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The Middle Pliocene (ca 3.12-2.97 Ma) is a recent warm period in the Earth’s history. In many respects, the warmth of the Mid-
dle Pliocene is similar to the probable warm situation of the late 21st century predicted by climate models. Understanding the
Middle Pliocene climate is important in predicting the future climate with global warming. Here, we used the latest reconstruc-
tions for the Middle Pliocene—Pliocene Research Interpretation and Synoptic Mapping (PRISM) version 3—to simulate the Mid-
dle Pliocene climate with a fully coupled model Fast Ocean Atmosphere Model. From comparison of the results of simulations
with reconstructions, we considered two important scientific topics of Middle Pliocene climate modeling: extreme warming in the
subpolar North Atlantic and a permanent El Nifio in the tropical Pacific. Our simulations illustrate that the global annual mean sea
surface temperature (SST) in the Middle Pliocene was about 2.3°C higher than that in the pre-industrial era. The warming was
stronger at mid- and high latitudes than at low latitudes. The simulated SST changes agree with SST reconstructions in PRISM3
data, especially for the North Atlantic, North Pacific and west coast of South America. However, there were still discrepancies
between the simulation of the SST and reconstructions for the subpolar North Atlantic and tropical Pacific. In the case of the At-
lantic, the weakened meridional overturning circulation in the simulation did not support the reconstruction of the extremely warm
condition in the subpolar North Atlantic. In the case of the tropical Pacific, the whole ocean warmed, especially the eastern tropi-
cal Pacific, which did not support the permanent El Nifio suggested by the reconstruction. From evaluation of the modeling and
reconstruction, we suggest that the above discrepancies were due to uncertainties in reconstructions, difficulties in paleoclimate
modeling and deficiencies of climate models. The discrepancies should be reduced through consideration of both the modeling
and data.
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Paleoclimate modeling is employed to study paleoclimate
evolution through numerical simulations using climate
models. It is a tool for better understanding the mechanisms
behind past time climate changes as well as a method of
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evaluating the capability and effectiveness of climate mod-
els. A model that can reasonably simulate the past climate is
thought to be more reliable in predicting the future climate.
Over the past two decades, many geological studies have
presented results on different time scales through recon-
struction [1-7]. In terms of modeling, on the other hand,
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some progress has been made in understanding the mecha-
nisms of past climate changes [8—16], but most modeling
studies have focused on the Quaternary climate and little
attention has been given to warm periods before the Qua-
ternary.

The Middle Pliocene is a recent warm period before the
Quaternary in the Earth’s history [17]. It spanned from 3.29
to 2.97 Ma according to the geomagnetic polarity timescale
of Berggren et al. [18]. Compared with present conditions,
the sea surface temperature (SST) at middle to high lati-
tudes was obviously warmer, the extent and thickness of ice
sheets and sea ice were less, the sea level was about 25 m
higher and warmth- or moisture-loving vegetation appeared
at middle to high latitudes in the Middle Pliocene. The
warming in the Middle Pliocene is similar to the warming at
the end of this century predicted by climate models of the
IPCC ARA4 [17]. Although the Middle Pliocene is not a di-
rect analog of future climate change, analyzing the oceanic
and cyrospheric equilibrium responses and feedbacks in the
case of a warm climate is beneficial in predicting the future
climate. Thus, the Middle Pliocene has become a hot topic
in international paleoclimate studies. The Pliocene Paleo-
climate Modeling Intercomparison Project (PlioMIP,
http://geology.er.usgs. gov/eespteam/prism/prism_pliomip.html)
was founded in 2009 to systematically study the climate
features and mechanisms of the Middle Pliocene using cli-
mate models.

Geological reconstructions for the Middle Pliocene were
first carried out in the 1990s. The first reconstruction work,
Pliocene Research Interpretation and Synoptic Mapping
(PRISMO), was completed by Dowsett et al. [19] in 1994,
and updated datasets PRISM1 [20] and PRISM2 [21] were
published in 1996 and 1999 respectively. The latest
PRISM3 data [22] were made available in 2007. The data
show five major differences between the Middle Pliocene
and present conditions: (1) the volumes of ice sheets in
Greenland and Antarctic were 50% and 33% less, respec-
tively, (2) the area of sea ice was less, and the Arctic was
free of ice in summer, (3) the global mean sea level was
about 25 m higher, (4) the SST was significantly warmer at
middle to high latitudes, while there was little change at low
latitudes, and (5) the area of evergreen taiga extended fur-
ther northward by more than 10°, temperate forests and
grasslands expanded northward in Russia and eastern North
America and replaced boreal conifer forests, deserts were
smaller in Africa and Australia and were replaced by tropi-
cal savannas and woodlands, and warm-temperate forests
appeared in central Europe [23].

PRISM3 reconstruction showed that the most significant
SST differences between the Middle Pliocene and the pre-
sent were in the subpolar North Atlantic and tropical Pa-
cific. In the subpolar North Atlantic, the reconstruction data
[24] indicate that the annual mean SST was 5-10°C higher.
The warming is thought to be related to more northward
heat transportation resulting from strengthened Atlantic
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Meridional Overturning Circulation (AMOC) in the Middle
Pliocene [25]. In the tropical Pacific, there was warming in
the eastern tropical Pacific, but slight cooling in the western
tropical Pacific in reconstructions [26,27]. The west-to-east
SST gradient weakened in the tropical Pacific. It was sug-
gested that an El Nifio condition rather than an oscillation
between La Nifia and El Nifio states was a permanent feature
of the Middle Pliocene climate. On the contrary, Rickaby
et al. [28] pointed out that the tropical Pacific was dominated
by a permanent La Nifia condition in the Middle Pliocene,
because the SST of the western tropical Pacific warm pool
remained relatively stable and consistently higher than the
SST of the eastern tropical Pacific, and the tropical Pacific
thermocline had a much steeper slope. The concept of a
“permanent El Nifio” is still a topic of debate. However, most
of the above studies demonstrated a weakened west-to-east
SST gradient in the tropical Pacific in the Middle Pliocene.

The Middle Pliocene climate has been modeled since the
release of the first reconstruction dataset for the Middle
Pliocene. Using PRISMO, Chandler et al. [29] simulated the
Middle Pliocene climate in the Northern Hemisphere. Sloan
et al. [30] then used the PRISM1 reconstruction and inves-
tigated the global-scale climate in the Middle Pliocene em-
ploying the NCAR GENESIS model. Using PRISM2,
Haywood et al. [31,32] simulated the Middle Pliocene cli-
mate employing the UKMO model and HadAM3 model
respectively. Jiang et al. [33] analyzed the climate sensitiv-
ity to changes in the SST, terrestrial vegetation, sea ice ex-
tent and continental ice sheet using the atmospheric general
circulation model (AGCM) of Institute of Atmospheric
Physics. However, the above paleoclimate modeling studies
were carried out with AGCMs using prescribed SSTs and/or
simple slab ocean models, which were incapable of simu-
lating ocean heat transport, ocean currents and thermohaline
circulation [34]. Only a few numerical simulations [34-36]
with a fully coupled model have been carried out for the
Middle Pliocene, which limits analysis of the mechanisms
behind the El Nifio-Southern Oscillation (ENSO) and
AMOC changes in the Middle Pliocene.

Here, we model the Middle Pliocene climate with a fully
coupled model FOAM (Fast Ocean Atmosphere Model)
according to PlioMIP. The simulations were based on the
PRISM3 boundary conditions with a horizontal resolution
of 2° x 2°. We analyzed the SST changes, and compared the
simulations with reconstructions of the Middle Pliocene.

1 Model and experimental design

1.1 Model

FOAM is a fully coupled ocean—atmosphere model without
flux adjustment [37]. The atmospheric component of
FOAM is a fully parallelized version of Community Cli-
mate Model 2 (CCM2) of the National Center for Atmos-
pheric Research with upgraded CCM3 physics. The
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resolution of the atmospheric component is R15, 4.5° lati-
tude x 7.5° longitude, with 18 vertical levels. The ocean
component is conceptually similar to the Geophysical Fluid
Dynamics Laboratory (GFDL) Modular Ocean Model, and
has resolution of 1.4° latitude x 2.8° longitude and 24 ver-
tical levels. A simple thermodynamic sea ice model is in-
corporated. A detailed description of the model can be
found at the FOAM website (http://www.mcs.anl.gov/res-
earch/projects/foam).

FOAM reasonably simulates the present climate [37] and
captures major features of the observed tropical climatology
[38]. The correlation coefficient of the area-weighted pat-
tern between the simulated and observed ENSO was 0.82.
The simulated ENSO variability agreed well with observa-
tions, although the simulated ENSO was weaker [39]. In
addition, the simulations obtained with FOAM were con-
sistent with the simulation results of other state-of-the-art
climate models [40,41]. Furthermore, FOAM has been
widely used in paleoclimate studies [42—47].

1.2 Experimental design

Following PlioMIP, a control experiment (pre-industrial era,
Expl) and a Middle Pliocene experiment (Exp2) were car-
ried out. Modern topography and bathymetry, interpolated
from the ETOPO2v2 0.03° x 0.03° dataset [48], were used
in Expl. Changes in the atmospheric CO, concentration, sea
level, topography and land cover were considered in Exp2.
Compared with boundary conditions in Expl, the concen-
tration of atmospheric CO, was higher in Exp 2 and reached
405 ppmv. In addition, the sea level was 25 m higher (ocean
depth increased by 25 m at each grid point of the
high-resolution ETOPO2v2 data, and was interpolated to
the resolution of FOAM). The Middle Pliocene topography
was used in Exp2, which was the present topography in
Expl combined with the anomaly between the Middle Plio-
cene [49] and the present topography [50] provided by
PRISM3. Finally, land cover was taken as the Middle Plio-
cene situation [23] in Exp2. In the above two experiments,
the Central American Seaway (Panama Gateway) remained
closed, while the Bering Strait, Madagascar Strait, Drake
Passage, Tasman Gateway, Gibraltar Strait and Indonesian
Gateway remained open.

In the above two experiments, the ocean started from
present conditions. Both experiments were run for 750 years
to reach a quasi-equilibrium. We analyzed averages for the
last 50 years of simulation.

2  Model results

2.1 Global SST

The simulations show that the global annual mean SST in
the Middle Pliocene was 2.3°C higher than the pre-indus-
trial result. The warming at mid-latitudes was stronger than

Chinese Sct Bull

March (2011) Vol.56 No.g

the warming at low latitudes. In the North Atlantic, the an-
nual mean SST increased by 4-7°C. In the western North
Pacific and Indian Ocean, the SST rose on average by
3-5°C. Annual mean SST showed an increase of about
3-6°C in the Southern Ocean between 40°S and 50°S (Fig-
ure 1(a)).

The simulated SST in boreal winter and summer also had
a similar warming pattern with stronger warming at
mid-latitudes. In boreal winter (Figure 1(b)), the global SST
rose on average by 2.4°C. The warming area in the North
Atlantic and western North Pacific became smaller and
shifted southward in comparison with the changes of annual
mean SST. However, the warming in the Indian Ocean and
the Southern Ocean between 40°S and 50°S were much
stronger, with maximum warming of 5-6°C in the North
Indian Ocean. In boreal summer (Figure 1(c)), the global
mean SST increased by 2.3°C. The warming area expanded
in the North Atlantic and western North Pacific. The SST
rose up to 7°C in the North Atlantic. However, the warming
in the Southern Ocean between 40°S and 50°S weakened.

2.2 Tropical Pacific SST and ENSO

The warm pool in the west Pacific and the cold tongue in
the east Pacific appeared in both the control experiment and
the Middle Pliocene experiment. The two experiments
showed similar positions for the centers of the warm pool
and the cold tongue, and also similar west-to-east SST gra-
dients with higher SSTs in the western tropical Pacific and
lower SSTs in the eastern tropical Pacific. However, there
was a double Intertropical Convergence Zone (ITCZ) in the
simulations with FOAM.

The annual mean SST was higher over the whole tropical
Pacific in the Middle Pliocene in comparison with the
pre-industrial control run. However, there was stronger
warming (2-3°C) in the eastern tropical Pacific and weaker
warming (1-2°C) in the western tropical Pacific. Both bo-
real winter and summer had the same warming pattern. In
the Middle Pliocene simulation, the annual mean SST
simulated at the ODP 847 site (0.2°N, 84.7°W) was 2.5°C
higher than that in the pre-industrial control experiment. In
addition, the SST was 2.3°C higher in boreal winter and
2.7°C higher in boreal summer at this site. At the ODP806
site (0.3°N, 159.3°E), the simulated SST was on average
1.8°C higher for the whole year, 1.6°C higher in boreal
winter and 2.2°C higher in boreal summer. These two sites
were used to reconstruct the west-to-east SST gradient
changes for the tropical Pacific in the Middle Pliocene
[26,27]. The above simulations illustrate that the west-
to-east SST gradient in the tropical Pacific reduced in the
Middle Pliocene. The reduction was due to stronger warm-
ing in the eastern tropical Pacific and weaker warming in
the western tropical Pacific. This reduction in the gradient is
different from the reconstruction, which showed that
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Figure 1 Simulated SST anomalies (unit: °C) between the pre-industrial run and Middle Pliocene run in terms of annual mean (a), winter (b) and summer
(c) values. The dotted areas show the SST changes with a confidence level less than 99%. Rectangles show the regions of the tropical Pacific (rectangle (1)
10°S-10°N, 130°E-75°W), North Atlantic (rectangle (2) 40°-60°N, 0°-60°W) and subpolar North Atlantic (rectangle (3) 60°-90°N, 0°-20°W; 60°-90°N,

0°-15°E).

the reduction resulted from warming in the eastern tropical
Pacific and cooling in the western tropical Pacific.

The ENSO cycle was well simulated in both the control
run and the Middle Pliocene experiment. Rotated empirical
orthogonal function (REOF) analysis on the SST anomaly
(SSTA) in the tropical Pacific shows that the extreme value
of the leading mode was located in the middle to eastern

tropical Pacific, where the most significant SSTA appeared
when El Nifio (La Nifia) occurred. Thus, the tropical Pacific
climate was dominated by an ENSO mode in both experi-
ments. However, the leading mode in the Middle Pliocene
run explained more field variance than that in the pre-
industrial run, which may demonstrate a more significant
ENSO cycle in the Middle Pliocene. At the same time, the



894 Yan Q, et al.

power spectrum of the time series of the leading REOF co-
efficient showed that the power spectrum peaked at 1.5
years in the Middle Pliocene but at 3 years in the pre-
industrial run [39]. Thus, El Nifio events occurred much
more frequently in the Middle Pliocene.

2.3 North Atlantic/Subpolar North Atlantic SST and
AMOC

In this study, according to the anomalies of SST between
the pre-industrial and Middle Pliocene experiments, the
whole North Atlantic was divided into two parts: the North
Atlantic (40°-60°N, 60°W—-0°) and subpolar North Atlantic
(60°-90°N, 0°-20°W; 60°-90°N, 0°-15°E). Compared with
the results of the pre-industrial experiment, the annual mean
SST was 2—6°C higher in the North Atlantic in the Middle
Pliocene experiment, with stronger warming in boreal win-
ter. In the subpolar North Atlantic, the changes in the annual
mean SST were weak, with weak cooling (0°-1°C) in some
areas (Figure 1).

In the pre-industrial run, there was strong meridional
overturning in the Atlantic. The simulated AMOC intensity
was about 24-30 Sv (Figure 2(a)). This agrees with the ap-
proximate 27.5-32.5 Sv simulated with the Climate System
Model of the National Center for Atmospheric Research
[51]. The simulation results were also in the range of ob-
servations of approximately 18.7+5.6 Sv [52]. Therefore,
AMOC was reasonably simulated in the pre-industrial con-
trol experiment, although the center of the overturning was
deeper and located further south in the experiment. In the
Middle Pliocene experiment, the intensity of AMOC was
much less (a difference of 8-10 Sv) than that in the
pre-industrial control experiment (Figure 2(b)).

3 Discussion

3.1 Comparison of FOAM results with reconstructions
and HadCM3 results

The PRISM3 reconstruction illustrates that global annual
mean SST increased by 1.4°C in the Middle Pliocene. In
comparison, the simulations employing FOAM showed a
warming of 2.3°C. The spatial pattern of SSTA simulated
with FOAM agreed well with the pattern reconstructed from
PRISM3, with stronger warming at mid-latitudes. Warming
occurred over the North Atlantic, the North Pacific and the
west coast of South America (Figure 3(a)). Note that the
SSTA in the reconstruction was the difference between the
Middle Pliocene and the present [53]. The simulation of
SSTA involved comparison between the Middle Pliocene
and pre-industrial times. Thus, the warming simulated here
was greater than the reconstruction.

Haywood et al. [34] and Lunt et al. [36] carried out Mid-
dle Pliocene simulations with the fully coupled model
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Figure 2 Simulated zonally averaged Atlantic meridional overturning
streamfunction for the pre-industrial (a) and Middle Pliocene (b). Unit: Sv
(1Sv=10°m’s™).

HadCM3 and the PRISM2 reconstruction. PRISM2 is
slightly different to PRISM3, because PRISIM3 has been
updated to reduce uncertainties in the reconstruction of
vegetation and topography [23,49]. The small differences
only had minor effects on our simulations. The warming of
about 2.3°C simulated here with FAOM agreed well with
the simulation of about 1.8°C with HadCM3 [36]. Both
simulations showed a weakened AMOC. The intensity of
AMOC decreased by 8—10 Sv in the FOAM simulation and
3-6 Sv in the HadCM3 simulation [34]. The Hadley circu-
lation also weakened, especially in the Pacific, which is
consistent with the results of Brierley et al. [54]. In the
western North Pacific, the warming magnitude of the SST
simulated by FOAM (3-5°C) in the Middle Pliocene was
closer to PRISM3 reconstructions (2-5°C) than HadCM3
results (5-10°C). In the center of the North Atlantic
(~40°N), the annual mean SST had a warming pattern of
~3°C in both FOAM results and PRISM3 reconstructions,
but slight cooling in HadCM3 results.

However, there were large discrepancies in the tropical
Pacific and subpolar North Atlantic between the simulations
with FOAM/HadCM3 and the PRISM3 reconstructions.
Both simulations indicated that the weakened west-to-east
SST gradient in the tropical Pacific was due to stronger
warming in the eastern tropical Pacific than in the western
tropical Pacific (Figure 3(b)). In contrast, the reconstruc-
tions showed that the weakened west-to-east SST gradient



Chinese Sci Bull

Yan Q, et al.

90°N

March (2011) Vol.56 No.9 895

60°N

30°N

0°

30°8

60°S

90°S
0°  30°E

T
60°E 90°E 120°E 150°E 180°

RN TR L T A B
150°W 120°W 80°W 60°W 30°W  0°

o

PRISM3

o

IIIIIIIlIII[IIIIIIlIlI\IIIIlhIKIII

HadCM3

SST anomaly (°C)

FOAM

IIIIlIIlllllllllIIIIII\IlIII!IIIII

(b)

-0.5 T T ] T T
180°

L L L l Il

-
o

PRISM3

o

HadCM3

(2]

FOAM

N

JIIIJII_..I..II!JIIIIIII'III

SST anomaly (°C)
]

o

|
L

III'lIIIIIIIIIIIIIIIIII

iy
(=]

]
=z

Figure 3 Comparisons of simulations and reconstructions. (a) Reconstructed SST anomalies between the present and the Middle Pliocene (shaded, unit: °C)
and simulated SST anomalies between the pre-industrial run and Middle Pliocene run (contours, unit: °C). The blue circles represent the geographical loca-
tions used to reconstruct the subpolar North Atlantic, western tropical Pacific and eastern tropical Pacific (only one site shown) SST in the Middle Pliocene.
(b) The meridional-averaged annual mean SST anomalies (°C) between the pre-industrial era and the Middle Pliocene within 5°S—5°N. The red line is for
FOAM results, blue line for HadCM3 results and black line for PRISM3 reconstructions. (c) Same as (b), but for zonally averaged annual mean SST anoma-

lies (°C) within 0°-60°W and 0°-15°E.

was due to significant warming in the eastern tropical Pa-
cific and slight cooling in the western tropical Pacific. In
the subpolar North Atlantic (Figure 3(c)), the warming
magnitude simulated with FOAM was weaker, while
stronger warming appeared in the North Atlantic. Simi-

larly, the warming magnitude in the subpolar North Atlan-
tic was only 0-2°C in HadCM3. The simulated weak
warming clearly disagreed with the extreme warming, of
up to 9°C, reconstructed for the subpolar North Atlantic in
PRISM3.
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3.2 “Permanent El Niiio”

Although the definition of a “Permanent El Nifio” is still
controversial, the concept of a “Permanent El Nifio” essen-
tially reflects a weakened west-to-east SST gradient in the
tropical Pacific. Uncertainties in the reconstructed SST of
the eastern tropical Pacific are relatively small [24,55-57],
but uncertainties in the reconstructed SST of the western—
tropical Pacific cannot be neglected. Only two sites
ODP586 (0.5°S, 158.5°E) and ODP806 (0.3°N, 159.4°E)—
were used to reconstruct the SST in the western tropical
Pacific in PRISM3. Faunal assemblage-based estimates
[55,58,59] show slight cooling (—0.1°C) in the western
tropical Pacific warm pool (ODP806). However, Mg/Ca
estimates at site ODP806 [27,55] indicate warmer average
conditions (+1.1°C) than the assemblage-based estimates
relative to the present. Planktic foraminifer assemblage-
based SST estimates for site ODP506 [55] show 0.1°C
warming relative to the present mean conditions. The
nannofossil-based estimates at site ODP1115 (~9°S,151°E)
[60] also show a relative warming pattern in the western
tropical Pacific in the Middle Pliocene.

The simulations with FOAM and HadCM3 both demon-
strate warming over the whole tropical Pacific, with larger
warming magnitude in the eastern tropical Pacific. The
west-to-east SST gradient thus weakened in the simulations.
The warming over the whole tropical Pacific was attributed
to the increase in the concentration of atmospheric CO, in
the Middle Pliocene experiment. In addition, the tropical
Pacific was still dominated by the ENSO mode but with
much higher frequencies, which was consistent with the
results of HadCM3 [61].

There were also uncertainties in the simulations. The
simulated present El Nifio was weaker and the simulated cold
tongue extended further westward in the control run than in
observations. In addition, FOAM simulated a double ITCZ,
which was unrealistic and led to a symmetric climatology
about the equator [39]. Following PlioMIP, only greenhouse
gases, the sea level, topography and land-cover changes were
considered in the Middle Pliocene experimental design. Other
factors that may have great influence on the Middle Pliocene
climate, such as changes in the Greenland-Scotland ridge
[62], were neglected in the experiment. On the other hand,
representation of the internal physics and parameterization of
the model can also introduce uncertainties into the simula-
tions. For example, the role of typhoons in transporting heat
from the tropics to the poles [63] was underestimated in cli-
mate models. The strong vertical mixing in the upper ocean
resulting from typhoons was attributed to the weakened
west-to-east SST gradient in the early Pliocene [64].

3.3 AMOC in the Middle Pliocene

The annual mean SST derived from PRISM3 data suggests
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extreme warming in the subpolar North Atlantic, which
indicates strengthened AMOC in the Middle Pliocene. The
strengthened AMOC could lead to warming in the subpolar
North Atlantic, but the warming does not inevitably indicate
intensification of AMOC.

5"C records in the Atlantic were used to reconstruct
AMOC. 50 and §C values, reconstructed from benthic
foraminifera data for ODP552 (56°N,23°W), ODP607
(41°N,33°W), ODP407 (47°S,7°E) and ODP849 (0°, 111°W)
for the interval from ~3.35 to 2.95 Ma, indicate that during
warmer (colder) periods with more negative (positive)
50, the 6"°C gradient among the above four sites was
smaller (larger) than that during the Holocene [65]. Ravelo
et al. [66] and Hodell et al. [67] pointed out that the & Bc
gradient between the North and the South Atlantic has
greatly increased since 3.0 Ma. The above evidences sug-
gest a stronger AMOC in the Middle Pliocene than at pre-
sent. However, ambiguity in the interpretation of paleocli-
matic records cannot be ignored. If the intensified AMOC
was a cause of extreme warming in the subpolar North At-
lantic, we ask why there was almost no change in the 5°C
values from ODP606, ODP 925 and ODP 552 since 3 Ma
[66], which would indicate little change in AMOC since the
Middle Pliocene. In the South Atlantic, changes in §"°C for
ODP1088 (41°S,3°W) and ODP1090 (42°S,9°W) were
completely different [67]. If only considering 6"°C values
from ODP982 (57°N,15°W), ODP607 (41°N,33°W) and
ODP1088, there were only small changes in the §"°C gra-
dient between the North Atlantic and South Atlantic since 3
Ma [67]. Thus, whether there is another interpretation of
these 5'°C records remains an open question.

The FOAM and HadCM3 simulations indicate that
warming occurred in the North Atlantic and AMOC reduced
in the Middle Pliocene. The concentration of atmospheric
CO, (~405 ppmv) was higher in the Middle Pliocene experi-
ment than in the pre-industrial experiment, and led to melting
of the sea ice and ice sheet at high latitudes. More freshwater
entered the North Atlantic, which resulted in reduced salt
density and weaker sinking of deep waters, as many coupled
models of the IPCC AR4 simulate for a warm climate with
increased concentrations of atmospheric CO, [68].

3.4 Discrepancies between FOAM results and PRISM3

There were discrepancies between the present Middle Plio-
cene modeling and PRISM3 reconstructions, but they were
not simply due to the deficiencies of the climate model.
Uncertainties in reconstructions and/or interpretation ambi-
guity of paleoclimatic records were also main reasons for
the above discrepancies. Considering recent studies, it is
difficult to evaluate whether the reconstruction or simula-
tion is better. In terms of available simulations employing
FOAM and HadCM3, it is still too early to analyze the
mechanisms behind the extreme warming in the subpolar
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North Atlantic and the permanent El Nifio in the Middle
Pliocene.

To analyze the mechanisms behind SST changes in the
Middle Pliocene, great efforts are needed in terms of im-
proving both the modeling and data. In terms of modeling,
sensitivity experiments with consideration of the specialties
of the Middle Pliocene should be carried out to reduce un-
certainties. Ensemble simulations with several climate
models are also needed to reduce uncertainties in comparing
modeling results. Finally, other evidence independent of the
PRISM3 reconstruction and PlioMIP experiments needs to
be considered; for example, East Asian monsoon changes in
the Middle Pliocene. The independent evidence will be
useful in understanding global and regional climate changes
in the Middle Pliocene.

4 Conclusions

In summary, we used PRISM3 boundary conditions to
simulate the Middle Pliocene climate with a fully coupled
model FOAM. Our simulations illustrated that the global
annual mean SST in the Middle Pliocene was about 2.3°C
higher than the pre-industrial value. The warming was
stronger at mid- and high latitudes than at low latitudes.
There was strong warming in the North Atlantic, North Pa-
cific, Indian Ocean and Southern Ocean between 40°S and
50°S. The simulation also showed that the west-to-east SST
gradient decreased in the tropical Pacific and AMOC weak-
ened in the Middle Pliocene. The above results agree well
with the simulation employing HadCM3. Furthermore, the
SST results for the western North Pacific and the central
North Atlantic were better in the simulation using FOAM
than that using HadCM3.

The SST changes simulated with FOAM agreed well
with the PRISM3 reconstructions. There was strong warm-
ing over the North Atlantic, North Pacific and west coast of
South America. However, the warming simulated in the
subpolar North Atlantic was much weaker than that in the
PRISM3 reconstruction. AMOC was weakened, not intensi-
fied, in the simulation. In the tropical Pacific, the west-to-
east SST gradient decreased in the Middle Pliocene. The
decrease in gradient was due to stronger warming in the
eastern tropical Pacific and weaker warming in the western
tropical Pacific. It is different from the reconstruction,
which showed warming in the eastern tropical Pacific and
cooling in the western tropical Pacific.

The above model-data discrepancies were due to uncer-
tainties in reconstructions, difficulties in paleoclimate mod-
eling and deficiencies of the climate models. It is clear that
efforts are needed in terms of improving both modeling and
data to better our understanding of the warm Middle Plio-
cene climate.
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