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ABSTRACT: The future evolution of sea surface temperature (SST) extremes is of great concern, not only for the health
of marine ecosystems and sustainability of commercial fisheries, but also for precipitation extremes fueled by moisture
evaporated from the ocean. This study examines the projected influence of anthropogenic climate change on the intensity
and duration of monthly SST extremes, hereafter termed marine heat waves (MHWs) and marine cold waves (MCWs),
based on initial-condition large ensembles with seven Earth system models. The large number of simulations (30-100) with
each model allows for robust quantification of future changes in both the mean state and variability in each model. In gen-
eral, models indicate that future changes in variability will cause MHW and MCW events to intensify in the northern extra-
tropics and weaken in the tropics and Southern Ocean, and to shorten in duration in many areas. These changes are
generally symmetric between MHWs and MCWs, except for the longitude of duration change in the tropical Pacific and
sign of duration change in the Arctic. Projected changes in ENSO account for a large fraction of the variability-induced
changes in MHW and MCW characteristics in each model and are responsible for much of the intermodel spread as a re-
sult of differences in future ENSO behavior. The variability-related changes in MHW and MCW characteristics noted
above are superimposed upon large mean-state changes. Indeed, their contribution to the total change in SST during
MHW and MCW events is generally <10% except in polar regions where they contribute upward of 50%.

KEYWORDS: Atmosphere-ocean interaction; Extreme events; Sea surface temperature; Climate models;
Climate variability; Oceanic variability

1. Introduction marine organisms (e.g., Alexander et al. 2018; Smale et al. 2019;
Cheung and Frolicher 2020).

Observational studies have documented the geographical
extent, intensity, duration, and frequency of MHWs based on
daily SST data from satellite records (1982—present), augmented
with monthly SSTs from ship-based archives going back to the
early twentieth century (Hobday et al. 2016; Holbrook et al.
2019; Oliver et al. 2021, and references therein). These studies

Prolonged sea surface temperature (SST) extremes, hence-
forth referred to as “marine heat waves” (MHWs) and “marine
cold waves” (MCWs), severely impact the health of aquatic eco-
systems and have widespread economic repercussions for com-
mercial fisheries [see the recent review by Oliver et al. (2021)
and references therein; Smith et al. 2023]. Such events last from
weeks to months, and often recur in consecutive years over a
given region, compounding their physical and biogeochemical find that historical MHW thresholds have been increasingly ex-
effects. These SST extremes may also be accompanied by tem- ceeded in recent years due to an underlying warming trend at-
perature anomalies at depth (e.g., Scannell et al. 2020; Amaya tributable to anthropogenic influences (Oliver et al. 2018; Oliver
et al. 2023a; Schaeffer et al. 2023). As climate change accelerates ~ 2019; Oliver et al. 2021; Frolicher et al. 2018; Xu et al. 2022;
due to human emissions of carbon dioxide and other greenhouse Frolicher and Laufkotter 2018, Laufkotter et al. 2020, Thoral
gases, the oceans will continue to warm, thereby placing addi- et al. 2022). Modeling studies have also highlighted the role of
tional stress on temperature-dependent physiological processes in ~ long-term anthropogenic warming on recent and projected
trends in MHW historical threshold exceedance (Frolicher et al.
2018; Alexander et al. 2018; Yao et al. 2022; Guo et al. 2022).

However, anthropogenic effects are not limited to mean
state changes alone. As global warming progresses, the upper
ocean is expected to become increasingly stratified and the
mixed layer is anticipated to shoal (e.g., Capotondi et al. 2012;

P Supplemental information related to this paper is available at ~ Kwiatkowski et al. 2020). A shallower mixed layer will pro-
the Journals Online website: https:/doi.org/10.1175/JCLI-D-23- 1, te increased variability and decreased persistence of SST
0278.1. anomalies due to its lower thermal inertia, all other factors be-

ing equal. According to this heuristic paradigm, anthropogenic
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MCWs) can result from both shifts in the mean (e.g., “a rising
tide lifts all ships”) and from changes in the shape of the full
SST distribution as measured by the variance, skewness, and
kurtosis. In addition, atmospheric circulation, air-sea exchange
of heat and momentum, oceanic thermal advection and turbulent
mixing, and remote impacts from changing El Nifio-Southern
Oscillation (ENSO) teleconnections are all likely to be altered
under anthropogenic climate change, further complicating the
drivers of SST extremes including MHWs and MCWs
(Alexander et al. 2018; Oliver et al. 2018; Sen Gupta et al.
2020; Amaya et al. 2021; Li and Thompson 2021; Oliver et al.
2021; Xu et al. 2022; Shi et al. 2022; Vogt et al. 2022; O’Brien
and Deser 2023). Thus, the physical mechanisms underlying
observed and simulated changes in MHWs and MCWs are
challenging to quantify due to their complexity, varied geo-
graphical and seasonal expression, and lack of adequate data.
Only very recently have attempts been made to quantitatively
assess the various factors contributing to changes in historical
and future MHW characteristics (e.g., Oliver et al. 2021;
Amaya et al. 2021; Vogt et al. 2022).

Distinguishing between changes in the mean state and
changes in variability on the evolving characteristics of marine
temperature extremes is important not only from the standpoint
of physical understanding, but also for prediction and resource
management purposes (Oliver 2019; Amaya et al. 2023b). How-
ever, attributing changes in variability to anthropogenic effects
requires large amounts of data to refute the null hypothesis that
they are due to random sampling fluctuations. An innovative
study by Xu et al. (2022) employed an empirically based dynam-
ical linear inverse model to generate thousands of synthetic real-
izations of SST variability consistent with the spatiotemporal
statistics of the actual observed record over the past 60 years.
With so many realizations, they were able to circumvent sam-
pling issues and successfully isolate forced changes in variability
from forced changes in mean state on the historical evolution of
cold and warm SST extremes. They found that forced changes
in the mean state dominated those in variability; a similar con-
clusion was reached by Oliver (2019) based on an autoregressive
model fit to observations.

Studies of future changes in MHW characteristics have gen-
erally relied on the collection of CMIP5 and CMIP6 models,
using one simulation per model to construct a multimodel aver-
age (e.g., Frolicher et al. 2018; Plecha and Soares 2020; Qiu et al.
2021; Oliver et al. 2021; Yao et al. 2022). While this approach
provides an overall assessment, it confounds model structural
uncertainty (e.g., model-dependent forced responses in both the
mean state and variability) and sampling uncertainty. In con-
trast, “initial-condition large ensemble” simulations (hereafter
referred to simply as “large ensembles” or LEs) allow for a ro-
bust determination of the evolving forced responses in any sin-
gle model at each location and time (e.g., Deser et al. 2020).
This is made possible by conducting a large number of simula-
tions (generally 30 or more) with a given model under a given
radiative forcing protocol, where each simulation starts from a
different initial condition. As the memory of the initial condition
fades, the simulations diverge from each other due to unpredict-
able internally generated variability. Thus, each ensemble
member has its own unique sequence of internal fluctuations
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superimposed upon an evolving forced response that is common
to all of the ensemble members. With a sufficient ensemble size,
the evolving forced response can be isolated by averaging across
the ensemble members at each time step and at each location.
Importantly, the forced response contains not only evolving
changes in the mean background climate, but also any evolving
changes in the statistical characteristics of internal variability,
for example amplitude, autocorrelation and spatial structure.
The power of LEs has yet to be fully exploited for the study
of marine temperature extremes and their projected changes.
Frolicher et al. (2018) documented future changes in MHW
frequency, duration, spatial extent, and intensity based on a
10-member LE, while Alexander et al. (2018) used a 30-member
LE to study changes in SST extremes for large marine ecosystem
regions within the North Pacific and Atlantic. More recently,
Burger et al. (2022) quantified compound MHW and ocean acid-
ity extremes under global warming using a 30-member LE.

Here, we make use of seven different model LEs, each of
which contains between 30 and 100 simulations spanning the
period 1950-2100, to isolate future changes in MHW and MCW
intensity and duration due to forced changes in variability versus
mean state in each model separately. We further examine the
evolving influence of forced changes in ENSO variability on
forced changes in MHW and MCW characteristics by subsam-
pling the LEs during ENSO-neutral states. While this subsam-
pling procedure necessarily reduces the number of MHW and
MCW events for analysis, the large number of realizations in any
given model LE ensures that we maintain an adequate number
of events for robust results. While previous studies have shown a
connection between ENSO events and MHW events (e.g., Oliver
et al. 2018; Holbrook et al. 2019; Xu et al. 2022; Capotondi et al.
2022), none has explicitly assessed the influence of ENSO in this
way using LEs.

Finally, we analyze cold and warm extremes separately so
as not to build in any assumptions regarding linearity with re-
spect to sign. Previous studies have generally focused exclu-
sively on MHWs (e.g., Oliver et al. 2018; Frolicher et al. 2018;
Frolicher and Laufkotter 2018; Laufkotter et al. 2020; Guo
et al. 2022) or on the symmetric component of SST variability
in general (Xu et al. 2022; Li and Thompson 2021; Shi et al.
2022). Schlegel et al. (2021) provide a global synthesis of
observed MCW events (termed “marine cold spells” in their
study) based on daily SSTs over the satellite era (since 1982),
highlighting their physical characteristics, ecological impacts and
recent trends. Metrics of observed MCW and MHW events
based on daily satellite SSTs are compared in Wang et al. (2022)
and Yao et al. (2022). The latter study also compared future
changes in MCW and MHW properties using daily SSTs from
the CMIP6 archive; however, their multimodel mean assess-
ment is based on averaging one simulation per model and thus
does not separate the effects of variability-induced changes
from mean-state changes.

Our study is based on monthly SST data rather than 5-day
running means as in the original MHW definition of Hobday
et al. (2016). The use of monthly data can be justified based
on the relatively slow decorrelation time scale of SST anoma-
lies and the outsized ecological impacts from long-lasting
marine temperature extremes (Jacox et al. 2020; Amaya et al.
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TABLE 1. Model large ensembles used in this study and their salient characteristics. Global SST change refers to the difference
between 2070-2100 and 1970-2000. MHW and MCW results for CESM2 are not sensitive to differences in biomass burning aerosol

emission protocols used for the first and second 50 members.

Duration; future
radiative forcing

MHW/MCW
sample size (per
grid box per 31

years) for all years

Model name (CMIP scenario; global SST Ensemble Resolution for (ENSO-neutral
generation) change size atmosphere (ocean) years) Reference paper

CESM2 (CMIP6) 1850-2100; SSP3-7.0; 100 1.3° X 0.9° (~1.0°) 1553/1493 (391/377) Rodgers et al. (2021)
2.5°C

CanESM5 (CMIP6) 1850-2100; SSP5-8.5; 50 2.8° X 2.8 (1.4° X 0.9°)  816/793 (183/175) Swart et al. (2019)
4.0°C

GFDL-SPEAR (CMIP6) 1921-2100; SSP5-8.5; 30 50 km (~1.0°) 553/546 (121/113) Delworth et al. (2020)
2.7°C

MIROC6 (CMIP6) 1850-2100; SSP5-8.5; 50 1.4° X 1.4° (~1.0°) 699/710 (218/210) Tatebe et al. (2019)
2.0°C

CESM1 (CMIPS) 1920-2100; RCP8.5; 40 1.3° X 0.9° (~1.0°) 619/608 (171/164) Kay et al. (2015)
2.6°C

CanESM2 (CMIP5) 1950-2100; RCPS.5; 50 2.8° X 2.8° (1.4° X 0.9°) 847/824 (189/180) Kirchmeier-Young
3.1°C et al. (2017)

MPI-ESM-LR (CMIP5)  1850-2099; RCP8.5; 100 1.9° X 1.9° (~1.5°) 1619/1618 (412/404) Mabher et al. (2019)
1.9°C

2023b). However, shorter-lived MHW and MCW events will
be missed in our analyses. We encourage future studies to
make use of daily SST (and subsurface temperature) output
from model LEs for added insight [see Le Grix et al. (2022)
for a recent example].

The rest of this study is organized as follows. The model LEs
and our methods for defining MHW and MCW events, separat-
ing forced changes due to mean state versus variability, and clas-
sifying ENSO-neutral states are described in section 2. Results
are presented in section 3, beginning with an evaluation of
model biases in simulating present-day MHW and MCW in-
tensity and duration (section 3a), followed by an analysis of
models’ future changes in MHW and MCW characteristics
(section 3b) and the role of ENSO (section 3c), and ending
with an assessment of the relative contributions from mean-
state changes vs. changes in variability (section 3d). A sum-
mary and discussion are provided in section 4.

2. Data and methods
a. Data from model LEs and observations

We analyze seven global coupled model LEs with ensemble
sizes ranging from 30 to 100 spanning the years 1950-2100 under
historical and future radiative forcing (see Table 1 for model
and forcing details). We chose all available models that had at
least 30 ensemble members for the entirety of the analysis pe-
riod 1950-2100 (a full listing of model LEs is provided at https:/
www.cesm.ucar.edu/community-projects/mmlea). Three of the
models (CESM1, CanESM2, and MPI-ESM-LR) are CMIP5
generation and the others (CESM2, CanESMS5, GFDL-SPEAR,
and MIROC6) are CMIP6. Thus, our multimodel LE collection
encompasses a range of forcing scenarios and associated global
warming responses. In addition, it includes two versions of
CESM and two of CanESM, allowing for comparison across

CMIP generations of the same model. In total, our multimodel
LE collection contains 420 individual simulations. All models
employed in this study utilize relatively coarse resolution
(around 1.0°-1.5°) in their ocean component and thus do not ex-
plicitly resolve mesoscale processes that have been shown to be
important for SST variability along western boundary currents,
the Antarctic Circumpolar Current, and other eddy-rich regions
(Pilo et al. 2019; Hayashida et al. 2020; Guo et al. 2022).

Our analyses are based on monthly mean SST on the native
grid of each model (see Table 1 for details on model resolu-
tion). For the models, we use the temperature of the top ocean
model level (“tos”), which is the true SST, as opposed to sur-
face temperature (TS) to avoid contamination from sea ice
cover. Specifically, for a grid cell that includes fractional sea
ice, tos is the water temperature directly beneath the sea ice,
whereas TS is the area-weighted average of the surface tem-
perature of the ice and the surface temperature of the water
within the grid cell. To benchmark the models against observa-
tions, we make use of SSTs from ERSSTV5 on a 2° latitude/
longitude grid (Huang et al. 2021); similar results (not shown)
are obtained with HadISSTv1 on a 1° latitude/longitude grid
(Rayner et al. 2003). When comparing models against observa-
tions, and forming multimodel averages, we have regridded
the data to the CESM1 grid.

b. Methods
1) MODEL LARGE ENSEMBLES

As mentioned above, we separate future changes in MHWs
and MCWs into two components: 1) changes in variability
and 2) changes in the mean state. To isolate changes in vari-
ability, we define the internal component of SST (iSST) in
each ensemble member of a given model LE as iSST(x, ¢, ¢) =
SST(x, t, ¢) — SST(x, t, em) where x is grid box location, ¢ is
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time, e is ensemble member, and em is the ensemble mean.
Note that this procedure removes the monthly ensemble-mean
climatology from each ensemble member. We then compute
the 10th and 90th percentiles of iSST(x) separately for each cal-
endar month based on pooling together all ensemble members
of a given model LE. We compute these percentiles for the
71-yr historical period 19502020 in order to compare with ob-
servations, and also for three 31-yr periods (1970-2000, 2020-50,
and 2070-2100) in order to evaluate how climate change influ-
ences MHWs and MCWs. For example, for the 100-member
CESM2 LE, we determine these thresholds for the month of
January for the period 1970-2000 from the set of 31 X 100 iSST
samples at each grid box, and repeat this procedure for each cal-
endar month. Similarly, we determine the thresholds as a func-
tion of calendar month for the period 2020-50 and for the
period 2070-2100. In this way, we obtain seasonally varying
thresholds for each period separately. Then, for each period, we
define a MHW event if iSST(x, ¢, ) reaches or exceeds the 90th
percentile; similarly, we define a MCW event if iSST(x, ¢, e) is
equal to or less than the 10th percentile. We define the intensity
of each MHW and MCW by its corresponding monthly iSST
value (°C) and the duration of each MHW (MCW) event by
determining the number of consecutive months with MHW
(MCW) conditions at a given location. We then form MHW
and MCW composites of intensity (°C) and duration (months)
based on averaging all MHW and MCW events for each period
separately. To give an idea of the sample sizes for these compo-
sites, the 100-member CESM2 LE yields 3720 (12 months X
31 years X 100 members X 0.1) monthly MHW samples (and
MCW samples) in any given 31-yr period at each grid box. The
number of discrete MHW and MCW events (e.g., taking into
account the lifetime of each event) depends on the duration
characteristics, which vary spatially. For the CESM2 LE, each
grid box contains, on average, 1553 discrete MHW events and
1493 discrete MCW events in any given 31-yr period. Sample
size information for all seven model LEs is provided in Table 1
and spatial maps of the number of discrete MHW and MCW
events are shown in Fig. S1 in the online supplemental material.
The large sample sizes afforded by each model LE allow for a
robust determination of MHW and MCW characteristics and
any future changes thereof.

We have repeated our analyses using the Sth and 95th per-
centile thresholds to define MCW and MHW events, respec-
tively, and find qualitatively similar results to those based on
the 10th and 90th percentile thresholds. Thus, we adopt the
10th and 90th percentile thresholds in order to provide a ro-
bust comparison with observations for which the 5th and 95th
percentile thresholds would be too restrictive (i.e., result in
too few samples; see also Jacox et al. 2020). In addition, the
10th and 90th percentile thresholds allow us to robustly quan-
tify future changes in MHW and MCW events during the sub-
set of years that are in an ENSO-neutral state (see below).

To assess the influence of ENSO on future changes in MHWs
and MCWs, we have repeated our analyses for ENSO-neutral
states as follows. First, we compute the leading empirical orthog-
onal function (EOF1) of 3-month running means of iSST(x, ¢)
over the tropical Pacific domain (10°N-10°S, 120°E-85°W) for
each time period separately (1970-2000, 2020-50, and 2070-2100),
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using the pooled set of ensemble members for a given model LE.
(Note that the use of EOF1 as opposed to a fixed regional index
such as Nifio-3.4 SST ensures that the pattern of ENSO-related
iSST specific to each model is accommodated.) We then identify
the 30th and 70th percentile values of the associated principal
component (PC1) for each month separately. If the PC1 value in
a given ensemble member e at time ¢ lies within the 30th—70th per-
centile range, and if the PCl values in each of the preceding
5 months also fall within this range, then we define the corre-
sponding iSST(x, ¢, €) as being in an “ENSO-neutral” state [we
choose 5 months as a conservative estimate of the cumulative
lagged response of extratropical SST anomalies to ENSO (see
Alexander et al. 2002); however, a choice of 3 months yields
very similar results (not shown)]. We repeat this procedure for
all time steps and ensemble members. We then determine the
10th and 90th percentile thresholds of iSST(x) for each month
and time period from this set of ENSO-neutral samples, and
then use these thresholds to construct MHW and MCW compo-
sites from the ENSO-neutral samples. Sample size information
for the ENSO-neutral composites in each model LE is provided
in Table 1 and Fig. S2. We have checked that the results do not
change appreciably if we consider both PC1 and PC2 of tropical
Pacific iSSTs in our ENSO-neutral selection procedure; how-
ever, the use of two PCs greatly reduces the number of ENSO-
neutral samples available for compositing, resulting in less stable
statistics and noisier patterns (not shown). While more (or less)
sophisticated methods could be used to define ENSO-neutral
states, we view our approach as a valuable step in assessing the
influence of future changes in tropical Pacific SST variability on
MHW and MCW characteristics.

2) OBSERVATIONS

We first compute the climatological SST for each month
at each grid box based on the period 1950-2020. We then de-
fine monthly SST anomalies by subtracting the climatological
monthly SST from each corresponding month. We then quad-
ratically detrend the data to produce the estimated observed
iSST(x, £), hereafter iSST_Obs(x, f). We then compute the 10th
and 90th percentiles of iISST_Obs(x, f) as a function of calendar
month, and define MHW and MCW events following the proce-
dure outlined for the model LEs above. We used quadratic
detrending in lieu of linear detrending to accommodate the ac-
celerating pace of global warming since 1950 (NOAA National
Centers for Environmental Information 2023).

We have tested whether quadratic detrending effectively re-
moves the forced component by applying this procedure to each
member of a given model LE individually and comparing
the results against the “true” forced component estimated by
the ensemble mean of the LE. We find that for the period
1950-2020, quadratic detrending produces nearly identical MHW
and MCW composites as the method outlined in section 2b(1)
for each model LE (not shown), lending confidence to the obser-
vational results.

3) STATISTICAL SIGNIFICANCE TESTING

We apply the false discovery rate (FDR; Wilks 2016) to a
two-sided ¢ test at the 95% confidence level to assess whether
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differences in observed and simulated MHW and MCW com-
posites are statistically significant, and whether simulated
MHW and MCW composites in the future (2020-50 or 2070—
2100) differ significantly from those in the historical reference
period (1970-2000). We use the number of discrete events in
each composite for the #-test sample sizes. Note that the ¢ sta-
tistic (critical ¢ value) is relatively insensitive to the precise
number of samples for samples sizes > 75 (Student 1917) and
that our model composites always contain at least 75 discrete
samples at every grid box.

3. Results
a. Model validation

We begin by comparing the simulated and observed charac-
teristics of MHW and MCW composites over the 71-yr period
1950-2020. For conciseness, we present results from the
100-member CESM2 LE in the main paper, and the remaining
six model LEs in the online supplemental material. Figure 1a
shows MHW composite intensity (°C) averaged across all
100 members of the CESM2 LE. The model simulates a maxi-
mum in intensity along the equatorial Pacific (values ~3.5°C)
and secondary maxima along the western boundary currents
and their eastward extensions in the North Pacific and North
Atlantic (values ~2°C). Similar features are evident in the ob-
servations, but with reduced amplitudes, especially in the
equatorial Pacific (Fig. 1b). To assess whether the model is sig-
nificantly biased in its representation of MHW composite in-
tensity, or whether the differences between the simulated and
observed MHW composites arise from sampling uncertainty
(the observational record samples only one of many possible
realizations), we evaluate whether the observed composite val-
ues lie outside the 5th-95th percentile range of the distribution
of 100 composite values based on each member of the CESM?2
LE. According to this measure, CESM2 shows a significant
warm bias in composite MHW intensity over much of the trop-
ical Indo-Pacific and along Antarctica, and a significant cold
bias in the Arctic, temperate portions of the Southern Ocean,
and along the west coasts of North America and Africa
(Fig. 1c). The amplitudes of these model biases are generally
<0.2°C except in the western equatorial Pacific and off-
equatorial eastern Pacific and along the Siberian coast where
they reach 0.4°-1.0°C. Similar model biases are found for
MCW composite intensity, with an even larger overestimation
across the full width of the equatorial Pacific basin than is the
case for MHW intensity [Fig. 1i; note that negative (positive)
values indicate that the model overestimates (underestimates)
MCW intensity]. The biases in MHW and MCW intensity
within the tropical Indo-Pacific are likely related to the mod-
el’s overestimation of ENSO amplitude (Capotondi et al.
2020), while those in the Arctic and Antarctic may be associ-
ated with deficiencies in the representation of sea ice cover
(Danabasoglu et al. 2020).

We also examine composite MHW and MCW intensity in
each ensemble member for a direct assessment of the sampling
uncertainty due to the finite record length (note that the
thresholds are still based on those obtained from all members).
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Figures 1d and 1e show the maximum and minimum values of
MHW composite intensity, respectively, across the 100 mem-
bers of the CESM2 LE. To construct these figures, we have se-
lected the ensemble member with the maximum composite value
and the one with the minimum composite value at each grid box
separately (i.e., the ensemble member with the maximum com-
posite value at one grid box may differ from the ensemble mem-
ber with the maximum composite value at another grid box). The
two renditions of MHW composite intensity show striking differ-
ences in amplitude throughout the global oceans, with a typical
range of 0.4°-0.8°C (Fig. 1f). Larger differences (up to 1.6°C) are
found in the equatorial eastern Pacific, the Kuroshio and Gulf
Stream Extensions, and along the sea ice edge between Iceland
and Svalbard. Similar results are found for MCW composite in-
tensity (Figs. 1j-1), although the ensemble spread in the equato-
rial Pacific maximizes farther west compared to the MHW
results (Fig. 11). Such sampling variations in both MHW and
MCW composite intensities over a 71-yr period are noteworthy
and imply that the observed composites may also be subject to
similar levels of sampling uncertainty. [Note that the patterns
shown in Figs. 1d,1e,j,k may not necessarily obtain in any indi-
vidual simulation.]

Next, we compare the simulated and observed MHW
and MCW composites of duration. The CESM2 ensemble-
mean MHW composite duration exhibits largest values
(up to 6-7 months) in the tropical eastern Pacific, and secondary
maxima (up to 3-4 months) in the western tropical Atlantic and
the Pacific sector of the Southern Ocean (Fig. 2a). These max-
ima are associated with El Nifio events (see section 3c). Else-
where, the simulated composite durations are typically between
2 and 3 months. Observations show a similar, albeit noisier, pat-
tern of MHW composite duration as the model ensemble mean,
but with generally smaller magnitudes (1-2 months) except in the
tropical northeast Pacific (Fig. 2b). In particular, the observed val-
ues lie outside the model’s 5th-95th percentile ensemble spread
(indicative of a significant model bias) in the southeast and north-
east tropical Pacific, south tropical Atlantic, central North Pacific,
Arctic, and portions of the Southern Ocean (Fig. 2c).

The ensemble spread in MHW composite duration in CESM2
is striking (Figs. 2d,e). In general, MHW composite duration
varies by approximately a factor of 2 between the minimum and
maximum of the 100 ensemble members throughout the global
oceans. The absolute range is largest in the eastern tropical
Pacific and the Greenland Sea (up to 7 months), with secondary
maxima in the Amundsen—Bellingshausen Sea, and parts of the
tropical South Atlantic and subtropical northeast Pacific (Fig. 2f).
In the eastern tropical Pacific, MHW composite duration can ex-
ceed 10 months or be less than 4 months, depending on the reali-
zation (Figs. 2d,e). This sampling variability is associated with
low-frequency modulation of ENSO (Capotondi et al. 2020).

Unlike intensity, duration exhibits noticeable asymmetries be-
tween MHW and MCW composites (Fig. 2). In particular, the
observed MCW composite duration shows a boomerang-shaped
pattern in the central tropical Pacific, with off-equatorial max-
ima in both hemispheres (Fig. 2h), whereas the observed MHW
composite duration exhibits peak values along the equator in
the eastern Pacific (Fig. 2b). In CESM2, the duration asymmetry
takes the form of a westward-extended maximum in the
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FI1G. 1. Composite MHW and MCW intensity (°C) during 1950-2020 from the 100-member CESM?2 large ensemble and observations:
(a),(g) ensemble average; (b),(h) observations; (c),(i) ensemble average minus observations; (d),(j) ensemble maximum; (e),(k) ensemble
minimum; and (f),(1) ensemble maximum minus minimum. Gray shading in (c) and (i) indicates that observations lie within the 5th-95th

percentile range of the CESM2 large ensemble.

ensemble-mean MCW composite (Fig. 2g) compared to its
MHW counterpart (Fig. 2a). Model biases in MCW composite
duration are broadly similar to those in MHW composite dura-
tion, with additional areas of significant bias in the far western
equatorial Pacific and south of Hawai’i, where the values are
overestimated and underestimated by 2-3 months, respectively
(Fig. 2i). The ensemble spread in composite duration is even
more pronounced for MCW than MHW, especially in the tropi-
cal Pacific where the range between the maximum and mini-
mum of the individual members can exceed 8 months at many
locations (Figs. 2j-1).

Analogous comparisons between simulated and observed
MHW and MCW composites for the other six model LEs are
shown in Figs. S3-S8 for intensity and Figs. S9-S14 for

duration. Figures 3a—g compare the model biases in MHW
composite intensity for all seven LEs, depicted as the differ-
ence between each model’s ensemble-mean composite and
the observed composite. While the regional details of the pat-
terns of significant bias vary across models, there are some
common large-scale features. For example, all models show a
significant overestimation of MHW composite intensity in the
tropical Indian Ocean and the western half of the tropical
Pacific. This positive bias is smallest for the two CanESM LEs
and is largest in CESM2 and MIROC6 where it extends across
most of the Pacific basin. Another common feature across models
is the significant underestimation of MHW composite intensity in
the Arctic, and a significant overestimation in the Antarctic.
Many of the models show a significant underestimation of
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FIG. 2. As in Fig. 1, but for composite MHW and MCW duration (months).

MHW composite intensity along the west coast of North
America, and all models except the two CESM LEs show a
significant positive bias in the North Atlantic. The fractional
area of significant model bias in MHW composite intensity
regardless of sign is similar across models, ranging from 51%
in CanESMS to 68% in MIROCS6 (numbers in the upper right
of each panel in Fig. 3; see also Fig. 4). Positive biases make
up most of this total areal coverage, except in CESM1 and
CanESM2 where positive and negative biases contribute in
roughly equal proportion (Fig. 4a). To summarize model be-
havior, we map the locations where at least 5 out of 7 models
(>two-thirds) show a significant model bias and agree on the
sign of the bias (Fig. 3h). Areas of majority agreement in-
clude the tropical northern Indian and western Pacific and
high-latitude Southern Ocean where MHW intensities are
significantly overestimated, and the Arctic Ocean where they

are significantly underestimated; these areas comprise 34% of
the world oceans.

Model biases in MCW composite intensity are generally
analogous to their MHW counterparts, but with slightly larger
amplitudes (Figs. 3i-0). [Note that the opposite sign between
model biases in MCW and MHW composite intensity indicates
that the biases are the same in a relative sense: i.e., a negative
bias in MCW intensity and a positive bias in MHW intensity
both denote overestimation.] There are also some asymmetries
in regional expression of the biases. For example, the significant
overestimation of composite intensity in the equatorial Pacific
extends farther east for MCW compared to MHW in most mod-
els. The areal coverage of significant model bias regardless of
sign is also similar for MCW as MHW composite intensity, with
a comparable proportion of over- and underestimation within
each model (Fig. 4b). Areas of majority agreement in the sign
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FIG. 3. Composite MHW and MCW intensity (°C) during 1950-2020 for the ensemble mean of each model large ensemble minus obser-
vations: (a),(i) CESM2; (b),(h) CanESMS; (c),(i) GFDL-SPEAR,; (d),(j) MIROCS; (e),(k) CESM1; (f),(1) CanESM2; and (g),(0) MPI-
ESM-LR. Gray shading indicates that observations lie within the 5th-95th percentile range of the model large ensemble. The number in
the upper right of each panel denotes the fractional area (%) of significant model bias (e.g., nongray areas). Shading in (h) and (p) shows
locations where at least two-thirds of the models show a significant bias (pink shading for positive bias and blue shading for negative bias);

the number in the upper right denotes the fractional area (%) of the pink and blue shading.

of significant model bias in MCW composite intensity are simi-
lar to those for MHW (Fig. 3p).

Unlike intensity, there are considerable differences among
models in the pattern and amplitude of significant bias in
MHW (Figs. 5a-g) and MCW (Figs. 5i-0) composite duration.
For example, in the tropics, four of the models (CanESMS,
GFDL-SPEAR, CanESM2, and MPI-ESM-LR) show signifi-
cant underestimation MHW and MCW duration (by 1-2 months),
while the remaining three models (CESM2, MIROC6, and
CESM1) show insignificant or opposite-signed biases. The for-
mer group of models also exhibits consistent asymmetries in their
patterns of duration bias between MHW and MCW composites,
with an equatorial maximum for MHW and off-equatorial
(“boomerang” shaped) maxima for MCW. There is greater
agreement among the 7 LEs in the sign of their extratropical
biases, with significant overestimation (by 1-2 months) of com-
posite duration for both MHW and MCW within the Arctic,
North Pacific and Atlantic, and Southern Ocean, although the de-
tails within each region vary considerably. There is less consensus
among models on the significance and sign of bias in duration

compared to intensity for both MHW and MCW (Figs. 5h,p).
Only 17% and 21% of the area of the world oceans show model
consensus on MHW and MCW duration bias, respectively. Fur-
ther, the regions of model consensus are less spatially coherent
for duration biases compared to intensity biases, with the North
Pacific showing the most widespread areas of model agreement.

The areal coverage of significant model bias regardless of
sign is generally smaller for duration than intensity, ranging
from 33% for MHW and 39% for MCW in CESM2 to 53%
for MHW and 55% for MCW in CanESMS5 (Fig. 4b). The pro-
portion of positive versus negative duration bias contributing to
the total areal coverage for both MHW and MCW composites
varies by model, with CESM2, GFDL-SPEAR, MIROCS6, and
CESM1 showing a substantial imbalance and the remaining
models showing more equivalent values (Fig. 4b).

In summary, all model LEs examined in this study show
widespread statistically significant biases in their historical
simulation of composite MHW and MCW intensity and dura-
tion defined on the basis of monthly SSTs and taking into ac-
count sampling uncertainty due to the limited length of the
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FIG. 4. Fractional area (%) of significant positive (red bars) and
negative (blue bars) model bias in composite MHW (open bars)
and MCW (filled bars) (a) intensity and (b) duration during 1950-
2020. Note that a positive (negative) bias in MHW (MCW) inten-
sity indicates model overestimation.

observational record. These biases cover ~50%-70% of the
area of the global oceans for intensity and ~35%-55% for du-
ration in every model. The majority of model LEs signifi-
cantly overestimate MHW and MCW intensity in the tropical
western Pacific and Indian Oceans and across portions of the
Southern Ocean, and significantly underestimate it in the
Arctic. The models show less consistency in their duration
biases both in terms of sign and location, although the North
Pacific is a region of general overestimation.

b. Future changes

Next, we examine future changes in MHW and MCW com-
posite intensity and duration due to changes in variability
(mean state changes are considered in section 3d). As before,
we present results from the 100-member CESM2 LE in the main
paper and the remaining six model LEs in the supplemental
material. Note that all model LEs use relatively high-emissions
scenarios for their projections (Table 1). Figure 6 shows compos-
ite intensity maps for three periods (1970-2000, 2020-50, and
2070-2100) and the differences between each future period and
present-day (e.g., 2020-50 minus 1970-2000, and 2070-2100 minus
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1970-2000) for the CESM2 LE. All three periods show similar
spatial patterns of MHW composite intensity, but their amplitudes
evolve over time (Figs. 6a—). Relative to the present day, the
MHW composite intensity at midcentury is projected to increase
significantly in the Arctic and along the Antarctic coastline, and
within portions of the North Pacific, North Atlantic and the
tropics, and decrease significantly within the Southern Ocean and
parts of the tropical Indian, western Pacific, and eastern Atlantic
basins, with amplitudes generally <0.2°C (Fig. 6d). The increase
in MHW intensity within the Arctic and along the Antarctic coast-
line is likely related to the melting of sea ice and subsequent expo-
sure of the ocean to the atmosphere, allowing for variability in
heat exchange across the air—sea interface. We speculate that the
patterns of MHW intensity change within the North Pacific and
North Atlantic are potentially related to altered patterns of atmo-
spheric circulation variability (O’Brien and Deser 2023), while the
decreases in MHW intensity in the Southern Ocean may be due
in part to a poleward shift of the storm track and associated reduc-
tion in air-sea heat and momentum flux variability (Wu et al.
2012; Guo et al. 2022). A similar pattern of future change is
projected for late century as for midcentury, with an approxi-
mately twofold increase in amplitude, except in the tropical
Pacific where MHW composite intensity is projected to decrease
significantly (up to 0.6°C), opposite to the increase seen at mid-
century (Fig. 6e). The diverging mid- and late-century projec-
tions in the tropical Pacific are related to changes in the
behavior of ENSO as will be shown in section 3c. In CESM2,
ENSO is projected to intensify until about 2050 and weaken
thereafter (Maher et al. 2023), consistent with the changes in
MHW intensity in the tropical Pacific. Future changes in MCW
composite intensity are largely similar to those in MHW inten-
sity, both in pattern and amplitude (Figs. 6i,j). Analogous com-
parisons between present-day and future MHW and MCW
composite intensity for each of the six other model LEs are
shown in Figs. S15-S20.

Future changes in MHW and MCW composite duration in
CESM?2 are shown in Fig. 7. Statistically significant changes be-
gin to emerge midcentury and become widespread by late cen-
tury for both MHW and MCW (Figs. 7d,e,i,j). The late-century
changes in composite duration, which are largely similar be-
tween MHW and MCW, include reductions over the tropical
Indo-Pacific of up to 2-3 months and smaller decreases over the
Southern Ocean and eastern North Pacific, accompanied by in-
creases over the North Atlantic and near Antarctica (Figs. 7e,j).
Notable asymmetries occur over the tropical Pacific, where late-
century duration changes maximize in the east for MHW and in
the west for MCW, likely related to differences in their present-
day climatological mean states (Fig. 7a vs. Fig. 7f). Another
asymmetry is apparent in the western tropical Atlantic, where
significant late-century increases in duration occur for MCW
but not for MHW. We speculate that this difference may be re-
lated to the significant reduction in MHW duration over the
eastern tropical Pacific, which may act to offset (and mask) the
increase that would otherwise occur over the western tropical
Atlantic via Pacific-to-Atlantic interbasin teleconnection mech-
anisms (similar to those which occur for ENSO events; see, e.g.,
Alexander et al. 2002). Analogous maps of MHW and MCW
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FIG. 5. As in Fig. 3, but for composite MHW and MCW duration (months).

composite duration in present-day and future periods for each
of the six other model LEs are shown in Figs. S21-S26.

Next, we compare the projected late-century changes in
composite intensity across the seven model LEs for both
MHW and MCW (Fig. 8); midcentury changes are shown in
Fig. S27. The models show considerable diversity in their pat-
terns of projected change, especially at low latitudes. Over
the tropical Pacific, for example, CanESM2 and CESM2 and
MPI-ESM-LR show relatively pronounced reductions in inten-
sity for both MHW and MCW, while the other models show
more muted changes of mixed sign (Fig. 8). There is some corre-
spondence between the patterns of future change in MHW/
MCW intensity over the tropical Pacific and the projected be-
havior of ENSO across models, but it is not exact. For example,
CanESM2 and CESM2 show pronounced late-century reduc-
tions in ENSO variance (Maher et al. 2023), consistent with de-
creasing MHW/MCW intensity, but CanESM5 and MIROC6
show increases in ENSO variance and MPI-ESM-LR shows lit-
tle change in ENSO variance (Maher et al. 2023), yet these
models also simulate decreasing MHW/MCW intensity (albeit
less than in CanESM2 and CESM2). Models agree that MHW
and MCW composite intensity will increase in the Arctic and
along Antarctica, and diminish in the Indo-Pacific sector of the
Southern Ocean by late century (Figs. 8h,p). There is also model

consensus that composite intensity will increase over portions of
the subtropics and that it will decrease in the tropics on either
side of the equator, especially for MHWs (Figs. 8h,p). The frac-
tional area of the World Ocean that is projected to experience a
significant late-century change in MHW and MCW composite
intensity (regardless of sign) varies from a low of 64%-65% in
GFDL-SPEAR to a high of 84%-85% in CESM2 (Fig. 8). Of
this fractional area, the proportion of significant increase out-
weighs that of significant decrease in four of the models, and
vice versa in two of the models (Figs. 9a,b). Model consensus on
the significance and sign of projected changes in MHW and
MCW intensity is found over 36%-38% of the area of the
World Ocean (Figs. 8h,p).

Like intensity, models show a variety of patterns and ampli-
tudes of projected late-century change in MHW and MCW
composite duration (Fig. 10; midcentury changes are shown in
Fig. S28). For example, CESM2 features an interbasin contrast
between the North Atlantic and the tropical Pacific, while Can-
ESMS shows out of phase changes between the tropics and ex-
tratropics (excluding the Antarctic coastline). Models disagree
on the sign of duration change over the Arctic, where significant
increases are simulated by CESM1, CanESM2, and MPI-ESM-LR,
and significant decreases by CanESMS5, MIROC6, and GFDL-
SPEAR. The reasons for this are unclear. There is little agreement
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FIG. 6. Composite MHW and MCW intensity (°C) from the 100-member CESM2 large ensemble during (a),(f) 1970-2000, (b),(g) 2020-2050,
and (c),(h) 20702100, and differences (d),(i) 2020-50 minus 1970-2000, and (e),(j) 20702100 minus 1970-2000. Note that the color bar range is
twice as large in (a)~(c) and (f)—(h) compared to (d), (¢) and (i),(j). Gray shading in (d), (e), (i), and (j) indicates that the differences are not sta-
tistically significant according to the false discovery rate applied to a two-sided ¢ test at the 95% confidence level. Boxes in (e) and (j) outline re-
gions used for Figs. 17 and 18. Note that positive (negative) values in (d) and (e) and negative (positive) values in (i) and (j) indicate an increase

(decrease) in intensity.

among models on the spatial pattern of duration changes within
the tropical Pacific, although modest decreases in MHW duration
are found in the majority of models in the far west (Figs. 10h,p).
Likewise, there is model consensus that MHW and MCW dura-
tion will decrease over much of the North Pacific and at scattered
locations within the Southern Ocean except along Antarctica. Five
of the seven models indicate that the fraction of the world
oceans projected to experience a significant decrease in MHW
and MCW duration will outweigh the fraction with a significant
increase (Figs. 9¢,d). Finally, model consensus on the sign of sig-
nificant projected changes in MHW and MCW duration is

found for 27%-28% of the area of the World Ocean, somewhat
less than for intensity (Figs. 10h,p).

¢. Role of ENSO

It is clear from the preceding results that the tropical Pacific
is a region of high-amplitude MHW and MCW intensity and
duration, and that the projected changes in this region are
subject to large intermodel spread. Model LEs also differ sub-
stantially in their ENSO projections, including the sign, spatial
pattern, and time dependence of future change, for reasons
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FI1G. 7. As in Fig. 6, but for composite MHW and MCW duration (months).

that are not well understood (Maher et al. 2023). Given that
SST variability in the tropical Pacific associated with ENSO is
known to impact remote regions via atmospheric and oceanic
teleconnections, this raises the question: How much do pro-
jected changes in ENSO influence projected changes in MHW
and MCW characteristics worldwide? To address this question, we
recompute the MHW and MCW composites for ENSO-neutral
conditions following the procedures outlined in section 2b(1). As
before, we begin by showing results for the CESM2 LE, fol-
lowed by an intercomparison of late-century changes in ENSO-
neutral MHW and MCW composite intensity and duration
across all seven model LEs.

As expected, the tropical Pacific maxima in MHW and
MCW composite intensity amplitudes in CESM2 are greatly
reduced in the ENSO-neutral samples compared to all

samples in all three time periods (Figs. 11a—c,f~h compared
with Figs. 6a—c,f-h). Other regions, most notably the North
Pacific, also show a slight decrease in amplitude in each time
period. It is clear that changes in ENSO variability impact fu-
ture changes in MHW and MCW composite intensity. For ex-
ample, at midcentury, the areal coverage of significant change
is reduced from 70% in the all-sample composites (Figs. 6d,i)
to 53% in the ENSO-neutral composites (Figs. 11d,i), along
with some alterations in the sign and pattern of change in the
Pacific sector. By late century, the differences between the
all-sample (Figs. 6e,j) and ENSO-neutral (Figs. 11e,j) compos-
ite changes over the North Pacific are particularly striking.
The ENSO-neutral composites show a pattern reminiscent of
the positive phase of the Pacific decadal oscillation (PDO;
Newman et al. 2016), with negative values over the western
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FI1G. 8. Composite MHW and MCW intensity (°C) differences between 2070-2100 and 1970-2000 for the ensemble mean of each model
large ensemble: (a),(h) CESM2; (b),(i) CanESMS; (¢),(j) GFDL-SPEAR; (d),(k) MIROCG; (e),(1) CESMI; (f),(m) CanESM2; and (g),(n)
MPI-ESM-LR. Gray shading indicates that the differences are not statistically significant according to the false discovery rate applied to a
two-sided ¢ test at the 95% confidence level. The number in the upper right of each panel denotes the fractional area (%) of significant dif-
ferences (e.g., nongray areas). Note that positive (negative) values in (d) and (e) and negative (positive) values in (i) and (j) indicate an in-
crease (decrease) in intensity. Shading in (h) and (p) shows locations where at least two-thirds of the models show statistically significant
values (pink for positive and blue for negative); the number in the upper right denotes the fractional area (%) of the pink and blue

shading.

and central North Pacific and positive values in the eastern
North Pacific, for both MHW and MCW and opposite in sign
to the all-sample composites. The fact that the ENSO-neutral
late-century changes in intensity are of the same sign for
MHW and MCW indicates that their responses are strongly
asymmetric (e.g., opposite directions of change) in this region.
The similarity of future changes in intensity over the Arctic,
North Atlantic, and Southern Ocean between the ENSO-neutral
and all-sample composites indicates that changes in ENSO vari-
ability play only a minor role in these areas. It is interesting to
note that the late-century decrease in ENSO-neutral composite
intensity over the tropical Pacific and Atlantic is larger for MCW
than MHW (cf. yellow shading in Fig. 11j with blue shading in
Fig. 11e), a result which is insensitive to whether one or two tropi-
cal Pacific PCs are used in the definition of ENSO-neutral sam-
ples (not shown).

MHW and MCW durations in CESM?2 are considerably re-
duced in the ENSO-neutral composites compared to their

“all-sample” counterparts in each time period (1970-2000, 2020-50,
and 2070-2100), with values ranging from 1 to 3 months
(Figs. 12a—c,e—f; compare with Figs. 7a—c,f-h). As expected, the
largest changes occur in the tropical Pacific, where the prominent
duration maximum virtually disappears in the ENSO-neutral
composites. Secondary duration maxima in regions with known
teleconnections to the tropical Pacific such as the tropical
Atlantic, northeast Pacific, and Amundsen—Bellinghausen Sea
(e.g., west of the Antarctic Peninsula) also show pronounced
decreases in the ENSO-neutral composites compared to the
all-sample composites. The resulting patterns of ENSO-neutral
composite duration are very similar between MHW and MCW
for each time period (cf. Figs. 12a—c.e,f), more so than their
all-sample counterparts (cf. Figs. 7a—c,e,f). While these ENSO-
neutral patterns do not change appreciably over time, their
amplitudes diminish slightly (note, for example, the reduction
in areal extent of values between 2 and 3 months shown in the
darker green shading in Fig. 12).
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FIG. 9. Fractional area (%) of significant positive (red bars) and negative (blue bars) differences between
2070-2100 and 1970-2000 for each model large ensemble for composite (a) MHW intensity, (b) MCW intensity,
(¢) MHW duration, and (d) MCW duration. Open (filled) bars are for all (ENSO-neutral) MHW and MCW samples.

Significant future changes in MHW and MCW composite
duration during ENSO-neutral states (Figs. 12d,e,i,j) are con-
siderably weaker in magnitude and less widespread compared
to their all-sample counterparts (Figs. 7d.e.i,j). Indeed, signifi-
cant late-century changes in ENSO-neutral MHW and MCW
duration are mainly confined to the Southern Hemisphere,
Arctic Ocean, and portions of the North Atlantic. It is notable
that the pattern of late-century duration change is much more
symmetric between MHW and MCW events in the ENSO-
neutral composites compared to the all-sample composites,
consistent with our earlier conjecture that changes in ENSO
variability are responsible for asymmetric changes in duration
over the tropical Atlantic. The ENSO-neutral MHW and
MCW composites for the six other model LEs are shown in
Figs. S29-S834 for intensity and Figs. S35-S40 for duration.

Next, we summarize the late-century changes in ENSO-neutral
MHW and MCW composite intensity and duration across all
seven model LEs. Like CESM2, the other model LEs all show
reduced areal coverage of significant future changes in MHW
and MCW composite intensity and duration during ENSO-
neutral states (Figs. 13 and 14) compared to their all-sample
counterparts (Figs. 8 and 10). For intensity, the areal fraction

of significant change is reduced by 10%—40% depending on the
model (cf. open and shaded bars in Figs. 9a,b). Duration shows
even more pronounced decreases in areal fraction of significant
change, with reductions of 42%-84% depending on the model
(cf. open and shaded bars in Figs. 9c,d). Notably, the areal frac-
tion of significant future change in duration for ENSO-neutral
composites falls below 25% for all models except CESM2
(shaded bars in Figs. 9c,d). The relative proportion of positive vs.
negative contributions to the areal fraction of significant future
change remains similar for the ENSO-neutral composites com-
pared to the all-sample composites for a given model (Fig. 9).
Finally, the areal fraction of the world oceans with at least two-
thirds model consensus on the sign of significant future change in
MHW and MCW intensity (duration) decreases from 36% to
38% (27%-28%) in the all-sample composites to 20%-21%
(1%) in the ENSO-neutral composites (Figs. 13h,p and 14h,p). In
terms of amplitude, modest reductions are found between the
ENSO-neutral and all-sample MHW and MCW composites for
each model, both for intensity (cf. Figs. 13 and 8) and duration
outside of the tropical Pacific (cf. Figs. 14 and 10). In summary,
future changes in ENSO-related variability account for a consid-
erable fraction of the projected late-century MHW and MCW
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composite changes in intensity, and nearly all of the projected
change in duration. Similar conclusions are found for midcentury
changes (Figs. S41 and S42).

d. Mean state versus variability

Up to now, we have focused on the future evolution of MHW
and MCW characteristics due to changes in variability. However,
this evolution will be superimposed upon mean state shifts (“a
rising tide lifts all ships”). Figure 15 shows the late-century mean
state SST change in each model LE computed as the ensemble-
mean difference between 2070 and 2100 minus 1970 and 2000.
The large-scale patterns of mean state change are generally simi-
lar across the models [see Manabe et al. (1991), Xie et al. (2010),
and Armour et al. (2016) for a discussion of pattern formation
mechanisms], but their amplitudes vary considerably due to dif-
ferences in climate sensitivity and/or radiative forcing scenario
(recall Table 1). Of the three CMIP6 models with the same
(SSP5-8.5) radiative forcing scenario, CanESM5 shows the larg-
est change in global-mean SST (4.04°C) and MIROC6 shows
the smallest (2.03°C). Similarly, of the three CMIP5 models
with the same (RCP8.5) radiative forcing scenario, CanESM2
shows the largest change in global-mean SST and MPI the smallest
(3.07° and 1.94°C, respectively; Table 1 and Fig. 15). All models
simulate intensified warming in the equatorial Pacific and greater

SST increases in the Northern Hemisphere compared to the
Southern Hemisphere. However, they differ in their representa-
tion of the North Atlantic “warming hole” response and sign of
the SST response in the Weddell and Amundsen-Bellinghausen
Seas (Fig. 15). The amplitude of global-mean SST warming does
not appear to be directly correlated with the magnitude or spatial
extent of significant future changes in MHW and MCW intensity
and duration across models (cf. Fig. 15 with Figs. 8 and 10).

How large are the relative contributions of changes in vari-
ability versus changes in mean state to projected changes in
MHW and MCW characteristics? Figure 16 shows maps of
the ratio of late-century changes in MHW and MCW compos-
ite intensity due to changes in variability divided by those due
to changes in variability-plus-mean state for each model LE
(e.g., Fig. 8 divided by the sum of Figs. 8 and 15). The number
at the upper right of each map indicates the fractional area of
the World Ocean containing ratios within +0.1. As can be
seen, the models range from 82% to 91% in this metric for
MHW and from 83% to 90% for MCW. Thus, mean state
changes dominate future changes in MHW and MCW composite
intensity over most of the World Ocean. The Arctic and Antarctic
are exceptions, where ratios reach up to 0.5 for MHW and even
higher for MCW in many models, indicating that contributions
from changes in variability are comparable to those from changes
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FIG. 11. As in Fig. 6, but for ENSO-neutral samples.

in the mean state for projected late-century changes in MHW and
MCW composite intensity. This is likely due to melting of sea ice
and subsequent exposure of the ocean to atmosphere, which then
allows for variability in heat exchange across the air—sea interface.
Other regions with relatively large contributions from changes
in variability include the subpolar North Atlantic, an area in-
fluenced by sea ice-related changes in density and deep ocean
convection. More modest contributions from changes in vari-
ability are found over portions of the tropical Pacific and along
the Kuroshio—Oyashio front in some models, with values up to
about +0.25. The relative contribution of changes in variabil-
ity tends to be larger for midcentury changes in MHW and
MCW composite intensity (Fig. S43) than late-century ones,
likely a consequence of the high-emissions scenarios used to
force the models. In some models, this contribution can reach

up to *0.4 in parts of the equatorial Pacific and up to =0.8 in
the Arctic (Fig. S43). The fractional area of the World Ocean
containing ratios within +0.1 is also correspondingly lower for
midcentury changes, ranging from 72% to 86% for MHW and
69%-86% for MCW across models.

To further illustrate the relative contributions from changes
in the mean state versus variability, we show histograms of
area-averaged iSST from the CESM2 LE for three regions of
interest: the Arctic (poleward of 67°N), the western tropical
Pacific (8°S-6°N, 155°E-175°W), and the northeast Atlantic
(35°-62°N, 30°W-0°) in Figs. 17a, 17c, and 17e, respectively.
For each regional average, we consider only those grid boxes
whose late-century MHW composite intensity changes
are statistically significant and of the same sign (positive in the
case of the Arctic and northeast Atlantic, and negative in the
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case of the western tropical Pacific; regional boundaries are out-
lined in Figs. 6eyj). The distributions shown in Figs. 17a, 17c,
and 17e are based on all monthly iSST samples (not just MHW
and MCW samples) from all 100 ensemble members during
1970-2000 (gray bars) and 2070-2100 (blue bars); the purple bars
are based on the same set of samples as the blue bars, but with
the ensemble-average mean state change (2070-2100 minus
1970-2000) added back in. The 10th and 90th percentiles of each
distribution are shown as vertical solid lines, and the 50th percen-
tile as a vertical dashed line.

In the Arctic, there is a notable widening of the iSST distri-
bution in late century compared to present day (blue vs gray
bars), and this widening is approximately symmetric with
respect to sign, as measured by the difference between the
10th percentiles of the future and present-day distributions

(0.15°C) and between the 90th percentiles of the two distribu-
tions (0.16°C) (see Fig. 17a). Adding in the mean state change
shifts the blue distribution by 1.27°C, and results in a complete
separation of the present-day (gray bars) and late-century
(purple bars) histograms (Fig. 17a). Unlike the Arctic, the
present-day western tropical Pacific iSST distribution is dis-
tinctly skewed, with a longer tail of negative values compared
to positive ones (gray bars in Fig. 17c). We speculate that this
negative skewness is a reflection of the fact that La Nifia
events extend farther west than El Nifio events, both in nature
and the model (Capotondi et al. 2020). This distribution nar-
rows in late century, with a larger change at the lower end
than the upper end (the 10th percentile increases by 0.41°C
while the 90th percentile decreases by 0.25°C): however, the
negative skewness is maintained (blue bars in Fig. 17c).
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Adding in the mean state change shifts the blue distribution
by 2.2°C (purple bars in Fig. 17c). Unlike the Arctic, the west-
ern tropical Pacific distributions show some overlap between
present-day (gray bars) and late-century (purple bars) results
due to the long negative tail in the future histogram. Like the
Arctic, the northeast Atlantic iSST distributions widen in the
future, and this widening is approximately symmetric with
respect to sign (0.18°C for the 10th percentiles and 0.19°C
for the 90th percentiles; Fig. 17¢). However, due to the pro-
nounced “warming hole” response in this region (recall
Fig. 15a), the mean state change shifts the distribution only
slightly (0.18°C), resulting in a large overlap between present-
day and late-century (Fig. 17e, gray vs. purple bars). In sum-
mary, the three regions show distinctive signatures of future
change. In the Arctic, projected changes in variability signifi-
cantly widen the SST distribution, while those in the mean
shift the distribution to an entirely new climatic state (e.g.,
values that are warmer than any during present day). In the
western tropical Pacific, projected changes in variability nar-
row the negatively skewed distribution (and slightly reduce
the skewness), while changes in the mean state shift the distri-
bution to warmer but not completely unprecedented values.
In the northeast Atlantic, the projected widening of the distri-
bution is equal to the magnitude of the mean state shift.

As stated in section 2b, our thresholds for defining MHW
and MCW events (based on the 10th and 90th percentiles of
the iSST distribution in a given time period, respectively) are
computed for each month separately. Here, we briefly show
the seasonal variation in these thresholds for the three regions
selected above (Figs. 17b,d.f). In the Arctic, the 10th and 90th
percentiles of the iSST distribution during 1970-2000 exhibit
pronounced seasonal cycles, with minimum amplitudes
(£0.02°C) during January—April and largest magnitudes
during June-November (maximum of *0.22°C in August);
Fig. 17b (gray bars). The model’s seasonal variation is similar to
that in observations, although the minimum values are underes-
timated (Fig. 17b, orange bars). This seasonal variation is likely
associated with the amount of open water available for exchang-
ing heat with the atmosphere (i.e., during the months of
January—April when sea ice cover is typically around 100%, the
water directly beneath the ice is buffered from air-sea interac-
tion and hence is able to maintain a relatively constant temper-
ature). A similar seasonal variation in the 10th and 90th
percentiles is found during 2070-2100, but with considerably
larger amplitudes compared to the present day (Fig. 17b, blue
bars). For example, winter values increase to around *0.1°C
while late summer values reach to nearly =0.5°C. There is no
overlap in any month between the present-day percentiles and
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the late-century percentiles that include mean-state changes
(Fig. 17b, gray and purple bars).

The present-day MHW and MCW thresholds in the west-
ern tropical Pacific also vary seasonally: the 90th percentile
reaches maximum values (1.0°-1.1°C) from September to
March and minimum values from May to July (0.6°-0.7°C); a
similar timing is seen for the 10th percentile but the ampli-
tudes are larger by about 0.4°C, reflecting the negative skew-
ness in the full iSST distribution noted earlier (Fig. 17d, gray
bars). While negative skewness is also found in observations,
the model overestimates the 10th and 90th percentiles in all
months, consistent with the model biases shown in Figs. 1c
and 1i. Unlike the Arctic, the seasonal cycle of the projected
decrease in threshold magnitudes is inversely related to the
present-day seasonal cycle, with maximum decreases from June
to August (0.7° and 0.45°C for the 10th and 90th percentiles, re-
spectively; Fig. 17d, gray and blue bars). Like the Arctic, the pre-
sent-day percentiles and the late-century percentiles that include
mean-state changes are completely separate in every month
(Fig. 17d, gray and purple bars). Compared to the other regions,
the northeast Atlantic shows a muted seasonal cycle of future
change in MHW and MCW threshold amplitudes, ranging from
0.2° to 0.3°C (cf. gray and blue bars in Fig. 17f), with consider-
able overlap between the present-day and future distributions in

every month (cf. gray and purple bars in Fig. 17f). The model re-
alistically simulates present-day thresholds in almost every
month (cf. orange and gray bars in Fig. 17f).

Our MHW and MCW composites convey the average in-
tensity and duration across all samples in a given time period.
In Fig. 18, we show the range of intensity values across all in-
dividual MHW and MCW events that make up these compos-
ite values for each of the three selected regions. The 5th-95th
percentile range of intensity values for individual MHW
events in the Arctic increases from 0.02° to 0.35°C during
1970-2000 to 0.10°-0.79°C during 2070-2100 (Fig. 18a, gray
and blue bars, respectively). The positive skewness in the fu-
ture intensity distribution of individual MHW events is partic-
ularly pronounced. Individual MCW events are largely the
mirror image of MHW events, with notable negative skewness
in the future compared to present day (Fig. 18b, gray and blue
bars, respectively). The present-day and future distributions
of individual MHW (Fig. 18a) and MCW (Fig. 18b) event in-
tensity remain clearly separated even when mean state
changes are included (cf. gray and purple bars).

In the western tropical Pacific, the distribution of individual
MHW event intensity shifts toward lower values in the future
compared to the present day, even without mean state changes
included (Fig. 18c, gray and blue bars). While this result is
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each panel denotes the global-mean SST difference.

somewhat counterintuitive, it is consistent with the behavior of
the upper half of the full iSST distribution shown in Fig. 17b. A
similar future shift (toward less negative values) is found for the
corresponding distributions of individual MCW events, with a
hint of a bimodal shape in the future distribution (Fig. 18d, gray
and blue bars). The present-day and future distributions of indi-
vidual event intensity remain distinct when mean state changes
are included (gray and purple bars in Figs. 18c,d).

In the northeast Atlantic, the individual MHW event inten-
sity distributions have a similar degree of positive skewness in
present day and late century (Fig. 18e, gray vs. blue bars).
While the MHW distribution is shifted toward warmer values
in the future, there remains some overlap with the present-day
distribution (Fig. 18e, gray vs. purple bars). Analogous behavior
is seen for the individual MCW event distributions, with an even
greater overlap between future and present-day and negative
skewness (Fig. 18f). In summary, the Arctic, western tropical
Pacific, and northeast Atlantic show diverse behavior in their
MHW and MCW intensity distributions, including shape (degree
of normality), seasonal dependence, and future change as a result
of changes in variability in addition to changes in the mean state.

4. Summary and discussion

We have investigated future changes in the intensity and
duration of composite MHWs and MCWs based on monthly
SSTs in seven coupled model initial-condition large ensembles
(LEs) over the period 1970-2100 under a range of radiative
forcing scenarios. The large number of simulations (30-100)
available for each LE provides voluminous samples of MHW
and MCW events, allowing for robust quantification of their
projected evolution as a result of changes in variability and
comparison with changes in the mean state in each model. We
find that mean state changes are much larger than variability-
related changes in MHW and MCW characteristics, consistent

with previous work based on daily SSTs from the CMIP ar-
chives (e.g., Frolicher et al. 2018; Oliver 2019; Yao et al. 2022)
and a high-resolution coupled model simulation (Guo et al.
2022). However, we also identify widespread statistically sig-
nificant contributions from projected changes in variability in
every model. These changes in variability generally account
for <10% of the total change in intensity by late-century, ex-
cept over the Arctic and Antarctic where they contribute up
to 50%—-75%. By midcentury in some models, changes in vari-
ability contribute up to 40% in parts of the equatorial Pacific
and up to 80% in the Arctic. For ecosystems that have some
capacity to adapt to the slowly evolving SST mean state,
variability-induced changes in MHW/MCW properties may
pose additional challenges in the coming decades (Guo et al.
2022; Oliver 2019; Oliver et al. 2021).

The patterns and magnitudes of projected forced changes
in MHW and MCW intensity and duration due to variability
are complex and model dependent. While it is difficult to gen-
eralize, the majority of LEs show that future changes in vari-
ability will cause MHW and MCW events to intensify in the
extratropics (excluding the Southern Ocean) and weaken in
the tropics and Southern Ocean, although the regional details
and spatial extent of these changes differ across models. The
majority of LEs also show that future changes in variability
will generally cause MHW and MCW events to significantly
shorten in duration, although these changes are less geograph-
ically widespread than those in intensity. However, there is
considerable model disagreement in the sign of significant du-
ration change over the Arctic, the North and South Atlantic,
and the south Indian Ocean. Future changes in intensity and
duration of composite MHWs and MCWs are generally sym-
metric in all models, except for the longitude of maximum du-
ration change in the tropical Pacific. This asymmetry is likely
related to the different spatial and temporal characteristics of
El Nifio and La Nina events (e.g., Okumura and Deser 2010;
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MIROCE; (e),(1) CESM1; (f),(m) CanESM2; and (g),(n) MPI-ESM-LR. (h),(p) The multimodel ensemble (MME) average. The number
in the upper right of each panel denotes the fractional area (%) of values within the range from —0.1 to +0.1.

Capotondi et al. 2020). There does not appear to be a direct
correspondence between models’ amplitude of global-mean
SST warming and their magnitude and spatial extent of forced
changes in MHW and MCW characteristics due to variability.

Projected changes in ENSO variability have a large impact
on future changes in MHWs and MCWs worldwide in every
model. All LEs show reduced areal coverage of significant fu-
ture changes in MHW and MCW intensity and duration dur-
ing ENSO-neutral states compared to all states (late-century
reductions of 10%—40% for intensity and 42%-84% for dura-
tion, depending on the model). Relatedly, the areal fraction
of the world oceans with at least two-thirds model consensus
on the sign of significant late-century change in MHW and
MCW intensity (duration) decreases from 37% (28%) in the
all-sample composites to 20% (1%) in the ENSO-neutral compo-
sites. Thus, future changes in ENSO exert a major control on the
future evolution of MHW and MCW characteristics, underscor-
ing the importance of reducing model spread in ENSO projec-
tions, which is considerable and poorly understood (Maher et al.
2023). We note that the collection of models used here

encompasses a range of projected ENSO behavior, from little
change in the MPI-ESM-LR model to decreasing ENSO vari-
ance in CanESM2 to nonmonotonically increasing ENSO vari-
ance in the remaining models (Maher et al. 2023). The physical
mechanisms underlying the diversity of projected ENSO behav-
ior across models remain to be elucidated, although we note that
ENSO results from a sensitive balance of competing effects and
its response to anthropogenic emissions may likewise depend sen-
sitively on the relative magnitudes and rates of change of different
factors including the Bjerknes feedback, atmospheric damping,
upper ocean stratification, and thermocline depth [see Cai et al.
(2021) for a recent review]. Without a sound understanding of
how and why ENSO may change under anthropogenic emissions,
this uncertainty is unlikely to be narrowed.

A potential caveat of our findings is the fact that every
model LE shows statistically significant biases in composite
MHW and MCW intensity and duration defined on the basis of
monthly SSTs over the historical period 1950-2020. These biases
are widespread in every model, covering ~50%-70% of the area
of the global oceans for intensity and ~35%-55% for duration.

Unauthenticated | Downloaded 02/18/24 08:19 PM UTC



1898 JOURNAL OF CLIMATE VOLUME 37
a) Arctic 50 b) Arctic
. I | L -
S B 0 [ 3 C
L ] —L L 5 08 =
S 20 : - <] 5
g ] ; : S sHEEEm—
10 3 f : | B Ee= == =+
. : : : 1 — [ - :
0 | 11:‘-5='—'J ' . 04 HEas 3
LN ILELUEILY ELELELE IELELELE L T 1 T 1 1 1 1T T 1T 1T 11
-0.5 0.0 0.5 1. 25 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
(°C)
i0 ¢) Western Tropical Pacific d) Western Tropical Pacific
1 " s 40 3 E
8 - 30 3 |:| D D I:l ] |:| |:| 2
T 64 3 20 |:||] =
2 LI'I [ 5} 3 -
S [ < 104 =
2 4 ; - 1 EH Hl:llel == DHQHHI‘I:‘H':‘P
= g ! 0.0 —<| H H ’—| |H 2
o 47— — — e e m  a m E E e e e N
-4.0 2.0 0.0 2.0 4.0 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
(°C)
" e) Northeast Atlantic 15 f) Northeast Atlantic
12 3 ' 1.0 — -
_ 10 ' S fu(u/nm OHEE m:
R g E 5 3
= P E €4, 3 g
g . i ] :
4 Lﬁ A s OOBO8EHEE HES B
2 3 j i i‘xk e - ;
i iy E 1.0 4 -
0 L B T L LR | 1 1 1 11 1 1 11T 11
-2.0 -1.0 0.0 1.0 2.0 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
(°C)
Observations [ 1970-2000 anomalies [———1 2070-2100 anomalies [ 2070-2100 anomalies + mean state change

FIG. 17. Histograms of area-averaged SST (°C) from the CESM2 large ensemble for (a) Arctic (poleward of 67°N),
(c) western tropical Pacific (8°S—6°N, 155°E-175°W), and (e) northeast Atlantic (35°-62°N, 30°-0°W) based on all
months from all 100 ensemble members during 1970-2000 (gray) and 2070-2100 (blue) after removing the ensemble-
mean climatological seasonal cycle for each period (see text for details). Purple histograms are the same as the blue
histograms but with the mean state change (2070-2100 minus 1970-2000) added back in. The 10th and 90th percen-
tiles of each distribution are shown as vertical solid lines, and the 50th percentile is shown as a vertical dashed line.
(b),(d),(f) Seasonal variation of the 10th and 90th percentiles of the distributions shown in (a), (c), and (e). Observed

values for the period 1970-2000 are denoted in orange.

The majority of model LEs significantly overestimate intensity
in the tropical western Pacific and Indian Oceans and across por-
tions of the Southern Ocean, and significantly underestimate it in
the Arctic. The models show less consistency in their duration
biases both in terms of sign and location, although the North
Pacific is a region of general overestimation. The physical mecha-
nisms underlying these model biases remain to be uncovered, but
deficiencies in the representation of tropical and extratropical
modes of variability including ENSO and its teleconnections
(Fasullo et al. 2020; Maher et al. 2023) and inadequacies in the
simulation of mean mixed layer depth (Guo et al. 2022) and sea
ice properties (Notz and SIMIP Community 2020) are likely to
play a role. An important aspect of our assessment of model bias
is the consideration of sampling fluctuations inherent in the short
(71 year) historical record. All model LEs exhibit substantial en-
semble spread in historical MHW/MCW composites, underscoring

the importance of having LEs for robust statistics and cautioning
against overinterpretation of the observational record, which may
be subject to similar levels of uncertainty due to limited sampling.
Another potential caveat of our study is the relatively coarse
spatial resolution (approximately 1°-2°) of the model LEs, which
limits their ability to represent mesoscale ocean processes and
small-scale air-sea interactions (Pilo et al. 2019; Hayashida et al.
2020; Guo et al. 2022). In particular, the dynamically downscaled
ocean model experiments of Pilo et al. (2019) and Hayashida et al.
(2020) and the fully coupled high-resolution modeling experiment
of Guo et al. (2022) demonstrate that explicit representation of
ocean mesoscale processes improves the simulation of historical
MHW characteristics based on daily SSTs along the western
boundary currents, the Antarctic circumpolar current and other
eddy-rich regions of the world oceans. Some of the improvements
are also attributable to the better simulation of mixed layer depth
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(atial resolution affects the simulation of MHW/MCW character-
istics based on monthly SSTs remains to be assessed. The en-
hanced fidelity of the high-resolution models in turn lends
confidence to their future projections, although it does not guar-
antee that modes of variability such as ENSO and their evolution
under global warming are also better simulated.

Our study leaves many important questions for future in-
vestigation as follows. What is the seasonal dependence of fu-
ture changes in MHW and MCW intensity and duration
across model LEs? Are future changes larger and more robust
in summer than winter due to the shallower depth of the up-
per ocean mixed layer? What role does ENSO play in setting
the seasonality of future changes in MHW and MCW charac-
teristics, and are there any asymmetric influences between El
Nifo and La Nifna events? Do more sophisticated approaches
to removing ENSO influences such as multivariate linear in-
verse modeling (Zhao et al. 2021) reveal additional insights
into the role of future changes in ENSO on MHWs and
MCWs? Are there additional insights to be gained on the fu-
ture behavior of MHW and MCW events by using daily data?

What is the subsurface structure of the projected changes in
intensity and duration, and does it differ between MHWs and
MCWs? What are the physical mechanisms governing pro-
jected changes in MHW and MCW variability in different lo-
cations, and do the dominant processes depend on whether
ENSO is playing an active role? Do future changes in large-
scale modes of atmospheric circulation variability such as
those documented in O’Brien and Deser (2023) affect the fu-
ture evolution of MHW and MCW characteristics? How do
projected changes in MHW and MCW characteristics found here
relate to future changes in variance and persistence of daily and
monthly SST anomalies documented in Li and Thompson (2021)
and Shi et al. (2022)? We hope to address many of these out-
standing questions in future studies by leveraging the unique set
of information contained in Earth system model initial-condition
large ensemble archives.
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