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Mass coral bleaching on the Great Barrier Reef (GBR) in Australia between 2016
and 2024 was driven by high sea surface temperatures (SST)". The likelihood of
temperature-induced bleaching is a key determinant for the future threat status of

the GBR?, but the long-term context of recent temperatures in the region is unclear.
Here we show that the January-March Coral Sea heat extremes in 2024, 2017 and
2020 (in order of descending mean SST anomalies) were the warmest in 400 years,
exceeding the 95th-percentile uncertainty limit of our reconstructed pre-1900
maximum. The 2016,2004 and 2022 events were the next warmest, exceeding

the 90th-percentile limit. Climate model analysis confirms that human influence
onthe climate systemis responsible for the rapid warming in recent decades. This
attribution, together with the recent ocean temperature extremes, post-1900 warming
trend and observed mass coral bleaching, shows that the existential threat to the
GBR ecosystem from anthropogenic climate change is now realized. Without urgent
intervention, theiconic GBR is at risk of experiencing temperatures conducive to near-
annual coral bleaching?, with negative consequences for biodiversity and ecosystems
services. A continuation on the current trajectory would further threaten the
ecological function*and outstanding universal value® of one of Earth’s greatest

natural wonders.

Like many coral reefs globally, the World Heritage-listed GBR in Aus-
tralia is under threat*¢. Mass coral bleaching, declining calcification
rates®’, outbreaks of crown-of-thorns starfish (Acanthaster spp.)S,
severe tropical cyclones’® and overfishing'® have placed compound-
ing detrimental pressures on the reef ecosystem. Coral bleaching typi-
cally occurs when heat stress triggers the breakdown of the symbiosis
between corals and their symbiotic dinoflagellates™. Although coral
bleaching can occur locally as a result of low salinity, cold waters or
pollution, regional and global mass bleaching events, in which the
majority of corals in one or more regions bleach at once, are strongly
associated with increasing SST linked to global warming?.

The first modern observations of mass coral bleaching on the GBR
occurredinthe1980s, but these events were less widespread and gener-
ally less severe® than the bleaching events in the twenty-first century*.
Stress bands in coral skeletal cores have provided potential evidence
for pre-1980s bleaching in the GBR and Coral Sea, such as during the
1877-78 EI Nifio2. However, stress bands are evident in relatively few
cores before 1980 (ref.12), suggesting that severe mass bleaching did
not occur in the 1800s and most of the 1900s.

As the oceans have warmed, however, mass coral bleaching events
have become increasingly lethal to corals®. Coral bleaching on the GBR!

in 1998 coincided with a strong eastern-Pacific El Nifio, and in 2002
with a weak EI Nifio. El Nifio events can induce lower cloud cover and
increased solar irradiance over the GBR®, increasing the risk of ther-
mal stress and mass bleaching events™. In 2004, water temperatures
were anomalously warm, and although bleaching occurredin the Coral
Sea®, it was not widespread in the GBR, probably because there was
reduced upwelling and an associated reduced influence of nutrients
on symbiotic dinoflagellate expulsion’®.

However, in the nine January-March periods from2016 to 2024 (inclu-
sive) there were five mass coral bleaching events on the GBR. Eachwas
associated with high SSTs and affected large sections of the reef. GBR
mass bleaching occurred inboth 2016 and 2017, influenced by the pres-
ence of an EI Nifio event in 2016, and led to the death of at least 50%
of shallow-water (depths of 5-10 m) reef-building corals*. Major bleach-
ing events occurred again in quick successionin 2020 and 2022, with
theaccumulated heat stress for large sections of the GBR reaching levels
conducive to widespread bleaching but lower levels of coral mortality’.
Thebleachingeventin2022occurred, unusually, during aLaNifiaevent,
whichis typically associated with cooler summer SSTs, higher than aver-
age rainfall and higher cloud cover on the GBR™. At the time of writing,
researchers are assessing the impacts of the 2024 mass bleaching event.
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Fig.1|Widespread high SSTAs during GBRmassbleaching events.a-e,SSTAs
(using ERSSTv5 data) for January-Marchinthe Australasian region relative to
the1961-90 average for the five recent GBR mass coral bleaching years: 2016,
2017,2020,2022 and 2024. The black box shows the Coral Searegion (4° S-26°S,

The frequency of recent mass coral bleaching and mortality on the
GBRis cause for concern. In 2021, the World Heritage Committee of
the United Nations Educational, Scientific and Cultural Organization
(UNESCO) drafted” adecision to inscribe the GBR on the List of World
Heritage in Danger, stating that the reefiis “facing ascertained danger”,
citingrecent mass coral bleaching events and insufficient progress by
the State Party (Australia) in countering climate change, improving
water quality and land managementissues. The committee’s adopted
decisions'® have notincluded inscription of the ‘in danger’ status, but
the draft inscription highlights the seriousness of the recent mass
coral bleaching events. Authorities in Australia® have noted that cli-
mate change and coral bleaching have deteriorated the integrity of
the outstanding universal value of the GBR, a defining feature of its
World Heritage status.

Although rapidly rising SSTs are attributed to human activities
with virtual certainty', understanding the multi-century SST his-
tory of the GBRis critical to understanding the influence of SST on
mass coral bleaching and mortality in recent decades. Putting aside
a problematic attempt to do this?’, which was discredited®*, knowl-
edge of the long-term context for GBR SSTs comes primarily from two
multi-century reconstructions based onthe geochemistry of coral cores
collected from the inner shelf? and outer shelf?* (Flinders Reef) in the
central GBR. These reconstructions showed that SSTsin the early 2000s
were not unusually high relative to levels in the past three centuries,
with five-year mean SSTs (and salinities) estimated to be higherin the
1700s thaninthe 1900s. However, these records were limited by their
relatively coarse five-year sampling resolution and their most recent
data point being from the early 2000s. After these studies were pub-
lished, SSTsin the GBR have continued torise. Updated analysis of coral
datafromFlinders Reef provides valuable improved temporal resolu-
tion, but interpretations of these records remain limited spatially.

Here, we investigate the recent high SST events in the GBR region
in the context of the past four centuries. We combine a network of
22 coral Sr/Ca and 80 palaeothermometer series (Supplementary
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142°E-174°E).f, Coral Seaand GBR mean SSTAs for 19900-2024 inJanuary-March
relativetothe1961-90 average. The black vertical linesindicate the five recent
GBRmass coralbleaching years.

Tables1and 2) located in and near to the Coral Sea region to infer
spatial mean SST anomalies (SSTAs) for January-March, the months
when maximum SST and thermal bleaching are most likely to occur
in the Coral Sea'®?, each year from 1618 to 1995 (Methods and Sup-
plementary Information). Anthropogenic climate change began and
proceeded entirely within the multi-century lives of some of these
massive coral colonies, offering a continuous multi-century record
covering the industrial era. We use this 1618-1995 reconstruction
and the available 1900-2024 instrumental data to contextualize the
modern trend and rank four centuries of January-March SSTAs with
greater precision than was previously possible. We then assess the
degree of humaninfluence on ocean temperaturesin the region using
climate model simulations run both with and without anthropogenic
forcing.

The instrumental period (1900-present)

Mass coral bleaching on the GBR in 2016, 2017, 2020, 2022 and 2024
duringJanuary-March coincided with widespread warm SSTAs in the
surrounding seas', including the Coral Sea (Fig. 1a-e, using ERSSTv5
data”). The Coral Sea and GBR have experienced astrong warming trend
since 1900 (Fig. 1f). January-March SSTAs averaged over the GBR are
strongly correlated (p = 0.84, P« 0.01) with those in the broader Coral
Sea (Fig. 1f), including when the long-term warming trend is removed
frombothtimeseries (p = 0.69, P < 0.01; Supplementary Fig. 4). Based
on the strength of this correlation, we associate high January-March
area-averaged Coral Sea SSTAs with increased thermal bleaching risk
inthe GBR.

Record temperatures were setin2016 and 2017 inthe Coral Sea, and
in 2020 they peaked fractionally below the record high of 2017. The
January-March of 2022 was another warm event, the fifth warmest on
record atthe time. Recent data (ERSSTvS5) indicate that 2024 set anew
record by a margin of more than 0.19 °C above the previous record
for the region. The January-March mean SSTs averaged over the five
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Fig.2|Multi-century reconstruction of January-March SSTAs.
a,Reconstructed and observed mean January-March SSTAs in the Coral Sea for
1618-2024 relative to1961-90. Dark blue, highest skill (maximum coefficient
of efficiency) reconstruction with the full proxy network; light blue, 5th-95th-
percentile reconstruction uncertainty; black, observed (ERSSTv5) data. Red
crossesindicate the five recent mass bleaching events. Dashed lines indicate
thebest estimate (highest skill, red) and 95th-percentile (pink) uncertainty
bound for the maximum pre-1900 January-March SSTA. b, Central GBR SSTA
for theinner shelf? in thick orange and outer shelf? (Flinders Reef) in thin
orange lines; these series are aligned here (see Methods) with modern
observations of mean GBRSSTAs for January-March relative to1961-90.

mass bleaching years during the period 2016-2024 are 0.77 °C higher
than the 1961-90 January-March averages in both the Coral Sea and
the GBR. The multidecadal warming trend, extreme years and asso-
ciation between GBR and Coral Sea SSTs are similar for the HadISST?
gridded SST dataset, with some notable differences in the 1900-40
period (Supplementary Fig. 3). Furthermore, analysis of modern
temperature-sensitive Sr/Ca series from GBR corals for 1900-2017
provides coherent independent evidence of statistically significant
multi-decadal warming trends in January—-March SSTs in the central
and southern GBR (Supplementary Information section 4.2).
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Observed dataare shownatannual (grey line) and five-year (black line with open
circles, plotted at the centre of each five-year period and temporally aligned
with the five-year coral series?®) resolution. Dashed linesindicate best-estimate
pre-1900 January-March maxima for refs. 23 (red) and 25 (pink). Orange shading
indicates 5th-95th-percentile uncertainty bounds. Red crosses indicate

the five recent mass bleaching events. ¢, Evaluation metrics for the Coral Sea
reconstruction (Supplementary Information section 3.1); RE, reduction of
error; CE, coefficient of efficiency; Rsq-cal, R-squared in the calibration period;
Rsq-ver, R-squared in the verification (evaluation) period. d, Coral data
locationsrelative tosource dataregion (orange box) and Coral Searegion

(red box). Coral proxy metadataare givenin Supplementary Tables1and 2.

A multi-century context (1618-present)

Reconstructing Coral Sea January-March SSTs from 1618 to 1995
extends the century-long instrumental record back in time by an
additional three centuries (Fig. 2a and Methods). The reconstruction
(calibrated to ERSSTv5) shows that multi-decadal SST variability was a
persistent feature inthe past. At the centennial timescale, thereis rela-
tive stability before 1900, with the exception that cooler temperatures
prevailed in the 1600s. Warming during the industrial era has been
evident since the early 1900s (Fig. 2a). There is a warming trend for



January-March of 0.09 °C per decade for 19900-2024 and 0.12 °C per
decade for 1960-2024 (Fig. 1f) using ERSSTvS5 data. Calibrating our
reconstruction to HadISST1.1yields similar results, with some differ-
ences in the degree of pre-1900 variability at both multi-decadal and
centennial timescales (Supplementary Information section 5.2.6).

Our best-estimate (highest skill; Methods) annual-resolution Coral
Sea reconstruction (Fig. 2a), using the full coral network calibrated
to the ERSSTv5 instrumental data, indicates that the January-March
mean SSTAs in 2016, 2017, 2020, 2022 and 2024 were, respectively,
1.50°C,1.54 °C,1.53°C,1.46 °Cand1.73 °C above the 1618-1899 (here-
after ‘pre-1900’) reconstructed average. Using the same best-estimate
reconstruction, Coral SeaJanuary-March SSTs during these GBR mass
bleaching years were five of the six warmest years the region has expe-
rienced in the past 400 years (Fig. 2a).

By comparing the recent warm events to the reconstruction’s uncer-
tainty range (Methods), we quantify, using likelihood terminology
consistent with recent reports from the Intergovernmental Panel on
Climate Change®, that the recent heat extremes in 2017, 2020 and
2024 are ‘extremely likely’ (>95th percentile; Fig. 2a) to be higher than
any January-March in the period 1618-1899. Furthermore, the heat
extremes in 2016 and 2022 are (at least) ‘very likely’ (>90th percen-
tile) to be above the pre-1900 maximum. We perform a series of tests
that verify that our findings are not simply an artefact of the nature of
the coral networkitself (Supplementary Informationsection 5.2).Ina
network perturbation test, we generate 22 subsets of the reconstruc-
tion by adding proxy records incrementally in order from the highest
tothelowest correlation with the target (Supplementary Information
section 5.2.5). We confirm that 2017, 2020 and 2024 were ‘extremely
likely’ (>95th percentile) to have been warmer than any year pre-1900
(using ERSSTv5 data) for all of these proxy subsets. Furthermore, in 20
of the 22 subsets, 2016 was also ‘extremely likely’ (>95th percentile),
rather than ‘very likely’, to be warmer (2022 was ‘extremely likely’ in
14 of the 22 subsets). All our additional tests, including a reconstruc-
tionwithonly Sr/Ca coral data (thereby omitting the possibility of any
non-temperature signalin 80, on the reconstruction), achieve high
reconstruction skill and confirm the extraordinary nature of recent
extreme temperatures in the multi-century context (Supplementary
Information section 5.2). Analyses using HadISST1.1 generally show
lower correlations with the coral dataand reconstructions with slightly
warmer regional SSTs before 1900, along with more-muted centennial
and multi-decadal variability in the pre-instrumental period. Neverthe-
less, the HadISST1.1-calibrated reconstructions show that the recent
thermal extremes are well above the best estimate (highest skill) of
the pre-1900 maximum of reconstructedJanuary-March SSTAs (Sup-
plementaryFig.42). Furthermore, lower SSTAs (in the HadISST1.1data)
relative to the previous three centuries (asin our reconstructions cali-
brated to HadISST1.1), coupled with the recently observed mass coral
bleaching events, could indicate that long-lived corals have a greater
sensitivity to warming than is currently recognized.

Reconstructed regional GBR SSTAs based on afive-year-resolution,
multi-century coral 80 record from the centralinshore GBR? (Fig. 2b)
show similarly strong warming since 1900 but more multi-decadal-
to-centennial variability than the Coral Sea reconstruction. Recent
five-year mean January-March GBR SSTAs narrowly exceed the best
estimate of the maximum pre-1900 five-year mean since the early 1600s
(Fig. 2b). The averages for the five-year periods centred on 2018 and
2022 exceed the pre-1900 maximum by 0.11 °C and 0.06 °C, respec-
tively. Results are similar using the five-year-resolution Flinders Reef
(central outer shelf)?* record (Supplementary Fig. 24), although its
interpretation is limited by the lack of uncertainty estimates avail-
able for that record. Our Coral Sea reconstruction incorporates an
updated (annual resolution) record from Flinders Reef?, which indi-
cates similar centennial trends (thin orange line in Fig. 2b) and shows
that the recent high January-March SSTA events have approached
the estimated local pre-1900 maximum SSTA. Although contiguous

multi-century cores from within the GBR are limited in their spatial
extent, twentieth-century warming is evident in these records.

The extraordinary nature of the recent Coral Sea January-March
SSTsinthe context of the past 400 years is further illustrated by com-
paring the ranked temperature anomalies (Fig. 3) for the combined
reconstructed and instrumental period from1618-2024, incorporating
reconstructionuncertainty (Methods). The mass coral bleaching years
0f2016,2017,2020, 2022 and 2024, and the heat event 0f 2004, stand
outasthe warmest events across the whole 407-year record. The warm-
est three years (2024, 2017 and 2020) exceed the upper uncertainty
bound (95th percentile) of the warmest reconstructed January-March
inthe pre-1900 period (pink (upper) dashed line in Fig. 3); 2016,2004
and 2022 exceed the 90th percentile bound (red (lower) dashed line
in Fig. 3). The warming trend is clear in the association between the
ascending rank of the temperature anomalies and the year (shown
as the colour of the filled circles in Fig. 3). Despite high interannual
variability, 78 of the warmest 100 January-March periods between
1618 and 2024 occurred after 1900, and the 23 warmest all occur after
1900. The warmest 20 January-March periods all occur after 1950,
coinciding with accelerated global warming.

Assessing anthropogenicinfluence

Using climate model simulations from the most recent (sixth) phase
of the Coupled Model Intercomparison Project? (CMIP6), we assess
the human influence onJanuary-March SSTAs in the Coral Sea. The
model simulations are from two experiments in the Detection and
Attribution Model Intercomparison Project (DAMIP)*. The first set of
simulations represents historical climate conditions, including both the
natural and humaninfluences on the climate system over the 1850-2014
period (‘historical’; red in Fig. 4). The second experiment is a counter-
factual climate that spans the same period and uses the same models
butincludes only naturalinfluences onthe climate, omitting all human
influences (‘historical-natural’; bluein Fig.4). The historical experiment
includes anthropogenic emissions of greenhouse gases and aerosols,
stratospheric ozone changes and anthropogenic land-use changes;
the historical-natural experiment does not. Variations in natural cli-
mate forcings, such as from volcanic eruptions and solar variability,
areincorporated in both experiments. We include models that have
atransient climate response (the global mean surface-temperature
anomaly at the time of adoubling of atmospheric CO, concentration)
inthe range 1.4-2.2 °C, which is deemed ‘likely’ by the science com-
munity* (Methods and Supplementary Information).

Itis only with the incorporation of anthropogenicinfluences on the
climate that the model simulations capture the modern-erawarming of
the Coral SeaJanuary-March SSTA (Fig. 4). The median of the histori-
cal simulations has statistically significant warming trends of 0.05 °C,
0.10 °C and 0.15 °C per decade for the periods from 1900, 1950 and
1970 to 2014, respectively; the equivalent historical-natural trends
aresmallerinmagnitude than+0.01 °C per decade. To further explore
the centennial-scale trends, we use a bootstrap ensemble (Methods)
of the two sets of 165-year simulations from 1850-2014. We found that
100% of the historical bootstrap ensemble has statistically significant
positive trends (Methods) for 1900-2014, but this value is 0% for the
historical-natural ensemble. The observed (ERSSTv5) mean SSTA for
2016-2024 of 0.60 °Crelative to 1961-90 is warmer than any nine-year
sequence in the 7,095 simulated years in the historical-natural exper-
iments from models with transient climate responses in the ‘likely’
range®.

We also use the simulations to estimate the time of emergence of the
anthropogenicinfluence onjanuary-March Coral Sea SSTAs above the
natural background variability. The anthropogenic warming signal®
increases from near zero in 1900 to around 0.5 standard deviations
of the variability (‘noise’) in 1960. The climate change signal-to-noise
ratio then increases rapidly from 1960 to 2014, exceeding 1.0 in 1976,
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Fig.3|Exceptional nature of recent January-March Coral Seasurface
temperatures. Ranked January-March SSTAs for 1618-2024 relative to 1961-90
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reconstruction (1618-1899) and instrumental (ERSSTv5) data (1900-2024).
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uncertainty bounds of the pre-1900 reconstructed SSTAs are shown by small

2.0in1997 and around 2.8 by 2014, the end of these simulations (Fig. 4,
Methods and Supplementary Fig. 50). Anthropogenic impacts on the
climate are virtually certain to be the primary driver of this long-term
warming in the Coral Sea.

Discussion

Previously, our knowledge of the SST history of the GBR and the Coral
Searegion has been highly dependent oninstrumental observations,
withthe exception of the five-year-resolution multi-century coral Sr/Ca
and U/CaSST reconstructions from the two point locationsinthe cen-
tral GBR*?*, an update at one of these locations?, seasonal resolution
‘floating’ (in time) chronologies from the GBR in the Holocene®?*and
point SST estimates further back in time®. Thus, the context of recent
warming trends in the Coral Sea and GBR and their relation to natural
variability on decadal to centennial timescalesiis largely unknown with-
outreconstructions such as the one we developed here.

Our coral proxy network is located mostly beyond the GBR, in the
Coral Sea, and some series are located outside the Coral Sea region
(Fig. 2d). The selection of the Coral Sea as a study region allowed for
alarger sample of contributing coral proxy data than exists for the
GBR.However, coral bleaching onthe GBR canbeinfluenced by factors
other than large-scale SST, including local oceanic and atmospheric
dynamics that can modulate the occurrence and severity of thermal
bleaching and mortality events'®. Nonetheless, warming of seasonal
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grey dots. Theyear labelsindicate the warmest six years onrecord, five of which
were mass coral bleaching years on the GBR. The pink (upper) dashed line
indicates the 95th-percentile uncertainty bound of the maximum pre-1900
reconstructed SSTA; thered (lower) dashed lineindicates the 90th-percentile
limit.

SSTsover thelarger Coral Searegionis likely to prime the background
stateandincrease the likelihood of smaller spatio-temporal-scale heat
anomalies. Furthermore, where we use only the five-year resolution
series directly from the GBR to reconstruct GBR SSTAs, we draw simi-
lar conclusions about the long-term trajectory of SSTAs as for our
full coral network (Fig. 2b and Supplementary Fig. 24). Furthermore,
shortmodern coral series fromwithin the GBR, analysed in this study,
document amulti-decadal warming signal that is coherent with instru-
mental data (Supplementary Figs.29 and 30). Nonetheless, additional
high-resolution, multi-century, temperature-sensitive coral geochemi-
calseries from withinthe GBR would help unravel the local and remote
ocean-atmosphere contributions to past bleaching events and reduce
uncertainties.

Thefocus onthelarger Coral Seastudy region also takes advantage
ofthe global modelling efforts of CMIP6. The large number of ensem-
ble members available for CMIP6 means that greater climate model
diversity, and therefore greater certainty in our attribution analysis,
is possible compared with most single model analyses. Thereisalsoa
methodological benefitin having high replication of the same experi-
ments run with multiple climate models. However, coarse-resolution
global-scale models do not accurately simulate smaller-scale processes,
such asinshore currents and mesoscale eddies in the Coral Sea or the
Gulfof Carpentaria, which probably affect local surface temperatures
and variations in nutrient upwelling in the GBR***. Upwelling on the
GBR s linked to the strength of the East Australian Current’®, the
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southward branch of the South Pacific subtropical gyre. The CMIP-scale
models we use do capture these gyre dynamics. The models show that
the East Australian Current is expected to increase in strength as the
climate continues to warm through this century®, and this may lead
to more nutrient inputs that can exacerbate coral sensitivity to rising
heat stress**°, As well as focusing our model analysis on the larger Coral
Searegion, we use a three-month time step. In doing so, we minimize
the impact of model spatio-temporal resolution on our inferences
about therole of anthropogenic greenhouse-gas emissions on the SST
conditions that give rise to GBR mass bleaching.

Remaining uncertainties
We present analyses and interpretations thatare as robust as possible
given currently available dataand methods. However, several sources of
remaining uncertainty mean that future reconstructions of past Coral
Seaand GBR SSTs could differ fromthose presented here. Although bias
correctionsare applied to observational SST datasets such as ERSST and
HadISST, these datasets probably retain biases, especially for the period
during and before 1945 (ref. 41), and these may not be fully accounted
for in the uncertainty estimates*’. Because our reconstructions are
calibrated directly to these datasets, future observational-bias correc-
tions are likely to improve proxy-based reconstructions.
Reconstructions of SST that use coral 80 records may be suscep-
tible to theinfluence of changes in the coral §'*0-SST relationship on
time periods longer than the instrumental training period, along with
non-SST changes in the §'%0 of seawater, which can covary with salin-
ity. Assuch, new coral records of temperature-sensitive trace-element
ratios suchas Sr/Ca, Li/Mg or U/Ca may prove influential in future efforts
todistinguish between changes in past temperature and hydroclimate.
Owing to the limited availability of multi-century coral data from within
the GBRitself, the reconstructed low-frequency variability of GBRSSTs
inrecent centuries is likely to change as more temperature proxy data
becomeavailable. Itis also likely that new sub-annual resolution records
would aid in removing potential signal damping or bias from our use
of some annual-resolution records to reconstruct seasonal SSTAs.

Ecological consequences
With global warming of 0.8-1.1°C above pre-industrial levels” there has
beenamarkedincrease in mass coral bleaching globally*®. Even limiting

2020
Year

influences onthe climateincluded) using the same set of climate models. The
climate-model-derived time of emergence of anthropogenic climate change,
shown by the grey and black vertical lines (1976 and 1997), is when the ratio

of the climate change signal to the standard deviation of noise/variability*
across model ensemble members firstrises above 1and 2, respectively. All
models are represented equally in the model ensemble.

global warming to the Paris Agreement’s ambitious 1.5 °C level would
belikely tolead to the loss of 70-90% of corals that are on reefs today*.
Ifall currentinternational mitigation commitments areimplemented,
global mean surface temperature is still estimated to increase in the
coming decades, with estimates varying between 1.9 °C (ref. 45) and
3.2°C (ref. 46) above pre-industrial levels by the end of this century.
Global warming above 2 °C would have disastrous consequences for
coral ecosystems'** and the hundreds of millions of people who cur-
rently depend on them.

Coralreefs of the future, if they can persist, are likely to have a dif-
ferent community structure to those in the recent past, probably
one with much less diversity in coral species®. This is because mass
bleaching events have a differentialimpact on different coral species.
For example, fast-growing branching and tabulate corals are affected
more than slower-growing massive species because they have differ-
ent thermal tolerance®. The simplification of reef structures will have
adverse impacts on the many thousands of species that rely on the
complex three-dimensional structure of reefs*. Therefore, even with
an ambitious long-term international mitigation goal, the ecological
function* of the GBRis likely to deteriorate further’ before it stabilizes.

Coral adaptation and acclimatization may be the only realistic
prospect for the conservation of some parts of the GBR this century.
However, although adaptation opportunities may be plausible to
some extent?, they are no panacea because evolutionary changes to
fundamental variables such as temperature take decades, if not cen-
turies, to occur, especially in long-lived species such as reef-building
corals*®, Thereis currently no clear evidence of the real-time evolution
of thermally tolerant corals*®. Most rapid changes depend on a history
of exposure to key genetic types and extremes, and there are limita-
tions to genetic adaptation that prevent species-level adaptation to
environments outside of their ecological and evolutionary history®.
Model projections also indicate that rates of coral adaptation are too
slow to keep pace with global warming®. Inarapidly warming world, the
temperature conditions that give rise to mass coral bleaching events
are likely to soon become commonplace. So, although we may see
some resilience of coral to future marine heat events through accli-
matization, thermal refugia are likely to be overwhelmed*°. Global
warming of more than 1.5 °C above pre-industrial levels will probably
be catastrophic for coral reefs**.
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Conclusion

Our new multi-century reconstruction illustrates the exceptional
nature of ocean surface warmingin the Coral Seatoday and the result-
ing existential risk for the reef-building corals that are the backbone of
the GBR. The reconstruction shows that SSTs were relatively cool and
stable for hundreds of years, and that recent January-March ocean
surface heatinthe Coral Seais unprecedented in at least the past 400
years. The coral colonies and reefs that have lived through the past
several centuries, and thatyielded the valuable Sr/Caand 80 dataon
whichourreconstruction is based, are themselves under serious threat.
Our analysis of climate-model simulations confirms that human influ-
enceisthedriver of recentJanuary-March Coral Seasurface warming.
Together, the evidence presented inour study indicates that the GBR is
indanger. Given this, itis conceivable that UNESCO may in the future
reconsider its determination that the iconic GBRis notin danger. In the
absence of rapid, coordinated and ambitious global action to combat
climate change, we will likely be witness to the demise of one of Earth’s
great natural wonders.
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Methods

Instrumental observations

The CoralSeaand GBR area-averaged monthly SSTAs relative to 1961-90
forJanuary-March are obtained from version 5 of the Extended Recon-
structed Sea Surface Temperature dataset (ERSSTvS5)”. We compare our
results using ERSSTv5 with those generated using the Hadley Centre
Sea Ice and Sea Surface Temperature dataset (HadISST1.1)%. We use
only post-1900 instrumental SST observations here. Although gridded
datasets have some coverage before 1900, ship-derived temperature
datain the region for that period are too sparse to be reliable for cali-
brating our reconstruction (Supplementary Information section1.2).
The regional mean for the GBR is computed using the seven grid-cell
locations used by the Australian Bureau of Meteorology (Supplemen-
tary Information section 1.1). We define the Coral Searegion as the
oceanareasinside 4°S-26°S,142° E-174° E.

Coral-derived temperature proxy data

We use a network of 22 published and publicly available sub-annual
and annual resolution temperature-sensitive coral geochemical series
(proxies; Fig. 2d, Supplementary Tables 1 and 2, and Supplementary
Fig. 5a-v) from the western tropical Pacific in our source data region
(4°N-27°S,134° E-184° E) that cover at least the period from 1900 to
1995. Of these 22 series, 16 are 80, which are in per mil (%o) notation
relative to Vienna PeeDee Belemnite (VPDB)®; the remaining six are
Sr/Caseries. The coral data are used as predictorsin the reconstruction
of January-March mean SSTAs in the Coral Sea region. We apply the
inverse Rosenblatt transformation®>** to the coral data to ensure that
ourreconstruction predictors are normally distributed. Sub-annually
resolved series are converted to the annual time step by averaging
across the November-April window. This maximizes the detection of
the summer peak values, allowing for some inaccuracy in sub-annual
dating and the timing of coral skeleton deposition®**. A small fraction
(lessthan 0.8%) of missing datais infilled using the regularized expecta-
tion maximization (RegEM) algorithm®® (Supplementary Information
section 2.3), after which the proxy series are standardized such that
each has a mean of zero and a standard deviation of one over their
common 1900-1995 period.

Reconstruction method

To produce our Coral Sea reconstruction, we use nested principal
component regression® (PCR), in which the principal components
of the network of 22 coral proxies are used as regressors against the
target-regionJanuary-March SSTArelative to the1961-90 average. We
performthereconstructions separately for each nest of proxies, where a
nest is a set of proxies that cover the same time period. The longest
nestdatesback to1618, when atleast two series are available. The nests
allow for the use of all coral proxies over the full time period of their
coverage. The 96-year portion of the instrumental period (1900-1995)
that overlaps with the reconstruction period is used for calibration
and evaluation (or equivalently, verification) against observations.
We reconstruct regional SSTAs from the principal components of the
coral network of 80 and Sr/Ca data, rather than their local SST cali-
brations, to minimize the number of computational steps and to aid
inrepresenting the full reconstruction uncertainty.

Principal component analysis (PCA) is used to reduce the dimen-
sionality of the proxy matrix, as follows. Let P(¢,r) denote the
palaeoclimate-data matrix during the time period¢=1,...,natan annual
time step for proxy series r=1,...,p. PCA is undertaken on this matrix
duringthe calibration period, P.,.. We obtain the principal component
coefficients matrix P_,.«(r,e) for principal componentse =1,...,n,c and
principal component scores P,..(t,€), which are representations of
theinput matrix P, inthe principal component space. P is truncated
to include np . principal components to form P}, such that the
variance of the proxy network explained by the n, .. principal

componentsisgreater than ogxpl (whichwe set to 95%). Reconstruction
testsinwhich oﬁxp, is varied from 70% to 95% show that our results are
notstrongly sensitive to this choice, and tests based on lag-one autore-
gressive noise for agxp, from 50% to 99% further support this choice
(Supplementary Information section 3.2). These principal components
are used as predictors against which the Coral Sea January-March
instrumental SSTAs are regressed. We regress the standardized SSTA
target dataduring the calibration period, /., against the retained prin-

cipal components of the predictor data, Py

NpC, use

leal= Z Picore(t, @) X 1+ &

e=1

Thus, we obtain n, .. €stimates of the regression coefficients y, with
gaussian error term &, - N(0,02). The principal components are
extended back into the pre-instrumental period by multiplying the
entire proxy matrix P(¢,p) with the truncated principal component
coefficient matrix Pg,¢(¢,€) to obtain Q. ¢

Qoeri(t,P) = P(t, p) X Ploere(t, €).

Thereconstruction proceeds with the fitted regression coefficients
y.and extended coefficient matrix Q, ¢ to obtain a reconstruction
time series R,,(¢) for a given nest of proxy series

Neof

Ru(D)= ) Qe 0) x 1+ &,.

e=1

The standardized reconstruction R, (¢) is then calibrated to the
instrumental data such that the standard deviation and mean of the
reconstruction and target during the calibration interval are equal.
As well as obtaining reconstructions for each nest of available prox-
ies, we compute stitched reconstructions S (¢) for each calibration
period ¢, which include at each time step the reconstructed data for
the proxy nest with maximum coefficient of efficiency®** (Supple-
mentary Information section 3.1). This procedure is performed for
contiguous calibration intervals between 60 and 80 years duration
between 1900 and 1995, with interval width and location increments
of two years, reserving the remaining data in the overlapping period
forindependentevaluation, and for all proxy nests. The reconstruction
error is modelled with alag-one autoregressive process fitted to the
residuals. We evaluate the capacity of our reconstruction method to
achieve spurious skill from overfitting by performing a test in which
we replace the coral data with synthetic noise (Supplementary Infor-
mation section 3.2i). We find that reconstructions based on synthetic
noise achieve extremely low or zero skill and as more noise principal
components are included in the regression, the evaluation metrics
indicate declining skill. Our reconstruction and evaluation methods
therefore guard against the potential for spurious skill.

Pseudo-proxy reconstructions

Ourreconstructionmethodis furtherevaluated by usingapseudo-proxy
modelling approach based on the Community Earth System Model
(CESM) Last Millennium Experiment (LME)®°, for which there are 13
full-forcing ensemble members covering the period 850-2005. We
use the pseudo-proxy reconstructions to evaluate our reconstruction
method and coral network in a fully coupled climate-model environ-
ment. We form pseudo-proxies by extracting from each LME ensemble
member the SST and sea surface salinity (SSS) from the 1.5° x 1.5° grid
celllocated nearest to our coral data. We then apply proxy system mod-
elsinthe form of linear regression models, basing 80 onboth SST and
SSS, and Sr/Ca on SST only (Supplementary Information section 3.3).
We set the spatial and temporal availability of the pseudo-coral network
to match that of the coral network. We then apply our PCR reconstruc-
tion and evaluation procedure to the pseudo-proxy network, taking
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advantage of the availability of the modelled Coral SeaSSTA dataacross
the multi-century period 0of 1618-2005, which allows for the evaluation
of the pseudo-proxy reconstruction over this entire time period. We
first test our method using a ‘perfect proxy’ approach (with no proxy
measurement error) before superimposing synthetic noise on the
pseudo-proxy time series, evaluating our methodology at two separate
levels of measurementerror, quantified by signal-to-noise ratios of 1.0
and 4.0. The evaluation metrics for these tests indicate that our coral
network and reconstruction method obtain skilful reconstructions of
Coral Sea SSTAs in the climate-model environment (Supplementary
Figs.17b,18,20b, 21, 22b and 23).

Comparison withindependent coral datasets

We use two multi-century five-year-resolution coral series from the
central GBR®?* (Fig. 2b and Supplementary Fig. 24) and a network of
sub-annual and annual resolution modern coral series (dated from1900
onwards but not covering the full 1900-1995 period) from 44 sites in
the GBR (Supplementary Information section 4.2) for independent
evaluation of coral-derived evidence for warming in the region. We
estimate five-year GBR SSTAs (Fig. 2b) by aligning the post-1900 mean
and variance of the proxy and instrumental (ERSSTvS5) data.

Reconstruction sensitivity to non-SST influences
Of the 22 available coral series, 16 are records of §'%0, a widely used
measure of the ratio of the stable isotopes '*0 and **0. In the tropical
Pacific Ocean, §'®Q is significantly correlated with SST*"**, Coral §'*0
isalso sensitive to the §'®0 of seawater®, which canreflect advection of
different water masses and/or changesin freshwater input, suchasfrom
riverine sources or precipitation, whichin turn co-vary with SSS. Thus,
itis generally considered that the main non-SST contributions to coral
80 are processes that co-vary with SS$%¢¢. Our methodology minimizes
the influence of non-temperature impacts on the reconstruction by
exploiting the contrastin spatial heterogeneity between SST and SSSin
January-March (Supplementary Information section 5.1). SSS is spatially
inhomogeneous in the tropical Pacific®*®’, leading to low coherence in
SSSsignals across our coral network. By contrast, the strong and coher-
ent SST signal across our coral network locations and the Coral Searegion
leads to principal components that are strongly representative of SST
variations. This produces a skilful reconstruction of SST, as determined
by evaluation against independent observations, and low correlations
with SSS across the Coral Sea region (Supplementary Fig. 31).
Althoughthelikelihood of non-SST influences onour SST reconstruc-
tion is low, we nonetheless test the sensitivity of our reconstruction
anditsassociated interpretations to the possibility of these influences
on the coral data. The tests compute the correlations between our
best-estimate SSTA reconstruction (highest coefficient of efficiency)
and observations of SSS, along with a series of additional recon-
structions based on subsets of our coral network. The correlations
between our highest coefficient of efficiency January-March Coral
Sea SSTA reconstruction and January-March SSS are mapped for the
Coral Sea and its neighbouring domain using three instrumental SSS
datasets (Supplementary Fig. 31). Correlations are not statistically
significant over most of the domain. Noting differing spatial corre-
lation patterns between the instrumental SSS datasets®®, which also
cover different time periods (Supplementary Informationsection5.1),
we undertake six sensitivity tests using subsets of the coral network
(Supplementary Information section 5.2). We use the following com-
binations of coral series: (1) the full network of 22 80 and Sr/Ca series
(Figs.2a and 3); (2) a subset of the six available Sr/Ca series (Supple-
mentary Figs. 32-33), to test how the reconstruction is influenced by
the inclusion of coral 60 records; (3) a fixed nest subset of the five
longest coral series, extending back to at least 1700 (Supplementary
Figs. 34-35), to test for the potential influence of combining series of
differing lengths (from our splicing of portions of the best reconstruc-
tions from each nest); (4) asubset of the ten coral series that are most

strongly correlated with the target (Supplementary Figs. 36 and 37),
to test how our reconstruction is influenced by the inclusion of coral
series that are less strongly correlated with our target; (5) a subset of
coralseries thatexcludesthe six records thatare reported to potentially
include biological mediation or non-climatic effects, or have low cor-
relation with the target (Supplementary Figs. 38 and 39), to test their
influence on the reconstruction; and (6) a network perturbation test
comprising 22 separate subsets of proxies, in which proxy records are
addedincrementally in order of highest to lowest correlation with the
target, starting with a single coral series and increasing the number
of included proxies to all 22 series in our network (Supplementary
Information section 5.2.5), to systematically quantify the influence
of gradually including more coral datasets on our reconstruction and
itsinterpretations.

The evaluation metrics (Fig. 2c and Supplementary Figs. 32b, 34b,
36b and 38b) indicate a skilful reconstruction back to 1618 for the
reconstructions based on the Full, Sr/Caonly, Long, Best-10 and Omit-
BioMed networks. These reconstructions explain 82.7%, 80.6%, 77.6%,
79.8% and 80.4% (R-squared values) of the variance inJanuary-March
SSTAs, respectively, in the independent evaluation periods (using
ERSSTv5b). All coral subsets in the network perturbation test produce
skilful reconstructions (Supplementary Fig. 40). The highest-skill
reconstructions for all subsets in the network perturbation test align
withour key interpretations (Supplementary Figs.41and 42). Together,
our sensitivity tests show that the coral network, observational data
and reconstruction methodology are a sound basis for reconstructing
CoralSeaJanuary-March SSTAs in past centuries and contextualizing
recent high-SST events (Supplementary Information).

Climate-model attribution ensembles and experiments

The multi-model attribution analysis used here is based on simulations
from CMIP6. We analyse simulations from the historical experiment
(including natural and anthropogenic influences for 1850-2014) and
the historical-natural experiment (natural-only forcings for 1850-2014).
We select climate models for which monthly surface temperature is
availablein atleast three historical and historical-natural simulations
(Supplementary Table 5). All model simulations are interpolated to a
common regular 1.5° x 1.5° latitude-longitude grid. January-March
SSTAs relative to 1961-90 are calculated for each simulation. The full
historical all-forcings ensemble is composed of 14 models with 268
simulations for 1850-2014. The natural-only ensemble is composed of
the same 14 models with 95individual simulations. A subset of climate
models in the CMIP6 ensemble are considered by the science com-
munity to be ‘too hot’, simulating warming in response to increased
atmospheric carbon dioxide concentrations that is larger than that
supported by independent evidence®. We omit these models from our
analysis by including only models with a transient climate response
in the ‘likely’ range® of 1.4-2.2 °C. Our results are not strongly sensi-
tive to this selection (Supplementary Information section 6.3). The
ten remaining models yield a total of 25,410 years from 154 historical
ensemble members and 7,095 years from 43 historical-natural ensemble
members. We weight the models equally in our analysis using bootstrap
sampling. We report linear trends based on simple linear regression
models fitted with ordinary least squares. The statistical significance
oflinear trends is assessed using the Spearman’s rank correlation test®.

Time of emergence of the anthropogenicimpact

We assess the anthropogenic influence on SSTAs in the Coral Sea
region by starting with the assumption that any anthropogenic influ-
ence on SSTAs in the Coral Sea is indistinguishable from natural vari-
ability at the commencement of the model experiments. We measure
the impact of anthropogenic influence on the climate in the region
using a signal-to-noise approach®7°. We calculate the anthropogenic
‘signal’ as the mean of the difference between the smoothed (using
a4l1-year Lowess filter) modelled historical Coral Sea SSTA and the



mean smoothed modelled historical-natural SSTA. Our ‘noise’ is the
standard deviation of the difference between the modelled histori-
cal SSTA and its smoothed time series (Supplementary Information
section 6).

Methods additionally rely on Supplementary Information and
refs. 71-104.

Data availability

The ERSSTvS instrumental SST dataare available from the US National
Oceanic and Atmospheric Administration at https://psl.noaa.gov/data/
gridded/data.noaa.ersst.v5.html. The HadISST1.1 data are available
from the UK Met Office at https://www.metoffice.gov.uk/hadobs/had-
isst/. The original coral palaeoclimate data are available at the links
providedin Supplementary Table 2. Land areas for maps are obtained
from the Mapping Toolbox v.23.2 in Matlab v.2023b and the Global
Self-consistent, Hierarchical, High-resolution Geography (GSHHS)
Database at https://www.soest.hawaii.edu/pwessel/gshhg/ through
the m_map toolbox by R. Pawlowicz, available at https://www.eoas.
ubc.ca/%7Erich/map.html. Prepared data from the coral geochemical
series, reconstructions and climate models that support the findings
ofthisstudy are available at: https://doi.org/10.24433/C0.4883292.v1.

Code availability

The code that supports the findings of this study is available and can
berunat: https://doi.org/10.24433/C0.4883292.v1.
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