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Abstract During the early and mid-Pliocene, the period
from 5 to 3 million years ago, approximately, the Earth
is believed to have been significantly warmer than it is
today, but the reasons for the higher temperatures are
unclear. This paper explores the impact of recent find-
ings that suggest that, at that time, cold surface waters
were absent from the tropical and subtropical oceanic
upwelling zones. El Nifio was in effect a perennial rather
than intermittent phenomenon, and sea surface tem-
peratures in low latitudes were essentially independent
of longitude. When these conditions are specified as the
lower boundary condition for an atmospheric GCM, we
find that the trade winds along the equator, and hence
the Walker Circulation, collapse. The low-level stratus
clouds in low latitudes diminish greatly, thus reducing
the albedo of the Earth. The atmospheric concentration
of water vapor increases, and enhanced latent heat re-
lease due to stronger evaporation warms up the tropical
atmosphere, particularly between 40°S and 20°N.
Moreover, teleconnection patterns from the Pacific in-
duce a warming over North America that is enhanced by
surface albedo feedback, a process that may have helped
to maintain this region ice-free before 3 Ma. The results
presented here indicate that the suggested absence of
cold surface waters from the tropical and subtropical
oceanic upwelling zones could have contributed signifi-
cantly to the Pliocene warmth.
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1 Introduction

Climatic conditions during the early-middle Pliocene,
5-3 million years ago (Ma), pose an interesting problem.
The available data indicate that conditions at that time
were both similar to and also very different from those
of today. The main external factors that determine cli-
mate—the global geography and the atmospheric con-
centration of greenhouse gases, especially CO, (van der
Burgh et al. 1993) —were essentially what they are to-
day. However, estimates of sea surface temperature
(SST) from foraminifers, ostracods and diatoms, as well
as a 25 m higher sea level indicate that the global climate
was much warmer than the present (e.g., Sloan et al.
1996; Dowsett et al. 1996). It was sufficiently warmer for
continental glaciers to have been absent from the
northern hemisphere (NH) (Zachos et al. 2001). What
processes could have contributed to the warm conditions
of 3 Ma?

The Pliocene Research, Interpretation and Synoptic
Mapping (PRISM) (Dowsett et al. 1996), a project
started by the US Geological Survey during the 90’s and
still ongoing, aims to document the surface conditions
during the middle Pliocene. This data set and a sub-
sequent version of higher resolution, PRISM2 (Dowsett
et al. 1999), include sea level, land ice distribution, sur-
face topography, vegetation distribution and 12-month
climatologies of SST and sea ice. Of particular interest is
the reconstructed SST, which is about 4-6°C warmer
than the present-day SST in high latitudes. At low lati-
tudes the reconstructed SST shows little or no change
from today’s values.

As a first step toward understanding the causes of
Pliocene warmth, several modeling studies have taken
the PRISM data sets, and imposed them as boundary
conditions to atmospheric general circulation models
(Sloan et al. 1996; Haywood et al. 2000). These studies
established that the global mean surface temperature
was about 2-4°C higher than the present, mainly due to



higher SST and changes in ice distribution. The next
question is then, what processes maintained the high
SST in high latitudes? One hypothesis is increased ocean
heat transport by ocean gyres and/or the thermohaline
circulation (Ravelo and Andreasen 2000; Raymo et al.
1996). This view has been challenged by Kim and
Crowley (2000) who proposed that the increased ther-
mohaline circulation was a response to and not the cause
of Pliocene warming. More recently, Haywood and
Valdes (2004) found no significant increase in ocean heat
transport with respect to today in a coupled model
simulation of the Pliocene.

There is large uncertainty in the values of CO, con-
centration during the Pliocene, but some investigators
argue that they were no larger than today (van der Burg
et al. 1993). Suppose that CO, concentrations were
higher. Simulations of global warming because of higher
CO, values indicate that temperatures should be higher,
not only in the extratropics, but also in tropical regions.
Such results are inconsistent with the reconstructed
PRISM2 SST, as previously noted by, e.g., Haywood
and Valdes (2004). Some authors have argued for a
combination of increased ocean heat transport and CO,
concentration to account for the observed SST pattern
during the Pliocene (Crowley 1996; Raymo et al. 1996).

Recent complementary reconstructions of Pliocene
SST, mostly from areas of upwelling in the tropical and
subtropical oceans, show novel features in these regions.
Apparently, cold surface waters were absent from those
regions up to 3 Ma. Not only were the waters in the
equatorial Pacific Ocean as warm in the east as the west
(about 28-30°C; Cannariato and Ravelo 1997; Ravelo
et al. 2004; Wara et al. 2005), but cold surface waters
were also absent from the upwelling zones off the coasts of
western South America (Haywood et al. 2005), southwest
Africa (Marlow et al. 2000) and California (Ravelo et al.
2004; Haywood et al. 2005). Warmer waters also pre-
vailed in the subtropical northeast Atlantic margin
(Herbert and Shuffert 1998). Furthermore, Molnar and
Cane (2002) have compared the global effects of El Nifio
in the present-day climate with the differences found in
paleo-records between the middle Pliocene and today’s
climates. They concluded that an El Nifio-like state
characterized the climate up to 3 Ma.

The SST reconstructions agree on the state of the
western tropical Pacific during early Pliocene. However,
their differences are significant in the eastern side of the
basin. The most likely reason for the discrepancy is the
different localities used in PRISM2 and the new non-
PRISM data, which does not allow for a direct com-
parison (Dowsett et al. 2005). PRISM2 has only one
tropical point east of the dateline (Dowsett et al. 1999),
away from the core of the present cold tongue. Hence
the PRISM2 SST reconstruction in the eastern Pacific
may not be representative of past conditions. On the
other hand, the non-PRISM data includes localities
from the core of the cold tongue and subtropical
upwelling regions, and are likely to provide a better
indicator of the east—west gradient during the Pliocene.
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In the smaller tropical-subtropical Atlantic PRISM2
has a larger density of data. There, localities are close
and both PRISM2 and non-PRISM data show a war-
mer-than-present SST off Namibia and Western Sahara.
The reconstructions, however, differ in the amount of
warming during the Pliocene, with the non-PRISM data
showing warmer SSTs (Haywood et al. 2005). This may
be due to different locations, or different proxy tech-
niques used in the reconstruction. While PRISM2 SST
estimates are based on planktic foraminifer assemblages
(Dowsett et al. 1999), the non-PRISM data use other
techniques that include oxygen isotopic composition
(Ravelo et al. 2004), alkenone paleothermometry (Hay-
wood et al. 2005; Marlow et al. 2000; Herbert and
Shuffert 1998), and foraminiferal magnesium to calcium
ratios (Wara et al. 2005). A description of the techniques
and their shortcomings are beyond the scope of this
work. Interested readers are referred to Haywood et al.
(2005) who provide a very comprehensive comparison
between PRISM2 and alkenone-derived data.

While different locations and proxy techniques may
account for most of the differences between the above
data sets, additional factors may also be important. A
recent study using the same sites and technique as in
Wara et al. (2005) suggests that the Pliocene warmth
was not characterized by an El Nifio-like state, but by a
La Nifa-like state (Rickaby and Halloran 2005). Thus,
as proposed by Dowsett et al. (2005) and Haywood
et al. (2005), multi-proxy temperature estimations at the
same locations are needed in order to reduce uncer-
tainties in reconstructed tropical SST. Such a multi-
proxy approach has been carried out for sites describing
the east-west SST gradient in the equatorial Pacific
(Chaisson and Ravelo 2000; Ravelo et al. 2004; Wara
et al. 2005), lending support to the findings of Wara
et al. (2005) on the absence of the zonal gradient during
the early Pliocene.

Theoretical studies can also contribute to a resolution
of the controversy regarding tropical SST during the
Pliocene by testing hypotheses concerning the causes of
the warm conditions during the early Pliocene. Previous
works have focused on the absence of northern glaciers,
changes in ocean heat transport and higher concentra-
tions of atmospheric CO,, but the cause of Pliocene
warmth is still unclear. What is the global impact of
higher SSTs in low latitudes? In this paper we explore
this hypothesis by assuming that SST patterns in low
latitudes were essentially independent of longitude dur-
ing the early Pliocene.

At present cold surface waters in the eastern equa-
torial Pacific contribute to intense easterly winds that
advect moisture toward the western warm pool where
convection is strong. The air thus rises in the western
Pacific and tends to descend in the eastern side closing
the so-called Walker circulation. This circulation is
coupled to the surface ocean and maintains the east—
west SST gradient that forces the winds. A second
thermally driven tropical circulation, the Hadley cell,
transport heat meridionally from its ascending branch in
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the intertropical convergence zone (ITCZ) toward
higher latitudes. The descending branches of the Walker
and Hadley circulation maintain low-level stratus clouds
in the eastern sides of the tropical oceans. These are
boundary layer clouds that have a large albedo and that
reflect a large portion (more than 30%) of the incoming
solar radiation. The stratus clouds depend on the local
vertical static stability, which in the deep tropics is
mainly controlled by the SST because the temperature of
air aloft is kept relatively constant by the large-scale
atmospheric circulation. If the SST should increase in
the cold regions then a positive feedback could come
into play: the warmer waters will cause a decrease in the
low-level cloud cover, allowing more solar radiation to
reach the surface so that the SST increases further.
Warmer SST will also tend to increase the atmospheric
water vapor content. This greenhouse gas will trap more
longwave radiation, warming the atmosphere further
and enhancing the evaporation, another positive feed-
back.

These qualitative arguments indicate that tropical
SST patterns can have a profound effect on the atmo-
spheric circulation and hence the global climate. Yin and
Battisti (2001) quantify this effect for the conditions of
the Last Glacial Maximum, some 20,000 years ago.
Here we investigate the role of tropical SST patterns in
determining conditions during the early Pliocene.

In their observational study Molnar and Cane (2002)
hypothesized that a permanent El Nifio-like state would
play a role in maintaining the Pliocene warmth, but do
not test this idea further. More recently, Haywood and
Valdes (2004) and Haywood et al. (2005) also suggested
the possibility of a tropical control of climate during the
Pliocene. They used a coupled ocean atmosphere general
circulation model (GCM) with Pliocene conditions, and
found that the simulated tropics becomes 1-5°C warmer
than today. This result is consistent with the new non-
PRISM paleo-records in that the tropical oceans war-
m—a feature not present in the PRISM2 data set.
However, the simulated equatorial warming is uniform,
thus maintaining the same east-west SST gradient of
today. The authors note that changes in tropical SST,
cloud cover, and the water vapor feedback might be
important for tropical temperatures, and conclude that
the dominant climate forcing during the Pliocene re-
sulted from changes in the cryosphere and a strong po-
sitive feedback from clouds.

Philander and Fedorov (2003) hypothesized that the
global cooling that led to the appearance of continental
glaciers in high northern latitudes around 3 Ma ago also
affected the thermal structure of the ocean by causing a
gradual shoaling of the thermocline. When the thermo-
cline became sufficiently shallow, the winds were able to
bring cold water from below the thermocline to the
surface in upwelling regions. This brought into play
feedbacks involving ocean—atmosphere interactions of
the type associated with ENSO and also mechanisms by
which high-latitude surface conditions can influence the
depth of the tropical thermocline. Because of the vast

area of the tropics, any tropical changes could now af-
fect the globally averaged surface temperature by influ-
encing the Earth’s cloud cover, albedo and
concentration of the water vapor. Thus, as Philander
and Fedorov argued, the transition from uniformly
warm tropics to the tropics with zonal SST gradients
(around 3 Ma) may have provided important positive
feedbacks for the amplification of the glacial cycles.

In this modeling study we use an atmospheric GCM
forced with idealized SST patterns to explore the role of
the tropics in the climate of the early Pliocene. It com-
plements previous atmospheric modeling studies by
focusing specifically on the role of a tropical ocean state
with zero east-west SST gradient on climate. We
investigate the atmospheric circulation consistent with
that state as well as the processes involved in warming
the climate, and show that these ocean conditions could
have contributed significantly to Pliocene warmth.

The manuscript is structured as follows. Section 2
provides a brief description of the atmospheric model
and discusses the simulated atmospheric circulation
consistent with the absence of cold surface waters in the
tropics. Section 3 concentrates on the changes in the
vertical structure of the tropical atmosphere and cloud
distribution. Section 4 tests the robustness of the
atmospheric response to Pliocene SST using different
atmospheric GCMs. Section 5 compares the results of
the Pliocene simulation with the atmospheric response
to a surrogate of climate change and other SST patterns,
and stresses the sensitivity of the atmosphere to imposed
boundary conditions. The final Sect. 6 summarizes the
results.

2 Tropical atmospheric circulation during mid-Pliocene

The atmospheric model used in this study is the Geo-
physical Fluid Dynamics Laboratory (GFDL 2005)
Atmospheric Model 2 (AM?2). A full description of the
physical parameterizations of AM2 and a comparison of
its simulation of the current climate with observations is
provided in GAMDT (2005).

We hypothesize that the seasonal variations of SST
along the dateline today represent the seasonal cycle at
all longitudes in the tropical oceans during the early
Pliocene. (Today the annual mean SST maximum is
slightly south of the equator.) This new SST data set is
hereafter called Tropical PLIOcene (TPLIO) and has the
present seasonal variation of SST at the dateline be-
tween 40°S and 30°N, and has present conditions else-
where. Linear interpolation is used for a smooth
transition from the tropical to Polar regions (see Fig. 1).
Sea ice is left at present values.

The purpose of these simulations is not to reproduce
climatic conditions during the Pliocene, but to explore
the role of the tropical SST on the atmospheric circu-
lation at that time under the hypothesis of zero east—
west tropical gradients. That is one reason for leaving
SST in high latitudes unchanged, even though there is a



30

25

_—5100 -80 -60 -40 -20 O 20 40

Lat

Fig. 1 SST at dateline: annual mean (solid), in March (dashed), in
September (dash-dot)

consensus that during the Pliocene the extratropical
oceans were significantly warmer than they are today.
We note, however, that the tropical atmospheric circu-
lation described below does not change significantly if
the AM2 is forced with PRISM2 SST in the extratropics
blended to TPLIO conditions in the tropics. The vege-
tation cover and continental configuration have also
been left unchanged. The atmospheric concentration of
CO, was kept at a value of 356 ppm in all experiments,
close to the estimated value for the early Pliocene.
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Pliocene topography was different from today’s in
certain regions (Thompson and Fleming 1996). The
western cordillera of North America and northern South
America were about half of today’s elevations, and the
East African Rift system is estimated to have been
500 m higher. Other areas with significant changes in-
clude Greenland due to the absence of ice sheets and
Antarctica. Experiments with modified topography
show that the tropical circulation changes presented here
are largely insensitive to the American and African
topography. In Sect. 5 the high latitude’s topography is
modified when addressing the influence of the NH ice
cap in Pliocene climate.

The atmospheric circulation of AM?2 forced with
TPLIO is compared with a Control run in which the
present climatologies of SST and sea ice are used as
boundary conditions. Land ice is left at present values
for both TPLIO and Control. We focus on the Pacific
basin because of its largest importance in changing the
global climate. Experiments were run for 11 years and
the last 4 years were used to construct annual mean
fields and seasonal cycles for analysis.

2.1 Winds

In the absence of east-west SST gradients in the tropics
the surface trade winds in the equatorial region become
very small, the Walker circulation disappears and upper-
level westerlies are replaced by easterlies at all levels
(Fig. 2). The Control run has only one region of wind

Control
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convergence over the tropical oceans marking the posi-
tion of the ITCZ. In the absence of east-west SST gra-
dient there are two regions of surface wind convergence,
one north and the other south of the equator, which
move seasonally accompanying the SST gradients
(Fig. 3). The easterlies are weak between the two con-
vergence zones, but stronger than Control south of 15°S
(see also Fig. 4, left panel). Sensitivity experiments using
different SST patterns demonstrate that the particular
positions of the convergence regions depend on the lat-
itudinal gradient of the imposed SST in agreement with
previous studies (e.g., Hess et al. 1993).

The equatorial wind stress in TPLIO, averaged
zonally over the whole globe, is about half the mag-
nitude of that in the Control. At the same time, the

Fig. 3 Sea surface temperature
and wind stress during March

Control, March

southern (northern) hemisphere westerlies tend to
strengthen (weaken) (Fig. 4). Significant changes are
also seen in the annual mean meridional circulation of
the atmosphere (Fig. 5). The northern branch of the
Hadley cell is clearly stronger in TPLIO than in
Control, while the southern branch tends to weaken.
Also, the Hadley circulation is more equatorially
symmetric due to the existence of a second ITCZ
south of the equator in TPLIO. The existence of the
second ITCZ creates a region of upward motion south
of the equator and downward motion north of it. This
increases the specific humidity in the atmospheric
column between 0 and 30°S and decreases the water
content in the northern tropics by weakening the
northern ITCZ.
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Fig. 5 Annual mean meridional
circulation (1e10 kg/s) for

MMC Control
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2.2 Precipitation and surface temperature

In the absence of a cold tongue, the surface wind con-
vergence creates two ITCZs straddling the equator
(Fig. 6). As mentioned in the previous section, the cre-
ation of a second ITCZ affects the structure and strength
of the mean Hadley cell. This is particularly true in the
eastern oceans. In the Control there is a well-defined
region of upward motion denoting the location of the
ITCZ in the eastern Pacific, and two regions of subsi-
dence where the low-level stratus clouds develop. This
picture has changed significantly in TPLIO, where two
regions of ascending motion exist and the regions of
subsidence have shrunken significantly.

The second ITCZ south of the equator causes the
ocean to gain more freshwater in the eastern Pacific, a
region currently dominated by evaporation. The western
warm pool, on the other hand, becomes saltier due to
decreased convection there. The Atlantic basin, in con-
trast to the Pacific, has a single ITCZ which is located to
the south of the equator. These changes freshen the
southern tropics and make the northern tropics saltier
(Fig. 6, lower panel).

The global mean surface air temperature increase in
TPLIO with respect to Control is 0.5°C. Figure 7 shows
the spatial changes in surface air temperature and pre-
cipitation in TPLIO for NH winter and summer. Al-
though this simulation includes neither altered SST
patterns in high latitudes, nor the reduced extent of

glaciers, the results are in general agreement with those
of Molnar and Cane (2002) (hereafter MC) concerning
the impact of permanent El Nifo conditions.

For example, the simulation suggests that the area
next to the Gulf of Mexico and the Caribbean was
colder and wetter, while the high latitudes of North
America were warmer than today. As pointed out by
MC this pattern is consistent with paleo-records and are
caused by teleconnections from the tropical Pacific. This
is consistent with the map of sea-level pressure difference
between TPLIO and Control, which describes a deeper
and southward shifted Aleutian low. As a result warm
air flows from the tropical north Pacific (Fig. 8) into
higher latitudes of North America. The simulation also
indicates a significant reduction in the surface albedo by
about 30% due to changes in snow cover (Fig. 8). This
suggests that the initial warming caused by atmospheric
teleconnections is further enhanced by the surface al-
bedo feedback. This process tends to move the freezing
line (—2°C isotherm) northward, and may have been
crucial in preventing North America from developing
glaciers earlier than 3 Ma (Zachos et al. 2001).

The simulation also suggests that up to 3 Ma north-
ern South America was drier, and eastern equatorial
Africa wetter than today, in agreement with paleo-data
(MC). In our simulations, changes are attributable not
only to a permanent El Nifio in the Pacific, but also to
higher SST in the tropical Atlantic and Indian oceans.
Thus, our results are somewhat different from MC. For
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Fig. 6 Annual mean
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instance, MC note that El Nifio should bring drier
conditions to northern India and Australia, while there
is evidence that they were wetter during the middle Pli-
ocene. In our simulations Australia is wetter. North-
eastern India shows a tendency for drier conditions, but
there is a large wet anomaly in the northwestern region.
This points out that the SST pattern throughout the
tropics, not only that of the Pacific, influences climate
patterns.

In TPLIO the southward shift of the ITCZ in the
Atlantic brought heavy rains to Northeastern Brazil
while the coasts of Ecuador and Peru received large
amounts of rain because of the second ITCZ south of
the equator in the Pacific.

2.3 Surface heat fluxes

The net downward surface heat fluxes in Control and
TPLIO, and their difference are shown in Fig. 9 for the
Pacific basin. Surface radiation and evaporation domi-
nate the balance. The absence of east-west SST gradi-
ents reduces stratus cloud cover (see next section) and
increases the net radiative flux into the ocean in the
eastern Pacific. This positive feedback between SST and

30S 0 30N 60N 90N

radiation is opposed and canceled by increased evapo-
ration (due to changes in specific humidity) so that the
ocean gains less heat in TPLIO than in the Control
experiment in the eastern Pacific. The increased evapo-
ration also creates a huge negative heat flux off Peru,
which tends to cool the ocean significantly. In the central
Pacific there is decreased evaporation due to the weak-
ening of the trades, and the ocean gains more heat. As
result, the net downward flux into the ocean is almost
uniform along the equatorial region. In the tropical
Atlantic changes are analogous to the Pacific, although
they are not nearly as large because the present cold
tongue is much weaker. In the Indian ocean decreased
winds reduce evaporation and increase the flux of heat
into the ocean in the Bay of Bengal and Arabian Sea.

3 Vertical temperature and cloud changes

To understand the changes in the tropical region, we can
consider the simplified picture of an atmosphere in
radiative—convective equilibrium. This atmosphere re-
sponds to SST changes by adjusting the vertical tem-
perature profile in order to maintain a moist-adiabatic
lapse rate (Soden 2000). Also, it is important to note that



Fig. 7 Surface air temperature
(shading) and precipitation
(contours) differences between
TPLIO and Control for
December—February (upper
panel) and June-August (lower
panel). Precipitation in mm/day
and temperature in degrees C

Fig. 8 Difference between
TPLIO and Control
experiments over North
America. Surface air
temperature (C) and surface
pressure (Pa) (upper left panel),
albedo fractional change (upper
right panel), and snow
difference (kg/m2, lower left
panel)
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A TPLIO Control
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Fig. 9 Heat fluxes at the ocean surface for Control (left column), TPLIO (middle column) and the difference TPLIO—Control. Fluxes
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Fig. 10 Zonal annual mean difference of temperature and specific
humidity (10e-3 g/kg, color shading) between TPLIO and Control

although annual global averages of fluxes at the top of
the atmosphere and surface must be close to zero in an
equilibrated coupled model, no such constraint applies
when considering the atmosphere in isolation. Fluxes at
the top and bottom of the atmosphere, jointly must then
be in balance. If the atmosphere has below it an ocean
with specified SST, then the ocean has infinite heat
capacity.

Figure 10 shows the vertical structure of the
warming of TPLIO with respect to Control. Between
60°S and 20°N, the atmosphere warming has a max-
imum of 1.5°C at about 400 mb. As we have seen
above, the specific humidity in TPLIO with respect to
Control increases significantly between 0 and 30°S
because of the second ITCZ in the Pacific and the
southward shift of the Atlantic ITCZ. In the northern
tropics, a weaker ITCZ decreases the water vapor
concentration. These changes are a consequence of
cold regions becoming warm in TPLIO and sustaining



convection. The maximum warming is at upper levels
where latent heat is released.

The Pliocene SST pattern also induces a global de-
crease in cloud cover, mainly because of a decrease in
low-level clouds, especially in the tropics (Fig. 11, upper
left panel). The zonal average of low-level cloud changes
shows that they tend to decrease over the tropical band,
with a minimum at the equator. High clouds (and to a
lesser extent the mid-level clouds), on the other hand,
decrease in the northern side of the equator and increase
in the southern side in accord with the changes in con-
vection described in Sect. 2.

The changes are small globally, but can be large lo-
cally. In the present-day tropics the low-level stratus
clouds tend to occur in regions of high static stability,
the subsidence regions of the Walker and Hadley cir-
culations in the eastern sides of the oceans. Although the
stratus clouds are not as pervasive as the high clouds (25
vs. 40% in the deep tropics), they shade the eastern
basins from solar radiation contributing to the cool
conditions there. The high cumulus clouds, on the other
hand, tend to occur mainly in the western side of the
basin and along the ITCZ where SSTs are relatively
warm and wind convergence fuels convection. The de-
mise of the Walker circulation and modifications in the
Hadley cell in TPLIO change this picture. Since the re-
gions of subsidence have shrunken, the stratus clouds
diminish by about 50% and are replaced by high
cumulus clouds signaling the presence of the double
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ITCZ (Fig. 11). There is also a reduction of high clouds
in the western Pacific because of decreased convection.
In the tropical Atlantic the southward shift of the ITCZ
also reduces the stratus clouds.

Changes in the cloud distribution and type affect the
radiation balance at the top of the atmosphere because
different clouds have different optical properties. Since
they are boundary layer clouds, low-level clouds cannot
trap longwave radiation in the atmosphere. On the other
hand, high-level clouds are very efficient in trapping
longwave radiation because they radiate at temperatures
characteristic of the cloud top which is colder than the
Earth’s surface. Consequently, the changes in outgoing
longwave radiation between TPLIO and Control follow
changes in the amount of high-level clouds with opposite
sign (not shown). Both types of clouds, however, can
reflect incoming shortwave radiation, and thus the
variations in shortwave at the top of the atmosphere
depends on total cloud changes. Nevertheless, changes
in net radiation gain are controlled by changes in low-
level clouds (Fig. 11, lower right panel). This is because
changes in the longwave greenhouse effect and the
shortwave albedo effect due to high-level cloud varia-
tions tend to cancel each other, a feature consistent with
observations. As a result, the global mean radiative
change at the top of the atmosphere for TPLIO is about
2.2 W/m?, with an increase of 2.5 W/m? in incoming
shortwave radiation and of 0.26 W/m? in outgoing
longwave radiation. The net top of the atmosphere flux
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is balanced (to within 0.2 W/m? neglecting the work
done by the atmosphere on the lower boundary) by an
equal downward flux at the surface signaling that the
atmosphere is in equilibrium. The changes in individual
surface fluxes are as follows: a net downward shortwave
increase of 1.9 W/m?, a net downward longwave in-
crease of 1.1 W/m~, an increase in latent heat of 1.3 W/
m?, and a decrease in the sensible heat of 0.7 W/m?.

We next compute the cloud radiative forcing
(Ramanathan et al. 1989) as the difference between
the clear sky and total sky radiative fluxes: CRF=
CRF}, + CRF, = (Fu;—F)—(Qu,—0), where F is the
outgoing longwave radiation and Q is the absorbed solar
radiation at the top of the atmosphere. Positive values of
CRF have a heating effect on climate. Variations in
CRF are not only contributed by clouds; variations of
temperature and water vapor between clear- and cloudy-
sky atmospheres can also influence CRF. This method,
however, gives very similar results as other more elab-
orate procedures for calculating cloud feedbacks (Zhang
et al. 1994). The variation in CRF between TPLIO and
Control is 4 CRF=1.8 W/m?, which can be decom-
posed into 4 CRF;,=-0.5 W/m2 and 4 CRF,,=
2.3 W/m?, which correspond to the long- and shortwave
contributions, respectively. Thus, the changes in clouds
described above provide a positive forcing on climate,
and is mainly due to an increase in the absorbed short-
wave radiation. According to our discussion this is due
to the reduction of the low-level clouds consequence of
the demise of the Walker circulation and modification of
the Hadley cell.

4 Intermodel comparison

We use two other models to explore the sensitivity of the
atmospheric response to a zero east—west tropical SST
gradient: the NCAR model CAM3, and the Speedy
GCM. The NCAR model is a state-of-the-art atmo-
spheric GCM with horizontal resolution given by a
spectral truncation T42 and has 26 vertical levels (Col-
lins et al. 2004). The Speedy is an atmospheric GCM of
intermediate complexity with low resolution (horizontal
T30, eight vertical levels) and simplified physical
parameterization schemes (Molteni 2003). As for AM2,
each model is forced for 11 years with Control and
TPLIO SST, and the differences between experiments
over the last 4 years are analyzed. To compare with the
AM?2 we focus on atmospheric temperature, equatorial
zonal wind stress, cloud changes and radiation at the top
of the atmosphere.

Changes in the CAM3 model are similar to those in
AM2. The absence of the equatorial east—west gradient
increases the surface air temperature by 0.4°C and in-
duces a double ITCZ in the tropical Pacific. The zonal
mean vertical changes of temperature and specific
humidity are very similar in magnitude and structure to
those in AM2 (see Fig. 10). The Walker circulation
collapses and the mean equatorial zonal wind stress
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Fig. 12 Annual mean zonal wind stress in the tropical Pacific for
TPLIO experiments in AM?2 (solid), CAM3 (dashed) and Speedy
(dashed-dotted)

vanish almost completely, while westerlies develop just
south of the equator (Fig. 12). Compared to AM2,
CAM3 presents weaker (almost zero) zonal mean
equatorial wind stress when forced with TPLIO SST.
This different response may be important to simulate a
state of zero east—west gradient in a coupled model. The
creation of a southern ITCZ induces changes in the
tropical clouds so that the low-level clouds in the eastern
Pacific are replaced by high-level clouds. Total cloud
changes have similar structures as in AM2, and the
reduction of planetary albedo increases the incoming
solar radiation with magnitude and pattern comparables
to that in AM2 (Fig. 13, upper panels).

Speedy warms up 0.6°C, but the atmospheric re-
sponse is different than in AM2 and CAM3 models. The
equatorial zonal wind stress diminishes with respect to
Control, but healthy easterlies still prevail (Fig. 12).
Larger differences occur in the top of the atmosphere
radiation budget as a consequence of the fact that
Speedy uses a much simpler parameterization of radia-
tion processes than AM2 and CAM3 models. Most
important is that Speedy has only one type of clouds,
and therefore it cannot differentiate between the radia-
tion properties of different cloud types. In this model,
the ITCZ in the tropical Pacific shifts south of the
equator, decreasing the cloudiness to the north and
increasing it to the south of the equator (Fig. 13, lower
left panel). This is similar to the total cloud changes seen
in AM2 (or CAM3), which have a similar structure as
changes in high clouds (not shown, see Fig. 11). How-
ever, contrary to the AM2, there is decreased incoming
shortwave radiation in the region of stratus clouds be-
cause in Speedy the albedo is proportional to the cloud
amount which increases in these regions. As a conse-
quence, contrary to AM2 and CAM3 models, Speedy
has a net flux loss at the top of the atmosphere in TPLIO
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A Radiation Balance TOA

atmosphere radiation balance for
TPLIO experiment with respect
to Control in CAM3 (upper
panels) and Speedy (lower panels)
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with respect to Control (1.4 W/m?, Fig. 13, lower right
panel). The tropical atmospheric warming is similar to
that in AM2, but with a maximum of 2.0°C that occurs
on the equator at higher levels (300 mb).

This intermodel comparison points out the difficulty
in representing cloud-radiation interactions and stresses
the need to use complex representations of these pro-
cesses to get a satisfactory answer.

5 Sensitivity to SST forcing

This section explores the sensitivity of the atmospheric
response to other SST forcings using the AM2 model.
To do so we constructed the following SST (12-month)
data sets:

— TPLIOI1K: the conditions are the same as for TPLIO
except that between 40°S and 30°N SSTs are increased
by 1 K.

— TPLIO_noice: the conditions are the same as for
TPLIO but ice is removed from the NH, on land and
sea. Over land the ice-covered regions are replaced
with tundra, while in the newly open areas of water
SST is set at 0°C. The topography over Greenland is

decreased to 1/4 of its present value, which roughly
takes into account the removal of the ice and the
continental rebound (Bamber et al. 2001).

— UNIF2K: in this simulation the seasonal cycle of SST

is that of today, except for a uniform increase of 1.9°C
between 40°S and 30°N. Specified ice on land and sea
correspond to conditions of today. The global change
of SST with respect to today’s global mean is the same
as in TPLIOIK.

All data sets are blended by a linear interpolation from
the modified tropical SST to the present-day extratrop-
ical SST.

Wara et al. (2005) point out that while the east—west
gradient was absent during the early Pliocene, the cali-
bration of the data results in a range of absolute tem-
perature estimates. Thus, TPLIO and TPLIOIK test the
sensitivity of the AM2 to the absolute value of tropical
SST, and provide a range for the contribution of tropical
conditions to Pliocene warmth. On the other hand,
TPLIO_noice and TPLIO evaluate the relative impor-
tance of tropical SSTs and the northern ice cap in the
climate of 3 Ma. Finally, UNIF2K and TPLIOIK
provide the insight into the sensitivity of the atmospheric
response to two different warming SST patterns in the
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Fig. 14 Annual zonal mean surface air temperature deviations
from Control for different experiments

tropics. A warming of the type used in UNIF2K, but
over the global oceans, has been used as a surrogate of
climate change for comparing climate feedback pro-
cesses in atmospheric GCMs (Cess et al. 1990; Soden
et al. 2004).

Figure 14 shows the zonally averaged annual mean
surface air temperature deviation of each experiment
relative to the Control run. As mentioned before, in
TPLIO the mean global surface air temperature in-
creases by about 0.5°C. The increase is larger (1.15°C)
when the SST is increased uniformly by 1°C
(TPLIO1K). The warming is mainly in the tropics. As in
the TPLIO case, the low-level cloud changes dominate
the radiation balance at the top of the atmosphere. More
solar radiation enters the atmosphere (1.6 W/m?) but
this is offset by increased emission of longwave radiation
into space (1.0 W/m?) due to significantly more water
vapor content in the atmosphere.

When the ice coverage in the NH is removed, the
northern pole shows a huge surface warming of about
16°C. The response is largest in winter due to the release
of heat from the now ice-free Arctic Ocean. This
warming is, however, confined to a very small region of
the globe (north of 50°N), in agreement with previous
studies (e.g., Crowley et al. 1994).

The UNIF2K experiment shows a global mean
warming of 1.5°C. Compared to TPLIOIK, the largest
differences are in the NH extratropics because the
atmospheric anomalies in UNIF2K tend to warm the
NH extratropics more efficiently than in TPLIOI1K,
particularly in the boreal winter (see also next section).
Figure 15 shows the spatial pattern of temperature
changes during December—February together with the
accompanying sea-level pressure anomaly. The circula-
tion anomalies induced in UNIF2K are displaced with
respect to those in TPLIOIK so that they tend to be
stronger over the continents, thus warming the surface

by temperature and moisture advection. The major dif-
ference in the warming pattern occurs in the NH Polar
regions where UNIF2K shows a warming in excess of
2°C, while TPLIO1K shows almost no anomaly. The
importance of the tropical SST patterns for the extra-
tropical climate is readily seen.

5.1 Comparison of TPLIO with UNIF2K

It is instructive to compare in further detail the atmo-
spheric response in the TPLIO experiment with that in
UNIF2K in which the present-day east—west SST gra-
dient is preserved, but the tropical SSTs are uniformly
increased by 1.9°C. As result of the different forcing, the
adjustment of the tropical atmosphere in UNIF2K is
quite different from that in TPLIO.

The tropical atmospheric circulation in UNIF2K has
similar structure to present-day circulation, with a
healthy Walker cell and no significant changes in the
Hadley cell (not shown). There is no net change in global
total cloud amount between UNIF2K and Control.
Global low-level cloud amounts increase slightly by
0.3%, while the total and high-level cloud amounts re-
main unchanged.

A sensitivity experiment in which the tropical SSTs
were increased uniformly by 5°C also show minor
changes in low-level clouds. This result can be under-
stood by following the discussion in Miller (1997) who
argues that low-level static stability of the atmosphere in
the eastern oceans is not only given by the local SST but
by the difference between potential temperature at
700 mb and SST, that is 40,=0(700 mb)—SST,. In the
tropics the large-scale circulation maintains a nearly
uniform horizontal distribution of temperature above
the inversion. Furthermore, convection in the western
oceans, through a moist-adiabatic, relates the vertical
temperature profile to the local SST. Therefore, poten-
tial temperature above the trade inversion varies with
the SST in the western ocean, and the low-level static
stability in the cold tongue region can be written as
A0,= A0,,+ (SST,,—SST,). Parameter 40,, is a measure
of the low-level static stability in the west and is equal to
the increase in 6 between the surface and 700 mb.
According to that equation the east-west gradient of
SST controls the static stability of the eastern oceans. As
long as (SST,,—SST,)>0, 40, > 40,, and the low-level
stratus clouds will persist because the eastern ocean will
be the region of subsidence.

The similarity between UNIF2K and Control can be
seen in the difference in annual zonal mean of freshwater
flux. Since there are no major reorganizations of the
tropical circulation, the precipitation patterns are similar
to the present. The only difference is a stronger (5%)
hydrological cycle: it rains more in the tropics, less
in subtropics and more in high latitudes (Fig. 6,
lower panel). Note that changes in freshwater flux
into the ocean are much smaller in UNIF2K than in
TPLIO.
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Fig. 16 Zonal annual mean difference of specific humidity (10e-3 g/
kg, color shading) and temperature between UNIF2K and Control

In UNIF2K the tropical adjustment to the new SST
can be interpreted as the result of the atmospheric
tendency to follow a warmer moist-adiabatic without
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significantly changing the clouds. This in turn dictates
the radiative and latent heat fluxes. Figure 16 shows the
variation of specific humidity of UNIF2K with respect
to Control. Water vapor increases everywhere, and it is
largest at the lower levels and at latitudes where upward
motion dominates. The increase in water vapor in this
experiment is much larger than in TPLIO. The tropo-
spheric temperature change in the tropical region shows
a stronger warming in the upper than at lower levels due
to the release of latent heat. This change in the thermal
structure, or lapse rate, acts as a negative feedback be-
cause it leads to more emission of longwave radiation to
space. The above patterns of temperature and humidity
changes are very similar to those reported by other au-
thors in surrogates of climate change (Cess et al. 1990).

This discussion can be further quantified by calcu-
lating the top of the atmosphere fluxes. As expected,
changes in outgoing longwave radiation dominate the
balance at the top of the atmosphere: UNIF2K loses 2.6
W/m? more longwave radiation than Control, and also
absorbs less solar radiation (1.0 W/mz) than Control.
The increase in outgoing longwave radiation and
atmospheric warming is mainly a clear-sky process. The
small cloud changes tend to provide a negative forcing
on climate (4 CRF=—0.8 W/m?). On the other hand,
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the flux changes at the surface are: equal decreases in the
incoming shortwave and upward longwave of 2.7 W/m?>,
an increase in latent heat of 3.9 W/m?, and a small
reduction in sensible heat of 0.1 W/m?. Thus, the main
adjustment process involves a reduction in the lapse rate
and increased atmospheric water vapor which lead to
more (longwave) radiative cooling, and in turn is mainly
balanced by increased latent heat release from conden-
sation. This balance was confirmed by performing a heat
budget analysis as in Knutson and Manabe (1995).
Moreover, this has been shown to be the primary energy
balance in the tropics (Pierrehumbert 1995), and the
mechanism through which the atmosphere warms dur-
ing El Nifio events (Soden 2000). The increased surface
evaporation maintains the stronger hydrological cycle
mentioned above.

In UNIF2K the atmospheric relative humidity stays
constant. This implies that the water vapor content of
each atmospheric layer increases with temperature
according to the Clausius—Clapeyron relation. Previous
experiments with atmospheric GCMs predict that the
relative humidity distribution is largely insensitive to
changes in climate (Held and Soden 2000). The con-
straint of fixed relative humidity is maintained better at
lower levels because air aloft is highly unsaturated.
Interestingly, TPLIO and TPLIO1K have larger global
mean relative humidity than Control throughout the
troposphere. The deviation is about 1% up to 400 mb,
but locally can exceed 10% as a result of the reorgani-
zation of tropical convection that changes the Walker
and Hadley cells and thus the upward transport of
moisture.

It is important to note that while in UNIF2K the net
flux at the top of the atmosphere (and at the surface) is
upward, in TPLIO the net flux is downward. The up-
ward flux in UNIF2K is mainly due to the increased
outgoing longwave radiation to space, and acts as a
negative feedback to the imposed warmer SST. In
TPLIO, the net downward flux is mainly a consequence
of the changes in the clouds that change the Earth’s
albedo and allow more incoming solar radiation. Since
the atmosphere is relatively transparent to shortwave
only a minor fraction of it is absorbed on its way down
by water vapor and clouds. The rest of the extra solar
radiation reaches the surface where it plays no role be-
cause SSTs are imposed (except over land). Thus, the
effect of changes in the Earth’s albedo are not fully
realized in TPLIO because SST are imposed, and the
increase in surface temperature described above can be
considered as a lower bound.

We can estimate the first-order effect of the radiative
imbalance at the top of the atmosphere in the Earth’s
climate using the climate sensitivity of the model. We
calculate the climate sensitivity using experiment
UNIF2K, which is similar to the experiments used to
estimate this quantity in the literature (e.g., Cess et al.
1990). The surface air temperature increase in UNIF2K
is 1.5°C and there is a net loss of 3.6 W/m? at the top of
the atmosphere with respect to Control, resulting in a

climate sensitivity of 4 =0.42° C/W/m>. Thus, the 2.2 W/
m? imbalance at the top of the atmosphere in TPLIO
would result in a surface warming of 0.9°C if the ocean—
atmosphere system were allowed to equilibrate while
maintaining the same tropical SST pattern. This addi-
tional warming due to a decrease in the Earth’s albedo
adds to the previously mentioned increase in surface air
temperature of 0.5°C in TPLIO. Consequently, the ab-
sence of the cold tongue would have warmed the Plio-
cene climate by about 1.4°C. In this equilibration
process the SST would increase together with the
atmospheric temperature. Assume, as a simplification,
that during the equilibration process mainly the tropical
SST would increase, and that they do so uniformly.
Then, the pattern would be similar to that of experiment
TPLIOIK. In this experiment the net downward flux at
the top of the atmosphere is 0.6 W/m? (significantly
smaller than in TPLIO experiment), which using the
climate sensitivity A implies a further warming of 0.25°C.
Thus, the implied total increase in surface air tempera-
ture is 1.4°C, the same as the value implied in TPLIO.
This result gives confidence in the estimation of a total
increase in global surface temperature of 1.4°C due to
the absence of the upwelling regions. This is merely a
first-order estimate. Experiments with a coupled model
are needed to further investigate the effect of these al-
bedo changes in the Pliocene climate.

6 Summary and discussion

Several authors (e.g., Sloan et al. 1996; Haywood et al.
2000) have simulated Pliocene climates imposing the
PRISM data sets as boundary conditions to atmospheric
GCMs. Particularly important in these experiments is the
SST data, which deviate from present values mainly in
the high latitudes; in the tropics there is little change from
today’s values. Those results indicate a Pliocene warming
of 1.9-3.6°C with respect to the present climate.

In agreement with PRISM2, other recent paleo-data
suggest that western tropical Pacific SST during the
early Pliocene were similar to today’s. However, in the
eastern Pacific where the PRISM2 reconstruction has
limited coverage, the non-PRISM data suggest the ab-
sence of cold surface waters at that time (Wara et al.
2005; Haywood et al. 2005). Surface temperatures in the
upwelling regions of the Atlantic ocean were similarly
high (e.g., Marlow et al. 2000). We investigate the
atmospheric circulation consistent with such a zonally
uniform state of no east-west SST gradient in the
tropical oceans, and explore whether the tropical con-
ditions could have contributed to the warmer climate
experienced during the mid-Pliocene. In the model, the
atmospheric conditions include a double ITCZ with very
weak equatorial trades and a collapsed Walker circula-
tion. The low-level tropical stratus clouds diminish
greatly, reducing the albedo of the Earth and allowing
more incoming solar radiation. The tropical atmosphere
warms up between 0.5 and 1.5°C, with a maximum at



higher levels, due to the release of latent heat accom-
panying the increased evaporation. In the extratropics,
changes in the circulation through atmospheric tele-
connection mechanisms originating in the tropical Pa-
cific induce a substantial warming over North America,
which is further enhanced by surface albedo feedbacks.
This process may have contributed to a ice-free North
America during the Pliocene. All these mechanisms
warm the surface air temperature between 0.5 and 1.4°C
when the effects of changes in the Earth’s albedo are
estimated using the model’s climate sensitivity. The
sensitivity of the atmospheric adjustment to mid-Plio-
cene tropical conditions was assessed by forcing different
models with TPLIO SSTs. Results are dependent on the
physical parameterizations of the models, particularly
the cloud-radiation processes, which are a major source
of uncertainty in current climate models. Nevertheless,
the two state-of-the-art atmospheric GCMs used here
tend to agree quite well. Previous authors have suggested
several hypotheses to explain the Pliocene warmth.
These include increased atmospheric CO,, cryospheric
changes and a strong thermohaline circulation. The
closing of the Panama seaway has also been connected
to the onset of the NH glaciation and the end of the
Pliocene warm climate (Haug and Tiedemann 1998).
Our results do not directly contradict any of these
hypotheses but instead advance another mechanism,
namely the changes in the tropical atmospheric circula-
tion due to the absence of the east—west SST gradient
that characterizes the present equatorial ocean. We have
shown that the tropical SST pattern during the Pliocene
is very important for extratropical latitudes so that a
complete understanding of Pliocene climate depends
critically on determining the tropical conditions at that
time, as pointed out by Crowley (1996).

In this study we have used an atmospheric GCM to
determine the atmospheric circulation consistent with
the absence of the east-west SST gradient that charac-
terizes today’s tropical oceans. The next step is to find
the ocean state consistent with the atmospheric fluxes of
momentum, freshwater and heat obtained from this
experiment. Can those fluxes maintain the absence of
tropical east—west SST gradient? Can this state be
maintained in a fully coupled model? These questions
are addressed in a separate paper.
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