Durham Research Online
Deposited in DRO:
17 May 2013

Version of attached le:
Accepted Version

Peer-review status of attached le:
Peer-reviewed

Citation for published item:
McClymont, E.L. and Sosdian, S.M. and Rosell-Melec, A. and Rosenthal, Y. (2013) 'Early Pleistocene
sea-surface temperature trends : early cooling, glacial intensication, and implications for the mid-Pleistocene
climate transition.', Earth-science reviews., 123 . pp. 173-193.

Further information on publisher's website:
http://dx.doi.org/10.1016/j.earscirev.2013.04.006
Publisher's copyright statement:

NOTICE: this is the author's version of a work that was accepted for publication in Earth-science reviews. Changes
resulting from the publishing process, such as peer review, editing, corrections, structural formatting, and other quality
control mechanisms may not be reected in this document. Changes may have been made to this work since it was
submitted for publication. A denitive version was subsequently published in Earth-science reviews. 123, 2013,
10.1016/j.earscirev.2013.04.006
Additional information:

Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for
personal research or study, educational, or not-for-prot purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in DRO
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full DRO policy for further details.
Durham University Library, Stockton Road, Durham DH1 3LY, United Kingdom
Tel : +44 (0)191 334 3042 | Fax : +44 (0)191 334 2971
https://dro.dur.ac.uk

   
Pleistocene sea-surface temperature evolution: Early cooling, delayed glacial
intensification, and implications for the mid-Pleistocene climate transition
Erin L. McClymont, Sindia M. Sosdian, Antoni Rosell-Melé, Yair Rosenthal
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Abstract

T

The mid-Pleistocene climate transition (MPT) is defined by the emergence of high

RI
P

amplitude, quasi-100 ka glacial-interglacial cycles from a prior regime of more subtle
41 ka cycles. This change in periodicity and amplitude cannot be explained by a change

SC

in ‘external’ astronomical forcing. Here, we review and integrate published records of
sea-surface temperatures (SSTs) to assess whether a common global expression of the

NU

MPT in the surface ocean can be recognized, and examine our findings in light of
mechanisms proposed to explain climate system reorganization across the MPT. We

MA

show that glacial-interglacial variability in SSTs is superimposed upon a longer-term
cooling trend in oceanographic systems spanning the low- to high-latitudes. Regional

ED

variability exists in the timing of the onset and magnitude of cooling but, in most cases,

PT

a long-term cooling trend begins or intensifies from ~1.2 Ma (Marine Isotope Stage,
MIS, 35-34). The SST cooling accompanies a long-term trend towards higher global ice

AC
CE

volume as recorded in benthic foraminifera 18O, but pre-dates a step-like increase in
18O at ~0.9 Ma (MIS 24-22) that is argued to reflect expansion of continental icesheets. The strongest expression of Pleistocene cooling is found during glacial stages,
whereas minor or negligible trends in interglacial temperatures are identified. However,
pronounced cooling during both glacial and interglacial maxima is evident at 0.9 Ma.
Alongside the long-term SST cooling trends, quasi-100 ka cycles begin to emerge in
both the SST and 18O records at 1.2 Ma, and become dominant with the expansion of
the ice-sheets at 0.9 Ma. We show that the intensified glacial-stage cooling is
accompanied by evolving pCO2, abyssal ocean ventilation, atmospheric circulation
and/or dust inputs to the Southern Ocean. These changes in diverse environmental
parameters suggest that glacial climate boundary conditions evolved across the MPT. In
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turn, these modified boundary conditions may have altered climate sensitivity to orbital
forcing by placing pre-existing ice-sheets closer to some threshold of climate-ice sheet

RI
P

T

response.

SC

Keywords: sea surface temperatures; mid-Pleistocene transition; ice sheets; 100 kyr
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1. INTRODUCTION

ED

Records of mid and late Pleistocene climate are characterized by the emergence
and subsequent dominance of large amplitude, asymmetric (‘saw-tooth’) quasi-100 ka

PT

glacial-interglacial cycles. This pattern contrasts with the early Pleistocene dominance

AC
CE

of smaller amplitude ~41 ka glacial cycles. The transition from the 41 ka to 100 ka
climate cycles is termed the “mid-Pleistocene climate transition” (MPT). In the absence
of any noteworthy shifts in the strength of orbital variations (Laskar et al., 2004), the
shift in glacial cycle periodicity suggests that the climate system developed an enhanced
sensitivity to orbital forcing across the MPT (Imbrie et al., 1993; Ravelo et al., 2004).
Debate continues regarding the nature of the climatic feedbacks and teleconnections
involved in this transition. A step-wise increase in benthic foraminifera 18O (Mudelsee
and Schulz, 1997) has been interpreted to indicate larger northern hemisphere icesheets, whose inertia relative to insolation forcing may account for the subsequent
dominance of comparatively long quasi-100 ka cycles by 0.6 Ma (Clark and Pollard,
1998; Imbrie et al., 1993; Mudelsee and Schulz, 1997). More recently, however, it has
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been argued for an increase in Antarctic ice volume as the cause of the rapid and
stepped increase in seawater 18O at 0.9 Ma (Elderfield et al., 2012; Pollard and

T

DeConto, 2009). However, other key climate system components began to evolve prior

RI
P

to a change in the frequency of the waxing and waning of the ice-sheets. Events of

SC

significance include the intensification of tropical Pacific ocean/atmosphere circulation
(e.g. de Garidel-Thoron et al., 2005; McClymont and Rosell-Melé, 2005; Medina-

NU

Elizalde and Lea, 2005), cooling and expansion of subarctic and polar water masses in
the Pacific, Atlantic and Southern Oceans (Lawrence et al., 2011; Martinez-Garcia et

MA

al., 2010; McClymont et al., 2008; Rodríguez-Sanz et al., 2012), cooling in upwelling
systems (Dekens et al., 2007; Etourneau et al., 2009; Lawrence et al., 2006; Marlow et

ED

al., 2000), cooling in the deep Atlantic ocean (Sosdian and Rosenthal, 2009), evolving
Asian monsoon strength (Heslop et al., 2002; Sun et al., 2006), and perturbations to

PT

thermohaline circulation (Schmieder et al., 2000; Sexton and Barker, 2012). These

AC
CE

events also provide the climatic context within which biological evolutionary events
occur in the oceans (Hayward et al., 2007) and on land, including in the hominid record
(de Menocal, 2004; Head and Gibbard, 2005).
Proposed mechanisms to account for these transitions in Pleistocene climate
history include a threshold response to longer-term atmospheric CO2 decline (e.g.
Berger and Jansen, 1994; Raymo, 1997). This hypothesis is frequently invoked despite
the limited availability of Pliocene and Pleistocene atmospheric CO2 records prior to the
oldest Antarctic ice core data, currently at ~0.8 Ma (Bartoli et al., 2011; Hönisch et al.,
2009; Luthi et al., 2008; Seki et al., 2010). Furthermore, biogeochemical modeling and
comparison to a stacked marine stable carbon isotope record questions the evidence for
a long-term CO2 decline over the last 1.2 Ma (Hoogakker et al., 2006). Recent pCO2
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reconstructions do not show a long-term decline during the Pleistocene, but suggest that
glacial values prior to ~1 Ma were 30±30 atm higher than the late Pleistocene

T

(Hönisch et al., 2009). In contrast, estimated interglacial pCO2 values before the MPT

RI
P

are statistically the same as those of the late Pleistocene, with a temporary reduction in

SC

interglacial pCO2 between 1 and 0.6 Ma (Hönisch et al., 2009). Although small, these
reductions in glacial pCO2 might have been sufficient to encourage intensification of

NU

glacial stages if they were associated with changing climate sensitivity and/or climate

MA

feedbacks such as the ice-albedo feedback (Van de Wal and Bintanja, 2009).
Other proposals to explain Pleistocene climate evolution argue for changing icesheet dynamics in the northern hemisphere and/or on Antarctica as key (Clark and

ED

Pollard, 1998; Crowley and Hyde, 2008; Raymo et al., 2006). Feedbacks related to

PT

deep-water cooling, thermocline depth, sea-ice distributions, and atmospheric
circulation are also invoked to explain Pleistocene climate evolution (Lee and Poulsen,

AC
CE

2006; McClymont and Rosell-Melé, 2005; Tziperman and Gildor, 2003). These
hypotheses consider both the observed teleconnections between low and high latitudes,
and the direct impacts of ocean circulation change on ice-sheet growth via potential
influences on air temperatures and snowpack development in the ice sheet source
regions. Whilst there is growing evidence for changing ocean/atmosphere circulation
pre-dating, and accompanying, ice-sheet expansion (e.g. de Menocal, 1995; Heslop et
al., 2002; Liu and Herbert, 2004; Marlow et al., 2000; McClymont and Rosell-Melé,
2005; McClymont et al., 2008; Medina-Elizalde and Lea, 2005; Sexton and Barker,
2012) it is not clear whether this was effective in driving climate changes which were
conducive to the emergence of longer, higher amplitude 100 ka ice volume cycles. It is
also possible that the proposed northern hemisphere ice-sheet expansion was controlled
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by glaciological factors including erosion of the basal substrate and its impacts over icesheet duration and stability (Clark et al., 2006). An evolving climate response to orbital

T

variability has also been proposed, including an increasingly non-linear response to

RI
P

obliquity pacing (Huybers, 2007), which may relate to changing carbon cycle /
Antarctic temperature / radiative forcing relationships (Masson-Delmotte et al., 2010).

SC

A combination of obliquity and precession feedbacks on CO2 and albedo have been

NU

argued to drive both the growth and decay of the large northern hemisphere ice-sheets
on orbital timescales (Ruddiman, 2006); the appearance of the MPT may imply that

MA

these orbitally-paced feedbacks changed during the Pleistocene.
Compilations of marine, ice core and terrestrial evidence have highlighted an

ED

increase in interglacial temperatures after the “Mid Brunhes Event” (MBE) at ca. 430 ka

PT

(Lang and Wolff, 2011; Masson-Delmotte et al., 2010; Jouzel et al., 2008; Elderfield et
al., 2012; Lawrence et al., 2006, 2009; Martinez-Garcia et al., 2010), when interglacial

AC
CE

CO2 concentrations also increase (Hönisch et al., 2009; Lang and Wolff, 2011; MassonDelmotte et al., 2010). Although the global expression of these events has been
questioned (Candy et al., 2010), the “warm” late Pleistocene interglacials observed in
many records (e.g. Antarctic ice cores, lower abyssal Pacific, SSTs in the Southern, N.
Pacific, N. Atlantic and E. Pacific oceans) are also difficult to explain as a direct
response to regular orbital forcing, and emphasise the existence of additional feedbacks
such as greenhouse gas forcing (Yin and Berger, 2010), ice-sheet albedo and
thermohaline circulation (Lang and Wolff, 2011; Masson-Delmotte et al., 2010). An
intriguing possibility is also that the intensity of the preceding glaciation may play a
role in the subsequent interglacial warmth, thus making predictions of interglacial
strength a challenge using orbital forcing alone (Lang and Wolff, 2011). These new
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insights indicate that the climate system response to orbital forcing may have continued

T

to evolve during, or following, the later stages of the MPT.

RI
P

To assess and evaluate the proposed driving mechanisms for the MPT in the
context of Pleistocene climate evolution requires the resolution of a number of issues.

SC

Specifically, it is unclear whether the MPT was a globally synchronous transition, or if
it was time-transgressive and propagated through a suite of key systems and feedbacks.

NU

For example, early work suggested both the onset and duration of the MPT to vary
between 1.1 Ma-0.4 Ma (Ruddiman et al., 1986). In contrast, a synthesis of benthic δ18O

MA

time-series detected a comparative uniformity in the onset of the MPT at 0.9-0.6 Ma
(1997), yet another synthesis places the MPT at 1.2 – 0.7 Ma (Clark et al., 2006). Here,

ED

we review new and previously published evidence for SST evolution through the

PT

Pleistocene in order to answer the following questions: (i) do globally distributed SST
records display a common cooling trend across the MPT? (ii) did SSTs change

AC
CE

gradually or abruptly? (iii) did global SSTs change synchronously, or do regional
overprints exist? (iv) did glacial-interglacial SST cycles become more intense across the
MPT? (v) did a shift in the period of glacial-interglacial SST cycles occur?
Our new, and the previously published, SST records allow us to assess the
magnitude of surface ocean temperature change in several key oceanographic systems.
SSTs reflect both radiative heating and the redistribution of heat via local and regional
ocean and atmosphere circulation patterns. Thus, differences between SST records give
insight into regional trends whereas common trends across multiple locations may be
indicative of a ‘global’ transition. Here we re-analyze published SST data spanning the
MPT in order to calculate the magnitude of SST change, to constrain the timing of its
onset, and test for the possibility of a co-ordinated response in glacial/interglacial
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variability (including in the spectral domain). Records are compared from 26 sites
(Figure 1, Table 1) each of which is of a resolution appropriate for the detection of

T

orbital variability and have astronomically calibrated age models. The SST records have

RI
P

been generated using the alkenone-derived proxy, UK37' (Brassell et al., 1986; Müller et
al., 1998; Prahl et al., 1988), Mg/Ca ratios in planktonic foraminifera (Anand et al.,

SC

2003; Lea et al., 1999; Lea et al., 2000), or transfer function outputs from planktonic

NU

foraminifera assemblages (Imbrie and Kipp, 1971; Kucera et al., 2005; Vincent and
Berger, 1981).

MA

Data sets have been processed in several ways, to determine: (i) the presence of
statistically significant long-term trends in the mean, interglacial, and glacial states; (ii)

ED

the evolution of the dominant periodicities expressed in each record; (iii) changes in the

PT

amplitudes of glacial/interglacial variability. This is the first comprehensive analysis of
long-term trends and spectral properties of SST records spanning the MPT, drawing on

AC
CE

sites that span both low and high latitudes, and that represent a wide range of
oceanographic regimes. In section 2 we describe the proxies and sites which we have
reviewed. Section 3 highlights the statistical treatments we have employed. Section 4
focuses on the regional expressions of SSTs, while Section 5 assesses the global
features of the records and implications for an improved mechanistic understanding of
the MPT.

2. SEA-SURFACE TEMPERATURE (SST) PROXIES
The three proxies utilized here are all calibrated against modern SST, but the
mechanisms by which temperature is recorded, preserved and interpreted differ among

8
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techniques. For all three proxies, we apply SST calibrations developed using sediment
core-tops, which take into account the potential impacts of processes affecting the

T

sedimentary record, such as degradation and dissolution within the water column and

SC

RI
P

the averaging of seasonal signals.

NU

2.1 The alkenone UK37’ index

The UK37’ index describes the relative distributions of two C37 alkenones (Prahl

MA

and Wakeham, 1987) biosynthesized by some Haptophyceae algae, including the
dominant coccolithophorids in the modern ocean, Emiliania huxleyi and Gephyrocapsa

ED

oceanica (Conte et al., 1995; Marlowe et al., 1990; Prahl et al., 1988; Volkman et al.,

PT

1995; Volkman et al., 1980):

AC
CE

UK37’ = [C37:2] / [C37:2 + C37:3]
Global core-top UK37’ values are significantly correlated to mean annual SSTs,
with a mean standard error of estimation of 1.1°C (Conte et al., 2006; Müller et al.,
1998), demonstrating sedimentary integration of spatial and temporal variability in
surface ocean production and thus in the algal growth temperature during alkenone
synthesis. Alkenone degradation within the water column and sediments does not distort
the UK37’ index (e.g. Conte et al., 1992; Sawada et al., 1998), and Pleistocene
evolutionary events in coccolithophorids appear not to affect the UK37’ relationship to
SST (McClymont et al., 2005). Due to concerns regarding the quantification of SST in
the Nordic Seas in the presence of high (>5%) concentrations of the C37:4 alkenone
(Bendle and Rosell-Melé, 2004), we use the UK37 results from Site 983 in the northern
North Atlantic (McClymont et al., 2008). An alkenone SST record from site 806 is not
9
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included here, since a continuous record could not be achieved due to SSTs often

RI
P

T

exceeding the upper limit of the proxy (McClymont and Rosell-Melé, 2005).

SC

2.2 Mg/Ca in planktonic foraminifera

The Mg content of foraminiferal calcite, expressed as Mg/Ca, reflects the

(Rosenthal, 2007):

MA

Mg / Ca (mmol mol-1) = BeAT

NU

biologically mediated but temperature-dependent substitution of Mg for Ca into calcite

ED

A temperature sensitivity of ~9% change in Mg/Ca per degree Celsius is indicated by
published ‘A’ values of 0.09±0.01 °C-1 (Anand and Elderfield, 2003; Dekens et al.,

PT

2002; Rosenthal and Lohmann, 2002). Species-specific effects are primarily expressed

AC
CE

by the range of pre-exponential constants (‘B’) from 0.31-0.52 (Dekens et al., 2008)
which determine absolute temperature calculations (Rosenthal, 2007). Bias may be
introduced due to preferential loss of Mg by dissolution of Mg-rich calcite (e.g. Brown
and Elderfield, 1996; Rosenthal et al., 2000) but can be corrected for by using estimates
of carbonate ion concentration (Dekens et al., 2002). Variations in seawater Mg/Ca also
need to be considered when estimating secular changes in ocean temperature from
foraminiferal Mg/Ca. However, available reconstructions suggest very minor change in
seawater Mg/Ca over the Pleistocene (past ~2 Ma) (Fantle and DePaolo, 2006; Sime et
al., 2007), consistent with the long oceanic residence times (>1 Myr) of these major
elements. A comparison of UK37’ and Mg/Ca SST reconstructions spanning the last 5
Ma in the east Pacific did not identify any significant offsets between the two proxies
that could be linked to changing seawater Mg/Ca ratios (Dekens et al., 2008). The same
10
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study showed, through propagation of the errors associated with the issues outlined
above, that the range of uncertainty in absolute Mg/Ca-derived SSTs may be around 1.7

RI
P

T

°C (Dekens et al., 2008).

SC

2.3 Transfer functions in planktonic foraminifera

NU

Transfer functions seek to quantify the environmental variables that determine
the assemblages of planktonic foraminifera, including SST, salinity and thermocline

MA

depth (Imbrie and Kipp, 1971; Jian et al., 2000; Kucera et al., 2005). Core-top
calibrations are the preferred method of transfer function generation, as they incorporate

ED

temporal and spatial variability in production and diagenetic impacts upon initial
sedimentation (Kucera et al., 2005). The three transfer function data sets used here are

PT

those used in the original publications (Table 1): the Imbrie-Kipp (1971) method based

AC
CE

on Atlantic core-tops for Site 607 (Ruddiman et al., 1989), the FP-12E function from
the western north Pacific (Thompson, 1981) for Site GIK17957-2 (Jian et al., 2000), and
an artificial neural network (ANN) technique for Site 1143 (Crundwell et al., 2008). Of
importance for all applications of transfer function proxies is the potential for nonanalogue situations to arise as a result of evolutionary events within the foraminiferal
assemblage, particularly prior to 1 Ma (Kucera et al., 2005). For example, the early
Pleistocene contains a number of adaptations to habitat changes (e.g. changes to the
morphology of Neogloboquadrina pachyderma in the Pacific c. 1 Ma, Kucera &
Kennett, 2002). The benthic foraminifera record, although not used here for quantitative
temperature reconstructions, also contains a suite of extinction events argued to be

11
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associated with circulation change across the MPT (Kawagata et al., 2005). The

RI
P

T

potential impacts of such events are considered below.

SC

3. METHODS

Site selection for our compilation was determined by the availability of a

NU

continuous (sample resolution <50 ka) record of absolute SSTs spanning the MPT,
chronologically constrained by either astronomical calibration (using 18O or saturated

MA

bulk density of the sediment) or detailed biostratigraphy (Table 1). The highest
resolution records are 2-3 ka while the lowest resolution records tend towards ~50 ka.

ED

Whilst other SST records are available that span parts of the Pleistocene, they were not

AC
CE

PT

included in this study where one or more of these criteria were not met.

3.1 Sea-surface temperature calculations
Alkenone-derived SST records are presented from 12 ODP sites (Table 1),
including unpublished data from Site 1081 and 1087 in the Benguela system (Petrick et
al., in prep.; Rosell-Melé et al., under review). All SST calculations are using the global
core-top UK37' calibration of Müller et al. (1998). Sites 607, 982 and 1077 (Lawrence et
al., 2009; Schefuß et al., 2004) are previously published records which did not use this
calibration. To ensure consistency between sites we re-calculated SSTs for Sites 607,
982, and 1077 using the Müller calibration. This resulted in a small change to absolute
SSTs for these sites in the range of -0.19 to +0.15°C.

12
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Five Mg/Ca-derived SST records are presented, based on measurements of
Globigerinoides ruber and G. sacculifer (Table 1). For Site 806, two different records

T

are presented, which differ in the species utilized and sampling resolution (Medina-

RI
P

Elizalde and Lea, 2005; Wara et al., 2005). Conversion of Mg/Ca to absolute SST may
be affected by the species analyzed, potential CaCO3 dissolution, the size fraction

SC

analyzed and the cleaning method used prior to analysis (e.g. Barker et al., 2005;

NU

Dekens et al., 2002). We use the absolute SST records produced by the original authors,
which take these site/lab specific issues into account. We also acknowledge that even if

MA

these processes might result in subtly different absolute estimated SSTs, the sensitivity
of Mg/Ca to temperature change is more or less similar as expressed in co-efficient “A”

PT

quantify remain robust.

ED

discussed above. Therefore, the magnitude and timing of the SST changes we seek to

The planktonic foraminifera transfer function records are presented as originally

AC
CE

published (Crundwell et al., 2008; Jian et al., 2003; Ruddiman et al., 1989), in
recognition of the regional calibrations used and the absence of non-analogue situations
that might introduce increased uncertainties into the calibrations. Evolutionary effects
on all three records appear to be minor. At Site 1123, the ANN-25 transfer function
removes taxa which emerge and/or largely disappear through the Pleistocene
(Truncorotalia truncatulinoides (S) and Tr. crassula; Crundwell et al., 2008), and
Ruddiman et al. (1989) could not distinguish whether the absence of the polar
foraminifera N. pachyderma (s.) between 1.25 and 1.1 Ma at ODP607 was the result of
climate or evolutionary factors. A recently published alkenone-derived SST record from
the same site (Lawrence et al., 2011) depicts both the same absolute SSTs and timing of
SST change as the foraminifera transfer function data; however, we use the ODP607

13
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alkenone record in this compilation given the concern about evolutionary events
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impacting the foraminifera transfer function data set.

SC

3.2 Age models

All time-series are presented using the previously published age models (Table

NU

1), which were tuned to either the benthic 18O record of ODP 677 (Shackleton et al.,
1990) or to the benthic 18O stack, LR04 (Lisiecki and Raymo, 2005). The difference

MA

between the chronologies is <7 ka during the interval studied here, with a maximum age
offset of 10 ka magnetic polarity reversal datums during the last 2 Ma (Lisiecki and

ED

Raymo, 2005). Lower resolution shipboard biostratigraphies constrain several sites

PT

(Table 1). The uncertainties in the chronological frameworks used here do not affect our
interpretations of the timing of long-term (>orbital-scale) trends, but could impact on

AC
CE

the identification of orbital-scale variability. We therefore limit our spectral analyses to
sites with orbitally-calibrated chronologies.
We also note here that as per international convention (ISO 31), we here use the
terms ka and Ma (kiloannum, million annum) to signify both the age of an event in
thousands and millions of years before present, and also the duration of an event or
cycle. The latter is more commonly referred to by kyr or Myr e.g. the MPT is often
described as the transition from the “41 kyr world” to the “100 kyr world”, but is here
referred to as a transition from 41 ka to 100 ka cycles.

3.3 Statistical treatments

14
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3.3.1 Long-term trends in temperature

T

In order to identify long-term trends that are not associated with orbital-scale

RI
P

variations, a series of low-bandpass filters was applied to each record (Trauth, 2007)
which act to suppress all frequencies above the cut-off frequency. For example, a 200 ka

SC

low-bandpass filter will remove or suppress precession, obliquity and 100 ka
eccentricity-related components. To test for whether these trends were significantly

NU

different to the null hypothesis of “no trend”, we employed the SiZer programme
(Chaudhuri and Marron, 1999). This process fits a series of smoothed curves to the data

MA

at a series of bandwidths, and tests each curve for deviation away from zero. In addition,
SiZer details when data is too sparse to make a definitive conclusion. The resulting

ED

“SiZer map” indicates the regions where there are significant trends (or not) through the

PT

time series, for each of those bandwidths. Thus, this approach allows trends to be
determined, assessed, and considered with respect to the bandwidth at which these are

AC
CE

most clearly expressed. Previous work employing different bandwidths for benthic 13C
records has shown that changes in the cut-off frequency which is employed can lead to
alteration in the apparent timing of global trends by up to 20 ka (Hoogakker et al.,
2006). We also note that variation in the timing of events can differ by up to 50 ka when
comparing output from e.g. 50 ka and 200 ka filters, largely due to the presence of some
orbital variability in the 50 ka filter (likely the 54 ka obliquity component). It is
therefore important to emphasize here that the processing method, as well as the age
model uncertainties, provides approximate timings of trends and should be considered
with these uncertainties in mind. Temperature anomalies between different climate
windows were also calculated using the mean SSTs for the “41 ka world” (1.3 – 1.5
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Ma), the “100 ka world” (0 – 0.5 Ma) and two intervals during the intervening transition
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3.3.2 Trends in glacial and interglacial maxima
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state (0.6 – 0.8 Ma and 0.9 – 1.1 Ma) (Table 2).

To evaluate the role of glacial and/or interglacial variability in driving the long-

NU

term SST trends, we examined the patterns of glacial and interglacial SSTs across the
last 2 Ma (see Herbert et al., 2010, for similar analysis)(Table 3). We also apply this

MA

approach to the LR04 benthic 18O stack (Lisiecki and Raymo, 2005), ice core pCO2
record (Luthi et al., 2008), and Fe-mass accumulation record of dust inputs to the

ED

Subantarctic Atlantic (Martinez-Garcia et al., 2011). We define glacial and interglacial

PT

maxima across the last 2 Ma from the benthic oxygen isotope record (18Ob) used to
create the age model for each site (Table 1). SST maxima were picked within a 10-ka
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window around the interglacial or glacial peak, to allow for uncertainty associated with
identifying the interglacial or glacial maxima for each site, the tuning approach, and to
account for changes in the length and structure of interglacial periods (Tzedakis et al.
2009). Records with a sampling resolution exceeding 5 ka were not used in our analysis
because they do not adequately resolve interglacial or glacial peaks within the 10 ka
window, and continuous records were chosen in order to depict the long-term
Pleistocene trend.

3.3.2 Wavelet analysis
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To determine the evolution of periodic variability in the SST records, orbitallycalibrated records were analyzed by a continuous wavelet transform method (Grinsted

T

et al., 2004). This particular method includes a test for statistically significant wavelet
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power against background red noise, as well as identifying areas of the spectra where
edge effects might affect the results (the “cone of influence”). Using the WTC-16

SC

Matlab code (Grinsted et al., 2004) all data sets were first linearly interpolated to the

NU

average sample spacing of each record (2.0-6.5 ka). As a result, periodicities relating to

MA

precession likely lie close to the limits of detection with this method.
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4. RESULTS

PT

4.1 Trends in mean SSTs

To determine whether there is a consistent pattern in the timing of secular SST
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change during the Pleistocene we focus here on the long-term trends at each site i.e.
those upon which glacial-interglacial and higher frequency variability is superimposed.
A complex set of long-term trends is produced following application of a 200 ka
bandpass filter (Figure 2). The SiZer analysis determines which of these trends is
significant (statistically different to a zero gradient) and at which bandwidth. We focus
here on trends which are significant at bandwidths of 200 ka and longer, although
shorter term variability can be seen in the SiZer maps (Figure 3).
Figures 2 and 3 identify three general patterns of SST change over the last 2 Ma:
(1) almost all of the records (21 out of 27) are characterized by a long-term cooling
trend prior to ~0.8 Ma (Figure 2, Table 2). This is especially pronounced in the
upwelling systems of Benguela (~3.8-4.7°C), Peru and California (~2.0-2.8°C). High17
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latitude, non-upwelling sites cool by ~2.0-2.5°C (NW Pacific, northern N Atlantic) and
~1.6-2.0°C (Subantarctic Atlantic, east equatorial Pacific; Table 2). The timing of the

T

onset of cooling varies among sites but generally occurs in the interval between 1.6 and
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P

1.3 Ma. From 1.2 Ma there is an intensification of cooling (Figures 2 and 3). Between
0.9-0.6 Ma the cooling trend ceases in most sites, with no discernible trend toward the

SC

present; (2) In several locations, in particular for the equatorial Atlantic (662), NW

NU

Pacific (882), SE Atlantic (1087), Subantarctic Atlantic (1090), SW Pacific (1123), and
the Coral Sea (MD06-3018), the mid- and late-Pleistocene is marked by long-term

MA

warming (Figures 2 and 3); and (3) Sites from the western Pacific warm pool (WPWP)
show no clear long-term SST trend. Although a long-term (>250 ka) cooling is shown at

ED

one WPWP site, MD97-2140 (Figure 3), the magnitude of the SST change across the
complete record is less than 1°C, and thus well within the uncertainties of the

PT

temperature calibrations. As a result, we consider that there is no statistically significant
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trend in WPWP SSTs over the last 2 Ma.

4.2 Trends in glacial and interglacial maxima
To understand the factors controlling the long-term trends in mean SST, we
assess whether the cooling trends are driven by either glacial and/or interglacial
temperature change. Indeed, contrasting histories of SST change are revealed through
comparisons of glacial and interglacial maxima. Interglacial SST trends from the high
northern and mid southern latitudes (sites 982, 1123, 1090; R<0.4) show no discernible
long-term change across the Pleistocene whereas SST trends from the mid northern
latitudes (sites 607, 1020) show a slight cooling (R>0.4; Table 3; Figure 4b). At tropical
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latitude sites (sites 722, 1146, 806, 1012, MD97-2140) there is no shift toward cooler or
warmer interglacial temperatures (Figure 4a) except at the Coral Sea site (MD06-3018,

T

Table 3) which warms over the last 2 Ma. Overall, there is either no mean interglacial
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cooling or a slight cooling in some sites from the high latitudes (<2°C over 2 Ma). Lang
& Wolff (2011) evaluated SST interglacial maxima across the last 9 terminations and

SC

showed an obvious step-like increase in SST maxima associated from pre- to post-MBE

NU

(~450 ka) interglacials at higher latitude sites and a relatively small increase in SST
maxima at tropical sites. Our analysis shows these similar features but as our data sets

MA

include SSTs for the last 2 million years the MBE SST change no longer stands out, as
post-MBE interglacial SSTs are comparable to those of the early Pleistocene (Figure

ED

4b). Several records show that interglacial SSTs reached their minima during the 0.8-1.0
Ma interval. This is particularly pronounced in the high latitudes (Figure 4b) but can
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records (Figure 4a).

PT

also be identified as an isolated cool interglacial at 0.908 Ma (MIS 23) in the tropical

High northern latitude and mid-southern latitude glacial SSTs (sites 607, 982,
1090) exhibit a long term cooling (R=~0.4-0.7) trend of 3.0-6.0 °C over the last 2 Ma,
but there is more variability between glacial maxima than in the interglacial records
(Table 3; Figure 5). Pronounced cooling (i.e. deviation from the long term mean) occurs
between 0.8-1.0 Ma in the north Atlantic (982) and subantarctic Atlantic (1090) sites
(Figure 5b). In contrast, glacial SSTs at site 1123 (SW Pacific) show an overall
increase through the Pleistocene. Sites from tropical latitudes show a diverging pattern
(Figure 5a). All sites from upwelling regimes (846, 1012) show a decrease in glacial
SSTs across the Pleistocene, as do sites 722 and 1146 (Indian Ocean, South China Sea).
Pronounced glacial cooling between 0.8 and 1.0 Ma is also observed at these sites,
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although this is confined to MIS 22-24 (~0.9 Ma) at sites 722 and 1146. In contrast,
sites from the western equatorial Pacific warm pool show no trend over the last 2 Ma

T

(Figure 5a). Overall, high latitudes, mid-latitudes, and upwelling regimes show a

SC
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consistent shift toward cooler glacial SSTs across the Pleistocene.
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4.3 Evolution of orbital-scale variability

The MPT is clearly defined in the 18Ob record as a shift in dominant period

MA

from ~41 ka to quasi-100 ka (Imbrie et al., 1993; Mudelsee and Schulz, 1997). In the
LR04 18Ob stack, statistically significant ~100 ka cycles emerge from 0.9 Ma (Figure

ED

6). A more complex expression of evolving periodicities is revealed by the individual

PT

SST records (Figure 6). Strong 41 ka cycles are evident but intermittent in almost all
records prior to 0.8 Ma. The shift to 100 ka cycles is most clearly expressed in the east
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Pacific cold tongue (846), the Coral Sea (MD06-3018), Benguela upwelling (1082), and
the Subantarctic Atlantic (1090) sites. The earliest onset of statistically significant
quasi-100 ka cycles in SST records occurs at ~0.7 Ma (sites 846, 1082) and in the
%C37:4 record in subantarctic Atlantic site 1090. However, the 100 ka cycles may be
emerging as early as 1.2 Ma (e.g. sites 607, 846, 1020). There is no abrupt shift from
one dominant period to the other in the SST records examined here.

5. DISCUSSION
Our analysis of new and pre-existing SST records spanning the last 2 Ma reveals
several important new insights. Most sites exhibit an overall cooling trend across the
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early Pleistocene which intensifies between 1.2 and 0.8 Ma. However, six sites display
warming trends that span the mid and/or late Pleistocene (sites 662, 882, 1087, 1090,

T

1123, GIK, MD06-3018). Three of these records (1123, GIK, MD06-3018) showed no
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cooling trend, nor did they span the whole 2 Ma study interval to set the late Pleistocene
warming into context. Furthermore, although SiZer analysis considers the Coral Sea

SC

warming to be statistically significant at the >200 ka bandwidth (Figure 3), the original

NU

authors consider this trend to be insignificant since at <0.5°C it occurs within the
uncertainty range for the Mg/Ca-SST calibration (Russon et al., 2010). In the WPWP

MA

there is no significant trend in mean SSTs.

When comparing glacial and interglacial maxima, we have shown that there is

ED

no long-term trend in interglacial SST across the Pleistocene at most sites. In contrast,

PT

at high latitudes, upwelling regions, in the Indian Ocean and northern South China Sea,
glacial temperatures cool through the Pleistocene. Between 0.8 and 1.0 Ma most sites
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show pronounced cooling of both glacials and interglacials, except in the WPWP where
there is little discernible change in glacial or interglacial maxima over the last 2 Ma. As
observed for the long-term SST means, a few sites show evidence for intermittently
warmer glacial maxima after the MPT; thus, the 100 ka cycles are not necessarily
characterized by the coldest glacial SSTs of the Pleistocene in all regions.
A shift from 41 ka to 100 ka periodicities at 0.8 Ma can be identified in many of
the SST records, although it tends to be gradually expressed and may involve
emergence of 100 ka periodicity as early as 1.2 Ma, before it becomes statistically
significant. The evidence thus far shows that the shift to 100 ka SST periodicity occurs
later than the onset and intensification of long term trends in mean and glacial SSTs.
Here, we consider the implications of these results for current hypotheses about the

21

ACCEPTED MANUSCRIPT
mechanisms responsible for the MPT. First, we consider the relative impact of
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individual site records on the trends that we have observed.

SC

5.1. Regional expressions of Pleistocene SST change

The majority of records show a long-term cooling trend through the early and

NU

mid-Pleistocene, but it is also clear that the timing of the onset of this cooling varies
between sites (Figure 2). This is to be expected given contrasting regional sensitivities

MA

to e.g. frontal systems, thermocline depth, and wind intensity. The greatest intraregional variability between long-term trends is found in the east equatorial Pacific

ED

upwelling sites, which cool by ~1.0 to 1.7°C during a broad time window stretching
between 1.7 and 0.9 Ma (Figure 2). This variation may reflect the differing temporal

PT

resolution and thus potential sampling bias of site 847 (early cooling, 12-20 ka spacing,
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Mg/Ca-SSTs) compared to sites 846 and 849 (later cooling, 2-5 ka spacing, UK37'-SSTs)
which are very similar in both their timing and magnitude of long-term SST change. In
the California margin, long-term cooling begins in the northernmost site (1020, ~1.5
Ma) earlier than in those to the south (1014, 1012, from ~1.2-1.4 Ma), but this likely
reflects the reduced influence of upwelling and enhanced sensitivity to high latitude
circulation at site 1020.
The common pattern which unites most records presented here is one of early
Pleistocene long-term cooling, which intensifies from 1.2 Ma and is marked by
pronounced glacial and interglacial cooling around 0.9 Ma (MIS 22-24). The long-term
cooling trends are then diminished or cease and the onset of 100 ka cycles begins from
~0.8 Ma. It is important to consider the processes which might control the SST
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signatures discussed here, since these may give insight into the mechanisms which are
responsible for both ocean circulation change and the ice-sheet growth associated with

RI
P

T

the MPT.

At all sites from the WPWP there is no discernible trend in mean, maximum or

SC

minimum SSTs through the interval of study (Figures 2-5). This temperature stability in
the WPWP suggests that the overall cooling observed in the east Pacific upwelling sites

NU

represents a long-term intensification of the zonal SST gradient and thus the
strengthening of Walker Circulation. Likewise, the overall cooling trends observed in

MA

the high latitudes of the Pacific lead to enhanced meridional SST gradients and thus
overall intensification of Hadley Circulation through the Pleistocene. In line with these

ED

changes, long-term cooling is observed at sites 722 (Arabian Sea), 1143 and 1146

PT

(southern and northern South China Sea), both located northward of the margins of the
WPWP at the present day. The increasing SST gradient between the marginal and
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central WPWP sites as well as the increasing zonal SST gradient indicates a contraction
of the western, eastern and northern margins of the WPWP through the Pleistocene.
This pattern is consistent with strengthening Hadley and Walker Circulation (Jia et al.,
2008; Li et al., 2011), indicative of the final stages of a long-term, gradual increase in
zonal and meridional SST gradients (and associated circulation change) which began ~2
Ma and 3.5 Ma, respectively (Brierley and Fedorov, 2010). However, the stability of the
Coral Sea SSTs (MD06-3018) through the Pleistocene suggests that the southern margin
of the WPWP did not contract equatorward, and suggests that Hadley Circulation in the
southern hemisphere was probably not strengthened in association with the MPT
(Russon et al., 2010). Among the potential causes for this contrasting inter-hemispheric
response in Hadley Circulation systems could be a difference in the magnitude of polar
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cooling in the respective hemispheres (Jia et al., 2008). Alternatively, the complex
hydrography of the Coral Sea means that the MD97-3018 site might also reflect

T

changing current positions not just regional circulation change. We discuss the evidence
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for changing ocean/atmosphere circulation systems below, but note here that the Pacific
Subantarctic site (1123) shows similarly atypical SST trends (warming) across the MPT

MA

5.1.1 Early (pre 1.2 Ma) cooling
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to those observed in the Coral Sea.

The common cooling interval between 1.2 and 0.8 Ma represents an

ED

intensification of a longer-term cooling trend in several regions, specifically in high
latitude and eastern boundary regions, including the Subantarctic Atlantic (site 1090),
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north Atlantic (site 607) and eastern boundary upwelling systems (Benguela, Peru,
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California). Cooling is also observed in the long-term trend of the Atlantic deep-water
temperature (DWT-A, Figure

2) record (also 607) from ~1.5 Ma (Sosdian and

Rosenthal, 2009). Cooling in the Pacific deep-water temperature record (DWT-P,
Figure 2) (Elderfield et al., 2012) occurs before 1.3 Ma, but identifying the timing of
the cooling onset is limited by the record only extending back to 1.5 Ma. The pattern of
cooling in the long-term means is driven by declining SSTs during glacial maxima; no
trend in interglacial SSTs is observed at this time (Figures 4 and 5). No shift in
periodicity of the SST records occurs: they continue to be dominated at the 41 ka
(obliquity) period through the early Pleistocene, slightly leading (< 5 ka) or in phase
with benthic 18O in the tropical, north Atlantic and Subantarctic Atlantic (Herbert et
al., 2010; Lawrence et al., 2011; Martinez-Garcia et al., 2010). The two records of deep-
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water temperature also slightly lead (DWT-A) or are in phase (DWT-P) with 18Ob in

T

the obliquity band (Elderfield et al., 2012; Sosdian and Rosenthal, 2009).
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The overall cooling at Subantarctic Atlantic site 1090 (Martinez-Garcia et al.,
2010; Rodríguez-Sanz et al., 2012) is accompanied by an increase in the concentration

SC

of the C37:4 alkenone (Figure 3) and decreased local seawater 18O, argued to reflect
cooling and freshening of the surface ocean, and an equatorward expansion of polar

NU

water masses (Martinez-Garcia et al., 2010; Rodríguez-Sanz et al., 2012). This

MA

interpretation is supported by the presence of laminated diatom mats in the same region,
which show a polar front ~6° equatorward of its modern location between 1.3 and 0.9
Ma (Kemp et al., 2010). The diatom mat record is incomplete prior to 1.3 Ma, which

ED

limits our ability to assess the timing of onset of this frontal displacement. However,

PT

planktonic foraminifera assemblages at site 1090 suggest that the polar front may have
been displaced equatorward from as early as 1.8 Ma (Becquey and Gersonde, 2002). A
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long-term cooling trend is also observed at site 1087 (Figure 2), supporting the notion of
an equatorward shift of the Antarctic Circumpolar Current (ACC); SSTs at site 1087
have been interpreted to reflect the position of the ACC via its impact on Agulhas
Leakage to the SE Atlantic (McClymont et al., 2005). Similarly, contemporaneous highlatitude cooling and freshening in sub-Arctic NW Pacific surface waters is also
suggested by increasing concentrations of the C37:4 alkenone at site 882 (MartinezGarcia et al., 2010).
Strengthening meridional SST gradients in response to polar cooling during
early Pleistocene glacial stages could account for the concomitant cooling observed in
the upwelling regimes via intensification of trade winds strength and upwelling.
Enhanced dust inputs to the Subantarctic Atlantic from ~1.5 Ma (Martinez-Garcia et al.,
25
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2011) are consistent with strengthening atmospheric circulation in the southern
hemisphere, and increased organic matter accumulation in the Peru margin marks the

T

development of a more productive upwelling regime (Dekens et al., 2007). Propagation
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of high latitude cooling to the upwelling regions might have occurred via the
thermocline (Fedorov et al., 2006; Lee and Poulsen, 2006) and/or intermediate and deep

SC

water masses (Lawrence et al., 2011). Deep-water cooling in the deep north Atlantic

NU

(Sosdian and Rosenthal, 2009) and SW Pacific (Elderfield et al., 2012) prior to 1.3 Ma
is concordant with changes in high latitude SST in both the northern and southern

MA

hemispheres, respectively. However, assessment of the relative contributions of
atmospheric and/or ocean mechanisms for explaining the links between low and high

ED

latitude SST change through the early Pleistocene requires further development of
archives recording the thermal structure of the ocean interior and changes to atmosphere
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CE
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and ocean circulation.

5.1.2 Accelerated cooling from 1.2 to 0.9 Ma and a “premature” 100 ka cycle
From 1.2 Ma, an intensification in the cooling trend in long term mean SSTs
occurs at almost all sites (Figure 2), driven largely through continued cooling of glacial
maxima (Figure 5) but accompanied by decreasing SSTs during interglacial maxima in
the north Atlantic (Figure 4b) and upwelling regions (Figure 4a). The interglacial SST
cooling seen in the North Atlantic is likely a consequence of reduced interglacial
NADW formation after ~1.2 Ma and suppression of associated northward heat transport
(Sexton and Barker, 2012). Expansion of polar waters during both glacials and
interglacials occurred in the northern North Atlantic (%C37:4, McClymont et al., 2008)
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accompanying the earlier (pre-1.2 Ma) polar water expansion in the NW Pacific and
Southern Oceans (Martinez-Garcia et al., 2010). Trade winds (and/or aridity of source

T

regions) intensified in the Atlantic at ~1.2 Ma, as recorded by increasing aeolian inputs
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and decreasing SSTs in the Canary Current region (Pflaumann et al., 1998) and off east
and west equatorial Africa (de Menocal, 2004) (Figures 2-4), and enhanced inputs of

SC

terrigenous clays to the Southern Ocean (Diekmann and Kuhn, 2002). As seen prior to
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1.2 Ma, this apparent strengthening of Hadley circulation is likely a response to the
magnitude of cooling in the high latitudes exceeding that observed in the tropics, further

MA

intensifying the meridional SST gradient (Martinez-Garcia et al., 2010). Strengthening
of the East Asian monsoon from 1.2 Ma is also consistent with intensification of Hadley

ED

circulation (Jia et al., 2008; Sun et al., 2006). In the absence of an SST trend in the
WPWP, continued cooling of the east Pacific upwelling sites indicates further

PT

strengthening of zonal Pacific SST gradient and Walker Circulation from 1.2 to 0.9 Ma
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(McClymont and Rosell-Melé, 2005). SST minima are reached in the Subantarctic
Atlantic site early in this time window, ~1.1-1.2 Ma (Figure 2; Martinez-Garcia et al.,
2010; Rodríguez-Sanz et al., 2012), with relatively warmer glacial and interglacial
stages and reduced %C37:4 values occurring after ~1.0 Ma (Figures 3 and 4) (but these
are still, on average, below their early Pleistocene values). This intensified Southern
Ocean cooling is consistent with the conclusion that ventilation in the Pacific sector of
the Southern Ocean may have become more important for glacial abyssal circulation at
~1.1 Ma (Sexton and Barker, 2012) and explains a rapid switch in glacial-interglacial
carbonate sedimentation cyclicity between the Pacific and Atlantic at this time (Sexton
and Barker, 2012). The SW Pacific smoothed DWT record from site 1123 appears
comparatively stable through the 1.2-0.9 Ma time window, having warmed from a
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minimum at 1.3 Ma (Figure 2). This stability is perhaps surprising, given the very large
SST changes seen at a site (1090; Martinez-Garcia et al., 2010) near the ‘upstream’

T

source region of the CDW that currently bathes Site 1123. The warming in DWT-P
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leads that of the SAA site (1090), revealing that different sectors of the Southern Ocean
may have had different thermal histories, supporting the suggestion (Sexton and Barker,

SC

2012) that the Pacific sector of the Southern Ocean may be particularly important for

NU

changing deep water circulation through the MPT. The high latitudes of the Pacific (site
882) are anti-correlated with the SAA SST trend (site 1090) between 1.2-0.8 Ma (Figure

MA

2); whether this reflects a difference between Atlantic and Pacific high latitude climate
evolution requires additional evidence from the Pacific sector of the Southern Ocean.
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The intensification of cooling at 1.2 Ma is also marked by the presence of a

PT

“premature” 100 ka cycle in many records, corresponding to MIS 35-34 (Figure 7). The
extended glacial-interglacial cycle at 1.2 Ma was first noted in the 18Ob record
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(Mudelsee and Stattegger, 1997). It has since been identified in carbonate sedimentation
records from the Atlantic and Pacific (Schmieder et al., 2000), DWT from the SW
Pacific (Elderfield et al., 2012) and is marked in the Chinese loess record as an
unusually coarse loess unit (‘L15’) suggesting that the strength of the Asian monsoon
system was perturbed (Heslop et al., 2002; Sun et al., 2006). In many of the SST records
examined here, as well as those from the Nordic Seas (Helmke et al., 2003), and the
Canary Current (Pflaumann et al., 1998), MIS 35 is a time of pronounced and/or
extended interglacial warmth. The presence of this “100 ka” cycle has been used to
argue that the climate system was close to a threshold for a shift to late Pleistocene-style
glaciations (Mudelsee and Stattegger, 1997), but that other feedbacks had yet to
develop. In Figure 7 we show that a 100 ka cycle at ~1.2 Ma is present in SST records
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globally, as well as in the LR04 stack and the deep-water temperature records from sites
607 (DWT-A) and 1123 (DWT-P). However, it is worth noting that, in contrast to the

T

late Pleistocene ‘saw-tooth’ 100 ka cycles, MIS 35 is symmetric in form, with its onset
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phase marked by a gradual glacial termination (MIS 36), a subsequent prolonged
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interglacial (MIS 35), followed by a gradual return to glacial (MIS 34) conditions.
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5.1.3 The “900 ka event”
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The cooling trend that commenced ~1.2 Ma typically ceases or is reduced in
intensity by ~0.8 Ma. This follows pronounced, but short-term, cooling during glacial
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and interglacial stages between 0.95 and 0.85 Ma (MIS 24-22) in almost every site that
we examined (Figures 4 and 5, 7). Such a phenomenon was also identified by Clark et
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al. (2006) and Kemp et al. (2010) and termed “the 900 ka event”. Here, we show that
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MIS 24-22 is marked by anomalously cool SSTs in most Pleistocene records (Figures
4,5,7). A pronounced glacial cooling is not evident in the WPWP sites (Figures 4,5),
although an alkenone record from site 806 did identify MIS 24-22 as a time of
sustained, relatively cold SSTs within the 0.5-1.5 Ma window (McClymont and RosellMelé, 2005). A cool interglacial during MIS 23 is, however, observed in the WPWP
(Figure 4). That the perturbation to SSTs during MIS 24-22 might mark the crossing of
some form of climate threshold is supported by the evidence for a number of climate
shifts from this time. A southward displacement of the African monsoon system
occurred after 0.95 Ma, accompanied by the development of sub-orbital scale variability
(Larrasoaña et al., 2003). At 0.9 Ma, east Asian monsoon intensity weakens (Heslop et
al., 2002), coincident with a stepped increase in the amplitude and period (to 100 ka) of
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the Arabian monsoon (de Menocal, 2004) and a shift towards more C4 vegetation in the
Congo basin (Schefuß et al., 2003). These results are indicative of more arid conditions

T

developing onshore from MIS 24-22 onwards, particularly in the tropical and
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subtropical regions.
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MIS 24-22 is also marked by changes to deep water ventilation, but these tend to
be sustained beyond the duration of the “900 ka event”. The largest benthic 13C
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excursion of the last 5 million years occurred during MIS 24-22, and is argued to reflect

MA

an enhanced contribution of southern-sourced waters to the deep Atlantic from 0.9 Ma
and/or decreased export of NADW (Elderfield et al., 2012; Raymo et al., 1997).
Although the benthic 13C excursion is limited in duration, it marks the onset of
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enhanced carbonate dissolution (Schmieder et al., 2000) in the deep south Atlantic. An

PT

increased contribution of southern-sourced waters to the Atlantic (rather than changing
north Atlantic ventilation patterns) during this interim state is further suggested by the
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stability of the vertical 13C profiles in the north Atlantic which span the broad window
of 1.8 to 0.6 Ma (Raymo et al., 2004). However, there is also evidence for weaker deep
water ventilation in the Atlantic sector of the Southern Ocean in response to more
extensive glacial sea ice distributions after 0.9 Ma, but particularly pronounced during
MIS 24-22 (Diekmann and Kuhn, 2002). As noted above, resolving the relative
contribution of southern sourced waters to the deep ocean and its response to the surface
ocean events described here, requires additional evidence beyond the Atlantic deep
water source regions.
In addition to defining the end of the early Pleistocene cooling trend and a time
of pronounced cooling, MIS 24-22 also marks the onset of dominant 100 ka cycles in
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the benthic 18O stack (Figure 6). Statistically significant and dominant 100 ka cycles
typically develop later in SST records, generally after 0.8 Ma (Figure 6). At site 1090,
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SST with 100 ka period leads benthic 18O by ~11 ka or half a precession cycle, from
0.7 Ma to present (Martinez-Garcia et al., 2010). Emergence of 100 ka periodicity in
tropical SSTs also develops after 0.9 Ma, and is in phase with or leads (<5 ka) benthic
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18O (Herbert et al., 2010). DWTs also lead benthic 18O after 0.85 Ma in the north
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Atlantic and SW Pacific (Elderfield et al., 2012; Sosdian and Rosenthal, 2009). In
contrast, north Atlantic SSTs and benthic 13C oscillate in phase with, or slightly lag,
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benthic 18O (Lawrence et al., 2011) before and after the MPT.
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5.1.4 The Mid-Brunhes Event in the context of 2 Ma of SST evolution
The shift towards warmer interglacial temperatures and higher pCO2
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concentrations in the Antarctic ice cores ~0.4 Ma, the MBE, was reviewed recently in
terms of both marine and terrestrial evidence (Lang and Wolff, 2011; Masson-Delmotte
et al., 2010). We therefore do not repeat the discussions here nor focus on the possible
causes for such a warming trend. However, we note that in general the evidence for
“unusual” interglacial warmth following the MBE is less clearly expressed when the 2
Ma SST history is presented. In most cases, the post-MBE interglacials return to early
Pleistocene SST values (Figure 4). Instead, it is the MPT and pre-MBE time window
that appears unusual from a broader Pleistocene perspective for containing relatively
cool interglacials.
Several regions also show that the overall warming trend towards the present
day after MIS 10 occurs in both interglacials and glacials (Figures 2-4). This is
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particularly clearly expressed in SST records from the high latitudes of the southern
hemisphere, especially those sites which are sensitive to ACC location, as well as in the

T

Coral Sea. Consequently, mechanisms to invoke enhanced latest Pleistocene interglacial
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warmth as a response to the preceding intense glacial stages (Lang and Wolff, 2011) are
difficult to reconcile with the evidence from SSTs, particularly when comparable

SC

interglacial warmth also occurred in the early Pleistocene with less intense glacial SST

NU

maxima. We assess the possibility of other forcing factors to explain early Pleistocene
warmth below, and highlight here that “extreme” or “unusual” interglacial warmth

MA

following the MBE is less significant in the presence of 2 Ma SST trends and when
evaluated at a global scale. The strong signal of post-MBE warming in regions which

ED

are sensitive to the position of the ACC might therefore be explained by long-term
poleward retreat of the ACC fronts, following their prior, equatorward migration near

PT

the MPT (Kemp et al., 2010). Thus ,the post-MBE warming of interglacials may not
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have been a global phenomenon.

5.2 Implications for mechanisms to explain the MPT
We have presented a range of SST trends, with different regional expressions in
terms of magnitudes and timings, but united by a shift toward a mean cooler surface
ocean over the last 2 Ma, except in the WPWP. The prominent feature which occurs in
almost all of the records is an intensification of a cooling trend from 1.2 Ma, driven
largely through progressive decreases in the SSTs of glacial maxima, which ends with
pronounced cooling across MIS 24-22 ~0.9 Ma.
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Previous analyses of 18Ob (Mudelsee and Schulz, 1997) indicated that the
timing of the MPT onset was 0.9 Ma, marking a rapid increase in continental ice
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volume. Recent reconstructions of seawater 18O in the SW Pacific support this pattern
(Elderfield et al., 2012). An increase in ice volume was considered to be critical for

SC

developing ice-sheet inertia in response to orbital forcing, thus leading to the
development of the quasi-100 ka cycles which dominated from 0.6 Ma (Mudelsee and

NU

Schulz, 1997). However, two features of the observed SST evolution suggest that SST
cooling may have been either a necessary precursor to evolving ice-sheet dynamics or

MA

may, more generally, point to important mechanisms in the genesis of quasi-100 ka ice
volume cycles. First, the onset of SST cooling from 1.2 Ma coincides with the

ED

development of a stable (but anti-correlated) relationship between 18Ob and eccentricity
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(Lisiecki, 2010), suggesting that the pacing of glacial cycles at the 100 ka period was
linked with the timing of SST cooling identified here. Second, we have demonstrated

6).
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that early emergence of 100 ka power occurs in several SST records at 1.2 Ma (Figure

Seawater 18O reconstructions from the Atlantic versus Pacific give slightly
different interpretations of the nature of MPT ice volume expansion. The Atlantic
reconstruction calculated that a gradual glacial-age expansion of ice volume occurred
between 0.9-0.6 Ma (Sosdian and Rosenthal, 2009). In contrast, a SW Pacific
reconstruction reveals an abrupt increase in global ice volume at 0.9 Ma (Elderfield et
al., 2012). Although subtle differences exist between the Atlantic and Pacific ice
volume reconstructions across the MPT, both records are consistent in indicating no
increase in glacial-age ice volume prior to 0.9 Ma, despite the evidence presented here
for cooler glacials and cooler mean SSTs prior to this time (Figures 2-4). The ice-sheet
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expansion associated with the MPT thus occurs after much of the surface ocean, as well
as the deep Atlantic (Sosdian and Rosenthal, 2009), have already undergone long-term
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cooling from ~1.2 Ma. The increase in global ice volume at 0.9 Ma does, however,
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coincide with an interval of pronounced SST cooling spanning MIS 24-22.
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A number of questions are raised by this relationship between SSTs and global
ice volume. First, why did glacial stages experience progressive cooling in advance of

NU

ice-sheet growth? Second, is there any evidence for regional glaciation change which
might be hidden within a globally integrated signal? Third, are the trends and patterns
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observed in the SST records mechanistically linked to the pattern of ice-sheet growth?
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5.3.1 What drove SST cooling before 0.9 Ma?
One frequently invoked hypothesis to explain the MPT is that a progressive,

AC
CE

long-term decline in atmospheric CO2 caused climate and ice-sheets to cross a threshold
(e.g. Berger and Jansen, 1994; Paillard, 1998). Under this scenario, a critical level of
CO2 was reached whereby ice-sheets were able to grow large enough to resist orbital
forcing at the obliquity band, thus maintaining a critical mass during the next interval of
higher solar insolation. With limited quantitative CO2 data spanning the Pleistocene,
most models simulate a long-term decline in CO2 encompassing both glacial and
interglacial stages (e.g. Paillard, 1998). None of the SST records examined here show a
decline in interglacial SSTs prior to ice-sheet growth at 0.9 Ma, including sites from the
WPWP which is expected to respond more to changes in radiative forcing rather than to
continental ice-sheet feedbacks and regional ocean circulation change (Broccoli, 2000;
Medina-Elizalde and Lea, 2005). This suggests that any CO2-induced change in
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radiative forcing was focused on the glacial stages between 1.2 and 0.9 Ma (Figure 5)
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but was not translated into the growth of larger glacial-age ice-sheets.
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Atmospheric CO2 is driven by a complex suite of processes and feedbacks, some
of which can be examined using the data presented here. Between 1.5 and 1.0 Ma, the

SC

observed SST cooling of glacial stages records is accompanied by cooling of the abyssal
Atlantic (Figure 2) (Sosdian and Rosenthal, 2009), elevated dust input to the

NU

Subantarctic Atlantic (Figure 5) (Diekmann and Kuhn, 2002; Martinez-Garcia et al.,
2011), and more expansive subpolar water masses in the Subantarctic Atlantic followed

MA

shortly thereafter by the Pacific and north Atlantic (Martinez-Garcia et al., 2010;
McClymont et al., 2008). The efficiency of the biological pump in the modern Southern
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Ocean is limited by the supply of micronutrients such as Fe (Sigman et al., 2010;
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Watson et al., 2000). Because elevated export production in the sub-Antarctic occurs in
parallel with increased aeolian Fe supply during glacial maxima (Kumar et al., 1995;
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Kohfeld et al., 2006; Martinez-Garcia et al., 2009), iron fertilization via enhanced dust
inputs to the Southern Ocean has been invoked to explain enhanced CO2 drawdown
during late Pleistocene glacial maxima (e.g. Kohfeld et al., 2005; Sigman et al., 2010).
An exponential increase in Subantarctic dust accumulation began at 1.5 Ma, and
intensified from 1.2 Ma (Martinez-Garcia et al., 2011). This dust has been confirmed as
Fe-bearing illite clays from terrestrial sources, and is accompanied by increased glacial
export production (Diekmann and Kuhn, 2002). This raises the possibility that
intensification of the glacial dust/biological production/CO2 feedback could account for
some of the enhanced glacial SST cooling that we observe. The northward shift of the
ACC that we described above could also have restricted the release of respired CO2
from the deep ocean to the atmosphere, if accompanied by northward displacement of
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the westerlies, more extensive sea ice cover and/or abyssal stratification (Sigman and
Boyle, 2000; Toggweiler et al., 2006; Watson and Naveira Garabato, 2006). Abyssal
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storage of CO2 may also have been enhanced by the freshening of the sub-Antarctic
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surface ocean (Rodríguez-Sanz et al., 2012). From 1.1 Ma, the onset of ‘Pacific-style’
CaCO3 cycles (better preservation during glacials) in this, the largest and deepest ocean

SC

basin, may have enhanced alkalinity of the global ocean during glacials and contributed

NU

to glacial stage CO2 drawdown (Sexton and Barker, 2012). These observations point to
Southern Ocean hydrography, and its role in carbon cycling, in driving the pre-MPT

MA

(pre-0.9 Ma) glacial-stage SST cooling. However, to fully test this hypothesis requires
higher resolution pCO2 reconstructions for the early Pleistocene. In the absence of this

ED

detailed information, we now consider whether our SST compilation contains indirect

PT

evidence for changing pCO2 prior to 0.9 Ma.
Although SST records reflect both global forcing and regional circulation
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CE

patterns, the absence of any trend in interglacial temperatures pre-0.9 Ma suggests that
either pCO2 did not change, or that the sensitivity of the surface ocean to such forcing
was damped. In comparing tropical SSTs through the Pliocene and Pleistocene, Herbert
et al. (2010) demonstrated that not only were the records strongly unified in the timing
and magnitude of the observed orbital and longer term variability, but that this unity
could not be explained by direct solar radiation forcing of the tropics given the anticorrelation between SSTs and the predicted tropical forcing via obliquity and
precession. They argued that this demonstrated the need for an underlying, common
forcing mechanism to explain these patterns, and proposed that global radiative forcing
via atmospheric CO2 could be the cause. The resulting stacked SST record for the
tropics shows evidence for gradual cooling from 1.5 Ma during both glacials and
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interglacials (Herbert et al., 2010), consistent with a long-term decline in CO2.
However, the original SST records contained within that stack show that the cooling

T

from 1.5 Ma is restricted to glacials (Figure 5), and the absence of any interglacial or
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glacial cooling trend in the centre of the WPWP (Figure 4, 5) does not support a long
term CO2 decline. Furthermore, in section 5.1 we outlined the possibility that the

SC

cooling SSTs in two of the four records comprising the tropical stack (Herbert et al.,

NU

2010) might instead reflect contraction of the WPWP, driven by strengthened Hadley
and Walker circulation.

MA

An alternative to CO2 forcing is that strengthening of zonal and meridional SST
gradients may have been an important prerequisite for the expansion of ice sheets at the
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MPT. Both snowpack formation and survival are enhanced by a strengthening of the
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meridional SST gradient by reducing the number of positive degree days and increasing
snowfall below 70°N (Brierley and Fedorov, 2010). Increased zonal SST gradients in
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the equatorial Pacific appear to precipitate a weaker response in ice volume: a reduction
in positive degree days occurs in the likely source regions of the Laurentide ice-sheet
and increased snowfall ensues in Alaska and Greenland (Brierley and Fedorov, 2010).
Furthermore, there is a direct impact on greenhouse forcing via changing water vapour
and cloud formation. Figure 2 shows that the eastern and North Pacific cooled in
tandem during the early and mid-Pleistocene. However, the WPWP did not cool,
resulting in stronger zonal and meridional SST gradients (de Garidel-Thoron et al.,
2005; Jia et al., 2008; Li et al., 2011; McClymont and Rosell-Melé, 2005; MedinaElizalde and Lea, 2005) that potentially set the stage for Laurentide and Greenland icesheet growth (Brierley and Fedorov, 2010). Furthermore, the model simulations which
invoke these relationships did not incorporate high latitude SST decline, which we
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observe here, and which was noted (Brierley and Fedorov, 2010) would amplify ice
sheet expansion. Although the model has its limitations, given that it does not include

T

interactive ice-sheets and other forcings (Brierley and Fedorov, 2010), and meridional
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SST gradients in the southern hemisphere apparently did not intensify in the early
Pleistocene (Russon et al., 2010), our findings (Figure 2) show that the evolving SSTs
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were likely preconditioning high northern latitudes for ice-sheet growth before the onset

5.3.2

MA

NU

of the MPT.

When did continental ice sheets expand?

ED

It has been argued that the fall in sea level during MIS 24-22 (and the origin of
the MPT) reflects growth in the northern hemisphere ice-sheets (e.g. Berger and Jansen,
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1994; Clark et al., 2006). An Antarctic contribution to increased global ice volume
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through MIS 24-22 has been suggested by the increase in seawater 18O in the SW
Pacific (Elderfield et al., 2012) and a model of the West Antarctic ice-sheet (Pollard and
DeConto, 2009). However, there are a number of indications of earlier ice-sheet
advances in both hemispheres that might indicate regional ice sheet responses to
changing SSTs and associated ocean circulation. An expansion of glaciers along the
West Antarctic peninsula is suggested by enhanced deposition of ice-rafted debris from
1.35 Ma (Cowan et al., 2008), and it has been argued that the East Antarctic ice-sheet
had grown to develop marine-based margins by ~1 Ma (Raymo et al., 2006). The
northward displacement of the ACC during the early Pleistocene is consistent with ice
sheet expansion since modeling studies predict positive feedbacks between growth of
land ice and sea-ice (DeConto et al., 2007). The maximum extent of the Patagonian ice-
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sheet has been dated to 1.1 Ma (Singer et al., 2004), coincident with our interpreted
timing of ACC migration, and again also consistent with a northward displacement of

T

the ACC and associated westerlies, as observed during the last glacial maximum (e.g.
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Hulton et al., 1994).
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Evidence also exists for early ice-sheet expansions in the northern hemisphere
before MIS 24-22. After 1.5 Ma the ice-sheet in the SW Barents Sea first reached the

NU

shelf edge (Solheim et al., 1998), and an advance of the Scandinavian ice-sheet into the
northern North Sea Basin occurred ~1.1 Ma (Sejrup et al., 2000). Increased ice-rafting

MA

from the British and Irish ice-sheet developed from 1.2 Ma (Thierens et al., 2012).
Enhanced ice-rafting to the Nordic Seas and north Atlantic resumes after 1.0 Ma

ED

(Fronval and Jansen, 1996; Ruddiman et al., 1986), and after 0.9 Ma from the Alaskan
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and Greenland ice-sheets (Sancetta and Silvestri, 1986). Thus, early Pleistocene icesheet advance by the northern hemisphere ice sheets is followed by some delay until
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repeated and extensive glaciations characterize the later Pleistocene. Transient and
unusually large glacial-stage excursions to higher seawater 18O (e.g. higher global ice
volume) before 0.9 Ma (e.g. MIS 32 and 34 ~1.1 Ma, and MIS 38 ~1.3 Ma) (Elderfield
et al., 2012) appear to support these patterns of regional ice sheet advance.
These early ice-sheet advances coincide, within their dating errors, with both the
onset/intensification of cooling in the SST records and the presence of the “premature”
100 ka cycle at 1.2 Ma. Thus, some of the climate conditions required for an extended
glacial/interglacial cycle were already in place during MIS 35-34. Specifically,
feedbacks were active that allowed the climate system response to “skip” an obliquity
cycle. It is not clear what makes MIS 35-34 special in terms of the SST, DWT and
18Ob response to orbital forcing (Figure 7): the 100 ka cycle spans an interval of
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relatively low eccentricity, but MIS 35 is maintained as an anomalously long
interglacial. Because this event is characterized by a long interglacial and a symmetric

T

warming/cooling cycle, rather than by a ‘saw-toothed’ intensification of glacial
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conditions (Figure 7), the 100 ka cycle spanning MIS 34-36 (1.2 Ma) may have resulted
from different climate feedbacks or sensitivity to orbital forcing compared with those of

NU

What delayed the sustained ice-sheet expansion until 0.9 Ma?

MA

5.3.3

SC

the late Pleistocene ~100 ka cycles.

Although we have presented evidence for SST cooling and circulation change

ED

that would have been conducive to ice-sheet growth as early as 1.2 Ma, sustained
expansion of global ice volume occurred somewhat later, during MIS 24-22 ~0.9 Ma. A
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number of processes might explain this delay.
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If the MPT (0.9 Ma) is a function of changes in northern hemisphere ice sheet
geometry in response to a changing basal substrate (Clark et al., 2006; Clark and
Pollard, 1998), enabling thicker ice masses to develop with greater inertia and longevity
in the face of modest insolation increases, the timing of ice-sheet expansion and
development of the 100 ka cycles may be somewhat divorced from broader changes in
global climate. Geochemical analysis of glacial sediments from the Laurentide ice-sheet
support a transition from erosion of heavily weathered substrate towards crystalline
bedrock beneath the ice-sheet through the Pleistocene (see review by Clark et al., 2006).
Although it is clear from the SST records examined here that climate was evolving
towards a state where larger ice-sheets were likely to be supported, a seawater 18O
record reveals relatively stable global ice volume until an abrupt expansion occurs at
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MIS 22 (Elderfield et al., 2012), suggesting that a more rapid series of events or
feedbacks drove ice sheet expansion at 0.9 Ma. Thus, accounting for the delayed ice-
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sheet response to the SST trends observed here is an important factor in explaining
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climate evolution across the MPT.
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Earth’s orbital configuration between 1.1 and 0.9 Ma may have been crucial in
inhibiting the establishment of ~100 ka glacial cycles. During this 200 ka interval the

NU

amplitude of eccentricity (and precession) forcing increased, leading to high amplitude
variability in insolation forcing in the high latitudes in both hemispheres (Figure 7).

MA

This includes a large peak in northern hemisphere (65°N) summer insolation which is
closely aligned with MIS 31 and is driven by coincident high eccentricity and obliquity
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(Figure 7). Evidence for unusual interglacial warmth during MIS 31 is found in the
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Nordic Seas (Helmke et al., 2003), northern north Atlantic (McClymont et al., 2008),
the Antarctic margins (Scherer et al., 2008) and in the deep SW Pacific (Elderfield et
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al., 2012). Model simulations of the West Antarctic ice sheet show that a collapse
during MIS 31 was particularly sensitive to the strong austral summer insolation
(Pollard and DeConto, 2009). Thus, orbital forcing between 1.1 and 0.9 Ma may have
inhibited ice-sheet growth following MIS 34, because the increase in amplitude of
eccentricity (and precession) likely damped the slow feedbacks necessary for prolonged
ice-sheet growth (2010), ultimately preventing the establishment of ~100 ka glacial
cycles.
Another mechanism to delay ice sheet expansion until 0.9 Ma may lie with the
equatorward migration of polar water masses and high latitude cooling and freshening
between 1.2 and 0.9 Ma seen in the north Atlantic, NW Pacific and sub-Antarctic
(Martinez-Garcia et al., 2010; McClymont et al., 2008).

These high latitude
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hydrographic changes may have caused a temporary, but negative, feedback to ice-sheet
growth (McClymont et al., 2008) via the negative impact on water vapour transport to

T

ice-sheet source regions from the more extensive sea ice cover expected to have been
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associated with the polar water mass expansion. Subsequent poleward retreat of polar
water masses at 0.9 Ma (McClymont et al., 2008) then reduced the constraints over

NU

development and application of sea ice proxies.
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moisture supply and encouraged ice-sheet growth. Testing this hypothesis awaits further

The notion that the global carbon cycle may have changed in association with

MA

the “900 ka event” and the transition to 100 ka cycles finds support in the fall in pCO2
during both glacials and interglacials from ~0.9 Ma (Hönisch et al., 2009). Although

ED

interglacial CO2 concentrations subsequently rise in association with the MBE, late
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Pleistocene glacial pCO2 concentrations are reached and sustained from ~0.9 Ma. Even
though the decline in glacial-stage pCO2 was relatively minor (~30 ppmv), it could still
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have been sufficient to enhance climate sensitivity to CO2, especially when ice albedo
feedbacks are taken into account (Van de Wal and Bintanja, 2009). These relationships
may indicate the need for a set of critical thresholds in global temperature, sea ice
extent, SST gradients and pCO2 to all be crossed to enable the development of larger
ice-sheets in the northern hemisphere and an evolving sensitivity to orbital forcing after
1 Ma.
To fully test the mechanisms which are responsible for driving the premature
100 ka cycle, the cooling to 0.9 Ma, the MIS 24-22 event and the subsequent evolution
of the 100 ka cycles requires renewed focus on generating spatially distributed and high
resolution archives of SSTs and associated proxies for ocean circulation change. Much
of the data discussed here are focused on sites that are strongly affected by upwelling or
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shifts in the positions of oceanographic fronts. Whilst this information is extremely
valuable for the identification of sensitive shifts in climate, it becomes difficult to assess

T

the relative contribution of local and regional factors in driving the observed trends. To
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fully assess what makes the premature 100 ka cycle and the 900 ka event different to the
earlier 41 ka cycles requires the generation of highly resolved records of ocean
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circulation and a better understanding of the ocean’s interaction with ice sheets and

6
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atmospheric circulation.

CONCLUSIONS
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We have reviewed, re-analyzed and compared published records of sea-surface
temperatures (SSTs) to assess the global and regional signals of the MPT in the surface
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ocean. In response to our research questions (section 1):
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(1) Do globally distributed SST records display a common cooling trend across
the MPT? Yes. Although some regional variability exists in the timing and
magnitude of cooling during the early Pleistocene, nearly all locations cool
between 1.2 and 0.8 Ma, indicating that the MPT is a globally distributed
cooling event;
(2) Did SSTs change gradually or abruptly? Gradually. Trends span >200 ka
through the early Pleistocene (from as early as 1.8 Ma). Cooling intensifies
after 1.2 Ma, and is pronounced during both glacial and interglacial stages
~0.9 Ma (MIS 24-22);
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(3) Did global SSTs change synchronously or do regional overprints exist?
Both. The cooling from 1.2 Ma is largely globally synchronous, as is the
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pronounced cooling at 0.9 Ma. However, some oceanographic regimes show
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evidence for earlier change, including equatorward migration of polar waters
and upwelling intensification, alongside evidence for strengthening

SC

atmospheric circulation and cooling of the deep ocean.
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(4) Did glacial-interglacial SST cycles become more intense across the MPT?
Generally, the glacial stages became more intense. For some sites, the

MA

glacials after the MPT are the coolest of the past 2 Ma. However, for many
sites, and particularly those of the southern hemisphere, the glacial stages of
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the past 0.9 Ma are warmer than those of the mid and early Pleistocene.

PT

(5) did a shift in the period of glacial-interglacial cycles occur? Yes. There is a
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shift towards dominant 100 ka cyclicity in the SST records examined here by
0.8 Ma, but this occurs gradually. Cycles with a 100 ka period start to
emerge in several sites as early as 1.2 Ma.

The strongest expression of Pleistocene cooling in the surface ocean is found
during glacial intervals; interglacials show minor or negligible temperature trends. We
argue that this pattern reflects changes in the climatic feedbacks operating during
glacials, via intensified atmospheric circulation, changing patterns of Southern Ocean
deep water ventilation and/or dust feedbacks on export production. In turn, these may
have driven a subtle lowering of glacial pCO2. Cooling of upwelling systems and the
mid- and high latitude oceans leads to intensification of both meridional and zonal SST
gradients given the absence of any change in SSTs for the West Pacific Warm Pool.
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In combination, we argue that these processes led to the development of larger
ice-sheets and modified ice-sheet and climate response to regular orbital forcing.

T

Potential causes for a delayed ice-sheet response (at 0.9 Ma) to the onset of cooling
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intensification (from 1.2 Ma) include evolution of the basal substrates of the northern
hemisphere ice-sheets (Clark et al., 2006), unfavourable orbital forcing, temporary

SC

restrictions to ice sheet moisture supply by the high latitude oceans, and a possible

MA

NU

threshold decline in glacial-stage atmospheric CO2 concentrations at 0.9 Ma.
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Figure legends

T

Figure 1. Map of sites presented here, superimposed upon mean annual SSTs as detailed

RI
P

by the World Ocean Atlas (2005). For full details of original publications and age model
construction see Table 1. Data sets are shown as black circles (UK37’ index), white

SC

circles (Mg/Ca in planktonic foraminifera), white triangles (planktonic foraminifera

NU

transfer functions) or multi-proxy (grey diamond).

MA

Figure 2 Pleistocene sea-surface temperature trends as recorded by low bandpass filters
(200 ka) and displayed as the anomaly from the maximum SST value identified in the 2

ED

Ma time window. Sub-orbital SST variability exceeds the magnitude of these trends.
Original data sources for each site are shown in Table 1. The benthic oxygen isotope

PT

stack (LR04, Lisiecki and Raymo, 2005) and the deep water temperature records from

AC
CE

the north Atlantic (DWT-A) (Sosdian and Rosenthal, 2009) and SW Pacific (DWTP)(Elderfield et al., 2012) are shown in the upper panel. The zone of common cooling
intensification is highlighted by the vertical yellow bar. Note that the y-axis scale for the
high latitudes (northern hemisphere) is compressed relative to the others.

Figure 3 SiZer maps detailing the patterns of change in selected SST records. Each map
is produced as a result of repeated smoothed curves being fitted to the data at a series of
bandwidths (Chaudhuri and Marron, 1999). In each case the curve is tested for deviation
from a gradient of zero. The y-axis gives the bandwidth (as log10(h) such that
log10(h)=2 represents the 200 ka bandwidth). Trends are identified by shading in: blue
(significant decrease), red (significant increase), purple (no trend) and grey (insufficient
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data to make a definitive conclusion). The two dashed lines illustrate the width of the
smoothing window used for each bandwidth. For example, if the ODP 846 SST record

T

is considered, the SiZer map reveals an overall cooling at long timescales (continuous

RI
P

blue above log10(h)=2.5) but also the presence of shorter term variability (likely
glacial-interglacial cycles) shown by repeated fluctuations between blue and red at

NU

SC

log10(h) <1.5.

MA

Figure 4 Interglacial trends (normalized) derived from sea surface temperature records
from (a) tropical latitudes, (b) high northern and southern latitudes, and mid northern

ED

latitudes. Panel (c) shows the interglacial values recorded in insolation at 65°N and
65°N (Berger and Loutre, 1991), the LRO4 18Ob stack (Lisiecki and Raymo, 2005), Fe-

PT

mass accumulation rates at ODP 1090 (Martinez-Garcia et al., 2011), and pCO2
concentrations from the EPICA ice core (Luthi et al., 2008). The average interglacial

AC
CE

CO2 concentrations reconstructed from the 11B proxy (Hönisch et al., 2009) are marked
by the dashed lines.

Figure 5 Glacial trends (normalized) derived from sea surface temperature records and
other climate indicators. See Figure 4 for a full description of the archives used.

Figure 6 Wavelet power spectra for SST records spanning the last 2 Ma, and the
%C37:4 alkenone record from ODP 1090 (Subantarctic Atlantic). All records were
linearly interpolated to the average sample spacing of the record concerned, and
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processed following the WTC-16 Matlab code of Grinsted et al. (2004). Spectral power
is indicated by the color bar on the right of each output. Variability at the precession

T

(P), obliquity (O) and eccentricity (E) periods are highlighted. The solid black contour

RI
P

lines identify regions where spectral power meets the 5% significance level against red
noise. Pale shading identifies the cone of influence where edge effects in processing

NU

SC

may impact the signal.

MA

Figure 7 Original data sets plotted for selected time intervals. Part A (left) shows the
last 3 100 ka glacial cycles, Part B (right) includes the “premature” 100 ka cycle at 1.2

ED

Ma (vertical yellow bar) and the cool interval of MIS 24-22 or the “900 ka event”
(vertical yellow bar). Orbital parameters are from Berger and Loutre (1991). The

PT

horizontal green bar on each record shows the cool SST observed during the premature

AC
CE

100 ka cycle, for comparison to later glacial stages.

Figure 8 Conceptual outline of SST trends for the last 2 Ma. Interglacial trends are
marked by dashed lines, glacial trends are marked by solid lines. Also shown are trends
in the benthic 18O stack (Lisiecki and Raymo, 2005), bottom water temperatures from
the north Atlantic (Sosdian and Rosenthal, 2009) and SW Pacific (Elderfield et al.,
2012), dust inputs to the Subantarctic Atlantic (Martinez-Garcia et al., 2011), and pCO2
as recorded in the EPICA ice core (Luthi et al., 2008). Lower resolution pCO2 trends
prior to 1.0 Ma reflect the data from Hönisch et al. (2009). The duration of the MPT is
noted according to Mudelsee and Schulz (1997; MS97) or Clark et al. (2006; C06).
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Table 1 Site locations for those records re-analysed by one or more treatments here. Age models: specified proxy tuned to LR04 (Lisiecki

IP

and Raymo, 2005), Sh677 (Shackleton et al., 1990), BL91 (Berger and Loutre, 1991), or La (Laskar, 1990). “GRAPE” refers to the

CR

gamma-ray attenuation porosity evaluator recorded in sediments, which reflects sediment density and can be used to record climate-related
properties such as carbonate content. For foraminifera transfer functions the following approaches are noted: * FP-12E linear transfer

Site

Latitude, Longitude

Water

Original age

Depth

model

MA
N

Location

(km)
ODP722

16°37'N, 59°48'E

2.022

Benthic  O
18

TE
D

Arabian Sea

US

function (Thompson, 1981), § Artificial neural network (Crundwell et al., 2008), ‡ (Imbrie and Kipp, 1971).
Mean

SST proxy

Original reference

resolution
(ka)
K
37'

1.9

U

(Herbert et al., 2010)

5.4

Planktonic foraminifera

(Jian et al., 2000)

(LR04)

10.9°N, 115.3ºE

Sea

West Pacific

2.195

Benthic  O

CE
P

GIK17957-2

18

transfer function *

(Sh677)

IODP 1143

9°22'N, 113°17'E

IODP1146

19°27'N, 116°16'E

MD97-2140

2°02’N, 141°46’E

2.772

AC

South China

2.092

2.547

Warm Pool
0°19.1’N, 159°21.7’E

2.520

(Li et al., 2011)

U

K
37'

(Herbert et al., 2010)

Mg/Ca in G. ruber (250-

(de Garidel-Thoron et

300 mm, white)

al., 2005)

Mg/Ca in G. ruber

(Medina-Elizalde and

3.0

U

Benthic  O

1.7

4.9

18

18

(LR04)
Benthic  O
18

(Sh677)
ODP806

K
37'

Benthic  O (La)

Benthic  O
18

(Sh677)

2.4

Lea, 2005)
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ODP806

0°19.1’N, 159°21.7’E

2.520

Benthic  O
18

17.4

Mg/Ca in G. sacculifer

(Wara et al., 2005)

5.9

Mg/Ca in G. ruber

(Russon et al., 2010)

Planktonic foraminifera

Crundwell et al.

transfer function §

(2008)

Benthic foraminifera

(Elderfield et al.,

Mg/Ca temperatures

2012)

Coral Sea

MD06‐3018

23°00′S, 166°09′E

2.470

Benthic  O
18

ODP1123

41°47.2’S,

3.290

171°29.9’W

CR

SW Pacific

IP

(LR04)
Benthic  O
18

2.4

ODP846

3°6’S, 90°49’W

3.295

equatorial

MA
N

US

(Imbrie93)

Benthic  O
18

2.3

K
37'

U

Pacific
ODP847

0°12’N, 95°19’W

3.346

Benthic  O
18

(Lawrence et al.,
2006)

(LR04)

TE
D

East

T

(Sh677)

21.2

Mg/Ca in G. sacculifer

(Wara et al., 2005)

(Sh677)

(Dekens et al., 2007)

K
37'

(McClymont and

3.346

GRAPE (BL91)

12.6

U

ODP849

0°11’N, 110°31’W

3.839

Benthic  O

5.5

U

ODP1012

32°17’N, 118°24’W

CE
P

0°12’N, 95°19’W

AC

California

K
37'

ODP847

1.772

margin

18

Rosell-Melé, 2005)

(Sh677)
Benthic  O
18

K
37'

(Liu et al., 2005)

K
37'

(Dekens et al., 2007)

K
37'

Liu (2004)

2.0

U

11.7

U

2.0

U

(LR04)
ODP1014

32°50’N, 119°59’W

1.165

Benthic  O
18

(BL91)
ODP1020

41°0’N, 126°26’W

3.050

Benthic  O
18

(LR04)
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K
37'

(Dekens et al., 2007)

K
37'

(Herbert et al., 2010)

K
37'

(Schefuß et al., 2004)

K
37'

(Durham et al., 2001;

Peru margin

ODP1237

16°0’S, 76°23’W

3.212

Biostrat (ODP)

10.8

U

Tropical

ODP662

1°23.412'S,

3.814

Benthic  O

3.9

U

11°44.352'W

(LR04)

T

and

18

ODP1077

5°11’S, 10°26’E

2.382

Benthic  O
18

3.8

CR

Atlantic

IP

subtropical

ODP1081

19°37’S, 11°19’E

0.794

upwelling

Benthic  O
18

(BL91)
ODP1082

21°5′S, 11°49′E

1.280

MA
N

Benguela

US

(Sh677)

Benthic  O
18

13.0

U

U

Marlow, 2001)
4.7

K
37'

U

(Etourneau et al.,
2009)

(LR04)
25°31’S, 13°2’E

1.992

ODP1087

31°28’S, 15°19’E

1.372

Biostrat (ODP)

TE
D

ODP1084

Benthic  O
18

K
37'

40.5

U

5.5

U

(Marlow et al., 2000)

K
37'

(Marlow, 2001;
McClymont et al.,

ODP 1090

42º54.8’S, 8º53.9’E

Ocean
North
Atlantic

ODP 607

41°00’N, 32°58’W

3.700

AC

Southern

CE
P

(BL91)

3.427

2005)

Benthic  O
18

2.6

K
37

U

K
37’

and U

(Martinez-Garcia et
al., 2010)

(LR04)
Benthic  O
18

3.9

Planktonic foraminifera ‡

(Ruddiman et al.,
1989)

(LR04)

K
37’

U

Benthic foraminifera
Mg/Ca temperatures

(Lawrence et al.,
2011)
(Sosdian and
Rosenthal, 2009)
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ODP 982

57°30’N, 15°52’W

1.134

Benthic  O
18

K
37’

5.0

U

(Lawrence et al.,
2009)

(LR04)
60°24’N, 23°38’W

1.985

Benthic  O
18

5.4

ODP882

50°21’N, 167°35’W

3.244

GRAPE (BL91)

6.5

(McClymont et al.,

K
37’

U

(Martinez-Garcia et
al., 2010)

AC

CE
P

TE
D

MA
N

US

Pacific

CR

North west

K
37’

and U

2008)

IP

(Sh677)

K
37

U

T

ODP 983

61

ACCEPTED MANUSCRIPT

Site

41 ka

Anomalies relative to 41 ka mean

NU

Location

SC

RI
P

T

Table 2 SST anomalies relative to the “41 ka world” (1.3 – 1.8 Ma) for those sites
outlined in Table 1 which span the Pleistocene. Anomalies are calculated using the
mean annual SST values recorded for each of the time intervals noted here. Data sets are
annotated according to whether they record winter (w) or summer (s) SSTs, deep-water
temperatures (DWT), or were produced by Medina-Elizalde (M), Dekens (D) or Wara
(W). For full details see Table 1. If the anomaly exceeds the calibration error of the
proxy concerned the box is shaded.

mean (1.3

ODP 722

27.2

South China

GIK 17957-2

29.0 (s)

Sea

Late MPT

Early MPT

0.43 Ma)

(0.6 – 0.8

(1.1 – 0.9

Ma)

Ma)

-1.30

-0.50

-0.12

-0.39 (s)

-0.35 (s)

-0.19 (s)

ED

Arabian Sea

100 ka (0 –

MA

– 1.8 Ma)

-0.54 (w)

-0.98 (w)

-0.03 (w)

IODP 1146

26.7

-1.97

-1.16

-0.58

MD97-2140

29.4

-0.33

-0.21

-0.26

ODP 806(M)

28.3

-0.41

-0.19

-0.38

ODP 806(W)

28.0

-0.31

+0.58

+0.83

ODP 846

23.5

-1.74

-1.05

-0.13

ODP 847(D)

25.1

-1.73

-0.46

-0.52

ODP 847(W)

24.6

-1.03

+0.28

-0.66

ODP 1012

17.4

-1.89

-0.75

-0.14

ODP 1014

17.1

-2.02

-1.47

+0.087

ODP 1020

11.7

-2.81

-1.74

-2.03

Peru margin

ODP 1237

21.7

-2.14

-2.18

-0.05

Tropical

ODP 662

26.4

-1.16

-2.20

-0.35

West Pacific

PT

26.0 (w)

East
equatorial
Pacific

AC
CE

Warm Pool

California
margin

Atlantic
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Benguela

ODP 1081

22.9

-4.73

-3.70

-0.87

ODP 1082

22.4

-3.78

-3.53

-1.44

ODP 1084

19.7

-4.53

-5.59

-1.36

ODP 1087

18.4

+0.54

-1.97

-1.23

ODP 1090

11.5 (U

K
37’)

-1.38

-1.44

11.3 (U

K
37)

-0.72

-2.21

21.4 (s)

-2.10

14.4 (w)

-1.67

2.30

-1.24

North

ODP 607 (r)

+1.00

-3.16

+0.97

-1.10

0.01

-1.30

-1.29

-0.29

-2.46

-3.60

-2.86

ODP 882

11.1

AC
CE

PT

ED

NW Pacific

14.0

MA

(DWT)

ODP 982

RI
P

-3.52

Atlantic

ODP 607

-3.81

SC

Ocean

-1.77

NU

Southern

T

upwelling
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Table 3 Statistical analysis of SST mean, interglacial, and glacial trends. T,
temperature in degrees Celsius; r, correlation coefficient; t, age in thousands of years.

Site

Time span

RI
P

Linear trend
SST (entire series)

Interglacials

T=13.9 + 0.0005 t

T=10.6 + 0.0015 t

r=0.29

r=0.25

r=0.53

Mid northern latitudes

0 - 1.64 Ma

Tropical latitudes
0 - 2.0 Ma

0 - 2.0 Ma

AC
CE

ODP 1146

T=14.3 + 0.0022 t

T=14.3 + 0.0022 t

r=0.52

r=0.52

r=0.52

T=8.0 + 0.0022 t

T=11.4+ 0.0014 t

T=6.15 + 0.0019 t

r=0.47

r=0.45

r=0.59

T=25.9 + 0.00075 t

T=27.7- 0.0001 t

T=24.9+ 0.001 t

r=0.42

r=-0.12

r=0.56

T=24.4 + 0.0015 t

T=27.0 + 0.00034 t

T=23.1 + 0.0019 t

r=0.65

r=0.36

r=0.76

T=27.7 + 0.00042 t

T=28.9+ 0.00001 t

T=26.8+ 0.0063 t

r=0.19

r=0.06

r=0.43

T=29.2 + 0.00014 t

T=30.6 - 0.0004 t

T=28.5+ 0.00028 t

r=0.08

r=-0.29

r=0.18

T=21.9 + 0.0011 t

T=23.7 + 0.00042 t

T=20.7 + 0.0014 t

r=0.57

r=0.28

r=0.69

T=15.4 + 0.0013 t

T=18.4 + 0.00045 t

T=13.8 + 0.0013 t

r=0.37

r=0.24

r=0.43

PT

ODP 722

T=14.3 + 0.0022 t

MA

ODP 1020

0.25 - 2.0Ma

ED

DSDP 607

Glacials

T=12.5 + 0.0008 t

NU

0 - 2.0 Ma

SC

High northern latitudes
ODP 982

T

Relationships are shaded and in bold where r>0.4.

Western equatorial Pacific
ODP 806

MD97-2140

0 - 1.35 Ma

0 – 1.755 Ma

Upwelling regimes
ODP 846

ODP 1012

0 - 2.0 Ma

0 – 1.812 Ma
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Mid southern latitude

r=0.42

r=0.14

T=15.9 - 0.00078 t

T=17.9 + 0.000045 t

T=12.8 - 0.00202 t

r=-0.12

r=-0.02

r=--0.39

0 - 1.2 Ma

18

0 - 2.0 Ma

r=0.47

18

δ Ob =3.3 + 0.0001 t

δ Ob =5.0 - 0.0005 t

r=-0.36

r=0.33

r=-0.86

Fe MAR=249- 0.070 t

Fe MAR=89.3 -

Fe MAR=531 - 0.22 t

r=0.33

0.0045 t r=-0.09

r=-0.72

pCO2=244-0.035 t

pCO2=287.4 - 0.050 t

pCO2=186.9 - 0.0013

r=-0.63

t r=-0.03

ED

0 - 0.8 Ma

pCO2

18

δ Ob=4.25 - 0.00026t

MAR
Ice core

NU

Dust: Fe

0 - 2.0 Ma

MA

18

T

T=11.5 + 0.00035 t

Other variables
LRO4 δ Ob

T=7.45 + 0.0017 t

T=8.91 + 0.0014 t

RI
P

ODP 1123

0 - 2.0 Ma

SC

ODP 1090

AC
CE

PT

r=0.33

65
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