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CHAPTER 3
Tropical oceans

Jan-Berend W. Stuut, Matthias Prange, Ute Merkel and Silke Steph

3.1 Tropical oceans in the global
climate system

The tropical oceans have long been recognised as a
key player in global climate as the large gradients
in the global heat distribution require strong pole-
ward heat transport out of the tropics through both
atmospheric and oceanic processes. A number of
oceanic processes make the tropics highly effective
in this heat transport; for example the entrainment
(upwelling) of cold subsurface waters into the
surface layer, which enables the equatorial ocean
to absorb atmospheric heat input, and the follow-
ing transport of these surface waters to the higher
latitudes. This process is considered the main
balance against the deep-water formation near the
poles (e.g. Csanady, 1984). During the past few
decades there has been increasing interest in the
tropical oceans and their role in global climate
throughout the geologic past. As a result, many
scientific oceanic expeditions were initiated to
study deep-sea sediments, which are thought to
have registered such changes in their fossil and
sediment content. A number of proxies for oceanic
conditions were developed, which will be discussed
in section 3.2. As sedimentation rates determine
the resolution of the sediment record, deep-sea
sediments from the central equatorial basins were
used to reconstruct palaeo-oceanographic condi-
tions on longer timescales (millions of years), and
records from areas of high-sedimentation rates (e.g.

Amazon and Congo fans) were used for the higher
resolved and shorter time spans.

To explore the role of the tropical oceans in
global climate we start with the present-day situa-
tion in terms of energy balance and consequent
oceanic conditions (section 3.1.1) and modern
climatologic characteristics like El Nino (3.1.2),
forcing factors leading to the observed variability
between the ocean basins (3.1.3), the monsoon
system (3.1.4) and the role of tropical oceans in
the global-ocean circulation (3.1.5). In section
3.2 we discuss the tools currently available to
reconstruct palaecoenvironmental conditions, and
continue with the state-of-the-art reconstruc-
tions of Quaternary climate starting on a glacial-
interglacial scale (3.3.1), carrying on with the early
Quaternary (3.3.2), through the Mid-Pleistocene
Transition (3.3.3) into the late Quaternary (3.3.4),
the Last Glacial (3.4.1), the Last Termination (3.4.2)
with specific attention for the development of
ENSO (3.4.3) and finally the Holocene (3.4.4). The
chapter concludes with an outlook of what we
have learned from the Quaternary variability in
light of future climate scenarios.

3.1.1 Modern climatology

Due to the high amount of solar energy that is
received at the low latitudes (see Chapter 1, section
1.1) the upper layer of the tropical oceans is heated,
and due to the resulting evaporation its salinity
increases (Fig. 3.1). This causes stratification of the
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Fig. 3.1 Present-day summer (July-September; JAS) and winter (January—March; JEM) fields of sea-surface
temperature (SST, Figs (a) and (b), contour interval is 1°C) and sea surface salinity (SSS, Figs (c) and (d), contour
interval is 0.5psu). PSU is a dimensionless measure for salinity, according to the practical salinity scale (PSS). Data
were taken from the World Ocean Atlas 2005 (Antonov et al., 2006; Locarnini et al., 2006). Grey shadings mark
warm pool temperatures (>29°C, dark grey), cold upwelling regions (<18°C, light grey), highly net evaporative
regions (>36.5psu, dark grey), and distinct fresh regions (<33 psu, light grey). The Western Pacific Warm Pool is
marked (WPWP). In panel d) the positions of the key sites discussed in this chapter are plotted. (See Colour Plate 3)



tropical ocean with a warm and salty top layer that
mixes poorly with the underlying cold deep water.
Through the immense energy transfers that take
place in the tropical oceans they serve as a heat
engine for Earth’s climate and as a major moisture
source for the Earth’s hydrological cycle (Quinn
et al., 2006).

As a consequence of such stratification, tropical
ocean circulation is primarily in horizontal direc-
tions. Following the simplified global ocean con-
veyor model (Broecker, et al., 1985; see section
3.1.5), net horizontal transport in the tropical
Atlantic and Pacific Oceans is northward, while
deep waters move southward. The limited vertical
exchange that does take place within the low-
latitude oceans occurs predominantly in so-called
upwelling cells along the eastern continental
margins of the Atlantic (e.g. Darbyshire, 1966) and
Pacific oceans (e.g. Longhurst, 1967), where denser,
colder and nutrient-rich central/mode waters
(formed outside the tropics) come to the surface.
Upwelling, however, is not restricted to eastern
boundary regions. The trade winds induce a trans-
port of water within the wind-driven Ekman layer.
Due to the influence of the Coriolis force, the
Ekman transport is directed to the right (left) of the
surface wind in the Northern (Southern) Hemi-
sphere. This poleward movement of surface waters
has to be compensated for by equatorial upwelling
bringing cold waters to the surface. This phenom-
enon is particularly important in the tropical Pacific
where a prominent cold tongue of surface waters
extends from South America almost to the interna-
tional dateline, but it is also found in the equatorial
Atlantic (e.g. Mitchell and Wallace, 1992; Christian
and Murtugudde, 2003). The tropical Pacific and
Atlantic mean states are thus characterised by a
pronounced east-west gradient in surface and sub-
surface ocean temperatures. In contrast, there is
no evidence of equatorial upwelling in the Indian
Ocean (Knauss and Taft, 1963; Tomczak and
Godfrey, 2001).

The present-day distribution of sea-surface tem-
peratures (SSTs) in the tropical oceans shows a
moderate seasonal variability (Fig. 3.1) with average
temperatures of about 18-33°C. The upwelling
areas on the eastern sides of the ocean basins, char-
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acterised by low SSTs particularly in Northern
Hemisphere summer south of the Equator, are
clearly visible. Another striking feature is the lack
of seasonal SST variability around the Indonesian
archipelago: SSTs are year-round warmer than 28°C.
Because of these continuously high temperatures,
the region is called the Western Pacific Warm Pool
(WPWP), which contributes explicitly to the global
heat engine (e.g. Quinn et al., 2006).

The sea surface salinity (SSS) map of the tropical
oceans (Fig. 3.1) illustrates that despite the high
SSTs, the WPWP is characterised by relatively fresh
waters, resulting from excessive tropical rainfall
and river runoff in this area. Moreover, freshwater
plumes are visible off major rivers including the
Ganges-Brahmaputra in East Asia, the Niger and
Congo in Africa, and the Amazon in northeastern
South America. The low-salinity pool in the
tropical eastern Pacific can be attributed to
atmospheric moisture fluxes from the Atlantic to
the Pacific across the Central American Isthmus as
well as to westerly moisture transport from the
central Pacific to the Panama Bight (e.g. Prange
etal., 2010). Extremely high salinities are observed
in semi-enclosed basins like the Red Sea and
Arabian Gulf, where evaporation is high (>5m/a)
and river runoff is limited.

Upwelling of cold subsurface waters on the
eastern side of the oceans is primarily driven by
tropical trade winds that drive a westward flow of
warm surface waters. As a consequence, these
warm waters pile up against the eastern margins of
the continents on the western sides of the Pacific
and Atlantic Oceans. In the Indian Ocean the
reverse is observed; SSTs at the western side of the
basin are lower than those in the east, which is due
to the strong seasonal monsoon-driven upwelling
along the east African coast (e.g. Webster et al.,
1999). Upwelling of cold and nutrient-rich subsur-
face waters boost the primary productivity in these
areas and, as a consequence, past variability in
upwelling intensity and hence the strength of the
monsoon is often reconstructed from past variabil-
ity in primary productivity (e.g. Schulz et al., 1998;
Beaufort et al., 2001; Wang et al., 2005).

The performance of state-of-the-art general cir-
culation models of the coupled ocean-atmosphere



50 Chapter 3

system in representing the tropical oceans’ mean
state and variability has been addressed in several
international projects. Whilst the El Niflo Simula-
tion Intercomparison Project (ENSIP; Latif et al.,
2001) focused on the tropical Pacific, all tropical
oceans were addressed in the Study of Tropical
Oceans In Coupled General Circulation Models
(STOIC) project (Davey et al., 2002). These studies
demonstrate the ability of general circulation
models to represent interannual variability, but also
document the shortcomings in simulating correctly
the ocean mean state, such as the zonal SST distri-
bution in equatorial regions. More recent studies,
such as the detailed intercomparison by Guilyardi
(2006), emphasise the progress of a significant
number of general circulation models in correctly
reproducing the main features of equatorial climate,
in particular SST.

3.1.2 El Nifo-Southern Oscillation

and its relatives

Tropical Pacific variability is mostly explained by
the annual cycle and the interannual variations
related to the El Nifo—Southern Oscillation (ENSO,
see also Chapter 2, section 2.5.1, and Chapter 9,
section 9.4.1). ENSO is the most prominent phe-
nomenon of interannual climate variability. During
El Niflo episodes, the upwelling of cold and
nutrient-rich water in the eastern tropical Pacific is
strongly reduced. This leads to a large-scale
warming of the upper layers of the tropical Pacific,
with considerable SST anomalies of up to 5°C near
the west coast of South America. By contrast, La
Nina episodes exhibit anomalously low ocean
surface temperatures due to enhanced equatorial
and coastal upwelling in the eastern Pacific. ENSO
is a prominent example of the close interaction
between the ocean and the atmosphere. Coupled
to SST variations, the contrast in sea-level pressure
across the tropical Pacific also exhibits temporal
variations (‘Southern Oscillation’), which become
manifest in the strength of the trade winds. During
El Nifo, the trade winds are weakened, whereas
during La Nifla, an intensification of the trade
winds is observed. The positive ocean—-atmosphere
feedback during the development of an El Nifio (La
Nina) event was first described by Bjerknes (1969).

It should be noted that the observed distribution
of SST anomalies (e.g. for the widely used Nifio-3
diagnostic, a box-average for the eastern tropical
Pacific; 150 °W-90°W, 5°S-5 °N) is skewed towards
El Nifio events, that is warm events tend to exhibit
a stronger amplitude than cold events (see
Trenberth, 1997).

The ENSO phenomenon induces a major reor-
ganisation of the atmospheric circulation. The
major convection zones are shifted from the WPWP
towards the east; Indonesia and northern Australia
usually experience a substantial decrease in pre-
cipitation while wetter conditions are observed
over western South America. As noted by Tribbia
(1991), however, the oceanic ENSO changes and
the concomitant reorganisation of the atmospheric
circulation exhibit a clear disparity in scale. Via
teleconnections, the tropical Pacific anomalies are
communicated to regions beyond the tropical
Pacific realm (Trenberth et al., 1998; Alexander
etal., 2002). These provide the ENSO phenomenon
with a socio-economic dimension (Pielke Jr.
and Landsea, 1999; Laosuthi and Selover, 2007)
through the impacts on fishery along the South
American coast, on the pricing of agricultural
products (e.g. coconut oil, rice), and on national
economies through damage induced by Atlantic
hurricanes which are found to be more frequent
during La Nifna seasons (Pielke Jr. and Landsea,
1999). Therefore, an accurate prediction of ENSO
is not only of scientific interest but also of economic
and political relevance. Much progress has been
achieved in predicting ENSO through the setup of
the observational TOGA/TAO buoy array in the
tropical Pacific and altimeter data of sea-level
height becoming available from satellites, and
through the assimilation of these products into
seasonal forecasting systems which leads to consid-
erably better forecasting skill (Latif et al., 1998).

In addition to the annual cycle and ENSO,
there is also evidence that sub-ENSO variability
on timescales of 1-2 years provides a significant
contribution to tropical Pacific variability (e.g.
Jin et al, 2003; Keenlyside et al., 2007). On
longer timescales, ENSO may also be modulated
by the subtropical north and south Pacific oceans
or exhibit a coupling to mid latitude decadal



variability (Trenberth and Hurrell, 1994; Schneider
et al., 1999; Matei et al., 2008).

Tropical Atlantic interannual variability is mostly
described by two modes. The equatorial mode
(Zebiak, 1993) bears some resemblance to its Pacific
counterpart, ENSO. Furthermore, a meridional
mode (Chang et al., 1997; Servain et al., 1999),
which involves meridional displacements of the
Intertropical Convergence Zone (ITCZ) and an
interhemispheric gradient of SST, contribute to
Atlantic variability. The meridional mode and the
equatorial mode seem to be coupled on interannual
and decadal timescales. In addition, the Atlantic is
not completely decoupled from the tropical Pacific
(Enfield and Mayer, 1997; Chang et al., 2006). In
the Indian Ocean, a pattern of internal variability
with anomalously low (high) SSTs off Sumatra and
high (low) SSTs in the western Indian Ocean has
been identified (Saji et al., 1999). This so-called
Indian Ocean Dipole can cause severe rainfall in
eastern Africa and droughts in Indonesia, and may
even affect the strength of the Indian summer
monsoon (Ashok et al., 2001).

3.1.3 Solar and volcanic radiative
forcing of tropical oceans

It has been suggested that ENSO-like events can be
induced by external forcings associated with explo-
sive tropical volcanic eruptions or variations in
solar activity (Mann et al., 2005). The underlying
mechanism can be described as an ‘ocean dynami-
cal thermostat” in which an anomalous heating of
the tropical Pacific results in a cooling of the eastern
part of the basin, that is La Nifa-like conditions
(Clement et al.,, 1996). Briefly, the mechanism
works as follows: in the western equatorial Pacific,
where the thermocline is deep, the response of the
mixed layer to a surface heating is largely thermo-
dynamic, leading to a rise in SST. In the eastern
equatorial Pacific, where the thermocline is shallow,
the surface heating is offset by vertical advection of
cool water, leading to a smaller SST response than
in the western part of the basin. As a result, the
zonal SST gradient increases, leading to stronger
trade winds and further thermocline shoaling and
cooling by vertical advection in the east, further
strengthening of the trades, and so on. This feed-
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back, akin to the Bjerknes feedback that operates
on interannual timescales, results in a cooling of
the eastern equatorial Pacific in response to heating
of the basin. Although this mechanism is basically
a pure theoretical construct which ignores possibly
important feedbacks (e.g. cloud radiative feedbacks)
there seems to be some observational evidence that
supports the notion of this ‘dynamical thermostat’
on the multidecadal-centennial (Mann, et al., 2005
and references therein) and millennial (Marchitto
et al., 2010) timescales. Moreover, this mechanism
could help to explain apparent evidence that
extra-tropical temperature changes in past
centuries were greater in amplitude than tropical
ones (cf. Esper et al., 2002; Hendy et al., 2002).

A completely different mechanism has been
suggested by Meehl et al. (2003). They suggest that
the tropical Pacific Ocean may act as an amplifier
for extra-tropical climate change in response to
relatively weak changes in total solar irradiance.
The authors describe the following coupled air-sea
response mechanism to solar forcing over the
Pacific: over relatively cloud-free oceanic regions in
the subtropical areas of low-level moisture diver-
gence, enhanced solar irradiance causes greater
evaporation. As a result, more moisture is advected
by the trade winds into the tropical precipitation
zones (areas of low-level moisture convergence),
enhancing rainfall and intensifying the upward
motions of the regional Hadley and Walker circula-
tions. The enhanced subsidence (over areas of low-
level moisture divergence) associated with the
intensified regional vertical motion further reduces
the cloudiness over the subtropical ocean regions,
allowing even more solar radiation to reach the
surface, and so on (Fig. 3.2). The strengthening of
the trade winds (associated with intensification of
the Hadley and Walker circulations) results in
greater upwelling of colder water and a westward
extension of the equatorial Pacific cold tongue. This
reduces rainfall across the equatorial Pacific, while
precipitation increases in the Pacific ITCZ and the
South Pacific Convergence Zone (Meehl et al.,
2008).

Experiments with an atmosphere general circu-
lation model showed that mid-tropospheric heating
anomalies associated with tropical rainfall changes
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Fig. 3.2 Diagram depicting the coupled air—sea response mechanism to solar forcing over the Pacific as suggested by
Meehl et al. (2003, 2008). The feedback loop involves changes in latent heat fluxes at the subtropical ocean surface,
the intensity of the Walker and Hadley circulations, tropical rainfall and subtropical low clouds (from Meehl et al.,
2008). © American Meteorological Society. Reprinted with permission.



result in an anomalous Rossby wave response in
the atmosphere and consequent positive sea-level
pressure anomalies in the north Pacific extending
to western North America and even influencing the
Arctic Oscillation (Meehl et al., 2008). These exper-
iments suggest that the tropical oceans are not only
subject to important feedback mechanisms but that
they also strongly impact on extra-tropical climate.

3.1.4 Tropical oceans and monsoons

During the last few years, attention has shifted to
the tropical oceans and monsoon systems (African,
Asian and South American) as an important link
in the global ocean circulation through their heat
and freshwater budgets. Changes in the hydro-
logical cycle (evaporation versus precipitation and
runoff causing salinity changes in the surface
waters) obviously are a key link in the global ocean
circulation. During the Quaternary, the African and
Indian monsoons (Prell and Kutzbach, 1992) as
well as the East Asian monsoon (Wang et al., 2005)
have been shown to have been tied to Northern
Hemisphere insolation, varying in pace with pre-
cession and obliquity forcing. In most studies, the
monsoon has been considered as one phenomenon
affecting a tropical belt from Africa across India into
East Asia. Recently, it has been shown that there
are differences in the responses of the different
monsoon subsystems to orbital forcing and in the
seasonal timing of insolation forcing (Braconnot, et
al., 2008). Such ditferences encompass, for example,
feedbacks from the tropical ocean that tend to
amplity the insolation-induced African monsoon,
whereas the same feedbacks tended to weaken the
Indian monsoon during the mid Holocene (Bracon-
not et al., 2007a,b). Instrumental data indicate the
substantial role of tropical ocean SSTs in driving the
West African monsoon (Giannini et al., 2003).

3.1.5 The tropical oceans as part of
the global conveyor belt

As there were only minor changes in the tectonic
configuration of the global ocean basins through-
out the Quaternary, it is assumed that the now
well-established concept of the global ocean circu-
lation (Wiist, 1935; Stommel et al., 1956) operating
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as the ‘Great Ocean Conveyor’ (Broecker, 1991)
acted in basically the same way as today (Fig. 3.3).

The general, simplified picture of the global
ocean circulation contains a wind-driven upper
ocean circulation with strong surface currents like
the Gulf Stream in the Atlantic, and the Kuroshio
and Humboldt currents in the Pacific Ocean. Super-
imposed on this surface circulation there is a ther-
mohaline circulation, which basically encompasses
heat and salt-driven density currents. Surface cur-
rents head northward from the equatorial Atlantic
Ocean, cooling on their way and eventually sinking
in the North Atlantic and the Nordic Seas. This
dense and cold water then flows southward in a
deep Atlantic western boundary current and — via
the Antarctic Circumpolar Current —into the Indian
and Pacific oceans. The major part of these cold and
dense deep waters upwells in the Southern Ocean
due to diapycnal mixing and Ekman pumping,
where the waters may cool even further and hence
may be shed back northward at depth into the
three ocean basins. The oldest water masses (~2000
years radiocarbon age) in the world ocean are
found in the North Pacific below 1500m (Ostlund
and Stuiver, 1980). The upper-ocean return flow to
the North Atlantic occurs via two different paths.
Along the surface of the Pacific Ocean, through the
Indonesian Archipelago and Indian Ocean, waters
that gradually warm up and become salty along
their path at the surface of the oceans re-enter the
Atlantic Ocean with the Agulhas Current south of
South Africa (‘warm-water path’). The other path
goes from the Pacific to the Atlantic via the Drake
Passage between South America and Antarctica
(‘cold-water path’).

The global redistribution of heat and salt can
be interrupted when changes occur anywhere
along its route. For example, the global conveyor
can be decelerated when the high-saline inflow
from the Indian into the Atlantic Ocean, south
of Africa, is hampered or completely blocked, as
was shown to have happened occasionally through-
out the late Quaternary (Peeters et al.,, 2004).
Alternatively, if additional fresh water is added
into the North Atlantic, waters may not become
sufficiently dense to sink and the global conveyor
slows down. Indeed, large armadas of icebergs
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Fig. 3.3 The wind-, heat-, and salt-driven global ocean conveyor. Deep currents are light grey, surface currents are
dark grey. Warm and salty waters in the Atlantic Gulf Stream move along the surface towards the north where they
are cooled and sink to the bottom. In the deep Atlantic Ocean they move southward and after flowing along the
Antarctic Circumpolar Current they are distributed into the Indian and Pacific Oceans. The return flow is along the
surface of the Pacific and Indian Oceans towards the South and into the Atlantic Ocean (from Kuhlbrodt et al.,
2007). © (2011) American Geophysical Union. Reproduced by permission of American Geophysical Union. (See

Colour Plate 4)

drifting into the North Atlantic during so-called
Heinrich Events, which characterise the late
Quaternary, injected huge amounts of meltwater
into the North Atlantic and consequently slowed
down the global ocean conveyor (Bond et al.,
1992). As a consequence of the interrupted
northward oceanic heat transport, the Northern
Hemisphere cooled dramatically, while the
Southern Hemisphere experienced millennial-scale
warming (the so-called ‘bipolar seesaw’). We note,
however, that there is still no consensus on the
actual cause of Heinrich Events or the higher-
frequency Dansgaard—Oeschger Events, which are
characteristic of Marine Isotope Stage 3, but it has
been hypothesised that both also occurred during
the geologic past before 60kyr BP (e.g. Eyles et al.,
1997). Another drastic perturbation of the ocean

circulation occurred during the Younger Dryas
stadial (c. 12.8 to 11.5kyr BP). It has been
hypothesised that this cold event was caused by the
abrupt release of floodwater from Megalake Agassiz
in eastern North America. This gigantic release of
freshwater into the North Atlantic caused the
global ocean conveyor to slow down, similar to
the Heinrich Events (Broecker et al., 1989; Lowell
et al., 2005). Modelling studies have shown that
such a cause (freshwater pulses) and effect
(slowdown of the global ocean conveyor) is
realistic (see Chapter 9, section 9.4.3) and can
lead to temperature and moisture effects that are
recorded globally (Ganopolski and Rahmstorf,
2001; Prange et al.,, 2004). Through both oceanic
and atmospheric teleconnections, perturbations of
the thermohaline conveyor had a dramatic impact



on the tropical hydrologic cycle (Mulitza et al.,
2008; Tjallingii et al., 2008; Collins et al., 2011).

3.2 Reconstructing past ocean
conditions

3.2.1 Proxies for SST and SSS

SST and SSS are key variables for reconstructing
past changes in climate and ocean circulation, and
provide important clues for climate modelling (see
also Chapter 9, section 9.2.3). Therefore, they are
of major interest in palaeoceanographic studies. A
large number of proxies are available to assess past
changes in SST (Table 3.1) and SSS. Assemblage
counts of calcareous or siliceous microplankton,
geochemical proxies such as the stable oxygen iso-
topic composition and Mg/Ca ratios in planktonic
foraminiferal calcite shells and unsaturation ratios
of long-chain alkenones from haptophyte algae are

among the most commonly used.

Table 3.1 Major proxies for past SST determinations.

Proxy Applicable to Reference papers
§'®0 Carbonates (e.g.  (Urey, 1947; McCrea,
foraminifera, 1950; Epstein
shells) et al., 1953;
Shackleton, 1974;)
Faunal Foraminifera, (Imbrie and Kipp,
transfer Radiolaria etc. 1971; Pisias and
functions Mix, 1997)
UKy, UK, Alkenones in (Brassell et al., 1986;
haptophyte Prahl and
algae Wakeham, 1987;
Muller et al., 1998)
Sr/Ca ratios Corals (Beck et al., 1992)
Mg/Ca ratios  Planktonic (Nurnberg et al.,

foraminifera

1996; Lea et al.,
1999; Elderfield
and Ganssen, 2000)

Ca isotopes Carbonates (e.g.  (Zhu and
forams, shells, Macdougall, 1998;
corals) Néagler et al., 2000)
TEXgs Lipids in cell (Schouten et al.,
membrane 2002)
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Analyses of stable oxygen isotopes in foraminit-
eral calcite tests have played a pivotal role in pal-
aeoceanography since the 1950s, when Emiliani
(1955) first interpreted the oxygen isotopic record
from deep-sea cores to reflect a series of Pleistocene
climate/temperature cycles. The oxygen isotopic
composition of calcite (3'*0) is determined by com-
paring oxygen isotope ratios (**0/'°0O) of the meas-
ured samples with the '"*0/'O ratio of an external
standard, and is defined as:

818()samplc (%0) = [(180/1605amplc - ]80/] 6()slaudard )/
(180/16051andard)] *1000

‘3'80 palaeo-thermometers’ or ‘8'®0O-temperature
equations’ applied to convert measured 80
into water temperatures are based on the thermo-
dynamic fractionation of 'O and 'O between
water and newly formed carbonate, which results
in about 0.20-0.27%. depletion in 8"¥0.qe. for
every 1°C temperature increase (Urey, 1947;
Epstein et al., 1953; O’Neil et al., 1969; Shackleton,
1974; Erez and Luz, 1983; Kim and O’Neil, 1997;
Bemis et al., 1998; Zhou and Zheng, 2003). Yet
8"0ge also depends on the oxygen isotopic
composition of the seawater from which the
carbonate precipitated (8" Ogawater). 0 Oscamater 1S
intimately linked with fractionation processes
within the hydrological cycle; water molecules
composed of lighter isotopes ('°O) have higher
vapour pressures and are thus preferentially
enriched in the vapour phase.

Seawater 8'%0 is basically a measure for changes
in global ice volume (mean ocean §'°0) as well as
for local variations in the oxygen isotopic composi-
tion of seawater. If the amount of continental ice
increases (e.g. during glacials), the long-term
storage of isotopically light water within the ice
sheets affects the global 8'*0 balance by leaving the
global ocean enriched in '®O. In contrast, the
melting of ice sheets supplies '°O-enriched water to
the ocean and accordingly lowers global-ocean §'*0
(e.g. Shackleton, 1987; Fairbanks, 1989; Schrag
etal., 1996; Waelbroeck et al., 2002). Local changes
in the oxygen-isotopic composition of surface water
are driven by changes in freshwater supply via pre-
cipitation directly onto the sea surface or via river
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runoff, and by variations in the §'*0 of atmospheric
vapour. Arid, evaporative regions demonstrate
surface water 8'°O enrichment, whereas areas of
high precipitation or those in close proximity to a
river mouth are affected by the (relatively low)
average 8'%0 of precipitation over the sea surface
or over the river’s catchment area. The oxygen-
isotopic fractionation of water during evaporation/
precipitation therefore also links 8'®Ocqyaer t0 salin-
ity. On average, 8"®Oy.waer iNCreases by approxi-
mately 0.5%. per practical salinity unit (psu;
Broecker, 1989), although 8'0,.,yae-salinity rela-
tionships can be subject to strong local and tempo-
ral variations due to the varying isotopic composition
of freshwater (e.g. Fairbanks et al., 1992; Schmidt
etal., 2001). 8'*0 of planktonic foraminiferal calcite
can thus serve not only as a temperature proxy but
also as a measure of local changes in salinity, if the
temperature signal is determined independently
and extracted from the measured 80 record (i.e.
using Mg/Ca-based temperature reconstructions).
Additional prerequisites are that corrections for
temporal changes in global ice volume are applied
(e.g. Waelbroeck et al.,, 2002), and that suitable
8"80,cawaer—salinity relationships are available for
the study area.

Since the late 1990s, the ratio between Magne-
sium and Calcium in foraminiferal calcite tests has
been established as a proxy for past changes in
water temperature. The underlying basis for Mg/Ca
palaecothermometry is that the substitution of mag-
nesium in calcite is endothermic and therefore is
favoured at high temperatures. Numerous calibra-
tion studies have shown that Mg/Ca ratios in
the calcite tests of several planktonic foraminiferal
species increase exponentially with increasing
water temperature, whereas the incorporation of
Mg?*" into foraminiferal tests is probably partly bio-
logically mediated (e.g. Niirnberg et al., 1996; Lea
et al., 1999; Mashiotta et al., 1999; Elderfield and
Ganssen, 2000; Dekens et al., 2002; Anand et al.,
2003; Regenberg et al., 2009).

Sr/Ca ratios in corals were also shown to provide
a promising proxy for water temperature variability
(Beck et al., 1992; Felis and Patzold, 2004).
Although there are differences in temperature cali-
brations between different studies, the average Sr/

Ca SST calibration suggests a temperature depend-
ence of 0.062mmol/mol per 1°C. Recent studies
revealed that U/Ca ratios in corals could provide a
temperature proxy of comparable accuracy (Correge
et al., 2000).

Another geochemical proxy commonly used for
SST reconstructions is based on an organic biomar-
ker: the unsaturated ratios in long-chain alkenones
produced by single-celled haptophyte algae that
dwell near the sea surface (U*;; index or U¥;,
index; Brassell et al. 1986; Prahl and Wakeham
1987). Major alkenone producers in the modern
marine environment are the coccolithophores
Emiliania huxleyi and Gephyrocapsa oceanica. They
respond to changes in ambient water temperature
by altering the number of double bonds (two, three
or four) in their unsaturated alkenones, which are
then preserved in marine sediment records (Prahl
and Wakeham, 1987). The currently accepted U*5;
index is defined by the ratio between di-unsaturated
alkenones and the sum of di- and tri-unsaturated
alkenones, and varies positively with temperature.
The TEXg, proxy (Schouten et al., 2002), which
is based on glycerol dialkyl glycerol tetraethers
(GDGTs) produced by Marine Group 1 Crenarchae-
ota, is usually thought to reflect SST. However,
recent studies suggest that TEXg, may rather reflect
subsurface temperatures in certain regions, since
Crenarchaeota can reside deeper in the water
column and are not restricted to the photic zone
(e.g. Huguet et al., 2007; Lopes dos Santos et al.,
2010).

A relatively new hydrologic proxy is based on the
hydrogen isotopic composition of the long-chain
alkenones produced by haptophyte algae (3D). Like
oxygen, hydrogen plays a dominant role in the
hydrological cycle. Similar to the fractionation of
oxygen isotopes during evaporation, the hydrogen
isotopic ratio of water vapour is depleted in deute-
rium owing to the lower vapour pressure of DHO
compared to H,O (Craig, 1961). Evaporation thus
leads to a relative D depletion of precipitation and
D enrichment of lake- and seawater. In the tropics,
changes in seawater 3D are mainly controlled by
changes in the amount of local precipitation and
river runoff to the ocean, whereas the temperature-
dependent fractionation of hydrogen isotopes is



close to zero at low latitudes (e.g. Rozanski et al.,
1992). Culturing experiments have shown that
long-chain alkenones produced by haptophyte
algae reflect 8D of the water in which the alkenones
were produced with near perfection (although with
a negative offset due to isotope fractionation during
alkenone synthesis; Paul, 2002; Englebrecht and
Sachs, 2005; Schouten et al., 2006). 8D measured
in alkenones from marine sediments thus provides
a promising tool to reconstruct past changes in
freshwater supply to the ocean by precipitation and
river runoff.

3.2.2 Reconstructing continental
climate using marine archives

In addition to oceanic conditions, environmental
changes on land can be reconstructed from the ter-
rigenous sediment fraction of marine sediments
(e.g. Prins and Weltje 1999; Stuut et al.,, 2002,
2004, 2007; Frenz et al., 2003; Stuut and Lamy,
2004; Collins et al.,, 2011; Meyer et al., 2011).
Potentially, reconstructions of past oceanographic
conditions can be combined with reconstructions
of environmental conditions on land, ideally from
the same sediment cores, leading to conceptual
models of natural climate change. Following this
approach for the continents on the Southern Hemi-
sphere, it was shown that the winter rains, related
to the latitudinal variability of the southern west-
erlies, had a strong influence on regional climates
in Chile and South Africa on a glacial-interglacial
scale, most likely driven by variability in Antarctic
sea-ice extent (Stuut et al., 2004; Stuut and Lamy,
2004). Further, sediments on the northwestern
African continental slope were demonstrated to be
mixtures of river-transported material and wind-
blown dust (Holz, et al., 2004, 2007; Stuut et al.,
2005). Using an end-member approach (Weltje,
1997) it is possible to numerically deconvolve this
mixture into a limited number of subpopulations,
consequently interpreted as fluvial mud and aeolian
dust, respectively, which can be quantified down-
core. In this way, it was suggested that changes in
the overturning circulation in the North Atlantic
Ocean caused abrupt and lasting periods of aridity
in the Sahel contemporaneous with Heinrich
Events (Mulitza et al., 2008; Niedermeyer et al.,
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2009; Tjallingii et al., 2008; Zarries et al., 2011).
Finally, following the same approach it was dem-
onstrated that natural climate variability was
strongly overprinted by anthropogenic agricultural
activities, which has led to an increase in dust emis-
sions in northwestern Africa during the past few
centuries (McGregor et al.,, 2009; Mulitza et al.,
2010).

3.3 Tropical oceans throughout the
Quaternary

3.3.1 Glacial-interglacial cycles

As insolation has varied throughout the Quater-
nary as a consequence of the changing position
and distance of the Earth relative to the Sun
(Milankovitch, 1941), so the resulting SSTs and
ocean currents have not been constant through
time. Throughout the Quaternary, the climate of
the Earth has been characterised by a succession of
about 50 glacial-interglacial cycles (Fig. 3.4), which
are ultimately attributed to insolation changes (e.g.
Shackleton et al., 1990). However, internal feed-
backs involving atmospheric CO,, ice albedo, and
dust had a major influence on the distribution of
energy (e.g. Ruddiman, 2006). The first record
from a tropical ocean that resolved about 12 Qua-
ternary glacial-interglacial cycles was published by
Shackleton and Opdyke (1973) who constructed a
870-kyr stable oxygen isotope record from a sedi-
ment core from the equatorial Pacific. Later, this
proxy was used not only to date other sediment
records, but also to extend the geological timescale
(e.g. Shackleton et al., 1990). In the following para-
graphs the characteristic changes and their driving
mechanisms are discussed for different distinct
periods throughout the Quaternary.

3.3.2 Early Quaternary (the ‘41-kyr
world’)

During the early Quaternary, Milankovitch-type
climate variability was shown to have been domi-
nated by obliquity (variations in the tilt of the
Earth’s rotational axis), leading to relatively short-
term (~41kyr) variations. This allowed the growth
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of only relatively small ice sheets at the poles
during glacial intervals, but possibly also resulted
in larger residual polar ice caps during interglacials
(e.g. Prell, 1982). Consequently, the amplitude of
glacial-interglacial cycles was relatively small.

Low-resolution studies on benthic Mg/Ca suggest
that, after a long-term cooling of the deep ocean
through the Pliocene, the early Pleistocene wit-
nessed a return to higher Mg/Ca ratios that is not
apparent in the oxygen isotope record (Billups and
Schrag, 2002). This temperature effect has not been
calculated yet on the glacial-interglacial timescale.
By contrast, there is evidence from the eastern
tropical Pacific that SST during the early Quater-
nary was somewhat warmer than today, gradually
cooling down over the course of the early Quater-
nary (Fig. 3.5). Tropical SST variability was domi-
nated by approximately 41kyr obliquity cycles,
which are characteristic for the high latitudes (Liu
and Herbert, 2004). The processes leading to the
transmission and amplification of the obliquity
signal from high to low latitudes remain unclear
(de Garidel-Thoron, 2007).

3.3.3 Mid-Pleistocene Transition

At some point during the early-mid Pleistocene
there was a shift from obliquity-dominated (~41kyr)
to eccentricity-dominated (~100kyr) climate vari-
ability (see Fig. 3.4), modulated by precession (19—
23 kyr) (see Chapter 1, section 1.4). This so-called
Mid-Pleistocene Transition (MPT) or Revolution
began 1.25 Ma BP and was complete by about
650kyr BP (e.g. Tziperman and Gildor, 2003;
Schefull et al.,, 2004; Medina-Elizalde and Lea,
2005; Clark et al., 2006). Its onset was accompanied
by decreases in North Atlantic SSTs as well as by
increased African and Asian aridity. In the obliquity-
dominated world prior to the transition, the
response of the global climate system to orbital-
insolation changes was rather linear, resulting in
distinctive sinusoidal 8'*0 records varying in concert
with insolation (Imbrie et al., 1992). After the
transition, both the amplitude of changes and the
temporal response of the global ocean increased
dramatically, resulting in the so-called saw-tooth
shape of late Pleistocene ice-volume changes
(Imbrie et al., 1993), with relatively slow glaciations
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Fig. 3.5 Quaternary SST comparison between western (de Garidel-Thoron et al., 2005) and eastern (Lawrence et al.,

2006) tropical Pacific records.

and rapid deglaciations. The MPT shift from approx-
imately 41 to approximately 100 kyr dominant vari-
ability is clearly visible in tropical SST records (de
Garidel-Thoron et al., 2005; Medina-Elizalde and
Lea, 2005).

On the eastern (upwelling) side of both the trop-
ical Atlantic (Marlow et al., 2000), and the trop-
ical Pacific (Lawrence et al., 2006) ocean surface
temperatures gradually decreased during the early
Pleistocene before the MPT. However, tempera-
tures outside the upwelling region in the Atlantic
(Scheful3 et al., 2004) and in the western part of
the tropical Pacific (de Garidel-Thoron et al., 2005)
remained fairly constant throughout at least the
past 1.75 million years, leading to a pronounced
zonal SST contrast within the tropical oceans. Con-
sequently, SSTs in the upwelling areas of the tropi-
cal oceans are thought to be controlled by the
temperature of deeper waters formed at higher lati-

tudes, and therefore tend to reflect processes acting
in the extra-tropics. The resulting cooling of the
surface temperature leads to an enhanced land-
ocean thermal gradient and hence may form a posi-
tive feedback.

As a result, two mechanisms are proposed to
have caused the MPT and intensification of North-
ern Hemisphere ice sheet growth: the first invokes
a gradual global cooling during the Pleistocene,
possibly induced by decreasing atmospheric CO,,
until a threshold was passed after which feedbacks
exerted by continental and/or marine ice-sheet
dynamics became so dominant that they governed
global temperature (Berger et al., 1999; Imbrie
etal., 1993; Tziperman and Gildor, 2003). However,
this hypothesis is strongly challenged by the stable
SSTs in the WPWP (de Garidel-Thoron et al., 2005)
and the early Pleistocene increase in benthic Mg/

a (Billups and Schrag, 2002). Moreover, recent
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atmospheric pCO, reconstructions do not show a
long-term drawdown of the greenhouse gas during
the early Quaternary (Honisch et al., 2009).

The second mechanism suggests an important
role for the tropics; the increased east-west tem-
perature gradients, especially the one between the
cold upwelling waters in the eastern Pacific and the
thermally stable WPWP, invoked an increased
Walker circulation. These changes might have led
to atmospheric processes and oceanic interactions,
which could have altered the meridional heat and
moisture transfer to the Northern Hemisphere ice
sheets during the MPT and thus contributed to the
intensification of Northern Hemisphere glaciation
(Philander and Fedorov, 2003; de Garidel-Thoron
et al., 2005).

In contrast to the decoupling of tropical SSTs
from the high latitudes and upwelling regions over
the course of the Pleistocene, they co-vary on
orbital timescales; SSTs in the tropical as well as the
high-latitude oceans seem to have responded in
phase with obliquity forcing (Liu and Herbert,
2004; de Garidel-Thoron et al.,, 2005; Medina-
Elizalde and Lea, 2005) prior to the MPT. During
obliquity maxima, global ice volume was reduced,
and the global ocean warmed up. The fact that the
tropical oceans show warming in pace with oblig-
uity forcing implies that tropical SST changes are
somehow related to high latitudes, since the ampli-
tude of obliquity forcing at low latitudes is rela-
tively small (de Garidel-Thoron, 2007). Another
argument for assuming a strong coupling between
high latitude forcing and low latitude SSTs is the
absence of a dominant precessional signal in tropi-
cal SST records, although the local mean solar
forcing in the tropical regions is dominated by pre-
cession. Therefore, it was hypothesised that meridi-
onal insolation gradients — driven by obliquity — are
responsible for the tropical-extratropical coupling
of climate signals rather than direct insolation
(Raymo and Nisancioglu, 2003).

3.3.4 Late Quaternary (the ‘100-kyr
world’)

As a consequence of internal feedbacks (involving
CO,, dust, ice albedo and ice dynamics) rather than
of external forcing, the large ice sheets that occurred

during the late Quaternary could grow gradually
and be destroyed rapidly in the observed 100000-
year rhythm (Ruddiman, 2006), leading to the
characteristic saw-tooth pattern of the late Pleis-
tocene (Imbrie et al., 1993). The late Quaternary
has known about ten glacial-interglacial cycles
with slightly varying amplitudes and no clear long-
term global temperature trend. Records from the
equatorial Pacific indicate neither a long-term
cooling, nor a general warming trend for the late
Quaternary (Fig. 3.5). So far, there are no compa-
rable SST records from the tropical Atlantic that
continuously cover the last 1 Ma. One record
covers the last 560kyr (Martinez et al., 2007) of
which the last 480kyr are shown here (Fig. 3.6).
The oldest 80kyr are left out due to altered hydro-
graphic conditions in this period (Martinez et al.,
2007). Even these last 480kyr show no clear tem-
perature trend.

During the late Quaternary, the variability in
tropical SST between glacial and interglacial times
was smaller than the variability observed at high
latitudes (e.g. CLIMAP Project Members, 1981;
Pflaumann et al., 2003). From these high-latitude
regions, the North Atlantic appeared to be the one
area with the largest amplitudes in variability. The
state of the tropical oceans during the Last Glacial
Maximum (LGM) will be discussed in detail in the
following section.

3.4 The past 20000 years

3.4.1 The Last Glacial Maximum

The first quantitative global reconstruction of SST
during the LGM was produced by the ‘Climate
Long-Range Investigation, Mapping and Predic-
tion” (CLIMAP, see also Chapter 9, section 9.3.2)
project in the 1970s and 1980s (CLIMAP Project
Members, 1981). CLIMAP’s statistically based
SST reconstructions from planktonic microfossils
resulted in estimates of global cooling of only 3.0°C
relative to modern day (Hoffert and Covey, 1992),
with little to no change in the tropics. These results
focused attention away from the tropics to extra-
tropical regions, especially to the North Atlantic
where glacial SST anomalies appeared to be most
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substantial. A discrepancy between continental
proxy records of tropical temperatures and CLIMAP
tropical SST reconstructions, however, challenged
the notion of a ‘tropical thermostat’. Moreover,
atmospheric general circulation models forced with
CLIMAP SST had problems in simulating glacial
tropical climate as inferred from terrestrial proxy
records (Pinot et al., 1999). By contrast, adding a
tropical cooling to the CLIMAP reconstruction
resulted in climate simulations that were in much
better agreement with terrestrial archives (e.g.
Lohmann and Lorenz, 2000) and showed sub-
stantial modifications of the tropical hydrologic
cycle (Romanova et al., 2004). Taken together, it
appeared that CLIMAP systematically overesti-
mated the temperatures in the tropical oceans
during the last glacial. More than one decade later,
geochemical analyses of Barbados corals suggested
a tropical SST that was 5°C colder (albeit with a
large error bar) than present values 19kyr ago
(Guilderson et al., 1994), showing that there was
an urgent need to re-evaluate the CLIMAP
database.

Recently, a new global SST reconstruction for the
LGM (19-23 kyr ago) was published by the "Multi-
proxy Approach for the Reconstruction of the
Glacial Ocean Surface’ (MARGO) project (MARGO
Project Members, 2009). The MARGO compilation

combines almost 700 individual SST reconstruc-
tions based on all prevalent microfossil-based and
geochemical palaecothermometers. In contrast to
CLIMAP, tropical SST cooling is substantial in the
MARGO reconstruction (Fig. 3.7a). Pronounced
east-west gradients within each basin mark the
equatorial oceans, with the strongest tropical
anomalies in the Atlantic. Another remarkable
feature of the tropical reconstructions is a 1-3°C
cooling of the Western Pacific Warm Pool. State-of-
the-art coupled climate models are not capable of
simulating these glacial anomalies in the tropical
oceans (as an example, an LGM simulation with
the Community Climate System Model CCSM3 is
shown in Fig. 3.7b). One possible error source in
the currently available LGM simulations is the lack
of a proper radiative forcing due to changes in the
atmospheric aerosol load. In particular an enhanced
concentration of mineral dust during generally
drier glacial times is neglected in most simulations.
Moreover, coastal upwelling is currently not prop-
erly resolved in global climate models owing to the
use of relatively coarse grid resolutions.

3.4.2 Glacial termination: an active
role for the tropics?

Based on the observational finding that tropical
SST changes led the decrease of high-latitude
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Northern Hemispheric ice volume by 2—4 kyr, it has Australian-Indonesian monsoon is coupled to the

been suggested that the tropical oceans (in particu- Northern Hemisphere (Mohtadi et al., 2011). Using
lar the Pacific) played an active role in triggering an atmospheric general circulation model, Rodgers
glacial terminations (Lea et al., 2000; Visser et al., et al. (2003) showed that a moderate warming of

2003), although recently it was stated that the tropical SSTs from glacial boundary conditions may



indeed cause a strong increase in summer tempera-
tures over the Laurentide ice sheet.

The notion of a tropical glacial-interglacial trigger
begs the question of which mechanism caused the
tropical warming. The direct tropical response to
orbital-induced insolation changes was suggested
as a possible candidate. Using a coupled model of
intermediate complexity for the equatorial Pacific
(see Chapter 1, section 1.3; Chapter 9, section
9.4.1), Clement et al. (1999) showed that the pre-
cessional cycle with a periodicity of about 19-23 kyr
has an influence on the period and amplitude of
ENSO and, via non-linear rectification processes,
also on the tropical mean state. However, the simu-
lated mean state changes do not agree with tem-
perature reconstructions from the eastern equatorial
Pacific (Lea et al., 2000) both in terms of phase and
amplitude, indicating that greenhouse gases (and,
to a lesser degree, ice sheets) played a major role
in determining tropical temperatures throughout
the late Quaternary. Therefore, a more likely mech-
anism to cause tropical SST warming involves
changes in the global carbon cycle. For such a
mechanism, the Southern Ocean would probably
play a crucial role since it is only in high latitudes
that the atmosphere can interact with the deep
ocean carbon reservoir. This hypothesis is cor-
roborated by recent results of Stott et al. (2007)
who determined the chronology of high- and
low-latitude climate change at the last glacial
termination by geochemical analysis of benthic
and planktonic foraminifers from a sediment core
recovered from the western tropical Pacific. They
found that deep-sea temperatures increased by
around 2°C between 19 and 17kyr BP, leading the
deglacial rise in atmospheric CO, and tropical SST
by about 1000 years. Both deep-sea warming and
atmospheric CO, increase originated in the South-
ern Ocean, where deep-water masses are formed.
Stott et al. (2007) suggested that the trigger for the
initial deglacial warming of the Southern Ocean
was an increase in local insolation during austral
spring. The resulting retreat of sea ice would also
promote enhanced ventilation of the deep sea and
the subsequent rise in atmospheric CO,.

Whether the tropical oceans played a crucial role
in forcing the demise of Northern Hemisphere ice
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sheets remains an open question. Two modelling
studies strongly challenge this notion. Rodgers
et al. (2004) employed a thermomechanical ice
sheet model, driven by the output of atmospheric
general circulation models, to study the sensitivity
of the Laurentide and Fennoscandian ice sheets to
tropical SST changes during deglaciation. They
found that the ice-sheet mass balance is not strongly
sensitive to tropical SST boundary conditions, since
the responses in surface temperature and precipita-
tion over the ice sheets nearly compensate. The
role of orbital-induced ENSO-type forcing of the
Laurentide ice sheet retreat (Clement et al., 1999;
Clement and Peterson, 2008) was recently ques-
tioned by Merkel et al. (2010). Using a comprehen-
sive coupled climate model, they demonstrated
that glacial boundary conditions induce major
modifications to ENSO teleconnections and that
the ‘blueprint” of modern ENSO teleconnections
should only be applied with caution to glacial
climate periods. Finally, it is important to realise
that alkenone-derived SST reconstructions do not
show the same lead-lag relationship between the
tropics and the high northern latitudes during the
last terminations as Mg/Ca temperatures (see
section 3.4.3).

Another role for the tropical oceans in shaping
the last deglaciation was proposed by Schmidt et al.
(2004). Based on hydrographic reconstructions
from Caribbean Sea sediment cores, they suggested
that the tropical Atlantic may act as a salt reservoir
which regulates the delivery of high-salinity waters
to the North Atlantic convection sites, thus affect-
ing the Atlantic thermohaline circulation and the
associated northward heat transport during termi-
nations. A slowdown of the thermohaline circula-
tion during cold stadials (e.g. Heinrich Event 1)
would have led to an accumulation of salty waters
in the tropical Atlantic. At the initiation of the
warm Bolling/Allerad interval (14.6kyr BP), tropi-
cal SSS dropped abruptly, suggesting that the export
of salty tropical waters to the North Atlantic ampli-
fied the thermohaline overturning and contributed
to northern high-latitude warming. Similar conclu-
sions were derived by Weldeab et al. (2006) who
analysed a sediment core from the continental
margin of northeastern Brazil. They suggested that
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the sudden release of accumulated salt in the
western tropical Atlantic at the end of the Younger
Dryas and Heinrich Event 1 contributed to the
rapid reinvigoration of the Atlantic overturning
circulation.

Despite these exciting results, it would be daring
to claim that the deglacial history of the tropical
Atlantic Ocean is well understood. For instance,
there are inconsistent findings about SST changes
in the southern Caribbean and in the western trop-
ical Atlantic during the Younger Dryas when the

North (South) Atlantic generally cooled (warmed)
in response to a weakening of the Atlantic thermo-
haline circulation. Figure 3.8 summarises recon-
structed SST changes for the Younger Dryas stadial
(Wan et al., 2009).

While data from Guilderson et al. (2001) and Lea
et al. (2003) suggest a substantial cooling of the
tropical west Atlantic, Rithlemann et al. (1999),
Hiils and Zahn (2000) and Schmidt et al. (2004)
found the opposite response. Whether this discrep-
ancy is an artifact in the proxies (due to uncertain-
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ties associated with seasonality, depth habitats,
diagenesis, etc.) or a real feature is an open ques-
tion. Based on ocean-atmosphere model experi-
ments, Wan et al. (2009) suggested that the SST
response to overturning slowdown over the Carib-
bean and western tropical Atlantic is complex and
can vary considerably on small spatial scales. It is
interesting to note that the subsurface temperature
change in the tropical Atlantic was probably
stronger than the surface response during the
Younger Dryas and Heinrich Event 1, showing a
rapid and intense warming (Riihlemann et al.,
2004). For an overview of the even more complex
and less understood deglacial SST history of the
Indian Ocean (in particular the Arabian Sea), the
reader is referred to Saher et al. (2007). The tropical
Pacific will be discussed in detail in the following
section.

3.4.3 History of the equatorial Pacific
and the state of ENSO

Despite growing efforts to understand the climatic
history of the equatorial Pacific, there is still no
consensus about the ENSO state of this region
during glacial episodes, or even the Holocene. A
number of palaeoceanographic studies considered
the ice age climate in the tropical Pacific as similar
to a moderate ‘El Nifio-like” state (Koutavas et al.,
2002; Stott et al, 2002; Koutavas and Lynch-
Stieglitz, 2003), whereas other studies inferred that
glacial Pacific climate resembled the cold phase of
ENSO (Lea et al.,, 2000; Andreasen et al., 2001;
Beaufort et al., 2001). Still other studies called on
ice age linkages to higher latitudes that may reflect
neither of the two ENSO states (Pisias and Mix,
1997; Feldberg and Mix, 2003).

Even more uncertainty arises regarding the last
deglacial transition. Eastern tropical Pacific tem-
perature records based on foraminiferal Mg/Ca
suggest that warming in this region began as early
as approximately 19-18kyr ago, preceding the
major deglacial transition by several thousand
years as discussed in the previous section (Lea
et al., 2000, 2006; Koutavas et al., 2002; Benway
et al., 2006). A similar early warming without
interruptions is also observed in the upwelling
regions off Peru (Feldberg and Mix, 2002). This
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covariation between tropical Pacific SSTs and
Antarcticand Southern Ocean temperatures implies
a fundamental connection between the two regions.
By contrast, many alkenone-derived tropical
eastern Pacific SST records north and south of the
equator (Kienast et al., 2006; Prahl et al., 2006;
Pahnke et al., 2007; Koutavas and Sachs, 2008)
show a cooling trend during the early deglaciation
and a Northern Hemisphere timing of deglacial
warming with significant SST reversals over the
course of the termination, which probably corre-
sponds to Heinrich Event 1 and the Younger Dryas
(Kienast et al., 2006). This conflict can hardly be
resolved by invoking different seasonal or interan-
nual biases, ecological biases or time-varying
dissolution effects (Mix, 2006). The controversy
may rather indicate that, although the Antarctic
warming signal may have been transferred into the
equatorial Pacific, it was shaped by oceanic or
atmospheric climate linkages between the tropical
eastern Pacific and high northern latitudes. Possible
candidates are, for example, changes in the Atlantic
overturning circulation, shifts in the ITCZ position,
Atlantic—Pacific atmospheric moisture transfer,
and/or shifts in the ‘mean state” of ENSO. The fact
that a similar cooling during Heinrich Event 1 and
the Younger Dryas was also observed in the South
China Sea and the Sulu Sea in the western tropical
Pacific (Huang et al., 2002; Rosenthal et al., 2003)
also suggests a link to the east Asian monsoon
system, possibly through large-scale changes in the
ITCZ position and tropical Pacific ocean—atmosphere
circulation (Kienast et al., 2006).

The nature of the connection between North
Atlantic and tropical Pacific climate as well as
its role in long-term and abrupt climate change
remains elusive. A large number of proxy records
indicate that millennial-scale North Atlantic cold
events (e.g. Heinrich Event 1 and the Younger
Dryas) were accompanied by a generally more
southern position of the Atlantic ITCZ and of the
tropical rainbelt over South America (Arz et al.,
1998; Peterson et al., 2000; Haug et al., 2001). It
has recently been suggested that this may also hold
true for the eastern tropical Pacific (Benway et al.,
2006; Kienast et al.,, 2006; Leduc et al., 2007).
Some studies even suggested a more ‘El Nifo-like’
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state of the Pacific during stadials (McIntyre and
Molfino, 1996; Stott et al.,, 2002; Turney et al.,
2004), possibly favoured by feedbacks in the ther-
mohaline circulation (Timmermann et al., 2005).
A recent study, however, questioned the hypoth-
esis of a warm ENSO phase in the Pacific during
Heinrich Event 1 and the Younger Dryas (Koutavas
and Sachs, 2008). The authors point out that low
alkenone-derived SSTs in the cold tongue area as
well as high productivity near Galapagos (e.g.
Kienast et al., 2006; Koutavas and Sachs, 2008) are
inconsistent with a southern position of the Pacific
ITCZ and/or with a permanent ‘El Nifio-like” state
during stadials. This argues for contrasting ITCZ
movements in the Atlantic and Pacific at the ter-
minations of North Atlantic cold events, as observed
today associated with ENSO (Enfield and Mayer,
1997; Prange et al.,, 2010). If such an ENSO-like
adjustment is indeed part of the Atlantic—Pacific
communication mechanism, however, it would
imply El Nino-like shifts during interstadials
(Koutavas and Sachs, 2008), rather than during
stadials (Stott et al., 2002).

The major drawback of most proxy records,
however, consists in their lack of sufficient tempo-
ral resolution to explicitly resolve ENSO in its origi-
nal definition of an interannual climate variability
phenomenon. These records allow statements to be
made about mean state changes (Koutavas et al.,
2002; Pena et al., 2008) but only indirectly about
variability changes, with mean state changes also
bearing the potential of being induced by changes
in the skewness of SST probability density func-
tions. In this respect, fossil corals provide a unique
opportunity to reconstruct past tropical SST fluc-
tuations on a year-to-year basis and even subannu-
ally (e.g. Asami et al., 2009). Another way of
studying ENSO variability in the past is by numeri-
cal approaches using climate models of different
complexities, with some models being restricted to
the tropical Pacific (Clement et al., 1999) and some
models representing the global fully coupled
atmosphere—ocean system (e.g. Otto-Bliesner et al.,
2003; Peltier and Solheim, 2004) (see also Chapter
9, section 9.4). In the latter category, the first com-
prehensive modelling approach for studying ENSO
variability in past glacial climates beyond LGM

climate has been presented in a recent study focus-
ing on the LGM, Heinrich Stadial 1 as well as MIS3
stadial and interstadial simulations (Merkel et al.,
2010). Interestingly, the Heinrich Stadial 1 simula-
tion exhibits the most pronounced response of
eastern tropical Pacific interannual variability
showing a marked intensification in response to the
combination of glacial boundary conditions and
freshwater hosing in the North Atlantic. With
glacial boundary conditions alone, only minor
changes of ENSO are found for both LGM and
MIS3 stadial and interstadial climatic states. A
central role is therefore hypothesised for a slow-
down of the Atlantic meridional overturning
circulation and a subsequent modification — via
atmospheric teleconnections to the eastern tropical
Pacific — of the meridional SST gradient, the annual
cycle of SST and SST interannual variability (Tim-
mermann et al., 2007; Merkel et al., 2010). These
model results lead to conclusions that are clearly
different from those of the study by Leduc et al.
(2009) analysing time windows of the last glacial
period. Based on planktonic foraminifera repre-
senting the eastern tropical Pacific thermocline,
the largest variability is reported at the beginning
of Marine Isotope Stage 3 (around Dansgaard-
Oeschger interstadial 14), with only weak differ-
ences between different time windows (Holocene,
Heinrich Stadial 1, LGM, Dansgaard—Oeschger
interstadial 8, Heinrich Stadial 4). Most strikingly,
the simulated remarkable ENSO response during
Heinrich Stadial 1 (Merkel et al., 2010) is not
reflected at all in the reconstructions of 80 at
thermocline depths.

Therefore, there is a clear need for future research
to disentangle the interactions between tropical
Pacific mean state and variability (Rosenthal and
Broccoli, 2004), even for modern climate condi-
tions, in order to shed more light on the interpreta-
tion of proxy records that do not explicitly resolve
interannual ENSO variability, with the ultimate
goal to reconcile palaeodata with model results for
past climatic states.

3.4.4 The Holocene
There is growing evidence for pronounced changes
in the amplitude and frequency of ENSO over the



course of the Holocene. For example, palaeoclimate
records from a small lake in the high Andes of
Ecuador (Rodbell et al., 1999; Moy et al., 2002)
(see Chapter 8, section 8.4) and from a lake on the
Galapagos Islands (Riedinger et al., 2002) indicate
that ENSO variability did not become active until
about 6-5kyr BP. Coral records from the western
Pacific (Tudhope et al., 2001) show that ENSO vari-
ability was present during the middle Holocene
(~6.5kyr BP), albeit with reduced amplitudes. It
is still not clear how long-term changes in the
‘mean ENSO’ state of the tropical Pacific, possibly
connected to orbitally driven changes in insola-
tion (e.g. Clement et al., 1999), accompanied
the marked changes in ENSO variability over the
course the Holocene. In particular, a continuing
middle Holocene controversy is whether the mean
state of the tropical Pacific was warmer or colder
than today (Cane, 2005).

A large number of palaeoclimate studies from
different parts of the globe indicate that El Nifio
was suppressed during the middle Holocene
(McGlone et al., 1992; Shulmeister and Lees, 1995;
Haberle et al., 2001; Haberle and Ledru, 2001;
Gagan et al., 2004; Hong et al., 2005; Brijker et al.,
2007). Based on SST reconstructions in the eastern
Pacific cold tongue region and in the WPWP
(Koutavas et al., 2002, 2006; Stott et al., 2004), it
has been suggested that the tropical Pacific was
more ‘El Nifo-like’ during the early and late
Holocene, and in a more ‘La Nifia-like’ mean state
during the middle Holocene (~8-5kyr BP). The
observed increase in cold tongue SSTs after 5kyr
(Koutavas et al., 2002) would be in line with a
southward movement of the ITCZ. Rein et al.
(2005) also showed a suppression of El Nifio during
the middle Holocene (c. 8-5kyr BP) and increased
ENSO variability during the early and late Holocene
in a high-resolution marine sediment record off the
coast of Peru. A period of weak El Nifio activity
during the mid Holocene is further documented in
geological (Colinvaux, 1972; Keefer et al., 1998)
and archaeological (Nufiez et al., 2002) data from
the Galapagos Islands and South America. On the
basis of warm water mollusc shells found at the
coast of Peru, however, Sandweiss et al. (1996,
2001; see also Chapter 8, section 8.7.1) inferred
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that mean water temperatures were higher prior to
5.8kyr BP - indicative of a persistent El Nifio-like
state (see also Andrus et al., 2002). The succes-
sive cooling after 5.8 kyr BP has been ascribed to
increased upwelling of cool water between El Nifio
events. This is corroborated by high '“C reservoir
ages found in mollusc shells on the Peru margin
after around 4 kyr BP (Fontugne et al., 2004). Low-
resolution foraminiferal stable isotope records from
the eastern Pacific cold tongue region point to
enhanced upwelling of cool, nutrient-rich subsur-
face waters since 7kyr BP (Loubere et al., 2003).
Superimposed on these (still controversially dis-
cussed) long-term changes, ENSO variability may
also have operated on millennial timescales
throughout the Holocene (e.g. Moy et al., 2002;
Hong et al., 2005). Rodbell et al. (1999) and Moy
et al. (2002) found alternating periods of high and
low ENSO variability in lake sediments of Ecuador,
whereas periods of low ENSO variability tended to
occur during periods of ice rafting in the North
Atlantic (so-called ‘Bond Events’). Hong et al.
(2005) came to a similar conclusion by studying
changes in the monsoon system.

Long- and short-term variations in ENSO, in the
position of the ITCZ and in the wind field over
the eastern tropical Pacific would have altered the
atmospheric freshwater export from the tropical
Atlantic over the course of the Holocene (Stott
et al., 2004; Pahnke et al., 2007) with potential
effects on the global conveyor belt circulation. Stott
et al. (2004) argue that high SSS in the western
tropical Pacific during the early Holocene climate
optimum may have been caused by northward dis-
placement of the ITCZ over Central America (Haug
etal., 2001), which would act to trap water vapour
within the Atlantic and reduce the atmospheric
moisture transport across the Central American
isthmus. Freshening of the sea surface in the
Western Pacific Warm Pool over the course of the
Holocene would be in line with increasing water
vapour transfer from the Atlantic into the Pacific
due to a gradual southward shift of the ITCZ in
response to changing precessional forcing of solar
radiation (Stott et al., 2004).

Numerical models may provide further insight
into the tropical climate history of the Holocene
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(see Chapter 9, sections 9.2 and 9.4.1). Important
findings on mid Holocene ENSO behaviour have
been achieved by using the Zebiak—Cane anomaly
model of the tropical Pacific only (Clement et al.,
1999). First steps towards a comprehensive repre-
sentation of tropical ocean mean state and varia-
bility have been made in the framework of the
second phase of the Paleoclimate Modelling Inter-
comparison Project (PMIP2). In contrast to the
first phase of PMIP, fully coupled global ocean—
atmosphere models have become available to test
the climate response to mid Holocene boundary
conditions (6 kyr BP). An intercomparison of tropi-
cal Pacific changes of mean state and variability
within the different models has been presented by
Zheng et al. (2008). Most of the PMIP2 models
simulate a significant cooling over large parts of
the tropical Pacific as well as a decrease in the
amplitude of ENSO variability. This is attributed
to the enhancement of tropical easterlies and a
strengthening of upwelling thereby suppressing El
Nino events. Additionally, although the Northern
Hemisphere seasonal cycle is enhanced at 6 kyr BP,
the seasonal cycle over the eastern tropical Pacific
is dampened at 6 kyr BP which emphasises the role
of feedbacks in the climate system. However, it
also has to be taken into account that the tropical
Pacific is subject to extra-tropical influences which
are communicated into the tropical Pacific region
via teleconnections from the whole Pacific realm
(see Schneider, et al., 1999; Matei et al., 2008;
Chiang et al., 2009).

Thanks to increasing computer processing power,
transient simulations using comprehensive coupled
climate models are now becoming available. Upon
analysing transient ensemble climate simulations
with a coupled atmosphere—ocean model under
accelerated orbitally driven insolation forcing for
the last 7000 years, Lorenz et al. (2006) described
a global heterogenic spatial trend pattern for SST,
in which the extra-tropics cooled while the tropics
experienced a warming. The authors attributed
these divergent Holocene climate trends to season-
ally opposing insolation changes. These SST changes
are consistent with mid Holocene time slice experi-
ments. By contrast, the simulated temperature
trend in the thermocline is dominated by an anti-

symmetric pattern with a long-term warming
(cooling) in the northern (southern) hemisphere
mid latitudes, and a cooling in most parts of the
tropics (Liu et al., 2003).

3.5 Outlook

Proxy records and observations from the instru-
mental period can provide a window into the past,
thereby underlining the relevance of tropical
climate and its variability. Such records can also
provide the long-term context through which
natural and anthropogenic climate change can be
evaluated. Future perspectives, however, can only
be, and have already been, widely addressed within
a climate modelling framework, which, among
other foci, allows us to tackle the highly relevant
role of the tropics for global climate. It is of utmost
importance to study whether the sensitive and
detailed multi-faceted interactions within the
tropics and dynamical couplings between the
tropics and extra-tropics will be maintained in
the future.

A majority of simulations suggests a large-scale
although not spatially uniform warming of the
tropical oceans. From their twenty-first century
simulation with a complex coupled atmosphere—
ocean model, which adequately resolves tropical
Pacific dynamics, Timmerman et al. (1999) con-
cluded that the tropical Pacific climate will change
towards a mean state resembling present-day El
Nifio conditions. Furthermore, their results point
to more frequent El Nifio events as well as stronger
La Nifla events superimposed on mean-state
changes. In a recent multimodel intercomparison
of future climate scenario simulations, however,
the dependency of tropical ocean responses on the
respective model performance and the result of
rather weak-amplitude changes are emphasised
(Collins and the CMIP modelling groups, 2005).
These models still exhibit interannual variability
superimposed on the change in the mean state. For
the models used in the IPCC Fourth Assessment
Report, Van Oldenborgh et al. (2005) advise caution
when specifying the degree of uncertainty about
the relative strength of ENSO events in a green-



house world. Consequently, in the IPCC AR4
(IPCC, 2007), it is concluded that for ENSO, there
is ‘... no consistent picture of how it might be
expected to change in response to anthropogenic
forcing” (see also Chapter 11, Section 11.3.1).

Although tropical Pacific climate is an important
driver of tropical atmosphere—ocean variations,
climate interactions taking place in the Atlantic and
Indian Ocean basins also need to be taken into
account. How the ITCZ, monsoon activity, the
Indian Ocean Dipole and their respective signatures
within the ocean will be modulated by anthropo-
genic climate change, has to be addressed in most
comprehensive approaches involving hierarchies of
spatial and temporal scales for which palaeoceano-
graphic data may provide important long term-
based references.

For a future perspective, there is also a clear need
for closer insights into land—ocean interactions such
as changes in land-use which impact on the mineral
dust input into the atmosphere and, via modula-
tions of the radiative balance, on sea surface tem-
perature (e.g. Evan et al., 2009). Through its
fertilising effect, mineral dust may also influence
ocean productivity and carbon uptake by the ocean
biosphere (Jickells et al., 2005), which strongly
advocates for integrated approaches of climate—
biogeochemistry analysis. However, we are opti-
mistic that our understanding of the tropical ocean’s
future and tropical dynamics can be improved
by further looking at the past and by utilising
the synergy that evolves from a closer liaison
between climate modellers, observationalists and
palaeoceanographers.
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