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Historical and future maximum sea

surface temperatures
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Marine heat waves affect ocean ecosystems and are expected to become more frequent and intense. Earth system
models’ ability to reproduce extreme ocean temperature statistics has not been tested quantitatively, making the
reliability of their future projections of marine heat waves uncertain. We demonstrate that annual maxima of de-
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trended anomalies in daily mean sea surface temperatures (SSTs) over 39 years of global satellite observations are
described excellently by the generalized extreme value distribution. If models can reproduce the observed distri-
bution of SST extremes, this increases confidence in their marine heat wave projections. 14 CMIP6 models' his-
torical realizations reproduce the satellite-based distribution and its parameters’ spatial patterns. We find that
maximum ocean temperatures will become warmer (by 1.07° + 0.17°C under 2°C warming and 2.04° + 0.18°C
under 3.2°C warming). These changes are mainly due to mean SST increases, slightly reinforced by SST seasonality
increases. Our study quantifies ocean temperature extremes and gives confidence to model projections of marine

heat waves.

INTRODUCTION

Marine heat waves (MHWs)—anomalously high ocean tempera-
tures (1)—can extend thousands of kilometers and last for weeks to
years (2, 3). MHWs have occurred in all ocean basins over the past
few decades (4, 5) and often caused devastating impacts on marine
ecosystems (6), ranging from habitat shifts (7) and changes in popu-
lation structure (8) to high mortality of various marine keystone
species (9, 10). These extreme events can overwhelm the capacity of
both natural and human systems to cope, potentially causing socio-
economic impacts such as loss of essential ecosystem services and
fisheries income (6, 11). The frequency of MHW3s has increased over
the past century (12), including a doubling over the satellite period (4),
mainly due to anthropogenic climate change (3, 4). The frequency and
intensity of MHWs are projected to increase in the future as global
temperatures are projected to continue to rise (4, 5) with potentially
widespread consequences for marine ecosystems globally. However,
the reliability of these projections is uncertain because the models
used to make them have not been statistically compared to historical
observations of MHWs. In this study, we test these models’ ability to
capture the observed statistics of maximum ocean temperatures to
evaluate how reliable their future projections of MHWs may be.

To do so, we use the generalized extreme value (GEV) distribu-
tion, a well-established statistical model to describe the maxima of
temperature distributions (or maxima of any other time series data)
(13). The GEV distribution has been applied to study, for example,
extreme temperatures and precipitation on land (14-18). While there
has been some application of the GEV in marine contexts (19, 20),
it remains underused in oceanic applications and, in particular, in
studies of MHWS (21).

Analogous to the Gaussian distribution and the central limit theo-
rem (22), the maxima of many natural phenomena are GEV-distributed,
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explained by the extreme value theorem (13). The GEV distribu-
tion’s three parameters, location [, (°C)], scale [o, (°C)], and shape
(&), roughly determine its central value, its variability, and the weight
of its upper tail (Materials and Methods). The advantage of a distri-
butional approach is that if the GEV can describe the variability in
observation-based sea surface temperature (SST, °C) maxima, this
simplifies the description and quantitative comparison with climate
models. The question of how statistically similar models and obser-
vations’ SST maxima are becomes a question of how GEV-like mod-
eled and observed SST maxima are, what the parameters of the
associated distributions are, and how these parameters vary in space
when estimated for individual locations.

Our analysis starts with the hypothesis that SST maxima are GEV-
distributed. Here, we test this hypothesis for satellite-derived annual
maxima of mean daily SST. We then test whether SSTs simulated by
the latest generation of Earth system models that participated in
phase 6 of the Coupled Model Intercomparison Project [CMIP6;
(23)] capture the statistical characteristics of observed SST extremes
well. We then use this finding to make inferences about future ocean
temperature extremes under two different global warming scenarios.

RESULTS

We find that the GEV is appropriate for modeling annual maxima in
SST (Fig. 1). When pooling all annual maxima of linearly detrended
SST anomalies over the 39-year satellite-based observation period
(1982 to 2020) over all grid cells across the globe (see Materials and
Methods), the GEV distribution captures the shape of the empirical
distribution excellently. This is seen visually in Fig. 1 and quantified
by the Kuiper statistic V, which measures the difference between
two distributions in terms of the maximum differences in their cu-
mulative distribution functions (CDFs) (Materials and Methods).
The Kuiper statistic is similar to the more common Kolmogorov-
Smirnov statistic but is preferred because it is equally sensitive for all
SST values (24). No significant trends in the parameter estimates can
be found over the 39-year period; specifically, we repeated the analy-
sis shown in Fig. 1 for individual years, both globally and regionally,
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Fig. 1. GEV distribution fit for globally pooled maximum annual SST anomalies.
Shown are the empirical and GEV (fit to the observations) cumulative distribution
function (CDF), with the corresponding empirical and GEV probability density func-
tion (PDF; as a histogram for the empirical PDF) in the bottom inset, and in the top
inset the empirical versus GEV percentiles (%iles; i.e., the percentiles of the observa-
tions and the fitted GEV, respectively) overlaid on a 1:1 line. The fit parameters for
shape (&), location [, (°C)], scale [o, (°C)], and the Kuiper statistic (V) are given. Data
are analyzed at 1° resolution to facilitate comparison with models. 8T (°C) is the an-
nual maximum daily mean SST anomaly after removing the interdecadal trend
and seasonal cycle (Materials and Methods). Note that by construction, the CDF
plots each observational value individually, in ranked order, whereas the inset fig-
ures plot different simplified approximations of this distribution. The time period
analyzed is 1982-2020.

and found no significant trends in the estimated GEV parameters
(Materials and Methods). The parameter estimates of distributions
for individual years do not change systematically with time. Hence,
we do not find evidence of nonstationarity in the distribution of an-
nual maxima of detrended SST anomalies.

At the local scale, the GEV is fitted to detrended SST anomalies
as well as to raw SST data (see Materials and Methods). The good-
ness of fit is assessed on the basis of the median Kuiper statistic; we
find a median Kuiper statistic of 0.14 (anomalies) and 0.13 (raw data).
In the ideal case of sampling 39 values from a GEV distribution
many times, one also obtains a very similar median Kuiper statistic
of 0.14 (Materials and Methods), suggesting that the GEV is a good
model also at the local scale. In other words, a Kuiper statistic value
of 0.14 is expected for true GEV data given the sample size, which
matches the values found for the observations. In Materials and
Methods, we also describe a sensitivity test showing that the GEV
is applicable at the regional (10° X 10°) scale, in addition to the local
(1° % 1°) and global scales.

The spatial pattern in the location parameter for the raw data
(Fig. 2D) mainly reflects the latitudinal gradients in SSTs, with high-
er maxima in low-latitude regions where SST is generally higher. For
the detrended anomaly data (Fig. 2A), we find the largest location
parameters where SST variability is largest, such as in western
boundary current regions (25) and the high latitudes (26). The scale
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parameter is generally large where strong interannual variability in
SST drives large year-to-year variations in SST maxima (Fig. 2, B
and E), such as in the equatorial Pacific and in the northern high
latitudes. The scale parameter estimates are often larger for the raw
data (median ratio ¢ anom./c raw = 0.79, 90% range 0.56 to 1.16)
because detrending reduces the year-to-year variability in the SST
maxima relative to the raw SST data (see Materials and Methods for
uncertainties). The shape parameter is close to zero over much of
the ocean (Fig. 2, C and F) and slightly negative elsewhere. The mean
and SD of the shape parameter fit to local anomaly maxima (Fig. 2C)
are —0.15 and 0.17, generally consistent with the value of & = —0.01
for a GEV fit to the global distribution of anomaly maxima (Fig. 1).

There are no systematic deviations between the CMIP6 Earth
system model ensemble and the satellite observations (Table 1). For
the globally pooled data, the goodness of fit matches that of the sat-
ellite observations well (model-mean Kuiper statistic of 0.032 com-
pared to 0.030 for the satellite data; Table 1). The model-mean
parameter estimates are relatively close to the estimates of the satel-
lite product. The observations easily fall within the 90% confidence
interval of the model ensemble for every parameter. The satellite-
data parameter estimates are thus not significantly different from
the respective model distributions. Put differently, the satellite data
are indistinguishable from being another model in the CMIP6 mod-
el ensemble. While we do not find a systematic difference between
the model parameter estimates and those from satellite data, there is
notable variation within the model parameter estimates. For in-
stance, the global location and scale parameter estimates range from
0.72° to 1.37°C and 0.49° to 0.76°C, respectively (Table 1). However,
analysis of an ensemble of realizations from a single model (see be-
low) suggests that internal variability may explain two-thirds of the
multimodel variation for ¢ and half of that for p.

At the local scale, the models show a very similar goodness of fit
as the satellite observations (median Kuiper statistic in Table 1).
Furthermore, the parameter estimates agree well with those of the
satellite data. The r* values for p and o, which express the propor-
tions of variance in the model estimates that can be accounted for by
the satellite estimates, are often close to 0.9 or higher (Table 1; Mate-
rials and Methods). The best match is found for the raw p estimates
because the models and satellite observations generally agree on the
latitudinal temperature gradient that imprints on p for the raw data.

We further support these results by repeating the analysis in Table 1
for the 14-model CMIP6 analysis with an ensemble of 30 realiza-
tions with a single model from CMIP5, GFDL ESM2M-LE (Materials
and Methods) (27). This allows us to test the extent to which differ-
ences between models’ values in Table 1 are due to structural differ-
ences between models versus internal variability. The intramodel
spread (calculated as the width of the 90% confidence interval) for
this single-model ensemble in the global V and & values is larger
than that for the 14-model CMIP6 ensemble; that of the global
parameter is similar in magnitude. This suggests that variations in
these parameters across models are dominated by internal variabil-
ity, further supporting the conclusion that the observed behavior of
SST maxima is not distinguishable from models. The CMIP6 inter-
model spread is appreciably larger than that of the GFDL ESM2M-
LE intramodel spread for the global p parameter, the #* of the model
versus observational local ¢ parameters, and the * of the model versus
observational local p parameter for the SST anomaly maxima. This
suggests that models differ in their ability to capture the mean inten-
sity and spatial patterns of SST maxima, which could be leveraged to
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Fig. 2. Local GEV parameter estimates for the satellite SST observations. Estimated parameters are shown for the anomalies (first row) and raw data (second row).
Black stippling in (C and F) indicates regions where the estimate’s 90% confidence interval includes 0; no such region exists for (A, B, D, or E). i (°C), o (°C), and & are the
location, scale, and shape parameters of the GEV distribution fit to raw or anomaly SST maxima at each location (Materials and Methods). “raw” refers to the annual maxi-
mum daily SSTs, and “anom” refers to the anomalies of these relative to an interdecadal trend and seasonal cycle (Materials and Methods). The color scale is different for

each subfigure. The time period analyzed is 1982-2020.

make constrained projections of future SST maxima. Here, we in-
stead take a more conservative approach, considering future changes
in SST maxima only where (i) the CMIP6 14 model ensemble’s 90%
confidence interval for the change of a given quantity excludes zero,
and also (ii) the CMIP6 14 model ensemble’s 90% confidence inter-
val for that quantity itself includes the observational value. That is, we
look for changes where the observed value of a quantity falls within
the models’ range of values and where the models agree on the sign
of change of that quantity.

Where satellite observations fall within the spread of model re-
sults in the 39-year historical period (all ocean area outside the pink
stippled areas in Fig. 3), one may also expect that the spread of pro-
jected changes in GEV parameters with global warming contains the
“true” change in parameters under a forcing scenario. We here focus
on the location and scale parameters for the raw data, piy,yw and 6oy,
For the other cases (raw> Hanom.» Ganom.» and Eanom,), the models gen-
erally do not predict substantial changes nor agree on the sign of
change, i.e., the 90% confidence intervals there include zero over
almost all of the ocean. The location parameter for the raw SST data
increases almost everywhere between the observation period 1982-
2020 and 2061-2100, both under SSP1-2.6 and SSP5-8.5 (Fig. 3, A
and C). This increase is mainly due to the mean sea surface warming
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that is simulated by all models in most regions. Exceptions are parts
of the Southern Ocean and the North Atlantic, where trends in SST
are not always positive (black stippled regions in Fig. 3) (28-30).
Increases in the location parameter p are generally larger under
SSP5-8.5 than under SSP1-2.6, reflecting the larger warming under
higher radiative forcing in SSP5-8.5 (Fig. 3). Across all models and
over the total ocean, the average difference in p under SSP5-8.5 ver-
sus SSP1-2.6 in 2061-2100 is 1.24°C. Robust increases in ¢ are simu-
lated for the raw data in the tropical Atlantic and Indian Ocean
under SSP5-8.5 scenario (Fig. 4), but not for SSP1-2.6 (not shown in figure).
The increases under SSP5-8.5 may simply occur because of increasing
warming trends with respect to the period 1982-2020, artificially
increasing the interannual variability (31) and scale parameter of the
GEV distribution. To investigate whether these significant changes
in Fig. 4 were due to changes in mean SST trends or to changes in
interannual variability, Fig. 5 shows the ensemble mean interannual
SST variance, its change from 1982 to 2020 versus 2061 to 2100, and
its change from 1982 to 2020 versus 2061 to 2100 after detrending.
Significant increases in the ¢ parameter are mainly simulated in
tropical regions of the Indian Ocean and Atlantic Ocean, where in-
terannual variability is generally low (Fig. 5A). It is also in these regions
where significant increases in interannual variability are simulated
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Table 1. GEV distribution fits for the satellite observations and CMIP6 models’ historical simulations. For the globally pooled anomalies, the Kuiper
statistic (V) as well as the parameter estimates are shown. For the fits at each location using anomalies and raw data, the median Kuiper statistic () as well as 2
values for the simulated p and o parameters are shown, indicating how well the simulated parameter estimates from the models’ historical runs agree with those
from the observations (see Materials and Methods). An r* value of 1 indicates an everywhere perfect match between the parameter estimates in a simulation
and those from observations. For this comparison, the models’ historical runs were treated identically to the observations in terms of detrending and
deseasonalizing (Materials and Methods). The last two table rows give the ensemble mean and 90% confidence interval (Cl) width of the GFDL ESM2M-LE single-

model 30-member ensemble. The time period analyzed is 1982-2020.
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(Fig. 5B), linking changes in interannual variability and o. Last, no
significant increases in interannual variability or ¢ are found when
detrending the data (Fig. 5C), suggesting that the apparent increase
in o in the raw data in those regions is due to increasing warming
trends in the SSP5-8.5 simulations, as in (4, 31).

When using fixed warming levels of 2° and 3.2°C instead of a
fixed future period, regions where the model ensemble distribution
includes zero are similar (black stippling areas in Fig. 3; 3.2°C is
used as it is the maximum warming level possible to analyze given
the warming in the model realizations investigated here). Further-
more, the coefficient of variation is not substantially reduced by
considering warming level rather than time period. The median ra-
tio between the coeflicient of variation in p in the 3.2°C warming
level case (Fig. 3H) versus in the end-of-century SSP5-8.5 case
(Fig. 3D) is 0.81. This suggests that only ~20% of the intermodel
disagreement in p changes is due to the CMIP6 models’ different
warming rates. Thus, the disagreement between models in these re-
gions is not primarily caused by differing warming rates between the
models. The global average increase in the GEV-based expected
value of SST maxima is 1.07° + 0.17°C (mean and SD across models)
under 2°C warming and 2.04° + 0.18°C under 3.2°C warming. These
changes are almost entirely (>95%) due to changes in , noting that
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all three parameters can affect the expected value of the GEV. This is
slightly greater than the global mean SST increase in these models,
which increase by 0.91° + 0.15°C and 1.76° + 0.14°C on average in
the 2° and 3.2°C cases, respectively, consistent with previous work
(4). The larger increase in annual SST maxima than in mean SST is
almost entirely because of increasing seasonal cycle amplitudes (32, 33).
An increase in SST seasonality with ocean warming is caused by
larger increases in ocean surface temperature in summer com-
pared to winter that result from greater warming from air-sea heat
fluxes in summer when surface mixed layers are shallower (32). In-
creases in seasonal cycle amplitude, i.e., the difference between
maximum and minimum of the mean seasonal cycle over an ana-
lyzed period, are simulated by all models between the 1982-2020
period and the 40-year periods corresponding to the 2° and 3.2°C
warming levels. Consequently, the difference between the maxi-
mum of the seasonal cycle and annual mean conditions also in-
creases. On average, across the model ensemble, the difference
between SST seasonal cycle maximum and mean SST increases
0.14°C between the 1982-2020 period and 2°C warming period, and
0.25°C for the 3.2°C warming period. Thus, increases in seasonality
are responsible for 13% (0.14 of 1.07°C) and 12% (0.25 of 2.04°C) of
total increases in annual SST maxima, respectively, in each case.
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Fig. 3. CMIP6 changes in . Ensemble mean (A, C, E, and G) and coefficient of variation (B, D, F, and H) of the change in location parameter p for raw SST data between
the 1982-2020 satellite period and [(A) and (B)] 2061-2100 under the SSP1-2.6 scenario, [(C) and (D)] 2061-2100 under the SSP5-8.5 scenario, [(E) and (F)] the 40-year
period centered on the 2°C warming level in the SSP5-8.5 scenario, and [(G) and (H)] the 40-year period centered on the 3.2°C warming level in the SSP5-8.5 scenario. Black
stippling in (A) (C), (E), and (G) indicates regions where the 90% confidence interval of the model ensemble distribution includes 0, i.e., that a parameter change of 0 can-
not be rejected based on the model ensemble distribution or, equivalently, that the coefficient of variation is >0.61. Pink stippling indicates regions where the parameter
estimate from satellite observations is not contained in the 90% confidence interval of the model ensemble distribution during the 39-year historical period. In these re-
gions, the observed GEV distribution thus significantly differs from the models, and it cannot be expected that the future parameter change can be represented by the
model ensemble distribution.
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Fig. 4. CMIP6 changes in 6. Ensemble mean (A and C) and coefficient of variation (B and D) of the change in the scale parameter ¢ between the satellite period and [(A)
and (B)] 2061-2100 under the SSP5-8.5 scenario or [(C) and (D)] after 3.2°C global warming. As Fig. 3 but for c.
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Fig. 5. CMIP6 ensemble mean interannual SST variance. (A) Ensemble mean SST variance 1982-2020. (B) Difference in ensemble mean interannual SST variance
1982-2020 versus 2061-2100 under SSP5-8.5. (C) Same as (B) but when annual mean SSTs are (linearly) detrended. Black stippling in (B) and (C) indicates regions where
the 90% confidence interval of the model ensemble distribution includes 0, i.e., that interannual SST variance change of 0 cannot be rejected based on the model en-

semble distribution.

DISCUSSION

Our results demonstrate the utility of the generalized extreme value
distribution for investigating extreme ocean surface temperatures.
We find almost no evidence for heavier tails of maximum SSTs than
that of the Gumbel (€ = 0 case) distribution (i.e., almost no evidence
that £ > 0, where a more positive  value is associated with a higher
probability of “extreme extremes” in SST). This is to some extent
expected because there are numerous stabilizing feedback processes
for SSTs, including exchange with the atmosphere and both vertical
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and lateral mixing. It may also be because we analyze the observa-
tions at 1° resolution to facilitate comparison with models as spatial
averaging necessarily truncates the tails of temperature maxima.
Note that the GEV distribution’s parameters’ values depend on the
block size considered and, relatedly, the spatial and temporal scales
used. The important aspects of our analysis are therefore that the
GEV is a good descriptor of SST maxima and that models and ob-
servations yield similar parameter values and spatial patterns at a
given scale. It will be valuable in future work to further explore the
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dependency of GEV parameters on the spatial scale of analysis, par-
ticularly with respect to &. That said, extreme temperature phenom-
ena in the ocean occurring on larger scales (i.e., >1°) may be of
greater interest due to their larger potential impacts, although the
larger the spatial scale investigated, the less representative the aver-
age is of conditions experienced at a given location. We also find no
evidence for nonstationarity in the detrended and deseasonalized
SST anomalies, i.e., changes in the distribution of extremes over the
39-year historical period, although this may be due to small sample
size and may be detectable in future work via large ensembles of
historical simulations (34).

Maximum SST is connected to MHWs as it reflects the intensity
of the strongest MHW in a year, either for summertime MHWs
(that is hottest day of the year for the raw data) or for MHWSs occur-
ring throughout the year (largest warm anomalies for the deseason-
alized data). Similarly, it was recently used to illustrate changes in
land-based heat wave intensity in future scenarios in the Inter-
governmental Panel on Climate Change (IPCC) AR6 synthesis
report (35). However, extreme events, such as MHWSs, can be de-
scribed by multiple characteristics, such as frequency, duration, cu-
mulative intensity, or the recurrence interval between succeeding
MHWs (36). The definition of MHWs is currently an active area of
debate, with practical importance for ecosystem applications (37).
The analysis of maximum SST adds value in addition to these MHW
metrics, as it is comparatively simple, independent of a reference
state and threshold definition, and based on established statistical
theory. Hence, it facilitates comparing simulated SST maxima to
observations and eventually gives greater confidence in the robust-
ness of climate model projections of MHWs. Future work could also
use the GEV to estimate return levels as another metric of MHWs.

Our analysis suggests that CMIP6 models capture ocean maxi-
mum temperatures well on the whole. This comparison provides
strong quantitative evidence that CMIP6 models are well suited to
making reliable projections about the future characteristics of MHWSs
under continued climate change. While many studies have shown
that the frequency of MHWSs will increase in the future (4, 5), our
approach identifies regions where significant changes are expected
for the ocean—i.e., where historical observations lie within the range
of models’ historical simulations and where this model range shifts
significantly in the future. In agreement with previous studies (4, 5),
our results indicate changes in the intensity of extreme SSTs with
global warming. In our analysis, the change in the location param-
eter dominates the shifts in the GEV distribution, corresponding to
significant increases in annual SST maxima in the Indian Ocean, most
of the Pacific Ocean, most of the Atlantic Ocean south of ~40°N,
and portions of the Southern Ocean, for both scenarios and both
warming levels considered here. The increase in location parameter
and annual SST maxima is mainly due to increasing mean SST, con-
sistent with previous analyses identifying trends in mean SST as the
main driver of increases in different MHW metrics (4, 12).

Some authors have advocated for defining MHWs relative to a
shifting-mean baseline (38), wherein the long-term ocean warming
signal is effectively removed. However, shifting their temperature
thresholds at the same rate as the long-term warming may not be
feasible for organisms with limited adaptation capability, such as
warm water corals (9). Besides the dominant effect from long-term
warming, we find consistent but smaller increases in annual SST
maxima from increases in seasonality in all analyzed CMIP6 models
and both warming levels. Note that the approach presented here has
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the advantage of not requiring reference to a background state or
fixed threshold.

Although maximum temperatures become significantly warmer
over most of the ocean under a lower-emissions scenario, our results
suggest that emissions reductions will substantially reduce the rate
of increase in maximum temperatures, and likely therefore substan-
tially reduce the harmful impacts of MHW s on ocean ecosystems.

MATERIALS AND METHODS

Observations

The observations we analyze are the 0.05° resolution, but regridded
to 1°, satellite SST product from the European Space Agency (ESA)
Climate Change Initiative (CCI) (available via https://surftemp.net/,
downloaded on 10 June 2022) (39). Note that the citation (39) de-
scribes data up to 2016, but since the time of publication, the data-
set has been extended to include the data from 2017 to 2020 that we
also use. The dataset version used is CCI SST v2.1, which has also
been corrected for desert dust-related biases (40). It includes 39
complete years (1982-2020) and uses purely satellite-based observa-
tions without explicitly blending in situ observations. This dataset is
uniquely suited to our purposes because of its thorough validation
and rigorous construction and because it provides depth-adjusted
SSTs de-aliased with respect to the diurnal cycle for direct compari-
son with model SSTs (39). The data were regridded to 1° to facilitate
comparison with the model realizations we were able to obtain (see
below). In general, this product and resolution were both chosen
because they make the comparison between observations and models
as direct as possible. The regridding is performed by the surftemp.net
tool provided by the data generators and incorporates the same as-
sumptions and corrections used to generate the underlying data-
set, detailed in (39). The notable aspect of these is that a 7-day/3°
temporal/spatial decorrelation scale is assumed; these values are not
known exactly, but their orders of magnitude are known given that
the process to which they are related is the imperfectly accounted-
for influence of the atmospheric state on the estimated SST (39).
Given the small size of the errors accounted for by this factor, it is
implausible that these time and spatial scale estimates affect our
conclusions. Future work with higher-resolution models should ex-
plore how GEV parameters depend on the spatial scale considered.
Note that all GEV parameters are dependent on the block size and
relatedly the spatiotemporal scales considered. Therefore, our analy-
sis focuses on the suitability of the GEV as a description of SST
maxima and the correspondence between model- and observation-
derived GEV parameters at a given scale, rather than the exact values
of these parameters.

Model output

The model output we use is daily mean SST (tos, in CMIP notation)
output regridded to 1° resolution from the Earth system models that
participated in the CMIP6 (23). We were able to obtain one realiza-
tion of 14 different models, provided by 10 modeling centers (Table 1).
We use the historical simulations over the 1850-2014 period and
the future projections over 2015-2100 from the ScenarioMIP simu-
lations (41), in particular the low-emissions high-mitigation scenario
SSP1-2.6 and the high-emission low-mitigation scenario SSP5-8.5.
We used the latter scenario simulations to determine the decades in
which each model exceeds 2° and 3.2°C of global mean surface tem-
perature change (i.e., warming averaged over both land and sea) since
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preindustrial (i.e., 1850-1900) for Fig. 3. The value of 3.2°C was chosen
because all of the models used here reached at least this level of warm-
ing, i.e., it is the maximum SST increase common to all the models.
The global warming levels (GWLs) of 2.0° and 3.2°C represent 40-year
time periods in the model simulations centered on the years when
global mean surface air temperature crosses the respective tempera-
ture values. For the 2.0°C GWL, these years range from 2023 to 2057
with a median of 2045, and for the 3.2°C GWL from 2044 to 2081
with a median of 2070. The 40-year periods centered on these years
represent periods when temperature transiently crosses 2.0° and 3.2°C
global warming. Hence, the ocean is not yet in equilibrium with the
atmosphere, and SST is lower compared to when the ocean is in
equilibrium with the atmosphere at the same GWLs (42, 43). We
also use a 30-member ensemble for the historical period of a 15th
model from CMIP5, GFDL ESM2M-LE (27, 44, 45). To test for the
influence of internal variability on the variations of the quantities in
Table 1, we perform the same analyses reported in Table 1 for this
single model ensemble.

Statistical analysis

Different approaches exist to define MHWs (I, 4, 21, 36, 46). Here,
we consider exclusively the annual maximum of daily mean SST
(unit of °C). We remove leap days from our analysis for simplicity.
We only consider the latitudes 60°S to 70°N because latitudes pole-
ward of these are affected by sea ice, which strongly alters both the
characteristics and measurement of SST. Figure 6 illustrates this for
75°S to 60°S; the data appear to be a mixture of a GEV-like distribu-
tion and a narrow Gaussian distribution centered near zero. The latter
of these is likely due to locations that are sea ice—covered throughout
the year, substantially restricting their SST variation. Future work
could address the high latitudes using a Gaussian-GEV mixture
modeling approach; this analysis would be substantially more com-
plicated than the analysis described here but would be valuable be-
cause high-latitude ecosystems may be particularly sensitive to the
impacts of MHW: s (47).

For both observations and model output, we consider both the
“raw” maxima, i.e., the maximum daily mean SST in a given year,
and the maximum “anomaly” (8T in Figs. 1 and 6), from an inter-
decadal trend and a seasonal cycle. For the latter, we regress SST
against a linear trend model with a categorical variable for each day
of the year and then take the residuals from this regression for the
anomalies. The trend that is subtracted from the daily mean SSTs by
this calculation is the linear trend in daily mean SST over the full
39-year period. The seasonal cycle that is thereby subtracted from
the daily mean SSTs is the average daily mean SST for each day of
the year after the trend has been removed and over the same period.
The anomaly is therefore relative to the average detrended SST value
for a given day of the year. This allows us to simultaneously remove
a linear interdecadal temperature trend and an annual seasonal cy-
cle without making assumptions about the shape of the latter over
the course of a year. Note, however, that this does assume a constant
trend and seasonal cycle over time. Removing a seasonal cycle also
means that maximum SST anomalies may occur at any point in the
year, whereas maximum (raw) SSTs predominantly occur during times
of year when average SSTs are already high. Note that the detrending
of model output is performed separately for different 40-year periods,
as is the removal of the seasonal cycle. SST trends over periods sub-
stantially longer than ~40 years are likely to be significantly nonlinear,
and fitting such nonlinear trends with linear approximations can
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Fig. 6. Empirical CDF and PDF for 75°S to 60°S.

introduce artifacts into the residuals that would affect the GEV pa-
rameters and other metrics of interannual variability (31, 48).

We then fit these raw maxima and maximum anomalies by a
GEV distribution via maximum likelihood estimation using the
“mle” (maximum likelihood estimate) function in Matlab 2021b.
The extreme value theorem states that the GEV distribution is the
only possible limit distribution of properly normalized maxima of a
sequence of independent and identically distributed (i.i.d.) random
variables. Here, we consider blocks of 1 year, i.e., annual maxima.
Natural phenomena are rarely if ever truly i.i.d., but the GEV distri-
bution holds and is applied broadly nonetheless (13). Autocorrela-
tion does not bias tail estimation (49), and formally accounting for
it in GEV parameter estimation is computationally intensive and
does not significantly affect parameter values (50). Furthermore, in
this case, only 17% of locations have significantly autocorrelated an-
nual maximum daily mean temperatures at the 90% confidence
level, with a median autocorrelation across grid cells of 0.12, so con-
sideration of autocorrelation in our analysis is not justified and does
not affect our conclusions.

The GEV distribution has the form (51)

flxp0,8) = lt(x)éﬂe—t(x)
c
where f{-) is the probability density function and

(x) = [”5()(_”)]_% if&#0

(o)
e~ mw/o ifE=0

where the range of x is such that [1 + &(x — p)/c] > 0, p (°C) and o
(°C) are the location and scale parameters, and & is the parameter
that controls the shape of the distribution. In our study, x is the an-
nual maximum daily SST. A large positive  results in a heavy-tailed
distribution, while a negative value of & results in a light-tailed dis-
tribution. The extent to which the empirical distribution of maxima
deviates from the GEV is then determined by calculating the Kuiper

8of 12

¥202 ‘€T Yoe |\ uo 610°90Us 105" MMM/ SA1Y LLoJ ) papeo|umoq



SCIENCE ADVANCES | RESEARCH ARTICLE

A +panom

0.00 0.06 0.12 0.18 0.24 030 0.36

F +&raw
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Fig. 7. Observational GEV parameter uncertainties. One SD uncertainties of the maximum likelihood estimates for the anomaly (A) and raw (B) location parameter p
(°C), the anomaly (C) and raw (D) scale parameter ¢ (°C), and the anomaly (E) and raw (F) shape parameter & (~) in the satellite SST observations. The color scale is the same
for all subfigures and in the same units as each parameter. The uncertainties are due to the small sample size (n = 39) from which the GEV parameters are estimated for

each location.

statistic V, which is the maximum of the empirical minus hypothe-
sized CDFs plus the maximum of the empirical minus hypothesized
CDE e,

V = max[E(x) — H(x)] + max[H (x) — E(x)]

where E(x) is the empirical CDF of x and H(x) is the hypothesized
emFirical CDF of x. For a GEV distribution, H(x) has the form H(x) =
¢~ for the function t(x) above. This statistic is chosen over the
more common Kolmogorov-Smirnov statistic D = max|E(x) — H(x)|
because it is equally sensitive for all values of the random variable x
(24). (Repeating all analysis with D instead of V does not affect our
conclusions.) The Kuiper statistic takes values in the range [0,2],
with lower values indicating closer correspondence. We first fit the

Cael etal., Sci. Adv. 10, eadj5569 (2024) 26 January 2024

GEV of the maximum anomalies, pooled across both all years and
all locations; the parameters and V value associated with this fit are
given in Fig. 1. Values of V or other CDF statistics are difficult to
interpret for large observational sample sizes because one cannot
distinguish whether minute detected differences between empirical
and hypothesized distributions are due to measurement errors ver-
sus process-relevant factors. We therefore not only rely on the quan-
titative value of V but also evaluate correspondence between the
observations and the GEV visually in multiple ways in Fig. 1. Given
the excellent correspondence seen in Fig. 1, we then fit the distribu-
tion of the 39 years of annual maximum temperatures (both raw and
anomalies) at each location. The associated parameter values are
given in Fig. 2. In Fig. 7, the standard (i.e., 1 SD) uncertainties of

90of12

¥202 ‘€T Yoe |\ uo 610°90Us 105" MMM/ SA1Y LLoJ ) papeo|umoq



SCIENCE ADVANCES | RESEARCH ARTICLE

0.9+ ,
0.8 B
0.7+ f
0.6 - i
=
A 0.5+ :
&
0.4+ | |—— Global (as in Fig. 1) B
/ Tropical box (15—24N, 41-50W)
0.3} ] |- = GEV(0.39,0.80,-0.13), V = 0.039 |1
02l —— Gulf Stream box (30-39N, 61-70W)| |
’ - = GEV(0.52,1.40,0.05), V = 0.043
0.1t Subpolar box (50—-59N, 26—35W)
-~ GEV(0.76,1.03, —0.06), V = 0.038
0b=—"t : ‘ ‘ : :
0 1 2 3 4 5 6
5T (°C)

Fig. 8. Empirical CDF for 10° x 10° boxes.

the p and o values estimated for observations are shown; these are
calculated by the Wald method using the approximate Hessian matrix
at the maximum likelihood estimates to compute SEs. This method
demonstrates that the estimation variability for the global parameter
values is negligible. The same fitting procedure is then repeated both
for globally pooled maximum anomalies and for local raw maxima
and maximum anomalies for each model realization, both for the
39-year historical period matching the observations and for future
periods (see below).

Figure 3 shows the model ensemble mean of the parameter changes
from 1982-2020 to (A) 2061-2100 for SSP1-2.6, (B) 2061-2100 for
SSP5-8.5, (C) the 40-year period centered on when 2°C warming is
reached in each model in SSP5-8.5, and (D) the 40-year period cen-
tered on when 3.2°C warming is reached in each model in SSP5-8.5.
The black stippling indicates regions where the 90% range (i.e., the
5th to 95th percentile) of the model ensemble distribution for each
mapped quantity includes zero. This 90% range is estimated as the
model ensemble mean plus or minus 1.645 times the model ensem-
ble SD (n.b. 1.645 is the z score associated with the 95th percentile
of a standard normal random variable). The pink stippling indicates
regions where the 90% range of the model ensemble distribution for
each mapped quantity in the 39-year historical period does not in-
clude the observational estimate of that quantity.

In Table 1, in the global section, the V and parameter values are
given for each model realization by following the same procedure as
in Fig. 1 but for the historical model output rather than the observa-
tions. In the anomalies and raw sections, the r* values indicate the
fraction of the variance accounted for in the observed parameters’
(spatial) distribution by the models’ parameters’ (spatial) distribu-
tions. r* = 1 — RSS/TSS, where RSS is the residual sum of squares—
here the residual being the difference in a given parameter’s values at
each location for a given model versus the observations—and TSS is the
total sum of squares for the observations. An r* = 1 thus indicates an
everywhere perfect correspondence between the observed and mod-
eled values. The V' values indicate the median value of V across
GEV fits to all locations. To contextualize the magnitude of these V
values, we generate 10,000 sets of 39 draws each from a known
GEV(0,1,0) distribution and fit each of these with a GEV exactly like we

Cael etal., Sci. Adv. 10, eadj5569 (2024) 26 January 2024

do the sets of annual maximum temperatures. The median V value
for these sets is 0.14, which thus indicates high correspondence be-
tween the underlying and fitted distributions. Varying the GEV pa-
rameters within the range of the values found for SST maxima here
does not change this result.

Testing for nonstationarity

We tested for nonstationarity by repeating the analysis shown in
Fig. 1 for the spatially pooled anomalies for individual years. Note
that the raw SST data cannot be aggregated in space and fit with a
GEV to test for nonstationarity in this way. We repeated this process
both with globally pooled anomalies and with regionally pooled
anomalies, defining regions corresponding to the equatorial and
eastern tropical Pacific, the rest of the subtropics, and the subpolar
regions poleward of 30 N/S. None of the parameters exhibited a sig-
nificant trend in any region (bootstrap 90% confidence intervals of
trends, estimated by linear regression of parameter estimates versus
year, all included zero), indicating a lack of appreciable nonstationarity
in these data. Note that the anomalies include a linear inter-
decadal trend, but p could be nonstationary even for these detrend-
ed data if maximum SST values were increasing significantly faster
or slower than annual mean SSTs. This does not wholly exclude the
possibility of nonstationarity of course, given the small sample size
of 39 years; a more thorough analysis of nonstationarity behavior is
outside the scope of this manuscript but may be fruitful to pursue in
particular with large model ensembles with many realizations using
a single model.

Testing for regional applicability

In addition to the local (1°) and global GEV fits described above, we
perform an additional analysis to test whether the GEV is applicable to
SST maxima at the regional scale. We define three 10° X 10° boxes in
the North Atlantic—a tropical box at 15°N to 24°N, 41°W to 50°W;
a Gulf Stream box at 30°N to 39°N, 61°W to 70°W; and a subpolar
box at 50°N to 59°N, 26°W to 35°W. These boxes are defined so as to
represent different dynamical regions. We then repeat the analysis
from Fig. 1 on the subsets of the observations within each box. We
expect the GEV to be applicable at this scale, with slightly larger V
values due to having ~500% smaller sample sizes and with parame-
ters that vary between regions. The result of the regional analysis is
shown in Fig. 8. As expected, we find that the GEV captures the
distributions of SST maxima in these regions, with plausible varia-
tions in the distributions corresponding to each region.

¥202 ‘€T Yoe |\ uo 610°90Us 105" MMM/ SA1Y LLoJ ) papeo|umoq

REFERENCES AND NOTES

1. A.J.Hobday, L. V. Alexander, S. E. Perkins, D. A. Smale, S. C. Straub, E. C. Oliver,
J. A. Benthuysen, M. T. Burrows, M. G. Donat, M. Feng, N. J. Holbrook, P. J. Moore,
H. A. Scannell, A. Sen Gupta, T. Wernberg, A hierarchical approach to defining marine
heatwaves. Prog. Oceanogr. 141, 227-238 (2016).

2. N.J.Holbrook, H. A. Scannell, A. Sen Gupta, J. A. Benthuysen, M. Feng,
E. C. Oliver, L. V. Alexander, M. T. Burrows, M. G. Donat, A. J. Hobday, P. J. Moore,
S. E. Perkins-Kirkpatrick, D. A. Smale, S, C. Straub, T. Wernberg, A global assessment of
marine heatwaves and their drivers. Nat. Commun. 10, 2624 (2019).

3. C. Laufkotter, J. Zscheischler, T. L. Frolicher, High-impact marine heatwaves attributable
to human-induced global warming. Science 369, 1621-1625 (2020).

4. T.L.Frolicher, E. M. Fischer, N. Gruber, Marine heatwaves under global warming. Nature
560, 360-364 (2018).

5. E.C.J.Oliver, M.T. Burrows, M. G. Donat, A. Sen Gupta, L. V. Alexander,
S. E. Perkins-Kirkpatrick, J. A. Benthuysen, A. J. Hobday, N. J. Holbrook, P. J. Moore,
M. S. Thomsen, T. Wernberg, D. A. Smale, Projected marine heatwaves in the 21st century
and the potential for ecological impact. Front. Mar. Sci. 6, 734 (2019).

100f 12



SCIENCE ADVANCES | RESEARCH ARTICLE

6.

9.

13.
14.

20.
21.

22.

23.

24,

25.

26.
27.

28.

29.

Cael et al., Sci. Adv. 10, eadj5569 (2024)

K. E. Smith, M. T. Burrows, A. J. Hobday, A. S. Gupta, P. J. Moore, M. Thomsen, T. Wernberg,
D. A. Smale, Socioeconomic impacts of marine heatwaves: Global issues and
opportunities. Science 374, eabj3593 (2021).

. W.W. L. Cheung, T. L. Frolicher, Marine heatwaves exacerbate climate change impacts for

fisheries in the northeast Pacific. Sci. Rep. 10, 6678 (2020).

. L. M. Cavole, A. M. Demko, R. E. Diner, A. Giddings, I. Koester, C. M. Pagniello,

M.-L. Paulsen, A. Ramirez-Valdez, S. M. Schwenck, N. K. Yen, M. E. Zill, P. J. S. Franks,
Biological impacts of the 2013-2015 warm-water anomaly in the northeast pacific:
Winners, losers, and the future. Oceanography 29, 273-285 (2016).

T.P.Hughes, J. T. Kerry, M. Alvarez-Noriega, J. G. Alvarez-Romero, K. D. Anderson,

A. H. Baird, R. C. Babcock, M. Beger, D. R. Bellwood, R. Berkelmans, T. C. Bridge, |. R. Butler,
M. Byrne, N. E. Cantin, S. Comeau, S. R. Connolly, G. S. Cumming, S. J. Dalton,

G. Diaz-Pulido, C. M. Eakin, W. F. Figueira, J. P. Gilmour, H. B. Harrison, S. F. Heron,
A.S.Hoey, J.-P. A. Hobbs, M. 0. Hoogenboom, E. V. Kennedy, C.-Y. Kuo, J. M. Lough,

R.J. Lowe, G. Liu, M. T. McCulloch, H. A. Malcolm, M. J. McWilliam, J. M. Pandolfi, R. J. Pears,
M. S. Pratchett, V. Schoepf, T. Simpson, W. J. Skirving, B. Sommer, G. Torda,

D. R.Wachenfeld, B. L. Willis, S. K. Wilson, Global warming and recurrent mass bleaching
of corals. Nature 543, 373-377 (2017).

. D.A.Smale, T. Wernberg, E. C. J. Oliver, M. Thomsen, B. P. Harvey, S. C. Straub,

M.T. Burrows, L. V. Alexander, J. A. Benthuysen, M. G. Donat, M. Feng, A. J. Hobday,
N. J. Holbrook, S. E. Perkins-Kirkpatrick, H. A. Scannell, A. Sen Gupta, B. L. Payne,
P.J. Moore, Marine heatwaves threaten global biodiversity and the provision of
ecosystem services. Nat. Clim. Chang. 9, 306-312 (2019).

. W.W. L. Cheung, T. L. Frélicher, V.W. Y. Lam, M. A. Oyinlola, G. Reygondeau, U. R. Sumaila,

T.C.Tai, L. C. L. Teh, C. C. C. Wabnitz, Marine high temperature extremes amplify the
impacts of climate change on fish and fisheries. Sci. Adv. 7, eabh0895 (2021).

. E.C.J.Oliver, M. G. Donat, M.T. Burrows, P.J. Moore, D. A. Smale, L. V. Alexander,

J. A. Benthuysen, M. Feng, A. Sen Gupta, A. J. Hobday, N. J. Holbrook,

S. E. Perkins-Kirkpatrick, H. A. Scannell, S. C. Straub, T. Wernberg, Longer and more
frequent marine heatwaves over the past century. Nat. Commun. 9, 1324 (2018).

A. C. Davison, R. Huser, Statistics of extremes. Ann. Rev. Stats. App 2, 203-235 (2015).
W. K. Huang, M. L. Stein, D. J. McInerney, S. Sun, E. J. Moyer, Estimating changes in
temperature extremes from millennial-scale climate simulations using generalized
extreme value (gev) distributions. Adv. Stat. Climatol. Meteorol. Oceanogr. 2, 79-103
(2016).

. G.J.van Oldenborgh, K. van der Wiel, S. Kew, S. Philip, F. Otto, R. Vautard, A. King, F. Lott,

J. Arrighi, R. Singh, M. van Aalst, Pathways and pitfalls in extreme event attribution.
Clim. Change 166, 1-27 (2021).

. G.J. Grindemann, N. van de Giesen, L. Brunner, R. van der Ent, Rarest rainfall events

will see the greatest relative increase in magnitude under future climate change.
Commun. Earth Environ. 3, 1-9 (2022).

. H.Wang, Z. Zuo, L. Qiao, K. Zhang, C. Sun, D. Xiao, Z. Lin, L. Bu, R. Zhang, Frequency of the

winter temperature extremes over siberia dominated by the atlantic meridional
overturning circulation. npj Clim. Atmos. Sci. 5, 84 (2022).

. E.Fischer, S. Sippel, R. Knutti, Increasing probability of record-shattering climate

extremes. Nat. Clim. Chang. 11, 689-695 (2021).

. G. L. Britten, Extreme value distributions describe interannual variability in the seasonal

north atlantic phytoplankton bloom. Limnol. Oceanogr. Lett. 7, 269-276 (2022).

E-Y. Lee, K-A. Park, Application of non-stationary extreme value analysis to satellite-
observed sea surface temperature data for past decades. Front. Mar. Sci. 8, 798408 (2022).
E. C. Oliver, J. A. Benthuysen, S. Darmaraki, M. G. Donat, A. J. Hobday, N. J. Holbrook,

R.W. Schlegel, A. Sen Gupta, Marine heatwaves. Ann. Rev. Mar. Sci. 13, 313-342 (2021).

B. Cael, K. Bisson, C. L. Follett, Can rates of ocean primary production and biological
carbon export be related through their probability distributions? Global Biogeochem.
Cycles 32,954-970 (2018).

V. Eyring, S. Bony, G. A. Meehl, C. A. Senior, B. Stevens, R. J. Stouffer, K. E. Taylor, Overview
of the coupled model intercomparison project phase 6 (cmip6) experimental design and
organization. Geosci. Model Dev. 9, 1937-1958 (2016).

B. P. Flannery, W. H. Press, S. A. Teukolsky, W. Vetterling, Numerical Recipes in C (Press
Syndicate of the University of Cambridge, 1992), p. 36.

H. Hayashida, R. J. Matear, P. G. Strutton, X. Zhang, Insights into projected changes in
marine heatwaves from a high-resolution ocean circulation model. Nat. Commun. 11,
4352 (2020).

C. Deser, M. A. Alexander, S.-P. Xie, A. S. Phillips, Sea surface temperature variability:
Patterns and mechanisms. Ann. Rev. Mar. Sci. 2, 115-143 (2010).

F. A. Burger, J. Terhaar, T. L. Frolicher, Compound marine heatwaves and ocean acidity
extremes. Nat. Commun. 13,4722 (2022).

M. Gervais, J. Shaman, Y. Kushnir, Mechanisms governing the development of the north
atlantic warming hole in the cesm-le future climate simulations. J. Climate 31, 5927-5946
(2018).

F. A. Haumann, N. Gruber, M. Miinnich, Sea-ice induced southern ocean subsurface
warming and surface cooling in a warming climate. AGU Adv. 1, (2020).

26 January 2024

30.

31.

32

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

S.Manabe, R. J. Stouffer, M. J. Spelman, K. Bryan, Transient responses of a coupled
ocean-atmosphere model to gradual changes of atmospheric CO2. part i. annual mean
response. J. Climate 4, 785-818 (1991).

T. Xu, M. Newman, A. Capotondi, S. Stevenson, E. Di Lorenzo, M. Alexander, An increase in
marine heatwaves without significant changes in surface ocean temperature variability.
Nat. Commun. 13,7396 (2022).

M. A. Alexander, J. D. Scott, K. D. Friedland, K. E. Mills, J. A. Nye, A. J. Pershing,

A. C.Thomas, Projected sea surface temperatures over the 21st century: Changes in the
mean, variability and extremes for large marine ecosystem regions of northern oceans.
Elem. Sci. Anthr. 6, 9 (2018).

A.R.Jo, J.-Y. Lee, A.Timmermann, F.-F. Jin, R. Yamaguchi, A. Gallego, Future amplification
of sea surface temperature seasonality due to enhanced ocean stratification. Geophys.
Res. Lett. 49, €2022GL098607 (2022).

C. Deser, F. Lehner, K. B. Rodgers, T. Ault, T. L. Delworth, P. N. DiNezio, A. Fiore,

C. Frankignoul, J. C. Fyfe, D. E. Horton, J. E. Kay, R. Knutti, N. S. Lovenduski, J. Marotzke,

K. A. McKinnon, S. Minobe, J. Randerson, J. A. Screen, I. R. Simpson, M. Ting, Insights
from earth system model initial-condition large ensembles and future prospects.

Nat. Clim. Chang. 10, 277-286 (2020).

H. Lee, K. Calvin, D. Dasgupta, G. Krinner, A. Mukherji, P. Thorne, C. Trisos, J. Romero,

P. Aldunce, K. Barrett, G. Blanco, W. W. L. Cheung, S. L. Connors, F. Denton,

A. Diongue-Niang, D. Dodman, M. Garschagen, O. Geden, B. Hayward, C. Jones, F. Jotzo,
T. Krug, R. Lasco, J.-Y. Lee, V. Masson-Delmotte, M. Meinshausen, K. Mintenbeck,

A. Mokssit, F. E. L. Otto, M. Pathak, A. Pirani, E. Poloczanska, H.-O. Pértner, A. Revi,

D. C. Roberts, J. Roy, A. C. Ruane, J. Skea, P. R. Shukla, R. Slade, A. Slangen, Y. Sokona,

A. A. Sorensson, M. Tignor, D. van Vuuren, Y.-M. Wei, H. Winkler, P. Zhai, Z. Zommers,
Synthesis Report of the IPCC Sixth Assessment Report (AR6): Summary for Policymakers
(Intergovernmental Panel on Climate Change, 2023).

N. Gruber, P.W. Boyd, T. L. Frélicher, M. Vogt, Biogeochemical extremes and compound
events in the ocean. Nature 600, 395-407 (2021).

D.J. Amaya, M. G. Jacox, M. R. Fewings, V. S. Saba, M. F. Stuecker, R. R. Rykaczewski,

A. C.Ross, C. A. Stock, A. Capotondi, C. M. Petrik, S. J. Bograd, M. A. Alexander, W. Cheng,
A.J.Hermann, K. A. Kearney, B. S. Powell, Marine heatwaves need clear definitions so
coastal communities can adapt. Nature 616, 29-32 (2023).

M. G. Jacox, Marine heatwaves in a changing climate. Nature 571, 485-487 (2019).

C. J. Merchant, O. Embury, C. E. Bulgin, T. Block, G. K. Corlett, E. Fiedler, S. A. Good,

J. Mittaz, N. A. Rayner, D. Berry, S. Eastwood, M. Taylor, Y. Tsushima, A. Waterfall, R. Wilson,
C. Donlon, Satellite-based time-series of sea-surface temperature since 1981 for climate
applications. Sci. Data 6, 223 (2019).

C. J. Merchant, O. Embury, Adjusting for desert-dust-related biases in a climate data
record of sea surface temperature. Remote Sens 12, 1-15 (2020).

B. C. O'Neill, C. Tebaldi, D. P. Van Vuuren, V. Eyring, P. Friedlingstein, G. Hurtt, R. Knutti,

E. Kriegler, J.-F. Lamarque, J. Lowe, G. A. Meehl, R. Moss, K. Riahi, B. M. Sanderson, The
scenario model intercomparison project (ScenarioMIP) for CMIP6. Geosci. Model Dev. 9,
3461-3482 (2016).

M. Rugenstein, J. Bloch-Johnson, J. Gregory, T. Andrews, T. Mauritsen, C. Li, T. L. Frolicher,
D. Paynter, G. Danabasoglu, S. Yang, J. L. Dufresne, L. Cao, G. A. Schmidt, A. Abe-Ouchi,
0. Geoffroy, R. Knutti, Equilibrium climate sensitivity estimated by equilibrating climate
models. Geophys. Res. Lett. 47, e2019GL083898 (2020).

T. L. Frolicher, M. T. Aschwanden, N. Gruber, S. L. Jaccard, J. P. Dunne, D. Paynter,
Contrasting upper and deep ocean oxygen response to protracted global warming.
Global Biogeochem. Cycles 34, e2020GB006601 (2020).

J.P.Dunne, J. G. John, A. J. Adcroft, S. M. Griffies, R. W. Hallberg, E. Shevliakova,

R. J. Stouffer, W. Cooke, K. A. Dunne, M. J. Harrison, GFDL's ESM2 global coupled climate-
carbon earth system models. Part I: Physical formulation and baseline simulation
characteristics. J. Climate 25, 6646-6665 (2012).

J.P.Dunne, J. G. John, E. Shevliakova, R. J. Stouffer, J. P. Krasting, S. L. Malyshev, P. Milly,
L.T. Sentman, A. J. Adcroft, W. Cooke, GFDL's ESM2 global coupled climate-carbon earth
system models. Part II: Carbon system formulation and baseline simulation
characteristics. J. Climate 26, 2247-2267 (2013).

A.J. Hobday, E. C. Oliver, A. S. Gupta, J. A. Benthuysen, M. T. Burrows, M. G. Donat,

N. J. Holbrook, P. J. Moore, M. S. Thomsen, T. Wernberg, D. A. Smale, Categorizing and
naming marine heatwaves. Oceanography 31, 162-173 (2018).

S.Hu, L. Zhang, S. Qian, Marine heatwaves in the arctic region: Variation in different ice
covers. Geophys. Res. Lett. 47, €2020GL089329 (2020).

S.Wang, Z. Jing, D. Sun, J. Shi, L. Wu, A new model for isolating the marine heatwave
changes under warming scenarios. J. Atmos. Oceanic Tech. 39, 1353-1366 (2022).

T. Hsing, On tail index estimation using dependent data. Ann. Stat. 19, 1547-1569 (1991).
J. Nakajima, T. Kunihama, Y. Omori, S. Friihwirth-Schnatter, Generalized extreme value
distribution with time-dependence using the ar and ma models in state space form.
Comput. Stat. Data Anal. 56, 3241-3259 (2012).

S. Coles, J. Bawa, L. Trenner, P. Dorazio, An Introduction to Statistical Modeling of Extreme
Values (Springer, 2001), vol. 208.

110f 12

¥202 ‘€T Yoe |\ uo 610°90Us 105" MMM/ SA1Y LLoJ ) papeo|umoq



SCIENCE ADVANCES | RESEARCH ARTICLE

Acknowledgments: T.L.F. and F.A.B. (project OVERSHOOT) thank the CSCS Swiss National
Supercomputing Centre for computing resources. We acknowledge the World Climate
Research Programme, which, through its Working Group on Coupled Modelling,
coordinated and promoted CMIP6. We thank the climate modeling groups for producing
and making available their model output, the Earth System Grid Federation (ESGF) for
archiving the data and providing access, and the multiple funding agencies who support
CMIP6 and ESGF. Funding: B.B.C., FA.B,, S.A.H., and T.L.F. acknowledge support from the
European Union’s Horizon 2020 Research and Innovation Programme under grant
agreement no. 820989 (project COMFORT). T.L.F. also acknowledges support from the
European Union’s Horizon 2020 Research and Innovation Programme under grant
agreement no. 862923 (project AtlantECO) and the Swiss National Science Foundation
(PPOOP2-198897). G.L.B. acknowledges funds from the Woods Hole Oceanographic
Institution. The work reflects only the authors’ view; the European Commission and their
executive agency are not responsible for any use that may be made of the information the

Cael etal., Sci. Adv. 10, eadj5569 (2024) 26 January 2024

work contains. Author contributions: Conceptualization: B.B.C. Data curation: B.B.C., FA.B.,
and T.L.F. Formal analysis: B.B.C., F.A.B., and T.L.F. Investigation: B.B.C,, FA.B.,,and T.L.F.
Methodology: B.B.C., F.A.B., and T.L.F. Project administration: B.B.C., FA.B.,, and T.L.F.
Software: B.B.C., F.A.B., and T.L.F. Validation: B.B.C., F.A.B., and T.L.F. Visualization: B.B.C. and
F.A.B. Writing—original draft: B.B.C. Writing—review and editing: B.B.C,, FA.B., S.A.H,, G.L.B.,
and T.L.F. Competing interests: The authors declare that they have no competing interests.
Data and materials availability: All data needed to evaluate the conclusions in the paper
are present in the paper. CCl SST v2.1 data are available via https://surftemp.net (39). Model
outputs are available via https://doi.org/10.24381/cds.c866074c.

Submitted 3 July 2023
Accepted 27 December 2023
Published 26 January 2024
10.1126/sciadv.adj5569

120f 12

¥202 ‘€T Yoe |\ uo 610°90Us 105" MMM/ SA1Y LLoJ ) papeo|umoq


https://surftemp.net
https://doi.org/10.24381/cds.c866074c

	Historical and future maximum sea surface temperatures
	INTRODUCTION
	RESULTS
	DISCUSSION
	MATERIALS AND METHODS
	Observations
	Model output
	Statistical analysis
	Testing for nonstationarity
	Testing for regional applicability

	REFERENCES AND NOTES
	Acknowledgments:


