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300 years of sclerosponge thermometry 
shows global warming has exceeded 1.5 °C

Malcolm T. McCulloch    1,2 , Amos Winter    3, Clark E. Sherman    4 & 
Julie A. Trotter    1

Anthropogenic emissions drive global-scale warming yet the temperature 
increase relative to pre-industrial levels is uncertain. Using 300 years 
of ocean mixed-layer temperature records preserved in sclerosponge 
carbonate skeletons, we demonstrate that industrial-era warming began 
in the mid-1860s, more than 80 years earlier than instrumental sea surface 
temperature records. The Sr/Ca palaeothermometer was calibrated against 
‘modern’ (post-1963) highly correlated (R2 = 0.91) instrumental records of 
global sea surface temperatures, with the pre-industrial defined by nearly 
constant (<±0.1 °C) temperatures from 1700 to the early 1860s. Increasing 
ocean and land-air temperatures overlap until the late twentieth century, 
when the land began warming at nearly twice the rate of the surface oceans. 
Hotter land temperatures, together with the earlier onset of industrial-era 
warming, indicate that global warming was already 1.7 ± 0.1 °C above 
pre-industrial levels by 2020. Our result is 0.5 °C higher than IPCC estimates, 
with 2 °C global warming projected by the late 2020s, nearly two decades 
earlier than expected.

Global warming is causing major changes to the Earth’s climate1, 
with heatwaves of unprecedented scale occurring across southern  
Europe, China and large parts of North America2. Furthermore,  
during the 2023 Northern Hemisphere summer, heatwaves occurred 
towards the end of a prolonged La Niña cool phase, when global mean 
temperatures were below the long-term warming trend. This and the 
switch of ENSO (El Niño/Southern Oscillation) to a warmer-than-average 
El Niño phase in 2023–24, means that intense heatwaves and associated 
extreme events may now be the new normal. This questions whether 
global mean surface temperatures (GMSTs) have, or will soon exceed, 
the Paris Agreement of 2015 of holding GMSTs to “well below 2 °C above 
pre-industrial levels and pursuing efforts to limit the temperature rise 
to no more than 1.5 °C above pre-industrial levels”3.

To address this question and whether even more extreme events 
are likely in the near future4 requires knowledge of the total magnitude 
of global warming that has occurred since the pre-industrial period. The 
pre-industrial-period is defined as the stable “mean climate state just 

before human activities started to demonstrably change the climate 
through combustion of fossil fuels”5. Given that anthropogenic concen-
trations of atmospheric CO2 started to increase in the early 1800s6, the 
pre-industrial reference period should ideally be defined well before 
this, in the mid-1700s or earlier. Complicating this requirement is the 
series of exceptionally large volcanic eruptions in the early 1800s that 
caused global-scale cooling of unprecedented levels in recent living his-
tory7. Most limiting, however, is that instrumental ship-based records 
of global sea surface temperature (SST) only began in the 1850s and 
then with limited coverage (Extended Data Fig. 1)8,9. Thus, for prag-
matic reasons10, the earliest available instrumental records from 1850 
to 1900 have been used to define the IPCC ‘pre-industrial’ period. The 
instrumental record of GMST is therefore constructed from the areal 
weighted average of SST, blended with land-air temperatures11,12, the 
latter extending back to the 1750s12 but with larger uncertainties. For 
global SSTs, the most widely used products (for example, HadSST4 
(ref. 13) and ERSST5 (ref. 14)) rely on the International Comprehensive 
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skeletons of long-lived sclerosponges. Live specimens were collected 
from the Caribbean at depths between 33 and 91 m, within the ocean 
mixed-layer (OML), the region where heat is exchanged between the 
atmosphere and the ocean interior9. Here, the thermal gradient is 
homogenized by turbulent mixing from the sea surface to the base of 
the OML, with its much greater thermal inertia providing a more stable, 
representative record of upper surface ocean temperatures compared 
to the highly variable uppermost (<1–2 m) sea surface layer9. Further-
more, in the Caribbean part of the western Atlantic, the dominant 
source of multi-annual upper ocean surface temperature variability is 
from global atmospheric forcing, with little direct influence (Extended 
Data Fig. 2) from other ‘natural modes’ of internal variability, such as 
the Atlantic Meridional Overturning Circulation (AMOC)17. Thus, tem-
perature changes in the Caribbean OML appear to be mainly driven by 
external radiative forcing, which makes this an ideal region to monitor 
global trends in SSTs9,17.

Results
Coralline sclerosponges are an ancient lineage of calcifying sponges18, 
typically found in light-limited cryptic marine environments that 
extend from the relatively uniform temperature regime of the OML 
to below the thermocline. In this study, specimens of Ceratoporella 
nicholsoni18 were specifically targeted from within the OML of the 
eastern Caribbean, along the steeply dipping insular slope, offshore 
Puerto Rico and the nearby island of St Croix (Extended Data Fig. 3). 
The ages and growth rates of specimens collected from 2007 to 2017 
were determined using sensitive 230Th/238U-series analyses19 back to the 
1850s, with several to the beginning of the 1700s (Methods). Ambient 
seawater temperatures were derived from measurements of Sr/Ca 

Ocean Atmosphere Data Set (ICOADS)15, with the denser network of 
‘modern’ reliable observations beginning in the second-half of the 
twentieth century8,9.

The limitations of these products are evident when the earliest 
available global SSTs13 are compared (Fig. 1) with the land-air tem-
peratures11,12. When normalized to the ‘modern’ 1961–1990 anomaly 
reference period, the records overlap closely from about 1900 to the 
1980s (Fig. 1a), with generally warmer land temperatures during El 
Niño and cooler temperatures during La Niña phases. However, the 
records diverge markedly between 1850 and 1900, when SSTs are 
warmer (∼0.3 °C) than the land, except during the very strong El Niño of 
1877–78 (Fig. 1a). This is a conundrum because in a stable state, changes 
in land temperatures should closely track those in the much higher 
heat capacity upper oceans, as has occurred for most of the twentieth 
century (Fig. 1a). Consequently, when ocean and land anomalies are 
instead referenced to the IPCC 1850–1900 pre-industrial period10, 
SSTs are apparently ∼0.3 °C cooler than the land from the early 1900s, 
an offset that continues to the 1980s, then increases further as part of 
the late-twentieth-century enhanced warming of the land (Fig. 1b)16. 
In addition to there being no plausible explanation for such an abrupt 
cooling of the oceans in the early 1900s while the land continued to 
warm, this inconsistency has important implications for the processes 
responsible for the now even faster rates of late-twentieth-century land 
warming. For example, is the accelerated warming of the land since the 
1990s11,12 due to a major regime shift in climate (Fig. 1a) or is it part of the 
same long-term warming trend shown when records are referenced to 
the IPCC 1850–1900 pre-industrial period10 (Fig. 1b)?

To resolve this question, here we report an extended 300 yr Sr/
Ca palaeotemperature record preserved in the calcium carbonate 
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Fig. 1 | Global sea surface and land-air temperature anomalies since 1850. 
a, Anomalies referenced to the 1961–1990 average with HadSST4 (ref. 13) 
being consistently warmer than land-air temperatures11,12 from 1850 to 1900. 
b, Anomalies referenced to the IPCC 1850–1900 pre-industrial period10,16 with 
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ratios20,21 of 0.5 mm (∼2 yr) continuous increments (Fig. 2a), from the 
outermost layer down along the growth axis of the progressively older 
calcium carbonate (aragonite) skeletons (Methods). The absence of sea-
sonal aliasing was confirmed by high-resolution 0.05 mm (∼2 month) 
sampling of a specimen between 1960 and 2017, which showed little 
seasonal variation (Extended Data Fig. 4b) and was therefore averaged 
to 1 yr resolution.

Over the last ∼300 yr, all specimens show subparallel arrays of 
Sr/Ca ratios (Fig. 2a), indicative of the same proportionate response 
to changes in ambient seawater temperature. However, the offsets 
between the arrays indicate limited depth-dependent temperature 
differences, together with some biological induced vital effects. Vital 
effects are a common feature of biological systems21,22 and here the 
constant offsets were corrected by normalizing the Sr/Ca ratios to 
the mean of the 1961–1990 reference period for each specimen. The 
resultant, highly coherent array of stacked 2 yr ΔSr/Ca anomalies (Fig. 
2b) thus indicates a constant sensitivity of the specimens to differential 
changes in temperature (that is, anomalies).

Calibration of sclerosponge Sr/Ca OML temperatures
To determine the temperature sensitivity of sclerosponge ΔSr/Ca anom-
alies, the 2 and 1 yr averaged arrays were compared with global mean 
SSTs (HadSST4)13 from 1964 to 2012 inclusive. Following established 

procedures23, the global average HadSST4 anomalies were detrended 
using a well-defined (R2 = 0.91) linear relationship, with the residuals 
being mainly due to periods of high ENSO variability (Extended Data 
Fig. 4a). The modern (1964–2012) ΔSr/Ca OML anomalies were then 
regressed against the linear global HadSST4 (Fig. 3a,b), which assumes 
that the ∼50 yr OML ΔSr/Ca record incorporates a large fraction of 
the well-defined increase in modern global SSTs. This yields a slope 
of −0.391 ± 0.015 mmol °C−1, with the calibration period representing 
nearly one-half of the total amount global warming that has occurred 
to date.

Although the ΔSr/Ca anomalies show the expected 
thermodynamic-based24 negative correlation with global SSTs, the 
temperature sensitivity is greater than previous studies25,26, including 
those of scleractinian corals20,21. However, previous attempts to calibrate 
the temperature sensitivity of Sr/Ca ratios in sclerosponges25,26 have 
been based on either depth-dependent differences in temperature that 
incorporate vital effects25,26 or, alternatively, a lower precision laser-ICP 
seasonal study27 within the actively calcifying tissue zone. The con-
stant, high sensitivity of ΔSr/Ca temperature anomalies (±0.07 °C) in C. 
nicholsoni, found here for many specimens, is attributed to multistage 
regenerative calcification as seawater is pumped and exchanged within 
the active (∼0.5–1 mm) calcification zone, which extends from the upper-
most surface to lower basal zone18. This also accounts for the absence of a 
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seasonal signal in either the ∼2 month sampling (Extended Data Fig. 4b) 
or the 2 yr stacked arrays (Fig. 2b). This, together with the low sensitivity 
of Caribbean OML to central Pacific generated ENSO teleconnections9,28, 
accounts for the limited ENSO variability in the sclerosponge OML record 
with, for example, the main 1997–98 El Niño being absent.

Calibration of the sclerosponge Sr/Ca palaeothermometer against 
global temperature changes thus provides strong empirical evidence 
that the Caribbean OML has warmed proportionately to the average 
global increase in SST, over the last ∼50 yr. This finding is supported 
by modelling9,17,29 which shows that, across this broad central western 
Atlantic region, SSTs have also increased at approximately the same rate 
as the global average (Extended Data Fig. 2)17. This can be understood as 
anthropogenic imposed radiative heating being an essentially passive 
tracer in the Caribbean OML29, whereas in the northern Atlantic, global 
warming plays an active role in modifying AMOC17 and hence heat uptake 
in that region. Thus, our empirical findings are consistent with the Car-
ibbean being ideally positioned to monitor at-scale global greenhouse 
warming with minimal superimposed changes from AMOC17, whilst 
still registering the broader effects of ENSO teleconnections28. Impor-
tantly, modelling17 also provides a strong physical basis for extending 
the modern (1964–2012) calibration of the sclerosponge Sr/Ca palaeo-
thermometer back to the eighteenth to nineteenth centuries, when still 
rudimentary instrumental measurements of SSTs were either absent or, 
at best, limited in geographic coverage (Extended Data Fig. 1)8,9.

Pre-industrial period and onset of industrial-era warming
The three centuries of OML temperature changes preserved in the 
skeletons of long-lived Caribbean sclerosponges (Fig. 4) show that the 

pre-industrial baseline period is defined by the same essentially con-
stant (< 0.1 °C decade−1) temperatures from 1700 to 1790 and then from 
1840 to the early 1860s. The intervening period is marked by prolonged 
global-scale cooling (Fig. 4a,b), consistent with high concentrations of 
volcanic-generated sulfate aerosols found in ice cores7. This includes 
major volcanic eruptions (Fig. 4b) in 1783 (Laki), 1809 (unknown), 1815 
(Tambora) and 1832 (Cosiguina). The most important is the Tambora 
eruption in Indonesia during 181530, the largest explosive event yet 
recorded in ‘living’ history31. This caused “The Year without a Summer” 
in 18167,30, with the global-scale cooling (−0.2 ± 0.06 °C) being evident in 
the Caribbean OML record from 1808 to 1828, with a gradual return to 
warmer pre-industrial levels during the 1830s (Fig. 4b). The final stage 
of the pre-industrial period is thus defined by the plateau in tempera-
tures between 1840 and the early 1860s, at marginally warmer (∼0.1 °C) 
pre-industrial temperatures compared to the 1700s. The sclerosponge 
record (Fig. 4b) of these well-known historic events7,30,31 thus confirms 
the veracity of the Caribbean ΔSr/Ca OML thermometer as a recorder 
of globally forced radiative temperature changes. As expected9, tem-
perature changes in the OML are dampened relative to the atmosphere 
due to the much greater heat capacity of the OML (Fig. 5a).

Relative to this extended and now well-defined pre-industrial 
baseline, an offset of 0.9 ± 0.1 °C is applied (Fig. 4) to account for the 
temperature increase from the pre-industrial baseline period (that 
is, mean temperatures from 1700 to 1790 and from 1840 to 1860) to 
the 1961–1990 anomaly reference period. On this basis, the onset of 
industrial-era warming is evident by the mid-1860s. Although ear-
lier than the IPCC estimate10 (Fig. 4b,c), it is in good agreement with 
previous palaeoclimate reconstructions32,33 that indicate an ‘early’ 
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mid-nineteenth-century onset of industrial-era warming. This is espe-
cially the case if account is taken of the now much improved resolution 
of our OML record, which clearly distinguishes the initiation of early 
industrial warming in the mid-1860s from the prolonged recovery 
that followed the early 1800s global-scale volcanic cooling. Thus, the 
emergence of OML warming is apparent by the mid-1870s (Fig. 4b), with 
emergence being defined by the more stringent criteria of warming that 
first exceeds and remains 2σ above the pre-industrial period34. This is 
more than 80 years earlier than instrumental SST records8 (Fig. 4c) or 
shallow-water palaeoclimate coral records in which high natural vari-
ability masks the emergence of industrial-era warming until the mid 
twentieth century32,33 (Fig. 5b).

OML temperatures over the industrial era
On the basis of the sclerosponge OML record, industrial-era warming 
can be categorized into three broad stages (Fig. 4c). The first is the early 
industrial period from the mid-1860s to early 1900s, when tempera-
tures increased by 0.3 ± 0.1 °C at an average rate of ∼0.09 ± 0.03 °C dec-
ade−1. This was followed by a similar amount of warming (∼0.3 °C) from 
the early 1900s to the early 1960s (the mid-industrial period) but at 
nearly half the average rate (0.04 ± 0.02 °C decade−1). Finally, starting 
from the mid-1960s (the ‘modern’ period) temperatures increased at 
a much faster rate of 0.15 ± 0.05 °C decade−1 (Fig. 4c) in response to 
rapidly increasing atmospheric CO2. Since the mid-1980s, the tem-
perature sensitivity to increasing CO2 has halved, from ∼0.17 ± 0.02 °C 
per 10 ppm CO2 during 1964–1984 to the present-day (1985–2020) 
0.08 ± 0.02 °C per 10 ppm CO2 (Figs. 3c and 4c). While the causes of 

this decrease in the sensitivity of OML warming to CO2 require further 
investigation, we note that it is difficult to reconcile with the cooling 
effects of industrial aerosols16 but it does coincide with the global 
increase in summertime mixed-layer depths35 and hence greater heat 
capacity of the OML.

In contrast to this coherent pattern of OML warming, ship-based 
records of SSTs (for example, HadSST4)13 show much greater 
‘roller-coaster’ like variability, with periods of rapid warming followed 
by falling temperatures (Fig. 4). Most notable is the period from 1850 to 
1880, the first part of the IPCC pre-industrial reference period, that is 
characterized by unusually warm temperatures, especially during the 
1877–78 El Niño36. Then, from around 1880 until the early 1900s, SSTs 
cooled in a series of steps with only the first being attributable to cool-
ing from the Krakatau eruption in 1883 (Fig. 4c,d). By the early 1900s 
and especially during the so-called 1908 to 1910 ‘cool excursion’, there 
is good agreement between the OML and HadSST4 records. Paradoxi-
cally, during the IPCC 1850–1900 pre-industrial period10 (Fig. 4c), tem-
peratures were ∼0.3 °C anomalously warmer than the beginning of the 
twentieth-century ‘industrial era’ despite increasing atmospheric CO2.

While there is good agreement between the OML and HadSST4 
records during the early 1900s (Fig. 4), HadSST4 is again warmer during 
the mid-1920s and especially during the mid-1940s World War II period 
(Fig. 4c,d). The latter discrepancy is attributed to changes from bucket 
to engine-room water intake measurements8,9, as well as recently identi-
fied biases between different national fleets37. It is uncertain, however, 
whether these and the much more significant offsets during the IPCC 
pre-industrial period are due, for example, to an over-representation 
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Fig. 5 | OML and GMSTs. Anomalies relative to 1961–1990 baseline with +0.9 °C 
offset (unless indicated). a, OML and Berkeley land12 temperature anomalies  
with onset of extreme land-air temperature from about 1990 (pink shading). 
b, GMSTs from blended OML and land12 anomalies (this study dark red circles) 
and from blended HadSST4 and land temperatures12 (orange circles), the latter 
relative to IPCC 1850–1900 pre-industrial period, which underestimates global 
warming by ∼0.5 °C. See refs. 11–13 and Supplementary Data for uncertainties.  

c, OML and HadSST4 of >1.5 °C and land >2 °C temperature increases by 2020.  
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reductions from 2025 to halve emissions by early 2030 (dotted line).
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of warm El Niño events in the poorly constrained nineteenth-century 
ICOADS records15 or to greater natural variability in ENSO before 1960, 
although our OML record suggests the former.

Discussion
Understanding how greenhouse forced warming has affected land-air 
temperatures relative to the much larger heat sink of the upper ocean 
remains a challenge. Here, we assume that, relative to the 1961–1990 
reference period, the same fixed offset of 0.9 °C can be applied to 
land-air as well as the OML anomalies (Figs. 4 and 5), although there 
are larger uncertainties12 in land-based records from 1750 to 1860  
(Fig. 5a). Despite this limitation, there is nevertheless good agreement 
between the land-air and OML records, especially during the historically 
well-documented Tambora eruption when volcanic aerosols induced 
global cooling. Significantly, from mid-1860 to 1900, both land and 
OML temperatures increased synchronously by ∼0.3 °C. Conversely, 
over the same IPCC 1850–1900 pre-industrial period, HadSST4 is ini-
tially up to 0.6 °C warmer (Fig. 4c) followed by an anomalous cooling 
trend compared to the well-defined OML and land records of consist-
ent warming from the 1860s. Our findings now resolve the ‘warm-land 
cool-ocean’ conundrum posed by using the IPCC10,16 pre-industrial refer-
ence period (Fig. 1b). Hence modern observations should continue to 
be referenced to the 1961–1990 mean (Fig. 1a) but with an adjustment 
of +0.9 °C to account for the temperature increase since the onset 
of industrial-era warming in the mid-1860s to the 1961–1990 mean 
(Fig. 4a). On this basis, the land and SST records have shown a gener-
ally coherent response to ENSO up until the 1990s, characterized by 
relatively warmer land temperatures during strong El Niño and cooler 
temperatures during La Niña events (Fig. 5a).

Importantly, however, the long-term similarity in rates of land and 
upper ocean surface warming starts to breakdown in the late twentieth 
century, with land-air temperatures now increasing at nearly twice 
the rate of the surface oceans regardless of the ENSO phase (Fig. 5a,c). 
Rather than the land-air record being part of an ongoing post-1900s 
warming trend relative to the IPCC 1850–1900 pre-industrial period, as 
currently assumed16 (Fig. 1b), our findings show a distinct divergence 
from the surface ocean from around 1980–1990 (Fig. 5a,c). This is 
consistent with the already well-documented amplified warming of 
the high-latitude Northern Hemisphere land masses and the decline 
of Artic permafrost38,39. This change also coincides with the increased 
frequency of both Southern Hemisphere and Northern Hemisphere 
heatwaves2 and associated extreme events, such as droughts and wild-
fires40. Wildfires and more frequent bushfires are also an additional 
source of atmospheric CO2, providing an enhanced feedback mecha-
nism. Although the relative importance of the regional and global 
processes driving the increased frequency and intensity of land-based 
heatwaves is still uncertain39, our revised record of industrial-era warm-
ing now clearly shows that terrestrial environments have been subject 
to a much faster rate of warming since the 1990s, compared to those in 
the more stable OML of the upper surface oceans.

These findings also have important implications for near-term 
projections of global warming. As already described, relative to 
the 1961–1990 reference, OML and land temperatures (Fig. 5a) and 
hence GMSTs (Fig. 5b) increased by ∼0.9 ± 0.1 °C since the 1700–1860 
pre-industrial period. This compares with only ∼0.4 °C when HadSST4 
and land temperatures are estimated relative to the IPCC 1850–1900 
pre-industrial period10, a difference of 0.5 °C (Fig. 5b). The additional 
0.5 °C in global warming above IPCC estimates1 also implies that GMSTs 
were ∼1.7 ± 0.1 °C above 1700–1860 pre-industrial levels by 2018–2022, 
compared to the IPCC estimate1 of ∼1.2 ± 0.1 °C (Fig. 5b). Thus, the 
opportunity to limit global warming to no more than 1.5 °C by emis-
sion reductions alone has now passed and at current emission rates, 
the 2 °C threshold for GMSTs will be reached by the late 2020s (Fig. 5d).

We have shown that the late-twentieth-century land-air tempera-
tures have been increasing at almost twice the rate of the surface oceans 

and are now ∼2 °C above pre-industrial levels. If these current rates 
of warming continue, mean land temperature will exceed 2.5 °C by 
about 2035, with GMSTs expected to follow in early 2040 (Fig. 5c,d). 
Consequently, the overriding aim of the UN Paris agreement to keep 
the combined land and ocean global surface temperature increase to 
below 2 °C is now a much greater challenge, emphasizing the even more 
urgent need to halve emissions by 2030.
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Methods
Samples
Living specimens of the Caribbean sclerosponge C. nicholsoni were 
collected using mixed-gas closed-circuit rebreathers by the University 
of Puerto Rico-Mayagüez, Department of Marine Sciences technical 
diving team that includes C. Sherman, M. Carlo, H. Ruíz, M. Nemeth, 
E. Tuohy, I. Bejarano and D. Kesling. Collections were made from 2007 
to 2017 and cover a depth range of ∼33 to 91 m. Sampling locations 
(Extended Data Fig. 3 and Supplementary Table 1) for this study include 
Bajo de Sico (BS33), Mona Channel, Puerto Rico, the southern insular 
margin of southwest Puerto Rico off La Parguera (LP36, LP47, LP53, 
LP58) and offshore the northwest coast of the island of St. Croix, US 
Virgin Islands (DB91). After collection, the specimens were slabbed into 
∼5–7 mm thick slices, cleaned in deionized water using an ultrasonic 
probe in preparation for precisely controlled subsampling (milling) 
and geochemical analyses conducted at the UWA isotope laboratories.

Initially, samples were subject to high-precision U-series dating19 
(see below) to establish accurate chronologies of skeletal growth. For 
this purpose, U-series dating was undertaken on (50–100 mg) samples 
extracted from narrow (∼1 mm wide) slots milled adjacent to the sampling 
for Sr/Ca analyses. The ∼1 mm slots were cut at ∼10 mm intervals along the 
growth axis of the precleaned sclerosponge slabs with the top (youngest) 
sample being extracted immediately below the ∼1 mm thick tissue zone. 
Where there is evidence of bio-erosion and hence a possible growth hiatus 
(for example, BS33) additional samples were taken above and below to 
determine any temporal discontinuity (Supplementary Fig. 2a).

For Sr/Ca analyses, to minimize temporal smoothing due to sloping 
growth bands, an ∼2 mm thick ledge was milled along the sample growth 
axis, adjacent to sampling for U-Th dating. Samples for Sr/Ca analysis 
were then extracted at continuous 0.50 ± 0.005 mm increments resulting 
in ∼10 mg sample aliquots, using a computer-controlled Zenbot mill. For 
the most recently collected specimen (LP53), additional samples were 
collected down along the top ∼2 cm (1960–2017) at ultra-high-resolution 
(0.050 ± 0.005 mm) in continuous increments along an adjacent ∼2 mm 
thick ledge, each sample equivalent to ∼2 months of average growth and 
weighing ∼0.5 mg. For both 0.5 and 0.05 mm sampling, the aliquots were 
extracted continuously down along the machined ledge, maintaining 
precise location of the drill edge relative to the uppermost surface. When 
necessary, to minimize temporal smoothing, minor adjustments were 
made to the orientation of the horizontal sampling ledge so that growth 
bands remained parallel to the mill axis.

Sr/Ca elemental analyses
Sample powders were dissolved in 0.5 N HNO3 over several hours and 
then agitated and centrifuged for 1 min at 3,500 r.p.m. to ensure com-
plete dissolution. Aliquots from the dissolved sample were diluted 
to provide a representative ∼2 ml solution at a precisely determined 
∼10 ppm Ca concentration for analyses of Sr and Ca using an X-series 
quadrupole ICPMS21. To ensure data quality, internal laboratory stand-
ards and the international coral standard JCp-1 were also analysed 
during the same analytical session as the sclerosponge samples. Mul-
tiple measurements of the coral standard JCp-1 at the same 10 ppm Ca 
concentration over an ∼4 yr period gave an average relative standard 
deviation (RSD) of 0.15% (1σ RSD) corresponding to a mean Sr/Ca value 
of 8.85 ± 0.02 mmol mol−1 (n = 30)21. Repeat analysis of sclerosponge 
samples within the same analytical session typically gave an improved 
reproducibility of ∼0.1% (1σ RSD) consistent with the temperature 
uncertainties shown in Supplementary Fig. 1. Procedural blanks were 
processed with sample batches to check for procedural contamination 
and were below detection limits.

Calibration of Sr/Ca temperature anomalies
As described in the text, Sr/Ca anomalies were calculated relative to the 
1961–1990 mean. Thus, for each specimen the ΔSr/Ca ratio anomalies 
at time increment t is given by:

ΔSr/Caanom(t) = Sr/Ca(t)-Sr/Ca(1961−1990)

where Sr/Ca(t) is the measured ratio (mmol mol−1) and Sr/Ca(1961–1990) 
is the mean ratio for the common reference period from 1961 to 1990 
(inclusive). To facilitate stacking (averaging) of many specimens, the Sr/
Caanom were then rescaled to 2 yr intervals with minimal extrapolation as 
the 0.5 mm sampling represented ∼1.8–2.5 yr intervals, depending on the 
specimen growth rate. The 2 yr Sr/Ca anomalies (mmol mol−1) were then 
stacked (that is, averaged) with uncertainties given by ×2 s.e.m. = 2 s.d./
Sqrt(n) where n is the number (3–6) of specimens analysed. For the 
modern calibration period (1964–2012), annual means were also deter-
mined from the ultra-high (0.05 mm) ∼2 month incremental sampling 
of LP53 (Extended Data Fig. 4b). Both the stacked 2 and 1 yr anomalies 
were regressed against the smoothed (linear) HadSST4 global mean 
SST anomalies (Extended Data Fig. 4a) for the period 1964–2022. This 
yielded a slope of −0.391(±0.015 s.e.m.) mmol °C−1, with the calibration 
incorporating nearly one-half of the total global warming signal. On the 
basis of this regression, the average standard deviation of the 2 yr means 
is ±0.07 °C, consistent with that expected from combined uncertainties 
in analyses as well as variability between samples.

U-Th dating of sclerosponges
A critical aspect of this study is the requirement for accurate sclero-
sponge chronologies. For this purpose high-precision 238U-230Th series 
dating19 was undertaken on (50–100 mg) samples extracted from the 
narrow (∼1 mm wide) slots (see previous). The U-Th sample powders 
were dissolved and then spiked with a calibrated solution of 233,236U 
and 229Th isotopes19. The spiked solution was then chemically purified 
using ion-exchange procedures with the separated U and Th fractions 
analysed using a NEPTUNE MC-ICPMS following procedures similar to 
those described by ref. 19.

For the high analytical precision required in this study, the 
230Th/238U measured ratio was corrected for ingrowth of 230Th between 
the time of collection and geochemical analyses, a period which ranged 
from only several months to nearly a decade. Corrections assuming 
a constant initial [230Th/232Th]i were then applied to all U-series sam-
ples of the same specimen, with further adjustments to optimize the 
regression of age (x) versus distance from the outer growth surface. 
Thus, for each specimen, the age–distance relationship was given by: 
y = C0 + C1x + C2x2.

Here, the outermost surface (x = 0) C0 is defined by the collec-
tion age (Supplementary Table 2). Correction for initial 230Th is the 
major uncertainty (±2 yr) in determining the time of calcification and 
hence growth rate of the skeletal segments, compared to the theo-
retical precision of <1 yr without corrections for initial 230Th. The initial 
[230Th/232Th]i activity ratios ranged from 1.45 to 2.74, with the largest 
offset (∼70 ± 2 yr) required for the deepest (91 m) sample (DB91), con-
sistent with the commonly observed trend of increased dissolved/
particulate 230Th with increasing depth and hence greater [230Th/232Th]
i. For the larger (>10 cm diameter) older specimens, a simple linear 
relationship (y = C0 + C1x) was generally found to provide the best fit 
with minimal degrees of freedom. For other specimens, a polynomial 
fit (C2 ≠ 0) was required to account for the ontogenetic effect of initially 
lower extension rate in the early growth phase (Supplementary Table 
2). The best fit age–distance isochrons are shown in Supplementary 
Fig. 2 for each specimen together with an insert showing differences 
of the individual U-series ages from the isochron. We note that the 
almost constant growth rate of sclerosponges analysed in this study 
is in marked contrast with other commonly used climate proxies, such 
as shallow-water scleractinian corals where there can be a strong but 
generally variable dependence of growth rate on temperature21.

Data availability
Complete datasets are given in the Supplementary Dataand also 
lodged with the NOAA National Centers for Environmental Information  
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Extended Data Fig. 1 | From Deser et al., 20108 (Fig. 3) showing the 
distribution of sea surface temperature observations since 1860. Data from 
the International Comprehensive Ocean Atmosphere Data Set15 for each 20-year 
period since 1860. Colour shading indicates the percentage of months with at 

least one measurement in a 2o latitude by 2o longitude grid box. Note very sparse 
observations of especially the critical ENSO regions in the central Pacific Ocean 
from 1860–1899 with still few observations for the Southern Oceans up to 1980. 
Figure adapted with permission from ref. 9, Annual Reviews.
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Extended Data Fig. 2 | From Caesar et al16. (Fig. 2) showing that the Caribbean 
SSTs closely following the global mean normalized trend. Data are normalized 
with the respective global mean SST trends, using the November–May season. 

a, Linear SST trends during a CO2-doubling experiment using the GFDL CM2.6 
climate model. b, trends based 1870–2016 (HadISST data). Figure adapted with 
permission from ref. 17, Springer Nature Limited.
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Extended Data Fig. 3 | Map data showing locations and relative sample 
depths of sclerosponge samples. General locations and water depth profiles 
from Bajo de Sico (BS), La Parguera (LP) site south-western Puerto Rico and 

from Davis Bay (DB) from the island of St. Croix. Map data from the GEBCO 
Compilation Group (2023) GEBCO 2023 Grid (doi:10.5285/f98b053b-0cbc-6c23-
e053-6c86abc0af7b).
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Extended Data Fig. 4 | Linear regression of modern global HadSST4 versus 
time and against OML and atmospheric CO2. a, Linear (Linest) regression of 
global HadSST4 versus time from 1964 to 2022 (inclusive) against which the 
ΔSr/Ca(t) anomalies are calibrated (see Fig. 3 text). Dashed line show 1SDs of 
average residuals ( ± 0.07 °C) from linear regression. b, Comparison of global 

average HadSST4 with sclerosponge ΔSr/Ca(t) ratios for 2-month high-resolution 
sampling of LP53 showing only limited evidence for seasonality. Active 
calcification zone is shaded. Grey line shows local gridded SST’s offshore La 
Parguera latitude 17 o-18 o, longitude 66 o-67o.
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