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Ocean variability drives a millennial-scale
shift in South Pacific hydroclimate
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TheSouth PacificConvergenceZone is a bandof intense austral summer rainfall in the tropical Pacific.
Changes in the South Pacific Convergence Zone are linked to Pacific sea surface temperatures on
decadal timescales, but its behaviour and impacts over longer timescales remain poorly understood
due to limited proxy records and model uncertainties. We combine new plant wax hydroclimate
records with existing proxy evidence and climate model simulations to investigate South Pacific
Convergence Zone changes over the past 1500 years. Our findings indicate that between 1000 and
200 years ago, the eastern South Pacific Convergence Zone became wetter while the western part
became drier. Model simulations suggest that these centennial-scale changes were driven by Pacific
sea surface temperature gradients. This eastward shift coincides with Polynesian colonisation,
implying hydroclimate shifts both ‘pushed’migration eastward and ‘pulled’ successful eastern
settlement.

Formed by the convergence of Western Pacific westerlies and the easterly
tradewinds of theCentral andEasternPacific, and triggered by atmospheric
Rossby waves, the South Pacific Convergence Zone (SPCZ) is the main
source of precipitation for 10million people living across numerous islands
in the SouthernPacificOcean.Changes in theElNiño–SouthernOscillation
(ENSO), which affects the east–west distribution of rain across the SPCZ,
can lead to multi-annual droughts that have in the past devastated human
populations1 and likely triggered Polynesianmigration2. The future impacts
of anthropogenic climate change on Pacific hydroclimate are poorly
constrained3, likely due to systematic model biases in coupled ocean-
atmosphere models4 in addition to uncertainty in the projections of Pacific
sea surface temperature (SST) gradients5.

The state of the tropical PacificOcean, which affects the position of the
SPCZ, is uncertain and contested over the past 1500 years6. Whilst some
tropical hydroclimate reconstructions indicate trends consistent with a
move towards more El Niño-like conditions7,8 others indicate the
opposite9,10. However, proxy records of SST indicate a weakening of the
zonal SST gradient11,12 i.e. a transition from La Niña-like to El Niño-like. In
the SPCZ region of the tropical South Pacific, dynamical analysis highlights
the importance of absolute SST and zonal SST gradients on precipitation3,13.
Thus, if the mean state of the tropical Pacific changed from a La Niña- to El
Niño-like state, we might expect a northeastern shift in the SPCZ rainfall

patterns, similar to those that occur during El Niño events, influencing food
and water security for human populations in this region, and potentially
facilitating migration into Eastern Polynesia from around 1000 years BP2.
To date, the evidence for such hydroclimate changes over the past
fewmillennia has been limited to the South-West andCentral SPCZ regions
e.g.14 and missing from the South-East SPCZ. In addition, coupled climate
model simulations of the last 1000 years do not reproduce the observed SST
trends in the Pacific Ocean.

By applying a combination of palaeoclimate records and novel model
simulationswe candetermine the responseof the SPCZ toPacificmean state
changes beyond instrumental timeperiods and sampling locations. This can
also offer insights into the sensitivity of the SPCZ to anthropogenic climate
change by exploring the mechanisms that have driven its variation over the
past 1–2 millennia. However, both climate proxies and model simulations
are challenging to interpret in the SPCZ region. Whilst proxy reconstruc-
tions, notably from coral and speleothem archives, have revealed decadal
variability to SPCZ movements15,16, the present low number of climate
archives and uncertainties about long-term controls on proxy signals17 are
strong limitations. Likewise, the coupled ocean–atmospheremodels used in
many studies exhibit systematic ‘double-ITCZ’ biases in the orientation of
the SPCZ, caused by poor simulation of the energy flux into the Southern
Hemisphere atmosphere18. It is difficult, therefore, to identify climatic
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controls on the SPCZ with either approach individually19. In particular,
climate model simulations of the last millennium typically do not exhibit
any notable centennial-scale trends in tropical Pacific SST12.

Here, we employ a multidisciplinary approach, involving both proxies
and climate models, to resolve centennial- to millennial-scale variations in
the SPCZ and their causes. For our proxy analysis, we have produced two
new 2000-year-long plant wax stable hydrogen isotope records from Tahiti
and Nuku Hiva, French Polynesia. We combine these with previously
published biomarker and Ti records that have been interpreted as primarily
reflecting changes in hydroclimate (Fig. S4) and useMonte Carlo Empirical
Orthogonal Function (MCEOF) analysis20 to isolate their leading mode of
variability whilst taking into account time and proxy uncertainty. The
approach allows for the first time, a robust reconstruction of temporal and
spatial patterns of precipitation across the SPCZ change over the last
1500 years.

To investigate the potential drivers of centennial- and millennial-scale
precipitation changes in the SPCZ we use a global circulation model
(IGCM4)21 forced by different SST patterns. IGCM4 accurately represents
the diagonal orientation of modern SPCZ precipitation13, and, being an
atmosphere-only model, does not exhibit the ‘double-ITCZ’ bias that is
present in most coupled climate models22–24.

Results and discussion
Reconstructing SPCZ precipitation change
Our knowledge of long-term precipitation change across the SPCZ is
constrained by limited multi-centennial hydroclimate proxy
reconstructions25, especially in the eastern SPCZ, which is heavily impacted
by extreme El Niño events26.We therefore generated two new hydroclimate
records27 from peat cores sampled in Tahiti (French Polynesia, 17.6638∘S,
149.4218∘W), and Nuku Hiva (French Polynesia, 8.868750∘S,
140.137500∘W; Fig. 1) using plant wax n-alkanes (Fig. 2), to better constrain

changes in the central and eastern SPCZ precipitation over the past 2000
years (2000–100 years BP). CoreNHS-2A is characterisedby ahomogenous
organic carbon-rich peat sequence. Total organic carbon (TOC) was con-
sistently high (mean = 41.8%) throughout the profile (Fig. S2). Visually, the
core is a dark brown, homogenous, and well-decomposed amorphous peat,
particularly in the upper 40 cm. The presence of intermittent fibrous
material indicates the preservation of plant macrofossils. Together, these
traits suggest a relatively stable depositional environment. Core TAH-A is
also composed of organic carbon-rich peat (mean TOC= 75%), but its
stratigraphy reveals evidence of environmental disturbance. Themajority of
the core consists of very dark amorphous peat with visible plant macro-
fossils. However, a distinct decrease in TOC (77–43%) occurs between
83–103 cm, indicating a notable increase inminerogenic content. Given the
core’s proximity to the caldera sidewall, this layer is interpreted as an
intercalated colluvial deposit. This feature likely represents an allochtho-
nous influx of sediment from a mass movement event on the adjacent
slopes, which temporarily interrupted autochthonous peat accumulation.

In the low latitudes, the stable hydrogen isotopic composition (δ2H) of
precipitation is negatively correlatedwith precipitation rate, a phenomenon
known as the ‘amount affect’. This relationship has been robustly demon-
strated within the SPCZ zone through both isotope-enabled models28 and
direct measurement of meteoric waters29. We confirm that this relationship
holds at our core sites by comparing precipitation rate data (GPCP) with
interpolated δ2H of precipitation (OIPC), which shows a similar negative
correlation (Fig. S3).

To reconstruct past changes in precipitation, we use the δ2H of higher
plant leaf waxes (plant wax δ2H). Plant wax δ2H is locally responsive to
changes in precipitation δ2H in tropical forests soils and vegetation30, lake
sediments31, marine environments32 and peats33. As such, plant wax δ2H are
a well-established proxy for reconstructing past hydroclimate dynamics
across various environments and timescales. We find that from 1000 years
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Fig. 1 | Locations of the sediment core sites. aOverview map of site TAH-A in Tahiti and b site NHS-2 in Nuku Hiva. The digital elevation model is the 30 m Copernicus
DEM. b, c Corresponding high-resolution satellite imagery for each site, obtained from Google Earth Pro.

https://doi.org/10.1038/s43247-025-02676-5 Article

Communications Earth & Environment |           (2025) 6:679 2

www.nature.com/commsenv


BP to present, plant wax δ2H from both Tahiti and Nuku Hiva becomes
more negative (by ~10‰ in both cases), suggesting a wetting trend in
Eastern Polynesia. A positive trend in precipitation across Eastern Polynesia
is supported by our newproxy evidence, which ismarked onFig. 2.Marshes
formed at theT’oovi plateau,NukuHiva, between 800–700 yearsBP17, likely
driven by increased rainfall. Likewise, an increase in pollen abundance from
400 years BP to present suggests a further increase in precipitation17.Whilst
changes in vegetation composition can also impact plant wax δ2H34, vege-
tation composition shows little variation over the past 700years17, despite an
overall increase in pollen abundance. Furthermore, the relatively high-
altitude locations of our sites in bothTahiti (680m) andNukuHiva (845m)
are remote from historical and modern population centres, making a sub-
stantial anthropogenic influence on the proxy records through land-use
change unlikely. In Tahiti, diatom evidence from Lake Vaihiria indicates

that water depth increased between 350–150 years BP, driven by an increase
in precipitation35. A long-term trend of increasing precipitation post-1000
years BP was previously identified in a marine core record proximal to
Tahaa (Fig. S4) capturing changes in terrestrial Ti input25.

To generate robust reconstructions of spatial patterns in past pre-
cipitation change across the whole SPCZ region, we identified proxy sites
that are not influenced by human land use changes (Fig. 3 and see ‘Meth-
ods’), and performed MCEOF analysis on two independent groups of
proxies: the hydrogen isotopic composition of organic biomarkers
(n-alkanes and dinosterol) and the Ti content of peat/lake sediments, where
more Ti indicates greater runoff and thus wetter conditions36. Both of the
leading principal components in our biomarker and Ti MCEOF analysis
show a trend between 1100 years BP and 400 years BP (Fig. 3a, b) that
extends to 200 years BP for the sites where we used biomarkers. This
temporal trend is associated with increasingly wetter conditions inferred for
the eastern sites and progressively drier conditions for the western sites,
consistent between the two proxy types (based on the loading pattern of the
EOFs across both biomarker and TiMCEOFs: Fig. 3c, d). Agreement in the
respective first principal components and EOF loading patterns for both
biomarker and Ti proxies provides confidence that they are responding to a
common hydroclimatic forcing.

Across both proxyMCEOFswefind the greatest agreement in the EOF
loading pattern for the easternmost (Tahaa/Tahiti/Nuku Hiva—positive
loading) and westernmost (Efate—negative loading) sites in our recon-
structions (Fig. 3). The central sites (‘Upolu and ‘Uvea) showmore variance
in their association with PC1. At ‘Upolu biomarker and Ti MCEOFs are of
opposite sign, whilst ‘Uvea exhibits a high degree of variance due partly to
the low amplitude of the proxy signal29, indicating that changes in hydro-
climate here were smaller than at the other islands. Additionally, the ‘Upolu
Ti record may at times have been modulated by lake level change29, dis-
torting its hydroclimate signal.

Taken together, multiple lines of evidence indicate an increase in
wetness across the Eastern SPCZ region from 1100 to 100 years BP. When
added to evidence from the western SPCZ region, an ENSO-like dipole
pattern in SPCZ hydroclimatic change emerges across at least 1100 to 400
years BP, consisting of drying in the western SPCZ and an increase in
wetness in the eastern SPCZ region.
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Fig. 2 | Newly collected plant wax hydrogen isotope records as proxies for pre-
cipitation in French Polynesia. Plant wax n-alkane hydrogen isotope records from
a Tahiti and b Nuku Hiva. Error bars show analytical uncertainty (1 standard
deviation). Blue shading represents the initiation of marsh development on Nuku
Hiva17 and green shading represents increases in pollen abundance in Nuku Hiva17

and an increase in deep water adapted diatoms in Tahiti35.
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Fig. 3 | Dominant spatial and temporal pattern of precipitation in the SPCZ
region during the last 1500 years. First principal component of biomarker and Ti
hydroclimate proxy time series (a, b) and EOF loadings (circles in c, d) on individual
proxy sites shown with the first EOF (a spatial signal of ENSO) of modern winter
precipitation (Global Precipitation Climatology Project 2.372) in the background.

Themedian EOF loading value is indicated by circle diameter and colour of the inner
circle (brown negative, blue positive). Uncertainty (including age model and proxy
analytical errors) is indicated for the loading values by the colours of the middle
circle (0.25 quantile) and outer circle (0.75 quantile) and for the principal compo-
nent time series by the dark and light grey shading.
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The effects of past changes in the tropical Pacific zonal SST
gradient
The position of the SPCZ is sensitive to the zonal gradient of SSTs across the
tropical Pacific13,37. We therefore compare our biomarker and independent
Ti proxy PC1 from the SPCZ (Fig. 3a) to proxy reconstructions of ENSO
and of the east–west (i.e. zonal) tropical Pacific SST gradient (Fig. 4).
Reconstructions7 indicate both increasedENSOvariance38 and a shift froma
La Niña-like state to a more ENSO-neutral state over the past 1100 years
(Fig. 4a)39. These reconstructions align with changes in the SST gradient
across the Pacific basin (Fig. 4c, d)40,41, which show a decreased east–west
SST gradient since 1000 years BP.

We link the spatio-temporal changes in hydroclimate revealed by our
proxynetwork to changes in tropicalPacific SSTgradients using simulations
with the IGCM4 global atmospheric circulation model. These simulations
are designed to explore potential changes in the last 1000 years, but before
the appearance of a global anthropogenic climate change signal.

The two experiments use pre-industrial atmospheric composition but
differ in the SSTfields used as the lower boundary condition. In the present-

day experiment (PRE hereafter), the SST fields (Fig. 5c) represent those
around 1900 CE (see Methods). The SST fields for the 1000 yrs BP
experiment (1KBP hereafter) are perturbed to strengthen the zonal SST
gradient in the tropical Pacific that likely prevailed around that
time (Fig. 5a).

To ensure that the perturbed SST fields remain dynamically/physically
plausible, we apply an SST change pattern calculated as the first empirical
orthogonal function (EOF) of decadal-scale SST variability over the Pacific
basin simulated by coupled climate models. Specifically, it is the multi-
modelmean representationof decadal pan-Pacific SSTvariability diagnosed
from the pre-industrial control experiments of nineCMIP6 coupled climate
models. This EOF pattern closely resembles the Inter-decadal Pacific
Oscillation (IPO)42,43, featuring a change of the tropical Pacific zonal SST
gradient whilst also capturing the wider changes in Pacific SSTs coincident
with such a zonal gradient change.

This SST anomaly pattern is scaled by a factor of—5 to represent a
strengthened tropical Pacific zonal SST gradient that is similar inmagnitude
to the change shown in proxy reconstructions (Fig. 4b–d) and added to the
PRE SST field to obtain the 1KBP SSTs. The zonal SST gradient (between
boxes 115–125∘W and 90–105∘E, each spanning 0–8∘S) is approximately
0.6∘C weaker in the PRE than 1KBP experiments, which is consistent with
themagnitudeof gradient change from1100–200yearsBP inFig. 4.TheSST
changes from 1KBP to PRE (Fig. 5e) show a warming in the central/eastern
Pacific as the east-west gradient weakens.

Whilst the SPCZ is strongest in boreal winter, we present annual
averages to facilitate comparison with proxy reconstructions which reflect
an annual mean signal. From the 1KBP simulation (Fig. 5b) to the PRE
simulation (Fig. 5d) the SPCZ shifts north-eastwards (Fig. 5f),with dryingof
the south-western SPCZ and wetting of the north-eastern SPCZ. The
stronger tropical zonal SST gradient in the PRE simulation leads to stronger
easterly tradewinds andanenhancedWalkerCirculation, alsoproducing an
increase in precipitation over the western tropical Pacific. This pattern of
change is strikingly similar to the changes exhibited by our proxy net-
work (Fig. 3).

Themechanism linking the SST gradient change to the SPCZ response
is as follows:warmer SSTs in the eastern SouthPacific and cooler SSTs in the
western South Pacific shift moisture availability north-eastwards. Rossby
waves entering the SPCZ region therefore propagate further to the north-
east before the associated vorticity anomalies are able to trigger deep
convection37. The result is a reduction in deep convection and precipitation
over the western South Pacific, and an increase in precipitation over the
eastern South Pacific.

SPCZ hydroclimatic changes and their implications
Proxy reconstructions of precipitation in the SPCZ (Fig. 3) show a trend of
drying in the western South Pacific and wetting in the eastern South Pacific
over the past 1000 years, which indicates an eastward shift in the SPCZ. This
is consistent with our modelling results (Fig. 5f) which suggest the shift in
the SPCZ over the past 1000 years could have been driven by concurrent
weakening of the tropical Pacific zonal SST gradient (Fig. 4). These obser-
vations lend independent support to Jiang et al. and D’Olivo et al.7,12

reconstructions of wider equatorial mean Pacific state change over this
period and strengthen the argument for a transition in mean SPCZ state
from La Niña-like to relatively more El Niño-like rainfall patterns char-
acterisedby a trend towardsdrier conditions in the southwesternSPCZ, and
wetter in the eastern SPCZ.

Hydroclimatic changes in the SPCZ region may have had wide-
reaching implications, includingmajor impacts on the human settlement of
Polynesia. The final expansion by humans into Eastern Polynesia around
1000 years BP followed an ~1700-year pause during which distinct Poly-
nesian culture developed in the islands of Samoa andTonga44. The drivers of
the final eastward expansion into the Pacific are debated, with
technological45, cultural, and climatic factors2 being proposed. A long-term
drought inwesternPolynesia between1100 and800yearsBPwaspreviously
suggested as a ‘push factor’ for migration2. Our MCEOF analysis confirms
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that drying occurred inwestern Polynesia around the time of themigration,
and our hydroclimate proxy records reveal that this coincided with
increased precipitation in Eastern Polynesia (the IGCM experiements show
>40% increase in Nuku Hiva), thus serving as a ‘pull factor’ for migration
and supporting settlement in the eastern island archipelagos. Our climate
modelling shows that these contrasting western and eastern Polynesia
trends did not occur together by chance, but were likely driven by a dyna-
mical response to the change in zonal SSTgradients in the tropical Pacific. In
addition, the decrease in trade wind strength associated with a shift away
fromaLaNiña-likemean state after 1000 years BPwouldhave increased the
success of canoes travelling from western to eastern Polynesian islands46.

Finally, recent work has highlighted how coupled climate models
might not accurately simulate current and future changes in the zonal SST
Pacific gradient5,47 due to poorly constrained eastern Pacific cooling48. Our
work demonstrates how accurate projections of this SST gradient are of vital
importance in predicting future precipitation changes in a region already
heavily impacted by anthropogenic climate change.

Methods
Site information, sediment coring and age modelling
We collected sediment cores fromMoūku Swamp, Nuku Hiva (core NHS-
2) andAnaorii Plateau, Tahiti (coreTAH-A), using aRussianCorer (Fig. 1).
Tahiti core TAH-A was collected on 19th September 2022 from Anoroi’i
Swamp, under the headwall of Papeno’o Valley at an altitude of 685m.
Anoroi’i Swamp was formed on the back slope of a large slip, in an area of
impededdrainage.Vegetation is dominated byCyclosorus ferns (interruptus
spp), and Pandanus forest. Nuku Hiva core NHS-2 was collected on 6th
September 2022 fromMoūku Swamp, a 400 × 50m ribbon swamp located
on the To’ov’i plateau, a highland formed through a caldera collapse in the
centre of the island. Modern vegetation is heavily impacted by

anthropogenic activities and consists of Pine trees along swamp banks and
grass (Setaria, Paspallum,Wedelia), sedges (Pycreus, Fimbristylis, Cyperus,
Kyllenga) and herbs (Ageratum, Centella) dominating the swamp vegeta-
tion assemblage. Both cores were generated by aligning separate core seg-
ments using elemental data derived from X-ray fluorescence analysis in
addition to sediment colour and water content percentage. After collection,
cores were transported to the University of Southampton School of Geo-
graphy and Environmental Science and kept refrigerated at 5 °C. To gen-
erate an agemodel, we radiocarbon-dated organicmaterial (bulk andmacro
fossil) sampled from both cores using accelerated mass spectrometry
(AMS). We generated seven 14C dates from the NHS-2 core and seven 14C
dates from the TAH-A core. Radiocarbon dates were calibrated using
SHCal2049 and then a Bayesian age model was constructed using the R
package Bacon50 (Fig. S1).

Lipid extraction and hydrogen isotope analysis. We collected sedi-
ment fromNukuHiva core NHS-2 (n = 18) and fromTahiti core TAH-A
(n = 12), resulting in average sampling resolutions of 111 years and 167
years, respectively. Approximately 3–6 g of sediment was dried, ground,
and extracted using a Dionex Accelerated Solvent Extraction system at
the University of Southampton. Extraction was carried out with a 9:1
mixture of dichloromethane (DCM) and methanol (MeOH) at 100 °C
and 1500 psi to produce the total lipid extract (TLE).

The TLE was then fractionated into neutral and acidic components
using NH2 sepra bulk packing columns. The neutral fraction was isolated
with a 2:1 DCM:isopropanol mixture and further refined through silica gel
column chromatography. n-alkanes were separated using hexane as the
eluent. Prior to gas chromatography (GC) analysis, the n-alkanes were
treated with copper to remove elemental sulphur. Identification and
quantification of n-alkanes was performed using a Thermo Trace 1310 GC
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system (60mcolumn) equippedwith aflame ionisation detector (GC-FID),
with results verified against an in-house standard containing known con-
centrations of n-alkanoic acids and n-alkanes.

To infer past hydroclimate variability, we analysed the hydrogen iso-
topic composition (δ2Hwax) of plant waxes, focusing on n-alkanes (C27 and
C29).Measurementswere conductedwith aThermoTrace 1310GC (Restek
column: 30m× 0.25mm× 0.1 μm) linked to a Thermo Scientific Delta V
Plus isotope ratio mass spectrometer via a GC Isolink interface with a
pyrolysis furnace (1400 °C). Quality control included daily monitoring of
δ2H linearity using H2 reference gas, recording an average H+ factor of
2.59 ppm/mV. Calibration was performed daily using a standard mixture
(C17–C25n-alkanes, A6mix fromA. Schimmelmann,University of Indiana)
with δ2H values ranging from −17‰ to −256‰, achieving a mean peak
RMSof 1.7‰. δ2Hvalueswere normalised toVienna StandardMeanOcean
Water and Vienna Pee Dee Belemnite standards.

MCEOF analysis
We followed the method of Anchukaitis and Tierney20 to perform our
MCEOF analysis. Briefly, we recalculated age models using the R package
Bacon50 for each proxy time series. We then randomly selected one age
model ensemblemember for each proxy and interpolated each proxy’s time
series to a common time step. We then performed a principal component
analysis on the correlation matrix of z-scored time series. We repeated this
process 4000 times generating distributions of principal component load-
ings and time series. To calculate statistics on the first principal component
time series we binned the data along the time axis and calculated the mean
and standard deviation of each bin.

The IGCM4 model and experimental design
Modelling experiments were runwith the Intermediate General Circulation
Model, version 4 (IGCM4)21, an atmosphere–only spectral primitive
equation model. The configuration used here has a spectral truncation of
T42 (~2° horizontal resolution in the tropics), and is run on 35model levels
(which includes a fully resolved stratosphere). Convection is parameterised
by the scheme of Forster et al. 51, with separate handling of deep and shallow
convection. Model experiments were run for 100 years, with the final 80
years analysed to allow for 20 years of spinup.

The pre-industrial SST climatology used in the PRE experiment
(Fig. S6) was generated by taking the mean (by month of the year) of
1880–1920 SST data from the 20th Century Reanalysis product, version 252.
Greenhouse gas concentrations were fixed at pre-industrial levels (CO2,
NH4 and N2O at 280 ppm, 720 ppb, and 285 ppb, respectively).

The pre-industrial control simulations of nine CMIP6 coupled climate
modelswere used to create a physically anddynamically realistic globalmap
of SST anomaly associated with a change to the tropical Pacific zonal SST
gradient (for the 1KBP experiment). These models are:
• ACCESS ESM1.553,54

• CanESM555,56

• CESM257,58

• FGOALS-g359,60

• GISS E2.1G61,62

• IPSL–CM6AL–LR63,64

• MIROC665,66

• MPI ESM1.2–LR67,68

• UKESM1.0–LL69,70

Themodels were chosen by applying four criteria, based on those used
by Coburn and Pryor 71 in their review of different modes of variability
in CMIP6:
• Monthly SST, sea level pressure, and 500-hPa geopotential height data

are available (sea level pressure and geopotential height data were used
for diagnostics not presented here).

• The chosen subset of models should capture the range of horizontal
resolutions and equilibrium climate sensitivities found across CMIP6.

• Models should be independent of each other (although ACCESS
ESM1.5 and UKESM1.0–LL share the same ocean model they have
different representations of the atmosphere).

• The first empirical orthogonal function (EOF) of decadally-smoothed
Pacific SSTs should correspond to variability in the tropical Pacific
zonal SST gradient (i.e. the IPO).

For each model, the first EOF of 10-year low-pass filtered, monthly
averaged SST anomalies was calculated over the Pacific basin and its cor-
responding principal component time series was then normalised to unit
variance. To capture physically realistic annual cycles of the SST changes,
SST anomaly data from each model were then subset by month of the year
and 10-year low-pass filtered (i.e. a 10-point low pass filter of all Januaries,
etc.), before being regressed onto the relevant principal component time
series to give a global SST anomaly map for each model and month of the
year (i.e. 9 models × 12 months = 108 SST anomaly maps). A multi-model
mean SST anomalymapwas then created for eachmonth by averaging over
the nine models (Fig. S7). These SST anomaly maps were multiplied by a
factor of minus five to approximately match weakening of the tropical
Pacific zonal SST gradient from Fig. 4.

SST fields for the 1KBP experiment were generated by adding these
final SST anomaly maps to the pre-industrial SST climatology used in the
PRE experiment. The two experiments are in all other ways identical to
isolate the effect of the SST gradient change.

Data availability
Proxy data generated as part of this study are available via the Open Science
Framework27. Reanalysis SSTdata are fromthe twentieth centuryReanalysis
product, version 252. CMIP6 model data used are available via the Earth
System Grid Federation53–70.
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