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ABSTRACT

An atmospheric general circulation model (AGCM) and an oceanic general circulation model (OGCM)
are asynchronously coupled to simulate the climate of the mid-Holocene period. The role of the solar
radiation and ocean in the mid-Holocene East Asian monsoon climate is analyzed and some mechanisms
are revealed. At the forcing of changed solar radiation induced by the changed orbital parameters and the
changed SST simulated by the OGCM, compared with when there is orbital forcing alone, there is more
precipitation and the monsoon is stronger in the summer of East Asia, and the winter temperature increases
over China. These agree better with the reconstructed data. It is revealed that the change of solar radiation
can displace northward the ITCZ and the East Asia subtropical jet, which bring more precipitation over
the south of Tibet and North and Northeast China. By analyzing the summer meridional latent heat
transport, it is found that the influence of solar radiation change is mainly to increase the convergence of
atmosphere toward the land, and the influence of SST change is mainly to transport more moisture to the
sea surface atmosphere. Their synergistic effect on East Asian precipitation is much stronger than the sum
of their respective effects.
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1. Introduction

The megathermal period in the Holocene appeared
during 8.5–3 ka BP (thousand years before present)
with a maximum in 7.2–6 ka BP in China, when
the temperature was 1–5◦C higher and the precipi-
tation was 40%–100% greater than present over China
(Shi et al., 1992). What induced such a large cli-
mate change? According to Milankovitch theory (Mi-
lankovitch, 1941), the change of orbital parameters can
lead to the change of insolation, which causes global
climate change. The periodical change of orbital pa-
rameters is the main reason why glacial and inter-
glacial periods alternate in the Quaternary. This the-
ory has been supported by many paleoclimate records.

According to reconstructed data, the mid-Holocene
change in boundary conditions was relatively small
(COHMAP, 1988). Change in orbital forcing and re-
duction in CO2 concentration are believed to be the
principal contributors to the significant climate dif-

ference. But simulations with orbital parameters and
CO2 concentration as the changed boundary forcing
have failed to reproduce the observed climate change
quantitatively (Joussaume et al., 1999). Many re-
searches have revealed that the changes of land sur-
face characteristics (Charney et al., 1977; Nobre et
al., 1991; Xue and Shukla, 1993) and ocean (Bjerknes,
1966; Rowntree, 1972; Palmer and Sun, 1985) have im-
portant effects on the climate change, and that there
are feedbacks between them and the climate. With the
improvement of climate models and increase of com-
puter power in recent years, the impacts of vegetation,
soil, and SST have been gradually taken into account
in the paleoclimate modeling (Kutzbach et al., 1996;
Claussen, 1997; Kutzbach and Liu, 1997; Hewitt and
Mitchell, 1998; Doherty et al., 2000). Great advance-
ment has been made and many mechanisms have been
revealed.

Although these simulations are global, they mainly
focus on the African monsoon area. Few diagnoses
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Fig. 1. The iteration sequence of the numerical experiments.

were done on the Asian monsoon area, especially the
East Asian monsoon area, which we are most in-
terested in. Former simulations with orbital change
alone or changed orbital forcing and vegetation all
produce characteristics like stronger summer monsoon
and more precipitation in East Asia, but the magni-
tudes of the changes are underestimated (Wang, 1999).
The reason is probably that the feedback of ocean to
insolation change is not taken into account. In this
paper, an AGCM and an OGCM are asynchronously
coupled to simulate the climate of mid-Holocene. The
role of solar radiation and ocean in the formation of
the mid-Holocene East Asian monsoon climate is in-
vestigated, and some mechanisms are revealed.

2. Model and experiment design

2.1 Model

2.1.1 Atmospheric model
The AGCM we use in this paper was developed at

the Institute of Atmospheric Physics (IAP), Chinese
Academy of Sciences. It is a global grid point model
with 4◦ × 5◦ horizontal resolution and nine unequal
levels in the vertical. The top layer is at 10 hPa. The
land surface is divided into 10 vegetation types and 11
soil types. Forcing from the ocean is the climatologi-
cal monthly mean SSTs (sea surface temperature). It
has unique characteristics in model dynamics and com-
putational scheme and has its own features in model
physics. Detailed descriptions of the model can be
found in Liang (1996) and Bi (1993).
2.1.2 Oceanic model

The OGCM used in this study was developed at
IAP. It is a global model based on primitive equations.
Its horizontal resolution is 4◦ × 5◦ and it has 20 levels
in the vertical, with 9 of them above 1000 m and the
bottom is at 5000 m. When the predicted SST is below

the freezing point, sea ice emerges. A simple thermo-
dynamic sea ice model is formulated and incorporated
into the ocean model based on Parkinson and Wash-
ington (1979). Detailed descriptions of the model can
be found in Jin (2000).

2.2 Experiment design

2.2.1 About the asynchronous coupling scheme
The equilibrium asynchronous coupling scheme

was first used by Kutzbach and Liu (1997), with de-
tailed description given by Liu et al. (1999). In this
scheme, each component model is integrated to its
equilibrium before being coupled to the other com-
ponent. Thus, it is an iterative coupling scheme be-
tween an equilibrium atmosphere and an equilibrium
ocean. This scheme has two advantages. First, the
oceanic model, which requires an enormous amount of
computation time, can be integrated separately with
a longer time step. This improves computational ef-
ficiency. Second, the individual equilibrium compo-
nent experiments involve no ocean-atmosphere feed-
backs, and therefore their response can be understood
much more easily. This asynchronous coupling scheme
is most effective only for the study of long-term cli-
mate change such as paleoclimate and global warming,
rather than for short-term climate variability such as
ENSO. According to Liu et al. (1999), in both summer
and winter, the SST changes of the first and second
iteration account for almost 3/4 and 1/4 of the to-
tal SST changes, respectively. Therefore, this scheme
converges very quickly.
2.2.2 Experiment design

First, we force the AGCM with modern boundary
conditions as the control run (experiment CTL). Then
we change the orbital parameters to that of 6 ka BP
(according to Paleoclimate Modelling Intercomparison
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Fig. 2. The SST differences simulated by the OGCM (O6–O0) (◦C). Areas with
values larger than 0◦C are shaded. (a) summer, (b) annual mean.

Project (PMIP)) with the other boundary forcing re-
maining unchanged. We thus obtain the response of
the atmosphere to 6 ka BP radiation (experiment R).
The differences of sea surface wind stress, wind ve-
locity, sea surface pressure, temperature, surface wa-
ter vapor mixing ratio, total cloud amount, and total
downward solar radiation from the above two exper-
iments are added to modern climatological fields to
force the OGCM. So we obtian the response of the

ocean to 6 ka BP radiation (experiment O6). The pos-
sible changes in salinity caused by the freshwater flux
are ignored. The other OGCM experiment is the con-
trol run of ocean (experiment O0) in which the OGCM
is forced with the modern climatological fields. Then
we compute the SST difference of experiment O6 and
O0 and add it to the modern climatological SST fields
to force the AGCM together with 6 ka BP radiation.
We thus obtain the response of the atmosphere to 6 ka
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Fig. 3. The changes of summer (JJA) 200-hPa velocity potential (106 m2 s−1). (a)
The influence of orbital change (R–CTL), (b) the influence of SST change (RO–R).
Negative values indicate divergence. Areas with significance level at 95% are shaded.

BP radiation and SST (experiment RO). Possible
changes of sea ice cover are ignored. Another AGCM
experiment is the response of the atmosphere to 6 ka
BP SST (experiment CO) in which the SST forcing is
the same as experiment RO and other forcings are the
same as the control run.

The experiment design includes only one iteration,
because the first iteration accounts for most of the SST

changes. We use the method of adding the difference of
two experiments to the climatological fields in order to
decrease the system biases of the models. The AGCM
and OGCM are integrated for 14 and 3010 years re-
spectively. The ensemble averages of the last 13 and 10
years are calculated as equilibrium results of the mod-
els. The iteration sequence is shown schematically in
Fig. 1.
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Fig. 4. The seasonal variation of East Asian precipitation
in the three experiments CTL, R, and RO (mm d−1).

3. Simulated main characteristics of East Asian
climate change

Figure 2 shows the SST differences between exper-
iment O6 and O0. In both summer (June, July, and
August JJA hereafter) and annual mean, the strongest
warming is located in the northern high latitudes, and
there is some warming on the southern sea surface. It
warms little and even cools in the tropics. The SST
changes in the tropics agree qualitatively with the re-
constructions of Gagan et al. (1998) and Andrus et al.
(2002), but the magnitudes are underestimated.

The summer (JJA) 200-hPa velocity potential
changes are given in Fig. 3. Under the influence of
the 6 ka BP radiation (R–CTL), there is more diver-
gence in the high levels (Fig. 3a) and more convergence
in the low levels in East Asia. As a result, there is
more ascending motion and more precipitation (Fig.
5a). The SST change (RO–R) further strengthens the
effect. There is a large area of divergence increase
around the South China Sea at 200 hPa (Fig. 3b).

Figure 4 shows the seasonal variation of East Asian
precipitation in the three experiments CTL, R, and
RO. In summer (JJA), the precipitation of R is larger
than that of CTL, and RO is larger than R. We can
see that when we take into account the effect of ocean,
the East Asian monsoon is stronger and the simulated
results are closer to the reconstructions (Shi et al.,
1992). The distribution of summer (JJA) precipita-
tion changes can be seen in Fig. 5. The orbital change
of 6 ka BP leads to more precipitation over the south
of Tibet and North and Northeast China (Fig. 5a).
Under the influence of SST change, there is more pre-
cipitation over South and East China while there is

less precipitation over North China, although it does
not pass the significance level, which may be a result
of large interannual variability of precipitation in East
Asia.

The 6 ka BP orbital change enhances the sea-
sonal cycle of Northern Hemisphere insolation (Berger,
1978). This would lead to the warming of north-
ern summer-autumn (Fig. 6a) and cooling of northern
winter-spring (figures not shown). While under the in-
fluence of SST change (RO–R), the northern summer
cools (Fig. 6b) and the China inland winter warms
(figures not shown). This is due to the huge ther-
mal inertia of ocean and will be further discussed in
a later section. According to the geological record of
mid-Holocene (Shi et al., 1992), there has been large
warming in winter over China, and its magnitude was
larger than that of summer. So introducing the influ-
ence of ocean brings the simulated and reconstructed
results into closer agreement. But the winter temper-
ature still decreases. This is perhaps due to the fact
that there are other physical processes not accounted
for, such as the response and feedback of sea ice and
vegetation to climate change.

Figure 7 shows the summer (JJA) 85◦–122◦E mean
meridional wind circulation. We can see obvious sum-
mer Hadley circulation in the climatological run (Fig.
7a). The place where the Hadley circulation has the
strongest rising is the place of the ITCZ. Under the
influence of changed solar radiation (R–CTL), there is
increased sinking at about 10◦N, and increased rising
at 20◦–30◦N (Fig. 7b), which suggests that the place of
strongest rising (the place of the ITCZ) moves north-
ward.

Under the influence of SST change (RO–R), both
the Northern Hemisphere Hadley circulation (Fig. 7c)
and Pacific Walker circulation (figures not shown) be-
come stronger. The changes of the Hadley and Walker
circulations reflect the divergence and convergence dif-
ferences between the north and south, east and west
(Fig. 3b).

4. Mechanisms of East Asian climate change

4.1 Influences of solar radiation

Under the influence of changed solar radiation, it
is drier in the south of the Indian peninsula and In-
dochina and wetter to the south of the Tibet (Fig. 5a).
This is because the change of solar radiation leads to
the warming of the Northern Hemisphere in summer
(Fig. 6). Under the heating of Tibet, the ITCZ moves
northward (Figs. 7a, b).

There is more precipitation in the north to the east
of 105◦E (Fig. 5a). It is caused by the northward dis-
placement of the East Asian jet stream (Figs. 7a, b).
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Fig. 5. Same as Fig. 3, but for the summer (JJA) precipitation (mm d−1).

The association between rainfall bands and tropo-
spheric jet streams has long been recognized (Reiter,
1963). The north-south displacement of the Asian
westerly jet is a reliable indicator of Asian monsoon
onset and retreat (Yeh et al., 1958). This subtropi-
cal jet in East Asia is formed in the large tempera-
ture gradient made by the polar continental air mass
in the north, and the warm and wet air mass in the
south. The orbitally-induced heating in the north-
ern continent northward displaces the area of maxi-
mum temperature gradient in the upper level (figures
not shown), thus it displaces the jet stream north-
ward. There is descending motion at the north of the
jet stream and ascending motion at the south. De-
scending motion prohibits rain to the north of the jet

core. Thus there is more ascending motion in the ar-
eas where the jet core leaves (35◦–45◦N) (Fig. 7b), and
hence more precipitation (Fig. 5a).

On the other hand, under the influence of orbital
change, the total amount of precipitation changes very
little in the Asian monsoon area (decreased by about
2.7% in 0◦–50◦N, 60◦–140◦E). This result is similar to
that of De Noblet et al. (1996). They found that the
location and intensity of simulated precipitation max-
ima are very sensitive to change in insolation, while the
total amount of monsoon rain in Asia as well as Africa
remains remarkably stable. This may be because there
is no moisture transport increase when SST remains
unchanged.
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Fig. 6. Same as Fig. 3, but for the summer (JJA) surface temperature (◦C).

4.2 Influence of ocean

Ocean has its unique characteristics and is a very
important component of the earth climate system.
Only when we fully understand the dynamics of ocean-
atmosphere interaction, can we accurately predict the
climate with high accuracy.

Figure 8 shows the sensible heat flux difference
(RO–R) from the earth’s surface to the atmosphere.
It is the sensible heat flux change when taking into
account the SST change. We can see that the cen-
ters of large values are mainly on the sea surface, and
they correspond well with the large value centers of

SST change in Fig. 2a. This sensible heat difference is
caused by the change of SST. On the other hand, the
centers of sensible heat difference in Fig. 8 correspond
well with the cyclonic centers of surface wind difference
(figures not shown). When sensible heat increases, it
heats the surface atmosphere. Then the pressure de-
creases and cyclonic circulation becomes stronger.

The SST change not only induces sensible heat flux
change, but also induces latent heat flux change. The
latent heat flux cannot change the temperature of the
atmosphere directly, but it can be converted into heat
by coagulation and heat the atmosphere, and it is usu-
ally much larger than the sensible heat flux. It can be
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Fig. 7. The summer (JJA) 85◦–122◦E mean meridional wind circulation. The zonal
(m s−1) and meridional (m s−1)/vertical (10−4 hPa s−1) components are represented
by contours and vectors respectively. Areas with zonal wind larger than 15 m s−1 are
shaded. (a) Control run (CTL), (b) the influence of orbital change (R–CTL), (c) the
influence of SST change (RO–R).
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Fig. 8. The sensible heat flux difference between experiment RO and R from the earth’s
surface to the atmosphere (W m−2). Areas with values larger than 0.5 W m−2 are shaded.

Fig.8 
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Fig. 9. The latent heat flux difference between experiment RO and R from the earth’s
surface to the atmosphere (W m−2). Areas with values larger than 2.5 W m−2 are shaded.

seen that the large value centers of latent heat flux
changes (Fig. 9) correspond well with the large value
centers of convective precipitation change (figures not
shown). So we think that the role of sensible heat flux
on the sea surface is to excite convection, while the role
of latent heat is to maintain and increase convection.
The maintenance and development of convection needs
the continuous support of latent heat. When convec-
tion happens, the latent heat is transformed into heat

and warms the atmosphere, and promotes convection
continuously by the conditional instability of second
kind (CISK) mechanism.

4.3 Synergistic effect of solar radiation and
ocean

The summer (JJA) precipitation changes in East
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Fig. 10. The histogram of summer mean precipitation
changes in East Asia (20◦–40◦N, 105◦–120◦E) (mm d−1).

Asia at three different forcings can be seen in Fig. 10.
The SST change alone (CO–CTL) contributes little to
precipitation change. Under the influence of solar ra-
diation change alone (R–CTL), the summer mean pre-
cipitation increases by 0.41 mm d−1. While under the
combined influence of solar radiation and SST change,
the precipitation increase is 0.79 mm d−1, which is
much larger than the sum of their respective effects.
This indicates that the synergistic effect of solar radi-
ation and SST change plays an important role in East
Asian precipitation increase. Now we analyze how this
happens.

Because the latent heat transport has a close re-
lationship to rainfall, we can analyze the difference of
latent heat transport in the experiments to reveal the
mechanisms of precipitation changes. Figure 11 shows
the summer (JJA) meridional latent heat transport in
the whole atmosphere over East Asia. The figure con-
tains the results of four experiments. In the tropics,
RO is larger than R and CO is larger than CTL. In
the subtropics, the differences are not evident between
RO and R, and CO and CTL, while there are large dif-
ferences between R and CTL, and RO and CO. This
indicates that the tropical ocean has much influence
on the meridional latent heat transport in the trop-
ics, while in the subtropics the solar radiation has a
larger influence. When SST increases in the Bay of
Bengal and the South China Sea which are in the trop-
ics, evaporation enhances on the sea surface, and more
moisture goes from ocean to atmosphere, so the latent
heat transport is increased. In the subtropics, the in-
creased solar radiation in summer warms the land and
the surface pressure decreases, so there is more con-
vergence on the land and more divergence on the sea
surface (Fig. 3a), which promote the inland transport
of moisture and latent heat.

The formula of meridional latent heat transport is

F =
∫ ∫

Lqv

g
dpdx , (1)

in which F is meridional latent heat transport, L is
evaporation latent heat, q is specific humidity, v is
meridional velocity, g is gravitational acceleration, and
dp and dx are the integration factors of vertical pres-
sure and zonal distance respectively. According to the
analyses above, the influence of orbital change is to
promote the convergence of atmosphere inland, i.e. in-
crease v, and the influence of SST change is mainly
to transport more moisture to the sea surface atmo-
sphere, i.e., increase q. They combine together to in-
crease the latent heat transport F .

Let v′ be the orbitally-induced meridional velocity
increase and q′ be the SST change-induced specific hu-
midity increase (in the area studied v′ > 0, q′ > 0), if
the integration process above is omitted and we only
study the term qv, we can get:

(1) The contribution of orbital change alone to la-
tent heat transport is Fs = q(v + v′)− qv = qv′;

(2) The contribution of SST change alone to latent
heat transport is Fo = (q + q′)v − qv = q′v;

(3) The combined contribution of orbital change
and SST change to latent heat transport is Fso =
(q + q′)(v + v′)− qv = qv′ + q′v + q′v′.

Evidently, Fso > Fo + Fs. This is why the syner-
gistic effect of the solar radiation and ocean on East
Asian precipitation is much stronger than the sum of
their respective effects.

5. Summary and discussion

We use the asynchronous coupling technique to
simulate the climate of mid-Holocene, and analyze the
role of solar radiation and ocean in the mid-Holocene
East Asian monsoon climate and their synergistic in-
fluence on climate change.

A coupled ocean-atmosphere general circulation
model (CGCM) has not been used before in East Asian
paleoclimate modeling. The orbital change or or-
bital and vegetation change are the usually prescribed
boundary forcing. SSTs are prescribed as modern cli-
matological fields. But under such a large solar radia-
tion change, it is not possible for the SSTs to remain
unchanged. The ocean occupies most of the earth’s
surface and is the main source of moisture in the atmo-
sphere. So introducing an OGCM in the paleoclimate
modeling will make the physical processes more com-
plete and the simulations more accurate. According
to the analysis of East Asian summer precipitation,
the precipitation change induced by the combined in-
fluence of orbital and SST changes is almost twice of
the precipitation change induced by the orbital change
alone (Fig. 10), which agrees more with reconstruc-
tions. However, the OGCM requires too much com-
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Fig. 11. The summer meridional latent heat transport in the whole at-
mosphere in 100◦–120◦E. Units: 1015 W. Positive values indicate north-
ward transport.

putation time, especially when taking a long time in-
tegration and when many sensitivity experiments are
needed. The results may be too complex to understand
the underlying processes. The asynchronous coupling
scheme we use solves the problems quite well.

There is only one iteration in this study. If there
are more iterations, will there be some nonlinear pro-
gresses which will change the results qualitatively? We
did not allow for consideration of possible changes in
salinity associated with changes in freshwater flux,
sea ice, and vegetation changes induced by insola-
tion changes. If all these changes are considered, will
their synergistic effect make the East Asian monsoon
stronger and bring the simulated and reconstructed re-
sults into closer agreement? All these questions need
further study.

Changing the date of perihelion from early January
to mid-September in mid-Holocene increases the am-
plitude of the seasonal cycle of Northern Hemisphere
insolation by 5% (Berger, 1978), which leads to en-
hanced heating in northern summer-autumn and en-
hanced cooling in northern winter-spring. If the re-
constructed result of winter warming is correct, what
are the mechanisms of the warming? Ganopolski
et al. (1998) simulated mid-Holocene climate with
a synchronously coupled atmosphere-ocean-vegetation
model. The results show a winter warming in the
Northern Hemisphere. The warming is caused by a
decrease of planetary albedo due to an expansion of
boreal forest and a decrease of subtropical deserts. In

high northern latitudes, warming is strongly amplified
by the sea-ice feedback. The annual amount of sea ice
decreased by one-quarter compared to present. As a
result, the ocean absorbs more heat in summer and
releases it into the atmosphere in autumn and winter.
Thus the land surface characteristics and ocean play
important roles in the mid-Holocene climate. Design-
ing coupled atmosphere-ocean-land models involving
interactions of atmosphere, land surface, and ocean
with more detailed physics and higher resolutions is
what we should do in our future work. This will surely
reveal more mechanisms of climate change.
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