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Abstract

The relative role of the atmosphere, oceans and cryosphere in contributing towards middle Pliocene warmth (ca
3 Ma BP) is investigated using the HadCM3 coupled ocean^atmosphere general circulation model. The model was
initialised with boundary conditions from the USGS PRISM2 data set and a Pliocene atmospheric CO2 level of 400
ppmv and run for 300 simulated years. The simulation resulted in a global surface temperature warming of 3‡C
compared to present-day. In contrast to earlier modelling experiments for the Pliocene, surface temperatures warmed
in most areas including the tropics (1^5‡C). Compared with present-day, the model predicts a general pattern of ocean
warming (1^5‡C) in both hemispheres to a depth of 2000 m, below which no significant differences are noted. Sea ice
coverage is massively reduced (up to 90%). The flow of the Gulf Stream/North Atlantic Drift is up to 100 mm s31

greater in the Pliocene case. Analysis of the model-predicted meridional streamfunction suggests a global pattern of
reduced outflow of Antarctic bottom water (AABW; up to 5 Sv), a shallower depth for North Atlantic deep water
formation and weaker thermohaline circulation (3 Sv). The decrease in AABW occurs mainly in the Pacific rather
than Atlantic Ocean. Model diagnostics for heat transports indicate that neither the oceans nor the atmosphere are
transporting significantly more heat in the Pliocene scenario. Rather, these results indicate that the major contributing
mechanism to global Pliocene warmth was the reduced extent of high-latitude terrestrial ice sheets (50% reduction on
Greenland, 33% reduction on Antarctica) and sea ice cover resulting in a strong ice-albedo feedback. These results
highlight the need for further studies designed to improve our knowledge regarding Pliocene terrestrial ice
configurations.
= 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The middle Pliocene (ca 3 Ma BP) represents a
recent period in geological history when the cli-
mate of the Earth was signi¢cantly warmer than
present-day. The period has been studied ex-
tensively by palaeoenvironmental/climatologists.
Geological data supporting the assertion of a
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warmer than present climate includes sea surface
temperatures (SSTs) reconstructed from plankton-
ic foraminifera [1^5], ostracods [6,7], siliceous mi-
crofossil records [8], diatom records [9], terrestrial
vegetation records [10^12] and numerous records
of higher than present sea levels [13^15].

Numerous modelling studies have been con-
ducted for the period. The ¢rst study used the
PRISM0 8‡U10‡ digital data set and the GISS
(Goddard Institute for Space Studies) atmospher-
ic general circulation model (GCM; 8‡U10‡ mod-
el resolution) which focussed on the middle Plio-
cene climate of the Northern Hemisphere [16].
The second model investigation used a 2‡U2‡ ver-
sion of the (PRISM1) digital data set to prescribe
the boundary conditions for the NCAR (National
Centre for Atmospheric Research) GENESIS at-
mospheric GCM (4.5‡U7.5‡ model resolution)
which examined the nature of the middle Pliocene
climate on a global scale [17]. A global scale pa-
laeoclimate reconstruction for the middle Plio-
cene was conducted using the updated PRISM2
digital data set and the UKMO (United King-
dom Meteorological O⁄ce) atmospheric GCM,
running with an enhanced spatial resolution of
2.5‡U3.75‡ [18]. The same model has been used
to carry out detailed data/model comparisons on
a regional scale [19,20] and to conduct ice sheet
sensitivity/biome experiments for the period [21^
23].

Despite these modelling studies, the cause of
middle Pliocene warmth continuous to be the sub-
ject of much debate [16,17,24^27]. A combination
of modelling studies and evidence from Pliocene
proxy data indicate that CO2 concentrations at
3 Ma BP were greater (absolute value 400 ppmv)
compared to mid-19th century levels (V280
ppmv) [28,29,25,30,31]. However, an increase in
CO2 alone would be expected to raise surface
temperatures at all latitudes, and, hence, cannot
explain the reconstructed pattern of little or no
SST change at the equator [2^4].

Variations in oceanic circulation and increased
heat advection away from the equator to high
latitudes have been proposed as a signi¢cant
causal factor in producing the climate of the mid-
dle Pliocene [25,26,3]. Such an increase in heat
advection could be a response to enhanced ther-

mohaline circulation in the oceans or enhanced
surface gyre £ow resulting from increased regional
atmospheric winds and wind stresses [19]. Thus
far, all palaeoclimate modelling studies of the
middle Pliocene have been restricted to using at-
mospheric GCMs utilising prescribed SSTs and/or
a simple slab-ocean model [32,22]. Although slab-
ocean models are capable of simulating part of
the feedbacks of the oceans on climate, they are
incapable of simulating changes to horizontal
ocean heat transports, and related changes to
ocean currents and thermohaline circulation.
These have been recognised as potentially pivotal
mechanisms in forcing climate change for the
Pliocene and many other time periods [33^35].

Thus it has not been possible to robustly exam-
ine the oceans role in generating and or maintain-
ing mid-Pliocene warmth. This study aims to rem-
edy this situation through the use of a fully
coupled atmosphere^ocean model.

2. Model description, experimental design and
boundary conditions

2.1. The UKMO GCM

The particulars of the version of the UKMO
GCM (hereafter referred to as HadCM3) used
in this study are well documented [36]. However,
some discussion of the model itself and how
HadCM3 di¡ers from HadCM2 is necessary.
HadCM3 was developed at the Hadley Centre
for Climate Prediction and Research, which is a
part of the UK Meteorological O⁄ce. The model
is one of a new breed of coupled ocean^atmo-
sphere GCMs (OAGCM) that requires no £ux
corrections to be made, even for simulations of
a thousand years or more [37]. The GCM consists
of a linked atmospheric model, ocean model and
sea ice model. The horizontal resolution of the
atmospheric model is 2.5‡ in latitude by 3.75‡ in
longitude. This gives a grid spacing at the equator
of 278 km in the north^south direction and 417
km east^west and is approximately comparable to
a T42 spectral model resolution. The atmospheric
model consists of 19 layers. The spatial resolution
over the ocean is improved in HadCM3 to
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1.25‡U1.25‡ and the model has 20 layers. The
atmospheric model has a timestep of 30 min and
includes a new radiation scheme that can repre-
sent the e¡ects of minor trace gases [38]. A pa-
rameterisation of simple background aerosol cli-
matology is also included [39]. The convection
scheme has also been improved [40]. A new
land-surface scheme includes the representation
of the freezing and melting of soil moisture. The
representation of evaporation now includes the
dependence of stomatal resistance on tempera-
ture, vapour pressure and CO2 concentration [41].

Signi¢cant changes in the ocean model include
the use of the Gent^McWilliams mixing scheme
[42]. There is no explicit horizontal tracer di¡u-
sion in the model. The improved horizontal reso-
lution allows the use of a smaller coe⁄cient of
horizontal momentum viscosity leading to an im-
proved simulation of ocean velocities. The sea ice
model is, in large part, the same as that employed
within HadCM2. It uses a simple thermodynamic
scheme and contains parametrisations of ice drift
and leads [43].

The above changes have resulted in a much
improved SST and sea ice climatology compared
to earlier generations of the model, whilst the at-
mospheric part of the model is capable of a real-
istic simulation of the surface heat £ux.

2.2. Experimental design

Two coupled ocean^atmosphere experiments
have been conducted, one for present-day and
one for the middle Pliocene. A CO2 concentration
of 400 ppmv is used in the Pliocene coupled run
which represents an estimate in line with proxy
evidence [25,30,31], whilst the present-day coupled
run has a mid-19th century level of CO2 (V280
ppmv). The Pliocene coupled run is compared to
both the present-day coupled simulation and a
Pliocene ¢xed SST experiment using only the at-
mospheric component of the HadCM3 GCM and
the PRISM2 SSTs [18]. The coupled simulation
for the Pliocene was integrated over 300 years
with climatological means being derived from
the ¢nal 60 simulated years. For the Pliocene ¢xed
SST experiment, the model was integrated for 12
simulated years with climatological means being

derived from the ¢nal 10 years only. For further
details of the model set up for the ¢xed SST ex-
periment, see [18].

The Pliocene coupled experiment was initialised
with boundary conditions derived from the
PRISM2 digital data set (see Section 2.3). The
surface ocean was initialised with monthly SSTs
derived from PRISM2. For the ¢rst 30 years of
the model integration, a simple Haney restoring
term ¢xed the model-predicted SSTs to the
PRISM2 SST reconstruction and sea surface sa-
linity (SSS) to the present-day value. However,
after 30 simulated years the Haney function was
gradually reduced to zero, after which the model
was completely free to simulate changes in SST
and SSS.

2.3. Middle Pliocene boundary conditions

For this modelling study the required boundary
conditions were supplied by the United States
Geological Survey (USGS) PRISM2 enhanced
2‡U2‡ digital data set (Pliocene Research Inter-
pretations and Synoptic Mapping). The particu-
lars of the PRISM2 data set have been well docu-
mented in previous papers [4,18]. In brief, the
prescribed boundary conditions cover the time
slab between 3.29 and 2.97 Ma BP according to
the geomagnetic polarity time scale [44]. Bound-
ary conditions integrated into the model that are
speci¢c to the middle Pliocene include: (1) conti-
nental con¢guration, modi¢ed by a 25 m increase
in global sea level, (2) modi¢ed present-day eleva-
tions, (3) reduced ice sheet size and height for
Greenland (V50% reduction) and Antarctica
(V33% reduction), (4) Pliocene vegetation distri-
bution and (5) Pliocene SSTs and sea ice distribu-
tions (used to spin up the ocean for the ¢rst 30
simulated years only in the coupled runs but were
used in the Pliocene ¢xed SST experiment). The
25 m sea level rise is equivalent to a maximum
decrease in global average salinity of approxi-
mately 0.25 psu, which is small and therefore
was not included in the simulation. The reader
is referred to the following USGS open ¢le report
(http://pubs.usgs.gov/open¢le/of99-535/) for a
more detailed description of the new PRISM2
data set which fully documents the construction
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of PRISM2 and how it di¡ers from earlier
PRISM data sets [4].

For the Pliocene ¢xed SST experiment, the
land/sea mask was recon¢gured to match that
provided by PRISM2 [18]. However, due to the
resolution of the atmospheric component of the
GCM (2.5‡U3.75‡), this meant that only a dozen
grid points required alteration. Therefore, in the
Pliocene coupled experiment the land/sea mask
for present-day was retained.

3. Results (atmosphere)

3.1. Surface temperature (‡C)

The global average surface temperature for the

Pliocene coupled experiment is equal to 18.27‡C
which represents a positive vT of 3.09‡C com-
pared to the coupled experiment for present-day.
Compared to the Pliocene ¢xed SST experiment
the global annual average surface temperature in
the coupled experiment is 1.64‡C warmer. Aver-
age warming compared to the present-day
coupled and ¢xed SST simulation over land is
equal to 4.2 and 2.21‡C. Over the oceans this
changes to 3.35 and 0.8‡C respectively. The equa-
tor-to-pole temperature gradient is reduced by
9.04‡C compared to the present-day coupled ex-
periment but increased by 1.81‡C in comparison
with the Pliocene ¢xed SST simulation. The larg-
est magnitude of surface temperature warming
compared to present-day occurs in the high lati-
tudes over areas occupied by terrestrial ice sheets/

Fig. 1. Model predictions for surface temperature (‡C). From top left to bottom right: di¡erence between Pliocene coupled and
present-day coupled experiment as an annual mean; di¡erence between Pliocene coupled and Pliocene ¢xed SST as an annual
mean; di¡erence between Pliocene coupled and present-day coupled for DJF; di¡erence between Pliocene coupled and Pliocene
¢xed SST for DJF; di¡erence between Pliocene coupled and present-day coupled for JJA; di¡erence between Pliocene coupled
and Pliocene ¢xed SST for JJA.
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sea ice (Fig. 1). The greatest warming at high
latitudes occurs in the winter hemisphere and is
associated with changes in the cryosphere. In the
tropics and mid-latitudes, a vT of +3 to +5‡C
compared to present-day, is common over terres-
trial regions in both the annual mean and season-
ally. Larger changes (vT=5 to 10‡C) are pre-
dicted over the western cordillera of North
America and in the Amazonian region of Brazil.

Over the oceans, surface temperature increases
between 1 and 5‡C compared to present-day. This
pattern remains stable over the seasonal cycle. No
surface temperature increase is predicted in cer-
tain areas of the South Atlantic and Southern
Ocean both annually and seasonally.

The predicted high-latitude warming is princi-
pally a re£ection of the smaller land ice sheets
prescribed from the PRISM2 data set. This forces
a substantial change in the surface and planetary
albedo, which subsequently leads to a reduction in
sea ice coverage and sea ice depth in both hemi-
spheres. Higher sea levels also act as an important
positive feedback mechanism on high-latitude cli-
mate since oceans cool to a lesser degree than
land areas. Warming over the western cordillera
of North and South America is linked to the low-
er prescribed orography of these regions (V50%
of modern) speci¢ed from the PRISM2 data set.
The enhanced CO2 level, in part, drives surface
temperature warming over the tropics in the Plio-
cene coupled experiment. Changes in tropical
SSTs, cloud cover and the precipitation/evapora-
tion feedback also represent important feedback
mechanisms on tropical temperatures. Over the
Amazon, the warming is associated with reduced
precipitation rates that are themselves driven by
enhanced trade wind £ow. Over North Africa,
warming is generated by enhanced tropical SSTs
and CO2 increases.

Compared to the ¢xed SST experiment, surface
temperatures in the Pliocene coupled run are gen-
erally warmer in equatorial regions (between 1
and 10‡C) and cooler in the mid-latitudes, partic-
ularly over the North Atlantic region (Fig. 1).
This pattern remains constant over the seasonal
cycle. The pattern of change in the tropics is driv-
en by a complex set of forcing and feedback
mechanisms. Enhanced CO2 accounts for only a

small part of the signal of warming observed.
Combined with this, the altered SST pattern pre-
dicted in the Pliocene coupled run forces changes
(weakens) to the strength of Hadley circulation
and the width (narrows) of the Hadley Cell which
reduces rainfall, decreases evaporation and latent
heat £ux from the land and hence raises surface
temperatures. The cooling predicted at mid-to-
high latitudes is primarily forced by variations
in SSTs.

3.2. Total precipitation rate (mm/day)

The global average precipitation rate for the
Pliocene coupled simulation is equal to 3.13
mm/day. This represents only a small increase
from the present-day coupled experiment of 0.13
mm/day (4%) and is almost identical to results
from the ¢xed SST experiment (V3.01 mm/day).
Total precipitation rates averaged over land and
the oceans are equal to 2.55 and 3.44 mm/day
respectively, which is again almost identical in
the present-day and the Pliocene ¢xed SST simu-
lations.

As an annual mean and seasonally, signi¢cant
di¡erences are predicted in the spatial distribution
of precipitation between the Pliocene and present-
day coupled experiments. In the Northern Hemi-
sphere at mid-to-high latitudes, annual mean pre-
cipitation rates increase by an average of 0.2 to
2 mm/day. The increase in mid-latitude precip-
itation is associated with enhanced surface tem-
peratures predicted in the Pliocene control ex-
periment. This pattern is not mirrored in the
Southern Hemisphere largely due to the lower
magnitude of surface temperature change. Precip-
itation rates decrease over areas of central and
Southwest USA and the western and eastern
Mediterranean Basins by a maximum of 1 mm/
day. The latter di¡erence is related to a shift in
the position of the winter storm track and asso-
ciated enhancement of the Azores high-pressure
system. This acts to block Atlantic depressions
from entering the Mediterranean and instead di-
verts the precipitation across NW Europe. This
pattern is akin in many respects to the North
Atlantic Oscillation in a positive phase.

In general the largest predicted di¡erences in
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precipitation rate occur in tropical regions. Dur-
ing JJA (June, July and August), precipitation
rates over the northern Indian Ocean and India
itself increase by a maximum of 4 mm/day, sug-
gesting an enhanced South Asian summer mon-
soon in the Pliocene case (linked to the enhanced
warming of Eurasia). At equatorial and low lat-
itudes decreases in precipitation over North Afri-
ca during JJA (0.2^2 mm/day) are predicted, in-
dicating a West African monsoon of reduced
strength (Fig. 2). Over Central and Latin Amer-

ica/South America, annual mean precipitation
rate decreases by 0.2 to 6 4 mm/day. This pattern
is constant through the seasonal cycle and repre-
sents one of the most spatially extensive changes
between the Pliocene and present-day coupled ex-
periments. This response is a function of the al-
tered Atlantic SST distribution and temperature
gradients in the Pliocene coupled simulation.
Over the equatorial Paci¢c, annual mean precip-
itation rates increase by more than 4 mm/day.
This response is a function of the warmer SSTs
predicted in this region.

Compared to the Pliocene ¢xed SST experi-
ment, total precipitation rates in the Pliocene
coupled experiment are reduced by 2 mm/day as
an annual mean over the North Atlantic and by
6 4 mm/day during DJF (December, January and
February). This reduction is associated with the
lower SSTs predicted by the model over this re-
gion. Large reductions in precipitation rate are
also noted in the equatorial Atlantic, Central/Lat-
in America, northern South America, North Afri-
ca and the Mediterranean both annually and sea-
sonally (6 4 mm/day). These changes are caused
by altered storm tracks, SST distributions and a
narrower model-predicted Hadley cell/weaker
Hadley circulation in these areas (Fig. 2). Over
the tropical Paci¢c, Indian Ocean and Indonesian
region precipitation rates increase by more than
4 mm/day. This is primarily a response to the
warmer SSTs predicted in these regions in the
Pliocene coupled experiment.

4. Results (ocean) Pliocene coupled vs present-day
coupled experiment

4.1. Ocean temperatures (‡C)

As an annual zonal average, SSTs in the Plio-
cene coupled experiment are 2.2‡C warmer than
the present-day case. The spatial di¡erence in an-
nual and seasonal SSTs between the Pliocene
coupled, present-day coupled and Pliocene ¢xed
SST experiments are shown in Fig. 1. Compared
to present-day, SSTs are warmer in the low
and mid-latitudes by an average of 1^5‡C. At
high latitudes SST warming is predicted to be

Fig. 2. (1) Di¡erence in annual zonal mean total precipita-
tion rate (mm/day) between the Pliocene coupled and
present-day coupled experiments averaged globally, over land
and ocean regions. (2) Annual zonal mean total precipitation
rate (mm/day) for the Pliocene ¢xed SST experiment and the
Pliocene coupled experiment.
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5^10‡C, which is indicative of a reduced sea ice
coverage and depth in the Pliocene case. This pat-
tern of SST change remains constant over the sea-
sons. No increase in SST is predicted between the
Pliocene coupled and present-day coupled experi-
ments in areas of the Southern Ocean.

The absolute zonal mean ocean temperatures
and di¡erences between the zonal mean ocean
temperature for the Pliocene and present-day are
shown in Fig. 3. Di¡erences in latitude/longitude
depth pro¢les for ocean temperature are also pre-
sented. As an annual zonal mean, ocean temper-
atures are, on average, 1^5‡C warmer in the Plio-
cene coupled experiment compared to present-day
to a depth of 2000 m. This trend is particularly
robust at mid to high latitudes in the Northern
Hemisphere. At low latitudes and in the Southern
Hemisphere ocean warming is of the order of
1^3‡C to a depth of 2000 m. Below 2000 m,
little di¡erence in ocean temperature is predicted

between the Pliocene and present-day coupled ex-
periments. The only change predicted is a reduc-
tion of ocean temperatures by 0.5‡C to 2‡C
around 75‡N deeper than 2000 m. This change
is related to a shallowing in North Atlantic deep
water formation (NADW) in the Pliocene case.

As a latitudinal depth pro¢le through the ocean
at 30‡W, the model predicts increased ocean tem-
peratures in the surface layer to a depth of 2500 m
below which ocean warming becomes sporadic
(Fig. 3). The magnitude of this warming is great-
est in the surface and near-surface layers of the
ocean and gradually decreases with depth. Great-
er ocean warming is predicted along this transect
in the Northern Hemisphere (V1^5‡C) as com-
pared to the Southern Hemisphere (V1‡C).

As a longitudinal depth pro¢le through 0‡N,
the model predicts increased ocean temperatures
of 1^5‡C to a depth of 1200 m (Fig. 3). Below
1200 m little signi¢cant di¡erence in ocean tem-

Fig. 3. Plots of annual mean characteristics of ocean temperature (‡C) for the Pliocene coupled experiment versus the present-day
coupled experiment. From top left to bottom right: annual zonal mean ocean temperature for the Pliocene coupled experiment;
di¡erence between Pliocene and present-day annual zonal mean temperatures; di¡erence between Pliocene and present-day ocean
temperature shown as a latitudinal cross section spanning 30‡W; di¡erence between Pliocene and present-day ocean temperatures
shown as a longitudinal cross section spanning 0‡N.
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peratures between the Pliocene and present-day is
predicted.

4.2. Mixed layer depth (m) and salinity (psu)

The depth of the mixed layer as an annual
mean is similar in both the present-day and Plio-
cene coupled experiments with the following ex-
ceptions. In the Northern Hemisphere, the mixed
layer increases in depth by 10^50 m in the North
Atlantic in areas south of Iceland. An increase in
the mixed layer of 10^100 m is predicted in the
Northern Hemisphere between 30 and 60‡E and
approximately 75‡N. This increase in the mixed
layer is related to surface temperature increases
in the same region related to the reduction in
the depth and coverage of Arctic sea ice in the
Pliocene coupled experiment. The pattern of
change noted in the Northern Hemisphere is not
mimicked in the Southern Hemisphere where no
consistent pattern of either deepening or shallow-
ing of the mixed layer is predicted.

Model-predicted changes in ocean salinity (psu)
indicate that the deepening of the mixed layer in
areas of the North Atlantic and Arctic Ocean are
associated with enhanced ocean salinities (1^5
psu). This is caused by (a) the simulated higher-
latitude warming in the Pliocene case and (b) the
reduced sea ice cover (as much as 90% in the
Arctic), which enhances evaporation (V1 mm/
day as an annual mean, V4 mm/day during
DJF) from the ocean. Enhancements in seasonal
ocean salinity north of Iceland are also driven by
sea ice formation and decay and associated pro-
cesses of brine rejection. However, since ocean
salinity is enhanced more during JJA in this re-
gion, when sea ice coverage is lowest, we conclude
that the dominant control in increasing salinity
north of Iceland is enhanced evaporation from
the ocean surface rather than brine rejection
from sea ice.

4.3. Sea ice coverage (%) and depth (m)

In response to the simulated high-latitude
warming, particularly in the winter hemisphere,
sea ice coverage and sea ice depth in the Pliocene
coupled experiment is signi¢cantly reduced com-

pared to present-day. During DJF, sea ice cover-
age may be reduced by as much as 90% in the
Northern Hemisphere whereas sea ice depth is
on average reduced by 1^4 m. The largest magni-
tude of sea ice depth reduction occurs o¡ the
coast of East Greenland (1^5.5 m). In the South-
ern Hemisphere during DJF both sea ice coverage
and depth are reduced but by a smaller magnitude
(on average 10 ^ 50% and 1 ^ 2.5 m respectively).
During JJA, sea ice coverage and depth decrease
more substantially in the Southern Hemisphere
compared to DJF. However, the predicted reduc-
tions are of a similar magnitude as those simulat-
ed for the Northern Hemisphere during JJA. In
both hemispheres sea ice coverage is reduced by
an average 1^50%. Sea ice depth is reduced by an
average 1^3 m. The reduction in sea ice is pro-
duced primarily by the warmer SSTs simulated by
the model in the Pliocene case.

Within the PRISM2 data set, the Arctic is esti-
mated to be seasonally ice free [4]. This assertion
is supported by foraminifer, ostracod and mollusc
data [45,46]. The Pliocene model results concur
that during August, September and October the
Arctic becomes ice free. Furthermore, the model
predicts that Antarctic sea ice is lost almost en-
tirely during the Southern Hemisphere summer
season.

4.4. Surface ocean current strength (mm s31)

Numerous signi¢cant di¡erences in ocean sur-
face current strength are predicted between the
Pliocene and present-day coupled experiments.
Of ¢rst order importance is the model representa-
tion of the western (poleward £owing) and eastern
(equatorward £owing) boundary currents. As an
annual mean, the strength of both Gulf Stream
and Kuroshio Currents increases by a maximum
of 300 mm s31 compared to present-day (Fig. 4).
Other currents comprising the North Atlantic
gyre (e.g. Canaries, Antilles, and Florida Cur-
rents) show little variation in terms of £ow direc-
tion and strength from the present-day scenario.
Southward £ow strength of the East Greenland
and Labrador Currents increases by a maximum
of 300 mm s31 compared to present-day. These
changes are the result of the model-predicted in-
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crease in westerly wind strength/stress over the
North Atlantic.

In the Paci¢c, the North Paci¢c and California
Currents show little change from modern and
may weaken by 50 mm s31. The model predicts
that the southward £owing Oyashio Current does

not, unlike the East Greenland Current, increase
in strength. In fact a moderate weakening of this
current is predicted (V50^100 mm s31). The
North Equatorial Current is enhanced in £ow
speed by 200 mm s31. The Equatorial Counter
Current is simulated as being reduced in strength

Fig. 4. Showing absolute ocean current strengths (mm s31) and direction of ocean currents simulated for the present-day and the
di¡erence in the strength and direction of ocean currents between the Pliocene and present-day coupled experiments. Note the in-
crease in £ow speed of the Gulf Stream/North Atlantic Drift, increased £ow of Greenland and Labrador Currents in the Pliocene
scenario.
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by up to 100 mm s31, whereas the £ow of the
South Equatorial Current appears moderately en-
hanced by 50 mm s31 compared to the modern.

In the South Atlantic, the Guinea Current is
predicted to be unchanged in the Pliocene experi-
ment. The strength of the Benguela and Brazil
Currents also appears to be little di¡erent (or
slightly weaker by V0^50 mm s31) from pres-
ent-day, whereas the £ow of the Falklands Cur-
rent is up to 100 mm s31 stronger in the Plio-
cene experiment (Fig. 4). In the South Paci¢c,
the strength of the Peru Current (Humboldt) is
simulated as being no di¡erent, or slightly weaker
(V50^100 mm s31), than present-day. The £ow
of the Antarctic circumpolar current is generally
the same or slightly weaker in strength compared

to present by 20^50 mm s31. In the Indian Ocean,
the Agulhas Current is up to 100 mm s31 stronger
in the Pliocene scenario.

4.5. Meridional overturning streamfunction (Sv)

The di¡erence in meridional overturning stream-
function between the Pliocene and present-day
coupled experiment is complex. As a global
mean, di¡erences indicate that for the Pliocene
coupled experiment the £ow of Antarctic bottom
water (AABW) is reduced by a maximum of 5 Sv
(Fig. 5). The rate of downwelling in the Northern
Hemisphere also appears to be reduced by up to
3 Sv. For the Atlantic sector, the results indicate
that, in the Pliocene case, AABW £ow is either

Fig. 5. HadCM3 GCM predictions of absolute meridional overturning streamfunction (Sv) for the present-day coupled experi-
ment averaged over the globe and the Atlantic and Paci¢c Oceans, and the di¡erence between the Pliocene coupled and present-
day coupled meridional overturning streamfunction.
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the same as, or locally slightly stronger than (1 to
6 Sv), present-day. However the strength and
depth of the North Atlantic thermohaline circula-
tion is reduced. For the Paci¢c Ocean, the only
signi¢cant change predicted is a reduction in
AABW £ow by 4 Sv (Fig. 5).

These results imply both a shallowing and re-
duction in the strength of the thermohaline circu-
lation, and a reduction in AABW £ow mainly in
the Paci¢c Ocean in the Pliocene case.

5. Discussion

5.1. Forcing of oceans, atmosphere and cryosphere
on Pliocene warmth

Numerous proposals exist within the literature
to account for the relative climatic warmth of the
middle Pliocene. These include increased concen-
trations of CO2 [31], enhanced thermohaline cir-
culation [25], a more vigorous £ow of surface
ocean gyres [19,47], alterations in the out£ow of
Antarctic deep water [27], and changes in the el-
evations of mountain chains [48]. All of these
explanations have weaknesses when examined in
detail and there may have been numerous contrib-
uting factors to middle Pliocene warmth. For ex-
ample, it has been suggested that the warmth was
generated through a combination of enhanced at-
mospheric CO2 and an increase in thermohaline
circulation [25]. What signi¢cance do the new
coupled OAGCM results presented in this paper
have to established ideas concerning the genesis of
Pliocene warmth?

In order to better understand the model re-
sponse for the Pliocene it is interesting to consider
the global annual average radiative balance. In-
creasing CO2 from 280 to 400 ppmv produces a
forcing of 1.9 W m32. However, the surface albe-
do has also been a¡ected as a result of the re-
duced ice cover in Greenland and Antarctica.
Furthermore, the model predicts reduced snow
and sea ice cover for the Pliocene. This results
in a change in the top of the atmosphere solar
£ux (excluding clouds) of 2.3 W m32. By examin-
ing the surface albedo, approximately 55% of this
change is due to the terrestrial ice and 45% from

sea ice. Changes in snow cover are almost of neg-
ligible importance. Finally we also calculated the
changes in cloud radiative forcing. This shows
that the changes in cloud cover acted as a strong
positive feedback, contributing 1.8 W m32 to the
overall forcing. This latter result is potentially
very model dependent, clouds being one of the
most uncertain aspects of climate models.

The forcing by CO2 and by the cryosphere
changes are more con¢dent from an internal mod-
elling perspective. However, both are highly un-
certain for the Pliocene. Fig. 6 shows di¡erence in
model-predicted northward heat transport by the
atmosphere and oceans between the present-day
and Pliocene coupled experiments. The ¢gure dra-
matically highlights the insigni¢cant changes in
atmospheric and oceanic heat transports for the
Pliocene. In e¡ect, neither the atmosphere nor the
oceans are actively ‘working harder’ in the Plio-
cene scenario. On the basis of these results it is
clear that the reduced volume of land ice cover is
an important forcing mechanism on Pliocene cli-
mates with sea ice cover, ocean temperatures and
subsequently atmospheric temperatures respond-
ing to the forcing delivered by the cryosphere.

The apparent signi¢cance of the imposed Plio-
cene terrestrial ice con¢guration within the
coupled modelling raises an interesting question

Fig. 6. Model-predicted di¡erence in poleward heat trans-
ports (PW) between the Pliocene coupled and present-day
coupled model experiments using the HadCM3 GCM.
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regarding the validity of the model experiment
itself. Our knowledge of the Greenland and Ant-
arctic ice sheets is without doubt the weakest area
concerning Pliocene palaeoenvironmental condi-
tions. On the basis of these results it is clear
that signi¢cantly more modelling e¡ort needs to
be directed towards addressing the question of
terrestrial ice volume for Antarctica. For example,
if we assume that the PRISM2 reconstruction of
Pliocene SSTs is accurate, a useful study would
be to assess what global ice con¢guration would
be in equilibrium with the given SSTs using an
ice sheet model coupled to an atmosphere-only
GCM. This would enable us to improve our
understanding of how relevant the current ice
con¢guration presented in PRISM2 is to other
boundary conditions, such as SSTs, before con-
ducting further computationally expensive
coupled ocean^atmosphere experiments.

5.2. Model vs PRISM2 SSTs

Seventy-seven marine localities/sections were
used to generate the PRISM2 SST reconstruction
[4]. Included is an estimate of both winter and
summer SSTs. PRISM therefore produced two
primary Pliocene SST maps for the months of
February and August. The remaining 10 months
of the year were constructed by ¢tting a sine curve
to the February and August SST estimates [3].
The distribution of PRISM marine data localities
was also uneven and geographically incomplete.
To produce a global SST data set, interpolation
between data points was necessary. Therefore, the
only robust form of comparison between the Plio-
cene coupled experiment and PRISM2 SST data
is one carried out on a site-speci¢c basis for Feb-
ruary and August. Fig. 7 shows a series of three
scatter graphs that plot model-predicted (from the

Fig. 7. Scatter plots for model-predicted February, August and combined February and August SSTs from the Pliocene coupled
experiment versus the reconstructed February, August and combined February and August SSTs derived from the PRISM2 data
set. Note: the degree of scatter is an estimate of similarity between data sets. The results from three t-tests assuming unequal var-
iances on the data are also shown.
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Pliocene coupled experiment) versus PRISM2
SSTs for February, August and February and Au-
gust combined at each marine locality used by the
PRISM Group. The results demonstrate that, as a
whole, the SSTs predicted by the model and those
reconstructed from geological data are not statis-
tically di¡erent (at a 95% statistical signi¢cance
level). An R2 value of 0.88 for the month of Feb-
ruary suggests that the two SST data sets are
particularly similar. However, the degree of accor-
dance reduces signi¢cantly for the August com-
parison (R2 = 0.67). When February and August
data are combined an R2 value of 0.82 is ob-
tained.

Although this statistical test indicates that, as a
whole, the SST data sets for the Pliocene pro-
duced by the climate model and geological data
are not statistically di¡erent, a number of anom-
alous data points are clearly evident. When these
anomalous data points are plotted geographically,
the North Atlantic and North Paci¢c are identi-
¢ed as regions where negative SST anomalies oc-
cur, particularly for August. The other clear trend
is a positive SST anomaly between the model and
data at equatorial and low latitudes in both Feb-
ruary and August.

A more stringent comparison between model-
and data-derived SST data sets can be achieved
by plotting against one another the di¡erence val-
ues of model-predicted and PRISM2 SSTs from a
modern SST data set [49]. When done, any statis-
tical similarity between the model results and data
breaks down and the two data sets must be con-
sidered as signi¢cantly di¡erent. Therefore, on a
site-to-site basis the model does not predict the
same magnitude, or indeed sign, of SST change
as is reconstructed from geological proxies.

The poor comparison of model versus data
raises a number of issues related to both the mod-
el and the data. In most places, the discrepancy is
smaller than the sum of the error bars associated
with the modelling and the data. Model errors can
arise from the poor representation of the internal
physics of the model, missing processes, or incor-
rect boundary conditions. The ¢rst two sources of
error potentially have widespread signi¢cance
whereas the incorrect boundary conditions impact
on the Pliocene modelling only.

As discussed in the previous section, the cause
of the global warming during the Pliocene is
strongly linked to changes in the cryosphere and
feedbacks from clouds. The former represents a
boundary condition and the latter represents in-
ternal physics of the model. Both are highly un-
certain (but not necessarily incorrect) latitudi-
nally. The model shows no change in heat
transports. It is di⁄cult to determine if this is
the correct response, given the boundary condi-
tions. In particular, the model shows relatively
small changes in North Atlantic SSTs, whereas
the data indicates considerable warming. The
HadCM3 model has a relatively complete repre-
sentation of the thermodynamics and hydrological
processes which in£uence the thermohaline circu-
lation but there are always possible errors. In ad-
dition, the e¡ects of iceberg discharge are poorly
represented. Additional model simulations using
alternative parameterised physics and/or models
would facilitate further clari¢cation of this issue.

6. Conclusions

This paper presents the results from the ¢rst-
ever coupled OAGCM model experiment for the
middle Pliocene using the HadCM3 and the
USGS PRISM2 data set. The model was inte-
grated for 300 simulated years and used a Plio-
cene atmospheric CO2 concentration of 400
ppmv.
b The simulation resulted in an increase in the

global surface temperatures of 3‡C compared
to present-day.

b In contrast to earlier Pliocene modelling experi-
ments using ¢xed SSTs or a slab-ocean, surface
temperature warming occurred over all lati-
tudes including the tropics.

b Oceans warmed on average by 3^5‡C to a
depth of 2000 m below which small changes
from modern were predicted.

b AABW £ow was reduced by a maximum of 5 Sv
in the Pliocene case.

b There was no observed increase in thermoha-
line circulation and little change in the surface
ocean gyres.

b Dominant forcing on the climate was derived
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from alterations in the cryosphere, but with
strong positive feedbacks from clouds. The re-
sults indicate that studies designed to improve
our knowledge regarding mid-Pliocene Antarc-
tic Ice Sheet extent and which evaluate the suit-
ability of the PRISM2 ice sheet in relation to
other PRISM boundary conditions are neces-
sary.
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