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a b s t r a c t
The East Asian summer (June–July–August) monsoon (EASM) is typically thought to have been stronger during
interglacial periods based on spatially sparse proxy data. On a large scale, however, whether this view is true and
if so, its underlying dynamic mechanisms remain unclear. Using all pertinent experiments within the
Paleoclimate Modeling Intercomparison Project (PMIP), here we present an analysis of the EASM during the
mid-Holocene, 6000 years ago. Supporting the paleodata, the mid-Holocene EASM, as measured by regionally
averaged meridional wind at 850 hPa, became stronger than the baseline period in 27 out of 28 PMIP models
with a demonstrable ability to simulate the modern EASM climatology. On average, the EASM strengthened by
32% across all the models and by a larger magnitude in 23 coupled models (35%) than in ﬁve atmospheric models
(20%). It is proposed that an enhanced land–sea thermal contrast, and hence sea level pressure gradient, between
the East Asian continent and adjacent oceans as a result of orbital forcing was responsible for the EASM strengthening during the mid-Holocene.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
The East Asian monsoon is composed of tropical and subtropical monsoons and features southerly winds during summer (June–July–August)
and northerly winds during winter (December–January–February) in
the lower troposphere (e.g., Tao and Chen, 1987; Ding, 1994). Usually,
its intensity in meridional winds has been inferred to become stronger
in summer but weaker in winter during interglacial periods of the Quaternary, which is speculated to result from changes in global ice volume and/
or orbitally induced solar insolation changes (e.g., Liu and Ding, 1998; Jian
et al., 2001; Wang et al., 2008a; Cheng et al., 2009; Wang, 2009). At the
East Asian scale, however, whether this interpretation of extremely
sparse proxy data is correct remains unclear. And if it is true, the underlying dynamic mechanism remains unidentiﬁed.
The mid-Holocene provides a good opportunity for examining how
the East Asian monsoon responds to changes of ~5% in the seasonal distribution of the incoming solar radiation at the top of the atmosphere in
the Northern and Southern Hemispheres (Berger, 1978). Based on the
previous experiments of individual climate models, the mid-Holocene
East Asian summer monsoon (EASM) appeared to have been stronger
overall during the mid-Holocene (e.g., Wang, 1999, 2000; Chen et al.,
⁎ Corresponding author at: Nansen-Zhu International Research Centre, Institute of
Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029, China.
E-mail address: jiangdb@mail.iap.ac.cn (D. Jiang).
0031-0182/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.palaeo.2012.11.007

2002; Marzin and Braconnot, 2009; Zhou and Zhao, 2009, 2010; Liu
et al., 2010). Similar results came from the part of the Paleoclimate
Modeling Intercomparison Project (PMIP) simulations (Wang et al.,
2010; Zhao and Harrison, 2012). On the other hand, however, there is
a large degree of model-dependent uncertainties in both the spatial pattern and magnitude of the mid-Holocene EASM changes among those
studies. For example, signiﬁcant changes in the large-scale EASM circulation during that period were registered only over eastern China north
of 30°N in the experiments using a regional climate model (Liu et al.,
2010) but over the whole of eastern China in the experiments using a
coupled climate model (Marzin and Braconnot, 2009). In addition,
whether those climate models can reliably reproduce the present
EASM remains unknown, although it is directly related to the conﬁdence of the results. As a matter of fact, it has been revealed that some
of the PMIP models failed to describe the present climatological EASM
circulation (Jiang and Lang, 2010; see Section 2.2 of this study). Using
such models to address the EASM may give wrong conclusions. Furthermore, ocean dynamics has been regarded as a key component in the
mid-Holocene climate system (e.g., Braconnot et al., 2007; Ohgaito
and Abe-Ouchi, 2009). However, it was not taken into account in
most of the earlier experiments with atmospheric models, which may
hamper our understanding of the mid-Holocene EASM.
Recently, the mid-Holocene East Asian summer climate was examined using 12 coupled atmosphere–ocean general circulation models
(AOGCMs) within the PMIP phase two (PMIP2), and the EASM was
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Table 1
Basic information for the 51 PMIP models, together with SCCs and CRMSEs (units: m s−1) of summer meridional wind at 850 hPa between each baseline simulation and the NCEP–NCAR
reanalysis data for the period 1981–2000 (Kalnay et al., 1996) within the region of 20°–45°N and 105°–135°E. The 28 models that had positive SCC values statistically signiﬁcant at the 95%
conﬁdence level (Model ID shown in boldface) were chosen for analysis in this study. N/A, not available.
Model ID
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

Project
CCC2.0
CCM3
CCSR1
CNRM-2
CSIRO
ECHAM3
GEN2
GFDL
GISS-IIP
LMCELMD4
LMCELMD5
MRI2
UGAMP
UIUC11
UKMO
YONU
CCSM3.0
CSIRO-Mk3L-1.0
CSIRO-Mk3L-1.1
ECBILTCLIOVECODE
ECHAME5-MPIOM1
ECHAM53-MPIOM127-LPJ
FGOALS-1.0 g
FOAM
GISSmodelE
IPSL-CM4-V1-MR
MIROC3.2
MRI-CGCM2.3.4fa
MRI-CGCM2.3.4nfa
UBRIS-HadCM3M2
ECBILTCLIOVECODE-veg
ECHAM53-MPIOM127-LPJ-veg
FOAM-veg
MRI-CGCM2.3.4fa-veg
MRI-CGCM2.3.4nfa-veg
UBRIS-HadCM3M2-veg
BCC-CSM1.1
CCSM4
CNRM-CM5
CSIRO-Mk3-6-0
CSIRO-Mk3L-1-2
EC-EARTH-2-2
FGOALS-g2
FGOALS-s2
GISS-E2-R
HadGEM2-CC
HadGEM2-ES
IPSL-CM5A-LR
MIROC-ESM
MPI-ESM-P
MRI-CGCM3

PMIP1
PMIP1
PMIP1
PMIP1
PMIP1
PMIP1
PMIP1
PMIP1
PMIP1
PMIP1
PMIP1
PMIP1
PMIP1
PMIP1
PMIP1
PMIP1
PMIP2
PMIP2
PMIP2
PMIP2
PMIP2
PMIP2
PMIP2
PMIP2
PMIP2
PMIP2
PMIP2
PMIP2
PMIP2
PMIP2
PMIP2
PMIP2
PMIP2
PMIP2
PMIP2
PMIP2
PMIP3
PMIP3
PMIP3
PMIP3
PMIP3
PMIP3
PMIP3
PMIP3
PMIP3
PMIP3
PMIP3
PMIP3
PMIP3
PMIP3
PMIP3

(AGCM)
(AGCM)
(AGCM)
(AGCM)
(AGCM)
(AGCM)
(AGCM)
(AGCM)
(AGCM)
(AGCM)
(AGCM)
(AGCM)
(AGCM)
(AGCM)
(AGCM)
(AGCM)
(AOGCM)
(AOGCM)
(AOGCM)
(AOGCM)
(AOGCM)
(AOGCM)
(AOGCM)
(AOGCM)
(AOGCM)
(AOGCM)
(AOGCM)
(AOGCM)
(AOGCM)
(AOGCM)
(AOVGCM)
(AOVGCM)
(AOVGCM)
(AOVGCM)
(AOVGCM)
(AOVGCM)
(AOVGCM)
(AOGCM)
(AOGCM)
(AOGCM)
(AOGCM)
(AOGCM)
(AOVGCM)
(AOVGCM)
(AOGCM)
(AOVGCM)
(AOVGCM)
(AOVGCM)
(AOVGCM)
(AOGCM)
(AOGCM)

Atmospheric resolution

Length of run analyzed (year)

SCC

CRMSE

T32L10
T42L18
T21L20
T31L19
R21L9
T42L19
T31L18
R30L20
72 × 46, L9
48 × 36, L11
64 × 50, L11
72 × 46, L15
T42L19
72 × 46, L14
96 × 73, L19
72 × 46, L7
T42L18
R21L18
R21L18
T21L3
T31L20
T31L19
R42L9
R15L18
72 × 46, L17
96 × 72, L19
T42L20
T42L30
T42L30
96 × 73, L19
T21L3
T31L19
R15L18
T42L30
T42L30
96 × 73, L19
T42L26
288 × 192, L26
256 × 128, L31
192 × 96, L18
64 × 56, L18
320 × 160, L62
128 × 60, L26
128 × 108, L26
144 × 90, L40
192 × 145, L60
192 × 145, L38
96 × 95, L39
T42L80
T63L47
320 × 160, L48

10
8
10
10
15
10
10
25
10
15
15
10
20
10
50
10
50
1000
1000
100
100
100
100
100
50
100
100
150
150
100
100
100
100
100
100
100
100
301
200
100
500
40
100
100
100
35
102
500
100
100
100

0.07
0.23
0.32
0.14
0.02
0.67
0.56
−0.24
−0.16
0.30
0.30
−0.43
0.01
−0.42
−0.28
−0.72
0.70
−0.30
−0.19
N/A
0.11
0.22
0.06
−0.26
0.70
0.72
0.57
0.33
0.81
0.46
N/A
0.20
−0.28
0.36
0.85
0.51
0.66
0.52
0.77
0.25
−0.25
N/A
0.80
0.31
0.75
0.79
0.78
0.66
0.43
0.63
0.29

1.58
1.46
1.10
1.52
1.17
0.75
0.86
1.82
1.80
2.14
1.24
2.57
1.95
1.63
1.54
2.30
0.81
1.48
1.34
N/A
1.16
1.06
2.48
1.79
0.84
1.01
1.34
1.07
0.57
1.26
N/A
1.07
1.80
0.95
0.48
1.28
0.84
0.99
0.73
1.10
1.39
N/A
0.94
1.44
0.78
0.72
0.75
1.11
1.96
0.73
1.02

noted to become stronger (Wang et al., 2010). However, no attention
was paid in their work to the spatial pattern, magnitude, and dynamic
mechanism behind the EASM change during that period. Moreover,
they only used some of the PMIP2 AOGCMs, which makes it impossible
to evaluate the effect of ocean on the EASM through the comparison of
the different types of PMIP simulations. Using 17 atmospheric general
circulation models (AGCMs) within the PMIP phase one (PMIP1) and
11 AOGCMs within the PMIP2, Zhao and Harrison (2012) discussed
the mid-Holocene EASM through precipitation change. Since precipitation and monsoon relationship in East Asia is not direct as it is in the
tropics such as in India (e.g., Tao and Chen, 1987; Ding, 1994), it may
be more relevant to directly use low-tropospheric winds instead of
precipitation to address the monsoon in East Asia. Again, whether
those models can reliably reproduce the modern East Asian climate
was neglected in their study. Collectively, all of the aforementioned
factors stress the need to speciﬁcally examine the mid-Holocene
EASM using multiple reliable climate models and estimate the role of

interactive ocean therein. Particularly, it is interesting to investigate
what the EASM was like during the mid-Holocene in the simulations
of state-of-the-art climate models participating in the latest PMIP
phase three (PMIP3) under the framework of the Intergovernmental
Panel on Climate Change Fifth Assessment Report.
Within the PMIP project, 51 climate models have been used to
simulate the mid-Holocene climate to date. Part of the PMIP earlier experiments have improved our knowledge of the mid-Holocene African
and Indian tropical monsoon changes (e.g., Joussaume et al., 1999;
Braconnot et al., 2002), for example. Given that the mid-Holocene
surface air temperature changes over China obtained from the PMIP1
and PMIP2 models agree in general with multi-proxy data during boreal
summer, and that the opposite of this situation is true during
boreal winter (Jiang et al., 2012), an analysis was made in this study
of all available simulations within the PMIP database to examine the
mid-Holocene EASM changes, as well as the dynamic mechanisms
behind the most common changes.
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(a)

(b)

Fig. 1. Climatology of summer wind (units: m s−1) at 850 hPa as derived from (a) the NCEP–NCAR reanalysis data for the period 1981–2000 (Kalnay et al., 1996) and (b) the
ensemble mean of the 28 PMIP models for the baseline period, in which regions with an elevation above 1500 m are left blank, and the rectangle shows the region of 20°–45°N
and 105°–135°E.

2. Data
2.1. Models and data
This study was based on all of the PMIP experiments for the
mid-Holocene climate involving 16 AGCMs from the PMIP1, 14
AOGCMs plus six coupled atmosphere–ocean–vegetation general circulation models (AOVGCMs) from the PMIP2, and eight AOGCMs plus
seven AOVGCMs from the PMIP3 (Table 1). Hereafter, AOGCMs and
AOVGCMs are referred to as CGCMs. In brief, for the mid-Holocene
the most important forcing in the Northern (Southern) Hemisphere
was a stronger (weaker) seasonality of insolation, by about 5%, due
to the precessional cycle (Berger, 1978). Additional negative forcing

was derived from changes in atmospheric concentrations of carbon
dioxide from 345 ppm for the present period to 280 ppm for the
mid-Holocene in the PMIP1 and of methane from 760 ppb for the
pre-industrial period to 650 ppb for the mid-Holocene in the PMIP2.
In the PMIP3, concentrations of atmospheric carbon dioxide, methane,
and nitrous oxide varied from the pre-industrial levels of 284 ppm,
791 ppb, and 275 ppb to 280 ppm, 650 ppb, and 270 ppb during the
mid-Holocene, respectively. Sea surface temperatures (SSTs) were
ﬁxed as the present day values in the PMIP1 AGCMs but were computed
by oceanic general circulation models in the PMIP2 and PMIP3 CGCMs.
In addition, there was a difference in the baseline or reference period for
the mid-Holocene climate simulations. The modern period ca. 1950 was
used in the PMIP1 AGCM experiments, while the pre-industrial period
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Fig. 2. Percentage changes in the mid-Holocene EASM intensity, which was calculated by regionally averaged meridional wind speed at 850 hPa, with reference to the baseline
period as simulated by the 28 PMIP models. MME-PMIP1, MME-PMIP2, MME-PMIP3, and MME-ALL denote the ensemble mean of the ﬁve PMIP1 AGCMs, 10 PMIP2 CGCMs, 13
PMIP3 CGCMs, and all the 28 models, respectively.

ca. 1750 was used in the PMIP2 and PMIP3 CGCM experiments. Basic
information on those 51 models has been provided in Table 1. Further
details, as well as information on boundary conditions and experimental
designs, were given by Joussaume and Taylor (1995) and Braconnot et al.
(2007), and are available online at http://pmip3.lsce.ipsl.fr/.
2.2. Evaluation of the models
It is well known that, during summer, a low-pressure system dominates over the East Asian continent, while a high-pressure system dominates over the western North Paciﬁc, as a consequence of the difference
in thermal capacity between land and ocean. That sea level pressure pattern leads to prevailing southerly winds in the lower troposphere over
the East Asian continent (Tao and Chen, 1987; Ding, 1994). Accordingly,
low-tropospheric meridional winds are the most important characteristics of the summer monsoon circulation in East Asia. To evaluate the ability of the models to reproduce the modern EASM climatology, spatial
correlation coefﬁcients (SCCs) and centered root-mean-square errors
(CRMSEs) of meridional wind at 850 hPa between each baseline simulation and the NCEP–NCAR reanalysis data for the period 1981–2000
(Kalnay et al., 1996) were calculated on the basis of 63 grid points within
the region of 20°–45°N and 105°–135°E.
As shown in Table 1, SCCs varied from −0.72 (YONU) to 0.85
(MRI-CGCM2.3.4nfa-veg), and CRMSEs varied from 0.48 m s −1
(MRI-CGCM2.3.4nfa-veg) to 2.57 m s −1 (MRI2). There was a large
spread among the models and an overall better performance for the
PMIP3 models compared to the previous generation of climate
models. Since some models failed to simulate the modern EASM, it
was necessary to exclude those unreliable models from the present
study. As such, two preconditions were arbitrarily set to identify
reliable models. First, the SCC had to be positive; second, it had to
be statistically signiﬁcant at the 95% conﬁdence level. In this manner,
28 models were ﬁnally chosen for analysis (see Table 1). Fig. 1 shows
clearly that the 28-model ensemble mean with the same weights
reproduced large-scale southerly winds at 850 hPa in East Asia reasonably well. Quantitatively, it gave an SCC of 0.88 and a CRMSE of
0.44 m s −1, and hence had a higher reliability than all of the individual models. The ensemble mean of the results of the 28 models were
therefore emphasized in our analysis.

3. Results
Given that there is a complex relationship between summer precipitation and monsoon circulation in East Asia (e.g., Wang et al., 2008b),
and that we do not know whether the modern relationship between
each other is still valid during the mid-Holocene, it should be more reasonable to gauge the EASM strength through low-level wind speeds
rather than precipitation for that period. According to the more recent
spatial pattern of the EASM conﬁguration (Fig. 1), regionally averaged
summer meridional wind at 850 hPa within the region of 20°–45°N
and 105°–135°E was directly used to deﬁne the large-scale intensity
of the EASM in this study. Note that the same or similar indices have
been used to examine the modern and past East Asian monsoon
changes (e.g., Wang et al., 2008b; Jiang and Lang, 2010).
Based on the records of marine sediments from South China Sea
(e.g., Jian et al., 2001), speleothem records in central China (e.g., Wang
et al., 2005, 2008a), loess–paleosol sequences in the Chinese Loess
Plateau (e.g., Feng et al., 2006), lacustrine sediments in eastern China
(e.g., Sun et al., 2009; Li et al., 2011; Zhai et al., 2011; Wu et al., 2012),
and so on, the mid-Holocene EASM strength is generally inferred to
be stronger than the present day. Consistent with the understanding
of the proxy data, 27 out of the 28 PMIP models reproduced a stronger than baseline EASM during the mid-Holocene (Fig. 2), with a
range of levels from 4% (LMCELMD4) to 133% (IPSL-CM4-V1-MR).
Conversely, the mid-Holocene EASM weakened by 14% in FGOALS-g2,
in which anomalous southerly winds occurred in eastern China but
anomalous northerly winds occurred in the adjacent ocean. With
reference to the baseline period, the mid-Holocene EASM strengthened
on average by 32% for all the models. The 28-model ensemble mean
of the mid-Holocene minus baseline differences was characterized by
southerly winds at 850 hPa over East Asia, which was in line with
the baseline southerly winds in the lower troposphere (Figs. 3a and
1b). Such a systematic strengthening of the mid-Holocene EASM
was further demonstrated in Fig. 3b, in which zonally averaged meridional wind anomalies at 850 hPa within 105°–135°E were uniformly
above the baseline values over East Asia across 27 of the 28 models (excluding FGOALS-g2) and the 28-model ensemble mean. Therefore, there
was a robust qualitative consistency on the mid-Holocene EASM
strengthening among the PMIP models, although there was a degree
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(a)

(b)

Fig. 3. (a) Mid-Holocene minus baseline differences in wind as derived from the ensemble mean of the 28 PMIP models, in which regions with an elevation above 1500 m are left blank,
and the rectangle shows the region of 20°–45°N and 105°–135°E. (b) Mid-Holocene minus baseline differences in meridional wind zonally averaged within 105°–135°E. Northward wind
speed is positive.

of model-dependent uncertainty in the magnitude and a weakening in
FGOALS-g2. The underlying dynamic mechanisms were as follows.
In response to the mid-Holocene changes in the Earth's orbital
parameters and atmospheric concentrations of carbon dioxide in the
PMIP1, methane in the PMIP2, and carbon dioxide, methane, and
nitrous oxide in the PMIP3 (see Section 2.1), summer surface temperature rose signiﬁcantly over the East Asian continent but changed
only slightly over the adjacent oceans for the PMIP models as a
whole (Fig. 4a). Such changes led to a strengthened zonal land–sea
thermal contrast between the East Asian continent and the western
North Paciﬁc during the mid-Holocene (Fig. 5a). Quantitatively, the
difference in regionally averaged summer surface temperature
between 90°–135°E and 135°E–180° within 10°–50°N was enhanced
by 0.56 K for the 28-model ensemble mean. In turn, summer sea
level pressure reduced over the East Asian continent (Fig. 4b),
which strengthened the Asian low-pressure system. On the contrary,
it rose over the North Paciﬁc, which strengthened the subtropical
high-pressure system over the western North Paciﬁc. Both the

changes led to an increased zonal gradient of summer sea level pressure from the western North Paciﬁc through the East Asian continent.
Taken together, those increased zonal land–sea thermal contrast and
zonal sea level pressure gradient gave rise ﬁnally to a systematic
strengthening of the mid-Holocene EASM circulation in the lower
troposphere in terms of the dynamic mechanism for the formation
of the EASM (e.g., Tao and Chen, 1987; Ding, 1994). Based on the
above, it should be noted that the mid-Holocene EASM strengthening
also can be obtained through the traditional EASM index deﬁned by a
zonal sea level pressure difference between the western North Paciﬁc
and the East Asian continent (e.g., Guo et al., 2003; Wang et al.,
2008b).
At the same time, surface temperature elevated over the East
Asian continent but reduced slightly over the South China Sea during
the mid-Holocene (Figs. 4a and 5b). Moreover, surface temperature
warming was stronger overall in the north than in the south over
the East Asian continent. As a result, meridional thermal contrast
increased through the South China Sea to the high latitude areas of
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(a)

(b)

Fig. 4. Mid-Holocene minus baseline differences in summer (a) surface air temperature (units: K) and (b) sea level pressure (units: hPa) from the ensemble mean of the 28 PMIP models.

East Asia. Anomalous southerly winds were consequently induced in
the lower troposphere over East Asia, and they were used to
compensate atmospheric mass loss due to an intensiﬁed ascending
motion in the mid- and high latitudes of East Asia. In this way, the
EASM was further strengthened during the mid-Holocene.
There is a debate about the ocean inﬂuence on the Asian monsoon
climate during the mid-Holocene (Liu et al., 2004; Zhao and Harrison,
2012). More speciﬁcally, both negative and positive effects of the
interactive ocean on the mid-Holocene EASM were derived from the
earlier simulations of individual models (Wei and Wang, 2004;
Marzin and Braconnot, 2009). Within the PMIP project, as discussed
by Braconnot et al. (2007), ocean dynamics were included in the
CGCMs but were neglected in the AGCMs, allowing for a preliminary
investigation of the role of interactive ocean. When viewed in terms
of these two kinds of climate models, the mid-Holocene EASM

strengthened on average by 20% in the ﬁve PMIP1 AGCMs, by 40% in
the 10 PMIP2 CGCMs, and by 32% in the 13 PMIP3 CGCMs (Fig. 2). A
strengthening of 35% was obtained from the 23 PMIP2 and PMIP3
CGCMs. As a whole, the CGCMs yielded an EASM much stronger than
that from the AGCMs, which was due largely to the major role played
by the computed SSTs. Excluding CCSM4, FGOALS-g2, FGOALS-s2, and
MIROC-ESM in which SST data are not yet available, 17 out of the 19
PMIP2 and PMIP3 CGCMs were found to reproduce overall colder than
baseline SSTs in the oceans adjacent to the East Asian continent,
which resulted from the latitudinal gradient in the insolation forcing
and the thermal inertia of the ocean as detailed by Marzin and
Braconnot (2009). This state was also appropriate for the ensemble
mean of the 19 CGCMs (Fig. 6). For example, regionally averaged SSTs
within 0°–40°N and 105°E–180° varied from −0.65 K (GISS-E2-R) to
0.14 K (HadGEM2-ES) and decreased by an average of 0.26 K across
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(a)

(b)

Fig. 5. Mid-Holocene minus baseline differences in summer surface air temperature (units: K), (a) longitudinally averaged within 10°–50°N, and (b) zonally averaged within 105°–135°E.

the 19 CGCMs. In contrast, SSTs were ﬁxed as the modern values in
the AGCM experiments. In this situation, combined with changes in
surface temperature over East Asia, the simulated difference of the
mid-Holocene summer thermal contrast between the East Asian continent and the adjacent western North Paciﬁc was larger in the CGCMs
than in the AGCMs (Fig. 5a). In quantitative terms, the zonal difference
in regionally averaged summer surface temperature between 90°–
135°E and 135°E–180° within 10°–50°N increased on average by
0.58 K for the 23 PMIP2 and PMIP3 CGCMs, which was larger than the
0.48 K derived from the ﬁve AGCMs during the mid-Holocene. Accordingly, the strengthening of the mid-Holocene EASM was greater in the
former than in the latter. That is, interactive ocean ampliﬁed the
orbitally forced EASM enhancement during the mid-Holocene. Note
that part of the aforementioned differences in the mid-Holocene

EASM change between the PMIP AGCM and CGCM simulations were
probably due to the differences in climate models and experimental designs. To detect ocean feedback more directly, the control experiments of
coupled models would be the reference for the mid-Holocene experiments either with the coupled model or with the atmosphere-only
model alone for the same climate model system (e.g., Marzin and
Braconnot, 2009).
4. Conclusion
The present analysis provided a clear picture of the mid-Holocene
EASM change and the underlying dynamic mechanism from the
perspective of multiple climate models within the PMIP project.
Twenty-seven out of the 28 PMIP models simulated a stronger than
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Fig. 6. Mid-Holocene minus baseline differences in summer SSTs (units: K) as derived
from the ensemble mean of the 10 PMIP2 CGCMs plus nine PMIP3 CGCMs (excluding
CCSM4, FGOALS-g2, FGOALS-s2, and MIROC-ESM in which SST data are not available).

baseline EASM during that period. On average, the mid-Holocene
EASM intensity increased by 32% relative to the baseline level.
Changes in zonal and meridional surface temperature contrasts, and
hence sea level pressure gradients, across the regions of concern
were responsible for the mid-Holocene EASM strengthening. More
of the strengthening in the CGCMs, with reference to the AGCMs
with ﬁxed modern SSTs, was related to the effect of interactive ocean.
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