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Abstract
Recent research has revealed new insights into the temperature, size, and variability of the Indo-Paciﬁc Warm Pool (IPWP) and
the nature of the El Niño-Southern Oscillation (ENSO) since the Last Glacial Maximum (LGM). Sea surface temperature (SST)
reconstructions from foraminiferal Mg/Ca, alkenone, and revised coral Sr/Ca palaeothermometry agree that SSTs in the IPWP
during the LGM were B3 C cooler than at present. In the central portion of the IPWP, the rapid post-glacial rise in SST led the
deglaciation by B3000 years to produce near-modern SSTs by the early Holocene. In contrast, further west and north, post-glacial
shifts in SSTs in the South China and Sulu Seas are synchronous with abrupt climate changes in the North Atlantic. New evidence
for the nature of the Little Ice Age in the tropics has been obtained from a 420-year record of coral Sr/Ca and d18O from the Great
Barrier Reef, Australia. This indicates that SSTs and salinity were higher in the 18th century than in the 20th century. The results
suggest that the tropical Paciﬁc played a role as a source region of water vapour during the global expansion of Little Ice Age
glaciers. The onset of modern ENSO periodicities is identiﬁed by palaeo-ENSO records throughout the tropical Paciﬁc region
B5000 years ago, with an abrupt increase in ENSO magnitude B3000 years ago. Individual ENSO events recorded by corals reveal
that the precipitation response to El Niño temperature anomalies was subdued in the mid-Holocene. The apparent non-linear onset
of ENSO in the late Holocene appears to reﬂect abruptly enhanced interaction between the Southern Oscillation and the Paciﬁc
Intertropical Convergence Zone. Comparisons of precipitation variability recorded by Great Barrier Reef corals with ENSO indices
for the last 350 years conﬁrms that non-stationarity of ENSO teleconnections is a natural characteristic of modern climate.
r 2003 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction
Approximately 11% of the surface of Earth’s oceans
is covered by water with average annual temperatures
exceeding 28 C (Webster, 1994). This relatively warm,
fresh, ‘skin’ of buoyant warm pool water occupies only
0.05% of the total ocean water mass, yet it plays a
leading role in driving atmospheric circulation. By far
the largest expanse of warm water is encompassed by the
Indo-Paciﬁc Warm Pool (IPWP; Fig. 1). Here, the stable
layers of the tropical warm pool are, at least in part, a
direct result of the precipitation excess in the IPWP
region (Webster, 1994). The IPWP is one of the wettest
tropical ocean regions on Earth; precipitation exceeds
evaporation by B2 m within the 28 C isopleth (Oberhuber, 1988). The net precipitation effectively stabilises
the upper ocean producing a shallow mixed layer in a
*Corresponding author.
E-mail address: michael.gagan@anu.edu.au (M.K. Gagan).

region of maximum solar heating. In the absence of
other factors, the SST of the IPWP should increase
unabated. Although still incompletely understood,
negative feedbacks including modulation of the radiative heating by clouds, wind-induced evaporation, and
upper ocean mixing, appear to modulate the upper limit
of sea surface temperature (SST; Ramanathan and
Collins, 1991).
What we do know is that the temperature, size, and
positioning of the IPWP can have a profound effect on
global climate (Cane and Clement, 1999). Fig. 2 (after
Webster, 1994) illustrates how the Warm Pool, despite
its small size, is a primary component of the global
coupled ocean–atmosphere system. Although the fundamental processes linking atmospheric convection and
SST are still not known, the genesis of vigorous
atmospheric convection begins when SSTs exceed
28 C (Lau and Chan, 1982). Thus collected solar energy
is released over the warm pool through vigorous
atmospheric convection. This air moves poleward where
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Fig. 1. Locations of deep-sea sediment cores (circles), corals (squares), and terrestrial palaeoclimate records (triangles) from the tropical Indo-Paciﬁc
Warm Pool (IPWP) region, and described in Figs. 3,4 and 6–8. Dark stippling marks the average extent of the IPWP (mean annual SST>28 C), as
deﬁned by Yan et al. (1992).

Fig. 2. Cross-section summarising ocean–atmosphere interactions
along an equator-to-pole transect and the thermohaline circulation
processes involved in maintaining the Indo-Paciﬁc Warm Pool (after
Webster, 1994). The Warm Pool water (>28 C) associated with deep
atmospheric convection and precipitation in the tropics constitutes
only a small fraction of the total ocean water mass (o0.05%). Surface
cooling and the formation of sea ice in the polar regions results in the
formation of cold saline deep water. Equatorward ﬂow of deep water
and subduction of saline water from the subtropics enhances the
stability of the warm pool and helps to maintain high SSTs in the
tropics.

it subsides and warms adiabatically to create a stable
inversion layer over the poles. Rapid surface cooling in
the polar regions and the formation of sea ice (through

salt rejection) allows the remaining relatively dense
surface water to mix downward (deepwater formation).
The resulting pole-to-equator thermohaline circulation
transports water away from the poles, which then
ascends toward the equator. Thus the relative buoyancy
and stability of the Warm Pool is maintained by two
hydrologic processes, heat and freshwater ﬂuxes at the
upper ocean surface and cold, saline deep ocean water
rising from below. The resulting stability of the
thermocline (and halocline) below the warm pool helps
maintain the warm SSTs of the tropical surface ocean.
A crucial issue in global climate change research is to
reconstruct tropical SSTs and the locus of atmospheric
convection in the tropics. Because centres of tropical
convection tend to lie over the warmest water, changes
in the temperature, size, and location of the IPWP
should alter the impacts of climate change on distant
locations (Clement et al., 2001). Until recently, it was
believed that SSTs in the tropics varied little over
glacial-interglacial time-scales (CLIMAP, 1981). However, during the last decade new isotopic and elemental
palaeothermometers have revealed that this is not the
case. It is now thought that the role of the tropics in
global climate variability spans interannual (El NiñoSouthern Oscillation; ENSO) to millennial time-scales
(Cane and Clement, 1999).
In this paper, we begin by reviewing the most recent
estimates of SST variability in the IPWP region since the
Last Glacial Maximum (LGM) and during the Little Ice
Age (LIA). Having established the nature of the
evolving mean climate of the IPWP, we then examine
the information provided by terrestrial and marine
proxy records of ENSO. Comparison of proxy records
with model simulations of the Holocene ENSO provides
insight into areas of agreement. Where data and models
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agree, the processes involved in forcing changes in the
ENSO can be determined. The last section of the paper
reviews new coral evidence for the evolving strength of
ENSO teleconnections in northeast Australia since the
mid-17th century.

2. Post-glacial temperature history of the Indo-Paciﬁc
Warm Pool
2.1. Palaeothermometry
Three promising new palaeothermometers have led to
important ﬁndings about the temperature history of the
IPWP since the LGM, and beyond; Mg/Ca in surfacedwelling foraminifera, alkenone unsaturation ratios,
and Sr/Ca in corals. Studies of foraminiferal Mg/Ca
and alkenones from deep-sea sediment cores have the
advantage of providing long, continuous histories of
changes in mean SST (Ohkouchi et al., 1994; Pelejero
et al., 1999; Lea et al., 2000; Kienast et al., 2001; Stott
et al., 2002). In contrast, corals provide high resolution
‘windows’ into past climate spanning decades to
centuries, at monthly or better temporal resolution
(Gagan et al., 2000). Recently, these palaeothermometers have been used to remove the temperature
component of the oxygen isotope signal in biogenic
carbonates and thereby reveal changes in seawater 18O
concentrations as a proxy for surface-ocean salinity
(e.g., Gagan et al., 1998; Lea et al., 2000; Hendy et al.,
2002; Stott et al., 2002).
The temperature dependence of the substitution of
Mg in foraminiferal shell calcite has been calibrated
through culturing to reveal a response of B9% per  C,
which is easily measured by inductively coupled plasma
mass spectrometry (ICP-MS; Lea et al., 1999). Although
Mg/Ca palaeothermometry has only been applied
widely during the last 5 years, several novel ﬁndings
are already at hand. We review the primary ﬁndings
from a planktonic foraminiferal Mg/Ca record from the
Ontong Java Plateau in the western sector of the IPWP
(Fig. 1; Lea et al., 2000).
The production of unsaturated alkenones (ketones) in
the cell membranes of some marine phytoplankton
responds to changes in water temperature and provides
a good cross-check for palaeotemperatures derived from
Mg/Ca in foraminifera. The temperature dependent
unsaturation index (Uk37) derived from phytoplankton in
deep-sea sediments has been used to estimate temperatures in the photic zone (upper 10 m of water column).
Although the sensitivity of C37 alkenones to changes in
tropical SSTs decreases in the warmest regions (i.e.,
warm pool), sedimentary C37 alkenone ratios provide
good estimates where production rates are high (Pelejero
and Grimalt, 1999). Alkenone records are now available
for the southern South China Sea (Pelejero et al., 1999)
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and Sulu Sea (Kienast et al., 2001) located in the
northern sector of the IPWP.
The use of Sr/Ca in coral skeletons as a palaeothermometer came to fruition in the early 1990s when precise
thermal ionisation mass spectrometric (TIMS) determinations were used to establish the relationship between
small changes in coral Sr/Ca and temperature (B0.6%
per  C; Beck et al., 1992). Since then, a number of
laboratories have used the coral Sr/Ca thermometer to
reconstruct the temperature history of the tropics. We
review recent temperature estimates for the IPWP
region, including data sets from Vanuatu (Beck et al.,
1992, 1997; Corre" ge et al., 2000), Papua New Guinea
(McCulloch et al., 1996), the Great Barrier Reef (Gagan
et al., 1998), and eastern Indonesia (M. Gagan,
unpublished data). We also review the use of the Sr/
Ca thermometer to reconstruct SST variability in the
southwest Paciﬁc over the last four centuries (Linsley
et al., 2000; Corre" ge et al., 2001; Hendy et al., 2002).
2.2. Dating methods
Recent advances in radiocarbon dating and uraniumseries geochronology have led to signiﬁcant improvements in chronological control for palaeoceanographic
studies. Radiocarbon concentrations, determined precisely on milligram quantities of carbonate by accelerator mass spectrometry (AMS), are now widely used
to directly date foraminifera in deep-sea cores. In the
studies reviewed below, a mean tropical oceanic
reservoir correction of 400 years has been subtracted
from the conventional radiocarbon age. Oceanic
reservoir corrected ages were then converted to
calendar years (calendar yr BP.) according to Stuiver
and Reimer (1993) for comparison with uranium-series
age determinations.
Precise calendar ages for fossil corals can be obtained
by measuring 230Th/234U ratios by thermal ionisation
mass spectrometry (Edwards et al., 1987). Errors
associated with 230Th age determinations are generally
less than 1% for well-preserved coral samples spanning
the last glacial cycle. Ages for the coral records reviewed
below have been determined using uranium-series
geochronology and are comparable with oceanic reservoir corrected foraminiferal radiocarbon ages, after
conversion to calendar years BP.
2.3. Post-glacial temperature history
2.3.1. Foraminiferal Mg/Ca
Fig. 3 summarises palaeotemperature estimates for
the warm pool region since the LGM, based on
foraminiferal Mg/Ca, alkenone unsaturation ratios,
and coral Sr/Ca. Two foraminiferal Mg/Ca records are
now available for the IPWP region; one from ODP Hole
806B on the Ontong Java Plateau (Lea et al., 2000),
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Winter temperatures based on Mg/Ca in G. sacculifer
were B3 C cooler.
Taken together, the results suggest that the nearequatorial portion of the warm pool cooled by 2–4 C
during the LGM. Interestingly, both cores show a rapid
rise to early Holocene SSTs which were as warm as
modern values (Fig. 3). Comparisons of Mg/Ca and
d18O measured in the same foraminifers in both cores
clearly indicate that the rise in SST in the core of the
IPWP led deglaciation by B3000 years (Lea et al., 2000;
Stott et al., 2002).

Fig. 3. Comparison of reconstructed SSTs, relative to late 20th
century values, in the IPWP region during the last 20,000 years using
foraminiferal Mg/Ca, alkenone, and coral Sr/Ca thermometry. Calcite
Mg/Ca was measured for the surface-dwelling planktonic foraminifer
Globigerinoides ruber in ODP Hole 806B on the Ontong Java Plateau
(0 19.10 N, 159 21.70 E) near the centre of the IPWP (after Lea et al.,
2000). Conversion of core depth to age is based on estimated age of the
core-top and correlation of the G. ruber d18O record to the planktonic
SPECMAP d18O curve (Imbrie et al., 1984). Reconstructed SSTs for
the southern South China Sea are based on application of the UK
37
index to C37 long chain alkenones in two deep-sea sediment cores
(Core 17694: 6 090 N, 112 130 E; Core 17940: 20 070 N, 117 230 E)
collected during the Sonne 95 cruise (after Pelejero et al., 1999).
Sediment core age models are based on accelerator mass spectrometer
(AMS) 14C dates calibrated to calendar years before the present, and
foraminiferal d18O stratigraphy. Coral Sr/Ca estimates of SST are
based on fossil specimens of Porites from Espiritu Santo, Vanuatu
(15 400 S, 167 E; Beck et al., 1997; Corr"ege et al., 2000); Huon
Peninsula, Papua New Guinea (6 S, 147 E; McCulloch et al., 1996);
Orpheus Island, Great Barrier Reef (18 340 S, 146 290 E; Gagan et al.,
1998); Alor, southern Indonesia (8 140 S, 124 240 E), and Sumba,
southern Indonesia (09 280 S, 120 060 E). 230Th/234U calendar ages for
corals were determined by thermal ionisation mass spectrometry
(TIMS). The relationship for converting coral Sr/Ca to SST is:

Tð CÞ ¼ 168:2  ½15; 674 ðSr=CaÞatomic ; which has been derived for
modern Porites specimens from open-water continental and island arc
fringing reefs throughout the Indo-Paciﬁc region (Gagan et al., 1998).

which lies near the equator in the eastern sector of the
warm pool, and another core (MD2181) collected by
the IMAGES program south of the Philippines in the
central sector of the IPWP (Stott et al., 2002). An
estimated cooling of 2.870.7 C during the LGM was
derived from Mg/Ca in Globigerinoides ruber from the
Ontong Java Plateau. This result has recently been
veriﬁed by the foraminiferal Mg/Ca temperature estimates for the south Philippines, where summer temperatures during the LGM (based on Mg/Ca in G. ruber)
were B2 C cooler than late Holocene temperatures.

2.3.2. Alkenones
In general, the results of alkenone unsaturation
palaeotemperature estimates for the IPWP region are
consistent with the 3 C cooling during the LGM
indicated by foraminiferal Mg/Ca. Alkenone unsaturation ratios for a sediment core located north of Papua
New Guinea, in the central Warm Pool, indicate a
maximum cooling of 1.5 C during the LGM (Ohkouchi
et al., 1994). However, very warm oligotrophic tropical
sites, such as the core of the warm pool, are poor
candidates for the alkenone palaeotemperature approach because of the subdued sensitivity of alkenones
to temperature at high SSTs (Pelejero and Grimalt,
1999). In contrast, alkenone palaeotemperature estimates from the South China Sea, where the production
of C37 alkenones is high, are in much better agreement
with the foraminiferal Mg/Ca. Several cores in the
southern sector of the South China Sea (5–10 N) yield
LGM cooling of B3 C (Pelejero et al., 1999; Kienast
et al., 2001). Further north (21 N), the LGM cooling
increases to 4–5 C (Pelejero et al., 1999). Like the
foraminiferal Mg/Ca, the alkenone records show SSTs
within 1 C of modern values by the early Holocene.
In contrast to the central IPWP, the post-glacial SST
rise in the South China Sea does not appear to lead
deglaciation. Changes in the high-resolution alkenone
records are synchronous with the typical North Atlantic
Termination I features, with well-deﬁned B^llingAller^d and Younger Dryas events (Pelejero et al.,
1999; Kienast et al., 2001). The Younger Dryas also has
been identiﬁed in foraminiferal d18O records from the
nearby Sulu Sea (Linsley and Thunell, 1990; Kudrass
et al., 1991; Linsley, 1996). Thus, the available evidence
suggests that the South China Sea and Sulu Sea respond
to Northern Hemisphere forcing, perhaps under the
inﬂuence of the changing Asian monsoon (Wang et al.,
1999; Kienast et al., 2001). On the other hand,
apparently the ‘open-ocean’ portion of the IPWP was
not under the direct inﬂuence of the Northern Hemisphere deglaciation.
2.3.3. Coral Sr/Ca
Estimating mean SST in the tropical western Paciﬁc
during the post-glacial transition using coral Sr/Ca
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palaeothermometry has been controversial because early
estimates indicated cooling as great as 6 C, even as late
as the early Holocene (Beck et al., 1992, 1997). It is
likely that systematic differences between Sr/Ca-temperature calibrations for the coral genus Porites have
exaggerated the degree of LGM cooling indicated by
coral Sr/Ca for the western Paciﬁc. Recent work has
shown that Sr uptake in coral skeletons is reduced by
light-enhanced calciﬁcation, resulting in artiﬁcially
warm SST estimates (Cohen et al., 2001). Thus one
potential problem with SST estimates from fossil corals
is that modern coral Sr/Ca-SST relationships applied to
fossil corals have been derived from modern reef settings
with light regimes that are not analogous to those in
which the fossil corals grew. So far, the coral Sr/Ca–
temperature relationships applied to fossil corals have
been derived from modern corals growing in oligotrophic, clear water, high light intensity barrier reef and
mid-ocean island reef settings (Beck et al., 1992; de
Villiers et al., 1994). In contrast, the fossil coral
specimens examined in the western Paciﬁc are invariably
from relatively turbid continental and island arc fringing
reef environments. In these ancient fringing reef settings,
light-enhancement of calciﬁcation in corals is likely to be
less (greater Sr uptake) than in the modern calibration
settings. As a result, SST estimates from fossil corals
could be systematically biased towards temperatures
that are too cold.
Fig. 3 shows the revised coral Sr/Ca estimates of postglacial SSTs using a single Sr/Ca-SST calibration
derived speciﬁcally for application to continental and
island arc fringing reefs in the southern IPWP region
(Gagan et al., 1998). A clearer picture emerges for the
Southern Hemisphere portion of the IPWP when the
single calibration equation is applied to fossil coral Sr/
Ca data available for Vanuatu (Beck et al., 1997;
Corre" ge et al., 2000), Papua New Guinea (McCulloch
et al., 1996), the inshore Great Barrier Reef (Gagan
et al., 1998), and two sites in southeastern Indonesia,
Sumba (Pirazzoli et al., 1991) and Alor (Hantoro et al.,
1994). The Vanuatu coral SST estimates for the early
Holocene now indicate cooling of 1–3 C, rather than
4–6 C, as estimated previously using a Sr/Ca-SST
calibration based on corals from the barrier reef of
New Caledonia (Beck et al., 1997). New coral Sr/Ca
records from Alor, southeast Indonesia, show that SSTs
reached modern values by B8.5 ka, in good agreement
with the Mg/Ca and alkenones. This generally warm
period is interrupted by a brief cold-spike centred on
8.1 ka (M. Gagan, unpublished data). Mid-Holocene
SSTs in Indonesia (Sumba) fall within 0.5 C of modern
values, whereas corals from the inshore Great Barrier
Reef, Australia, indicate SSTs B1 C warmer than the
present.
Although the new coral SST estimates are in much
better agreement with the foraminiferal Mg/Ca and
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alkenone SST estimates, some of the coral records are
still signiﬁcantly cooler or warmer than the deep-sea
sediment core estimates. Coral records showing cool
SSTs could be recording real changes, particularly
coastal upwelling, on time-scales of decades. Cool
artifacts may also be produced by possible enrichment
of Sr in seawater during the LGM (Stoll and Schrag,
1998), early marine aragonite cements (Muller
.
et al.,
2001), and off-axis sampling of coral skeletons (de
Villiers et al., 1994). Warm artifacts, on the other hand,
may result from vadose-zone calcite diagenesis in corals
sampled from uplifted coral terraces (McGregor and
Gagan, 2003).
The general agreement between foraminiferal Mg/Ca,
alkenone, and coral Sr/Ca records is beginning to reveal
a coherent picture of past SST variability in the IPWP.
The results indicate strongly that cooling of the IPWP
during the LGM was B3 C, rather than B4–6 C, as
indicated by earlier coral records. It appears that the
post-glacial rise in SST to modern temperatures in the
early mid Holocene led deglaciation, at least in the ‘open
ocean’ portion of the IPWP (Lea et al., 2000; Stott et al.,
2002). Further west and north, SST changes in the
South China and Sulu Seas were synchronous with
abrupt changes in the Northern Hemisphere (Linsley
and Thunell, 1990; Kudrass et al., 1991; Linsley, 1996;
Pelejero et al., 1999; Wang et al., 1999; Kienast et al.,
2001).

3. The last ﬁve centuries: the demise of the Little Ice Age
and 20th century warming
In global and hemispheric-scale palaeotemperature
reconstructions the 20th century is consistently identiﬁed as the warmest century in the last millennium (Jones
et al., 1998; Mann et al., 1998, 1999; Crowley, 2000).
The anomalous warmth of the 20th century contrasts
with its occurrence at the end of a millennium-scale
cooling trend (Bradley, 2000; Jones et al., 2001), which
culminates between the 15th and late 19th centuries in
the Little Ice Age (LIA; Grove, 1988; Crowley and
North, 1991; Bradley and Jones, 1993; Lamb, 1995).
Most Northern Hemisphere palaeoclimate reconstructions record the LIA as multiple, century-scale periods
of unusually cold, dry conditions. Glacial advances in
both hemispheres (Grove, 1988) and enhanced polar
atmospheric circulation (Kreutz et al., 1997) suggest that
the LIA was a global-scale event, though cooler
conditions were possibly restricted to higher latitudes
(Rind, 1998, 2000). Few of the sparse reconstructions of
the LIA available from the tropics identify cold periods
synchronous with those in the Northern Hemisphere
composite reconstructions (Hendy et al., 2002).
Attempts to describe temperature patterns for the
Southern Hemisphere as a whole, however, are also
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hindered by conﬂicting signals in the limited number of
available proxy-temperature records (Bradley and
Jones, 1993; Jones et al., 1998, 2001).
Recent replicated coral proxy records of SST (from
Sr/Ca; Fig. 4A) and sea surface salinity (SSS from d18O;
Fig. 4B) anomalies in the tropical southwest Paciﬁc
suggest that a dramatic shift occurred in the tropical
ocean–atmosphere system at the end of the LIA (Hendy
et al., 2002). In addition, the Sr/Ca SST reconstruction
demonstrates that the 20th century was not unusually
warm in relation to the last 420 years. Although an
extended period from AD 1565 to 1700 was B0.2–0.3 C
cooler than the long-term average, a century-scale
warming of 0.4 C centred on AD 1700 was followed
by above average SSTs that were consistently as warm
as the early 1980s. These warm SST anomalies persisted
through most of the 18th and 19th centuries before
cooling to a minimum in the early 20th century.
The difference between tropical Paciﬁc reconstructions and Northern Hemisphere temperature reconstructions (e.g., Jones et al., 1998; Mann et al., 1999),
which are dominated by terrestrial temperate zone proxy
sources, led Hendy et al. (2002) to propose that
temperature gradients between tropical low latitudes
and mid-to-high latitudes were greater during the LIA
than for the period since the late 19th century. Positive
SST anomalies in the 18th and 19th centuries are seen in
the U/Ca-SST reconstruction from the same GBR corals

Fig. 4. Composite records of (A) coral Sr/Ca and (B) coral d18O for
AD 1565–1985 based on eight cores from massive Porites colonies
from the central GBR, Australia (after Hendy et al., 2002). Solid lines
are reconstructions, at pent-annual resolution, normalised to the
period 1860–1985 with 95% conﬁdence intervals shaded. The Sr/CaSST reconstruction is plotted as ratios (left axis) and SST anomalies
(right axis) using the calibration slope of 61.5 mmol/mol per  C
(Alibert and McCulloch, 1997; Gagan et al., 1998). Horizontal dashed
lines deﬁne the 70.5 C relative to 1860–1985 period. The number of
records averaged at each pent-annual interval for the d18O reconstruction is given in (C).

(Hendy et al., 2002) and in other coral records across the
Paciﬁc, including a Sr/Ca-SST record from Rarotonga
(Linsley et al., 2000) and a d18O-SST reconstruction
from Galapagos (Dunbar et al., 1994). On the other
hand, a 60-year coral Sr/Ca and U/Ca record from New
Caledonia provides conﬂicting evidence for a 1.4 C
cooler climate centred around AD 1730 (Corre" ge et al.,
2001). More coral Sr/Ca and U/Ca-SST records,
preferably replicated within sites, from across the tropics
are needed to clarify zonal and meridional temperature
gradients on decadal to century time scales.
In addition to warm SSTs, Hendy et al. (2002) suggest
conditions in the tropical southwest Paciﬁc during the
LIA were also consistently more saline than present.
The most striking feature of the 420-year d18O record
(Fig. 4B) is the abrupt 0.2% shift in d18O towards lower
modern values between 1850 and 1870. With parallel
Sr/Ca and d18O measurements, it is possible to remove
the temperature component of the d18O record and show
that over decade to century time scales the GBR coral
d18O record is dominated by salinity variations. The
1870s shift, therefore, marks a signiﬁcant freshening of
GBR lagoon waters in the modern period. An equivalent 0.2% d18O shift is recorded 200 km offshore on the
southern outer edge of the GBR (Druffel and Grifﬁn,
1993), thus eliminating any local change in coastal
runoff as a possible cause of the shift in d18O.
Furthermore, a synchronous late 19th century shift in
d18O is also recorded at New Caledonia (Quinn et al.,
1998) and Vanuatu (Quinn et al., 1993), and mirrored
further aﬁeld in the eastern Paciﬁc by the salinity-driven
Gulf of Chiriqu"ı d18O coral record (Linsley et al., 1994).
Therefore, a process that inﬂuences seawater d18O
throughout the southwest Paciﬁc must be invoked to
explain the spatial extent and timing of the shift in d18O.
Globally, one of the most consistent features identiﬁed in historical and palaeoclimate records of the LIA is
enhanced and highly variable atmospheric circulation
(Grove, 1988; Crowley and North, 1991; Lamb, 1995;
Kreutz et al., 1997). Palaeo-evidence for trade wind
strength exists from the Peruvian Quelccaya ice core
(14 S, 71 W; Thompson et al., 1986), which provides a
high-resolution aeolian record of the Southern Hemisphere trade wind belt. During the LIA the number of
large aeolian particles (diameter >1.59 mm) increased
relative to the rest of the ice core, along with abrupt
20–30% shifts in microparticles and conductivities
(Thompson et al., 1986). Hendy et al. (2002) proposed
that higher salinities observed in the southwest Paciﬁc
coral between AD 1565 and 1870 (Fig. 4B) were the
result of strengthened trade winds, increasing regional
evaporation rates, and enhanced ocean advection.
General circulation model experiments demonstrate that
global climate responds to an exaggerated latitudinal
temperature difference by intensifying large-scale atmospheric dynamics to maintain thermal balance, and that
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the poleward transport of heat also increases through
strengthened ocean circulation (Rind, 1998, 2000).
Cooling and abrupt freshening of the tropical southwest
Paciﬁc after AD 1870 coincides with weakening of
atmospheric circulation at the end of the LIA. At the
same time, changes in surface-ocean circulation for the
southwest Paciﬁc, consistent with a reduction of
the South Equatorial Current, are evident from abrupt
shifts in GBR coral d14C (Druffel and Grifﬁn, 1993,
1999) and Ba/Ca (E. Hendy, unpublished data).
More tropical palaeoclimate reconstructions will
improve our understanding of the nature of the LIA
and possible role of the tropics, however, two other
issues are raised by these recent coral SST and SSS
reconstructions. Firstly, because coral d18O, the most
frequently used coral climate-proxy tool, responds to a
combination of SST and seawater d18O composition, it
is critical that the contribution of salinity is resolved at
all frequencies within the time scale of the record. For
example, it has been proposed that salinity becomes
proportionally more inﬂuential in a coral d18O record
from New Caledonia at frequencies lower than interannual periods (Crowley et al., 1999) and yet this record,
among other coral d18O records, has been included in
multi-proxy temperature reconstructions (e.g., Jones
et al., 1998; Mann et al., 1998). Secondly, it is necessary
to replicate coral SST-reconstructions between coral
colonies to conﬁrm that climate signals are being
faithfully recorded. Replication also highlights anomalous geochemical results due to secondary aragonite or
skeletal abnormalities, which otherwise are unlikely to
be identiﬁed, except by screening of the coral core by
scanning electron microscopy (Muller
.
et al., 2001;
Hendy et al., 2002).

4. Holocene evolution of the El Niño-Southern oscillation
4.1. Modern ocean–atmosphere signature of ENSO
The ENSO phenomenon contributes a large portion
of the interannual (2–7 years) variability in the modern
climate system. Concerns about the future behaviour of
ENSO under the inﬂuence of enhanced Greenhouse-gas
forcing have led to renewed research into its long-term
history to establish a baseline against which to understand modern ENSO variability. Investigating ENSO
variability during the Holocene is particularly important
because the effects of changes in background climate
(temperature, orbital forcing of seasonal insolation,
extra-tropical forcing) can be gauged without the
complications of changing global ice cover and sea level
(Markgraf and Diaz, 2000).
The IPWP is a region of critical importance for the
development of ENSO events which, to a large degree,
involve zonal displacements of the warm pool and the
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location of atmospheric convection. Today, the relatively warm, fresh, low-density water of the IPWP can
be displaced easily by wind-driven currents associated
with ENSO because the momentum is trapped in the
shallow mixed layer (Picaut et al., 1996; Delcroix and
Picaut, 1998). It is well known that warm pool water
moves toward the central equatorial Paciﬁc during El
Niño events, together with the locus of atmospheric
convection and rainfall (Rasmusson and Carpenter,
1982). The surface-ocean response of the tropical
western Paciﬁc to El Niño is a slight cooling of SSTs
(B1 C), primarily due to the shallowing of the
thermocline brought about by relaxation of the trade
winds across the Paciﬁc basin. The resulting re-arrangement of convective centres in the Walker Circulation
brings lower than average rainfall to the IPWP region
(Ropelewski and Halpert, 1987). A recent analysis of
satellite estimates of oceanic precipitation and historical
rain-gauge records provides the clearest picture yet of
the pattern of ENSO-induced precipitation anomalies in
the western Paciﬁc region (Fig. 5; after Dai and Wigley,
2000).
Modern El Niño events show a marked tendency to
peak toward the end of the calendar year (Tziperman
et al., 1998) generally resulting in a diagnostic signal
marked by initial cooling of SSTs in the tropical western
Paciﬁc, followed by lower than average rainfall. However, the ENSO cycle is not sinusoidal so La Niña is not
simply the opposite of El Niño. While La Niña events
generally bring higher than average rainfall to the
tropical western Paciﬁc, their locking to the annual cycle
tends to be weak. Nevertheless, the tropical western
Paciﬁc is an excellent locality for reconstructing both the
oceanic and atmospheric anomalies associated with
ENSO.
Several sources of Holocene marine and terrestrial
palaeoenvironmental records have recently provided
new insights into the ENSO coupled ocean–atmosphere
system in the tropical western Paciﬁc region. In this
section, we discuss terrestrial evidence (lacustrine,
pollen, and charcoal records) for the timing of the onset
of the modern ENSO. We then present a synthesis of
mid-late Holocene coral records from the western and
central Paciﬁc, which are capable of recording individual ENSO events. The behaviour of ENSO teleconnections spanning the Little Ice Age to present is then
examined using coral records from the Great Barrier
Reef.
4.2. The terrestrial record of past ENSO events
4.2.1. Data
Charcoal preserved within lake and wetland sediments is a potential archive of regional ﬁre episodes in
the past associated with widespread and intense drought
conditions experienced in the IPWP region during El
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Fig. 5. Pattern of annual precipitation anomalies (mm) associated with moderate-strong El Niño events from 1900 to 1998. The data set is derived
from historical rain-gauge records (1900–98) and satellite estimates of oceanic precipitation (1979–98). El Niño events are deﬁned by periods
exceeding 1.5 standard deviations for annual Darwin sea-level pressure (after Dai and Wigley, 2000). Locations of sites with palaeo-ENSO records
discussed in text and Figs. 6–8 are shown by triangles (terrestrial records) and circles (coral records).

Niño events. In 1982–83 and 1997–98, severe drought
and extensive ﬁres occurred across large areas of island
and mainland Southeast Asia and New Guinea in
association with exceptionally strong El Niño conditions
(Siegert et al., 2001). The environmental impact of these
events was profound with extensive damage and
destruction of vast tracks of normally wet tropical
forest and failure of cultivated crops throughout the
region. Such events should provide a clear ENSO signal
in terrestrial sediment records.
The long-term record of century to millennial scale
variability in charcoal abundance has been shown to
closely correspond to predicted ENSO activity (Haberle
et al., 2001; Haberle and Ledru, 2001). A composite
charcoal abundance record derived from a combination
of 10 lake and wetland records adjacent to the IPWP
(Fig. 6) reﬂects changes in the pattern of regional
burning from the LGM to the present. Despite the
presence of humans in the region during the last
20,000 14C yr BP, there is no suggestion that ﬁre
frequencies were solely related to changing subsistence
patterns of the human population. Two periods of high
regional charcoal frequency are encountered, one during
the post-glacial transition (17,000–9000 14C yr BP) and
the second during the middle to late Holocene
(5000 14C yr BP to the present). The higher charcoal
concentrations are interpreted to reﬂect higher precipi-

tation variability associated with ENSO. According to
this model, the ﬁnal onset of ENSO-like variability
appears to have occurred B5000 14C yr BP.
A B5000–4000 year duration for the modern ENSO
ﬁnds further support from geographically disparate sites
showing increased vegetation disturbance across the
Paciﬁc basin (McGlone et al., 1992), Kalimantan
(Anshari, 2000), island Melanesia (Haberle, 1996) and
Australia (Shulmeister and Lees, 1995). In addition,
several lakes in the Atherton Tablelands, northeastern
Australia, have ﬁnely laminated bottom sediments
spanning periods of up to several thousand years. These
include Lake Barrine (laminae since 5000 14C yr BP;
Walker and Owen, 1999) and Lake Eacham (bundles of
laminae between 4000 and 2000 14C yr BP; Goodﬁeld,
1983). In Lake Barrine, the laminae have been shown to
accumulate at the average rate of one couplet per four
years over the last 1000 years in association with
periodic sediment turbulence during extremely cold
winter conditions (Walker et al., 2000). While there
has been no attempt to examine the role of ENSO in the
lamination process, the appearance of laminae at a B4
year periodicity during the mid Holocene may point to
the underlying onset of ENSO.
A similar picture for a mid-Holocene onset of modern
ENSO periodicities is emerging for the tropical eastern
Paciﬁc (e.g., Sandweiss et al., 1996, 2001; Rodbell et al.,
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Fig. 6. (A) Composite charcoal record constructed by summing the 200 year values for 10 sites in Papua New Guinea and Indonesia plotted against
age (14C kyr BP); (B) number of cores with data for each 200 year period; (C) value in plot A divided by the corresponding value in plot B; (D)
tentative summary of climate change in the highland Papua New Guinea region; and (E) number of human occupation sites from archaeological data
in the highlands of Papua New Guinea as a measure of relative human inﬂuence (adapted from Fig. 2 in Haberle et al., 2001).

1999; Haug et al., 2001). A 15,000-year high-resolution
record of storm-derived clastic sedimentation in Laguna
Pallacocha, an alpine lake in Ecuador (Rodbell et al.,
1999) provides a long, continuous record of high
precipitation El Niño events. Spectral analysis of the
record shows that the transition to modern ENSO
periodicities (2–8.5 years) began B7000–5000 14C yr BP.
Highest El Niño frequencies occurred B3500–
2600 14C yr BP (Fig. 6). Analysis of mollusc assemblages
from archaeological sites along the coast of Peru
support the onset of ENSO at B5800 14C yr BP and
an increase in event frequency after 3200–2800 14C yr BP
(Sandweiss et al., 1996, 2001). More indirect evidence of
Holocene ENSO variability is provided by titanium
concentrations in sediment from ODP site 1002 in the
Cariaco Basin on the northern shelf of Venezuela (Haug
et al., 2001). These display variations in runoff
associated with shifts in the position of the Intertropical
Convergence Zone (ITCZ). Once again, drier conditions
B5400 14C yr BP and enhanced runoff variability from
3800 to 2800 14C yr BP indicate a mean southward shift
in the position of the ITCZ thought to be linked to midlate Holocene changes in ENSO.
4.2.2. Models
Recent climate models for the early mid Holocene
under altered insolation forcing suggest links between
the strengthened Asian monsoon (e.g., Ganopolski et al.,
1998), seasonally enhanced trade winds in the tropical
Paciﬁc, and the frequency and magnitude of strong El

Niño temperature perturbations (Clement et al., 2000;
Liu et al., 2000). When the coupled ocean–atmosphere
climate models are forced with variations in the seasonal
timing of equatorial heating, driven by precessional
changes in the seasonal cycle of insolation, a steady
increase in large El Niño events is observed during the
Holocene, with a peak B3000–1000 years ago (Fig. 7).
In general, the palaeo-ENSO results agree with the
model scenario. However, according to most of the
palaeo-records, the onset of ENSO was more abrupt
than predicted by the models, suggesting that factors
other than insolation forcing may be at work.

4.3. High-resolution coral records of past ENSO events
High-resolution oxygen isotope (d18O) records from
annually banded fossil Porites corals have been used
successfully to investigate ENSO variability in the
tropical Paciﬁc during the Holocene. So far, coral
d18O records with at least seasonal resolution have been
published for the Great Barrier Reef (Gagan et al., 1997;
Cane et al., 2000), Vanuatu (Corre" ge et al., 2000),
Christmas (Kiritimati) Island (Woodroffe and Gagan,
2000; Woodroffe et al., 2003), and Papua New Guinea
(Tudhope et al., 2001) (Fig. 4). Although individual
coral records are restricted to time-slices spanning
decades, they have the advantage of recording both
changes in SST and salinity (precipitation) that can be
attributed to single ENSO events.
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Fig. 7. Summary of reconstructed and insolation model estimates of the Holocene evolution of ENSO (calendar years before the present). (A) Solid
curve shows modelled number of El Niño events deﬁned as mean Dec-Feb SST anomalies exceeding 3 C in the NINO3 region of the eastern
equatorial Paciﬁc (5 N–5 S, 90 W–150 W) in 500 year overlapping windows (Clement et al., 2000). Stippled area shows proposed timing of onset of
modern ENSO periodicities, based on available palaeoclimate reconstructions in the tropical Paciﬁc region (see text). (B) Comparison of modelled
amplitude of El Niño events with SST anomalies exceeding 3 C (Clement et al., 2000) and relative amplitude of d18O variability in the 2–7 year
ENSO band for coral records from Huon Peninsula, Papua New Guinea (Tudhope et al., 2001) and Christmas (Kiritimati) Island, central equatorial
Paciﬁc (Woodroffe and Gagan, 2000; Woodroffe et al., 2003). Coral d18O variability has been scaled as a percentage of the modern (late 20th century)
d18O variability at each site.

The ENSO signal in coral d18O records from the
tropical western Paciﬁc results from the combined effect
on d18O of cooler SSTs and reduced input to the surfaceocean of 18O-depleted rainfall during El Niño events
(higher d18O) and opposite effects during La Niñas
(lower d18O). Spectral analysis of a fossil coral d18O
record spanning 49 years from the mid-Holocene (230Th
age: 6500770) of Papua New Guinea (Fig. 7B) shows
that the magnitude of d18O variance in the 2–7 year
ENSO band was B60% weaker than 20th century
values (Tudhope et al., 2001). New coral d18O records
from fossil microatolls at Christmas Island record the
migration of warm SSTs and convective rainfall into the
central equatorial Paciﬁc during El Niño events
(Woodroffe and Gagan, 2000; Woodroffe et al., 2003).
Three multi-decadal records from this locality indicate
that ENSO amplitudes were 20–40% weaker than
modern values during the period 3600–2900 14C yr BP.
However, according to ENSO models (Clement et al.,
2000; Liu et al., 2000), El Niño temperature anomalies
in the mid-Holocene should have been no more than
B10% weaker than modern values (Fig. 7). Thus the
ENSO variability given by the coral d18O records is
surprisingly weak. Like the models, however, the coral
records from both localities indicate that ENSO

variability reached, or exceeded, modern values from
2500 to 1700 years ago.
The signiﬁcant mismatch between the magnitude of
combined SST and precipitation variability in the midHolocene, given by the coral d18O records, and the
magnitude of El Niño SST variability, given by the
models, suggests some degree of decoupling of ENSO
ocean–atmosphere interactions. Coral Sr/Ca and U/Ca
reconstructions of SST variability alone for the midHolocene tropical southwestern Paciﬁc provide a
different view of past ENSO variability. Reconstructed
magnitudes of El Niño temperature perturbations at
4200 years ago, given by coral Sr/Ca and U/Ca
palaeothermometry at Vanuatu, were larger than any
observed in the modern record (Corre" ge et al., 2000). An
investigation of the season-speciﬁc coupled ocean–
atmosphere response of ENSO using coral Sr/Ca ratios
in tandem with d18O for fossil corals growing in the
Great Barrier Reef 6200 years ago yields a similar result
(Gagan et al., 1997; Cane et al., 2000). Coupled
measurements of Sr/Ca ratios and d18O values in corals
provide a means for reconstructing the d18O of seawater,
as well as temperature, by removal of the temperature
component of the coral d18O signal (McCulloch et al.,
1994; Gagan et al., 1998, 2000). In terms of El Niño
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temperature perturbations, the mid-Holocene El Niño
in the Great Barrier Reef was B20% weaker than the
relatively strong events from 1971 to 1992. In contrast,
variability in summer precipitation in the mid-Holocene,
as indicated by composites of coral d18O, was B70%
weaker in the mid-Holocene, in agreement with coral
d18O records from Papua New Guinea (Tudhope et al.,
2001).
A full understanding of the palaeo-ENSO will require
comparison of El Niño temperature forcing in the
Paciﬁc with rainfall perturbations that may be modulated under the inﬂuence of what is potentially an
evolving ocean–atmosphere system. One possibility is
that the Paciﬁc Intertropical Convergence Zone (ITCZ)
was located further north than at present during the
mid-Holocene (Haug et al., 2001). At that time,
interaction between the Southern Oscillation and ITCZ
rainfall may have been weak, as indicated by unexpectedly low precipitation variability observed in terrestrial
and coral palaeoclimate records from the Southern
Hemisphere tropics. If the mean position of the ITCZ
was located further north, the reduced ENSO variation
in coral records from the mid-Holocene tropical Paciﬁc
may have been primarily temperature driven. In
contrast, after B3000 years ago tighter coupling in the
Paciﬁc between the more southerly ITCZ and the
Southern Oscillation could serve to amplify ENSO
precipitation variability and associated teleconnections.
Such a scenario is consistent with terrestrial palaeoclimate records indicating a marked increase in El Niño
activity B3000 years ago.
These studies strongly support the continued development of a multi-proxy approach to reconstructing
ENSO on long time scales. Coupling the emerging highresolution terrestrial record of past ENSO events from
tropical Southeast Asia and Australasia with exactly
dated coral records from the IPWP region will be a
fundamental step to developing a comprehensive history
of ENSO variability and forcing over multiple spatial
and temporal scales.
4.4. ENSO teleconnections over the past five centuries
4.4.1. Ice cores and tree rings
The historical record of major climatic perturbations
linked to ENSO events in the IPWP region, including
ﬂoods, cyclones and ﬁres, is only beginning to be
assessed (Grove and Chappell, 2000; Godley, 2002). Ice
cores provide annual to millennial scale records of a
range of proxies reﬂecting atmospheric conditions,
including dust accumulation and d18O of snow fall,
though most of the tropical records are currently limited
to the past two millennia (Thompson et al., 2000a). On
the more distal Tibetan Plateau, ice cores from Dasuopu
have revealed annually laminated ice accumulation over
at least the last 560 years (Thompson et al., 2000b),
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showing major ﬂuctuations in dust concentrations and
ice d18O associated with drought in the region. A
number of major drought events recorded in the
Dasuopu cores are concurrent with strong ENSO
events, suggesting an association between ENSO and
failure of the Asian monsoon. Continued work on these
records will provide important comparative data for
longer proxy records of ENSO activity and the extent of
inﬂuence of ENSO in the Asia-Western Paciﬁc region.
Tree-rings have the potential to provide annual and
even seasonal data from which the long-term behaviour
of ENSO may be derived. However, tree-ring analysis of
tropical trees has been notoriously problematic due to a
paucity of long-lived species and a lack of annual
growth rings. One of the few exceptions to this is teak
(Tectona grandis), with tree-rings that have been shown
to be positively correlated with rainfall and the Southern
Oscillation Index, as drought (or warm ENSO events)
tends to produce poor growth in teak trees (Cook et al.,
2000). Ongoing research by D’Arrigo et al. (1994) using
teak has so far produced well-dated chronologies of
around 500 years.
In locations more distal to the IPWP the potential has
been explored for reconstructing ENSO with Eucalyptus
pauciflora growing at high altitudes, Callitris in arid
regions (Banks, 2000), and Agathis and Araucaria in the
tropics of northern Australia (Ash, 1983). In New
Zealand, the potential for producing long-term ENSO
records from Kauri (Agathis australis) tree-ring chronologies has also been demonstrated by Fowler et al.
(2000).
A recent tree-ring study by Stahle et al. (1998) has
successfully exploited ENSO teleconnection patterns to
reconstruct winter (March–October) Southern Oscillation Index (SOI) variability since AD 1706. The proxy
data set comprises 20 sub-tropical tree-ring chronologies
from the southern United States and Mexico, and a
single tropical teak chronology from Java (D’Arrigo
et al., 1994). Surprisingly, the correlation of the Javan
teak chronology with the SOI is weaker than that for the
other sub-tropical records, despite its location on the
western end of the Southern Oscillation. The most
notable feature of the record is a marked increase in the
frequency of strong ENSO events after 1880. Comparisons with coral SST and rainfall reconstructions from
the tropical Paciﬁc (Cole et al., 1993; Dunbar et al.,
1994) and Peruvian ice core records (Thompson et al.,
1984) suggest that the strengthening of ENSO after 1880
reﬂects a change in the ENSO system, and not simply an
enhancement of ENSO teleconnections.
4.4.2. Corals
The strength and signiﬁcance of correlations, or
teleconnections, between ENSO events and the resulting
near-global climate anomalies are known to have varied
during the 20th century (e.g., Elliott and Angell, 1988;
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Allan et al., 1996; Allan, 2000; Mann et al., 2000a; Cai
et al., 2001). Over the period of instrumental records,
links between climatic anomalies in ENSO-sensitive
regions and ENSO indices were stronger prior to the
1920s and after the 1960s, but weakened dramatically
between 1920 and 1950. This latter period was
associated with weaker ENSO activity, and reduced
interannual rainfall variability in Australia (Allan et al.,
1996). Typically, El Niño years correspond with reduced
summer monsoon rainfall over northeast Australia and
the GBR region. The opposite occurs in La Niña years
when the summer monsoon circulation tends to be more
vigorous leading to above average rainfall and river ﬂow
into the GBR, lowering salinity and increasing the
turbidity of reef waters (Lough, 2001).
Terrestrial runoff can be reconstructed from the
luminescent (or ‘ﬂuorescent’) bands in the skeleton of
massive Porites coral, which are visible under long-wave
UV light (Isdale, 1984). The timing, width and intensity
of the luminescent lines in corals from the central GBR
are closely related to the timing and intensity of runoff
from Queensland’s largest river, the Burdekin (Isdale,
1984; Isdale et al., 1998), and Queensland summer
monsoonal rainfall (Lough, 1991). The climate in the
GBR is dominated by a winter dry season and a summer
wet season (October–March) when up to 70% of annual
rainfall occurs (Lough, 1994, 2001). Long periods of low
ﬂow during the dry season contrast dramatically with
high river ﬂows in January–March, when, typically, 1–3
strong ﬂows lasting only a few days contribute the bulk
of the annual discharge (Lough, 1994). Interannual
variability of river run-off and rainfall is dramatic;
Burdekin River discharge in 1974 was over 750% of

median annual ﬂow for the period 1922–1992, compared
with a low of 5% of median annual ﬂow in 1931. This
high interannual variability is linked to ENSO events.
In a recent study, eight multi-century coral cores were
used to develop a 373-year time series of annual
luminescence (Hendy et al., 2003). Following methods
adapted from dendrochronology, skeleton-plots of
annual luminescent banding were produced for each
core with events both positive (strong luminescence) and
negative (absence of luminescence) ranked according to
intensity. Characteristic patterns of distinct luminescent
lines were cross-dated and a single master chronology
was constructed back to AD 1615 (Fig. 8A). In addition
to improving dating control, the luminescence master
chronology is a proxy record for freshwater runoff to
the GBR and correlates signiﬁcantly with regional
rainfall (r ¼ 0:65; 1891–1985; Queensland summer rainfall, (Lough, 1997)) and river discharge records
(r ¼ 0:84; 1923–1985). The luminescence master also
provides insights into the variability of ENSO teleconnection patterns over the past several centuries.
The varying strength of ENSO teleconnections can be
seen in the moving correlation between the luminescence
master and instrumental SOI (Fig. 8C; dotted line). As
found for Queensland rainfall (Lough, 1991; Lough,
1997; Cai et al., 2001), correlations between the river
runoff proxy and the SOI are signiﬁcant prior to B1920
and after B1960, but break down in the intervening
period B1920–1950. This instability in the strength of
ENSO teleconnections means that the luminescence
master chronology is not a particularly strong measure
of ENSO. In combination with other proxy climate
series, however, the luminescence master provides a

Fig. 8. Standardised UV luminescence master series for the central GBR for AD 1615–1985 (after Hendy et al., 2003) (A) The number of Porites
coral cores contributing to the study through time (B) are shown with those from midshelf colonies shaded dark grey. The distinction between
midshelf and inshore cores is important because inshore cores are more sensitive recorders of negative events (droughts). In the early part of the
chronology, such events are absent when inshore cores are not present to contribute to the master chronology. Cross correlations (C) for a 30-year
sliding window between the luminescence master series, the summer SOI (dotted line and black shading), and the NINO3 Mann et al. (2000b) SST
reconstruction (solid line and grey shading). NINO3 data (1650–1980 AD) are from ftp://eclogite.geo.umass.edu/pub/mann/MANETAL98/
nino3.dat. The NINO3 series has been smoothed with a 5-year Gaussian ﬁlter. Signiﬁcance of correlations at 0.05 level is indicated by shading.
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record of the ﬂuctuations in strength of ENSO
teleconnections with northeast Australian climate.
The strength of the correlation between the luminescence master series and a multi-proxy reconstruction of
the NINO3 SST index (5 S–5 N, 90 W–150 W) of
Mann et al. (2000b) varies through time (Fig. 8C).
Signiﬁcant negative correlations between the two series
mimic the periods of ﬂuctuating teleconnection strength
during the 20th century, such as the signiﬁcant
teleconnection between the late 1870s and 1920s. Earlier
periods of signiﬁcant correlation with the NINO3 series
occur from the mid-17th to late 18th centuries, suggesting that ENSO-related teleconnections were as dominant then as in recent decades.
Disappearance of the signal for most of the period
from the 1800s to 1870s suggests that ENSO-teleconnections with Queensland rainfall were not operating for
much of the 19th century. During this period both interdecadal and interannual variability are suppressed and
climatic conditions were possibly analogous to the
1920s–50s. Reduced variability during the 19th century
is also reported in corals from the NINO3 region
(Dunbar et al., 1994) and the central equatorial Paciﬁc
(Urban et al., 2000). Variability in tree-ring series from
North America and Java (Stahle et al., 1998) is also
interpreted as reduced ENSO activity and/or weaker
ENSO teleconnections, which is supported by evidence
for shifts in teleconnection patterns over North America
(Cole and Cook, 1998). The recent increase in ENSO
variability and the strength of ENSO teleconnections
are, therefore, not conﬁned to the last century. This lowfrequency mode of natural climate variability needs to
be understood and incorporated into global climate
models.

*
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that the precipitation response to El Niño temperature anomalies was subdued in the mid-Holocene.
The apparent non-linear onset of ENSO in the late
Holocene appears to reﬂect abruptly enhanced
interaction between the Southern Oscillation and
the Paciﬁc Intertropical Convergence Zone.
A 420-year coral record of Sr/Ca and d18O from the
Great Barrier Reef, Australia identiﬁes a dramatic
shift in the tropical ocean–atmosphere system which
occurred at the end of the Little Ice Age, possibly in
response to a reduction in latitudinal temperature
gradients. Comparisons of precipitation variability
recorded by Great Barrier Reef corals with ENSO
indices for the last 350 years conﬁrm non-stationarity
of ENSO teleconnections is a natural characteristic of
recent climate.

Future advances in understanding the role of the
IPWP in global climate and the history of ENSO will
require new palaeoclimate reconstructions. A wide
range of palaeoclimate sources have now been developed and, with increased spatial and temporal coverage,
it should be possible to clarify changes in zonal and
meridional temperature gradients and the displacement
of centres of atmospheric convection through time. For
example, coupling the emerging high-resolution terrestrial record of past ENSO events from tropical Southeast Asia and Australasia with exactly dated coral
records from the IPWP region will be a fundamental
step towards the development of a comprehensive
history of ENSO variability and forcing over multiple
time scales. Comparisons of climate models and
palaeoclimate data will provide valuable tests of theories
to explain past climate variability and insights relevant
to understanding the processes of climate change under
the inﬂuence of enhanced greenhouse gas forcing.

5. Conclusions and future directions
This review highlights the following recent advances
in our knowledge of the temperature, size, and
variability of the IPWP and the nature of the ENSO
since the LGM:
*

*

SSTs in the IPWP during the LGM were B3 C
cooler than at present. In the central portion of the
IPWP, the rapid post-glacial rise in SST led the
deglaciation by B3000 years to produce near-modern
SSTs by the early Holocene. In contrast, further west
and north, post-glacial shifts in SSTs in the South
China and Sulu Seas were synchronous with abrupt
climate changes in the North Atlantic.
Palaeo-ENSO records throughout the tropical Paciﬁc
region identify the onset of modern ENSO periodicities B5000 years ago, followed by an abrupt
increase in ENSO magnitude B3000 years ago.
Individual ENSO events recorded by corals reveal
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