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ABSTRACT

Paleoclimate simulations of the mid-Holocene (MH) and Last Glacial maximum (LGM) by the latest
versions of the Flexible Global Ocean-Atmosphere-Land System model, Spectral Version 2 and Grid-point
Version 2 (FGOALS-s2 and g2) are evaluated in this study. The MH is characterized by changes of insolation
induced by orbital parameters, and the LGM is a glacial period with large changes in greenhouse gases, sea
level and ice sheets.

For the MH, both versions of FGOALS simulate reasonable responses to the changes of insolation, such
as the enhanced summer monsoon in African-Asian regions. Model differences can be identified at regional
and seasonal scales. The global annual mean surface air temperature (TAS) shows no significant change in
FGOALS-s2, while FGOALS-g2 shows a global cooling of about 0.7◦C that is related with a strong cooling
during boreal winter. The amplitude of ENSO is weaker in FGOALS-g2, which agrees with proxy data. For
the LGM, FGOALS-g2 captures the features of the cold and dry glacial climate, including a global cooling of
4.6◦C and a decrease in precipitation by 10%. The ENSO is weaker at the LGM, with a tendency of stronger
ENSO cold events. Sensitivity analysis shows that the Equilibrium Climate Sensitivity (ECS) estimated for
FGOALS ranges between 4.23◦C and 4.59◦C. The sensitivity of precipitation to the changes of TAS is ∼2.3%
◦C−1, which agrees with previous studies. FGOALS-g2 shows better simulations of the Atlantic Meridional
Overturning Circulation (AMOC) and African summer monsoon precipitation in the MH when compared
with FGOALS-g1.0; however, it is hard to conclude any improvements for the LGM.
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1. Introduction

The mid-Holocene (MH, 6 kyr BP) and the Last
Glacial Maximum (LGM, 21 kyr BP) are two impor-
tant and widely studied periods of the Quaternary.
The climate of the MH was warmer than present day
and is also known as the Holocene Megathermal. The
most important forcing for the MH is the seasonal
contrast of incoming solar radiation at the top of at-
mosphere (Berger, 1978). MH proxy data indicate
changes in the hydrological cycle and large-scale at-
mospheric circulation (Bartlein et al., 2011), as well
as expansion of boreal forest at mid and high latitudes
in the Northern Hemisphere (Prentice et al., 2000).
The LGM refers to a period of extremely cold climate

that resulted from forcings by lower concentrations of
greenhouse gases, ice sheet distributions, and changes
in sea level. Proxy data for the LGM indicate strong
cooling at high latitudes in both hemispheres (Stenni
et al., 2001; Bigelow et al., 2003), reaching about 21◦C
±2◦C in Greenland (Dahl-Jensen et al., 1998) and 9◦C
±2◦C in eastern Antarctica (Stenni et al., 2001).

The MH and LGM have been the two major peri-
ods of focus since the first phase of the Paleoclimate
Modeling Intercomparison Project (PMIP). Within
the framework of the PMIP, a model’s ability of re-
producing the paleoclimate is assessed, providing an
opportunity for a better understanding of the funda-
mental mechanisms behind climate changes. It also
contributes to the projection of future climate change.
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Fruitful results have been achieved from the first and
second phases of the PMIP (Joussaume et al., 1999;
Braconnot et al., 2000; Braconnot et al., 2007); how-
ever, the spread of model simulations in response to
MH and LGM forcings is large among coupled models.
Thus, a comprehensive understanding of the mech-
anisms behind paleoclimate changes is essential and
contributes to research on both present-day climate
and projections of future climate. At present, the
PMIP is proceeding into its third phase (PMIP3), and
simulations for the MH and LGM are two of the ma-
jor paleoclimate simulations in Tier 1 of the experi-
ments coordinated within phase five of the Coupled
Model Intercomparison Project (CMIP5). Simulations
of the latest versions of the Coupled General Circu-
lation Model (CGCM) and the Earth System Model
(ESM) from the worldwide modeling groups are ex-
pected to advance understanding of the physical mech-
anisms behind climate change.

The previous grid-point version of the Flexi-
ble Global Ocean-Atmosphere-Land System model
(FGOALS-g1.0) participated in PMIP2 and CMIP3.
Studies have shown that this model reproduces rea-
sonably the climatology and climate variations of the
past, present and future (Yu et al., 2008, 2011). The
weakening of the interannual variability in the eastern
tropical Pacific and the characteristics of the Asian
Monsoon are reasonably reproduced by FGOALS-g1.0
in response to the changes of radiation forcing at MH
(Zheng et al., 2008; Zheng and Yu, 2009). How-
ever, several common biases in the tropical Pacific,
such as the too strong cold tongue and double In-
tertropical Convergence Zone (ITCZ), exist in the
model that hinder the possibility of a comprehen-
sive assessment of the model’s climate feedbacks. For
the PMIP3 and CMIP5 simulations, the latest spec-
tral version and grid-point version of Flexible Global
Ocean-Atmosphere-Land System model (FGOALS) –
named FGOALS-s2 and FGOALS-g2 respectively, ac-
cording to their different atmospheric models – are
providing outputs for the analyses. As shown by Bao
et al. (2013) and Li et al. (2013b), the latest versions
of FGOALS are in better agreement with present-day
observations, in particular with respect to an improve-
ment in the seasonal cycle of SST in the eastern Pa-
cific. The tropical biases have also been reduced to a
certain extent (Bao et al., 2013). The improvement in
FGOALS-g2 compared to its previous g1.0 version are
attributed to a change in cumulus parameterization;
a tuning of the uncertainty parameters in the shallow
and deep convection schemes, cloud fraction, cloud mi-
crophysical processes and boundary layer scheme in its

atmospheric model; and changes to the vertical reso-
lution in the upper ocean and mixing scheme in the
ocean model (Li et al., 2013b).

In this paper, we first report upon simulations of
the two latest versions of FGOALS for the MH and
LGM following forcings by the Earth’s orbital param-
eters and boundary conditions as specified in PMIP3.
Changes in the mean climatology and interannual vari-
ability in the tropical Pacific are compared with proxy
data and the previous g1.0 version of FGOALS. The
sensitivity of FGOALS to the cold climate during the
LGM is then examined and compared with that in
“quadrupling CO2” (4×CO2) experiments.

The remainder of the paper is organized as follows.
Section 2 briefly describes the coupled models and ex-
perimental protocols for the two paleoclimate scenar-
ios. Section 3 discusses the main results as simulated
by FGOALS. A discussion of the models’ sensitivities
is presented in section 4, and conclusions are drawn in
section 5.

2. Models and experiments

2.1 FGOALS

FGOALS is the abbreviation for the Flexible
Global Ocean-Atmosphere-Land System model devel-
oped at LASG, Institute of Atmospheric Physics, Chi-
nese Academy of Sciences. The latest two versions,
which participate in CMIP5 and PMIP3, consist of the
same ocean model but different atmospheric and sea
ice models, connected by National Center for Atmo-
spheric Research (NCAR) coupler version 6 (CPL6,
Craig et al., 2005), and are named FGOALS-s2 and
FGOALS-g2 according to the difference in their at-
mospheric models. Details of the two new versions
of FGOALS are described by Bao et al. (2013) and
Li et al. (2013b). In brief, the two versions of
FGOALS share the same oceanic circulation model,
LASG/IAP Climate system Ocean Model version 2.0
(LICOM2) (Liu et al., 2012), and land model, CLM3
(Oleson et al., 2004). The atmospheric model in
FGOALS-s2 is the Spectral Atmospheric Model of the
IAP/LASG version 2 (SAMIL2), with a resolution
of T42 (an equivalent latitude–longitude grid spac-
ing of approximately 2.81◦×2.81◦) and 19 layers in
the vertical direction (Bao et al., 2010; Liu et al.,
2013a). FGOALS-g2 features the Grid-point Atmo-
spheric Model of IAP LASG version 2 (GAMIL2),
which has a 2.8◦×2.8◦ resolution and 26 vertical layers
up to 0.01 hPa (Li et al., 2013a). The sea ice model
is also different in that the Community Sea Ice Model
version 5 (CSIM5) (Briegleb et al., 2004) is employed

aLiu, Y., J. Hu, B. He, Q. Bao, A. Duan, and G. Wu, 2013: Seasonal evolution of the subtropical anticyclones in a climate
system model FGOALS-s2. Adv. Atmos. Sci., under review.
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in FGOALS-s2, while a revised version of Community
Ice CodE (CICE) (Wang et al., 2010) is employed in
FGOALS-g2.

2.2 MH and LGM experimental protocols in
PMIP3

Following the experimental protocols of PMIP3,
the MH simulations were performed using both of the
two versions of FGOALS, while the LGM experiment
was only simulated using FGOALS-g2. The simula-
tions were initialized from the equilibrium state of the
500-year integrations of the pre-industrial (PI) simu-
lations for each model. The PI simulations were the
same as those used for CMIP5 simulations, which were
also the same references as those for the historical sim-
ulations and future climate projections (Taylor et al.,
2009).

The MH experiments shared the same land–
sea mask, topography, vegetation, and ice sheets
as prescribed in the PI simulations. The ma-
jor changes were the Earth’s orbital parameters
(eccentricity=0.018682◦; obliquity=24.105◦; perihe-
lion −180◦=0.87◦), which led to a >32 W m−2 radi-
ation forcing at high latitudes in the Northern Hemi-
sphere (NH) during boreal summer, suggesting an en-
hanced seasonal cycle of solar radiation in the NH.
For the concentrations of greenhouse gases, CO2 and
N2O were the same as the values in the PI simulation,
and only the NH4 concentration was reduced from 760
ppb to 650 ppb, which resulted in an estimated 0.07
W m−2 decrease in radiation forcing (IPCC, 2001).

In the LGM experiments, the ocean was initialized
from a cold spun-up state of LICOM2, as suggested
by PMIP3. Changes in the Earth’s orbital param-
eters resulted in a > −8 W m−2 radiation forcing
at high latitudes in the NH during boreal summer.
The concentrations of CO2, NH4 and N2O were de-
creased relative to the PI simulation, which led to
a total decrease of 2.76 W m−2 in radiation forc-
ing. The ice sheet provided for the PMIP3/CMIP5
LGM experiments was a blended product obtained
by averaging three different ice sheet reconstruc-
tions: ICE-6G (Argus and Peltier, 2010); GLAC-1
(Tarasov and Peltier, 2004); and ANU (Lambeck et
al., 2010). More information is available from the
LGM ice sheets description page on the PMIP3 website
(https://pmip3.lsce.ipsl.fr/wiki/doku.php/pmip3:desi-
gn:pi:final:icesheet). Implementing the LGM ice sheets
implied changing the land-sea mask, the land surface
elevation and the ocean bathymetry. The change in
surface elevation was added to that used in the PI
simulation. The mean sea-level change corresponding
to the ice sheet reconstruction was approximately -116
m. The mean ocean salinity was suggested by PMIP

to be added by 1 psu everywhere at the beginning of
the simulation, however, such change is not considered
in the LGM simulations by FGOALS-g2 and g1.0.

We performed 300- and 800-year simulations for
FGOALS-s2 and g2, respectively. The climatology was
averaged from the last 100-year simulations and was
compared with the corresponding PI simulations. The
previous LGM simulation of FGOALS-g1.0 was also
included for the comparisons with FGOALS-g2. Sensi-
tivity analyses of global mean surface air temperature
and precipitation were applied to the simulations of
the LGM and the 4×CO2 experiments, in which the
sensitivities were estimated from the 150-year simu-
lations from the beginning of the integrations. The
Student’s t-test was used for the significance testing.

3. Model results

3.1 Changes in annual means

Table 1 shows the changes in annual mean for sur-
face air temperature (TAS) and precipitation in all
FGOALS simulations. The changes in FGOALS-s2
are not significant for TAS and precipitation in both
global and tropical regions during the MH (Table 1).
FGOALS-g2 simulates cooler SST and TAS than its
previous generation model (FGOALS-g1.0) in the PI
and MH simulations. As shown in Table 1, FGOALS-
g1.0 produces almost no changes in SST, TAS and
precipitation in the MH, but FGOALS-g2 simulates
a global annual mean TAS of 11.7◦C, which is about
0.7◦C cooler than its PI simulation. It also shows a
small decrease in SST, TAS and precipitation in the
tropics when compared to the PI simulation.

The LGM simulation is colder and drier than PI
as simulated by the g2 version. The global annual
TAS is 7.79◦C, a cooling of 4.6◦C from the PI sim-
ulation; while the precipitation shows a change of
−0.28 mm d−1 that is about 10% decrease from PI
(Table 1).

3.2 Surface temperature

Generally, FGOALS simulates a small annual cool-
ing over the tropical regions and a warming in the mid-
high latitudes that are related with changes in solar
radiation at MH (Figs. 1a–c). Because of the thermal
inertia of the ocean, the changes in TAS over the ocean
are relatively small throughout the year.

The change in TAS in FGOALS-s2 is small (<1◦C)
during boreal winter at MH (Fig. 1d), but TAS in-
creases greatly (up to 4◦C–5◦C) during the summer
over land in the NH and over the Southern Ocean
(Fig. 1g), which are attributed to the increased incom-
ing solar radiation and the reduced sea ice (not shown),
respectively. FGOALS-g2 simulates an almost global
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annual cooling of TAS in the MH (Fig. 1b), which dif-
fers from FGOALS-s2 and its previous g1.0 versions
(Figs. 1a and c). Large coolings are found over land in
the NH during boreal winter, particularly over the Ti-
betan Plateau and high-latitude regions (Fig. 1e). Al-
though the summer warming is captured (Fig. 1h), the
amplitude is much weaker than that in FGOALS-g1.0
(Fig. 1i). Such changes in TAS in the MH may result
from the cold bias in the PI simulation, which is asso-
ciated with inaccurate descriptions of the topography
and cryosphere (Li et al., 2013b). The annual cooling
over the African-Asian monsoon regions (Figs. 1a and
b) can be attributed to both the winter cooling with
negative anomalies of incoming solar radiation and the
summer cooling caused by the increased rainfall and
cloudiness. However, both FGOALS-s2 and g2 fail to
simulate the winter warming during the MH, as sug-
gested by some proxy data (Figs. 1d and e).

In the LGM simulations, strong cooling occurs in
the regions where the LGM ice sheets are prescribed
(Figs. 1j and k). The TAS cooling over the trop-
ics is weaker than that at high latitudes (Table 1).
The modest cooling in the North Pacific region simu-
lated by FGOALS-g2 is broadly consistent with LGM
proxy indicators (Bigelow et al., 2003; Barker et al.,
2005). Significant warming locates in the southern Pa-
cific south of 40◦S (Fig. 1j), which is in contrast to the
simulation by FGOALS-g1.0, which, using the ICE-5G
ice sheet, shows a large cooling in this region. Such
warming is associated with the weakening of westerly
winds over the Southern Ocean and the anticyclonic
wind stress anomalies that suppress the upwelling (not
shown).

3.3 Precipitation

The simulated patterns of annual precipitation
changes reflect the responses of the climate system to
incoming solar radiation (Figs. 2a–c). The increased
annual precipitation in North Africa and South India
are mainly attributed to the enhanced African-Asian
monsoon rainfall during boreal summer at MH. Pre-
cipitation increases in the central-eastern Pacific and
decreases in the western Pacific, subtropical regions
and the eastern Indian Ocean in both of the two new
versions of FGOALS (Figs. 2d and e). However, the
global annual mean precipitation shows no significant
changes in the tropics at MH (Table 1), suggesting that
the changes in precipitation in the tropical region are
mainly associated with the displacement of the precip-
itation center. In the LGM simulation by FGOALS-
g2, the global annual mean precipitation decreases by
about 10% and the changes in the tropics are also sig-
nificant at −0.35 mm d−1. Drying prevails over most
regions in the mid-high latitudes, with a maximum



688 PALEOCLIMATE SIMULATIONS BY FGOALS VOL. 30

Fig. 1. Changes in surface air temperature (TAS) for FGOALS-s2 (left), FGOALS-g2 (middle)
and FGOALS-g1.0 (right). (a)–(c) Differences between MH and PI for annual mean TAS; (d)–(f)
changes in TAS during boreal winter at MH; (g)–(i) changes in TAS during boreal summer at MH;
(j)–(k) same as (a)–(c) but for the LGM. Units: ◦C.

over the prescribed continental ice sheets (Fig. 2g). In
the tropics, precipitation decreases greatly over the In-
dian Ocean and maritime continent, but increases over
the ITCZ, southern Pacific and over South America,
especially during the boreal summer (Fig. 2i).

Although biases still exist, improvements can be
identified in some specific regions at MH; for exam-
ple, FGOALS-g2 reproduces a more reasonable change
in monsoonal precipitation over West Africa and the
seasonal cycle of the East Asian Summer Monsoon
(EASM) over eastern China is in better agreement
with proxy data. Details will be discussed in the fol-
lowing section.

3.4 Seasonal changes in precipitation in the
African-Asian Monsoon regions

The basic characteristics of the West African Mon-
soon (WAM) and EASM are reasonably reproduced by
the two new versions of FGOALS (Bao et al., 2013; Li
et al., 2013b). In particular, the seasonal movement
of the WAM rainbelt with the ITCZ and the step-wise
meridional displacement of the rainbelt of the EASM
are captured (Figs. 3a, b, 4a, b), though biases in pre-
cipitation magnitude still exist.

During the MH, the summer precipitation of the
WAM is enhanced due to the strengthened land-sea
thermal contrast in all versions of FGOALS, while
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Fig. 2. Changes in precipitation for FGOALS-s2 (left), FGOALS-g2 (middle) and FGOALS-g1.0
(right). (a)–(c) Differences between MH and PI for annual mean precipitation; (d)–(f) same as
(a)–(c) but for boreal summer; (g)–(h) differences between the LGM and PI for annual mean pre-
cipitation; (i)–(j) same as (g)–(h) but for boreal summer. Units: mm d−1.

there is a decrease in boreal winter (Figs. 3d–f). The
stronger WAM circulation favors the northward shift
of the ITCZ, such that the precipitation over the Sahel
is significantly increased in boreal summer and lasts
into the autumn (Figs. 3d–f). The northern edge of the
rainbelt penetrates into the Sahara region, indicating
much wetter conditions over the Sahara desert in the
MH, which is broadly in agreement with proxy data
(Bartlein et al., 2011; Lézine et al., 2011). Compared
with FGOALS-g1.0, the bias of a too strong and too far
northward extension of the rainbelt (Fig. 3f), resulting
from an overestimated local hydrological cycle (Zheng
and Braconnot, 2012), has improved in FGOALS-g2.

The changes in the subtropical monsoon EASM are
more complex, which result in the differences between
the models (Figs. 4d–f). FGOALS-s2 shows a signif-
icant decrease in monsoonal precipitation during the
spring and summer seasons, and an increase in au-
tumn that leads to a slight decrease in the annual mean
precipitation over eastern China (Fig. 4d). FGOALS-
g2 shows an improvement in precipitation change of
the EASM in that precipitation decreases over south-
ern China and the lower reaches of the Yangtze River,
but increases over northern China during the summer
(Fig. 4e). This implies an improvement in simulat-
ing the monsoonal circulation of the meridional dis-



690 PALEOCLIMATE SIMULATIONS BY FGOALS VOL. 30

Fig. 3. Seasonal cycle of WAM summer precipitation averaged between 10◦W and 20◦E: (a)–(c)
PI simulations and their changes during the (d)–(f) MH and (g)–(h) LGM for FGOALS-s2 (left),
FGOALS-g2 (middle) and FGOALS-g1.0 (right). Units: mm d−1.

Fig. 4. The same as Fig. 3 but for EASM precipitation averaged between 110◦E and 120◦E.
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placement of the rainbelt during boreal summer. As
shown in Fig. 3f, FGOALS-g1.0 has an opposite change
in precipitation during summer when compared with
FGOALS-g2. Such changes are associated with the
bias in simulating the monsoonal circulation, in that
an anomalous anticyclone controls northern China and
the rainbelt is blocked in the southern part (Zheng and
Yu, 2009).

In the colder and dryer climate of the LGM, total
precipitation over the WAM and EASM regions de-
creases when simulated by FGOALS-g2 and FGOALS-
g1.0 (Figs. 3g, h, 4g, h). The seasonal cycle of WAM
rainfall shows that the movement of the ITCZ is con-
fined to around the coast of the Gulf of Guinea and
the precipitation over the Sahel and further north is re-
duced. However, the magnitude of reduction is smaller
in FGOALS-g2 than in FGOALS-g1.0 (Figs. 3g and
h). The precipitation of the EASM shows a significant
drying in the northern part of eastern China through-
out the calendar year. In the southern part of eastern
China, precipitation increases during the spring, indi-
cating a stronger East Asian Spring Persistent Rainfall
(Wu et al., 2007), but the monsoonal rainbelt shows
almost no meridional displacement towards the north
(Figs. 4g and h).

3.5 Mean climate of the ocean

The SST and wind stress patterns are reasonably
reproduced by the new versions of FGOALS, although
tropical biases such as the too strong cold tongue and
decaying of the warm pool still exist (Figs. 5a–c). De-
tailed evaluations of the ocean climate in the PI sim-
ulations are described in Lin et al. (2013a and b).

In the MH simulations of all the FGOALS ver-
sions, a larger cooling occurs in the tropical and sub-
tropical regions and a slight warming or weaker cool-
ing (FGOALS-g2) locates in the oceans at higher lat-
itudes (Figs. 5d–f). The cooling in tropical regions
is associated with stronger trade winds and negative
solar radiation anomalies. However, the changes in
SST show different patterns in the tropics, where the
SST cooling is larger in the western Pacific than in
the eastern part in FGOALS-s2, which weakens the
equatorial SST gradient and causes FGOALS-g2 to
tend to simulate a uniform cooling along the equa-
tor (Fig. 6). The SST cooling in FGOALS-g2 shows
a similar pattern but with greater change when com-
pared with FGOALS-g1.0 (Figs. 5e and f), which re-
flects the stronger sensitivity of the model to solar ra-
diation forcing in FGOALS-g2. The change in vertical
turbulence mixing from the PP scheme (Pacanowski
and Philander, 1981) to the Canuto scheme (Canuto

Fig. 5. Annual mean SST (shaded, Units: ◦C) and wind stress (vector, Units: N m−2) for FGOALS-
s2 (left), FGOALS-g2 (middle) and FGOALS-g1.0 (right). (a)–(c) PI simulations; (d)–(f) changes
in the MH; and (g)–(h) changes in the LGM.
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Fig. 6. Equatorial SST averaged between 2◦S and 2◦N
in the tropical Pacific for all versions of FGOALS. Units:
◦C. Black lines are for FGOALS-g1.0; red lines for
FGOALS-g2; and green lines for FGOALS-s2. Solid lines
denote the PI simulations; dashed lines are for the MH;
and lines with triangles are for the LGM simulations.

et al., 2001, 2002) may also contribute to this differ-
ence between the models; however, the mechanism is
not yet clear.

The SST cooling in the LGM is much larger than
the changes in the MH owing to the colder climate
background (Figs. 5g and h). The wind stress of
FGOALS-g2 increases in the Northern Hemisphere
and the tropics in the Southern Hemisphere (Fig. 5g).

The equatorial SST shows an almost uniform decrease
across the Pacific basin in both FGOALS-g2 and g1.0,
such that the east–west SST gradient shows almost no
change (Fig. 6). In contrast to the previous FGOALS-
g1.0 (Fig. 5h), FGOALS-g2 simulates a warming or
weaker cooling in the Southern Ocean, which is as-
sociated with the southward shift of the westerly wind
and anomalous anticyclonic wind stress curl over the
Southern Ocean (Fig. 5g). The lowered continental
ice sheet over the Antarctic in the forcing may also
contribute to the warming and weaker cooling in the
Southern Ocean.

3.6 Atlantic Meridional Overturning Circula-
tion (AMOC)

In the PI simulations, the overall patterns and wa-
ter mass transport of the annual mean AMOC are sim-
ilar to the observed (Bao et al., 2013; Li et al., 2013b).
The maximum formation of North Atlantic Deep Wa-
ter (NADW) is about 19 Sv and 23.4 Sv at 26.5◦N
around 1000 m for FGOALS-s2 and FGOALS-g2, re-
spectively. The annual mean AMOC is stronger but
shallower in the two new versions of FGOALS when
compared with the previous FGOALS-g1.0 (Figs. 7a–
c). The zero streamfuction line indicating the forma-
tion of NADW penetrates to a depth of around 3500 m
in FGOALS-s2 and FGOALS-g2, which is much shal-
lower than that in FGOALS-g1.0 (4500 m; Figs. 7a–

Fig. 7. AMOC streamfuction in the North Atlantic for FGOALS-s2 (left), FGOALS-g2 (middle)
and FGOALS-g1.0 (right). (a)–(c) PI simulations; (d)–(f) MH; and (g)–(h) LGM. Units: Sv.
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c). It also shows a stronger Antarctic Bottom Water
(AABW) transport to the South Atlantic Ocean at
depths of below 3500 m, while FGOALS-s2 is more
extensive in the vertical direction. The simulation
of AMOC is significantly improved in FGOALS-g2,
which can be partially attributed to the correction
of climate drift at high latitudes in FGOALS-g1.0, as
shown in the study by Yu et al. (2011).

The two new versions of FGOALS simulate an
enhanced AMOC during the MH (Figs. 7d and e),
which contrasts the change in FGOALS-g1.0 (Fig. 7f).
The maximum change locates at around 3000 m at
30◦N, suggesting a stronger and deeper NADW forma-
tion. The transport of AABW is then slightly weaker
at deep ocean levels. During the LGM, FGOALS-
g2 simulates a significantly intensified AMOC with
a maximum up to 45 Sv at 26.5◦N around 1000 m
(Fig. 7g), compared to 23.4 Sv in the PI simulation,
which is similar to the change in AMOC amplitude in
FGOALS-g1.0. NADW formation reaches the bottom
of the North Atlantic Ocean, which greatly reduces the
AABW transport entering the South Atlantic Ocean
(Fig. 7g).

Several proxy indicators derived from isotopic data
(Duplessy et al., 1981; Curry et al., 1982) suggest a
shallower and weaker than present Atlantic MOC and
the waters in the deep North Atlantic Ocean originat-
ing from the Southern Ocean in the LGM. However,
the study by Yu et al. (1996) suggests that the strength
was similar or slightly greater than present. A recent
review of observations indicates that the AMOC dur-
ing the LGM was neither extremely sluggish nor an en-
hanced version of present-climate circulation (Lynch-
Stieglitz et al., 2007). The strong AMOC in the LGM
reproduced by FGOALS-g2 may result from the en-
hancement of the vertical convective activity induced
by the strong cooling (Fig. 5g), more salty water (not
shown) in the North Atlantic, and the warming in
the Southern Ocean, which decreases the formation
of AABW. The low CO2 concentration in the LGM
may also contribute to the stronger AMOC, while
FGOALS-g2 tends to simulate a weaker AMOC un-
der the background of global warming.

3.7 ENSO characteristics

The ENSO characteristics are summarized in Table
2, and the standard deviation of monthly SST anoma-
lies averaged for the Niño3 region (5◦S–5◦N; 150◦–
90◦W) is shown in Fig. 8. The Niño3 index values in
FGOALS-s2 and FGOALS-g2 are much weaker than
in the previous FGOALS-g1.0, but are in better agree-
ment with observations. The ENSO phase locking is
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Fig. 8. Standard deviation of monthly SST anomalies
averaged for the Niño3 region (5◦S–5◦N; 150◦–90◦W)
for FGOALS-g1.0 (upper), FGOALS-g2 (middle) and
FGOALS-s2 (bottom). Units: ◦C. Red bars are for the
PI simulation; green bars for the MH; and blue bars for
the LGM.

improved in FGOALS-g2, with the maximum of Niño3
SST variability in boreal winter and the minimum
in the spring season (Fig. 8b), when compared with
FGOASL-g1.0. The MH and LGM simulations in
FGOALS-g2 have weaker SST variabilities in both
Niño3 and Niño3.4 regions than in the PI simulation
(Table 2), where the Niño3 variability is reduced dur-
ing all months in the MH and nearly all months except
for June in the LGM (Fig. 8b). The greatest reduction
occurs during the boreal fall and winter in both the
MH and LGM simulations, and therefore the ampli-
tude of the annual cycle is weakened in the MH and
the LGM tends to have a semi-annual cycle due to the
higher variability in June (Fig. 8b). The ENSO cy-
cle in FGOALS-g2 is about 2.6 years and is slightly
lengthened during the MH and LGM. The warm and
cold events of the ENSO are symmetrically distributed
in the PI simulation of FGOALS-g2, while it shows a

small tendency towards stronger warm events in the
MH and cold events in the LGM, respectively.

FGOALS-s2 simulates a slightly stronger ENSO
amplitude than in the observation, while the monthly
SST variability peaks in boreal summer, indicating the
occurrence of ENSO events with a maximum of SST
warming or cooling in boreal summer. The ENSO fre-
quency is about three years and the skewness of 0.6
indicates stronger El Niño among the ENSO events,
which is broadly in agreement with observations (Ta-
ble 2). However, the amplitude of SST variability
shows almost no changes in the MH with a shorter
ENSO cycle and smaller asymmetries. The annual cy-
cle of the STD of SST variability is weaker in the MH
due to the increases in spring and decreases in winter
(Fig. 8c). Such changes may be associated with the
relaxation of annual mean zonal wind stress in Niño 4
regions.

4. Sensitivities of the global mean TAS and
precipitation

In order to compare the sensitivities of the cli-
mate system to the different forcings in the LGM and
4×CO2 simulations, we used the method proposed by
Gregory et al. (2004):

N = F − α∆TAS , (1)

where N is the net downward radiation at the top
of atmosphere (TOA), and F is the imposed forcing
that arises from the changes in greenhouse gas con-
centrations and changes in surface albedo and orog-
raphy related with the ice sheets. The last term on
the right-hand side of (1) indicates the radiative re-
sponse of the climate system that is proportional to the
changes in global averaged TAS (∆TAS). The climate
response parameter α (units: W m−2 ◦C−1), indicat-
ing the strength of the climate system’s net feedbacks,
equals ∆F/∆ TAS when the climate system reaches
equilibrium (N = 0).

The variation of N(t) against ∆TAS(t) as the run
proceeds in time t (10-year means were used in this
study) from the 150-year simulations from the begin-
ning of the model integration, are plotted in Fig. 9a
and the linear regression gives the slope (α) and the
intercept for N . The slope (α) is larger in the LGM
than in the 4×CO2 simulation by FGOALS-g2, sug-
gesting a relatively larger climate feedback in the cold
background conditions. For the 4×CO2 simulations,
the N -intercept is much larger in FGOALS-s2 than
in FGOALS-g2, which may be related to the different
cloud schemes considered in the models. The Equilib-
rium Climate Sensitivity (ECS; ◦C), which estimates
the equilibrium temperature response to a doubling of
CO2, is estimated by ECS = 3.71/α, where 3.71
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Fig. 9. Sensitivities for the changes in (a) TAS (◦C) to the radiation forcing at TOA (N m−2) and
(b) precipitable water content (%) to TAS (◦C).

W m−2 is the radiative forcing due to a doubling of
CO2. The ECSs range from ∼4.23◦C to ∼4.59 ◦C for
FGOALS when using different α (Fig. 9a), which are
close to the upper limit of 2.1◦C–4.4◦C (with a mean
value of 3.2 ◦C), as estimated in the fourth assessment
report of IPCC (IPCC, 2007).

The changes in precipitable water content are plot-
ted as a function of TAS changes in Fig. 9b. Glob-
ally, the atmosphere is much moister in the warm cli-
mate of the 4×CO2 experiments; the precipitable wa-
ter increases by ∼10% and ∼7.9 % per degree increase
in global TAS for FGOALS-s2 and FGOALS-g2, re-
spectively. Such values are greater than that about
7% ◦C−1, as expected from the Clausius-Clapeyron re-
lationship (Lawrence, 2005). The LGM simulation is
significantly drier in the atmosphere that the sensitiv-
ity of precipitable water content to the change of TAS
is only about 4.6% ◦C−1. However, the sensitivities of
global precipitation rate to the TAS change are simi-
lar among the simulations, at a rate of ∼2.3% ◦C−1,
consistent with the results summarized in IPCC AR4
(IPCC, 2007). A slightly greater sensitivity in the
LGM experiment implies the change of the global hy-
drological cycle is more affected by the temperature in
the cold climate.

5. Summary

In this paper, simulations of the two new versions
of FGOALS (g2 and s2) using the forcing in the MH
and LGM were analyzed and compared to their corre-
sponding PI simulations. As prescribed in the exper-
imental protocols of PMIP3, the primary changes in
the MH are the changes of solar radiation associated
with Milankovitch orbital variations, which modifies
the strength of the seasonal cycle and regulates the
climate system. The forcings at the LGM are mainly

due to the lower greenhouse gas concentrations, but
also changes in ice sheets and orography. The Mi-
lankovitch anomalies of solar radiation are relatively
small in the LGM.

In the simulations of the MH, FGOALS-s2 shows
no significant changes in the global annual mean TAS
when compared to the PI simulation, while FGOALS-
g2 has a TAS cooling of 0.7◦C. Regional and seasonal
differences in TAS can be identified between the two
versions; in particular, FGOALS-g2 simulates a much
cooler TAS in both boreal summer and winter. Both
versions of FGOALS fail to capture the warming at
high latitudes in the Northern Hemisphere, as indi-
cated by proxy data. In response to the positive solar
radiation anomaly during boreal summer, the summer
monsoon systems are enhanced over West African and
East Asian areas. The changes in SST are also larger
when simulated by FGOALS-g2 compared to simula-
tions by versions s2 and g1.0, and the zonal wind is
strengthened over the tropical Pacific as a result of
the coupling between the Walker circulation and the
EASM circulation. Both FGOALS-s2 and FGOALS-
g2 simulate stronger AMOC during the MH, which
contrasts to the change in AMOC in the previous
g1.0 simulation. The ENSO amplitude weakens in
FGOALS-g2, which is shown by previous studies of
PMIP2 coupled models (Zheng et al., 2008) as an in-
verse relationship with the change in zonal wind stress
over the tropical Pacific. However, such a relation-
ship does not apply for the simulations by FGOALS-
s2 and FGOALS-g2. The changes in ENSO skewness
indicate stronger warm ENSO events in FGOALS-g2
and FGOALS-g1.0, while it is reversed in FGOALS-s2.
The comparisons between FGOALS-g2 and FGOALS-
g1.0 show that FGOALS-g2 simulates a better pattern
of AMOC owing to the correction of biases at high
latitudes in FGOALS-g1.0. The simulation of sum-
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mer monsoon precipitation over West Africa is also
improved, which is associated with the improvement
in simulating monsoonal circulation.

For the LGM, only simulations from FGOALS-
g2 and FGOALS-g1.0 were available for the analyses.
The TAS is much cooler than that in the PI simula-
tions, particularly in the regions with prescribed ice
sheets from the ice sheet reconstructions. The major
difference between versions g2 and g1.0 locates in the
Southern Ocean, which may be associated with the
difference in ice sheet distribution over the Antarc-
tic, as prescribed by the two different ice sheet re-
constructions. The atmosphere is much drier in the
LGM, which results in an approximate 10% decrease in
global annual mean precipitation. This is also reflected
by the seasonal changes in precipitation of the West
African Monsoon and East Asian Summer Monsoon.
The changes in SST resemble those of the TAS. The
AMOC is much stronger in the LGM than in the PI
simulation for both FGOALS-g2 and FGOALS-g1.0.
Such changes may be associated with the anomalous
warming in the Southern Ocean, which may reduce the
strength of AABW. The ENSO amplitude is weaker
in the LGM and the cold events of ENSO tend to be
stronger, as shown by the changes in ENSO skewness,
but it is difficult to conclude the relationship between
zonal wind stress and ENSO amplitude from the sim-
ulations of FGOALS-g2 and FGOALS-g1.0.

The sensitivity analyses showed that the TAS in
FGOALS-g2 is more sensitive to radiation forcing in
the cold climate of the LGM, while in the warm cli-
mate of the 4×CO2 simulation, the sensitivities are
similar between the two versions of FGOALS. The
ECS estimated by FGOALS ranges between 4.23 and
4.59◦C, which is greater than that from the IPCC AR4
model results. The sensitivities of the precipitable wa-
ter content to TAS is >7% ◦C−1, as expected; how-
ever, the sensitivities of global precipitation rate to
TAS change are similar among the simulations at a
rate of ∼2.3% ◦C−1, which is consistent with results
from IPCC AR4.

When the indirect effect of aerosols is considered in
FGOALS-g2, it shows a systematic cooling of the cli-
mate system. However, the feedbacks are still poorly
constrained, which may be critical for future climate
projections. Meanwhile, the roles of vegetation and
land processes are not fully understood, which may
be important in regulating the local hydrological cy-
cle, particularly in the semi-arid regions of the WAM
(Zheng and Braconnot, 2012). It is not possible to
access these with present standard simulations in the
PMIP3 and extra sensitivity experiments are needed.
Several differences between FGOALS-g2 and its pre-
vious g1.0 version can be identified in the LGM simu-

lations, which may result from the different boundary
forcing of ice sheet reconstructions and the changes in
parameterizations, which is an aspect in need of fur-
ther study.

Acknowledgements. This study was jointly sup-

ported by the Chinese National Basic Research Program

(Grant Nos. 2010CB950502 and 2012CB955202), the

“Strategic Priority Research Program Climate Change:

Carbon Budget and Relevant Issues” of the Chinese

Academy of Sciences (Grant No. XDA05110301), the Na-

tional Natural Science Foundation of China (Grant Nos.

41006008 and 41023002), the public science and technol-

ogy research funds projects of meteorology (Grant No.

GYHY200906020), and the National Key Technologies

R&D Program project (Grant No. 2010AA012302).

REFERENCES

Argus, D. F., and W. R. Peltier, 2010: Constraining
models of postglacial rebound using space geodesy:
A detailed assessment of model ICE-5G (VM2) and
its relatives. Geophysical Journal International, 181,
697–723.

Bao, Q., G. Wu, Y. Liu, J. Yang, Z. Wang, and T.
Zhou, 2010: An introduction to the coupled model
FGOALS1.1-s and its performance in East Asia. Adv.
Atmos. Sci., 27, 1131–1142, doi: 10.1007/s00376-
010-9177-1

Bao, Q., and Coauthors, 2013: The flexible global ocean-
atmosphere-land system model, spectral version 2:
FGOALS-s2. Adv. Atmos. Sci., doi: 10.1007/s00376-
012-2113-9.

Barker, S., I. Cacho, H. Benway, and K. Tachikawa, 2005:
Planktonic foraminiferal Mg/Ca as a proxy for past
oceanic temperatures: A methodological overview
and data compilation for the last glacial maximum.
Quaternary Science Reviews, 24, 821–834.

Bartlein, P., and Coauthors, 2011: Pollen-based continen-
tal climate reconstructions at 6 and 21 ka: A global
synthesis. Climate Dyn., 37, 775–802.

Berger, A., 1978: Long-term variations of daily insolation
and quaternary climatic changes. J. Atmos. Sci., 35,
2362–2367.

Bigelow, N. H., and Coauthors, 2003: Climate change
and Arctic ecosystems: 1. Vegetation changes north
of 55◦N between the last glacial maximum, mid-
holocene, and present. J. Geophys. Res., 108, 8170,
doi: 10.1029/2002JD002558.

Braconnot, P., O. Marti, S. Joussaume, and Y.
Leclainche, 2000: Ocean feedback in response to 6
kyr BP insolation. J. Climate, 13, 1537–1553.

Braconnot, P., and Coauthors, 2007: Results of PMIP2
coupled simulations of the mid-holocene and last
glacial maximum–Part 1: Experiments and large-
scale features. Climate of the Past, 3, 261–277.

Briegleb, B. P., C. M. Bitz, E. C. Hunke, W. H. Lip-



NO. 3 ZHENG AND YU 697

scomb, M. M. Holland, J. L. Schramm, and R. E.
Moritz, 2004: Scientific description of the sea ice
component in the community climate system model,
version three. NCAR Tech. Note NCAR/TN-463+
STR, 70pp.

Canuto, V. M., A. Howard, Y. Cheng, and M. S.
Dubovikov, 2001: Ocean turbulence. Part I: One-
point closure model, momentum and heat vertical
diffusivities. J. Phys. Oceanogr., 31, 1413–1426.

Canuto, V. M., A. Howard, Y. Cheng, and M. S.
Dubovikov, 2002: Ocean turbulence. Part II: Verti-
cal diffusivities of momentum, heat, salt, mass, and
passive scalars. J. Phys. Oceanogr., 32, 240–264.

Craig, A. P., and Coauthors, 2005: CPL6: The new
extensible, high performance parallel coupler for
the community climate system model. International
Journal of High Performance Computing Applica-
tions, 19, 309–327.

Curry, W. B., and G. P. Lohmann, 1982: Carbon iso-
topic changes in benthic foraminifera from the west-
ern South Atlantic: Reconstruction of glacial abyssal
circulation patterns. Quaternary Research, 18, 218–
235.

Dahl-Jensen, D., K. Mosegaard, N. Gundestrup, G. D.
Clow, S. J. Johnsen, A. W. Hansen, and N. Balling,
1998: Past temperatures directly from the Greenland
ice sheet. Science, 282, 268–271.

Duplessy, J. C., G. Delibrias, J. L. Turon, C. Pujol, and J.
Duprat, 1981: Deglacial warming of the northeastern
Atlantic ocean: Correlation with the paleoclimatic
evolution of the european continent. Palaeogeogra-
phy, Palaeoclimatology, Palaeoecology, 35, 121–144.

Gregory, J. M., and Coauthors, 2004: A new method
for diagnosing radiative forcing and climate sen-
sitivity. Geophys. Res. Lett., 31, L03205, doi:
10.1029/2003GL018747.

IPCC, 2007: Contribution of Working Group I to the
Fourth Assessment Report of the Intergovernmental
Panel on Climate Change, S. Solomon et al., Eds.,
Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA, 996pp.

Joussaume, S., and Coauthors, 1999: Monsoon changes
for 6000 years ago: Results of 18 simulations from
the paleoclimate modeling intercomparison project
(PMIP). Geophys. Res. Lett., 26, 859–862.

Lambeck, K., A. Purcell, J. Zhao, and N.-O. Svensson,
2010: The Scandinavian ice sheet: From MIS 4 to
the end of the last glacial maximum. Boreas, 39, 410–
435, doi: 410.1111/j.1502-3885.2010.00140.x.

Lawrence, M. G., 2005: The relationship between relative
humidity and the dewpoint temperature in moist air:
A simple conversion and applications. Bull. Amer.
Meteor. Soc., 86, 225–233.

Lézine, A. M., W. Zheng, P. Braconnot, and G. Krinner,
2011: Late holocene plant and climate evolution at
Lake Yoa, northern Chad: Pollen data and climate
simulations. Climate of the Past, 7, 1351–1362.

Li, L. J., and Coauthors, 2013a: Evaluation of
grid-point atmospheric model of IAP LASG, ver-

sion 2.0 (GAMIL 2.0). Adv. Atmos. Sci., doi:
10.1007/s00376-013-2157-5.

Li, L. J., and Coauthors, 2013b: The flexible global
ocean-atmosphere-land system model: Version g2:
FGOALS-g2. Adv.Atmos. Sci., doi: 10.1007/s00376-
012-2140-6.

Liu, H. L., P. F. Lin, Y. Q. Yu, and X. H. Zhang, 2012:
The baseline evaluation of LASG/IAP climate sys-
tem ocean model (LICOM) version 2.0. Acta Meteo-
rologica Sinica, 26, 318–329.

Lin, P., Y. Yu, and H. Liu, 2013a: Long-term stability
and oceanic mean state simulated by the coupled
model FGOALS-s2, Adv. Atmos. Sci., 30, 175–192,
doi: 10.1007/s00376-012-2042-7.

Lin, P., Y. Yu, and H. Liu, 2013b: Oceanic climatology in
the coupled model FGOALS-g2: Improvements and
biases. Adv. Atmos. Sci., doi: 10.1007/s00376-012-
2137-1.

Lynch-Stieglitz, J., and Coauthors, 2007: Atlantic merid-
ional overturning circulation during the last glacial
maximum. Science, 316, 66–69.

Oleson, K. W., and Coauthors, 2004: Technical descrip-
tion of the community land model (CLM). NCAR
Tech. Note TN-461+STR, 174pp.

Pacanowski, R., and S. Philander, 1981: Parameteriza-
tion of vertical mixing in numerical models of tropical
oceans. J. Phys. Oceanogr., 11, 1443–1451.

Prentice, I. C., D. Jolly, and B. participants, 2000: Mid-
holocene and glacial-maximum vegetation geography
of the northern continents and Africa. Journal of
Biogeography, 27, 507–519.

Ramaswamy, V., and Coauthors, 2001: Radiative forcing
of climate. Climate Change 2001. The Scientific Ba-
sis. Contribution of Working Group I to the Third
Assessment Report of the Intergovernmental Panel
on Climate Change, Cambridge University Press,
349–416.

Stenni, B., and Coauthors, 2001: An oceanic cold rever-
sal during the last deglaciation. Science, 293, 2074–
2077.

Tarasov, L., and W. R. Peltier, 2004: A geophysically con-
strained large ensemble analysis of the deglacial his-
tory of the North American ice-sheet complex. Qua-
ternary Science Reviews, 23, 359–388.

Taylor, K. E., R. J. Stouffer, and G. A. Meehl, cited
2009: A summary of the CMIP5 experiment design.
[Available online at http://cmip-pcmdi.llnl.gov/
cmip5/docs/Taylor CMIP5 design.pdf.]

Wang, X. C., J. P. Liu, Y. Q. Yu, and H. L. Liu,
2010: Experiment of coupling sea ice mode CICE4
to LASG/IAP climate system model. Chinese J. At-
mos. Sci., 34, 780–792. (in Chinese)

Wu, G., and Coauthors, 2007: The influence of mechan-
ical and thermal forcing by the Tibetan Plateau on
Asian climate. Journal of Hydrometeorology, 8, 770–
789.

Yu, E.-F., R. Francois, and M. P. Bacon, 1996: Similar
rates of modern and last-glacial ocean thermohaline
circulation inferred from radiochemical data. Nature,



698 PALEOCLIMATE SIMULATIONS BY FGOALS VOL. 30

379, 689–694.
Yu, Y., W. Zheng, B. Wang, H. Liu, and J. Liu, 2011: Ver-

sions g1.0 and g1.1 of the LASG/IAP flexible global
ocean-atmosphere-land system model. Adv. Atmos.
Sci., 28, 99–117, doi: 10.1007/s00376-010-9112-5.

Yu, Y., and Coauthors, 2008: Coupled model simulations
of climate changes in the 20th century and beyond.
Adv. Atmos. Sci., 25, 641–654, doi: 10.1007/s00376-
008-0641-0.

Zheng, W., and Y. Yu, 2009: The Asian monsoon system
of the mid-Holocen simulated by a coupled GCM.
Quaternary Sciences, 29, 1135–1145. (in Chinese)

Zheng, W., and P. Braconnot, 2012: Characterization of
model spread in PMIP2 mid-holocene simulations of
the African monsoon. J. Climate, 26, 1192–1210.

Zheng, W., P. Braconnot, G. E., M. U., and Y. Yu, 2008:
ENSO at 6 ka and 21 ka from ocean-atmosphere cou-
pled model simulations. Climate Dyn., 30, 745–762.


