
1.  Introduction
The South Pacific poleward-flowing western boundary current (WBC)—the East Australian Current (EAC)—
flows along the east coast of Australia and redistributes heat and moisture between the tropics and the mid-latitudes, 
and thus plays an important role in climate changes in the southwest Pacific. For example, the timing and intensity 
of EAC changes have been shown to influence both regional climates (e.g., Sprintall et al., 1995) and East Coast 
lows (severe weather events) along the east Australian coast (Hopkins & Holland, 1997). Specifically, a weaker 
EAC transport is linked to anomalous cool conditions in New Zealand (Sprintall et al., 1995), whereas a stronger 
EAC is shown to increase rainfall along the eastern Australian coast (Shi et al., 2008). Furthermore, the EAC 
also exerts a strong influence on the marine productivity offshore eastern Australia through formation of eddies 
and coastal upwelling (Roughan & Middleton, 2004; Schaeffer et al., 2014; Suthers et al., 2011). The EAC is the 
result of the bifurcation of the South Equatorial Current (SEC) between 13° and 25°S (Hu et al., 2015), when 
it collides with the Queensland Plateau (Ridgway & Dunn, 2003) (Figure S1 in Supporting Information S1). 
After its formation, the EAC follows the coastline until ∼30°S, where the outflow of the EAC current separates 
and flows east across the Tasman Sea forming the Tasman Front (TF) (Andrews et al., 1980). A minor portion 
of the EAC continue to flow south along the Australian coast as EAC extension (Ridgway & Godfrey, 1994; 
Wyrtki, 1962). The EAC is strongest during austral summer and weakens during the austral winter (Godfrey 
et al., 1980; Ridgway & Godfrey, 1997). A more recent study shows a maximum EAC transport of 21.6 ± 1.4 Sv at 
26°S in March, and a minimum transport of 18 ± 1.4 Sv in August (Zilberman et al., 2018). Another study shows 
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significant annual variability of the poleward transport between 28°S and 39°S (Cetina-Heredia et al., 2015). This 
is partly  attributed to the seasonal movement of the SEC bifurcation latitude (SBL) controlled by seasonal wind 
stress curl variability (i.e., the seasonal shift of trade winds) (Hu et al., 2015). The SBL shifts northward toward 
the equator in austral summer and southward in austral winter (Chen & Wu, 2015; Kessler & Gourdeau, 2007). 
When the SEC is closer to the equator, the EAC transport is strengthened (Kessler & Gourdeau, 2007). The 
stronger EAC flow in summer is associated with higher eddy kinetic energy (EKE) in the Tasman Sea (Qiu & 
Chen, 2004) and a poleward shift in the separation latitude of the EAC (Ypma et al., 2016). El Niño-Southern 
Oscillation (ENSO) influences the SBL and thus controls the inter-annual heat transport variability of the EAC 
in a similar way. During El Niño (La Niña) conditions, the SEC bifurcates at a more equatorward (poleward) 
latitude leading to a stronger (weaker) EAC transport (Hu et al., 2015). ENSO may also influence the EAC trans-
port by changes in the strength of the SEC. Kessler and Cravatte (2013) show that the westward transport of SEC 
entering the Coral Sea increases after an El Niño year and decreases following a La Niña year. In addition, Fort 
Denison tide-gauge data in Sydney Harbor, Australia, show that interannual to decadal variations in observed 
sea level data, which are influenced by multi-year variability in ENSO over previous years with an approximate 
3-year lag are strongly connected to variations of the EAC transport (Holbrook et al., 2011). Modern variability in 
EAC strength is also strongly controlled by the Southern Annular Mode (SAM) on annual to decadal timescales 
(SAM; e.g., Cai, 2006; Cai et al., 2005; Hill et al., 2008, 2011). During positive SAM phases, the EAC transports 
more tropical/subtropical water into the southwest Pacific (Cai, 2006; Cai et al., 2005; Hill et al., 2008, 2011; 
Roemmich et al., 2016).

Historical sea surface temperature (SST) data show a surface water warming off the coast of Queensland since 
the late 1800s with an increase of ∼1°C over the past 100 years, with most of the increase (about 0.6°C) taking 
place since the 1960s (Bustamante et  al.,  2012), which is associated with an increase in the strength of the 
EAC. Likewise, observations from a long-term coastal station off eastern Tasmania show that the EAC has 
strengthened and extended further southward between 1944 and 2002 (Ridgway, 2007). As a result, the south 
Tasman Sea region has become both warmer and saltier during this period, which corresponds to a poleward 
advance of the EAC extension of about 350 km (Ridgway, 2007). There is a strong consensus in climate model 
simulations that those trends will continue and accelerate over the next 100 years (Ridgway & Hill, 2009). In 
addition, ocean-atmosphere coupled climate models suggest a stronger EAC extension in the future (Sen Gupta 
et al., 2016; Wang et al., 2014; Yang et al., 2016). Climate projections show that this strengthening of the EAC 
is driven by a spin-up and southward shift of the entire Southern Hemisphere subtropical ocean circulation. The 
EAC is predicted to both strengthen and warm significantly (Cai et al., 2005). Changes in Southern Hemisphere 
subtropical gyre are linked to an intensification of the wind stress curl over a broad region of the South Pacific 
arising from an intensification and poleward shift in the circumpolar westerly winds because of an upward trend 
of the Southern Annular Mode (SAM) (Cai et al., 2005; Gillett & Thompson, 2003). A positive SAM also drives 
a poleward shift of the mid-latitude easterly winds, which is described as the main cause of the poleward move-
ment of the EAC (and its bifurcation latitude) in the past few decades (Li et al., 2022). The poleward movement 
of the EAC led to an increase in eddy activity, which explains most of the 20th warming trend and the southward 
advance of the EAC extension (Li et al., 2022). Modern observations also show that the enhanced wind stress curl 
results in a southward expansion of the subtropical gyre, a stronger EAC extension but in a weaker Tasman Front 
on decadal scales, highlighting the complexity of this WBC system (Hill et al., 2011). Recent studies suggest 
that the poleward shift and/or intensification of the WBCs and poleward shift of the major ocean gyres over the 
last century are likely a global phenomenon over most ocean basins (Wu et al., 2012; Yang et al., 2016, 2020).

However, less is known about pre-industrial variability of the EAC and its driving mechanisms. A deep sea 
sediment core study from the East Tasman Plateau reveals that the EAC has not reached the core site during 
glacial periods but was present east of Tasmania during all interglacial periods over the last ∼460 ka (De Deckker 
et al., 2019). Likewise, generally warmer surface water conditions in the Southwest Pacific during the peak inter-
glacial Marine Isotope Stage 5e, especially in the western Tasman Sea are interpreted to reflect a strengthened 
EAC, which likely extended the subtropical influence to ∼45°S off Tasmania (Cortese et al., 2013). A study 
on fossil corals from the Great Barrier Reef suggests that the Last Glacial Maximum and the last deglaciation 
were characterized by a considerably steeper meridional SST gradient in the western Coral Sea than today (Felis 
et al., 2014). A steeper meridional SST gradient implies a relatively weaker EAC and a northward expansion 
of cooler subtropical and subantarctic waters. These interpretations are in good agreement with stable oxygen 
isotope results in sediment cores from the Coral Sea and Tasman Sea, which indicate that the EAC separation 
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(presently south of ∼30°S) shifted northward to between ∼23° and ∼26°S during the last glacial period (Bostock 
et al., 2006). Multicentennial-scale, high resolution records of subsurface water radiocarbon reservoir ages from 
black corals off the coast of southeast Australia and northern New Zealand reveal a weaker EAC extension and 
stronger TF during the Little Ice Age (LIA) (Hitt et al., 2022; Komugabe-Dixson et al., 2016). In this context, 
past records of multi-decadal to centennial-scale changes in transport and temperature of the EAC are crucial for a 
deeper understanding of the natural variability of the EAC, which could provide further insight into the variability 
of major ocean gyres in the context of present and future climate change. To this end, we reconstruct the SST 
along the EAC path between 15°S and 26°S off northeastern Australia in order to estimate changes in the EAC 
transport over the past 4,000 years and their potential driving mechanisms.

2.  Material and Methods
The analyzed sediment cores (GeoB22202-1, 26°07.818′S, 153°59.366′E, water depth 965  m; GeoB22222-
1, 17°17.698′S; 146°56.354′E, water depth 1,168 m; GeoB22230-2, 15°26.473′S, 145°52.198′E, water depth 
968 m) were recovered by using a multicorer during R/V SONNE cruise SO-256 in the Coral Sea, offshore NE 
Australia in 2017 (Mohtadi et al., 2017) (Figure S1 in Supporting Information S1). The recovered sediments are 
classified as nannofossil mud rich in planktic foraminifera and foraminifera-bearing nannofossil ooze, respec-
tively (Mohtadi et al., 2017). Pteropods are present with high abundances, indicating a good aragonite/calcite 
preservation throughout the cores.

The age model of the multi-cores is based on Accelerator Mass Spectrometry (AMS) radiocarbon dates. AMS 
radiocarbon dating was performed on monospecific samples of planktic foraminifera Trilobatus sacculifer (Table 
S1 in Supporting Information S1). Due to the lack of sufficient specimens for monospecific foraminifera samples, 
one dating of core GeoB22202-1 (0.5 cm core depth) was obtained on a mixed sample of Globigerinoides ruber 
(white) and T. sacculifer (see Table S1 in Supporting Information S1). G. ruber (white) ranges among the shal-
lowest dwelling planktic foraminifers out of all modern species with a mixed layer habitat (0–80 m), whereas T. 
sacculifer lives at bottom of mixed layer and uppermost thermocline conditions (45–85 m) in the western Pacific 
(e.g., Hollstein et al., 2017). Restricting dating to species with relatively narrow and shallow depth ranges (e.g., 
G. ruber, T. sacculifer) rather than those known to migrate to greater depths during the life cycle (e.g., Neoglo-
boquadrina dutertrei) provide more accurate (and slightly younger) ages as they are less affected by deeper, 
older waters. Radiocarbon ages were measured at the Analytical Center for Environmental Science, Atmosphere 
and Ocean Research Institute, University of Tokyo, Japan. Each radiocarbon date was individually calibrated 
into calendar years with RBacon (Blaauw & Christen,  2011) using the Marine20 calibration curve (Heaton 
et al., 2020) and applying a local reservoir age correction of ΔR = −155 ± 13 years (Druffel & Griffin, 1999; 
Hua et al., 2015; Ulm, 2002). As the GeoB22202-1 G. ruber/T. sacculifer sample at 0.5 cm contains excess  14C, 
probably from mid-20th century atmospheric thermonuclear weapons tests, the online version of the software 
program CALIBomb (Reimer & Reimer, 2022) was used for the conversion of this sample to calendar ages. A 
continuous depth-age model was derived with the same Bayesian approach using RBacon (see above) (Blaauw & 
Christen, 2011). The depth-age models of the three multiple cores used in this study (GeoB22202-1, GeoB22222-
1, GeoB22230-2) are given in Figure S2 in Supporting Information S1. Based on the age models, the multi-
ple cores GeoB22202-1 and GeoB22230-2 cover the last ∼1,000  years and ∼1,300  years, respectively. Core 
GeoB22222-1 covers the time interval ∼1870 BCE to ∼1023 CE. Sedimentation rates range between 25 cm/ka to 
29.4 cm/ka in core GeoB22202-1, between 4.6 cm/ka to 7.5 cm/ka in core GeoB22222-1, and between 12.7 cm/
ka to 16.4 cm/ka in GeoB22230-2.

Mg/Ca analyses on G. ruber (white) were performed on approximately 30 specimens of the 250–355 μm size 
fraction. The foraminiferal tests were cleaned following the cleaning protocol developed by Barker et al. (2003). 
After cleaning, the dissolved samples were centrifuged (10 min at 6,000 rpm), transferred into test tubes and 
diluted and analyzed with an Inductively Coupled Plasma Optical Emission Spectrophotometer (ICP-OES; 
Agilent 5110 VDV) at the Center of Major Equipment and Technology of the State Key Laboratory of Marine 
Environmental Science (MEL). After every fifth sample, an internal standard (Mg/Ca = 4.12 mmol/mol) was run 
to monitor the instrumental precision. The relative standard deviation of the in-house standard was 0.04 mmol/
mol over the measurement period of the three multiple cores. Replicate measurements of re-picked samples of 
cores GeoB22202-1 (n = 48), GeoB22222-1 (n = 47) and GeoB22230-2 (n = 56) revealed an average standard 
deviation for Mg/Ca of 0.14 mmol/mol, 0.16 mmol/mol and 0.22 mmol/mol, respectively. Al/Ca, Mn/Ca and 

 19448007, 2022, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
100945 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [08/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

ZHAI ET AL.

10.1029/2022GL100945

4 of 11

Fe/Ca were determined along with Mg/Ca to assess the efficacy of the cleaning procedure that is, the removal 
of clays, and the occurrence of syn-sedimentary and post-depositional precipitated Fe-Mn-oxyhydroxides and 
Fe-Mn carbonate coatings, respectively. Aluminum was found to be under the detection limit of the ICP-OES 
technique and the Fe/Ca and Mn/Ca ratios of samples from the three multiple cores are lower than the 0.1 mmol/
mol indicating clean, uncontaminated foraminiferal tests (Barker et al., 2003). The Mg/Ca ratios are thus not 
affected by clay minerals or by syn-sedimentary and post-depositional precipitated Fe-Mn-oxyhydroxides and 
Fe-Mn carbonate coatings. SST estimates in °C for G. ruber were obtained by using the species-specific equation 
of Anand et al. (2003) (Mg/Ca (mmol/mol) = 0.34 exp (0.102 × T(°C)). We selected this calibration equation 
because the derived core top temperatures are closest to the annual average temperatures of the Extended Recon-
structed Sea Surface Temperature record for the time period 1854 to 1900 (B. Y. Huang et al., 2017). To estimate 
errors for the temperature reconstructions, we used a numerical method that propagates the Mg/Ca measurement 
error and the uncertainty from the Mg/Ca temperature calibration. We refit the calibration regression model 
using the original species specific data from Anand et al. (2003) and extracted the variance-covariance matrix of 
the intercept and slope parameters. With this we then randomly sampled 1,000 pairs of calibration parameters. 
For each Mg/Ca measurement we then created 1,000 random normally distributed measurement error values, 
with mean equal to the measured value and standard deviation equal to the core-specific measurement errors 
estimated above. These were then calibrated to temperature and the standard deviation across samples of each 
original value is its corresponding error estimate. The resulting error estimates were 0.39°C, 0.47°C, and 0.56°C 
for GeoB22202-1, GeoB22222-1, and GeoB22330-2, respectively. In order to estimate the timing of transitions 
in our SST records, we fitted continuous piecewise regression lines with a single breakpoint through our planktic 
foraminiferal Mg/Ca-based SST data, using the R package “segmented” (Muggeo, 2008) (Figures 2a and 2b).

3.  Results and Discussion
3.1.  Mg/Ca Palaeothermometry and SST Variability in the Coral Sea

Mg/Ca ratios of G. ruber (white) vary between 4.4  mmol/mol and 5.0  mmol/mol and the estimated Mg/Ca 
surface water temperatures range from 25.1°C to 26.4°C at southern site GeoB22202-1 (Figure S1 in Supporting 
Information S1). At the two northern sites, the Mg/Ca ratios vary between 5.1 mmol/mol and 5.4 mmol/mol and 
the inferred Mg/Ca water temperatures range from 26.5°C to 27.11°C at GeoB22222-1 (Figure 1; Data Set S1 in 
Supporting Information S1).

The Mg/Ca ratios vary between 5.2 mmol/mol and 5.8 mmol/mol and the estimated Mg/Ca water temperatures 
range from 26.6°C to 27.8°C at GeoB22230-2 (Figure 1a). The reconstructed Mg/Ca-based SSTs reveal rela-
tively stable and less variable SST values over the period ∼1900 BCE to ∼1400 CE and a prominent increase in 
SSTs at both cores GeoB22202-1 and GeoB22230-2 off eastern Australia thereafter. In order to better constrain 
the onset of this warming, we performed a statistical analysis of breakpoints in the SSTs using the R pack-
age “segmented” (Muggeo,  2008) (see also above). For the southern core GeoB22202-1 and northern core 
GeoB22230-2, breakpoints were identified at 1097 CE ± 40 years (1σ error) and 1393 CE ± 102 years (1σ 
error), respectively (Figure 2a). The single breakpoint models are highly significant when tested against a linear 
model by F test (p < 0.001). By combining the SST data from the southern core GeoB22202-1 and the northern 
core GeoB22230-2 and subtracting their respective mean values where they overlap, a breakpoint is identified 
at 1396 CE ± 61 years (1σ error), which is significant when tested against a linear model by F test (p < 0.001) 
(Figure 2b).

By combining the SST data from the three cores by subtracting their respective mean values where they overlap, 
a breakpoint is identified at 1385 CE ± 57 years (1σ error), which is again significant when tested against a linear 
model by F test (p < 0.001; Figure 1c). Our reconstructed SST records do not reveal any centennial-scale warm 
and cold periods associated with European/North Atlantic climate anomalies termed the Medieval Warm Period 
(MWP; ∼950–1250 CE) and the LIA (∼1400–1850 CE). Our temperature reconstructions are also in marked 
contrast to those of combined land and ocean temperature records of Australasia for the last millennium, which 
reveal a pronounced cool period consistent with the timing of the North Atlantic/Northern Hemisphere LIA 
(Gergis et al., 2016) (Figure 2f). In contrast, land surface temperature reconstructions of Australia as inferred 
from borehole temperatures over the past 2000 years reveal a LIA cooling in southern Australia and Victoria 
(southeastern SE Australia) but no cooling during the LIA in northeastern Queensland (for borehole sites see 
Figure S1 in Supporting Information S1; for temperature record see Figure 2e) (Suman et al., 2018) consistent 
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with our SST reconstruction off northeastern Australia (Figure 2b). In addition, SST reconstructions based on 
coral Sr/Ca (Hendy et  al.,  2002) and sclerosponge stable oxygen isotopes (Wörheide,  1998) from the Great 
Barrier Reef (see Figures 2c and 2d) shows a similar SST trend as revealed by our SST reconstructions. We 
therefore suggest that the SST variability in the Coral Sea is driven by local and regional Southern Hemisphere 
changes rather than being remotely controlled by North Atlantic/Northern Hemisphere climate anomalies, which 
is in good agreement with the inferred non-coherence of global warm and cold periods during the preindustrial 
Common Era (Neukom et al., 2019).

3.2.  Controls on SST Changes in the Coral Sea Over the Past 4,000 Years

Modern observations reveal that seasonal SST variability along the east coast of Australia is predominantly 
controlled by changes in the strength of the EAC (see above) (e.g., Bustamante et al., 2012; Ridgway, 2007). 
Our reconstructed Mg/Ca-based SSTs reveal relatively stable and less variable SSTs over the period ∼1900 BCE 

Figure 1.  Reconstructed SST in the Coral Sea over the past 4,000 years. (a) Shell Mg/Ca of planktic foraminifera 
Globigerinoides ruber (white) in multi-cores GeoB22202-1 (blue), GeoB22222-1 (green) and GeoB22230-2 (red) and the 
calculated SST (b). Error bars and envelopes in (b) indicate 1σ errors. (c) Combined SST data of multi-cores GeoB22202-1, 
GeoB22222-1 and GeoB22230-2 by subtracting their respective mean values where the three records overlap. The black line 
indicates a breakpoint at 1385 CE ± 57 years for the combined data.
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Figure 2.
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to ∼1400 CE in the northern Coral Sea. A prominent increase occurred after around ∼1400 CE (Figure 2b). 
Although an SST record reaching back to ∼1900 BCE is not available for our southern location, the same prom-
inent increase in SST at around ∼1400 CE is observed at ∼26°S. We suggest that the consistent increase in SSTs 
along the northeastern coast of Australia indicates a stronger EAC heat transport after ∼1400 CE because a 
stronger EAC can transport more warm tropical water and heat into the Coral Sea. Model simulations suggest an 
intensification of the EAC, which is likely driven by a “spin-up” and southward shift of the Southern Hemisphere 
subtropical ocean circulation during anthropogenic global warming (Cai, 2006; Cai et al., 2005). Changes in the 
South Pacific Subtropical Gyre strength are linked to changes in wind stress curl over a broad region of the South 
Pacific (Cai et al., 2005). Oceanic changes are forced by an intensification of the wind stress curl arising from a 
poleward shift in the circumpolar westerly winds due to a progressive shift of the SAM toward its positive phase 
(Cai et al., 2005; Gillett & Thompson, 2003). Based on those studies, we suggest that an intensification of the 
EAC after ∼1400 CE is likely related to an upward trend of the SAM. Although the factors influencing past SAM 
variations are still debated, the increase in SST and thus EAC strength off the coast of northeastern Australia at 
our coring sites and thus EAC strength is consistent with a progressive shift of the SAM from a negative phase to 
a positive phase after ∼1400 CE based on SAM index reconstructions (Abram et al., 2014; Dätwyler et al., 2018; 
Villalba et al., 2012) (Figure 2g). Like in modern climatology and model simulations, our data thus seem to indi-
cate a close relationship between changes in EAC strength and SAM.

High-resolution record of subsurface water radiocarbon reservoir ages from black corals reveal a weaker EAC 
extension (Komugabe-Dixson et al., 2016), whereas black coral data off New Zealand suggest a stronger TF (Hitt 
et al., 2022) after ∼1500 CE (Figures 2h and 2i), which is attributed to a weaker EAC under a negative SAM 
phase and/or La Niña conditions, resulting in a weaker EAC extension and a stronger TF. This interpretation is 
however significantly different to our interpretation of a strengthened EAC after ∼1400 CE associated with a 
progressive shift of the SAM toward its positive phase and of ENSO toward more El Niño-like conditions (see 
below). An alternative explanation for these contrasting patterns is that the increase in surface water radiocarbon 
reservoir ages in the EAC extension region and decreased values off New Zealand area, is associated with changes 
in eddy activity as the SAM shift toward its positive phase. The EAC downstream area (EAC extension and TF) 
is a highly energetic area rich in dynamic mesoscale eddies (Malan et al., 2020; Schiller et al., 2008; Suthers 
et al., 2011) and coastal upwelling (Z. Huang & Wang, 2019). Modern observational studies have shown that the 
strength of the EAC extension is positively correlated with eddy-driven transport (Cetina-Heredia et al., 2014) 
and local upwelling events (Z. Huang & Wang, 2019; Schaeffer et al., 2014). In a recent study, Li et al. (2022) 
show that a positive shift of SAM drives a poleward shift of the mid-latitude easterly winds, which is regarded as 
the main cause of WBCs poleward movement in the past few decades. The poleward shift of the EAC results in an 
increase in eddy activity, which explains most of the warming trend and the southward advance of the EAC exten-
sion. Hence, a positive SAM shift after ∼1400 CE would lead to an enhanced eddy activity in EAC extension, 
which might bring more “old” deep water into the subsurface layer. As for the TF, the ΔR decrease after ∼1500 
CE could also be explained by a weakening of TF associated with a decrease in eddy activity. This is supported 
by modern observations that the strength of the EAC extension and TF shows an anticorrelation on decadal time 
scales (Hill et al., 2011). In addition, model simulations reveal an increase of EKE in the EAC extension region 
and a decrease in the TF when compared to EKE changes between historical timescales (1860–1949) and projec-
tions (2061–2090), implying that the long-term trend in eddy activity may also show an anticorrelation between 
TF and EAC extension (Beech et al., 2022).

Figure 2.  Comparison of the GeoB22202-1 and GeoB22230-2 SST records with other climate proxy records of the last 1,500 years. (a) Globigerinoides ruber (white) 
Mg/Ca-SST estimates of core GeoB22230-2 and GeoB22202-1 indicating changes in the strength of the EAC; (b) Combined SST data of multi-cores GeoB22202-1 and 
GeoB22230-2 by subtracting their respective mean values where both records overlap. Black lines indicate breakpoints for the southern core GeoB22202-1 and northern 
core GeoB22330-2 at 1097 CE ± 40 years and 1393 CE ± 102 years, respectively (a), and at 1396 CE ± 61 years for the combined data (b). (c) SST reconstruction 
based on coral Sr/Ca at 18.33°S off eastern Australia (Hendy et al., 2002); (d) SST reconstruction based on sclerosponge stable oxygen isotopes (Wörheide, 1998); 
(e) Reconstructed ground surface temperature for northeastern Queensland from borehole temperature data (Suman et al., 2018); (f) 30-year-filtered Australasian 
temperature reconstruction based on Principle Component Regression (PCR; red curve), Composite Plus Scale (CPS; green curve), Bayesian Hierarchical Model (LNA; 
blue curve) and Pairwise Comparison (PaiCo; cyan curve) methods relative to the 1961–1990 base period. Mean SONDJF instrumental HadCRUT3v data averaged over 
the Australasian region for 1900–2014 (black line) (Gergis et al., 2016); (g) Southern Annular Mode (SAM) index reconstructions for the last 1,000 years (anomalies 
with respect to 1905–2005) (Abram et al., 2014; Dätwyler et al., 2018; Villalba et al., 2012); (h) 30-year-binned Tasman Front ∆R ( 14C yr) (Hitt et al., 2022); (i) East 
Australian Current extension ∆R ( 14Cyr) (Komugabe-Dixson et al., 2016); (j) tropical Pacific zonal SST gradient (Conroy et al., 2010) and (k) zonal SST gradient 
between western Pacific warm Pool and eastern equatorial Pacific (Rustic et al., 2015) both indicating the state of the ENSO; and (l) mean annual precipitation of 
Swallow Lagoon in eastern Australia (Barr et al., 2019). Blue bar indicates the Little Ice Age (LIA).
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Today, the EAC heat transport/strength is also sensitive to ENSO variability by changing the SBL (Hu 
et al., 2015). We therefore hypothesize that changes in the background state of the tropical Pacific, so-called 
“El Niño-like” or “La Niña-like” conditions, may have also substantially contributed to SST changes along the 
EAC path as observed in our records off the coast of northeastern Australia. Assuming that changes in the EAC 
strength are mainly forced by atmosphere-ocean circulation changes related to ENSO, our SST records suggest 
that the increase in SST might be related to the prevalence of an El Niño-like mean state after ∼1400 CE (during 
the LIA; please see above). Reconstructions of global surface temperature patterns by Mann et al. (2009) find a 
tendency for El Niño-like conditions in the tropical Pacific during the LIA, which agrees well with coral-based 
SST reconstruction from Palmyra Island in the central equatorial Pacific (Cobb et al., 2003). In addition, zonal 
gradient reconstructions of the tropical Pacific SST (Conroy et al., 2010) (Figure 2j), upwelling reconstructions 
off the southern coast of Indonesia (Steinke et al., 2014) as well as composite stalagmite δ 18O records from the 
Asian-Australian monsoon region (Zhang et al., 2022) also suggest El Niño-like conditions during the LIA and La 
Niña-like conditions during the MWP. Reconstructed SST, ENSO activity, and the tropical Pacific zonal gradient 
for the eastern Pacific suggest a persistent La Niña-like mean state during ∼1150–1500 CE (±30 years) and a 
persistent El Niño-like mean state during ∼1500–1850 CE (±30 years) in the tropical Pacific (Rustic et al., 2015) 
(Figure 2k). We thus suggest that together with the spin-up of South Pacific Subtropical Gyre driven by the posi-
tive trend of the SAM, more El Niño-like conditions after ∼1400 CE might shift the bifurcation latitude of SEC 
equatorward and/or promote the SEC transport and thus EAC heat transport. Instrumental climate data indicates 
however that the relationship between ENSO and SAM tends to more frequently favor a positive SAM phase 
during La Niña, and a negative SAM phase during El Niño, although other combinations tied to internal variabil-
ity can (less frequently) occur (Fogt et al., 2011; Wilson et al., 2016), opposite to our interpretation of more posi-
tive SAM and more El Niño-like conditions after 1400 CE. Reconstructions and models indicate that this negative 
correlation appears to have existed back to 1400 CE but with occasionally periods of positive ENSO–SAM corre-
lations in individual model simulations and in palaeoclimate reconstructions (Dätwyler et al., 2020), highlighting 
the complex interplay between SAM and ENSO in the past. The studies of Barr et al. (2019) on Swallow Lagoon 
sediments and Coates-Marnane et al. (2018) on Moreton Bay sediments located close to our sites indicate persis-
tently higher rainfall over Eastern Australia during the LIA, which is inconsistent with a more El Niño-like mean 
state but consistent with a more positive SAM phase and La Niña-like mean state (Figure 2l). Higher rainfall in 
subtropical eastern Australia during the LIA is in good agreement with rainfall proxy records from the western 
and equatorial Pacific (Griffiths et al., 2016; Yan et al., 2011), which suggest La Niña-like conditions prevailing 
during the LIA. In contrast, tree ring data of eastern Australia reveal several dry periods during the 16th century 
(Cook et al., 2016). Irrespective whether the western Pacific was in a more El Niño-like or a more La Niña-like 
mean state during the LIA as revealed by the contrasting oceanic and terrestrial proxy records for changes in 
ENSO during this period, we suggest that higher rainfall in Eastern Australia during the LIA is dominated by 
the positive SAM phase induced stronger EAC heat transport rather than La Niña-like conditions at that time, 
as a stronger positive phase of the SAM and thus stronger EAC have shown to promote rainfall along the east 
Australia coast in modern climatology (Ho et al., 2012; Shi et al., 2008). Prior to 1400 CE, the SAM was also in 
a positive phase (Abram et al., 2014; Dätwyler et al., 2018; Villalba et al., 2012), which is however not reflected 
in increased SSTs at our sites. We hypothesize that a more dominant La Niña-like mean state as suggested by 
many studies (for references see above) for this period resulted in a more poleward latitudinal shift of the SEC 
bifurcation and thus a decrease in the EAC heat transport which may have masked any potential control of the 
SAM on the SST patterns in the Coral Sea. A dominant La Niña-like mean state may have outweighed the control 
of the SAM on the SST patterns in the Coral Sea prior to ∼1400 CE, since the poleward shift of SBL would cause 
relative cooler water entering the Coral Sea, and thus weaken the influence of current velocity variation caused 
by circulation intensity on local SST.

4.  Conclusion
High-resolution planktic foraminifera Globigerinoides ruber Mg/Ca-based SST reconstructions from three sedi-
ment cores that were retrieved along an N-S transect offshore northeastern Australia reflect multi-decadal to 
centennial-scale variations of the EAC heat transport over the past four millennia. Our results show an increase 
of ∼1.2°C after ∼1400 CE, which we relate to an intensification of the EAC strength. The strengthening of the 
EAC after ∼1400 CE is likely dominated by a spin-up of the Southern Hemisphere subtropical gyre associated 
with a progressive shift of the SAM toward its positive phase. We also suggest that a shift from more La Niña-like 
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conditions to more El Niño-like conditions around 1400 CE also contributed to the strengthening of the EAC. 
Our results shed new light on the complex behavior of the EAC and its potential driving mechanisms of the 
pre-industrial period.

Data Availability Statement
The data of this manuscript are archived at PANGAEA and can be downloaded using the following link: https://
doi.pangaea.de/10.1594/PANGAEA.948831.
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