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ABSTRACT

The spatial patterns and regional-scale surface air temperature (SAT) changes during the last millennium, as well as the
variability of the East Asian summer monsoon (EASM) were simulated with a low-resolution version of Flexible Global
Ocean–Atmosphere–Land–Sea-ice (FGOALS-gl) model. The model was driven by both natural and anthropogenic forcing
agents. Major features of the simulated past millennial Northern Hemisphere (NH) mean SAT variations, including the Me-
dieval Climate Anomaly (MCA), the Little Ice Age (LIA) and the 20th Century Warming (20CW), were generally consistent
with the reconstructions. The simulated MCA showed a globalcooling pattern with reference to the 1961–90 mean con-
ditions, indicating the 20CW to be unprecedented over the last millennium in the simulation. The LIA was characterized
by pronounced coldness over the continental extratropicalNH in both the reconstruction and the simulation. The simulated
global mean SAT difference between the MCA and LIA was 0.14◦C, with enhanced warming over high-latitude NH con-
tinental regions. Consistencies between the simulation and the reconstruction on regional scales were lower than those on
hemispheric scales. The major features agreed well betweenthe simulated and reconstructed SAT variations over the Chinese
domain, despite some inconsistency in details among different reconstructions. The EASM circulation during the MCA was
stronger than that during the LIA The corresponding rainfall anomalies exhibited excessive rainfall in the north but deficient
rainfall in the south. Both the zonal and meridional thermalcontrast were enhanced during the MCA. This temperature
anomaly pattern favored a stronger monsoon circulation.
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1. Introduction

The recently observed episode of global warming has pro-
moted studies of climate evolution over the last millennium.
In addition to the warming due to increased concentrations of
greenhouse gases during the past century, previous studiesin-
dicate that both solar irradiance and volcanic eruptions have
contributed to climate variations over the last millennium
(Lean et al., 1995; Overpeck et al., 1997; Crowley, 2000). To
understand the behavior of recent temperature change and its
mechanisms, parallel efforts should be devoted to assessing
the climate of earlier times and factors that might influence
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the past climate.
Due to insufficient instrumental measurements over pre-

industrial times, considerable progress has been made by us-
ing climate “proxy” data to reconstruct climate variationsin
past centuries. A number of annually-resolved reconstruc-
tions representing Northern Hemisphere (NH) mean temper-
ature changes over the last millennium have been published
in recent years (Mann et al., 1999; Esper et al., 2002; Cook
et al., 2004; Moberg et al., 2005; Rutherford et al., 2005;
D’Arrigo et al., 2006; Hegerl et al., 2007; Kaufman et al.,
2009; Ljungqvist, 2010). These records are not entirely in-
dependent reconstructions but in general they span two cli-
matologically interesting periods during pre-industrialtimes,
the so-called “Medieval Climate Anomaly” (MCA) (or “Me-
dieval Warm Period”; MWP) and “Little Ice Age” (LIA),
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which correspond to relatively warm and cold conditions, re-
spectively.

In addition to the temporal evolution of temperature
change over the last millennium, a better understanding of
the spatial patterns of temperature change could be even more
important to see variations on regional scales (Mann et al.,
2009). However, less progress has been made in identifying
the spatial patterns of those changes due to the sparseness of
the available proxy data. Owing to the inherent uncertainties
of the proxy data and the specific statistical methods used
for scaling them to represent past temperatures, debate exists
regarding the robustness and quality of temperature recon-
structions over the last millennium (Christiansen et al., 2009;
Smerdon et al., 2010).

Climate models are useful tools for understanding climate
changes. Comparisons of model simulations with proxy re-
constructions have the potential to enrich our knowledge of
millennialscale climate change. Many climate models with
different levels of complexity are able to reproduce the evo-
lution of global and hemispheric mean surface air tempera-
ture (SAT) changes during the last millennium when driven
by historical radiative forcings (Crowley, 2000; Bertrandet
al., 2002; Bauer et al., 2003; Gerber et al., 2003; González-
Rouco et al., 2003; Goosse et al., 2005; Zorita et al., 2005;
Osborn et al., 2006; Ammann et al., 2007; Liu et al., 2009;
Peng et al., 2009; Jungclaus et al., 2010; Servonnat et al.,
2010). Roles of solar irradiance and the radiative effects
from volcanic eruptions have also been investigated based on
model results. However, in comparison with the abundant
simulations of the 20th century climate (Zhou and Yu, 2006;
Zhou et al., 2013), the number of millennial-scale climate
simulations is quite limited. More importantly, due to either
model or forcing data uncertainty, the existing simulations
show large differences among models (Fernandez-Donado et
al., 2013).

A 1000-yr transient simulation was recently conducted
with the coupled climate system model developed by the
State Key Laboratory of Numerical Modeling for Atmo-
spheric Sciences and Geophysical Fluid Dynamics/Institute
of Atmospheric Physics (LASG/IAP), Chinese Academy of
Sciences (Man and Zhou, 2011). Based on this transient sim-
ulation, Zhang et al. (2013) examined the global/hemispheric
mean surface air temperature responses and indicated that to-
tal external forcing can explain about half of the climate vari-
ance during the whole millennium period. To understand the
strengths and limitations of this millennial-scale simulation,
the energy balance, climate sensitivity and absorption feed-
back of the model were also analyzed (Guo and Zhou, 2013).
However, the spatial patterns and regional-scale temperature
changes during the last millennium as well as the variability
of the East Asian summer monsoon (EASM) were not exam-
ined. Thus the main motivation of the present study was to
address the following questions: (1) What are the spatial pat-
terns and regional-scale SAT changes during the MCA and
LIA? (2) What is the level of consistency between the sim-
ulated SAT changes over the Chinese domain and various
reconstructions? (3) What are the differences in the EASM

variations between the MCA and LIA? (4) What are the dom-
inant reasons for the centennial EASM variations?

The remainder of the paper is organized as follows. De-
scriptions of the model and the experimental design, as well
as details of the forcing agents used in the simulation are de-
scribed in section 2. The spatial patterns of SAT changes and
the EASM variations during the last millennium are assessed
in section 3. And finally, section 4 provides a summary and a
discussion of the key findings.

2. Model and data

2.1. Model

The coupled model used in this study was the fast ver-
sion of the LASG/IAP Flexible Global Ocean–Atmosphere–
Land–Sea ice (FGOALS) model FGOALS is a fully-coupled
model that has four individual components, including atmo-
spheric, oceanic, land and sea ice models, coupled together
by the National Center for Atmospheric Research Commu-
nity Climate System Model (NCAR CCSM2) coupler (Zhou
et al., 2008). The atmospheric component of FGOALS
employs a lowresolution version of the Grid Atmospheric
Model of IAP/LASG (GAMIL) and is thus referred to as
FGOALSgl. The low-resolution version of GAMIL has a
72× 40 weighted equal-area mesh, which corresponds ap-
proximately to a 5◦ (lon)×4.5◦ (lat) grid, with 26 vertical lev-
els in a sigma coordinate. In GAMIL, the physical parameter-
izations are taken from the NCAR Community Atmosphere
Model (CAM2) (Wen et al., 2007). The LASG/IAP Climate
Ocean Model (LICOM), which has a horizontal resolution of
1◦×1◦, with 30 levels in the vertical direction, is employed as
an oceanic component in the coupled model (Liu et al., 2004).
The other two components of FGOALS-gl, including the sea
ice model and the land model, are taken from NCAR CCSM2
(Bonan et al., 2002; Briegleb et al., 2004). In FGOALS-gl,
during the coupled integration, the correction of freshwater
fluxes and heat exchanged at the interfaces among the afore-
mentioned four coupled components are not considered. For
more details of FGOALS-gl, readers are referred to Zhou et
al. (2008).

2.2. Experimental design and forcing data

A 100-yr control run was firstly performed under AD
1000 external forcing conditions. Starting from the oceanic
initial conditions derived from a 500-yr spin-up integration
for present-day conditions (Liu et al., 2004) a simulation
spanning the time AD 1000 to 1999 was conducted using
FGOALS-gl (Zhang et al., 2013). The model was driven by
both natural (solar irradiance and volcanic eruptions) andan-
thropogenic (greenhouse gases and sulfate aerosols) forcing
agents. The simulation did not include anthropogenic land-
use changes or orbital variations

The individual forcing factors used in driving the model
were the same as in Peng et al. (2009). Both the solar irra-
diance and volcanic forcing data were from Crowley et al.
(2003). The long-term variations of this relatively “old” ver-
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sion of solar irradiance are larger than the recent “state ofthe
art” estimates for solar variability (Schmidt et al., 2011). The
increase from the Maunder Minimum to present was about
0.18% in this study, while the recent PMIP3 (phase three of
the Paleoclimate Modelling Intercomparison Project) simu-
lations used increases60.10 %. The effect of volcanic erup-
tions was applied as a negative deviation from the solar radia-
tion. The latitudinal dependence of volcanic aerosol was not
taken into account in this study, although more recent sim-
ulations have incorporated the effects of volcanic eruptions
in a more sophisticated manner. The greenhouse gas con-
centrations (CO2, CH4 and N2O) were from Ammann et al.
(2007). The influence of tropospheric sulfate aerosols was
taken into account from AD 1850 and the aerosol data were
from CMIP3 (phase three of the Coupled Model Intercom-
parison Project) (Zhou and Yu, 2006).

2.3. Data for model comparisons

The reconstruction data of Mann et al. (2009), based on
a multi-proxy network for the last 1500 years, were used in
the model comparisons. The proxy dataset was calibrated
using the 5.0◦×5.0◦ temperature gridded dataset of the Cli-
mate Research Unit (CRU) of the University of East Anglia,
and thus the methodology resulted in reconstructed gridded
temperature fields. Records of NH mean temperature varia-
tions with yearly resolution during the last millennium from
IPCC AR4 (fourth Assessment Report of the Intergovern-
mental Panel on Climate Change) (Jansen et al., 2007) were
used to benchmark the simulation at hemispheric scales. As
the reconstruction data from Mann et al. (2009) and Jansen
et al. (2007) are anomalies relative to the climate mean of the
1961–90 reference period, in the present study the anomalies
in the simulation were calculated with respect to the 1961–90
mean at hemispheric scales as well as in the spatial patterns
for the model-reconstruction comparisons.

In addition to global and hemispheric reconstructions, the
following reconstruction data for China were also used:

(1) Annual mean SAT data for the last millennium from
Wang et al. (2007) (hereafter referred to as “Wang-data”),
which were established by merging proxy records of several
subregions by a specific area weight. This dataset has a com-
prehensive spatial coverage compared with other reconstruc-
tions in China.

(2) Annual mean SAT data covering the last 2000 years
from Yang et al. (2002) (hereafter referred to as “Yang-data”),
which were constructed by combining China-wide multiple
paleoclimate proxy records.

(3) The 10–30-yr resolution, winter half-year (October-
April) temperatures for the past 2000 years from Ge et al.
(2003) (hereafter referred to as “Ge-data”), which were re-
constructed by using Chinese historical documents in the cen-
tral region of eastern China.

(4) A 2650-yr (BC 665–AD 1985) warm season (May–
August) temperature reconstruction from Tan et al. (2003)
(hereafter referred to as “Tan-data”), which was derived from
annual layers of a stalagmite from Shihua Cave, Beijing,
China.

3. Results

3.1. NH mean SAT changes

The simulated NH mean SAT changes during the last mil-
lennium are firstly presented to evaluate the model perfor-
mances (Fig. 1). The reconstructed NH mean temperature
variations using multiple climate proxy records are presented
as in Fig. 6.10 of Jansen et al. (2007) for model comparisons.
The anomalies were calculated relative to the climate mean
of the 1961–90 reference period. According to the recon-
structions, the 20th century was the warmest century of the

Fig. 1. Low-pass filtered NH mean SAT changes (◦C) during the last millennium. Re-
constructed NH mean temperature variations from IPCC AR4 are presented as in Fig.
6.10(b) of Jansen et al. (2007). The simulated time series isshown by the black line.
The anomalies have been calculated with respect to the climate mean of the 1961–90
reference period.
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last millennium. Based on the mean of the reconstructions,
temperature during the MCA was about 0.2◦C lower than the
reference climate, while the LIA was about 0.4◦C colder rel-
ative to the recent climatology. Good agreements were seen
between the simulated NH mean SAT time series and the re-
constructions. Warm anomalies in the first centuries as well
as cool anomalies in intermediate time periods were evident
in the simulation. The warm conditions at the end of the 20th
century were unprecedented in the context of the last mil-
lennium. The simulated SAT anomalies fell well within the
uncertainty range of the reconstructions during the MCA, al-
though there were relatively large uncertainties at the begin-
ning of the millennium, which could be attributed to the weak
model sensitivity to natural forcing in FGOALS-gl (Guo and
Zhou, 2013).

3.2. Spatial patterns of SAT

In this study, we defined the MCA and LIA as AD 1000 to
1300 and AD 1400 to 1700, respectively. The spatial patterns
of SAT for the MCA and LIA are compared in Fig. 2. The
reconstructed MCA pattern (Fig. 2a) was characterized by
warm conditions (∼ 0.05◦C–0.3◦C, with the highest value up
to 1◦C) over a large part of the North Atlantic, the Eurasian
Arctic, the North Pacific, and parts of North America, ex-
ceeding that of the warming in recent decades. The warming
in the North Pacific during the MCA was consistent with a La
Niñalike pattern in the tropical Pacific, which shows a strong
cooling in the eastern tropical Pacific and a warming in the
western tropical Pacific. The rest of the world exhibited cool-
ing anomalies relative to recent conditions The LIA pattern
(Fig. 2c) featured a pronounced cooling over NH continents,
with a central value of about−0.5◦C; but in some regions

such as parts of the central North Atlantic, Africa, parts of
North America tropical Eurasia, and the extratropical Pacific
Ocean, warm anomalies comparable to those of the present
day were evident.

The simulation showed a broad-scale cooling pattern over
much of the globe during the MCA relative to the climate
mean of the 1961–90 reference period (Fig. 2b). The warm
conditions over certain regions in the reconstruction werenot
evident in the simulation. Part of the North Pacific was dom-
inated by a warming signal as in the reconstruction. The
simulated global mean SAT during the MCA was−0.26◦C
with respect to the 1961–90 mean. The model response was
stronger than the reconstruction (−0.26◦C versus−0.16◦C,
respectively). The simulated LIA exhibited a uniform cool-
ing pattern with an enhanced cooling over NH continental
regions (Fig. 2d). The global mean SAT anomaly during the
LIA was −0.40◦C relative to the 1961–90 mean condition.
This was close to the anomaly derived from the reconstruc-
tion, which was−0.38◦C.

A useful metric for evaluating the results of the last mil-
lennial climate simulation is the difference in SAT between
the MCA and the LIA. As shown in Fig. 3a, the reconstruc-
tion exhibited a La Niñalike pattern in the tropical Pacificfor
the MCA-LIA differences (Cobb et al., 2003; Mann et al.,
2005; Graham et al., 2007). Another prominent feature was
the enhanced warm conditions over interior North Amer-
ica and the Eurasian Arctic, with amplitudes ranging from
0.6◦C to 0.9◦C, and coldness with amplitude of−0.15◦C
over central Eurasia. The SAT pattern indicated a positive
phase of the North Atlantic Oscillation (NAO), which was
consistent with the high-index state of NAO during the MCA
and the low-index state during the LIA in the simulation

Fig. 2. Reconstructed and simulated SAT patterns (◦C) for (a, b) MCA (AD 1000–1300) and (c, d) LIA (AD
1400–1700). Anomalies have been defined relative to the 1961–90 reference period mean.
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Fig. 3. Spatial patterns of the MCA–LIA SAT difference (◦C)
for (a) the reconstruction and (b) model simulation (using the
same MCA and LIA time intervals as defined above). The re-
constructed mask has been applied to the model patterns for
ease of comparison.

(Man and Zhou, 2011), and such a pattern has been found
in paleoclimate reconstructions of the last millennium (Jones
and Mann, 2004; Trouet et al., 2009).

In the simulation (Fig. 3b), the global mean SAT dif-
ference between the MCA and LIA was 0.14◦C, which was
comparable to or slightly weaker than the reconstruction
value of 0.22◦C. The La Niña-like conditions were not ev-
ident in the simulation Such a pattern has been reproduced
in simulations (Mann et al., 2005) employing the simplified
Zebiak-Cane model of the tropical Pacific coupled ocean-
atmosphere system (Zebiak and Cane, 1987), which exhibits
a stronger dynamical feedback than most global models. The
FGOALS-gl model roughly reproduced the reconstructed
pattern of enhanced warming over North America and Arctic
Eurasia, but the intensity was weaker than the reconstruction.

3.3. Regional-scale SAT changes

Previous paleoclimatic reconstructions on regional scales
have suggested that the timing and intensity of the climate
epochs of the MCA and LIA differed geographically (Jones
and Bradley, 1992; Hughes and Diaz, 1994). Since the proxy
records are mainly located over land (Mann et al., 2009), to
reveal regionalscale features of SAT changes, the global land
area was divided into 21 regions The definitions of these re-
gions over land in terms of latitude and longitude followed
those of Giorgi and Francisco (2000).

Various regional-scale temperature changes during the
last millennium are shown in Fig. 4. Each of the time se-
ries was the moving average by a 31-yr sliding window and
screened with the reconstructed data coverage for the region.

In the tropics, all simulated curves showed reasonable agree-
ment with the reconstructions, including eastern and western
Africa, the Sahel, southern Asia, Southeast Asia and Central
America, with correlation coefficients all exceeding 0.5 (sta-
tistically significant at the 5% level). Over the Sahara and
Central America, the simulation was generally colder than
the reconstruction prior to the 20th century.

At higher latitudes of the NH, especially from 30◦N
to 85◦N, the reconstructed series exhibited evident multi-
decadal and centennial fluctuations with warming conditions
during the early centuries and a cooling trend over the LIA
as well as an abrupt strong warming during the 20th cen-
tury. The model generally showed good agreement with the
reconstructed series in Alaska, western North America and
Asian regions (northern, central, and eastern Asia). How-
ever, the simulation exhibited a smaller range of variabil-
ity on centennial time scales prior to the 20th century. The
simulation was generally colder than the reconstruction in
central North America, eastern North America, Greenland,
northern Europe and the Mediterranean. The cold bias sug-
gested that although the coupled model is able to reproduce
the hemispheric-scale SAT variations, it is still a challenge to
accurately reproduce regional-scale SAT variations. The defi-
ciency of the global model in reproducing regional-scale SAT
change during the last millennium is consistent with most
CMIP3 models in simulating the 20th century SAT changes
(Zhou and Yu, 2006).

In the Southern Hemisphere (SH), the models showed
reasonable performances in the regions of the Amazon, west-
ern and eastern Africa, and Australia. In some other regions,
such as the southern part of South America and South Africa,
the simulated centennial variation was not so robust and the
simulation was generally warmer than the reconstruction.

The above comparison indicates that the level of consis-
tency between simulations by FGOALS-gl and reconstructed
data on regional scales is generally lower than that on hemi-
spheric scales. This may be due to the increasing internal
variability at local scales (Yoshimori et al., 2005) Ensemble
experiments are needed in future work to show the signal-to-
noise ratio and reveal the robustness of the model response to
external forcings.

We further focus on the regional SAT changes during the
MCA and LIA periods. As shown in Fig. 5a, among the 21
regions, only four regions including central North America,
eastern North America, Greenland and the Mediterranean ex-
hibited warming anomalies over the MCA relative to recent
conditions in the reconstruction. In the simulation, however,
all 21 regions were dominated by cooling anomalies, indicat-
ing the natural MCA warming to still be colder than the an-
thropogenic 20th century warming. During the LIA, in both
the reconstruction and the simulation, all regions saw colder
anomalies except for region 9 (Greenland) in the reconstruc-
tion (Fig. 5b). The model bias in Greenland is partly due
to the higher model sensitivity of FGOALS-gl in the indus-
trial era than that of the pre-industrial period (Guo and Zhou,
2013) as well as the strong sea-ice feedback in the model
(Man et al., 2011). The comparison indicates that the model-
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Fig. 4. Time series of annual mean SAT changes (◦C) for the 21 regions over global land area. Each of the time series has been
screened with a 31-yr low-pass filter and calculated relative to the climate mean of the 1961–90 period Black and red curves
denote the reconstruction and the simulation, respectively. The value is the correlation coefficients between the simulated and
reconstructed SAT series for the 21 regions.
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Fig. 5. Comparisons of mean (a) MCA and (b) LIA SAT anoma-
lies (◦C) of the 21 sub-regions between the reconstructions (yel-
low bars) and the simulations (green bars).

reconstruction consistency for the LIA is better than that for
the MCA. This was further evidenced by the same-sign ra-
tios between the simulation and the reconstruction in the 21
regions, which was 81% for the MCA and 95% for the LIA.

3.4. SAT changes over China

Several sets of millennial SAT reconstruction data for the
Chinese domain have been provided in recent years (Yang et
al., 2002; Ge et al., 2003; Tan et al., 2003; Wang et al., 2007).
It is desirable to carry out model-proxy data comparisons
over the region. Note that both Wang-data and Yang-data
are in 10-yr intervals, while Ge-data is in 30-yr intervals The
simulations were rescaled to the timescales of each corre-
sponding reconstruction before we performed the simulation-
reconstruction comparisons. The simulated time series were
for the same seasons as the reconstructions The simulated
SAT anomalies were also calculated relative to the base pe-
riod of each reconstruction. Among the reconstructions,
both the timing and magnitude of major warm/cool periods
showed differences (Fig. 6) Both the Mann-data and Wang-
data exhibited warm conditions over AD 1000–1300 and cold
conditions over AD 1400–1850. The Yang-data and Ge-data
exhibited a cold spell over AD 1100–1200. A notable warm-
ing period between AD 1300 and 1400 was found in the
Yang-data and Tan-data, followed by a short cooling period
prior to AD 1600 in the Tan-data, but prior to AD 1700 in
the Yang-data. The Yang-data and Tan-data exhibited larger
amplitudes of variability than the other records, with standard
deviations of 0.52 and 0.63, respectively. The corresponding

Fig. 6. Comparisons of the simulated (red line) and the recon-
structed (black line) SAT series (◦C) over the Chinese domain:
(a) Mann-data; (b) Wang-data; (c) Yang-data; (d) Ge-data; (e)
Tan-data. The simulated SAT anomalies have been rescaled
to the timescales of each corresponding reconstruction: the
anomalies for Mann-data and Tan-data are annual mean values
and smoothed with a 31-yr low-pass filter, while the anomalies
have been processed to 10-yr intervals for the Wang-data and
Yang-data and 30-yr intervals for the Ge-data. The value in the
left column indicates the reconstructed SAT anomalies, while
that in the right column indicates the simulated SAT anomalies.

standard deviations of Mann-data, Wang-data, and Ge-data
were 0.19, 0.27 and 0.36 (units:◦C), respectively.

Despite the inconsistency between the reconstructions,
agreement was found regarding the major features over
China: a warm stage during AD 1000–110 and AD 1200-
1300; the cold LIA period during AD 1400–170; and the
present warming stage over the 20th century. The simulated
SAT series showed general agreement with the reconstruc-
tions for the last millennium, which displayed obvious warm-
ing during most of AD 1000–1300, with lower temperatures
being sustained during AD 1450–1800, and the subsequent
warming to unprecedented levels at the end of the 20th cen-
tury. As shown in Table 1 the correlation coefficients (statis-
tically significant at the 5% level) between the simulated and
the reconstructed series all exceeded 0.5 for the last millen-
nium. It should be noted that the original samples were here-
after adjusted to the effective sample size according to Dawdy
and Matalas (1964) when performing the statistical test. The
coincidence between the simulation and the reconstructions
suggested that external forcing may play an important role in
SAT variations over China.

The correlation coefficients over the three typical time
periods of the last millennium [the MCA, LIA and the 20th
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Table 1. Correlation coefficients between the simulated and reconstructed SAT series over China. Bold numbers are statistically significant
at the 5% level. The reconstruction from Ge et al. (2003) was not included because of the low sampling resolution.

Mann et al. (2009) Wang et al. (2007) Yang et al. (2002) Tan et al. (2003)

AD 1000–2000 0.70 0.61 0.55 0.54
MCA 0.03 0.05 0.08 0.11
LIA 0.17 0.21 0.41 0.42

20CW 0.92 0.58 0.85 0.55

Century Warming (20CW)] were further examined (Table 1).
The lowest correlation coefficients (statistically insignificant
at the 5% level) were over the MCA and this may be partly
due to large uncertainties in the proxy-based temperature re-
constructions for the period prior to the 16th century (Ge et
al., 2010). The consistency for LIA was better than that for

the MCA. The highest correlation coefficients were over the
20th century, reaching 0.92 in the Mann-data. The low cor-
relation coefficients during the MCA period may have arisen
from the biases of both the simulation and the reconstruction.

The spectral peaks in reconstructions are shown in Figs
7a–e. A dominant spectral peak of 160 yr was evident in the

Fig. 7. Power spectra for the reconstructed and the simulated SAT series over the Chinese domain: (a) Mann-
data; (b) Wang-data; (c) Yang-data; (d) Ge-data; (e) Tan-data; (f) model simulation. The time series were nor-
malized prior to the spectrum analyses. Solid lines denote the spectrum; dashed lines denote the least-squares
best fit of a theoretical red noise spectrum (Markov “Red Noise” spectrum).
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Mann-, Yang-, and Ge-data, but was missing in the Wang-
and Tan-data. The leading spectral peak was 220 yr in the
Tan- and Ge-data. The Wang-data was dominated mainly by
a major 110 yr peak. At sub-centennial time scales, a peak
around 80 yr was evident in the Mann-, Wang-, and Yang-
data. The corresponding spectral peak in the Tan-data was 90
yr. While nearly all the reconstructions exhibited a coherent
peak around 80–90 yrs, the diversity of the reconstructionsin
revealing the spectral peaks longer than 100 yr indicated that
it is beyond our ability to accurately measure the time scales
of SAT variability over the Chinese domain based on current
reconstructions, and thus more effort should be devoted to
reconstructions in the near future. The major and secondary
peaks in the simulation were 200 yr and 110 yr, respectively
(Fig. 7f). This generally corresponded to the spectral peaks
of specified effective solar radiation forgings.

3.5. EASM variations during different climate epochs

The performance of the model in monsoon simulation
was evaluated in Zhou et al. (2011), and the results showed
that the model can reasonably simulate the mean state of sum-
mer rainfall as well as the seasonal march of the monsoon rain
belt. The centennialscale EASM variations were examined in
the present study by evaluating the June–July–August (JJA)
mean 850 hPa winds and precipitation difference between
the MCA and LIA epochs (Fig. 8a). The East Asian conti-
nent was controlled by southerly wind anomalies, indicating
a generally stronger EASM circulation during the MCA than
that during the LIA. This result was consistent with the re-
construction from the stalagmite records (Zhang et al., 2008)
and model results from the ECHO-G model (Liu et al., 2011)
and the MPI Earth system model (Man et al., 2012). Previ-
ous analysis of the Asian-Pacific Oscillation also indicated a
stronger EASM during the MCA and a weaker EASM during
the LIA (Man and Zhou, 2011). The corresponding rainfall
anomalies exhibited an out-of-phase change over East China,
with more precipitation over North China but less precipita-
tion over South China.

The monsoon circulation was mainly driven by land-sea
thermal contrast. The spatial pattern of MCA-LIA SAT dif-
ference revealed a coherent warming over the East Asian con-
tinent (Fig. 8b). Due to different land-sea heat capacity, the
warming over the land was stronger than that over the ocean.
The temperature response suggested an enhanced land-sea
thermal contrast, which would lead to southerly wind anoma-
lies.

The corresponding structures through vertical cross sec-
tions are further shown in Fig. 9 to depict both the zonal
and meridional land-sea thermal contrast. The zonal land–
sea thermal contrast (Fig. 9a) exhibited “warmer-land” for
the MCA-LIA temperature difference, with warmer anoma-
lies of 0.2◦C over the Eurasian continent extending from
60◦ to 120◦E. The temperature over the ocean area was also
warmer, but the magnitude was weaker than that over the
land, and thus the land-sea thermal contrast was still en-
hanced. The meridional land-sea thermal contrast also exhib-
ited a “warmer-land” structure for the MCA-LIA temperature

Fig. 8. The differences between MCA and LIA (MCA minus
LIA) for (a) JJA mean precipitation (colored; units: mm d−1)
and 850 hPa winds (vectors; units: m s−1), and (b) JJA mean
surface air temperature (colored; units:◦C) and 850 hPa winds
(vectors; units: m s−1).

difference (Fig. 9b). The “warmer land” structure was ev-
ident with its maximum warming of 0.3◦C around 300–500
hPa extending from 30◦ to 45◦N. There was coherent warm-
ing over the ocean, but the magnitude was much weaker than
that over the land. The above results showed that both the
zonal and the meridional thermal contrast were enhanced dur-
ing the MCA, as compared to during the LIA. This tempera-
ture anomaly pattern would have favored a stronger monsoon
circulation (Fig. 8).

In order to reveal the leading interannual variability mode
of the EASM during different climate epochs, a combined
Empirical Orthogonal Function (EOF) analysis was per-
formed on the summer (May–September) mean precipitation
and 850 hPa winds over East Asia. As shown in Fig. 10 (top
panel), the 850 hPa wind anomalies featured an anticyclone
over the East Asian monsoon area, and the corresponding
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Fig. 9. (a) Longitude–height cross section of JJA temperature
averaged over 30◦–45◦N and (b) latitude–height cross section
of JJA temperature averaged over 105◦–122◦E (units: ◦C) for
the difference between MCA and LIA (MCA minus LIA).

precipitation anomaly featured an out-of-phase change be-
tween North China and along the Yangtze River valley. The
leading interannual modes of all the three typical climate
epochs of the MCA, LIA, and 20CW showed similar char-
acteristics. Since the mean climates of the MCA, LIA and
20CW were different, the similarity of the leading inter-
annual variability modes among different climate epochs in-
dicated that the impact of mean climate on the interannual
variability of monsoon was negligible. A previous study sug-
gested a different structure exists in the extratropical regions
for the interannual variability mode under different back-
ground climates (Liu et al., 2011). This phenomenon was not
found in our study, indicating that the results of the previous
study may have been model-dependent.

Although the changes in the spatial anomaly pattern were
similar in the MCA, LIA, and 20CW, differences were seen
in the periodicity of the temporal variation of the leading
EOF. As shown in Fig. 10 (bottom panel), the spectrum ex-
hibited two peaks in the warm period, i.e., the 5-yr and 3.5-
yr peaks in the MCA, and the 4-yr and 2.5-yr peaks in the
20CW. During the cold period of the LIA, there was only one
peak at around 4 yr, while the biannual oscillation was not
significant. These features were identical to those of MCA,
LIA, and 20CW time-slice simulations (Zhou et al., 2011).
It seems that the biannual oscillation of the EASM tends to
be more prevalent in a warmer climate (Shen and Lau, 1995;
Chang et al., 2000).

4. Summary and discussion

4.1. Summary

Spatial patterns and regional-scale SAT changes and the
variability of the EASM during the past millennium were
simulated with a climate system model (FGOALS-gl). The
strengths and weaknesses of the simulation in comparison
with reconstructed data as well as the implications of the re-
sults in terms of the underlying mechanisms of the EASM
were discussed. The key findings can be summarized as fol-
lows:

(1) The reconstructed MCA pattern displayed warm con-
ditions exceeding those of past decades in some regions, but
was still colder than the recent reference climate. The MCA
was marked by La Niña-like conditions in the tropical Pa-
cific in the reconstruction, but this feature was not evidentin
the simulation. The simulated MCA displayed a broad-scale
cooling pattern over much of the globe with reference to the
1961-90 mean conditions The LIA featured pronounced cool-
ing over the extratropical continental NH in both the recon-
struction and the simulation. The simulated global mean SAT
difference between the MCA and LIA was 0.14◦C (0.22◦C
for the reconstruction), with enhanced warming over conti-
nental North America and Eurasia.

(2) The consistencies between the simulated and recon-
structed SAT changes on regional scales were generally lower
than those on hemispheric scales. Regional SAT changes
during the MCA and LIA periods indicated that all 21 sub-
regions were dominated by cooling anomalies with reference
to past decades in the simulation, with the same-sign ratios
between the simulation and reconstruction being 81% for the
MCA and 95% for the LIA.

(3) The major features agreed well among the five recon-
structed datasets over the Chinese domain: a warm stage dur-
ing AD 1000–110 and AD 1200–1300; the cold LIA period
during AD 1400–170; and the present warming stage over the
20th century. The simulated SAT series over China showed
general agreement with the reconstructions, although some
differences in the timing and amplitude of SAT changes were
also evident This suggested that the SAT changes over China
may have been driven by the effective radiative forcing dur-
ing the past millennium.

(4) At the centennial time scale, the structure between the
MCA and LIA epochs (MCA minus LIA) featured strength-
ened 850 hPa southerly wind anomalies. The correspond-
ing rainfall anomalies exhibited excessive rainfall over North
China but deficient rainfall over South China. The monsoon
circulation was driven by land-sea thermal contrast. Both the
zonal and the meridional thermal contrast were enhanced dur-
ing the MCA as compared to during the LIA. This tempera-
ture anomaly pattern favored a stronger monsoon circulation.

(5) A comparison of the interannual variability mode of
the EASM during the MCA, LIA and 20CW revealed a sim-
ilar rainfall anomaly pattern. However, the power spectra of
the leading interannual variability modes during the threetyp-
ical periods were different, and the biannual oscillation was
most evident during warm periods.
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Fig. 10. The leading interannual variability mode of EASM [upper panel; shading is the precipitation anomaly (units:
mm d−1)] and the vectors are wind anomalies at 850 hPa (units: m s−1)], and the spectra of the corresponding principal
component time series [bottom panel (units of abscissa: yr); dashed line denotes the least-squares best fit of a theoretical
red noise spectrum]: (a) MCA; (b) LIA; (c) 20CW.

4.2. Discussion

The present study revealed reasonable spatiotemporal
patterns of temperature change during the last millennium;
however, the simulation still showed some discrepancies rel-
ative to the reconstruction which were partly due to the coarse
resolution of the model and also the uncertainties in esti-
mates of past radiative forcings. The level of solar irradi-
ance used to drive the model exhibits relatively larger change
in comparison to that recently recommended by PMIP3
(http://pmip3.lsce.ipsl.fr/), and thus a smaller intensity of
temperature variations is expected if the model is driven by
solar irradiance with a smaller amplitude. We intend to re-
run the simulation using the forcing data recommended by
PMIP3 and the current results should serve as a useful refer-
ence for comparison.

It is difficult to interpret the simulated temperature in
this study since it included both externally-forced and inter-
nal variability. Ensemble experiments are needed to show
the model spread and enable us to see the robustness of the
model responses. The coherence of spectral peaks between
the global mean SAT variations and the external forcings
suggests that the decadal–centennial global SAT changes in
the past millennium were significantly driven by the effec-
tive radiative forcing agents. The results from the controlrun

showed no significant decadal–centennial variations except
for the peaks around 30 yr (not shown). On the other hand,
the behavior of the internal mode differed from the forced
variations. This may further demonstrate that the decadal–
centennial variations in the forced simulation were primarily
driven by the effective radiative forcing.

The seasonal and latitudinal dependence of volcanic
aerosols was not taken into account in the simulation, which
is potentially important for a realistic simulation of the last
millennial climate. Analysis of proxy data indicates that trop-
ical and high-latitude volcanic eruptions differ distinctly in
their climate effects on regional climate (Shen et al., 2008).
Therefore, further simulations driven by monthly and latitu-
dinaldependent volcanic forcing data are needed for a better
understanding of the effects of volcanic aerosols on global
and regional climate.

Land-use change was also not included in our simula-
tion. Although the global temperature changes due to land-
use change may be small, regional effects may be discernable
and thus should be included in future simulations. In addi-
tion, we did not conduct ensemble simulations in our study.
It is essential to perform ensemble integrations in order to
assess the internal variability in our future work.

The uncertainties in the reconstructions should also be ac-
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knowledged. For example, our model response exhibited El
Niño-like conditions during the MCA, while the reconstruc-
tion of Mann et al. (2005) indicated La Niña-like conditions.
However, a recent reconstruction based on precipitation prox-
ies indicates that the MCA may have seen El Niño-like con-
ditions in the tropical Pacific (Yan et al., 2011). Thus how to
provide solid reconstruction evidence for model comparisons
also deserves further study.
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