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Variations in global atmospheric oscillations during the last millennium are simulated using the climate system model FGOALS_gl.
The model was driven by reconstructions of both natural forcing (solar variability and volcanic aerosol) and anthropogenic forcing
(greenhouse gases and sulfate aerosol). The model results are compared against proxy reconstruction data. The reconstructed
North Atlantic Oscillation (NAO) was out of phase with the Pacific Decadal Oscillation (PDO) in the last millennium. During the
Medieval Warm Period (MWP), the NAO was strong while the PDO was weak. During the Little Ice Age (LIA), the NAO was
weak while the PDO was strong. A La Nifia-like state prevailed in the MWP, while an El Nifio-like state dominated in the LIA.
This phenomenon is particularly obvious in the 15th, 17th and 19th centuries. Analysis of the model output indicates that the
NAO was generally positive during 1000-1400 AD and negative during 1650-1900 AD. There is a discrepancy between the sim-
ulation and reconstruction during 1400-1650 AD. The simulated PDO generally varies in parallel with the reconstruction, which
has a negative phase during the MWP and a positive phase during the LIA. The correlation coefficient between the reconstruction
and simulation is 0.61, and the correlation is statistically significant at the 1% level. Neither the La Nifia-like state of the MWP
nor the El Nifio-like state of the LIA is reproduced in the model. Both the reconstructed and the simulated Antarctic Oscillations
had a negative phase in the early period of the last millennium and a positive phase in the late period of the last millennium. The
Asian-Pacific Oscillation was generally strong during the WMP and weak during the LIA, and the correlation coefficient between
the simulation and reconstruction is 0.50 for the period 1000-1985 AD. The analysis suggests that the specified external forcings
significantly affected the evolution of atmospheric oscillation during the last millennium.
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Global atmospheric circulations feature four atmospheric
oscillations: the North Atlantic Oscillation (NAO); the North
Pacific Oscillation, which is strongly associated with the
Pacific Decadal Oscillation (PDO); the Southern Oscillation;
and the Antarctic Oscillation (AAO). Since the atmospheric
oscillations are considered the dominant circulation patterns
for regional climate change, studies on the variations of
atmospheric oscillation will improve our understanding of
the physical processes that determine regional climate and
also the mechanism of natural climate variability [1].

*Corresponding author (email: manmenmin@mail.iap.ac.cn)

© The Author(s) 2011. This article is published with open access at Springerlink.com

Progress has been made in recent years in reconstructing
long-term atmospheric oscillation time series using climate
proxy data. For example, the mean 5'°0 values for Palmyra
corals suggest that there was a La Nifa-like condition in the
12th—13th centuries when the climate was relatively warm,
while there was an El Nino-like condition in the cold 17th
century [2]; there were strong NAO and weak PDO states
during the Medieval Warm Period (MWP), while the situa-
tion was quite the opposite during the Little Ice Age (LIA)
[3.4].

Chinese scientists have made great efforts to study cli-
mate change over East Asia from the perspective of atmos-
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pheric oscillations. For example, Fu and Zeng [5] found that
there was a close lag-correlation between the winter NAO
index and the drought/flood (D/F) index (a five-grade cate-
gory index for summer rainfall) over East China during
1470-1999 AD; Shen et al. [6] used the dataset of the D/F
index commencing in 1470 AD to reconstruct the annual
PDO index and found that the PDO was a robust feature of
North Pacific climate variability throughout the whole pe-
riod, and there was excessive (deficient) precipitation along
the Yangtze River Valley during the positive (negative)
phases of the PDO. These previous studies have enriched
our understanding of long-term climate variability over East
Asian regions.

Climate models have been useful tools in studies of mil-
lennial climate change. A comparison of model simulation
with reconstruction data would improve our understanding
of the physical processes and underlying mechanisms of
long-term climate variability [7]. Many climate modeling
centers around the world have begun such millennial simu-
lations using fully coupled climate system models [8—12].
Since the fluctuation of radiative forcing during the last
millennium has been relatively small, and there are large
uncertainties in the proxy data, the simulations and recon-
structions are generally less consistent at regional scales
than at global scales [13].

In this study, global atmospheric oscillations during the
last millennium are simulated with a coupled climate system
model developed by the State Key Laboratory of Numerical
Modeling for Atmospheric Sciences and Geophysical Fluid
Dynamics (LASG) at the Institute of Atmospheric Physics
(IAP), Chinese Academy of Sciences (hereafter LASG/IAP).
The main motivation of this study is to address how the
atmospheric oscillations responded to the specified external
forcings during the last millennium.

1 Model and data description
1.1 Model description

The coupled model used in this study is the fast version of
the LASG/IAP Flexible Global Ocean-Atmosphere-Land-
Sea ice model (FGOALS), which employs a low-resolution
version of the Grid Atmospheric Model of IAP/LASG
(GAMIL) as its atmospheric component and thus is referred
as FGOALS_gl (the “I” of FGOALS_gl standing for the
low resolution). The low-resolution version of GAMIL has
a 72 x40 weighted equal-area mesh, which corresponds to
approximately a 5° (longitude) x 4.5° (latitude) grid, with
26 vertical levels for the sigma coordinate. The formula-
tions of the physical parameterizations of the model are
identical to those of the National Center for Atmospheric
Research Community Atmosphere Model (NCAR CAM?2).
The oceanic component of FGOALS is the LASG/IAP Cli-
mate Ocean Model (LICOM), which has horizontal resolu-
tion of 1.0°x 1.0° and 30 levels in the vertical direction. In
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addition, both the land and sea ice components of the model
are derived from the NCAR Community Climate System
Model (NCAR CCSM2). The four components are coupled
using the NCAR CCSM2 coupler. There is no correction of
the heat and freshwater fluxes exchanged at the interfaces
among the atmosphere, ocean, sea ice, and land during cou-
pled integrations. For details of the coupled model, the
reader is referred to Zhou et al. [14]. The model has shown
reasonable performance in simulating the climate of the last
millennium [15-19]. There is no significant long-term drift
in the 1000-year preindustrial control run, and the model
captures major features of the internal modes of the El Nino-
Southern Oscillation (ENSO) and NAO [14,15]. The cool-
ing of the LIA is found to be reasonably reproduced by
FGOALS_gl when comparing with reconstruction data,
demonstrating the dominant role of natural changes in solar
irradiance in the change of the LIA climate [16-18]. In ad-
dition, the FGOALS_gl model reasonably captures the main
characteristics of temperature change in the 20th century,
especially at global, hemispheric, and continental scales [19].

1.2 Experimental design and forcing data

A 100-year control run is firstly carried out under external
forcing conditions for 1000 AD. Starting with the initial
oceanic conditions derived from a 500-year spin-up integra-
tion for present-day conditions [20], the simulation span-
ning the period 1000-1999 AD was conducted using the
climate system model FGOALS_gl. The model is driven by
reconstructions of natural forcing (solar activity and vol-
canic aerosols) and anthropogenic forcing (greenhouse gas
emissions and sulfate aerosols). Both the solar radiation and
volcanic forcing data are taken from Crowley [21]. The
greenhouse gas concentration data (CO,, CH4 and N,0O) are
taken from Ammann et al. [22]. The effective solar radia-
tion, which represents the sum of solar forcing and the radi-
ative effects of volcanic aerosols, is strong during the MWP
and weak during the LIA. The model experiment was de-
scribed in detail by Zhang [23].

1.3 Definitions of the atmospheric oscillations

Following Hurrell et al. [24], the NAO index is defined as
the difference in sea-level pressure (SLP) between the
Azores high at 35°N, 10°W-10°E and the Icelandic low at
65°N, 30°-10°W:

NAO index = SLP35°N,10°W—10°E - SLP()S“N,SO“W—IO"W . (1)

Following Mantua et al. [25], the PDO index is defined
as the sea surface temperature (SST) averaged over the cen-
tral North Pacific region 22.5°N-57.5°N, 152.5°E-132.5°W:

PDO index = SST22.5°N—57.5°N,152.5°E—132.5°W ° (2)

The Nino-3 index is calculated as the SST averaged over
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the tropical East Pacific region 5°S-5°N, 90°-150° W [26]:
Nino-3 index =SST.

5°S—5°N,90°W—-150°W * (3)

Following Gong and Wang [27], the AAO index is de-
fined as the difference in zonal mean SLP between 40°S and
65°S:

AAO index = SLP, o jspow_i505 —SLPeses isoewoigoor  (4)

In addition to the four global atmospheric oscillations,
we further examine variations in the Asian—Pacific Oscilla-
tion (APO), which was defined as the zonal thermal contrast
between the Asian continent and the Pacific Ocean by Zhao
et al. [28]:

APO index =T

15°-50°N,60°~120°E 7’15°—50°N,180°—I2O°W : (5)

1.4 Reconstruction data

A number of reconstructed atmospheric oscillation series
are used in model comparisons.

(1) The NAO series commencing in 1050 AD is recon-
structed from both tree-ring records in Morocco and stalag-
mite records in Scotland [3].

(2) The PDO index for 993—-1996 AD is constructed from
tree-ring records in southwestern North America and Cana-
da [4].

(3) The first half of the El Nino series is derived from
drought events of the River Nile and the second half of the
series is from rainfall records for South America. Diaz et al.
[29] analyzed this series using the singular spectrum method
and synthesized the singular spectrum coefficients of two
bands (25-150 years and 11-25 years) as an ENSO series,
which is used in this study.

(4) The AAO series is depicted with the rainfall condi-
tions by taking the value of 5'"°C for lake sediments in the
eastern Andes [30].

(5) The APO series is reconstructed from both the May—
August mean air temperature at Beijing Shihua Cave
(39°47'N, 115°56'E) and the PDO index for 993-1985 AD
[31].

2 Results

2.1 NAO

The NAO is one of the most prominent atmospheric circula-
tion modes over the North Atlantic sector. It is an oscilla-
tion between the Azores high and the Icelandic low. The
NAO has a large climatic effect over Europe and North
America. In addition, it modulates the climate over remote
regions, such as East Asia. A number of proxy data based
on tree rings and ice cores are used to reconstruct the NAO
series for the past several hundred years [32-34]. On the
basis of these reconstructed series, pentadecadal (50-70
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years) and bidecadal bands have been proposed as dominant
periods for the NAO.

The simulation and reconstruction of winter NAO varia-
tions during the last millennium are compared in Figure 1.
The anomalies are calculated relative to the millennial mean.
To emphasize low-frequency variations, a 31-year low-pass
filter has been applied to both time series. The reconstructed
NAO series features a persistent positive phase in the MWP
and a weakening during the LIA, and the period of weakest
NAO during the last millennium is 1750-1800 AD. The
simulation could generally reproduce the positive value
during 1000-1400 AD. However, the sustained weakening
in the following centuries is not evident in the simulation,
especially for 1400-1650 AD. Using a general circulation
model, Shindell et al. [35] found that the NAO shifts toward
the low-index state as solar irradiance decreases, which
leads to colder winter temperatures over the Northern Hem-
isphere continents. It should be noted that the mismatches
between the simulation and reconstruction may be partly
due to uncertainties in the station-based proxy data.

To reveal the dominant time scales of the NAO during
the last millennium, the power spectra for the reconstructed
and simulated NAO series are calculated and shown in Fig-
ure 2. The spectrum of the reconstructed NAO series has
pronounced peaks at 200, 80 and 50 years (Figure 2(a)).
Prominent peaks at 200, 110, 70 and 50 years are seen in the
simulation (Figure 2(b)), which correspond well to the sig-
nificant spectral peaks derived from effective radiative
forcing at around 200, 120, 90, 70 and 50 years (Figure
2(c)). The coherence of spectral peaks suggests that effec-
tive radiative forcing played a significant role in the decadal-
centennial NAO changes in the last millennium.

2.2 PDO

The PDO is a long-lived ENSO-like pattern of Pacific cli-
mate variability. It has opposite SST anomalies between the
North Pacific and the eastern tropical Pacific. As the im-
portant context of decadal climate variations, the PDO can
affect the stability of monsoon—-ENSO relationships [36,37].
Additionally, previous studies indicated that the PDO con-
siderably affects climate over East Asian regions. During
the warm phases of the PDO (when the North Pacific has
cold SST anomalies and the eastern tropical Pacific has
warm SST anomalies), significant positive SLP anomalies
prevail over the East Asian continent, which corresponds to
a weak East Asia summer monsoon (EASM) and is gener-
ally accompanied by excessive precipitation along the
Yangtze River Valley and deficient precipitation in both
North and South China. The regimes are the opposite in the
cold phases of the PDO [38].

The low-pass filtered PDO series for the reconstruction
and simulation are shown in Figure 3. The reconstructed
PDO was out of phase with the reconstructed NAO during
the last millennium. The PDO was weak during the MWP
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Figure 1 NAO variations during the last millennium derived from (a) reconstruction and (b) model simulation. The time series have been smoothed with a
31-year low-pass filter. The anomalies were calculated relative to the millennial mean.

150 1 | | 1 1 150 ¥ 1 1 1 1 |
] (a) Recons F : \\ (b) FGOALS_gl
120+ L1204
90- L g0
60—- B 60—-
30 L 304
0 T T T T T 0 T T T T T
200 120 90 60 40 30 200 120 90 60 40 30
Year Year
150— I T L I
1 |1 (c) Effective solar irradiance
1
1204 |\ -
10
]
90 |} -
4 ]
1
. 1
604 |\ -
30 [
0 T T T T |
200 120 90 60 40 30

Year

Figure 2 Power spectra of the NAO index derived from (a) reconstruction and (b) model simulation. Shown in (c) is the power spectrum of the effective

solar radiation. The time series were normalized prior to the spectrum analyses. The solid line denotes the spectrum. The dashed line denotes the
least-squares best fit of a theoretical red-noise spectrum (i.e. the Markov “red-noise” spectrum).

but strong during the LIA. The simulated PDO generally
varies in parallel with the reconstruction, which has a nega-
tive phase during the MWP and a positive phase during the ings may have played significant roles in the centennial
LIA. The correlation coefficient between the reconstruction PDO variations during the last millennium. In addition, the
and simulation is 0.61, and the correlation is statistically negative PDO phase during the MWP may lead to strong

significant at the 1% level. The consistency between the
simulation and reconstruction suggests that external forc-
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Figure 3 PDO variations during the last millennium derived from (a) reconstruction and (b) model simulation. The time series were smoothed with a
31-year low-pass filter. The anomalies were calculated relative to the millennial mean.

EASM circulation, while the positive PDO phase during the
LIA may lead to weak EASM circulation.

The power spectra of the reconstructed and simulated
PDO series are presented in Figure 4. Dominant spectral
peaks at 180, 90-110 and 50-70 years are seen in the re-
constructed PDO series (Figure 4(a)). The leading spectral
peak is 200 years in the simulated PDO series. At centennial
and multi-decadal time scales, prominent peaks at 90-120
years and 50-70 years are evident in the simulation (Figure
4(b)). This generally corresponds to the spectral peaks of spec-
ified effective solar radiation forcings. The coherent spectral
peaks support the effects of external forcings on the PDO.

2.3 ENSO

The ENSO, originating from the tropical Pacific, is the
strongest mode of global air-sea interaction and has been
regarded as a major factor modulating atmospheric circula-
tion and climate on interannual timescales [39]. Studies
have also indicated that the ENSO plays a key role in the
interannual variability of temperature and summer rainfall
over China [40-43]. There is generally excessive precipita-
tion over eastern China along the Yangtze River valley but
deficient rainfall in both North and South China during an
El Nino decaying summer [44,45]. Previous studies focused
on the interannual variability of the ENSO, and the behavior
of ENSO variability on decadal-centennial time scales and

its possible influence on climate during the last millennium
are largely unknown.

The reconstructed and simulated Nino-3 indexes for the
last millennium are shown in Figure 5. A 31-year low-pass
filter has been applied to both time series. The proxy data
indicate that there was a La Nifia-like state in the MWP and
an El Nifio-like state in the LIA. This phenomenon is par-
ticularly obvious in the 15th, 17th and 19th centuries. How-
ever, neither the La Nifia-like state of the MWP nor the El
Nifio-like state in the LIA is reproduced in the model. Pre-
vious studies have suggested that the reconstructed La Ni-
fla-like condition in the MWP arises from different surface
temperature responses in the eastern and western Pacific,
the mechanism of which is as follows [46]. In the western
Pacific, where the thermocline is deep, the response to sur-
face heating is largely thermodynamic and the mixed layer
adjusts with an increase in temperature; in the eastern Pa-
cific, where the thermocline is shallow, the cooling induced
by vertical advection offsets the surface heating, resulting in
a smaller temperature response. The increased zonal SST
gradient accelerates the trade winds, which leads to further
cooling by vertical advection in the eastern Pacific, and fur-
ther acceleration of winds through the Bjerknes feedback.
This response is referred to as being La Nifia-like and the
reverse pattern of response to cooling as solar radiation re-
duces is referred to as being El Nifio-like. However, the
feedbacks governing the above responses are not reasonably
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Figure 4 Power spectra of the PDO index derived from (a) reconstruction and (b) model simulation. The time series were normalized prior to the spectrum
analyses. The solid line denotes the spectrum. The dashed line denotes the least-squares best fit of a theoretical red-noise spectrum (i.e. the Markov

“red-noise” spectrum).
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Figure 5 Nifio-3 index during the last millennium derived from (a) reconstruction and (b) model simulation. The time series has been smoothed with a
31-year low-pass filter. The anomalies were calculated relative to the millennial mean.

represented in coarser-resolution global coupled models
[47]. Previous studies employing the simplified Zebiak-
Cane model of the tropical Pacific coupled ocean-atmos-
phere system have reproduced the potential response of the
ENSO to anomalous radiative forcing, including the La Ni-
fla-like pattern of the MWP and the El Nifio-like pattern of
the LIA [46].

To reveal the decadal-centennial variability of the ENSO
during the last millennium, the power spectra of the recon-
structed and simulated Nifio-3 indexes are shown in Figure
6. Significant peaks at 100, 80 and 50 years are seen in the
reconstruction (Figure 6(a)). The spectrum of the simulated
Nifio-3 series has pronounced peaks of bicentennial and

centennial time scales around 200 and 120 years and multi-
decadal time scales around 50-70 years (Figure 6(b)). This
corresponds well to the spectral peaks of specified effective
radiative forcing. The coherence indicates that effective
solar radiation forcings played a significant role in the de-
cadal—centennial variability of the ENSO.

24 AAO

The AAO is the major mode of atmospheric circulation over
mid-high latitudes of the Southern Hemisphere. It refers to
a large-scale alternation of surface atmospheric pressure
between mid-latitudes and high latitudes [48,49]. The AAO
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index is defined as the difference in zonal mean sea-level
pressure between 40°S and 65°S [27]. Anomalous AAO
behavior would lead to deficient or excessive precipitation
along the Yangtze River and Huaihe River Valleys. During
the positive phases of the spring AAO, the EASM is gener-
ally weak and there is excessive precipitation along the
Yangtze River and Huaihe River Valleys. The regimes are
opposite during the negative phases [50].

The reconstructed and simulated AAO series for the last
millennium are shown in Figure 7. The reconstructed AAO is
generally weak during the MWP (except for a discontinuity
during 1250-1300 AD) and strong during the LIA. The
model generally well reproduces the negative phase of the

1 | ] i | I 1 1

-
o

AAO in the early stage of the last millennium and the posi-
tive phase in the late stage of the last millennium. The nega-
tive AAO phase during the MWP would lead to strong
EASM circulation, while the positive AAO phase during the
LIA would lead to weak EASM circulation.

To reveal the dominant time scales of the AAO during
the last millennium, the power spectra for the reconstructed
and simulated AAO indexes are shown in Figure 8. Signifi-
cant peaks of bicentennial and centennial time scales around
200 and 100 years and multi-decadal time scales around 80
years are seen in the reconstruction (Figure 8(a)). The spec-
trum of the simulated AAO series has pronounced peaks of
bicentennial and centennial time scales around 200 and 110
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Figure 7 AAO variations during the last millennium derived from (a) reconstruction and (b) model simulation. The time series were smoothed with a
31-year low-pass filter. The anomalies were calculated relative to the millennial mean.
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years and multi-decadal time scales around 70 and 50 years
(Figure 8(b)). The coherence also indicates that the deca-
dal-centennial AAO variations during the last millennium
were partly driven by effective radiative forcing.

2.5 APO

In addition to the four global atmospheric oscillations, Zhao
et al. [28] defined the APO as a zonal teleconnection pattern
over the extratropical Asian-Pacific region, which measures
the zonal thermal contrast between the Asian continent and
the Pacific Ocean. The APO is actually a local manifesta-
tion of the asymmetric zonal change in the tropospheric
temperature in the Northern Hemisphere based on the works

20 I 1 | ] i | I 1 | 1

of Zhou and Zhang [51], and Zhou et al. [52]. EASM variabil-
ity is a consequence of the land-sea thermal contrast be-
tween Asia and the adjacent ocean; thus, it is appropriate to
investigate the long-term variations of the EASM using the
APO over the last millennium. Previous studies have indi-
cated that the APO well represents the EASM and rainfall
anomalies over eastern China on interannual, decadal and
centennial scales [28,31].

The reconstructed and simulated APO indexes during the
last millennium are shown in Figure 9. The reconstructed
APO index tended to be positive during the MWP and neg-
ative during the LIA (especially during 1420-1625 AD),
and was lowest in 1450-1570 AD. The simulation features a
prominent enhanced APO during 1000-1400 AD and a
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Figure 9 APO variations during the last millennium derived from (a) reconstruction and (b) model simulation. The time series were smoothed with a
31-year low-pass filter. The anomalies were calculated relative to the millennial mean.
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Figure 10 Power spectra of the APO index derived from (a) reconstruction and (b) model simulation. The time series were normalized prior to the spec-
trum analyses. The solid line denotes the spectrum. The dashed line denotes the least-squares best fit of a theoretical red-noise spectrum (i.e. Markov

“red-noise” spectrum).

weakening from 1400 to 1625 AD (except for a short dis-
continuity during 1500-1520 AD). The correlation coeffi-
cient between the reconstruction and simulation during
1000-1985 AD is 0.50, and the correlation is statistically
significant at the 1% level. Zonal thermal contrast between
Asia and the North Pacific is seen for the summer tropo-
spheric mean (taken over 200-500 hPa) temperature anom-
alies (figure not shown). The higher and lower tropospheric
temperatures over Eurasia and the extra-tropical North Pa-
cific reflect a stronger APO index during the MWP. The
regimes were opposite during the LIA. The consistently
negative APO index in both the reconstruction and simula-
tion during 1450-1570 AD indicates that the thermal con-
trast between Asia and the North Pacific is weaker, corre-
sponding to a weak EASM. The thermal contrast between
Asia and the North Pacific is enhanced after 1650 AD, re-
sulting in a stronger EASM.

The power spectra of the reconstructed and simulated
APO indexes are shown in Figure 10. Significant peaks of
bicentennial and centennial time scales around 200 and 100
years and multi-decadal time scales around 80 years are
seen in the reconstruction (Figure 10(a)). The spectrum of
the simulated APO series has pronounced peaks of bicen-
tennial and centennial time scales around 200 and 100 years
and multi-decadal time scales around 80 and 30-50 years
(Figure 10(b)). The coherence indicates that the APO varia-
tions during the last millennium were driven primarily by
effective radiative forcing through the land-sea thermal
contrast between Asia and the North Pacific.

3 Summary and discussion

In this study, the global atmospheric oscillation variations
during the past millennium are simulated using LASG/IAP
climate system model. The model results are compared with
reconstruction data. The main results are summarized as
follows.

(1) The model generally reproduces the positive phase of
the NAO during 1000-1400 AD and the negative phase

during 1650-1900 AD. However, the simulated NAO index
during 1400-1650 AD is out of phase with the reconstruc-
tion.

(2) The simulated PDO index generally varies in parallel
with the reconstruction, which has a negative phase during
the MWP and a positive phase during the LIA. The correla-
tion coefficient between the reconstruction and simulation is
0.61, and the correlation is statistically significant at the 1%
level.

(3) The reconstruction indicates that there was a La Ni-
na-like state in the MWP and an EI Nifio-like state in the
LIA. This phenomenon is particularly obvious in the 15th,
17th and 19th centuries. However, neither the La Nifa-like
pattern of the MWP nor the El Nifio-like pattern of the LIA
is reproduced in the model.

(4) The reconstructed AAO index was generally negative
during the MWP and positive during the LIA. The model
generally reproduces the negative phase of the AAO in the
early stage of the last millennium and the positive phase in
the late stage of the last millennium.

(5) The model reasonably reproduces the strong APO
phase during the MWP and the weak phase during the LIA.
The correlation coefficient between the reconstruction and
simulation during 1000-1985 AD is 0.50, which is statisti-
cally significant at the 1% level.

Nearly all the reconstructed and simulated atmospheric
oscillations have coherent peaks at centennial time scales
around 90-120 years and multi-decadal time scales around
50-80 years, which generally correspond to the spectral
peaks of specified effective solar radiation forcings. The
consistency suggests that the specified external forcings
have had significant roles in the evolution of global atmos-
pheric circulations over the past millennium. The cross-
spectrum analysis also indicates that there are coherent
peaks of 50-80 years for the atmospheric oscillations and
the effective radiative forcing (figure not shown here), fur-
ther demonstrating the effects of the external forcings on the
50-80-year oscillations. However, previous studies have
suggested that the internal variability of the coupled climate
system may also generate a 50-80-year oscillation [53,54].
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Therefore, both the external forcing and the internal varia-
bility of the climate system appear to generate 50—80-year
atmospheric oscillations. How to distinguish the contribu-
tions from external forcing and internal variability requires
further study.

This work was supported by the National Natural Science Foundation of
China (40890054) and the National Key Technology R&D Program of
China (2007BAC29B03).
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