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Patterns and mechanisms of early

Pliocene warmth

A. V. Fedorov'*, C. M. Brierley"?*, K. T. Lawrence®*, Z. Liu*, P. S. Dekens’® & A. C. Ravelo®

About five to four million years ago, in the early Pliocene epoch, Earth had a warm, temperate climate. The gradual
cooling that followed led to the establishment of modern temperature patterns, possibly in response to a decrease in
atmospheric CO, concentration, of the order of 100 parts per million, towards preindustrial values. Here we synthesize
the available geochemical proxy records of sea surface temperature and show that, compared with that of today, the
early Pliocene climate had substantially lower meridional and zonal temperature gradients but similar maximum ocean
temperatures. Using an Earth system model, we show that none of the mechanisms currently proposed to explain
Pliocene warmth can simultaneously reproduce all three crucial features. We suggest that a combination of several
dynamical feedbacks underestimated in the models at present, such as those related to ocean mixing and cloud
albedo, may have been responsible for these climate conditions.

Earth’s climate evolution over the last five million years (Myr), since
the early Pliocene epoch, has been meticulously studied by scientists
(see, for example, refs 1-3). For years, the focus of attention was on the
origin*™® of glacial cycles, that is, the coming and going of continental
ice sheets evident in the 5'%0 record reflecting global ice volume and
deep-ocean temperature (Fig. 1a). However, a wealth of new data now
show that the gradual onset (around 3 Myr ago) and further amp-
lification of Northern Hemisphere glaciation (Fig. 1a, b) was only one
facet of this climate change and was a consequence of the global
cooling rather than its initial cause”®.

The early Pliocene itself, the warm interval that preceded the gla-
ciation, has attracted a lot of attention as a possible analogue for future
climate conditions. Despite relatively small differences in climate
control factors, including CO, concentrations (Fig. 1c), between the
early Pliocene and the present, the former was markedly different’.
Palaeorecords indicate vast changes in climate patterns since 5-4 Myr
ago, including a contraction of the tropical belt and oceanic warm pool ",
emergence of strong temperature gradients along the Equator'', cooling
of coastal upwelling zones in the subtropics', the shoaling of the ocean
thermocline'"" and cooling of the high-latitude and deep ocean'*".
Together these observations imply a large structural change in climate,
with major global and regional implications.

By a structural change, we mean a transition from a climate with
almost no zonal sea surface temperature (SST) gradients (~1 °C or
less) and a weak meridional SST gradient to a modern climate with
much more pronounced spatial temperature contrasts. This structural
climate change was paralleled by relatively small changes in atmo-
spheric CO, concentration (Fig. 1c), on the order of 50-100 p.p.m.
Thus, a key step towards understanding early Pliocene climate, and
possibly other warm climates throughout Earth history, is to explain
what could cause such changes.

The objectives of this article are twofold. First we review recent
geochemically derived palaeorecords emphasizing the three criteria
that any hypothesis must satisfy to account for the climate of the early
Pliocene (reduced meridional temperature gradient, weak zonal gra-
dients and SST stability). Then we evaluate various explanations for

early Pliocene climate with respect to these criteria, using a single
modelling framework.

Observations

Substantial effort has been put into deriving palaeoclimate records for
the Pliocene because it is recognized as the most recent example of
prolonged global warmth in the geological past™'é. As part of the
PRISM project, this effort produced a series of global temperature
reconstructions'”'® for a ‘time slab’ of the mid Pliocene (3-3.3 Myr
ago). These data sets and associated modelling studies enable a coor-
dinated comparison between the Pliocene and the present, and dra-
matically increased our understanding of Pliocene climate.

In the present study, we compile available SST proxy records, most
of them continuous, to describe the long-term climate trends from the
warm early Pliocene to the present (Figs 2 and 3, and Methods). As
several of these records indicate, the period from 4.4 to 4 Myr ago was
probably the warmest interval within this timeframe—the Pliocene
climatic optimum (Fig. 2b, ). The subsequent cooling became evident
roughly at the same time in both hemispheres (Fig. 2¢, d) and involved
regions ranging from low-latitude upwelling zones to mid and high
latitudes. The expansion of the Northern Hemisphere ice sheets
around 2.7 Myr ago, evidenced by an increase in the magnetic sus-
ceptibility of sediments affected by ice-rafted debris (Fig. 1b), intro-
duced a strong interhemispheric asymmetry in the climate evolution
over land" but to a lesser degree over the ocean (as shown by the
similarity of trends in Fig. 3¢, d).

Within the global cooling pattern, local trends featured significant
spatial and temporal variations not necessarily tracking the growth of
continental ice sheets inferred from §'®0 data (Fig. 1a). Regionally,
temperature changes were as high as 11 °C over the ocean® (Fig. 3c)
and 19 °C over the land". Below, we focus on the critical features that
characterize the evolution of climate structure since the early Plio-
cene. As is traditionally done by the palaeoclimatology community,
we compare the mean trends incorporating both glacial and intergla-
cial intervals of the time series, even though some of our statements
contrast the late Quaternary interglacials and Pliocene interglacials. A

Department of Geology and Geophysics, Yale University, New Haven, Connecticut 06511, USA. Department of Geography, University College London, London WC1E 6BT, UK. *Department of Geology and
Environmental Geosciences, Lafayette College, Easton, Pennsylvania 18042, USA. “Department of Earth Sciences, The University of Hong Kong, Hong Kong. ®Department of Geosciences, San Francisco
State University, San Francisco, California 94132, USA. ®Department of Ocean Sciences, University of California, Santa Cruz, California 95064, USA.

*These authors contributed equally to this work.

4 APRIL 2013 | VOL 496 | NATURE | 43

©2013 Macmillan Publishers Limited. All rights reserved


www.nature.com/doifinder/10.1038/nature12003

ARTICLE

2.8 —

3.2 —

3.6 —

4.0 —

4.4

Benthic §'80 (%o PDB)

Figure 1 | Climate evolution over the past 5 Myr.
a, Variations in benthic '®0 (PeeDee Belemnite
— (PDB) standard; Methods) from deep-ocean
sediments, showing glacial cycles (light blue) and a
long-term trend® (dark blue). 880 records past
variations in deep-ocean temperature and global
ice volume. The shading highlights the period
during which Northern Hemisphere glaciation
— gradually begins®. b, Magnetic susceptibility of
ocean sediments in the northern Pacific® (green)
— and Atlantic® (red). The units are nondimensional
and the data are presented as originally published.
— Higher susceptibility indicates the presence of

— North Atlantic (ODP 982)
— North Pacific (ODP 882)

more ice-rafted debris, corresponding to larger
Northern Hemisphere ice sheets. ODP, Ocean
Drilling Program. ¢, Proxy pco, data from marine
geochemical studies and ice-core inclusions (pco,,
partial pressure of CO,; Supplementary Table 1).
— Uncertainties, indicated by the widths of the data
- bands, are defined in the respective studies (see
Methods for extra references). The two dashed
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further comparison between the mean and ‘interglacial’ trends sup-
ports our main conclusions (Methods and Supplementary Figs 1-3).

Warm pool temperatures and CO,

The first notable aspect of the Pliocene—Pleistocene climate evolution
is the stability of warmest SSTs in the tropical warm pool over the past
5Myr. In all three tropical oceans, these temperatures stayed fairly
constant and the long-term average remained ~29 °C (Figs 2a and 3a),
similar to the present. This is especially surprising given temperature
changes elsewhere. It has been suggested that Mg/Ca-based measure-
ments, providing many warm pool records, should be corrected for
secular changes in seawater composition®'. However, general agreement
between Mg/Ca and alkenone data in locations where both proxies are
available (ref. 12 and Methods) indicates that this correction should be
small, comparable to calibration errors'.

Although a number of thermostat mechanisms capable of main-
taining the stability of warm pool SST in high-CO, climates have been
proposed®, we find that they may not be necessary to explain the
Pliocene climate. A pervasive increase in atmospheric CO, is the
driver for present anthropogenic climate change, and is expected to
cause even larger changes in the future'®. Similarly, CO, remains a
suspected cause for early Pliocene warmth, and several biogeoche-
mical methods have been devised to estimate its concentration (Fig. 1¢).
Despite large uncertainties, together these proxy data suggest that
Pliocene CO, concentrations were only 50-100 p.p.m. higher than
preindustrial values (~280 p.p.m.). Climate models produce a ~1°C
temperature rise in the warm pool when the CO, concentration
increases by 100 p.p.m."’, and a change by ~2°C in doubling-of-
CO, experiments®. Thus, within data uncertainty (Methods), the
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stability of the warm pool temperatures is not inconsistent with the
relatively small CO, change.

Increasing meridional temperature gradients
High-latitude warmth and a reduced Equator-to-pole temperature
gradient are other dominant features of early Pliocene climate**.
Marine data, available between latitudes 43°S and 58°N (Fig. 2e),
suggest subsequent ocean cooling of 4-8 °C in the mid and high
latitudes of the Atlantic and Pacific (Figs 2d and 3d). The temperature
of Atlantic deep waters (ODP site 607; 3,400-m depth) basically fol-
lows SST evolution in the North Atlantic, implying a similar cooling
over the ocean convection regions at higher latitudes (~70° N). In ter-
restrial regions of the Arctic, temperature fell by nearly 19 °C (ref. 19).
The meridional SST gradient as measured from the Equator to the
subtropics was also significantly smaller in the early Pliocene than at
present'® (Fig. 4a—c), and the meridional temperature distribution
within the Tropics was more uniform'’. Consequently, despite little
difference in the warmest SST's (Figs 2a and 3a), the meridional extent
of the warm pool was much broader in the early Pliocene. The sub-
sequent cooling led to a gradual contraction of the warm pool towards
the Equator, as evidenced by the increase in meridional temperature
gradient. This contraction is also apparent from temperature records at
the edge of the warm pool in the South China Sea®**® (Supplementary
Fig. 9). Whereas data from inside the warm pool show fairly constant
temperatures, these particular records show a clear cooling trend.
The reduced meridional SST gradient seems to be important for under-
standing the high global mean temperature and other characteristics of
the early Pliocene®"’. For instance, from the atmospheric perspective, as
the temperature contrast from the Equator to the subtropics increased, the
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surface high-pressure zones in low latitudes (subtropical highs) stren-
gthened, whereas the Hadley cells (atmospheric meridional circulation)
intensified and contracted slightly towards the Equator. The strengthen-
ing of atmospheric circulation led to a stronger subsidence, resulting in
aridification of parts of Africa, Australia and North America®”.
From the oceanic perspective, as the meridional SST gradient
increased so did upper-ocean stratification in the tropics, because
oceanic vertical thermal structure is directly related to the meridional
distribution of surface temperature®**. This increase in stratification
should have contributed to the basin-wide shoaling of the tropical
thermocline®**?', which has been under way since 5 Myr ago'"'***",

Strengthening of cold upwelling
As the meridional SST gradient increased and the tropical thermo-
cline shoaled, cold waters became present at low latitudes, with dra-
matic consequences for the tropics. Initially the cold waters appeared
in the coastal subtropical upwelling sites in the Atlantic and Pacific
oceans, in both hemispheres (Fig. 2c and 3c). The strengthening of
anticyclonic winds within the subtropical highs may have contributed
to the stronger upwelling®'°.

The shoaling of the thermocline culminated in the appearance of
colder water along the Equator (Figs 2b and 3b) and the formation of
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a salient feature of the present-day SST pattern, namely the equatorial
‘cold tongues’ on the eastern sides of the Pacific and Atlantic basins.
The corresponding development of the zonal temperature gradients
along the Equator (Fig. 4d-f) and the ensuing Bjerknes feedback
(astronger SST gradient leads to stronger winds and, thence, a stronger
gradient) led to the intensification of the zonal atmospheric circula-
tion—the Walker cell>".

In the present climate, an intermittent weakening of both the winds
and the east-west equatorial temperature gradient occurs during El
Nifo, but the mean climate is still characterized by pronounced cold
tongues in the Pacific and the Atlantic. These tongues are maintained
by a persistent supply of colder water from the extratropics by shallow
overturning cells*®. The cold tongues and subtropical coastal up-
welling zones are the main low-latitude regions where the ocean gains
heat to balance that lost in high latitudes®”**. Apparently, during the
early Pliocene the cold water was mainly absent in the eastern equa-
torial Pacific, and the zonal SST gradient along the Equator was small
(Fig. 4d-f). This state is sometimes referred to as ‘permanent El Nifo-
like’"! (although this implies nothing about interannual variability). A
similar situation occurred in the Atlantic (Fig. 2a, b).

The zonal SST gradient in the two oceans reached its modern values
between 2 and 1 Myr ago (Fig. 4). This was a gradual process rather than
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a swift transition. The magnitude of cooling of the eastern equatorial
Pacific (4-5 °C over 4 Myr) appears to be just slightly lower than that in
mid latitudes (Fig. 3b, d).

A zonal SST gradient also developed in the Indian Ocean, where
seasonal coastal upwelling became prominent in the Arabian Sea
(Figs 2b and 3b). The cooling in this region since the early Pliocene
may have contributed to a gradual strengthening of the Asian mon-
soon through coupling between the winds and SST's (stronger winds
lead to a greater SST contrast and, in turn, yet stronger winds). In an
atmospheric general circulation model (GCM), transitioning from a
uniformly warm Indian Ocean to a cooler Arabian Sea leads to the
strengthening of the monsoon and the aridification of East Africa®.

Mechanisms to explain Pliocene climate

Simulations with atmospheric GCMs forced with different Pliocene
SST reconstructions suggest that the global mean temperature was
2-3°C higher® in the mid Pliocene (~3 Myr ago) and roughly 4 °C
higher® in the early Pliocene (~4Myr ago) than the preindustrial
temperature. Many studies have focused on the related problem of
how the Northern Hemisphere stayed almost free of continental ice
before the onset of the ice ages>****. Several hypotheses were pro-
posed, ranging from high CO, to enhanced ocean poleward heat
transport>** caused by changes in ocean gateways>* and to changes
in atmospheric processes and feedbacks.

However, the Pliocene problem® goes much farther than the issues
of mean global temperatures or continental ice sheets. Accordingly,
here we conduct experiments with a state-of-the-art coupled model
(Methods) to explore whether these prevailing hypotheses are con-
sistent with the three observational constraints on changes in tropical
climate between the present and the early Pliocene, that is, the reduc-
tion of meridional temperature gradient by 4-6 °C between the
Equator and, respectively, 30° N and 30° S; a similar 4-6 °C reduction
of zonal SST gradient in the equatorial Pacific; and little SST increase
(0-1°C) in the warm pool.

Higher atmospheric CO,

In the first experiment, we increase CO, by 100 p.p.m. starting from
the preindustrial climate. As expected, the climate response to this
increase is amplified at high latitudes, leading to a reduction of the
Equator-to-pole temperature gradient. Nevertheless, this reduction
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between the Equator and mid latitudes reaches only 0.5 °C (Fig. 5a).
The eastern equatorial Pacific warms by the same amount, but so does
the warm pool. As a result, the zonal gradients hardly change, whereas
the tropical thermocline deepens very slightly (Fig. 5f). Typically, in
other models®, even for CO, doubling, changes in this gradient do not
exceed 0.5 °C, suggesting that CO, alone cannot explain the early
Pliocene SST patterns.

A comprehensive simulation®” of the mid Pliocene forced by CO,
concentrations of 400 p.p.m. and PRISM3 land surface boundary
conditions shows an increase in global mean temperature of around
3 °C, of which half comes from the CO, increase and the rest from
lower orography and reduced land albedo. The model simulates a
warming by 3-4°C in some regions of the high-latitude Atlantic,
partly attributed to the effect of a smaller Greenland ice sheet'>***;
however, SST gradients at low latitudes change little while tempera-
ture in the warm pool rises by 2-3 °C. This confirms that by itself the
relatively minor increase in CO, (50-100 p.p.m.) could not have
induced the observed structural climate change, even with high
Earth-system climate sensitivity®”*.

Ocean gateways

Enhanced ocean poleward heat transport during the Pliocene has
been proposed as another factor that contributes to keeping high
latitudes warm, especially in the northern Atlantic>**. However,
climate models calculate changes in ocean heat transport interactively
and so require particular forcing mechanisms, such as an open Cen-
tral American seaway’"* (CAS).

Originally, the CAS closure was discussed in the context of the
onset of glaciation around 2.7 Myr ago®, but the closure is now esti-
mated to have occurred between 4.7 and 4.2 Myr ago, as inferred from
the divergence of planktonic 3'0 between the Caribbean Sea and the
Pacific>**. Recently, it has been suggested that the seaway closure,
and the resulting intensification of deep-ocean circulation due to
increased salinity in the Atlantic, could have led to a shoaling of the
thermocline in the Pacific, facilitating the subsequent cooling’.

Opening the CAS in our model to a depth of 150 m (ref. 5) causes
a reduction in the strength of the Atlantic meridional overturning
circulation, a cooling of the Northern Hemisphere and a warming
of the Southern Hemisphere (Fig. 5¢, h and Supplementary Fig. 11).
However, impacts on the equatorial SST's are minor. The equatorial
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Figure 4 | Evolution of SST gradients since 4-5 Myr ago. a-c, Meridional
SST gradients (in the Pacific and Atlantic) from alkenone SST proxies.

d-f, Zonal SST gradient along the Equator in the Pacific from different ODP
sites and temperature proxies. Despite inherent uncertainties, the different data
support the notion of the reduced zonal and meridional SST gradients in the
early Pliocene.

thermocline deepens a little in the central Pacific but shoals in the very
east. Opening the CAS to the largest possible depth (1,100 m) barely
changes the zonal SST gradient along the Equator, but amplifies the
interhemispheric seesaw pattern with a strong cooling in the northern
high latitudes (Supplementary Fig. 11), contradicting the observa-
tions. Similar behaviour is seen in other models (ref. 41; Supplemen-
tary Fig. 12).

Another tectonic factor potentially important for Pliocene climate
is the northward drift of New Guinea, which may have altered the
source of waters entering the Indonesian throughflow and feeding
the Equatorial undercurrent and upwelling*>. However, in agreement
with previous modelling studies®, our results show impacts barely
above statistical significance (Fig. 5b, g) and do not explain the Plio-
cene climate state.

Effects of ocean mixing and cloud albedo
Recently, dynamical feedbacks not included or possibly underesti-
mated in climate models have also been suggested to explain early
Pliocene warmth***. In particular, it has been argued that tropical
cyclones during that time were more widespread, generating strong
ocean vertical mixing in the subtropical bands. Such enhanced mixing
would reduce oceanic heat transport from the equatorial region to the
subtropics, deepening the tropical thermocline and warming the cold
tongue. Presumably, the contraction of the warm pool and associated
strengthening of vertical wind shear decreased tropical cyclone acti-
vity, contributing to the cooling trends®.

Our experiments show that a plausible increase in the subtropical
mixing (Supplementary Fig. 13b) causes a reduction of the zonal SST
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Figure 5 | Testing mechanisms of Pliocene warmth and reduced
temperature gradients. Anomalies in SST (a-e) and subsurface temperature
(f-j) between the simulated early Pliocene and the preindustrial control. All
simulations use a coupled climate model (the NCAR Community Earth System
Model) and are identical except for a particular model perturbation: increasing
CO, concentrations by 100 p.p.m. from the preindustrial level (a, f); shifting
islands of Indonesia southward (b, g); opening the CAS to a depth of 150 m
(¢, h); increasing ocean mixing in the subtropical bands (d, i); and reducing
extratropical cloud albedo (e, j). Landmasses blocked out in green were
removed in the respective experiments. Thick dashed and solid lines in the
right panels show the thermocline depth in the Control and perturbation
experiments, respectively.

gradient in the Pacific by ~2 °C, which is promising (Fig. 5d, i). This is
the only experiment that causes a broad deepening of the thermocline
along the Equator (Fig. 5i). However, the impacts also include an
increase by almost 1 °C in the meridional SST gradient (associated with
ocean cooling in hurricane wakes), rather than the required reduction.

It has also been suggested that extratropical low stratus clouds
were less reflective in the Pliocene™, possibly as a result of a different
aerosol composition or a stronger cloud response to surface warming
than coupled models typically predict. Our sensitivity experiment with
a moderately reduced low-cloud albedo (Supplementary Fig. 13a)
shows a reduction by 1-2 °C in the meridional SST gradient, a weak
reduction in the zonal gradient and a modest deepening of the tropical
thermocline (Fig. 5e, j). However, somewhat like the CO, experiment,
this simulation increased warm pool SSTs while producing little
change in the thermocline depth.
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Quantifying structural climate change

We can assess how well these experiments capture a key characteristic
of the Pliocene climate, that is, a more uniform SST field at low
latitudes. A quantitative measure that reflects the structural aspects
of climate change is the change in the spatial variance of time-
averaged temperatures evaluated for particular regions of the ocean
(Supplementary Table 4). Weakened zonal and meridional temper-
ature gradients imply less spatial diversity in temperature, and so the
early Pliocene should have a smaller variance at low latitudes as com-
pared with the present. None of the aforementioned simulations
reduces the tropical variance computed within the band between
30°N and 30°S by more than 5%, whereas some actually increase
it. When computed for the equatorial band (10° N to 10° S), the vari-
ance is 40% lower in the ocean-mixing experiment but less than 15%
lower in the others.

Discussion and outlook

Palaeorecords allow us to identify critical features of the early Pliocene
climate: it was a warm climate characterized by a minimal increase in
warm pool SST but substantially weaker meridional and zonal SST
gradients, and, hence, weaker atmospheric circulation®®'**, and a
deeper tropical thermocline. These differences between the early
Pliocene and modern climates amount to structural climate change,
regardless of whether we consider trends in mean temperatures or
interglacial temperatures (the latter are less affected by continental ice
sheets than are the former).

L B B I B BN B
90° W 0°

R I B B
90° E 180°

Latitude
(-2

[ B B B
180°
Longitude
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Figure 6 | Global surface air temperature anomalies in two experiments.
a, CO, increase; b, Combined. The Combined experiment includes three
different forcings: a 100-p.p.m. CO, increase, enhanced ocean mixing in the
subtropical bands and reduced albedo of low clouds in the extratropics. Note
the warming of the eastern equatorial Pacific, a reduction of the temperature
gradient between the Equator and the subtropics (also see Supplementary
Fig. 11), and a substantial warming of high latitudes.
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Opverall, we are just beginning to understand the driving forces
behind climate evolution since the early Pliocene. The climatic changes
occurred in concert with a relatively small reduction—less than 50-
100 p.p.m.—in atmospheric CO, (Fig. 1¢). Either this reduction pushed
the system over a threshold, leading to the structural climate change, or
the climate system was cooled by other mechanisms and CO, provided
a positive feedback for the cooling.

None of the currently proposed mechanisms can reproduce all of
the key Pliocene climate features by itself. Some mechanisms address
one aspect of the structural change, but often at the detriment of the
other features; a major problem is to simulate reduced temperature
gradients without raising warm pool SSTs. Increases in greenhouse
gases alone are not sufficient, whereas shifts in oceanic gateways have
much smaller effects than sometimes suggested. The most promising
dynamical mechanisms involve lower extratropical cloud albedo or
enhanced ocean mixing. For these mechanisms to explain the stark
differences between the Pliocene and today’s climates, the corres-
ponding model has to be modified.

Imposing the two dynamical mechanisms in a climate model while
increasing CO, (Fig. 6b) produces a warming by ~3 °C in the eastern
equatorial Pacific and a reduction by 2—4 °C in the meridional tempera-
ture gradient, leading to an increase of only 1 °C in the temperature
of the warm pool. The spatial variance of SST's decreases by 60% in the
equatorial region (Supplementary Table 4), in stark contrast with the
CO,-only experiment (Fig. 6a). Thus, a combination of several factors
may be necessary to explain Pliocene climate.

An important question is to what degree the evidence of climate
evolution over the last 5 Myr shapes our assessment of future change.
From the observations, it is clear that the climate system is capable of
remarkable transformations in response even to small changes in
external parameters (CO, concentrations, continental boundaries
and orography are generally similar for the early Pliocene and pre-
sent). Therefore, explaining the discrepancy between model simula-
tions and the early Pliocene temperature patterns is essential for
building confidence in our climate projections. Finally, it might be
necessary to contemplate, in addition to global mean temperature
increase, the possibility of structural climate change (relaxation of
prevailing temperature gradients at low latitudes).

METHODS SUMMARY

All the geochemical records used to compute the trends presented in this article
have been previously published. The ocean temperatures come from two geo-
chemical proxies (alkenone unsaturation index (UX'3,) and Mg/Ca ratios of
planktonic foraminiferal shells) that are derived from material preserved in
deep-sea sediment (Methods). These proxies are recorded by microorganisms
living in the surface mixed layer of the ocean (except one record that comes from
benthic foraminifers), where their chemical composition reflects the conditions
of the surrounding water. The leading-order trends are computed as 400-kyr or
600-kyr running means for each temperature record, which filters out glacial-
interglacial variability. The original data are included in Supplementary Infor-
mation. The CO, estimates were calculated using a variety of techniques
(Supplementary Table 1) and are presented as originally published except the
record based on 8'°C (ref. 46), which was adjusted to subtract an offset (90 p.p.m.)
between the original data and the Antarctic ice-core CO, records.

The climate model used is the NCAR Community Earth System Model”. This
incorporates an atmospheric model and a land surface model (CAM4 and CLM,
respectively) with a spectral truncation of T31 (a horizontal grid of 3.75° by 3.75°)
coupled to ocean and sea-ice components (POP2 and CICE) with a nominal 3°
resolution that increases to 1° near the Equator. Each numerical experiment is
designed to examine the effects of a single type of perturbation with respect to
a preindustrial baseline simulation (a change in a particular ocean gateway or
a change in cloud properties, for example). In the final experiment, titled
‘Combined’, we imposed three different perturbations together (enhanced ocean
mixing in the subtropical bands, reduced albedo of low extratropical clouds and a
100-p.p.m. CO; increase). For each experiment, the simulation time was 500 yr,
with the final 25yr being used for analysis. Further details are provided in
Methods, including a discussion of mechanisms related to ocean salinity*® and
atmospheric superrotation®.
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Full Methods and any associated references are available in the online version of
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METHODS

SST reconstructions. Two geochemical proxies, alkenone unsaturation index
(UX';,) and Mg/Ca ratios of planktonic foraminiferal shells, derived from mater-
ial preserved in deep-sea sediment, are now widely used to reconstruct ocean
temperatures. Alkenones are long-chain ethyl and methyl ketones that vary in the
number of double bonds they have and are produced by coccolithophorids living
in ocean surface waters. The degree of unsaturation in Cs; alkenones reflects the
temperature of the water in which these organisms lived at the time of production.
Owing to their large size relative to other organic compounds, these molecules are
resistant to degradation and are therefore well preserved in the sediment record.
Several global calibration studies indicate a robust linear calibration between
UX'5, and ocean surface temperature, confirming the global applicability of a
single calibration equation (see ref. 53 for a review). All UX'5, values reported
here are use the calibration from ref. 54 except for ODP site 882, which, owingto a
significant abundance of Cs;.4, uses the UX;, index as initially reported™. Because
the dominant producers of UX'5, in the modern ocean have been present only in
the past 200 kyr, there was initially concern about the applicability of this proxy
on longer timescales. However, numerous studies have shown that changes in
U5, are not coincident with shifts in haptophyte algae species®®*’, indicating
that producers of alkenones consistently record surface water conditions.

Planktonic foraminifera secrete their CaCOjs shell in the surface mixed layer,
where warmer temperatures cause an exponential increase in the Mg/Ca ratio
because more Mg substitutes for Ca in the shell under warmer conditions.
Although shells are commonly well preserved in sediments above the lysocline,
partial dissolution of the shells lowers the Mg content, potentially biasing SST
estimates. This bias can be avoided by selecting well-preserved shell material or by
using calibrations that include a correction for dissolution. The calibration used
for any given site must be considered individually, as the preservation of the
sample material will determine which calibration is most appropriate. We exam-
ined the appropriateness of the calibrations used at each site in the original
publications, and assessed the sensitivity of the resultant SST estimates to using
or not using a dissolution correction where one had not been applied in the
original study. In all cases, the differences in calibrations yielded estimates that
differed from each other by less than 1 °C. In most cases, the results differed by
less than 0.5 °C, suggesting that SST estimates for the sites examined here are not
strongly influenced by dissolution.

Four different calibrations were applied to different records in this study
(Supplementary Table 3). The main differences between the calibrations are
the presence or absence of a dissolution correction and how that dissolution
correction is incorporated into the calibration. It is important to note that the
calibrations are quite similar if preservation is good. For example, some calibra-
tions use ACO3>~ or core depth to correct for dissolution®®, but if preservation is
excellent, and that correction is removed, the calibration is essentially the same
as that of ref. 59, which does not include a dissolution correction. Therefore,
calibration choice affects the absolute SST estimates but does not change the
long-term trends of the records. Given that changing calibrations from those
selected in the original publications yields very small differences in the absolute
SST estimates and does not affect the long-term trends, we chose to use the
originally applied calibrations at all sites except one. The Mg/Ca data from
ODP site 709 overlap with data from ODP site 806, which is not unexpected given
that both sites are in the warm pool and at similar water depths. However, the
SSTs reported in ref. 60 are ~1.5 °C cooler than those from ODP site 806. This
could be because the dissolution correction applied to the data from ODP site 709
is based on core tops from the Caribbean Sea®', which may not be appropriate for
an Indian Ocean site, such as site 709. We chose to apply the same ACO5>™ -
corrected calibration to ODP site 709 as was used for ODP site 806 because doing
so yields a core-top estimate close to modern SST values in the region for ODP
site 806 (ODP site 709 does not have core-top data).

It has been suggested that Mg/Ca temperature measurements, which provide
the majority of the warm pool data, should be corrected for secular changes in
seawater composition®'. However, the general agreement between Mg/Ca and
alkenone records in locations where both techniques are applicable indicates that
this correction should be small, of the order of calibration errors'?, and it is
therefore not applied here.

Finally, we have chosen to omit Mg/Ca records from sites 999 and 1000 located
in the Caribbean Sea, because these records do not clearly reflect open-ocean
conditions®>. We have also omitted site 1241 from our analysis, because this site
has moved considerably because of tectonic processes (the SST at its present
location is ~1.4 °C higher than that at its Pliocene latitude). Additionally, the
Mg/Ca calibration used in the original publication® is based on a culturing study
that excludes a dissolution correction, which we feel should be incorporated at
this location.

The trends are computed as 400-kyr or 600-kyr running means for each tem-
perature record, which were resampled to a 2-kyr spacing before computing the
means (the original data are included in Supplementary Information). This
approach filters out glacial-interglacial variability and highlights first-order
trends in these records. Comparative analysis of different resampling resolutions
and window sizes demonstrates that the first-order results reported here are
insensitive to changes in these parameters.

Computing the trends as we do in the main part of the paper, incorporating
both glacial and interglacial intervals of the time series, is conventional in palaeo-
climatology. Nevertheless, some of the inferences in this study actually concern
differences between the late Quaternary interglacials and Pliocene interglacials.
Therefore, to make sure that our conclusions about the structural climate change
are robust regardless of how we compute the trends, we have compared the mean
trends and those based just on interglacial intervals of the time series.

The procedure for calculating ‘interglacial’ trends includes several steps. First,
each time series is divided into separate intervals (bins). Typically, we choose bins
of 41-kyr length, which corresponds to the dominant spectral component of the
glacial cycles of the past 5 Myr (the one related to variations in Earth’s obliquity).
Longer intervals are chosen for coarse time series. For each bin, we find the point
with the maximum temperature and then interpolate these temperatures on the
original grid of the time series. Finally, to compute the new trends, we apply
400-kyr or 600-kyr running means to the new record. This procedure picks up
maximum interglacial temperatures as well as points with relatively warm tem-
peratures but lying outside the actual interglacials (specifically, those belonging to
the warm interstadials of the past 1 Myr). We choose to retain such points because
many of them are as warm as modern temperatures and also because we prefer to
use bins of the same size throughout the entire length of the time series. Very
rarely does this procedure pick up cold points erroneously, but the effect of such
errors is minimized by computing the running means. Using larger bins, 80 kyr
for example, would eliminate most of these points and raise the trend lines by a
few tenths of a degree Celsius on average.

As expected, the mean temperatures computed for interglacials (Supplemen-
tary Fig. 1) turn out to be ~1 °C warmer than those computed for the full time
series, but the relative temperature changes (Supplementary Fig. 2) are remark-
ably similar between the two methods, with differences typically below 0.5 °C,
which confirms the robustness of our main conclusions.

The SST data are grouped into four broad categories: waters of low-

latitude warm pools'*****¢> (Supplementary Fig. 4); upwelling zones in the deep
tropics''***7°_ including equatorial upwelling sites and the Arabian Sea (Sup-
plementary Fig. 5); subtropical coastal upwelling regions'®***””*~* (Supplemen-
tary Fig. 7); mid and high latitudes'*'****>7>7+7¢ (Supplementary Fig. 6). There
are also two sites in the South China Sea that currently lie outside the warm
pool>**”7 but they seem to have been contained within it earlier (Supplementary
Figs 8 and 9). The high productivity at upwelling locations makes them especially
suitable for the creation of continuous records over the past 5 Myr, hence their
prominence in this compilation. See Supplementary Information for both the full
and the temporally averaged data.
Data uncertainty and error bars. The two SST proxies we use (Mg/Ca and U¥s,)
are widely applied in palaeoceanographic studies, but each carries inherent
uncertainties. Although some uncertainties, such as ecological shifts for the
UX'5; values and changes in seawater chemistry for Mg/Ca values, are difficult
to quantify, several studies have now demonstrated that these are probably minor
and that both proxies are reliable on Pliocene-Pleistocene timescales'>**. Also,
although the UX 5, index is insensitive to temperature change above ~29 °C, only
three of the records included here reach this threshold value, and do so only for
short durations. Comparison between these records and other SST proxies from
the same sites indicates that temperatures during theses times were probably only
marginally warmer than the threshold value, which should not affect the conclu-
sions reached in this paper. Because analytical precision is excellent for both types
of measurements, the dominant source of error in converting the primary data to
SST estimates is in the calibration used. The calibration errors can be propagated
to provide an estimate of the errors for each type of data.

Although a detailed error analysis of each of the previously published proxy
records included in this study is beyond the scope of this paper, we nonetheless
compare four records from the tropical Pacific Ocean (Supplementary Fig. 10).
The Mg/Ca and UX'5; records at ODP site 847 have previously been compared
in detail?, and here we compare those records from the eastern equatorial Pacific
(EEP) with Mg/Ca and U~'3; records from ODP site 806 in the western equatorial
Pacific''** (WEP). Because the data were not measured on the same samples
within each core, and because of the different time resolutions of the data,
we separated the data into 400-kyr bins. This bin size allows for reliable statis-
tics but is not so large that any one bin encompasses a large portion of the long-
term trends.

©2013 Macmillan Publishers Limited. All rights reserved



For both the Mg/Ca and UX 5, the analytical error is essentially negligible and
the dominant source of error is the calibration used to convert the primary data to
a SST estimate. To assess the uncertainty in SST estimates (gssr), we propagated
the uncertainties in the parameters of the proxy calibrations. For example, for
UX',, the linear calibration is

X
y _U37iﬁ
Uty b b

SST

The uncertainties in a (¢,) and b (g,) are reported in the original calibration, and
can be propagated for each data point as follows:

, L (0SST\* ,[8SST\*> , [ aSST\?
Ts1=%\ "2 ) T\ ) Tu GurR,

The same process was done for the Mg/Ca calibration (the same Mg/Ca cali-
bration was used in the WEP and the EEP). The average propagated errors for
UX'5, are 1.6 °C, for ODP sites 847 and 806, and 1.7 °C and 1.9 °C, for ODP
sites 847 and 806, respectively. The error bars in Supplementary Fig. 10 represent
the uncertainties in the means calculated for each bin, given the propagated errors
described above, calculated as

Omean SST = O‘SST/\/N

We note that the errors for U 5, at ODP site 806 are larger owing to the lower-
resolution data.

Propagating the error in the calibration demonstrates several important points.
First, the Mg/Ca and UX'3; records agree remarkably well in both the WEP and
the EEP, in terms of both the long-term trend and the absolute temperature
estimates. In the EEP, both records show a cooling by 3-4°C over the last
4 Myr, and the error bars of the most recent three bins do not overlap with the
errors of the oldest three bins, indicating that the EEP was significantly colder in
the Pleistocene than during the early Pliocene climactic optimum. The situation is
strikingly different in the WEP, where both Mg/Ca and U¥'; indicate that SST in
the early Pliocene climatic optimum was not significantly warmer than the
Pleistocene. Thus, the errors demonstrate that at both sites the two proxies, which
have different sources of potential bias, agree remarkably well (Supplementary
Fig. 10). This exercise confirms that SST estimates for the eastern and western
tropical Pacific indeed overlap during the early Pliocene, although there is a clear
gradient between the two locations in the Pleistocene.

In addition, although there are uncertainties in absolute SST values for the
Pliocene, planktonic foraminiferal assemblages and the 3'*0 of surface and sub-
surface planktonic foraminifera were also similar in the western and eastern
equatorial Pacific (refs 30,78 and references therein), providing strong supporting
evidence for the reduced east-west gradients in oceanographic conditions during
that time.

Note that the isotopic oxygen ratio used in Fig. 1, where it is expressed in per

mille, is defined as 3'*Oppg (%0) = [(**0/'°0)sample/(**0/°O)ppp — 1] X 1,000
(PDB, PeeDee Belemnite).
Sensitivity experiments. All of the pertinent hypotheses, some tested in idealized
or more comprehensive models before, have been re-examined within a single
modelling framework to allow a better comparison of their relative impacts. This
framework is based on the latest version of the NCAR Community Earth System
Model” (CESM) at its relatively low resolution, which facilitates palaeoclimate
simulations”. The model incorporates an atmospheric model and a land surface
model with a spectral truncation of T31 (CAM4 and CLM) coupled to ocean and
sea-ice components with a nominal 3° resolution (POP2 and CICE, respectively).
The model has a cold bias that is especially pronounced in the Arctic”.

The previous version of the model (CCSM3) has been used extensively for
climate simulations that contributed, for example, to the IPCC Fourth Assess-
ment Report'’; simulations with CESM will contribute to the next report. Further
information about the model, including its source code and the boundary con-
ditions are freely accessible via http://www.cesm.ucar.edu/models/cesm1.0. We
use subversion 1.0.2, because earlier versions of the model were not scientifically
validated at the low resolution. All the integrations start from a pre-existing
preindustrial simulation” (available as b40.037 from http://www.cesm.ucar.
edu/models/cesm1.0) and have been integrated for a further 500 yr (including
the preindustrial control). This is sufficient for the upper ocean to reach equilib-
rium with the deep ocean experiencing a weak residual drift. All simulations have
orography, vegetation type and land-ice cover prescribed at preindustrial condi-
tions and are designed to assess the roles of separate mechanisms rather than to
reproduce the early Pliocene climate exactly. Previous work®” shows that modi-
fying these factors as appropriate for the Pliocene may increase global mean
temperature by ~1°C, but contributes little to the structural climate change
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described here. Figures 5 and 6 show the difference in the averaged climate over
the final 25 years from this control simulation.

Each numerical experiment examines the effects of a single type of perturba-
tion with respect to the preindustrial baseline simulation (control), except for the
final experiment, which combines three different perturbations. Supplementary
Table 4 lists all the experiments and the simulated changes in global mean surface
air temperature and temperature variances. The other details of the simulations
are described below.

The CO, experiment involves an instantaneous increase in atmospheric CO,
concentration from 285 p.p.m. to 385 p.p.m., leading to an increase of 1 °C in
global mean air temperature. It is important that the base model has an equilib-
rium climate sensitivity of 2.9 °C (ref. 80), in the middle of the typical range of
model climate sensitivities.

Bathymetric perturbations in the ocean gateway experiments involve the
removal of five land points (coloured green in Fig. 5). In the shallow-CAS experi-
ment, the bathymetry has been lowered to 150 m. In the other experiments, the
bathymetry has been lowered to that of the model’s nearby open ocean: 580 m for
the Indonesia experiment and 1,100 m for the deep-CAS experiment. The latter
experiment shows the maximum possible signal of this particular tectonic change.
Modified boundary conditions for the tectonic simulations can be provided on
request. Variations of this experiment that have been performed previously were
collated in ref. 41. Supplementary Fig. 12 shows how the SST changes in the
present simulations compare with their compilation.

In the enhanced ocean mixing experiment, the hurricane-induced mixing is
treated as an increase in background vertical diffusivity of 1cm*s™' in two
subtropical bands (8° N-40° N and 8° S-40° S) at depths down to the model level
at 185 m (ref. 45; Supplementary Fig. 13b). The value of 1 cm®s ™' was chosen as it
is the annual mean diffusivity observed in regions of strong tropical cyclone
activity®. A recent study shows that imposing permanent mixing in the upper
ocean has a largely similar effect as a transient mixing®*.

In the reduced-cloud-albedo experiment, the cloud liquid water path has been
reduced by 20% polewards of 30°N and 30°S, but only for the purposes of
calculating the shortwave radiation. This acts to reduce the albedo of highly
reflective low stratus clouds (Supplementary Fig. 13a). As a result, global mean
air surface temperature increases by 1.1 °C (Supplementary Table 4). One of the
effects of this modification was an increase of 0.7 °C in the tropical West Pacific
SST, which stopped us from imposing a greater reduction. We note that in this
experiment we do not directly prescribe changes in cloud albedo, which is calcu-
lated within the CESM. This is a different approach from that used to investigate
sensitivity to cloud properties in ref. 44. Those authors used a coupled model of
intermediate complexity with a specified cloud cover, which they reduced by 50%
in their perturbation experiments. Here we simulated a range of reduced liquid
water paths in the atmosphere, with a 20% reduction leading to the representation
closest to that of ref. 44. The actual change for the early Pliocene, if any, is largely
unconstrained.

We note that the effects of changes in extratropical low clouds and enhanced
ocean mixing on tropical climate seem to be robust in a variety of models. New
experiments are now being conducted with high-resolution versions of CESM
and other coupled models, which seem to confirm our previous conclusions (to be
reported elsewhere).

Among hypotheses that we have not tested, we should mention atmospheric
superrotation®. In such a state, common on gas giants such as Jupiter, atmo-
spheric Rossby waves radiate polewards from the tropics, generating westerly
winds along the Equator and suppressing equatorial upwelling. Recent studies®,
however, indicate that superrotation develops only at temperatures in excess of
40 °C. It has also been argued that a stronger meridional salinity gradient (with
more fresh water in the northern Pacific) could reduce oceanic meridional density
gradient and collapse the tropical thermocline*®**. This would require a strong
increase in precipitation in high latitudes, for which evidence has yet to be found.
Carbon dioxide estimates. The CO, estimates are calculated using a variety of
techniques based on carbon isotopes*®, boron isotopes®*~*, alkenones***, boron/
calcium ratios®, stomata® and ice-core inclusions”** (Supplementary Table 1).
They are presented as originally published except for the record based on §'°C
(ref. 46), which was adjusted to subtract an offset (90 p.p.m.) between the original
data and the Antarctic ice-core CO, records.
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