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Abstract

The mid-Pliocene warm period (∼3 million years ago; 3 Ma) is one of the plausible scenarios which provide insight
into the climate system in a globally warmer world as projected by climate models for the future. The reconstructed sea
surface temperature (SST) by the Pliocene Research, Interpretation and Synoptic Mapping phase 3 (PRISM3) reveals that
salient warming occurs in the higher latitudes together with weakening of surface cooling in the equatorial and coastal
upwelling regions. The sensitivity of an atmospheric general circulation model (AGCM) is studied by prescribing the
surface condition based on the PRISM3 paleoenvironmental reconstructions. The simulated Walker circulation generally
slows down, inducing convergent anomaly over the African continent and divergent anomaly over the Asian monsoon
region at the lower troposphere; and vice versa at the upper troposphere in response to the reduced east-west gradient
of the tropical SST in that period. The ascending branch of the Hadley cell expands poleward, implying a weakening
of the meridional circulation in response to the warmer SST in the higher latitudes. To identify the physical reason for
the modulation of the wet-dry climatological pattern in low latitudes, additional sensitivity experiments were conducted
by changing the configurations of ice-sheet cover, vegetation and zonal patterns of the SST. The results indicate that the
reduction of meridional and zonal gradient of tropical SST is the key factor for the expansion of proxy-suggested wetter
climate over Africa.

1. Introduction

The mid-Pliocene warm period (∼3 million years
ago; 3 Ma) is a warm interval experienced in transition
from the sustained warmer climate of the early Pliocene
, with relatively small (or absent) Northern Hemisphere
ice sheets, to the cooler climate of the Quaternary, with
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predominant glacial-interglacial cycles (e.g., Zachos et
al. 2001; Lisiecki and Raymo 2005; Jansen et al. 2007).
It is also the most recent period when the global cli-
mate was substantially warmer than the present-day for
a sustained time (∼300 thousand years, e.g., Dowsett
et al. 1994; Haywood et al. 2009a). In addition, the
geographic distribution of continents and oceans in this
period was similar to that in the present day. The effort
in simulating the climate for this interval is expected to
make substantial contributions to the advanced valida-
tion of climate models predicting future climate change
(e.g., Crowley 1996; Salzmann et al. 2009), to the esti-
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Fig. 1. Differences in boundary conditions used in the AGCM (3 Ma minus 0 Ma). (a) Annual mean SST (K). Black
and white contour interval is 1, 5 K, respectively. (b) Topography (m).

mation of “Earth system sensitivity” (Lunt et al. 2010;
Pagani et al. 2010), and to provide insight into the glob-
ally warmer world that is predicted by the climate mod-
els for the future(e.g., Meehl et al. 2007; Knutti and
Hegerl 2008).

The paleoclimate conditions in the mid-Pliocene are
investigated by a series of studies that summarized con-
ditions at a large number of marine and terrestrial sites
and areas. As a part of the United State Geological
Survey (USGS) Global Changes Research effort, the
Pliocene Research Interpretation and Synoptic Map-
ping (PRISM) Project (e.g., Dowsett et al. 1994, 1996,
1999, 2009b) has documented the characteristics of cli-
mate in the mid-Pliocene warm period (3.29–2.97 Ma)
on a global scale by use of various types of proxy
records (e.g., foraminifera, diatoms, ostracods, pollen
and plant macrofossil data). The PRISM datasets have
been used to drive numerical simulations designed to
explore the impact of climate forcing and feedback dur-
ing the Pliocene (e.g., Chandler et al. 1994; Sloan et al.
1996; Jiang et al. 2005), and assess the reproducibil-
ity of climate simulations derived by general circula-
tion models (GCMs) in this period (e.g., Haywood et al.
2005; Haywood et al. 2009b). Recently, as a world-
wide framework for studying the paleoclimate recon-
structions and simulations, the Paleoclimate Modeling
Intercomparison Project (PMIP; e.g., Joussaume et al.
1999; Braconnot et al. 2007a, b) has focused on the
mid-Pliocene warm period as one of new target intervals
in its latest phase (PMIP3; Otto-Bliesner et al. 2009).

Figure 1 shows sea surface temperature (SST) and
topography in the mid-Pliocene warm period recon-
structed by the latest phase of the PRISM project
(PRISM3; Haywood et al. 2010). The SST recon-

struction (Fig. 1a) features pronounced warming (up to
∼15 K) in mid- and high-latitudes, particularly in the
North Atlantic Ocean (e.g., Dowsett et al. 1996). In
contrast, the SST is similar to the present day value in
tropical regions. The SST pattern in the mid-Pliocene
is distinct from the significant warming trend in low
latitude in the future projection by experiments forced
by increasing atmospheric greenhouse gases concentra-
tions (e.g., Meehl et al. 2007). Recently, it was revealed
that the proxy records from the modern upwelling areas
off the west coast of South America suggest warmer sur-
face conditions in the mid-Pliocene than the present day
(e.g., Ravelo et al. 2004; Haywood et al. 2005; Wara
et al. 2005; Dekens et al. 2007; Dowsett and Robinson
2009). The east-west anomalous SST contrast in the
tropics (Fig. 1a) could have played a fundamental role
for atmospheric general circulation patterns and global
climate in the mid-Pliocene (e.g., Etourneau et al. 2010;
Ravelo 2010).

Numerical studies through the use of GCMs evoked
some features of the atmospheric general circulation in
the mid-Pliocene. One of the key aspects of the mid-
Pliocene climate was a weakening of atmospheric east-
west overturning circulation in the tropics, manifested
as Walker circulation, as a part of a “permanent El-
Niño” condition (e.g., Barreiro et al. 2006; Brierley et
al. 2009) resulting from the reduction of east-west tem-
perature gradient in the tropical Pacific (e.g., Ravelo et
al. 2004; Wara et al. 2005; Dekens et al. 2007). As for
the latitudinal direction, characteristics of mean merid-
ional circulation (MMC) in the tropics (Hadley circu-
lation) during this interval were investigated by various
configurations (Sloan et al. 1996; Barreiro et al. 2006).
The AGCM studies forced by SST with coarser reso-
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lution or present-day meridional gradient in the tropics
did not show any significant changes in the strength and
location of the Hadley circulation. In contrast, weaken-
ing of the Hadley circulation has been also reported in
several studies (e.g., Chandler et al. 1994; Haywood et
al. 2000; Jiang et al. 2005). Brierley et al. (2009) re-
vealed that a diminished meridional gradient of SST in
low latitude, as based on several types of proxy records,
is responsible for the greatly weakened and a latitudinal
expansion of the Hadley circulation in early Pliocene
(ca. 4 Ma). Haywood et al. (2009b) showed broad-
ening of the Hadley cells caused by reduction in the
equator-to-pole temperature gradient in the results of
two AGCM simulations using PRISM2 boundary con-
ditions (Dowsett et al. 1999).

In addition to the alteration of the high-latitude cli-
mate, the reconstructed air temperature and rainfall
show that the atmospheric circulation in low latitude
was also largely modulated, and inherent physical pro-
cessed are insufficiently understood, especially mon-
soon related wet/dry climate (e.g., Chandler et al. 1994;
Sloan et al. 1996; Haywood et al. 2009b). The im-
provement in the reconstruction of the paleoenviron-
mental conditions by PRISM has provided insight into
large-scale atmospheric circulation for altered regional
climate patterns under warmer conditions as well as val-
idation of the simulation with paleovegetation data. The
purpose of the present study is examining the details of
atmospheric global circulation and tropical/subtropical
climate patterns in low latitude during the mid-Pliocene
warm period by use of state-of-the-art PRISM recon-
struction dataset, which has additional data points in
equatorial Pacific and other regions. Examining the
consistency of simulated climate with the terrestrial
proxy data may contribute to test the ability of GCM
to simulate the climate under the warmer conditions.
It should be noted that formation of the climate sys-
tem through the modulation of the oceanic general cir-
culation and SST distribution during this period is not
discussed in this study because sea surface conditions,
which also includes substantial influences over the other
boundary conditions, are prescribed. We only consider
the annual-mean values in this paper because the infor-
mation about seasonality in proxy data was not suffi-
cient to verify the results of simulations. The paper
is organized as follows: Section 2 describes the atmo-
spheric GCM, boundary conditions, experimental de-
sign, and analysis method. Section 3 represents the
characteristics of simulated atmospheric circulation in
the mid-Pliocene and discusses possible mechanisms
for the climate changes in the mid-Pliocene. Section 4
is discussion. Section 5 is the conclusion of this paper.

2. Data and method

2.1 Atmospheric general circulation model (AGCM)
The model used for the present study is an atmo-

spheric component of an air-sea coupled model devel-
oped at the Meteorological Research Institute in Japan
(MRI-CGCM2.3; Yukimoto et al. 2001, 2006) for cli-
mate projections and paleoclimate simulations (e.g., Ki-
toh et al. 2001; Kitoh and Murakami 2002; Ueda et al.
2011). The AGCM has horizontal T42 resolution (an
approximately 280 km transform grid) and 30 layers in
the vertical, with the top at 0.4 hPa. The land component
is based on the simple biosphere (SiB) model (Sellers
et al. 1986; Sato et al. 1989), which includes the ef-
fects of vegetation. The land model has three soil layers
with different field capacities depending on the vegeta-
tion type, in which the temperature, liquid water, and
frozen water in each soil layer are predicted. Canopy
and grass are treated for each of the 13 vegetation types,
for which the parameters are dependent on the vegeta-
tion type and month of the year.

2.2 Boundary conditions
The mid-Pliocene surface conditions used in this

study are PRISM3 dataset (Haywood et al. 2010),
which combines 202 terrestrial and 86 marine sites.
This dataset is provided to the paleoclimate modeling
community through a series of digital datasets as part
of the PRISM data-model cooperative, also known as
the Pliocene Model Intercomparison Project (PlioMIP).
The PRISM3 paleoclimate reconstruction contains all
major boundary conditions, including SST (Fig. 1a) and
sea ice extent (Dowsett et al. 2009b; Haywood et al.
2010), ice sheet height and extent, vegetation types and
distribution (Salzmann et al. 2008), and topography
(Sohl et al. 2009).

Figure 1b shows differences in topography and ice
sheet height between 3 Ma and the present day. The
reconstruction of topography by palaeobotanical and
palaeoelevation evidence shows that the East African
Rift Valley was 500 m higher in the mid-Pliocene rela-
tive to the present value (Thompson and Fleming 1996;
Dowsett et al. 1999; Sohl et al. 2009). In contrast,
the western cordilleras of North America and northern
South America were lower than the present day. Fig-
ure 2 shows the land ice distribution estimated by stable
isotopic, stratigraphic sea level records, and pollen data
on the land. This evidence reveals significant reduction
of the continental ice sheet on Greenland and Antarctica
(Thompson and Fleming 1996; Dowsett et al. 1999).
The land ice extent over Greenland was reduced by half
(Dowsett et al. 1999), with the ice restricted to the high
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Fig. 2. Distributions of vegetation used in the AGCM, (a) 0 Ma, (b) 3 Ma. Vegetation type in each grid is classified
into 13 types of SiB classification. None of the grids is classified into the three types of vegetation (deciduous
broadleaf, broadleaf deciduous shrubs, cultivated land) in this study.

altitude regions of East Greenland. In East Antarctica,
significant ice sheet reduction was recognizable in the
Wilkes and Aurora Subglacial basins (Haywood et al.
2010).

Reconstruction of vegetation is compiled from fossil
pollen and plant macrofossil data from terrestrial sites
covering all continents (Thompson and Fleming 1996;
Dowsett et al. 1999). The patterns of reconstructed
vegetation in the mid-Pliocene (Fig. 2) indicate a gener-
ally warmer and moister climate relative to the present
day. The major differences in vegetation patterns be-
tween the modern and the mid-Pliocene are significant
reductions of tundra area accompanied by northward
migration of evergreen taiga. The vegetation distribu-
tion was characterized by a parallel northward shift of
temperate forests and grasslands in Eurasian and east-
ern North America, replacing the boreal conifer forests.
In the lower latitude, the mixed warm-temperate forests

in East Asia and North America became dominant in
central Europe. The northward shift of vegetation pat-
terns in mid- and high-latitude, together with signifi-
cant reduction of continental ice sheet in Greenland and
Antarctica suggests vastly warmer conditions than the
present day, particularly at the polar regions (e.g., Salz-
mann et al. 2008). It is also notable that more humid
conditions spread over broader areas in low latitude.
Salzmann et al. (2008) revealed a wetter climate in the
subtropics relative to the present day due to the expan-
sion of tropical savannas and woodlands in Africa and
Australia in the current expense of subtropical deserts.

PRISM3 SST differs from PRISM2 SST (Dowsett et
al. 1999) by taking into account data from more lo-
calities, particularly in the equatorial Pacific (Dowsett
and Robinson 2009) and North-eastern Atlantic/Arctic
regions (Dowsett et al. 2009a, b; Robinson 2009).
In addition, PRISM3 incorporates multiple tempera-
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Table 1. External forcings and atmospheric constituents in this study.

Solar constant Eccentricity Obliquity Precession CO2 (0 Ma) CO2 (3 Ma) CH4 N2O
[W m−2] [◦] [◦] [ppmv] [ppmv] [ppbv] [ppbv]

1365 0.016724 23.446 102.04 280 405 760 270

Table 2. Surface properties for the experiments. Spatial range where difference in topography and vegetation exists
between 3 Ma and 0 Ma is entire region except Greenland and the Antarctic Continent. Differences of “Land
ice” in orography and biomes between 3 Ma and 0 Ma exist only on the Greenland and Antarctic Continent.

Experiments SST Sea ice Topography∗ Land ice∗∗ Vegetation∗

0 Ma 0 Ma 0 Ma 0 Ma 0 Ma 0 Ma
3 Ma 3 Ma 3 Ma 3 Ma 3 Ma 3 Ma

3 Ma 0SST 0 Ma 3 Ma 3 Ma 3 Ma 3 Ma
3 Ma 0Sea ice 3 Ma 0 Ma 3 Ma 3 Ma 3 Ma
3 Ma 0Topo 3 Ma 3 Ma 0 Ma 3 Ma 3 Ma

3 Ma 0Land ice 3 Ma 3 Ma 3 Ma 0 Ma 3 Ma
3 Ma 0Veg 3 Ma 3 Ma 3 Ma 3 Ma 0 Ma

∗except the Greenland and the Antarctic Continent
∗∗only on the Greenland and the Antarctic Continent

Table 3. SST configurations in the idealized experiments. The other boundary conditions in the experiments are
similar to the 3 Ma simulation. The configurations in the two contrast experiments are shown in the upper column.

Experiments
SST in the Pacific Ocean SST in the Atlantic Ocean

and the Indian Ocean and the Arctic Ocean
3 Ma 3 Ma 3 Ma

3 Ma 0SST 0 Ma 0 Ma
3 Ma ZSST 3 Ma zonal 3 Ma zonal

3 Ma AtlZSST 3 Ma 3 Ma zonal
3 Ma PIZSST 3 Ma zonal 3 Ma

ture proxies (multivariate analysis of fossil planktonic
foraminifera, ostracods, and diatoms as well as Mg/Ca
and alkenone unsaturation index palaeothermometry)
which provide greater overall confidence in the SST
fields. The new multiple proxy SST estimates are now
greatly enhance and extend the PRISM SST reconstruc-
tion into regions previously not represented.

2.3 Experimental design
a. 3 Ma experiments and sensitivity experiments
The fundamental framework for the control run (here-

after, 0 Ma) and the mid-Pliocene simulation (3 Ma) in
this study is based on an “alternate experiment” in the
PlioMIP, in which changes in land/sea are set to default
values, as detailed in Haywood et al. (2010). The exper-
iment in atmospheric composition and external forcings
in this study are summarized in Table 1. The orbital con-
figuration is specified as the same as 0 Ma setting. The

concentration of CO2 in the atmosphere was set to 280
and 405 ppmv in 0 Ma and 3 Ma. Note that the setting
of atmospheric CO2 concentration is not greatly impor-
tant because the prescribed SST already includes sur-
face warming through change in CO2 concentrations for
this study. In the absence of any adequate proxy data, all
other trace gases were specified to pre-industrial value,
as was the solar constant. The details of the experimen-
tal framework are described in Haywood et al. (2010).

Table 2 shows details of seven experiments con-
ducted in this study. The surface conditions of 0 Ma
and 3 Ma experiments are adjusted according to the
PRISM3 datasets. The other five sensitivity experi-
ments are designed to investigate the contributions of
sea surface temperature, sea ice, topography, land ice,
and vegetation to the mid-Pliocene climate. The effects
of boundary parameters are evaluated in the difference
between the results of the 3 Ma control experiment and
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Fig. 3. Differences in annual mean SST (K) between idealized SST experiments and 0 Ma (a) 3 Ma (same as
Fig. 1a), (b) 3 Ma ZSST (zonal-mean SST in globe), (c) 3 Ma AtlZSST (same as Fig. 3b, but for zonal SST
in the Atlantic Ocean), (d) 3 Ma PIZSST (same as Fig. 3b, but for zonal SST in the Pacific/Indian Ocean).
Boundaries between the Southern Atlantic Ocean and the Southern Pacific/Indian Ocean (22.5◦E, 67.5◦W) are
smoothed with neighboring grids.

3 Ma simulation forced by prescribed 0 Ma parameters
in this study. For example, the effect of SST is calcu-
lated by subtracting the result of 3 Ma 0SST from that
of 3 Ma. The basic framework for evaluating the effects
of boundary conditions by sensitivity experiments is al-
most identical to Ueda et al. (2011). All simulations
were run for 60 years, and the results reported below
are climatological mean for the last 50 years.

b. Idealized SST experiments
In addition to the sensitivity simulations, we per-

formed three additional idealized experiments, summa-
rized in Table 3, to investigate more details in the re-
lationship between SST distribution and 3 Ma climate.
Figure 3 shows the distributions of SST anomaly in
boundary conditions within the three simulations. Other
boundary conditions in the experiments are similar to
the 3 Ma simulation. The pattern of SST represented
in Fig. 3a is the difference in SST between 3 Ma and
0 Ma boundary conditions (also shown in Fig. 1a). Fig-

ure 3b shows the pattern of zonal-mean SST anomaly
between 3 Ma and 0 Ma (hereafter, ZSST). By use of
ZSST, we performed “3 Ma ZSST” simulation to sep-
arate contributions of meridional distribution in ZSST
and the zonal asymmetry difference in SST between
3 Ma and 0 Ma (hereafter, ZASST). The effect of
ZSST is determined by subtracting the results of the
3 Ma ZSST from the results of the 3 Ma 0SST. Fig-
ures 3c and 3d shows the difference of SST between
3 Ma and 0 Ma, except for ZSST in the Atlantic
Ocean and the Arctic Ocean (AtlZSST), and the Pa-
cific Ocean and the Indian Ocean (PIZSST), respec-
tively. By use of AtlZSST (PIZSST) for boundary con-
dition, 3 Ma AtlZSST (3 Ma PIZSST) experiment is
performed to evaluate the effect of ZASST in the Pa-
cific Ocean and the Indian Ocean (the Atlantic Ocean)
in comparison with the results of 3 Ma ZSST. Note that
the zonal-mean SST anomaly in a part of the global
ocean is computed by averaging within the region (not
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global) to keep meridional distribution of zonal-mean
SST withthe 3 Ma simulation (Fig. 3b).

2.4 Indices of Hadley and Walker circulation
As a simple parameter to gauge the intensity of the

Hadley circulation, we use the mass stream function
(Oort and Yienger 1996) to represent the strength of the
mean meridional overturning of mass. This index is de-
fined by calculating the northward mass flux above a
particular pressure level, p. The mass stream function
of the MMC ΨM is defined as

ΨM =
2πacosφ

g

∫ p

0
[ν ]d p (1)

where π is a circular constant, a is the radius of the
earth, φ is the latitude, g is the gravity acceleration, and
ν is the meridional velocity. The operator [ ] stands
for the zonal averaging. The Hadley circulation is de-
scribed by two cells (Northern and Southern) of ΨM in
the tropics. The latitudinal extent and centers of the
Hadley cells are represented by the absolute value of
ΨM at 500 hPa at zero and maximum. This index repre-
senting the intensity and width of the Hadley circulation
was also used in many other studies investigating past,
present and future climate changes (e.g., Kitoh and Mu-
rakami 2002; Lu et al. 2007; Ohba and Ueda 2010). The
Walker circulation is calculated by the divergent compo-
nent of the zonal wind in the tropics (Yu and Boer 2002;
Yu and Zwiers 2010). We define a function ΨZ as

ΨZ =
2πa

g

∫ p

0
uDd p (2)

where uD is the averaging value of the divergent compo-
nent of the zonal wind in low latitude (30◦S–30◦N). The
two indices enable us to describe the differences in the
planetary scale circulations between the mid-Pliocene
and the present day.

3. Atmospheric circulation and wetter subtropics
in the mid-Pliocene

3.1 Precipitation pattern
The primary feature of atmospheric circulation in the

mid-Pliocene is found in meridional contrast. Figure 4
shows the annual-mean differences in surface temper-
ature and precipitation between 3 Ma and 0 Ma simu-
lations. The surface temperature in 3 Ma tends to be
higher than 0 Ma in most parts of the globe, with a
2.1 K warming in global averaging value. Significant
warming is evident in mid- and high-latitude in both
hemispheres (Fig. 4a). The most prominent warming
occurred in high-latitude North Atlantic, about 16 K

compared to the present day. Over the ocean, the sur-
face warming pattern bears considerable resemblance to
the distribution of SST changes (Fig. 1a). The increases
in the surface temperature in high latitudes correspond
with the area where sea ice and land ice markedly re-
duced (Fig. 2). In contrast, any substantial changes
are not evident in low latitude, except over the tropi-
cal eastern Pacific and subtropical North Africa. The
east–west gradient in SST over the tropical Pacific was
weakened remarkably (∼−4 K) because of the increas-
ing (∼4 K) /unchanged (∼0 K) SST contrast over the
tropical eastern/western Pacific (Fig. 1a). The surface
cooling over subtropical North Africa is attributed to
increase in evaporative cooling corresponding with in-
tensification of the hydrological cycle in that region
(Fig. 4d).

The precipitation pattern in low latitudes is charac-
terized with decreasing (increasing) on the inside (out-
side) of the tropical rainfall zone (the area where annual-
mean rainfall exceeds 4 mm day−1) in 0 Ma (Fig. 4d).
For example, precipitation decreases over the tropical
Indian Ocean, tropical western Pacific, the equatorial
central Pacific, the central South Pacific and the equato-
rial western Atlantic, and increases over the tropical and
subtropical Africa, the Arabian Peninsula, the subtropi-
cal South Asia and subtropical Oceania. These patterns
reveal that the inter-tropical convergence zone (ITCZ)
in 3 Ma is broader and the rainfall accompanying large-
scale convergence in ITCZ is weakened compared to
0 Ma. Although within the tropical rainfall zone, pre-
cipitation also increases over the tropical eastern Pa-
cific and northern South America. The meridional pat-
tern in zonal-mean precipitation anomaly (Fig. 4e) dis-
plays the rainfall reduction in the center of the ITCZ
and rise in the subtropics, indicating meridional expan-
sion of the convergence zone in low latitude. The pre-
cipitation pattern in low latitude (30◦S–30◦N) also rep-
resents systematical difference between 3 Ma and 0 Ma
(Fig. 4f), i.e., increasing at 20◦W–70◦E (in the western
Atlantic, the African continent, and the western Indian
Ocean) and 120◦W–60◦W (in the eastern Pacific and the
South America), and decreasing at 80◦E–110◦E (in the
central-eastern Indian Ocean and Maritime Continent)
and 140◦E–150◦W (in the western-central Pacific). On
the outside (inside) of the convergence regions in the
tropics, the 3 Ma climate is more rainy (arid) compared
to 0 Ma. It is also noteworthy that the simulated wet-
ter conditions in the subtropical regions, especially in
Africa and Australia, are consistent with the paleoenvi-
ronmental reconstructions by the fossil pollen and plant
macrofossil evidences (Salzmann et al. 2008).

In order to quantify the change of large-scale cir-
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Fig. 4. Differences in the annual mean value between 3 Ma and 0 Ma. (a) Surface air temperature (K). Black and
white contour interval is 2, 6 K, respectively. (b) Zonal mean of surface air temperature anomaly. (c) Low latitude
(30◦S–30◦N) surface air temperature anomaly. (d) Precipitation (color shading in mm day−1), velocity potential
at 200 hPa (blue contour in 105 m2 s−1), and divergent wind at 200 hPa (blue vector in m s−1). The thin black
contour represents ±0.8, ±2 mm day−1 and the white contour interval is 4 mm day−1 in precipitation change.
Solid black contour represents 4 mm day−1 in 0 Ma precipitation. (e) Zonal mean of precipitation anomaly. (f)
Low latitude (30◦S–30◦N) precipitation (black line, mm day−1) and velocity potential at 200 hPa (blue line, 105

m2 s−1) anomaly.
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culation in the mid-Pliocene, velocity potential χ is
used in this study. The velocity potential field is cal-
culated using the non-rotational horizontal wind vector
Vχ at 200 hPa following the definition by Krishnamurti
(1971) as:

Vχ = −∇χ (3)
The change of the velocity potential field in 3 Ma rel-

ative to 0 Ma is shown in Fig. 4d. The general pattern
of velocity potential in 3 Ma shows that the anomalous
divergent wind flows from the ITCZ to the outside re-
gions in low latitude. The velocity potential is weak-
ened over the western tropical Pacific and the eastern
Indian Ocean where the major centers of divergent cir-
culation, imply rising motion in the region, are located
in 0 Ma (not shown). In contrast, the velocity poten-
tial in 3 Ma is strengthen over Africa, the eastern At-
lantic, the western Indian Ocean, and the eastern trop-
ical Pacific where the convergence of divergent circu-
lation is dominated in 0 Ma. The east-west pattern of
velocity potential in low latitude (Fig. 4f) is similar to
that of the precipitation in low latitude. The area of
the divergent/convergent anomaly in low latitude corre-
sponds to the large-scale change of the increasing pre-
cipitation pattern at 20◦W–70◦E (over Africa and the
western Indian Ocean) and the decreasing at 140◦E–
150◦W (over the western-central Pacific). The changes
in velocity potential over the other regions (the eastern
Pacific, northern South America, the western Atlantic,
and the central-eastern Indian Ocean) are near zero and
the precipitation changes show complexity in latitudinal
structure in low latitude.

The characteristics of atmospheric circulation and hy-
drological cycle in 3 Ma can be approximated by the
sum of contributions of each boundary condition. Fig-
ure 5 shows the precipitation pattern in the 3 Ma simu-
lation and the effects of the boundary conditions by the
sensitivity experiments (see Section 2.3a). The precip-
itation change in 3 Ma (Figs. 4d and 5a) can generally
be explained by the contribution of SST (Fig. 5b). As
for the other boundary conditions, sea ice, topography,
land ice, and vegetation (Figs. 5c–f), the contributions
to the precipitation pattern in 3 Ma are negligible. Only
the vegetation effect (Fig. 5f) appears as a result of the
precipitation increase in subtropical North Africa and
the Arabian Peninsula. The enhanced precipitation in
the regions are attributed to a decrease in surface albedo
and strengthening of atmospheric radiative heating, re-
sulting in favoring convection and increased precipita-
tion as a result of replacing forest and grassland from
the current desert in those regions (e.g., Charney 1975).

The general changes in atmospheric circulation and
the hydrological cycle in low latitude can largely be ex-

plained by the SST pattern in 3 Ma. Further details in
the relationship between the SST distribution and 3 Ma
climate are investigated by the three additional ideal-
ized experiments (see Section 2.3b). Each simulation
is performed to isolate the contribution of ZSST and
ZASST in each ocean sector. Figure 6 shows effect
of each anomalous SST pattern on precipitation. The
effect of global SST (Figs. 5b and 6a), similar to the
pattern of 3 Ma simulation (Fig. 5a), shows some dis-
agreements with pattern of ZSST (Fig. 6b). The pattern
of increasing in the equatorial eastern Pacific, northern
South America, and Africa, and decreasing in the cen-
tral South Pacific is not evident as an effect of ZSST.
The contribution of ZSST is responsible for the lati-
tudinal characteristics of the hydrological cycle, while
ZSST does little to modify the zonal asymmetry in pre-
cipitation change. In contrast, the simulation forced by
3 Ma SST in the Pacific Ocean and the Indian Ocean,
as well as ZSST in the Atlantic (Fig. 3c), accurately re-
produces the precipitation pattern in 3 Ma (Fig. 6a and
6c). The results of the simulation (Fig. 6d) forced by
3 Ma SST in the Atlantic Ocean and ZSST in the Pa-
cific Ocean and the Indian Ocean (Fig. 3d) are not sim-
ilar to the 3 Ma pattern (Fig. 6a). These results explain
that ZASST in the Pacific Ocean and the Indian Ocean
(Fig. 3c) plays a fundamental role in the zonal asymme-
try of precipitation for 3 Ma.

Figure 7 shows changes in the velocity potential
at 200 hPa in the idealized SST experiments. The
SST effect (Fig. 7a) reproduced the altered patterns in
3 Ma very well, in addition to the precipitation change
(Fig. 4d). The effect of SST is evident in the in-
crease in divergent circulation over the eastern Atlantic,
Africa, the western Indian Ocean, the eastern tropical
Pacific, and northern South America, and the decreas-
ing over the western-central Pacific. The anomalous
divergent wind in 3 Ma flows from Africa and north-
ern South America to the major divergent regions in
0 Ma (the eastern Indian Ocean and the Pacific ITCZ).
Note that the major divergence over the Bay of Ben-
gal and the eastern Indian Ocean in 0 Ma, which rep-
resents the intensity of the Asian monsoon, is attenu-
ated in 3 Ma. The divergent anomaly over the eastern
Atlantic and Africa at the upper level corresponds with
weakening of the subtropical anticyclone over the At-
lantic and Africa at the lower level (not shown). The
contribution of ZSST for the divergent wind in 3 Ma is
also seen over the eastern Indian Ocean and the west-
ern Pacific, but very restricted in strength and spatial
range (Fig. 7b). As for the effect of ZASST in the Pa-
cific/Indian Ocean (Fig. 7c) and ZASST in the Atlantic
Ocean (Fig. 7d), the former contributes to the pattern
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Fig. 5. Changes in the annual mean precipitation (mm day−1). (a) Difference between 3 Ma and 0 Ma (same as
Fig. 4d). (b) Effect of SST, (c) sea ice, (d) topography, (e) land ice, (f) vegetation. Thin black contour represents
±0.8, ±2 mm day−1, white contour interval is 4 mm day−1 with the zero contours omitted for clarity. Solid
black contour represents 4 mm day−1 in climatological value in 0 Ma.

of the SST (Fig. 7a) rather than the latter. The results
explain that the changes of the meridional precipitation
pattern in 3 Ma are altered by the change of the merid-
ional gradient in SST, while the precipitation pattern
in low latitude and the anomalous convergent/divergent
circulations at the upper level result from the ZASST in
the Pacific Ocean and Indian Ocean in 3 Ma.

3.2 Hadley and Walker circulation
The results of changes in atmospheric circulation pat-

terns, shown in the above, imply the existence of gen-
eral modification of atmospheric overturning circulation
in the mid-Pliocene relative to the present day. Figure 8
shows zonal-mean atmospheric meridional circulation
(e.g., Hadley circulation in the tropics) and east-west
overturning circulation in low latitude (Walker circu-
lation), defined by Eqs. (1) and (2). Increasing (de-
creasing) values over the negative (positive) circulation
in 0 Ma climatology represent a slow-down of circu-
lation in 3 Ma. The Hadley circulation (Figs. 8a, c)

weakens (up to ∼30 %) in the center of regions with
pronounced, deep convection (10◦S–15◦N) in the trop-
ics. As for the poleward boundaries of the Hadley cells
around 30◦S and 30◦N, the circulations are strength-
ened, indicating poleward widening of the Hadley cells.
A more evident tendency of latitudinal expansion ap-
peared in the ascending branches in the Hadley circula-
tion, defined as the range between the equator boundary
and center of circulation at a 500 hPa constant-pressure
surface (Fig. 8c). The width of the ascending branches
in the northern and southern cells in 0 Ma (3 Ma) are
7.9◦ (8.9◦) and 19.7◦ (21.5◦) latitude, respectively. The
ascending branches in the northern and southern cells
extend by about 1.0◦ and 1.8◦ latitude in 3 Ma rela-
tive to 0 Ma. Both of these expansions are much larger
than the interannual variability in 0 Ma (0.3◦ and 0.9◦

latitude in the northern and the southern cells, respec-
tively). The weakening of upward motion together with
the broadening of ascending branches in the Hadley cir-
culation is concurrent with the expansion of the tropical
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Fig. 6. Same as Fig. 5, but for the idealized SST experiments. (a) Effect of 3 Ma SST in the globe (3 Ma minus
3 Ma 0SST, same as Fig. 5b). (b) Effect of 3 Ma zonal-mean SST (ZSST) in the globe (3 Ma ZSST minus
3 Ma 0SST). (c) Effect of 3 Ma SST in the Pacific/Indian Ocean and ZSST in the Atlantic Ocean (3 Ma AtlZSST
minus 3 Ma 0SST). (d) Effect of 3 Ma SST in the Atlantic Ocean and ZSST in the Pacific/Indian Ocean
(3 Ma PIZSST minus 3 Ma 0SST).

rainfall zone and the precipitation decrease within the
area (Fig. 4e).

Figure 8b shows the Walker circulation defined by the
east-west component of divergent wind integrating ver-
tically in low latitude (Eq. 2). The annual-mean Walker
circulation is represented by three major components
(e.g., Hastenrath 1991; Peixoto and Oort 1992) in this
study: 1) a cell ascending in the tropical western-central
Pacific and descending in the eastern Pacific (Pacific
Ocean cell), 2) ascending in the maritime continent, and
descending in the western Indian Ocean (Indian Ocean
cell), and 3) ascending in the African continent and de-
scending in the western Atlantic (Atlantic Ocean cell).
In the simulation, the Atlantic Ocean cell is represented
unclearly because of conjunction of the east-west over-
turning circulation over South America, Atlantic, and
Africa in low latitude. Boundaries between the two
cells over the Indian Ocean and the Atlantic Ocean are
not apparent because they merge over the western In-
dian Ocean. The zonally-asymmetric overturning cir-
culations are generally weakening in 3 Ma, especially
in the Pacific Ocean cell (up to ∼30 %) and the In-
dian Ocean cell (up to ∼66 %). The weakening of the
Walker cells is attributed to the diminishing of east-west

SST contrast in the tropics (Fig. 1a). The characteristics
of east-west overturning circulation in 3 Ma are highly
correlated with the precipitation changes in low latitude
(Figs. 4d, f). The slow-down of the ascending motion
between the centers of the weakened Indian Ocean cell
and Pacific Ocean cell (40◦E–160◦W) corresponds with
the attenuated precipitation area in the tropical eastern
Indian Ocean and tropical western-central Pacific. In
addition, the area where precipitation increases in the
tropical eastern Pacific and the African continent is lo-
cated in the area between the centers of the weakening
cells (160◦W–40◦E) where large-scale descending mo-
tion is suppressed.

Figure 9 shows longitudinal distribution of veloc-
ity potential at 200 hPa in low latitude (30◦S–30◦N)
within the idealized SST experiments. The anoma-
lous east-west divergent contrast in 3 Ma (divergent at
20◦W–70◦E and convergent at 140◦E–150◦W) corre-
sponds with the weakening of the Indian Walker cell
and the Pacific Walker cell (Fig. 8b). The divergent
anomaly over Africa and the convergent anomaly over
the western-central Pacific are not sufficiently repro-
duced by ZSST and ZASST in the Atlantic Ocean, but it
is shown by ZASST in the Pacific Ocean and the Indian
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Fig. 7. Same as Fig. 6, but for velocity potential (shading and contour in 105 m2 s−1) and divergent wind (vector in
m s−1) at 200 hPa. Contour interval is 10 × 105 m2 s−1 with the zero contours omitted for clarity. Solid (dashed)
contour represents positive (negative) change.

Ocean, as shown in Fig. 7. These results are consistent
with the fact that the amplitude of ZASST in the Pa-
cific Ocean is much greater (∼4.0 K) than in the Indian
Ocean (∼0.5 K) and in the Atlantic Ocean (∼0.5 K).
The idealized experiment above reveals that the major
factor contributing to the weakening of the Walker cir-
culation over the Indian Ocean and Pacific Ocean ac-
companied by the zonal asymmetric changes of precip-
itation in 3 Ma is ZASST.

The atmospheric meridional circulation in low lati-
tude is closely correlated to the change in the merid-
ional gradient of SST. Figure 10 shows the changes in
latitudinal range for the ascending branch in the Hadley
circulation simulated by the idealized SST experiments.
All of the latitudinal distributions of zonal-mean SST
in the simulations (3 Ma, 3 Ma ZSST, 3 Ma AtlZSST,
and 3 Ma PIZSST) are the mid-Pliocene pattern. The
Hadley cells in both hemispheres are expanded in the
simulations by using SST with the 3 Ma latitudinal dis-
tributions of zonal-mean value. The broadening in the
southern cell is larger than that in northern cell in each
simulation. The extension is largest in the simulation
forced by global ZSST (1.3◦ and 2.4◦ latitude in the
northern and the southern cells, respectively). In either
case, the broadening of the ascending branches in the
Hadley cells are larger than interannual variability in the

0 Ma simulation. This result reveals that the latitudinal
range of the ascending branch in the Hadley cells ex-
pands in response to the weakening of the meridional
gradient of SST in 3 Ma, either zonally uniform or non-
uniform.

4. Discussions

4.1 Wetter climate in subtropical Africa
In this study, the wetter surface conditions in subtrop-

ical Africa during the mid-Pliocene is also suggested by
the fossil pollen data. Plio-Pleistocene climate change
and the onset of aridity in the subtropics (e.g., deMeno-
cal 1995; McLaren and Wallace 2010) had an essen-
tial role in the transition of regional paleoenvironmental
conditions and the evolution of flora and fauna, includ-
ing Hominids. The climate of subtropical North Africa
gradually shifted from wetter to dryer conditions in the
late Cenozoic (e.g., Axelrod and Raven 1978; Leroy and
Dupont 1994), and begun to vary between dry and hu-
mid climates during the glacial-interglacial cycle cor-
responding to the fluctuation of summer insolation in
the Northern Hemisphere high latitudes (e.g., Prell and
Kutzbach 1987), the northern glaciations, and the cooler
North Atlantic SST (e.g., deMenocal and Rind 1993;
deMenocal et al. 2000). The wetter conditions in sub-
tropical Africa and Australia (Fig. 4d) reproduced in
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Fig. 8. (a) Mass stream function (109 kg s−1) of the annually averaged mean meridional circulation (MMC). Black
and grey contour represents climatological value in 0 Ma (black contour interval is 20 × 109 kg s−1, grey contour
is 0 kg s−1). Shading and white contour represents the difference between 3 Ma and 0 Ma. Contour interval is
5 × 109 kg s−1. (b) Vertically integrated east-west component of annual-mean divergent wind averaged over
30◦S–30◦N (109 kg s−1). Black contour represents climatological value in 0 Ma. Contour interval is 20 × 109

kg s−1. Shading and white contour represents the difference between 3 Ma and 0 Ma. Contour interval is 10
× 109 kg s−1. (c) Latitudinal cross section of the MMC mass stream function (109 kg s−1) at 500 hPa in 0 Ma
(open circle) and 3 Ma (filled circle).

this study are mainly contributed by the pattern of SST,
rather than orography, land ice, sea ice, and vegetation
in this interval (Fig. 5,) through the alternation of the
atmospheric circulation pattern (Fig. 7) associated with
expansion of the ascending branch of Hadley circulation
(Figs. 8a, c, and 10) and the slow-down of Walker cir-
culation (Figs. 8b and 9). This study represents the im-
portance of the diminishing in the meridional and zonal
SST gradient in low latitude for the moist climate in
subtropical Africa during the mid-Pliocene greenhouse
world.

4.2 Differences in the atmospheric structure with
global warming projection

The meridional-vertical structure of the tropical at-
mosphere is a key factor for interpreting the modula-
tion of the atmospheric circulation (e.g., Held and So-
den 2006) and climate feedback system (e.g., Soden and
Held 2006) under the projected warmer conditions. Al-
though the mid-Pliocene climate is often cited as an
analog for the warmer climate, the characteristics in

Fig. 9. Low latitude (30◦S–30◦N) annual mean
velocity potential at 200 hPa (105 m2 s−1).
Shading is the effect of 3 Ma SST on the
globe. Dashed line is the effect of ZSST on
the globe. Solid line is the effect of 3 Ma SST
in the Pacific/Indian Ocean and ZSST in the
Atlantic Ocean. Dotted line is the effect of
3 Ma SST in the Atlantic Ocean and ZSST in
the Pacific/Indian Ocean.
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Fig. 10. Changes in latitudinal range (◦) of the
Hadley circulation ascending branch. Positive
(negative) value represents expanding (shrink-
ing) of the range. (a) Northern cell, (b) south-
ern cell. Error bars indicate standard devia-
tions in each run.

the simulation of atmospheric circulation show several
differences to those of future projections. Figure 11
shows the latitude-vertical cross section of zonal-mean
air temperature and specific humidity. Low- and mid-
tropospheric air temperatures in 3 Ma rise significantly
in mid- and high-latitude, and change slightly in low
latitude (Fig. 11a). The peaks of atmospheric warm-
ing in the troposphere (∼8 K) are mainly found at near
surface in high latitude regions. This pattern is differ-
ent from the projected climate change forced by the in-
crease of atmospheric greenhouse gas concentrations in
which the peaks appear in the upper-troposphere in low
latitude corresponding with the intensification of con-
densational heating (e.g., Meehl et al. 2007; Lu et al.
2008). Note that the tropical precipitation in the 3 Ma
simulation does not increase relative to 0 Ma (Fig. 4e).
Contrasting with the troposphere, temperatures in the
stratosphere rise in the tropics and fall in mid- and high-
latitudes in 3 Ma simulation. In the CO2-rich climate,
Manabe and Wetherald (1967) revealed that intensifica-
tion of radiative cooling leads to temperature drop in
the stratosphere by use of a one-dimensional radiative-
convective equilibrium model. The stratospheric cool-
ing simulated in the 3 Ma experiment is attributed to the
rise of CO2 concentrations in the atmosphere (Table 1).
The latitudinal contrast is also evident in the zonal-mean
specific humidity (Fig. 11b). The specific humidity in-
creases in the lower troposphere, corresponding to the
near-surface warming, and decreases in the lower and
mid-troposphere over the equatorial region. This rep-
resents weakening of atmospheric upward motion and

vertical transport of water vapor in the tropics. The
atmospheric moisture pattern is accompanied with the
decrease (increase) of precipitation inside (outside) the
tropical rain band (Figs. 4d, e).

The weakening of atmospheric upward motion in the
tropics also affects atmospheric vertical structure in the
upper troposphere. Figure 12 shows tropopause height
in 0 Ma and 3 Ma, calculated by the algorithm of Re-
ichler et al. (2003) and the World Meteorological Or-
ganization (1957) (Lu et al. 2007). In low latitude, the
tropopause moves downward (∼5 hPa) in 3 Ma com-
pared to 0 Ma, and in contrast to the upward shift in the
future warming simulation (Lu et al. 2008). The down-
ward shift of the tropopause in the tropics corresponds
with the weakening of atmospheric upward motion, re-
sulting in stratospheric cooling (Fig. 11a) because at-
mospheric temperature begins to decrease above the
tropopause level. The tropopause height outside of the
tropics shifts upward, indicating poleward broadening
in the characteristics of the tropical climate. The gen-
eral figure of the surface conditions reconstructed by the
proxy is similar to that of the global warming simula-
tions in the aspects of mid- and high-latitude warming
and El-Niño like pattern in the tropics. This work, how-
ever, shows that the zonal-mean structure of the 3 Ma
atmosphere in low latitude differs from that in the fu-
ture projection.

4.3 Limitations of discussions—SST formation in the
mid-Pliocene

It should be noted that formation processes of the
tropical SST pattern during the mid-Pliocene warm pe-
riod were not discussed in this study because the re-
sults were derived from the AGCM experiments pre-
scribing the sea-surface conditions (see Section 2.3a).
Many studies have tried to improve the interpretation
as to the formation and maintenance of the SST pattern
in the pre-Quaternary through high latitude (ice-albedo
feedback and thermohaline circulation; e.g., Crowley
1996; Robinson 2009; Etourneau et al. 2010; Steph
et al. 2010) and tropical (air-sea interaction and ocean
upwelling) perspectives (e.g., Philander and Fedorov
2003; Fedorov et al. 2006; Ravelo 2010). Recently,
it is also found that ocean vertical mixing by tropical
cyclone activities in the warmer world has an important
role in the SST pattern during the early Pliocene (Fe-
dorov et al. 2010). Further effort in improving the un-
derstanding of the control factors for mid-Pliocene sea-
surface condition could benefit the prediction of climate
in the future greenhouse world.
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Fig. 11. Zonal average of annual mean (a)
air temperature (K), (b) specific humidity (g
kg−1). Black contour represents climatologi-
cal value in 0 Ma, shading and white contour
represents the difference between 3 Ma and
0 Ma. Black and white contour interval is (a)
10, 1 K, (b) 2, 0.2 g kg−1, respectively.

Fig. 12. Zonal average of the annual mean
tropopause height (hPa). Black and grey lines
represent 0 Ma and 3 Ma, respectively. Grey
shading and error bars represent the range of
standard deviation in 0 Ma and 3 Ma, respec-
tively.

5. Concluding remarks

The recent improvement of SST reconstruction ob-
tained the new proxy records, particularly in the tropi-
cal Pacific, which made significant advancement in the
reproduction of atmospheric circulation patterns in the
mid-Pliocene. The PRISM3 boundary condition con-
tained the detailed information about east-west contrast

in tropical oceans used in this study to enable us to de-
scribe a more systematical pattern in the atmospheric
circulation. The weakening of the meridional gradi-
ent in SST suppresses the intensity of Hadley circula-
tion and broadens the ascending branches of the Hadley
cells. The expansion of the ascending area in low lat-
itude produces wetter climate to wider regions, includ-
ing subtropical Africa and Australia. The weakening of
the east-west gradient of SST in the tropics, particularly
in the Pacific Ocean and the Indian Ocean, corresponds
with the slow-down of Walker circulation and modifies
the precipitation pattern in low latitude. Further effort in
the improvement of SST reconstruction during the mid-
Pliocene in the tropics may help investigate the detailed
aspects of sustained warmer climate.

The warm climate for a sustained time period (∼300
thousand years) is compared to present day conditions
in this study. The mid-Pliocene climate was also per-
turbed corresponding with the fluctuation in orbital con-
figuration, amplifying the interactions between climate
subsystems (e.g., Philander and Fedorov 2003; Fedorov
et al. 2006) or closure of Oceanic gateways (e.g., Haug
and Tiedemann 1998; Bartoli et al. 2005; Lunt et al.
2008; Steph et al. 2010), and gradually shifted to the
Quaternary climate. The details of the processes of tran-
sition should be investigated by GCMs coupled with
Ocean and other subsystems (e.g., ice sheet and vege-
tation) with numerous experimental configurations. As
this work focuses on the climate change in low latitude,
the extent and volume of sea ice and land ice are not
discussed with enough detail. However, the fluctuations
in the arctic sea ice, ice sheet extent in high latitude, and
intensity of Atlantic meridional overturning circulation
are the hot topics for comparison with the Quaternary
and future climate changes. The proxy data in high lat-
itude North Atlantic, Arctic region, and deep sea of the
Atlantic has been investigated recently (e.g., Billups et
al. 1997; Knies et al. 2002; Cronin et al. 2005; Poore et
al. 2006; Dowsett et al. 2009b; Robinson 2009). It may
help the progress of future work researching a compre-
hensive figure of the mid-Pliocene climate system.

In this study, only the annual-mean values are con-
sidered in order to investigate the features of the atmo-
spheric global circulation in the mid-Pliocene. How-
ever, the seasonal or interannual characteristics in the
mid-Pliocene climate also have great significance in
how the climate system in the sustained warm period
is formed and maintained. Particularly, comparison
of the global monsoon system between in the glacial-
interglacial period and in the mid-Pliocene is one of the
important remaining subjects. The attenuated precip-
itation over the eastern Indian Ocean and Bay of Ben-
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gal, attributed to weakening of Asian summer monsoon,
corresponds to the increase in subtropical North Africa
and Arabian Peninsula. The precipitation pattern is sug-
gestive of a negative monsoon-desert mechanism (Rod-
well and Hoskins 1996), which is a worthwhile issue in
regards to investigating the seasonal aspect of climate.
More detailed studies about the modification of the West
African and South African monsoon could help to cap-
ture a comprehensive image into the formation of the
wetter African climate in the mid-Pliocene.
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