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ABSTRACT

A reasonable past millennial climate simulation relies heavily on the speciﬁed external forcings, including
both natural and anthropogenic forcing agents. In this paper, we examine the surface temperature responses
to speciﬁed external forcing agents in a millennium-scale transient climate simulation with the fast version
of LASG IAP Flexible Global Ocean-Atmosphere-Land System model (FGOALS-gl) developed in the State
Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics, Institute
of Atmospheric Physics (LASG/IAP). The model presents a reasonable performance in comparison with
reconstructions of surface temperature. Diﬀerentiated from signiﬁcant changes in the 20th century at the
global scale, changes during the natural-forcing-dominant period are mainly manifested in the Northern
Hemisphere. Seasonally, modeled signiﬁcant changes are more pronounced during the wintertime at higher
latitudes. This may be a manifestation of polar ampliﬁcation associated with sea-ice–temperature positive
feedback. The climate responses to total external forcings can explain about half of the climate variance
during the whole millennium period, especially at decadal timescales. Surface temperature in the Antarctic
shows heterogeneous and insigniﬁcant changes during the preindustrial period and the climate response to
external forcings is undetectable due to the strong internal variability. The model response to speciﬁed
external forcings is modulated by cloud radiative forcing (CRF). The CRF acts against the ﬂuctuations of
external forcings. Eﬀects of clouds are manifested in shortwave radiation by changes in cloud water during
the natural-forcing-dominant period, but mainly in longwave radiation by a decrease in cloud amount in the
anthropogenic-forcing-dominant period.
Key words: last millennium, external forcing, surface temperature, cloud radiative forcing, climate system
model
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1.

Introduction

Global mean surface temperature experienced an
increase of about 0.74◦C±0.18◦ C during the last century, and this global warming accelerated during the
second half of the last century (IPCC, 2007). It is generally recognized that this global warming is very likely
attributable to anthropogenic activities enhancing levels of greenhouse gases in the atmosphere (Tett et al.,
∗ Corresponding

1999; Stott et al., 2000; Tett et al., 2002). However, in
the historical epoch before the industrial era, climate
also experienced warm and cold periods, which are
clearly not attributable to human activities. The “Medieval Climate Anomaly” (MCA; 1000 to 1300 A.D.)
and “Little Ice Age” (LIA; 1400 to 1700 A.D.) are
two typical periods of natural climate change in the
millennial timescale before the 20th century warming
period (20CW; 1900 to 1999 A.D.). Although both
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the MCA and 20CW feature moderate climate conditions, temperature and hydroclimate changes in the
MCA were nonuniform in comparison with the recent
global warming scenario, and its warming magnitude
in certain regions may have been close to, or even exceeded, that in the 20th century (e.g. Moberg et al.,
2005; Mann et al., 2009; Guiot and Corona, 2010). A
comparison among the three typical epochs is therefore
important to understand diﬀerences between natural
and human-induced climate changes, and to identify
the internal and forced climate variability, as well as
physical processes responsible for the anomalous spatial structures.
Reconstructions are useful to reveal basic behaviors of the historical climate. However, uncertainties in
the reconstruction of existing climate should be considered. The uncertainty mainly stems from limitations
in proxy data and the way they record the variables,
as well as the statistical methods for the reconstruction (e.g. Mann, 2002; NRC, 2006; Jones et al., 2009).
Multi-proxy reconstruction is a great approach to reconstruct large-scale surface temperature patterns, although it may be aﬀected by various properties of the
proxy sources such as the diﬀerences in major temporal climate variability (Jones et al., 2009). Recently,
Mann et al. (2009) used a global climate proxy network and reconstructed surface temperature patterns
over the past 1500 years.
Numerical modeling is also an important approach
for paleoclimate study. It helps to provide possible climate features ignored in the reconstructions, to interpret geophysical mechanisms determining climate variation, and to identify the uncertainties in both reconstructions and simulations (e.g. Ammann et al., 2007;
Zhou et al., 2009; Servonnat et al., 2010; GonzálezRouco et al., 2011; Goosse et al., 2011; Liu et al., 2011;
Swingedouw et al., 2011). Climate models with various
complexities have been used for paleoclimate studies
(e.g. Crowley, 2000; Bertrand et al., 2002; Bauer et
al., 2003; Goosse et al., 2013). By a model–data comparison using ensemble simulations with 25 members,
Goosse et al. (2005a) demonstrated that the forced
response can explain a large amount of information
about the behavior of the climate system at the hemispheric scale, but the forcing has only a weak contribution compared to internal variability at regional and
local scales. Simulations with the 4th version of the
climate system model developed in Institute Pierre Simon Laplace (IPSL CM4) showed similar results, in
that 80% of the temperature variance in the NH before 1850 A.D. can be attributed to the forced variability, dominated by solar forcing, whereas the forced
variability represents at least half of the temperature
signal over only about 30% of the surface of the globe
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(Servonnat et al., 2010).
In this paper, the climate of the last millennium is
examined using the fast version of LASG IAP Flexible Global Ocean-Atmosphere-Land System model
(FGOALS-gl). Previous transient and equilibrium
simulations indicate that FGOALS-gl without ﬂux adjustment can continuously run for 1000 years without
signiﬁcant drift and show reasonable performance in
its reproduction of the MCA, LIA and 20CW (Zhang
et al., 2009; Man and Zhou, 2011; Man et al., 2011;
Zhou et al., 2011). Based on the 1000-yr transient
simulation of FGOALS-gl, we focus on comparing
the magnitude and spatial structure of temperature
changes during the natural-forcing-dominant periods
with that of the recent warming period, and estimating the inﬂuences of main external forcings and internal variability. The relations between surface temperature response and cloud radiative forcing are discussed. Diagnosis indicates that temperature changes
in the natural-forcing-dominant periods are temporally and spatially more heterogeneous than those in
the recent period. Climate responses to external forcings can explain 51.8% of the variance over the whole
millennium period and mainly manifest at the decadal
timescale. External forced signals in the MCA and
LIA are mainly attributed to solar and volcanic forcings, explaining about 15% of the total variance. Contribution of external forcings increases up to 56.4%
in the 20th century and is mainly attributed to anthropogenic factors. A negative feedback of clouds is
always present in FGOALS-gl. The shortwave cloud
radiative forcing (CRF) dominates during the naturalforcing-dominant periods and is associated with the
cloud water path. In the 20th century, the decreasing
trend in cloud cover has great impact on CRF, leading
to a weakened cloud shortwave cooling and longwave
warming eﬀect.
The remainder of the paper is organized as follows. Model description and experiment design are
introduced in section 2. In section 3, after model assessment, the spatiotemporal details of surface temperature and the contributions of external forcings are
investigated. As important modulators of climate, the
radiative eﬀects of clouds are also discussed in section
3. Conclusions are given in section 4.
2.

Model description and experiment design

FGOALS-gl is a climate system model developed
at the LASG/IAP in China (Zhou et al., 2008). It
consists of four components of the earth system: a
low-resolution version of the grid-point atmospheric
model developed in LASG/IAP, GAMIL (Wen et al.,
2007); an oceanic component LASG/IAP Climate sys-
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tem Ocean Model, LICOM (Jin et al., 1999; Liu et
al., 2004); and land and sea ice components derived
from the 2nd version of the Community Climate System Model developed in the National Center for Atmospheric Research, NCAR CCSM2 (Bonan et al., 2002;
Briegleb et al., 2004). The atmosphere has 26 vertical
levels, a model top at 2.194 hPa, and horizontal resolutions of 5◦ (lon)×4◦ (lat). The model parameters are
the same as in the standard version of GAMIL, which
employs a horizontal resolution of 2.815◦ ×2.815◦ (Li
et al., 2007). With lower atmospheric resolution,
FGOALS-gl (the “l” in FGOALS-gl standing for low
resolution) is suitable for long-term simulation. The
ocean has a horizontal resolution of 1◦ ×1◦ and 30 levels in the vertical direction. The climate sensitivity of
FGOALS-gl to CO2 -doubling, in terms of surface temperature, is about 1.2◦ C, slightly lower than the IPCC
range of 1.5◦ C–4.5◦ C (IPCC, 2007).
First, a 100-year spin-up run was conducted with
perpetual 1000 A.D. external forcing agents. The
oceanic initial state was derived from another 500-yr
spin-up integration, but with present-day conditions

Fig. 1. Time series of the external forcings: (a) volcanic
eruptions (W m−2 ); (b) solar irradiation (W m−2 ); (c)
CO2 (ppmv); (d) CH4 (ppbv); (e) N2 O (ppbv). Perpetual 1000 A.D. external forcings were used in the spin-up
period from 900–1000 A.D. The shading indicates the
three typical periods: MCA; LIA; 20CW.

(Liu et al., 2004). The 100-year simulation continued for a further 1000 years, incorporating year-to-year
changes in solar irradiation, volcanic eruptions, as well
as greenhouse gas concentrations. The individual forcing factor was the same as that in Peng et al. (2009)
and is described in Fig. 1. Both volcanic (Fig. 1a) and
solar (Fig. 1b) forcing series were derived from Crowley et al. (2003). The solar forcing increased by about
1.98 W m−2 from the Maunder Minimum (1647–1715
A.D.) to the present day value, larger than recent evaluations (0.9±0.4 W m−2 ) (Tapping et al., 2007; Steinhilber et al., 2009; Schmidt et al., 2011). The comparatively high solar variability may have exaggerated its
climate inﬂuence in our simulation. Changes in greenhouse gas concentrations (Figs. 1c–e), i.e. CO2 , CH4 ,
and N2 O, were the same as in Ammann et al. (2007).
Anthropogenic tropospheric sulphate aerosols forcing
was taken into account from 1850 A.D.
3.
3.1

Changes in surface temperature
Model assessments: Annual mean evolutions

Based on 39 individual proxies in 30 distinct regions, Wang et al. (2002; hereafter referred to
as WSW2002) reconstructed the surface temperature
(TS) series in both the Northern (20 sites) and Southern (10 sites) Hemispheres. The geographic distributions of the proxy sites can be found in Fig. 1 of Zhang
et al. (2009). All the proxy indicators are available
for more than 900 years. A 50-yr running mean was
applied to the original series at a high temporal resolution. Finally, all the series were transformed to a
uniform structure, from 1000 A.D. to 2000 A.D. with
25-yr intervals. As shown in Zhang et al. (2009) and
other recent works employing WSW2002, this compilation is a reliable dataset and has a good spatial
coverage. WSW2002 is thus used in the present paper
to study climate variation during the last millennium
and to evaluate the performance of the model.
Results from WSW2002 and our simulation are
shown in Fig. 2. The time series were smoothed with a
30-yr ﬁlter and scaled to have zero mean over the period 1500 A.D. to 1899 A.D. In the NH (NH; Fig. 2a),
warm anomalies at the beginning and end of the last
millennium, as well as cool anomalies in the intermediate period, are visible in both WSW2002 (black
line) and the simulation (blue line). The simulation shows a NH temperature evolution comparable to
the WSW2002 reconstruction. The solar minima —
Spörer (1450–1540 A.D.), Maunder (1645–1715 A.D.)
and Dalton (1790–1820 A.D.) — are clearly visible in
the simulation. The diﬀerence at the beginning of the
millennium may be partly due to initial conditions
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Fig. 2. Annual mean surface temperature anomalies relevant to the 1500–1899 A.D. means in the (a) NH; (b) SH.
(c) The same as (a) and (b), but for global mean results.
The black line represents the reconstruction WSW2002.
The red and blue lines represent the associated simulations calculated by the in situ and area-mean surface
temperature, respectively. The correlation coeﬃcient between the simulated in situ mean surface temperature
and the reconstruction WSW2002 is marked at the topright corner of each panel. The gray shadings in (a) describe the overlap of the uncertainty ranges of NH reconstructions, as in the Figure 6.13d of IPCC AR4 (Jansen
et al., 2007). . The orange line in (c) is derived from an
energy balance model (Crowley, 2000). Fluctuations at
time scales less than 30 years have been removed.

and model sensitivity, as well as uncertainties in both
surface temperature and external forcing reconstructions (e.g. Goosse et al., 2005b).
The background shading in Fig. 2a represents the
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concentration of overlapping NH reconstructions, and
the uncertainties are large at the beginning of the millennium. The decreasing availability of proxy sources
and the deterioration of some proxy data back through
time may be responsible for the inter-reconstruction
variability. The uncertainties in the reconstruction
can also be attributed to the relatively short length
of instrumental data for calibrating and validating the
reconstructions, as well as the uncertainties associated with the methods used to carry out the reconstructions. Generally speaking, both the simulation
and WSW2002 show agreement with previous reconstructions. For the SH (Fig. 2b), the amplitude of the
anomalies is smaller than that in the NH. This is due
to its dominant oceanic coverage.
Diﬀerences between WSW2002 and the simulation
may be partly attributable to the limited number and
spatial position of proxy sites. For a more appropriate comparison, the simulated hemispheric and global
mean surface temperature evolutions were also calculated by the in situ mean TS across the 30 proxy sites
(red lines), as in WSW2002. Compared with the reconstruction, the simulation seems fair both at global
and hemispheric scales. The coherence in evolution
between the reconstruction and simulation is more satisfactory for the NH, with a correlation coeﬃcient of
0.81, compared to the SH (0.37). The station-based
and area-averaged TS changes in the simulation also
show better agreement in the NH compared to the SH,
especially in the pre-industrial era. This demonstrates
that the external forcings in the simulation may have
more inﬂuence on the temperature variability in the
NH than in the SH.
Owing to the low sensitivity of the model, the simulated TS rises by about 0.5◦ C during the last century,
slightly less than the IPCC range (0.74◦ C ±0.18◦C).
The simulation by an energy balance model in Crowley
(2000) is shown in Fig. 2c (orange line). Similar amplitudes of temperature evolution can be seen in the
models of diﬀerent complexity. The correlation coeﬃcient between the EBM and FGOALS-gl is up to 0.86.
However, as a climate system model, FGOALS-gl is
able to describe the spatial distributions of the climate response and allows us to better understand and
identify the complex response and feedback processes
in the climate system.
3.2

Spatial changes of annual mean surface
temperature

Natural and anthropogenic forcings can both exert impacts on climate. However, the involved physical
processes are not totally the same, which may induce
subtle diﬀerences of climate response, in particular in
terms of spatial distribution. In this consideration,
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Fig. 3. Spatial surface temperature anomalies relevant
to the 1000–1800 A.D. means: (a) MCA; (b) LIA; (c)
20CW. Units: K. Values statistically signiﬁcant at the
5% level according to the Student’s t-test are encircled
by black lines. The number of degrees of freedom was
estimated by testing the lag-one auto-correlation coeﬃcient.

three typical periods are deﬁned by the phases and
types of external forcings for spatial examinations:
MCA (1000–1300 A.D.); LIA (1400–1700 A.D.); and
20CW (1900–1999 A.D.). The ﬁrst two periods are
referred to as natural periods, with climate variation
generally in relation to natural factors. All anomalies were calculated as diﬀerences to the climatology
of 1000–1800 A.D.
The annual mean TS anomalies are shown in Fig. 3
for each period. Diﬀerences are clearly apparent in
both magnitude and spatial structures of the anomalies. Global warming signals dominate in the 20th century (Fig. 3c), whereas changes in the natural periods
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are smaller in magnitude and signiﬁcant changes concentrate towards higher latitudes of the NH (Figs. 3a
and b). The warming in the MCA is about 0.06 K
as global mean, and 0.09 K as NH mean. The LIA,
however, features a cooling of 0.05 K as global mean
and 0.07 K as NH mean.
In the reconstructions, a distinct climate shift from
the MCA to LIA is characterized by more La Niñalike states during the Medieval Period (Cobb et al.,
2003; Graham et al., 2007; Mann et al., 2009). Fossilcoral records from the central tropical Paciﬁc document a broad range of ENSO behavior during the last
millennium (Cobb et al., 2003), but the ENSO behavior cannot be explained by changes in the mean
state or noise in the climate system and the majority of ENSO variability may arise from dynamics internal to the climate system. The eﬀects of external
forcings may also play a role. Adams et al. (2003)
suggested that volcanic forcing drives the climate system more subtly towards an El Niño-like state. Using
a climate model of intermediate complexity (EMIC)
— the Cane-Zebiak model of tropical Paciﬁc coupled
ocean–atmosphere dynamics (Zebiak and Cane, 1987)
— Emile-Geay et al. (2007) found an almost linearly
intensiﬁed response of the zonal SST gradient along
the tropical Paciﬁc Ocean to increased solar forcing.
They indicated that the increased SST gradient in response to positive radiative forcing may be associated
with the strong upwelling and surface divergence in
the eastern tropical Paciﬁc, which transports some of
the radiative heating poleward. The SST gradient will
strengthen and sustain based upon the Bjerknes positive feedback process of tropical ocean-atmosphere interaction (Bjerknes, 1969). It is worth noting that the
Cane-Zebiak model has stronger dynamical feedback
than most global models and the responses all arise
from intrinsic tropical Paciﬁc climate mechanisms.
Considering the limitations of EMICs, in that they
can lack some important features and do not have a
ﬁne enough spatial resolution, comprehensive global
coupled climate system models are more appropriate for examining the response of the tropical Paciﬁc.
However, as shown in Figs. 3a and b, the tropical SST
anomalies in the MCA and LIA are insigniﬁcant in the
present simulation. We also examined simulations of
the last millennium in ﬁve state-of-the-art climate system models participating in Coupled Model Intercomparison Project Phase 5 (CMIP5): the version 1.1 of
the climate system model developed in Beijing Climate
Center, BCC-CSM1-1 (Xin et al., 2013; Wu et al.,
2013) the 4th version of the Community Climate System Model developed in the National Center for Atmospheric Research, CCSM4 (Gent et al., 2011); the
Commonwealth Scientiﬁc and Industrial Research Or-
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ganisation (CSIRO) Mark 3 reduced-resolution model
version 1.2, CSIRO-Mk3L-1-2 (Phipps, 2010); the climate system model developed in Goddard Institute
for Space Studies (GISS), GISS-E2-R (Schmidt et
al., 2006); and the Earth system model of the Max
Planck Institute, MPI-ESM-P (Raddatz et al., 2007).
None of these models can signiﬁcantly reproduce the
El Niño/La Niña tendency discovered in reconstructions and the changes in the tropical Paciﬁc (data not
shown). Despite recent progress in the understanding
of the ENSO phenomenon, many aspect of its physics
remain unknown, such as the origin of ENSO’s observed irregularity. The oceanic modules of recent climate system models can lack some of the important
features that may be responsible for the missing El
Niño/La Niña tendencies in their simulations. Therefore, physical processes in the oceanic modules of recent climate system models need further improvements
to obtain realistic responses to external forcing in the
tropical Paciﬁc.
The insigniﬁcant tropical response in climate system models may also be partly attributable to the
strength of external forcing. The amplitudes of variability in the recommended CMIP5 solar forcing series
(expressed as diﬀerence between the present day value
and the Maunder Minimum) is less than 0.1%. In the
case of the Cane-Zebiak model, solar forcing increasing by about 0.2% is suﬃcient to trigger the tropical
Paciﬁc feedbacks, while the 0.05% case is insuﬃcient
(Emile-Geay et al., 2007).
An interesting feature is the opposite surface temperature anomalies in the North Paciﬁc in the two
warm periods: warming in the MCA but cooling in
20CW. Surface temperature anomalies lead to the
changes in temperature stratiﬁcation and vertical motions, and aﬀect the large-scale circulation with signiﬁcant regional climate eﬀects. The cooling/warming
anomalies correspond to a stronger/weaker Aleutian
Low in the 20th Century/MCA. A North Paciﬁc cooling trend for the second half of the 20th century was
also evident in the simulations using the Geophysical
Fluid Dynamics Laboratory Coupled Model version 2
(GFDL CM2) and FGOALS-gl (Knutson et al., 2006;
Man et al., 2011), consistent with observational evidence. Deser and Phillips (2009) stated that the intensiﬁcation of the Aleutian Low can be attributed
to tropical oceanic forcing and the direct atmospheric
radiative forcing tends to partly oﬀset the deepening
of the Aleutian Low. However, as shown in Figs. 3a
and c, structures of the tropical SST anomalies in the
MCA and 20CW are similar and the changes in the
MCA are insigniﬁcant. The opposite surface temperature anomalies in the North Paciﬁc in the MCA and
20CW, at least in the present model, cannot be well ex-
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plained by changes in the tropical Paciﬁc. The surface
temperature changes in the MCA/20CW may partly
be attributable to the weak/strong cloud shortwave radiative cooling anomalies over the North Paciﬁc in association with the changes of low-level cloud amounts
(data not shown).
3.3

Seasonal changes

Changes in surface temperature changes are also
visible at seasonal timescales. Figure 4 presents
latitude–month (annual cycle) diagrams of zonal mean
TS anomalies in the MCA, LIA and 20CW. As with
the annual mean, TS changes skew signiﬁcantly towards the NH in the MCA (Fig. 4a) and LIA (Fig. 4b),
but 20CW (Fig. 4c) also has a strong warming in the
Antarctic. Signiﬁcant anomalies are more pronounced
in the winter hemispheres, i.e. October to March

Fig. 4. Latitude–month sections of zonal average surface
temperature anomalies in the three typical periods, relative to the 1000–1800 A.D. means. Units: K. Values
statistically signiﬁcant at the 5% level according to the
Student’s t-test are encircled by black lines.
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Fig. 5. The same as Fig. 3, but for the anomalies in DJF (left column) and
JJA (right column): (a, b) MCA; (c, d) LIA; (e, f) 20CW. Units: K. Values
statistically signiﬁcant at the 5% level according to the Student’s t-test are
encircled by black lines.

(ONDJFM) in the NH in both the natural and anthropogenic periods, and April to September (AMJJAS) in
the SH in the 20th century.
To better describe the spatial changes, Fig. 5
presents anomalous TS maps for December–January–
February (DJF) and June–July–August (JJA) in each
period. The all-year-round North Paciﬁc cooling and
strong warming over Antarctica in the 20th century
(Figs. 5e and f) is consistent with recent assessments
(Knutson et al., 2006; Steig et al., 2009). In the MCA
(Figs. 5a and b) and LIA (Figs. 5c and d), the TS
changes are more pronounced at mid and high latitudes during the northern winter (DJF), especially
in the polar region, but the summertime changes are
much smaller, with statistically signiﬁcant signals in
the North Paciﬁc. In the 20th century (Figs. 5e and
f), the land surface temperature warming dominates

throughout the year. The warming amplitude is larger
during the wintertime both for the NH (DJF) and
SH (JJA). The seasonal changes may be a manifestation of polar ampliﬁcation, with strong sea-ice-cover–
temperature positive feedback being the major driver.
Excess heat related to declines in sea ice during summer will be stored in the upper ocean and then released
to the atmosphere during the following winter (Screen
and Simmonds, 2010).
3.4

A detection and attribution study

In this subsection, we try to detect and estimate
ﬁngerprints of natural and anthropogenic forcings, using a statistical method based on a linear decomposition of the surface temperature anomalies as the sum
of the contributions of external forcings and an associated residual noise. The method was also used by
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Fig. 6. Detection results for the simulated NH annual mean temperature anomalies relevant to 1000–1800 A.D. (a) Simulation (black line)
and the best estimate of the combined forced response (red). (b) Response attributed to individual forcings: solar irradiation (orange); volcanic eruptions (blue); anthropogenic factors (green). (c) Residual variability attributed to internal climate variability. Units: K.

Servonnat et al. (2010) to examine the inﬂuence of external forcings in the IPSL CM4 model. The residual
between the simulation and composition of all external
forced signals is attributed to internal climate variability. Results for the NH surface temperature changes
are shown in Fig. 6 and Table 1. The ﬁngerprint of the
total external forcings generally follows the evolution
of NH surface temperature anomalies (T  ), explaining
51.8% of the total variances (Fig. 6a). The separate
signatures (Fig. 6b) indicate the major contributions

of solar (16.8%) and anthropogenic forcing (32.5%).
However, in reconstruction-based studies, a response
to solar forcing cannot be robustly detected (Hegerl et
al., 2003, 2007). As mentioned in section 2, the amplitude of the variability of the solar irradiation forcing
is large in the present simulation and its contribution
may be overestimated.
As described in Table 1, ﬁngerprints of solar and
volcanic forcings are responsible for the major external
forcing response of the climate system in the MCA

Table 1. Variances of the NH temperature explained by total external forcings, solar irradiance, volcanic eruption and
anthropogenic factors on the whole period (LM), MCA, LIA, and 20CW, units: %. Results for the decadal variances are
shown in the corresponding parentheses.
LM
Total forcings
Solar irradiation
Volcanic eruption
Anthropogenic factors

51.8
16.8
2.4
32.5

(85.5)
(28.3)
(2.5)
(54.6)

MCA

LIA

13.3 (67.5)
6.1 (39.3)
6.5 (23.2)
0.7 (5.0)

16.2 (53.9)
11.3 (43.0)
4.6 (10.1)
0.3 (0.8)

20CW
56.4
10.5
−0.3
46.2

(74.9)
(14.0)
(−0.8)
(61.8)
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Fig. 7. The same as Fig. 6, but for the ﬁngerprints of external forcings
and internal variability in the Antarctic (south of 60◦ S).

(12.6% in 13.3%) and LIA (15.9% in 16.2%), whereas
the anthropogenic warming in the 20th century is
mainly attributed to increasing concentrations of
greenhouse gases in the simulation (46.2% in 56.4%).
Repeated examinations on decadal variance demonstrate that the contribution of external forcings mainly
manifests at the decadal timescale, which is in agreement with the reconstruction study by Hegerl et al.,
2007. External forcings can explain 85.5% of the
decadal variance over the whole millennium period.
Internal climate variability in the simulation is dominated by high frequency aspects of the signals with a
standard deviation of 0.14 (Fig. 6c).
Recent assessments of Antarctic temperature reveal a warming trend in the Antarctic Peninsula, West
Antarctica, as well as East Antarctica at the continent-

wide scale during the last few decades (Steig et al.,
2009). However, shallow marine and coastal terrestrial records along the East Antarctic coastal margin
indicates that there is no evidence for a coeval Medieval Warm Period (MWP) and only weak circumstantial evidence can be found in a few places for a
cool event crudely equivalent in time to the NH’s LIA
(Verleyen et al., 2011). The present model results also
indicate heterogeneous and small TS changes in the
Antarctic (Figs. 3a and b). The irregularity may be
due to the internal variability in the climate system.
To clarify this, we repeated the detection and attribution analysis in the Antarctic (Figs. 7 and Table 2).
Diﬀerent from that in the NH, internal variability is
much stronger in the polar region and the standard
deviation reaches up to 0.37 (Fig. 7c). The ﬁngerprint

Table 2. The same as Table 1, but for variances in the Antarctic.
LM
Total forcings
Solar irradiation
Volcanic eruption
Anthropogenic factors

13.7 (41.7)
3.7 (11.3)
0.3 (0.3)
9.8 (30.2)

MCA
2.3
1.6
0.5
0.2

(8.1)
(7.0)
(0.3)
(0.9)

LIA
2.2
1.9
0.1
0.2

(7.4)
(6.7)
(0.2)
(0.5)

20CW
22.4
3.6
−0.4
19.3

(50.7)
(7.6)
(−0.8)
(43.9)
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3.5

Fig. 8. Changes in global mean CRF relative to the
1000–1800 A.D. means: shortwave CRF (blue dashed
line); longwave CRF (red dashed line); net CRF (black
solid line). Positive values indicate a downward ﬂux.
Units: W m−2 .

Fig. 9. Time series of the anomalous (a) vertical integrated in-cloud cloud water path (blue solid line; g m−2 )
and (b) cloud amount at diﬀerent levels (%), relative to
the 1000–1800 A.D. means. Evolution of global mean
surface temperature anomalies is shown by the red solid
line in (a) (units: K).

of the total external forcings can only explain 13.7% of
the total variances for the whole period and is mostly
attributable to the strong anthropogenic warming effects in the 20th century. Signatures of external forcings are barely detected in the MCA (2.3%) and LIA
(2.2%). Li and Conil (2003) indicated that the SST
changes south of 30◦ S are closely related to the strong
natural variability of the deep convection in the Southern Ocean.
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The possible eﬀects of cloud radiative
forcing

In our simulation of the last millennium, major effects of natural and anthropogenic forcings operate in
shortwave and longwave radiation, respectively. Such
a diﬀerence is possibly thought to activate diﬀerent
feedback mechanisms that can amplify (positive feedback) or dampen (negative feedback) the eﬀect of external forcing. Here, we investigate the role that a
change in cloud properties can play. We study in particular how the role of clouds may change in the function of external forcing, natural or anthropogenic.
The radiative interaction between clouds and external perturbation can modulate the Earth’s energy
budget by reﬂecting parts of the shortwave radiation
to space (cooling eﬀect) and aﬀecting the atmospheric
emission of longwave radiation (positive greenhouse effect). The CRF is deﬁned as the diﬀerence in radiative
ﬂux at the top-of-atmosphere under cloud and cloudfree conditions.
The time series of global-mean CRF are shown in
Fig. 8. The net CRF (black curve) tends to suppress
the climate changes. The decomposition of the net
CRF into shortwave (blue dashed line) and longwave
(red dashed line) components is diﬀerent between the
natural-forcing-dominant and anthropogenic-forcingdominant periods. In the MCA, the CRF cooling effect prevails (−0.066 W m−2 ) and is mostly attributed
to the shortwave CRF (−0.069 W m−2 ). Changes in
the LIA show similar features as those in the MCA,
but with opposite signs (0.060 W m−2 in the shortwave CRF; 0.059 W m−2 in the net CRF). In the
instrumental epoch, CRF cooling dominates with a
strongly suppressed longwave CRF warming eﬀect.
Generally, CRF acts against the ﬂuctuations of external forcings, modulating the incoming solar radiation
by cloud reﬂection (shortwave CRF), especially in the
pre-industrial era and suppressing its longwave trapping eﬀect (longwave CRF) afterward.
Slight changes in cloud properties have great impacts on CRF. Shortwave CRF is closely linked with
the cloud water path. An increase in cloud water path
leads to optically thicker clouds, and vice versa (Lee
et al., 1997). As shown in Fig. 9a, the cloud water
path follows the changes in temperature. As a consequence, a relatively thick (or thin) cloud optical depth
results in a stronger (or weaker) negative cloud shortwave feedback in the MCA (or LIA). However, with an
increase in cloud water path, a weakened rather than
enhanced negative shortwave CRF is found in the second half of the 20th century. To better clarify these
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Ziskin, 1994; Philander et al., 1996; Yu et al., 1999).
However, patterns of the anomalies in the MCA and
LIA show almost no statistically signiﬁcant signals
(data not shown), indicating a strong internal variability at regional scales.
It should be noted that there is great uncertainty in
cloud model data, and there are also no CRF reconstruction data available that can be compared with
simulations. Our results only suggest a possible inﬂuence of the eﬀect of CRF on the climate of the last
millennium. Simulations of the climate of the last millenium in CMIP5 have already been published. For
future work, a multi-model comparison could provide
a more complete assessment of this aspect of the climate of the last millennium.
Fig. 10. Scatter plot of the in-cloud water path (the abscissa; g m−2 ) versus the shortwave CRF (the ordinate;
W m−2 ). Each dot represents the values in one year. The
colors of the dots stand for the values in diﬀerent periods
as described in the legend.

features, scatterplots for cloud water path (the abscissa) versus shortwave CRF (the ordinate) are shown
in Fig. 10. The values in diﬀerent epochs are classiﬁed
by diﬀerent colors. Negative correlation is evident in
the natural-forcing-dominant periods. However, this
negative correlation weakens at the beginning of the
20th century and turns to positive values in the last
few decades.
The unique feature in the 20th century may be
due to the changes in cloud amount. Figure 9b plots
the variation of cloud amounts (low, middle, high
and total). In pre-industrial times, the ﬂuctuation
of cloud amounts at diﬀerent levels is approximately
0.2%. In the 20th century, the mid-level cloud amount
decreases signiﬁcantly. Under the conditions of decreasing cloudiness, especially in the second half of the
last century when the low- and high-level cloudiness
also shows a decreasing trend, the cloud shortwave reﬂection and longwave trapping eﬀects are diminished.
This is consistent with Quaas et al. (2004) who, using an atmospheric general circulation model, also
found weakened cloud shortwave cooling and greenhouse warming under the scenario of increasing greenhouse gas concentrations. However, it should be noted
that cloud observational data have only been available for the last few decades. Although satellite
and surface observations indicate a reduction in high
cloud cover during the 1990s relative to the 1980s,
the decadal trends are substantially uncertain (Norris, 2005; IPCC, 2007).
Cloud properties show large spatial variation, with
diﬀerent climate eﬀects (Kiehl, 1994; Arking and

4.

Conclusions

In this paper, results from a transient simulation
with the climate system model FGOALS-gl have been
analyzed to better understand the natural and anthropogenic climate changes that have taken place during
the last millennium. Validation of model performance
indicated that the model can capture well the three
typical periods, i.e. the MCA, LIA and 20th century global warming. Signiﬁcant surface temperature
anomalies in the pre-industrial era were evident in the
NH, whereas the warming anomalies in the 20th century were globally signiﬁcant. The seasonal patterns
of temperature changes in all the three typical periods featured a polar ampliﬁcation structure and the
changes were more pronounced in the winter hemispheres.
Detection and attribution analysis indicated that
external forcings can explain a substantial fraction
of the NH surface temperature variance in the past
millennium (51.8%), especially at decadal timescales.
Climate response to external forcings was mainly attributed to solar and volcanic forcings in the MCA
and LIA, and dominated by anthropogenic forcings
in the 20th century. Variability internal to the climate system is also important, especially at regional
scales. Over the Antarctic, the model simulated heterogeneous and irregular changes in the pre-industrial
era. Internal variability was strong in the Antarctic and the climate response to external forcings was
barely detected before the industrial era.
Climate was aﬀected by external forcings, but also
modulated by CRF, which tended to dampen the climate response to external forcings. Its shortwave component was primarily dependent on cloud water path
changes and showed its dominance before the industrial era. CRF, especially the longwave component,
tended to suppress the anthropogenic warming in the
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20th century.
González-Rouco et al. (2011) found large spatial
discrepancies in inter-model and model/reconstruction
comparisons. This indicates that the large inﬂuence
of internal variability on the MCA–LIA changes or
the state-of-the-art atmosphere-ocean coupled general
circulation models fail to correctly reproduce the climate response to external forcings. As pointed out
by Goosse et al. (2005b), model sensitivities may be
responsible for many behaviors of last-millennium climate simulation. Therefore, it should be kept in mind
that the results presented in this paper may depend
on speciﬁc formulation and physical parameterizations
employed in FGOALS-gl. In the future, we plan to
use the new version of FGOALS and extend our analysis to other models providing last-millennium results
under the framework of CMIP5 and the Paleoclimate
Modelling Intercomparison Project phase 3(PMIP3).
The current results will serve as a useful reference for
comparison.
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