolation change
and short-wave heat flux at the surface is due to the absorp-
tion in the atmosphere. In January, the net short-wave radi-
ative heat flux is reduced by about 20% through atmosphere
in both the MOD and LIGM, while in July it decreases by
about 30% in the MOD and by 33% in the LIGM. The larger
reduction in the short-wave heat flux in July than in January
is mainly associated with the increase in cloud amount.
Overall, the annual mean short-wave heat flux decreases
slightly by about 4 Wm™ (~3%) and is such as to cool the
surface in the LIGM over Asia.

The change in surface temperature in response to the change
in the net short-wave radiative hear flux consequently mod-
ifies the long wave radiative and turbulent heat fluxes and
reaches the new energy balance. In the LIGM, there is a
slight increase in the area-averaged net long wave radiative
heat flux in January associated with the reduction in SAT.
However, in July the area-averaged long wave heat flux
increases substantially regardless of the increase in the area-
mean SAT shown above and acts to warm the surface. The
increase in July long wave heat flux is mainly due to the
reduction of surface temperature over the southern part of
Asia as shown later.

The reduced surface temperature in January leads to a
reduction in evaporation and thus the latent heat flux, that
is such as to warm the surface slightly. In July, on the other
hand, latent heat flux increases substantially by about 14
Wm™ (~18%) due to the surface warming, acting to cool the
surface. The annual mean latent heat flux decreases slightly,
acting to cool the surface. The sensible heat flux term is
generally a loss term in heat budget. In January, the surface
cooling leads to the reduction in sensible heat loss, but in
July there is almost no change in the sensible heat flux. Over-
all, the change in sensible heat flux acts to warm the surface.

The change in surface temperature in the LIGM is reflected
in the change in the total cloud amount and precipitation.
The vertically integrated total cloud appears to increase in
all season in the LIGM, especially in July. Precipitation
changes very little in January and its change is statistically



Climate response over Asia/Arctic to change in orbital parameters for the last interglacial maximum

the same as that of present, whereas it increases substan-
tially in July by about 27% in the LIGM associated with the
increase in SAT and cloud. The increase in summer pre-
cipitation over Asia land implies a stronger Asian summer
monsoon.

3.2. Zonal-mean Monthly Response

Figure 2 displays the change in the zonally averaged
monthly insolation and short-wave radiative heat flux at
surface averaged from 30° to 190°E over land. As would be
expected from the changes in orbital parameters, the inso-
lation decreases substantially from September to November
by more than 40 Wm™ in the north of 40°N and in Decem-
ber to January the maximum reduction occurs at low lati-
tudes. From April the insolation begins to increase and the
maximum insolation by more than 55 Wm™ occurs in the
north of 35°N in June. The increase in the solar insolation

a) LIGM—MOD Solar Radiation
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Fig. 2. The change in monthly a) insolation and b) the short-wave
radiative heat flux between the MOD and LIGM averaged over
Asia (30° to 190°E). Units are in W m™.
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by more than 40 Wm™ is maintained until August from low
to high latitudes.

The short-wave radiation is substantially reduced to about
50% of the insolation while reaching the surface through
the atmosphere (Fig. 2b). While the largest change in the
insolation occurs in high latitudes, the largest change in the
short-wave radiative heat flux is found in low to mid lati-
tudes. In October, the large reduction in the short-wave heat
flux by more than 25 Wm™ is found in mid latitudes and in
low latitudes in November. The substantial reduction of
short-wave heat flux is even found in July at 20°-30°N that
is due to the increase in cloud amount by more than 15%
(not shown). The short-wave heat flux gradually increases
from April and the maximum increase by more than 30
Wm™is found from June to August from low to high lat-
itudes.

The change in the short-wave heat flux at surface is broadly
similar to that of surface temperature (Fig. 3a). From April

a) LIGM—MOD SAT
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Fig. 3. The change in monthly a) surface air temperature (SAT)
and b) precipitation between the MOD and LIGM averaged over
Asia (30° to 190°E). Units are in C for SAT and mm day™' for
precipitation.
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to September, the surface is warmer in the LIGM than present.
The warming is especially large in mid latitudes where the
surface temperature increases by more than 4 °C. In low lat-
itudes, the warming is relatively small and even a slight
cooling is found at 20°N due to the increase in cloud amount
in the LIGM as shown later. From October to December
and March, surface is colder than present from low to high
latitudes in consistent with the reduction in short-wave heat
flux. In January and February, surface cooling is found
from low to mid latitudes, but surface warming by more
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than 1 °C is obtained in high latitudes. This anomalous win-
ter warming in high northern latitudes of Asia is in part
illustrated by the change in the insolation and short-wave
heat flux. However, the increase in insolation is less than 1
Wm™ and short-wave heat flux at surface is less than 0.5
Wm™, which is obviously not sufficient to illustrate such a
relatively big surface warming completely. A relatively big
change in incoming long wave heat flux and some circu-
lation change around the Arctic in part are responsible for
the winter surface warming as shown later.

Table 3. January, July, and annual-mean surface temperature and annual precipitation change between the LIGM and MOD derived from

proxy records

ATemp Jan  ATemp Jul

ATemp Ann  APCP ann

No. Location ©C) 0) C) (mm) References
1 European Russia 4 Devyatova (1982); Grichuk (1984)
2 Boyarshchina 6 1 4 0 Grichuk (1984)
3 Petrozavodsk 7 1 5 120 Devyatova and Starova (1970)
4 II’inskoye 8 0 4 30 Grichuk et al. (1983)
5 Mironovka 1 -2 -1 300 Artyushenko (1970)
6 Levina Gora 10 0 5 0 Gorlova (1967)
7 Yakimanka 11 0 6 0 Metel’tseva and Sukachev (1961)
8 Mys Krotkova 2 -1 1 600 Arslanov et al. (1983)
9 Lia 0 0 0 0 Mamatsashvili (1975)
10 Posudichi 5 0 3 50 Gurtovaya and Faustova (1977)
11 Suvod’ 11 1 5 50 Ivanova (1973)
12 Arkhangelsk 3 1 3 100 Pleshivtseva (1972)
13 Svyatoi Nos 2 1 1 100 Nikonov and Vostrukhina (1964)
14 Novaya Zemlya 5 7 6 50 Malyasova (1989)
15 Nadota 3 4 4 50 Rindzyunskaya et al. (1987)
16 Marre-Sale 3 8 5 200 Gurtovaya and Troitskiy (1968)
17 Lukovaya Protoka 7 2 5 260 Volkova et al. (1988)
18 Yeloguy 8 1 4 0 Gurtovaya (1987)
19 Bolshaya Rassokha 13 8 10 200 Nikol’skaya (1980)
20 NE Siberia 4 4~8 Wetter Lozhkin and Anderson (1995)
21 West central Siberia 5~7 6~8 Wetter Gudina et al. (1983); Grichuk (1984)
22 Lake Baikal 2~6 1~2 100 Tarasov et al. (2005)
23 Lower Yana-Kolyma -12 4~8 wetter Lozhkin and Anderson (1995)
24 Upper Kolyma / Indigirka 0~4 4 wetter Lozhkin and Anderson (1995)
25 Yelon’ 12 5 5 40 Giterman (1963)
26 Okhotsk Sea Coast 4 4 Wetter Lozhkin and Anderson (1995)
27 Nikolai Gulf 4 3 1 200 Boyarskaya et al. (1978)
28 Vostok Gulf 0 0 0 0 Korotkiy et al. (1980)
29 Tumangan 0 0 0 0 Alekseev and Golubeva (1980)
30 Kamchatka 4 0 1 0 Skiba (1975)
31 NE Siberia, Lake Elgygytgyn 4 3 Wetter Lozhkin et al. (2007)
32 Anadyr’ Liman -1 4 1 0 Muratova (1973)
33 Chukotka -12 4~8 wetter Lozhkin and Anderson (1995)
34 Kaktas 1 -3 -2 100 Chupina (1978)
35 Siberia 4~5 Wetter Andreev et al. (2004)
36 Gornaya Subbota 5 0 3 100 Gurtovaya and Krivonogov (1988)
37 Kozyulino 7 0 4 150 Arkhipov et al. (1973)
38 Lake Baikal North 5 4 6 50 Rindzyunskaya and Pakhomov (1977)
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With LIGM conditions, precipitation overall increases over
Asia (Fig. 3b). The largest increase in precipitation is found
from May to September south of 30°N. This implies that
the Asian summer monsoon was enhanced in the LIGM as
also obtained by previous model studies (e.g., Prell and Kutz-
bach, 1987; de Noblet et al., 1996). A substantial reduction
in precipitation is found in tropics in northern winter, but
there is little change in mid to high latitudes due to the lack
of moisture source.

3.3. Geographic Response over Asia Continent

3.3.1. Surface temperature

We first examine how much the surface temperature was
altered in the LIGM based on paleoclimate reconstruction.
Table 3 lists January, July, and annual-mean surface tempera-
ture change and annual-mean precipitation change derived
mainly from pollen and macrofossil records. The tempera-
ture change listed in Table 3 is displayed in Figure 4. The
reconstructed proxy data show that in January the surface
temperature increased substantially in most part of northern
Asia north of 45°N. The temperature increase is especially
large in the east Siberian Arctic coast such as the Taimyr
coast, where the January temperature exceeds the present-
day temperature by 13 °C. In western Siberian Arctic and
northern Eurasia, a more uniform warming by 4-6 °C is
recorded. In central part of West Siberia and south of mid-
dle Siberia the warming ranges from 6 to 8 °C. A warming
by 4 °C was reconstructed along the coast of the Sea of
Okhotsk, but a substantial cooling by 12 °C was obtained in
the eastern Siberia. Towards south, the January warming
diminishes and a small cooling was obtained in the middle
latitudes.

In July, the degree of the reconstructed surface warming
is overall smaller than that in January (Fig. 4b). The largest
warming was again obtained in the Arctic regions such as
the Taimyr and Yamal peninsulas where the warming was
greater than 8 °C. The degree of warming is smaller in the
eastern Siberia by 4-5 °C and by 1-4 °C in western Siberia.
In the sub-Baikal region and along the coast of the Sea of
Okhotsk, the temperatures were 3—4 °C higher than present.
In western Asia between 50°—60°N, the July temperatures
were close to the present day and south of 50°N, near the
Black Sea and the south-eastern Kazakstan, small cooling
was recorded.

Overall, the mean annual temperatures in the LIGM
exceeded those of the present day in the northern Asia/Arc-
tic north of 50°N (Fig. 4c). The surface warming increases
towards the north and reaches 10 °C in the coastal region of
Taimyr, which is about halfway between January and July.
In Eurasia and northern Asia, the annual mean surface
warming ranges 3—6 °C, but along the coast of eastern Sibe-
ria including the Amur river, Sakhalin island, the annual-
mean temperature increase is small by about 1 °C. In north-
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Fig. 4. Geographic distribution of the change in observed surface
air temperature (SAT) between the LIGM and modern conditions
derived from proxy records for a) January, b) July, and ¢) annul-
mean. Units are in °C.

ern Kazakhstan, the small cooling is obtained.

Figure 5 displays the geographic distribution of the change
in the simulated SAT between the LIGM and MOD in Jan-
uary, July, and annual mean. In January, the marked warm-
ing is simulated over northern Asia, eastern Eurasia, and the
Arctic. The largest warming is found over the Barents Sea
by more than 3 °C, which is about 2 °C lower than proxy
estimates. In the Taimyr and Yamal peninsulas, the simu-
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Fig. 5. Geographic distribution of the change in simulated surface
air temperature (SAT) between the LIGM and MOD for a)
January, b) July, and ¢) annul-mean. Units are in °C.

lated surface warming is less than 2 °C, which is substan-
tially lower than the proxy estimates (13 °C). As mentioned
in the introduction, Harrison et al. (1995) obtained the sur-
face warming by more than 8 °C in the Arctic including the
Barents Sea, which is close to the degree of warming sug-
gested by proxy estimates. This indicates the critical role of
the sea ice albedo feed back in reproducing the substantial
warming over northern Siberia and Arctic. In eastern Sibe-
ria and low to mid latitudes south of 50°N, the surface cool-
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ing is obtained. The surface cooling is especially large over
the Tibetan Plateau by more than 4 °C. Even though the sig-
nal is mixed, the surface cooling signature in eastern Siberia
and in mid latitudes is also found in the proxy estimates
(Fig. 4a).

The simulated surface temperature change pattern in Jan-
uary is broadly consistent with the proxy reconstruction
such as the warming in northern Asia and cooling in eastern
Siberia and low latitudes, but the degree of surface warming
in the simulation is substantially lower than those of the
reconstructions. Some previous LIGM simulations also
obtained the surface warming in winter over northern Asia,
but the degree of surface warming is substantially less than
proxy estimates even using coupled AOGCMs. For exam-
ple, Harrison et al. (1995) obtained the surface warming by
about 2 °C using CCM1 with mixed layer ocean, Montoya
et al. (2000) and Groll et al. (2005) by less than 1 °C using
AOGCM. Note, however, that a direct comparison between
the proxy estimates and simulated results is difficult because
the model results represent a broadly averaged quantity,
while the proxy records often represents a relatively small
area and may be related to a regional phenomena. Overall,
using CCM3 AGCM the change in orbital parameters for
the LIGM illustrates less than 50% of the total surface tem-
perature change in January in northern Asia.

In July, the surface warming is obtained in most parts of
Asia except over low latitudes where a slight cooling is
simulated. The surface warming is especially large in the
north of the Tibetan Plateau and Middle East Asia where
surface temperature increases by more than 6 °C. In low lat-
itudes south of 30°N, on the other hand, surface tempera-
ture decreases slightly. The simulated warming in July is
broadly consistent with the proxy reconstruction, even though
detailed features are different. First, largest warming was
obtained in the northern high latitudes in the proxy recon-
struction, but in the simulation the greatest temperature
increase is found over middle latitudes between 40°—50°N.
Using the CCSM coupled AOGCM, Otto-Bliesner et al.
(2006) obtained the maximum warming at about 40°N by
more than 6 °C as in this study, while they obtained more
realistic surface temperature change over the Arctic Ocean
by including ocean dynamics and sea ice. Second, in the
simulation the surface cooling is obtained in low latitudes
south of about 30°N, but in the proxy records the cooling
begins from about 50°N. Using ECHAM-1/LSG and ECHO-
G coupled AOGCM, Montoya et al. (2000) and Groll et al.
(2005) obtained slight surface cooling over India and south-
ern Saudi Arabia as in this study. This indicates that the
mismatch in the location of the surface cooling is not due
to the representation of ocean circulation and sea ice feed-
back. Third, the degree of simulated surface warming is
slightly lower than those of reconstructions. Overall, the
change in orbital parameters largely illustrates the degree of
surface warming in northern Asia in July, although there is
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a mismatch in the location of maximum warming between
the simulation and proxy estimates.

The seasonal contrast becomes larger in low and mid lat-
itudes of Asia in the LIGM. The larger seasonality over Asia
during the last interglacial period was also obtained by
proxy coral records in Ryukyu Islands of the northwest
Pacific (Suzuki et al., 2001) and in the northern Red Sea of
Middle East Asia (Felis et al., 2004) and previous model
studies (Kubatzki et al., 2000; Montoya et al., 2000). Over-
all, the change in orbital parameters largely illustrates the
degree of surface warming in northern Asia in July.

The annual-mean surface temperature slightly decreases
in low to mid latitudes and slightly increases in north-east-
ern Asia and Eurasia. The surface warming in northern and
north-eastern Asia and part of Eurasia is consistent with the
proxy reconstructions. However, the degree of the annual-
mean temperature change in the simulation is much lower
than those of proxy reconstructions as in the case of January
and July because in the simulation the surface warming in
July is largely offset by the surface cooling in January, espe-
cially in mid latitudes. This indicates that the change in
orbital parameters is not sufficient to account for the change
in LIGM surface temperature and other conditions such as
ocean circulation and sea ice must be included.

3.3.2. Surface energy budget

In order to find out the causes of the surface temperature
response, we examine the change in surface energy budget.
Figures 6a and b display the geographic distribution of the
difference in the net short-wave radiative heat flux (6S) in
January and July. In January, the short-wave radiative flux
change acts to cool the surface due to the decreased inso-
lation over most Asia except for south-eastern China, where
the short-wave radiation acts to warm the surface. There is
comparatively little change in short-wave heat flux over
northern high latitudes of Asia and the Arctic. The overall
reduction in short-wave radiation in low to mid latitudes is
consistent with the surface cooling in those regions of Asia
shown in Figure 5a. However, a substantial surface warm-
ing was obtained, even though there is little change in the
shortwave radiative heat fluxes in high latitudes.

In July, the short-wave radiative heat flux is such as to
warm the surface, except in south Asia, north-eastern China,
and part of Saudi Arabia, where the short-wave heat flux is
reduced and acts to cool the surface. The reduction of the
short-wave radiative heat flux in low latitudes in spite of the
increase in insolation is partially due to the increase in cloud
amount as shown later. The surface temperature change in
July is overall consistent with the change in the short-wave
heat fluxes, except over the Northeast Asia where a reduc-
tion in the short-wave radiative heat flux is obtained, while
a substantial warming is obtained (Fig. 5b).

These results indicate that the change in the short-wave
heat fluxes is not enough to illustrate the change in the sur-
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face temperature. In addition to the change in the net short-
wave heat fluxes, the change in the incident long wave heat
fluxes modifies the surface temperature. Figures 6¢ and d
show the change in the downward long wave heat flux (515'L ).
In January, the downward long wave heat flux increases in
northern Asia, whereas it decreases over southern Asia and
eastern Siberia. The change in the downward long wave
heat flux is overall consistent with that of the surface tem-
perature, indicating its important role in illustrating the Jan-
uary surface temperature change. In July, the downward
long wave heat flux overall increases and acts to warm the
surface, especially middle east to northeast Asia.

The change in surface temperature subsequently modifies
the turbulent (latent and sensible) heat fluxes. Figures 6e
and f show the geographic distribution of the change in the
turbulent heat fluxes between the two periods. In January,
the change in latent heating is such as to warm the surface
over most areas, reflecting a reduction in evaporation asso-
ciated with the surface cooling mainly at low latitudes. In July,
the change in the turbulent heat fluxes largely decreases in
most of Asia and acts to cool the surface, except over India
and North-eastern China. The reduction in the turbulent
heat fluxes is mainly due to the increase in evaporation in
the LIGM (not shown), associated with the surface warming.

3.3.3. Cloud

The change in the net short-wave radiation and incident
long wave radiation modifies the surface temperature. These
radiative heat fluxes can be modified through an absorption
or scattering by impurities in the atmosphere. One of the
most important factors in determining the amount of incident
short-wave and long wave radiation is the cloud, which
plays a very important role in the radiation balance and thus
in climate. The cloud affects albedo, absorptivity, and trans-
missivity of the incident radiation.

Figure 7 shows the change in high, mid, and low cloud in
percent between the two experiments. The high, mid, and
low clouds are averaged above 200 hPa level, between 200
hPa and 500 hPa, and below 500 hPa level. In January, The
high cloud increases in the northern Siberia and Arctic
Ocean and low latitudes including Saudi Arabia, India, and
south Asia, but changes very little in mid latitudes. The mid
and low clouds increase largely over northern Asia/Arctic
including the Kara Sea and over middle east Asia, but they
substantially decrease in eastern Siberia and over India. The
change in the high cloud in the Arctic and the mid and low
cloud amount is broadly consistent with the change in the
downward long wave heat fluxes (Fig. 6¢), indicating the
important role of the cloud in surface temperature change in
January.

In July, the cloud amount overall increases in low lati-
tudes in all levels (Fig. 7). The overall increase in clouds in
low latitudes are consistent with the reduction in the short-
wave heat flux (Fig. 6b) and surface cooling (Fig. 5b). The
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Fig. 6. Geographic distribution of the change in net short-wave radiative heat fluxes for a) January, b) July, downward long wave
radiative heat fluxes for ¢) January, d) July, turbulent heat fluxes for e) January, f) July. Units are in W m™.

cloud amount increases in mid latitudes of east Asia at all
levels. This helps block the shortwave radiative heat fluxes,
but increases the long wave heat fluxes. Eventually, they
offset each other and surface temperature change is rela-
tively small. In middle latitudes, the increase in the mid and
low level clouds is consistent with the marked increase in
long wave heat fluxes and surface warming, while in high
latitudes the reduction of low level clouds are consistent with

the marked increase the shortwave radiative heat fluxes and
surface warming.

3.3.4. Arctic oscillation

The Asian climate over mid to high latitudes is governed
by the Arctic Oscillation (AO), especially in winter. The
AO is the leading mode of northern hemisphere atmo-
spheric variability from troposphere to lower stratosphere
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Fig. 7. Geographic distribution of the change in high level (above 200 hPa) cloud for a) January, b) July, mid level (200-500 hPa) for
¢) January, d) July, and low level (below 500 hPa) cloud for ) January and f) July. Unit is in %.

(Thompson and Wallace, 1998, 2000). For example, in high
AO index years a warmer climate, smaller weather variance,
less frequent cold surges, and lighter sea ice conditions over
Asia are observed during winter and spring (Gong et al.,
2001, 2007; Wu and Wang, 2002; Gong and Ho, 2004; Jeong
and Ho, 2005). The AO can be modulated by the presence
of snow over the Tibetan Plateau (Lu et al., 2008) and its
intensity appears to be weaker during the Last Glacial Max-
imum (Lu et al., 2010). Here we investigate the change in

the AO in the LIGM and its influence on the surface tem-
perature change over Asia/Arctic. The AO analysis includes
only January because the AO is most active during northern
winter.

In describing the patterns of atmospheric variability, the
empirical orthogonal function (EOF) is commonly used.
Figure 8 shows the leading EOF of January sea level pres-
sure (SLP) simulated in the MOD and LIGM with the
observed for 1980—-2000 period. The AO pattern simulated
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(a)OBS 43%

(b)MOD 41%

(c)LIGM 55%

Fig. 8. Geographic distribution of the leading EOF for January SLP in a) observed (OBS) for 1980-2000 period, simulated in the b) MOD,
and c¢) LIGM. Percentages of explained variance are shown at the top of each panel. The absolute values greater than 0.01 are shaded.

in the MOD is similar to that of the observed with a stron-
ger dipole over the North Atlantic corresponding to the
North Atlantic Oscillation (NAO) and a weaker dipole over
the North Pacific. The leading EOF mode illustrates 41% of
total variance in the MOD, which is similar to the observed
(43%). In the LIGM, the leading EOF illustrates the total
variance larger (55%) than that in the MOD. The positive
loading in the North Atlantic and North Pacific becomes
weaker, but the negative loading over the Arctic appears to
be reduced. The weakening of the positive loading over the
North Pacific in winter of the LIGM is also obtained by
Groll et al. (2005) using ECHOG OAGCM. Analysis indi-
cates that the amplitude of the AO becomes stronger in the
LIGM than in the MOD, implying that intensity of the AO
increased in the LIGM. The stronger AO intensity in the
LIGM simulated in this study is consistent with previous
model results (Groll et al., 2005; Hall et al., 2005).

In order to investigate the impact of the AO on surface
temperature, we regressed the SAT on the standardized AO
index (Fig. 9). In the MOD, the positive AO is associated
with the surface warming over high latitudes of Asia and
Eurasia including the Arctic, whereas in eastern Siberia and
mid latitudes the positive AO is associated with the slight
cooling. This pattern is due to the warm air advection asso-
ciated with stronger westerlies as shown by Thompson and
Wallace (2000). In the LIGM, the larger warming over
northern Asia/Arctic and a larger cooling in eastern Siberia
are obtained. This is consistent with the strengthened AO
polarity in the LIGM. This result indicates that the change
in AO and associated heat advections plays a partial role in
illustrating the surface warming in northern Asia/Arctic in
January in the LIGM.

3.3.5. Precipitation

The change in cloud amount is associated with the change
in precipitation. Figure 10 compares the annual precipita-
tion reconstructed from pollen records with the simulation.
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Fig. 9. Geographic distribution of the surface air temperature
(SAT) regressed on the standardized AO index in the a) MOD and
b) LIGM, c) the difference between the LIGM and MOD. Unit is K
per standard deviation of the respective index time series. Regression
coefficients are shown as contours. Correlation coefficients at 90%
and 95% confidence level are shaded in A) and B). Differences
greater than 1 K are shaded in c).

The proxy estimation shows that in the LIGM precipitation
substantially increased by 50 to 200 mm in middle and
northern Asia and its distribution was more uniform than
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present. Within the mid latitude belt of the East European
plain, annul precipitation changed relatively little from the
present-day by about 7-8% (50 mm). In some areas such as
in north-western Asia, almost no change in precipitation was
obtained, whereas in the Karelia (120 mm) and the Kola
Peninsula (100 mm) near the Barents Sea a greater increase
in precipitation was reconstructed. The substantial increase
in precipitation is found over western Siberia/Arctic by more
than 200 mm.

An increase in precipitation in the arid regions at present
is of special interest. For example, in northern Kazakhstan
and Middle East Asia the annual precipitation in the LIGM
exceeds modern values by 100 mm. On the whole, in the
latitudinal belt south of 55°N where precipitation is insuf-
ficient at present, a considerable increase in precipitation
occurred during the LIGM, in particular to the west of this
belt. In the northern Black Sea coastal region, the precipi-
tation increased by 600 mm.

In the simulation, the annual precipitation appears to
increase in northern Asia/Arctic, especially western Siberia,
the Kara Sea, and far eastern Siberia where precipitation
increases by more than 40 mm (Fig. 10b). This feature is
consistent with the proxy reconstructions, even though the
degree of the simulated precipitation change is much smaller
than that in the proxy records, especially in the central Sibe-
ria including the coastal region of Taimyr. Towards south in
the latitude belt around 55°N precipitation tends to decrease,
especially in western Asia. However, from about 50°N to

a) LIGM—MOD Observed Preciptation (Anm
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Fig. 10. Geographic distribution of the change in annual a)
reconstructed from proxy records and b) simulated precipitation.
Units are in mm.
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low latitudes precipitation substantially increases, especially
over now arid region of Saudi Arabia and north of India
where precipitation exceeds more than 300 mm. The increase
in precipitation over now arid regions such as Saudi Arabia
and Middle East Asia is associated with the increase in
moisture transport by the stronger southwest winds in July
and southerly winds in January as illustrated later. The
increase in precipitation in latitudes between 40°-50°N
including the Lake Baikal is consistent with the proxy
records. South of this latitude belt it is hard to determine
whether the simulated increase in annual precipitation is
realistic due to the lack of quantitative reconstruction of proxy
data. The change in oxygen isotope ratios of stalagmites
retrieved from the Dongge cave in south China indicates an
increase in precipitation during the LIGM, especially in
summer (Yuan et al., 2004). Overall, both proxy records and
simulation show the increase in annual precipitation over
Asia in the LIGM.

Figure 11 displays the change in precipitation in January
and July. In January, a slight increase is simulated over
northern part of Middle East Asia such as Kazakhstan, the
Kara Sea, and Far Eastern Siberia. The increase in precip-
itation in these regions is consistent with the proxy recon-
structions (e.g., Velichko et al., 2007). Proxy records also
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Fig. 11. Geographic distribution of the change in precipitation for
a) January and b) July. Units are in mm day™.
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suggested an increase in precipitation over Siberia and the
northeast of Eurasia in winter, but the simulation shows a
very little change in those areas.

In July, the precipitation increases in the latitude belt
between 50° and 60°N, whereas there is little change to the
north and south of this belt. This feature is consistent with
proxy reconstructions. Velichko et al. (2007) suggested that
in the LIGM summer the precipitation markedly increased
in latitudes between 52° and 57°N, while it gradually
decreases to the north and south of this latitude belt. They
also suggested that in the eastern European Plain and in
west Siberia, summer precipitation during the LIGM was
close to the present-day level, while in Siberia and far east
of the continent precipitation was greater than present. These
observed features are well reproduced in the simulation,
except over Siberia where the precipitation change in the sim-
ulation is very little or even slightly reduced in the LIGM.

In low to middle latitudes such as Saudi Arabia, northern
India, south Asia, and north-eastern Asia, the simulated July
precipitation increases substantially. The increase in precip-
itation over Saudi Arabia and northern India was also
obtained in previous LIGM simulations. For example, using
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LMD AGCM, De Noblet et al. (1996) obtained the precip-
itation increase over those regions by more than 5 mm/day,
which is a similar amount obtained in this study. Using
ECHAM/LSG coupled model and CLIMBER-2 interme-
diate complexity model, Kubatzki et al. (2000) obtained an
increase in precipitation over northern India up to Saudi
Arabia by 1-2 mm/day which is lower than the precipita-
tion increase obtained in this study. Even though the south-
west summer monsoon is simulated to be enhanced over
Asia in the LIGM, in regions such as western China and north
of Korea, precipitation appears to decrease. The reduction
of precipitation in western China is at odds with paleocli-
mate proxy reconstructions because some paleosol and loess
records showed an increase in rainfall during the LIGM (An
et al., 1991; Heller et al., 1993; Liu et al., 1995; Wu et al.,
2002; Jiang and Ding, 2005). Note, however, that proxy
records representing rainfall in low to mid latitudes of Asia
are limited and their uncertainties are relatively high.

3.3.6. Water transport
The distribution of precipitation is closely linked to the
spatial wind pattern, which carries moisture from a place to
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Fig. 12. Geographic distribution of the water transport simulated in the MOD for a) January and b) July, the change from the LIGM
for ¢) January and d) July. Units are in cm s™' for water transport and m s™' for winds.
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another. Figure 12 shows the January and July mean merid-
ional water transport and their changes with wind vectors.
In January, the northeast winds in south Asia and northwest
winds in East Asia lead to the reduction in moisture trans-
port, while in northern Asia the southerly winds tend to
bring moisture even though the amount is very little. In
July, the southwest winds in southern Asia and southeast
winds in East Asia transport lots of moisture to south Asia,
while in Middle East Asia the northerly winds result in
those areas quite dry.

In the LIGM January, water transport slightly increases in
Middle East Asia associated with the stronger southerly
winds, which is consistent with the increase in precipitation
seen in Figure 11a. In eastern India and south-eastern Asia,
moisture transport decreases due to the development of
northerly winds. In July, the southwest winds over the Ara-
bian Sea and south winds in East Asia become stronger and
the huge increase in water transport is obtained. Conse-
quently, precipitation substantially increases over most of
west, south, and east Asia including the now arid Middle
East part. In mid-latitudes of western Asia and eastern Sibe-
ria, on the other hand, moisture transport decreases in the
LIGM luly, resulting in the reduction of precipitation. Overall,
precipitation substantially increases in the LIGM over most
parts of Asia, especially in July, associated with the increase
in southwest and south winds.

4. SUMMARY AND CONCLUSION

This study explores the climate response in Asia/Arctic to
the imposition of LIGM orbital conditions. The simulations
were performed with the NCAR CCM3 atmospheric gen-
eral circulation model at a spectral truncation of T42, cor-
responding to a horizontal resolution of about 2.8 degree. It
has 18 vertical layers and includes comprehensive land sur-
face processes. In the LIGM experiment, orbital parameters
were set to 126 kBP, while SST and sea ice were prescribed
with the modern values provided from NCAR.

Figure 13 schematically summarizes the change in sur-
face air temperature in the LIGM in response to the change
in orbital parameters. With the LIGM orbital conditions, the
earth receives more energy in summer and less in winter
because the perihelion occurs in July instead of January as
in the present. This strengthens the seasonality of the inso-
lation in the LIGM compared to the present. The insolation
is modified while reaching the surface through atmosphere
by a change in clouds. In July, a substantial warming and a
slight cooling in mid to high latitudes are obtained, in con-
sistent with the proxy records. The warming in mid to high
latitudes is due to the increase in the net short-wave radi-
ative heat fluxes, whereas the slight cooling in low latitudes
is due to the reduction in the short-wave radiative heat
fluxes by the increase in cloud amount.

In January, the net short-wave radiative heat flux is reduced
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Fig. 13. Schematic diagram of the change in the earth’s position,
and radiative heat fluxes with clouds, and surface air temperature
(SAT) in the LIGM compared to the MOD.

in low to mid latitudes and almost the same as present in
high latitudes. The reduction in the net short-wave radiative
heat fluxes lead to cooler conditions over low and mid lat-
itudes of Asia and eastern Siberia. In northern Asia, a sur-
face warming is simulated, in consistent with the proxy
records, in spite of the little change in the short-wave radi-
ative heat flux. Analysis indicates that the warming in
northern Asia is due to the increase in the downward long
wave heat fluxes associated with the increases in clouds. In
January, the Arctic Oscillation (AO) polarity is enhanced in
the LIGM, resulting in a slight warming over Siberia and
part of the Arctic Ocean.

There is a little change in precipitation in January,
whereas a substantial increase in precipitation is obtained in
July over most Asia, especially the southern and middle
eastern part. The increase in July precipitation is mainly due
to the increase in southwest winds in the Indian Ocean and
southerly winds over southeast Asia, indicating a stronger
Asian monsoon in the LIGM as found in proxy reconstruc-
tions and previous model studies.

Overall, the orbital parameters for the LIGM lead to the
surface temperature and precipitation in broadly consistent
with those of proxy reconstructions. However, the degree of
temperature and precipitation change in the simulation is
substantially lower than those of reconstructions, especially
in January accounting for less than 50% of the total surface
climate change. Other conditions such as the ocean circu-
lation and sea ice feedback must be included in illustrating
the climate change over Asia/ Arctic in the LIGM. In con-
clusion, the change in greenhouse effect associated with
cloud feedback could play an important role in determining
the climate change over Asia/Arctic under different climate
background.
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