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Marine heatwaves (MHWs) and total heat exposures (THEs), extreme warming
events occurring across the global oceans, seriously threaten marine ecosys-
tems and coastal communities as the climate warms. However, future changes
in MHWSs and THEs in the Arctic Ocean, where unique marine ecosystems are
present, are still unclear. Here, based on the latest CMIP6 climate simulations,
we find that both MHWs and THEs in the Arctic Ocean are anticipated to

intensify in a warming climate, mainly due to Arctic sea ice decline and long-
term warming trend, respectively. Particularly striking is the projected rise in
MHW mean intensity during the 21° century in the Arctic Ocean, surpassing the
global average by more than sevenfold under the CMIP6 SSP585 scenario. This

phenomenon, coined the ‘Arctic MHW Amplification’, underscores an
impending and disproportionately elevated threat to the Arctic marine life,
necessitating targeted conservation and adaptive strategies.

Marine heatwaves (MHWs) are extreme ocean warming events that last
for days to months'™. They pose severe threats to marine ecosystems
and coastal communities®”. MHWs are widespread globally, including
the Arctic Ocean located at the northernmost part of our planet®™.
Remarkably, over the past 40 years, the mean intensity of MHWSs in the
Arctic marginal seas has been comparable with that observed in other
regions of the world’s oceans’.

Global warming has been increasing seawater temperature, dra-
matically impacting the structure and geographic distribution of
marine species and ecosystems®*°, Confronted with thermal stress,
some marine species have started to migrate poleward to cooler
regions, including the Arctic Ocean”'®. Despite this migration, the
future evolution of MHWs in the Arctic Ocean and the threats these
events pose to Arctic marine species remain unclear.

While some marine species may adapt to the gradual, long-term
ocean warming induced by climate change, others may face challenges

in doing so'*"**. Therefore, it is crucial to differentiate between
extreme warming events relative to a shifting ocean temperature
baseline (known as MHWSs) and those relative to a fixed historical
temperature baseline (referred to as total heat exposures, THEs) when
investigating their future evolution in a warming world**. Providing
insights into future changes in both MHWs and THEs can assist policy-
makers in assessing and proactively addressing the risks faced by
various marine species.

In this study, we investigate historical (1985-2014) and future
(2071-2100) MHWs and THEs in the Arctic Ocean using sea surface
temperature (SST) and sea ice concentration (SIC) data from the
Optimum Interaction Sea Surface Temperature v2.1 (OISST)?, as well
as historical simulations and future projections in the Coupled Model
Intercomparison Project phase 6 (CMIP6)*** (Supplementary Table 1).
The projections used in this study are based on four Shared Socio-
economic Pathway (SSP) scenarios, including SSP126, SSP245, SSP370,

TFirst Institute of Oceanography and Key Laboratory of Marine Science and Numerical Modeling, Ministry of Natural Resources, Qingdao, China. 2Laboratory
for Regional Oceanography and Numerical Modeling, Qingdao Marine Science and Technology Center, Qingdao, China. 3Shandong Key Laboratory of Marine
Science and Numerical Modeling, Qingdao, China. *Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research (AWI), Bremerhaven, Germany.
SKey Laboratory of Ocean Observation and Forecasting and Key Laboratory of Ocean Circulation and Waves, Institute of Oceanology, Chinese Academy of
Sciences, Qingdao, China. ®School of Atmospheric Sciences, Nanjing University, Nanjing, China. “Key Laboratory of Marine Geology and Environment,

Institute of Oceanology, Chinese Academy of Sciences, Qingdao, China. 8These authors contributed equally: Yan He, Qi Shu.! e-mail: Qiang.Wang@awi.de;

giaofl@fio.org.cn

Nature Communications | (2024)15:8265


http://orcid.org/0000-0002-7094-6809
http://orcid.org/0000-0002-7094-6809
http://orcid.org/0000-0002-7094-6809
http://orcid.org/0000-0002-7094-6809
http://orcid.org/0000-0002-7094-6809
http://orcid.org/0000-0003-4781-571X
http://orcid.org/0000-0003-4781-571X
http://orcid.org/0000-0003-4781-571X
http://orcid.org/0000-0003-4781-571X
http://orcid.org/0000-0003-4781-571X
http://orcid.org/0000-0002-2704-5394
http://orcid.org/0000-0002-2704-5394
http://orcid.org/0000-0002-2704-5394
http://orcid.org/0000-0002-2704-5394
http://orcid.org/0000-0002-2704-5394
http://orcid.org/0000-0002-8098-5529
http://orcid.org/0000-0002-8098-5529
http://orcid.org/0000-0002-8098-5529
http://orcid.org/0000-0002-8098-5529
http://orcid.org/0000-0002-8098-5529
http://orcid.org/0000-0002-5829-4780
http://orcid.org/0000-0002-5829-4780
http://orcid.org/0000-0002-5829-4780
http://orcid.org/0000-0002-5829-4780
http://orcid.org/0000-0002-5829-4780
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52760-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52760-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52760-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52760-1&domain=pdf
mailto:Qiang.Wang@awi.de
mailto:qiaofl@fio.org.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52760-1

and SSP585, representing the low, medium, high, and high-end future
forcing pathways®?°, respectively. Here, the definitions of MHWSs and
THEs follow Amaya et al.”* (see “Methods”). We focus on four metrics
to assess MHWs and THEs: mean intensity, annual total days, mean
frequency, and mean duration. Mean intensity refers to the MHW/THE
intensity averaged over MHW/THE events in a specific period. Annual
total days represent the total number of days on which events occur
each year. Mean frequency indicates the number of MHW/THE events
per year averaged over a specific period. Mean duration indicates the
duration of MHW/THE averaged over all events.

We reveal a much more prominent increase in MHW mean
intensity in the Arctic in future warming climate when compared
to the global ocean. Therefore, marine ecosystems in the Arctic
may encounter increased threats from these extremes in the future,
more so than their counterparts in lower-latitude oceans. We
found that by the end of the 21* century, under the SSP585 warming
scenario, the increase in MHW mean intensity in the Arctic is pro-
jected to be 7.6 times the global average, while the increase in
THE mean intensity in the Arctic is expected to be 1.5 times the
global average.

Results

MHWSs and THEs in the past

The mean intensity of MHWs during the period of 1985-2014 derived
from the OISST dataset is stronger in the Arctic marginal seas than in
most ocean regions at mid and low latitudes, including coastal areas
within economic zones (Fig. 1a, b). The multi-model mean (MMM) of
CMIP6 successfully reproduces these observed features in MHW mean
intensity in both the Arctic Ocean and lower latitude regions (Fig. le, f
and Supplementary Fig. 1). The simulated magnitude of MHW mean
intensity in the Arctic marginal seas closely aligns with observations,
with typical values ranging from 2 to 3 °C (Fig. 1b, f).

The annual total days of MHWs in the OISST data set typically
exceed 20 days in mid and low latitudes, as well as in most of the
Nordic Seas. In contrast, the duration is shorter in the Arctic marginal
seas, with the exception of the Barents Sea (Fig. 1c, d). This pattern of
fewer annual total days of MHWs in the Arctic is well reproduced by the
CMIP6 MMM (Fig. 1g, h). The models slightly overestimate the annual
total days of MHWs in both the Arctic marginal seas and lower latitude

oceans (Fig. 1c, g and Supplementary Fig. 1), which is a typical model
feature found before”.

Due to extensive sea ice cover, MHWSs were largely absent in the
Arctic deep basin area in the historical period, as consistently shown by
the OISST and CMIP6 MMM results (Fig. 1). Overall, the CMIP6 MMM
reasonably simulates the main characteristics of past MHWs evident in
the OISST dataset, despite some model biases in the magnitudes of the
MHW intensity and annual total days. These biases echo those pre-
viously identified in CMIPS simulations®?.

The spatial patterns of mean intensity and annual total days of
THEs during 1985-2014, derived from both OISST and CMIP models,
are quite similar to those of MHWs (Fig. 1 and Supplementary Fig. 2).
Since THEs include contributions from long-term warming, their mean
intensity is slightly larger than that of MHWSs during the historical
period.

MHWs and THEs in the future
MHWs and THEs over 2071-2100 under the SSP585 scenario™?® of
CMIP6 are analyzed to gain insights into how they will change in a
future warming climate. Under the SSP585 warming scenario, MHWs
with mean intensity surpassing 1°C and THEs with mean intensity
exceeding 2°C are expected to become widespread across the
majority of the global oceans over 2071-2100 (Fig. 2a, b, e, and f).
Future MHWs are anticipated to have greater intensity in several
regions, including the northwest Pacific and Atlantic oceans, the tro-
pical Pacific Ocean, mid-latitude oceans in the Southern Hemisphere,
and the Arctic Ocean (Fig. 2a). Similarly, future THEs are projected to
be stronger in these regions compared to others (Fig. 2e). Notably,
among the five global oceans, the Arctic Ocean is expected to
experience the most intense MHWSs and THEs in the future, with mean
intensities of about 2°C and 3°C, respectively, in the period of
2071-2100 (Fig. 2a, b, e, and f). In the future, the intensity of MHWs and
THEs in the Arctic Ocean will be larger than or at levels similar to
hotspots of MHWs at mid and low latitudes (Supplementary Fig. 3).
Considering the global ocean, the most substantial increase in
MHW mean intensity is projected to take place in the Arctic deep basin
(Fig. 2c, d), while the MHW mean intensity in the Arctic marginal seas
and in mid and low latitudes, where MHWs were prevalent in the past,
is not anticipated to undergo marked changes in the future (Fig. 2c, d).
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Fig. 1| Mean intensity and annual total days of marine heatwaves (MHWs)
during 1985-2014. a, b MHW mean intensity in the (a) global ocean and (b) Arctic
Ocean derived from OISST. ¢, d The same as (a) and (b), but for MHW annual total

20
Annual total days (days)

days. e-h The same as (a-d), but from the multi-model mean (MMM) of CMIP6
historical simulations.
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Fig. 2 | Mean intensity of marine heatwaves (MHWs) and total heat exposures
(THEs) during 2071-2100 based on CMIP6 multi-model mean (MMM) under the
SSP585 scenario. a, b MHW mean intensity in the (a) global ocean and (b) the
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Arctic Ocean. ¢, d The changes in MHW mean intensity during 2071-2100 relative to
1985-2014 in the (c) global ocean and (d) the Arctic Ocean. e-h The same as (a)-(d),
but for THE mean intensity.

In regions outside the Arctic Ocean, the future changes in MHW
mean intensity in the period 2071-2100 relative to the period
1985-2014 will generally remain below 0.4 °C, including the coastal
regions within economic zones, under the SSP585 scenario (Fig. 2c).
This finding is in line with previous result based on dedicated numer-
ical simulations”. Our results demonstrate that the MHW mean
intensity in the deep basin area of the Arctic Ocean will exhibit a much
more pronounced increase, by up to ~ 1.4 °C (Fig. 2d). This distinctive
increase in MHW mean intensity across the central Arctic can be
attributed to the notable reduction in sea ice coverage resulting from a
warming climate. The MHW mean intensity over the central Arctic was
quite weak in the past (Fig. 1b, f) because SST is close to the freezing
point under sea ice cover. However, the anticipated shift toward a
seasonally ice-free condition (Supplementary Fig. 4) will facilitate the
development of MHWs in this region.

In the future warming climate, THEs will experience the most
pronounced intensification within the Arctic Ocean (Fig. 2e-h). The
increase in THE mean intensity under the SSP585 scenario is projected
to reach ~3°C in some areas of the Arctic Ocean, with the strongest
increase expected in the Barents Sea, where it could amount to around
4 °C (Fig. 2h). The MHW mean intensity in the Barents Sea is projected
not to increase in the future (Fig. 2d), so the increase in THE mean
intensity in the Barents Sea is mainly due to the long-term warming
trend, which can be attributed to both enhanced Atlantic Water heat
inflow and reduced local heat loss to the atmosphere®. In most of the
Arctic shelf seas, the increase in THE mean intensity is also primarily
driven by the long-term warming trend. For the central Arctic Ocean
(approximately north of 75°N), our analysis indicates that the increase
in MHW mean intensity accounts for about half of the increase in THE
mean intensity, with the other half resulting from the direct effect of
long-term warming.

The projected MHW annual total days during 2071-2100 resemble
those of the historical period in terms of both their spatial pattern and
magnitude across the global ocean, with the exception of the Arctic
Ocean (Figs. 1g and 3a). The projected MHW annual total days in the
Arctic Ocean (about 20 days) are shorter than those in the mid and low
latitudes (about 30 days) (Fig. 3a, b). However, the most noteworthy
increase in the annual total days of MHWs is expected within the Arctic
deep basin (Fig. 3c, d), which corresponds to a substantial transition

from almost negligible MHW days in the past to approximately 20 days
in the future (Figs. 1h and 3b).

Due to the long-term warming trend, future changes in the annual
total days of THEs will markedly contrast with those of MHWs. Pro-
jections indicate that in the period 2071-2100, THE annual total days
are expected to exceed 300 days across about 80% of the global ocean
expanse (Fig. 3e), whereas, in the central Arctic, they are projected to
hover around 200 days (Fig. 3f). Accordingly, the future increase in
THE annual total days in the Arctic Ocean is expected to be more
modest compared to the global average (Fig. 3g, h). This outcome can
be attributed to the presence of winter sea ice cover in the period
2071-2100 (Supplementary Fig. 4), a factor that constrains THE
occurrence of the cold season in the Arctic Ocean (Supplemen-
tary Fig. 5).

Tests for statistical significance reveal that most of the models
surpass the 95% confidence level for the projected future
changes in mean intensity and annual total days of MHWs and
THEs in the Arctic Ocean. However, the projected future changes
in mean intensity and annual total days of MHWs in the mid and
low latitudes are insignificant in most of the models (Supplemen-
tary Fig. 6).

The mean frequency of MHWs and THEs in the Arctic Ocean is
projected to markedly increase in the future warming climate (Sup-
plementary Fig. 7). In contrast, a decrease or no remarkable change in
frequency is anticipated for the majority of other ocean regions.

Main drivers of changes in MHW and THE mean intensity
Future increases in Arctic MHW intensity are more pronounced under
scenarios with higher forcing pathways (Fig. 4a-d). Under all warming
scenarios, future changes in the mean intensity of Arctic MHWs are
significantly anti-correlated with future changes in Arctic sea ice area
across the models during both the warm half-year (Fig. 4e-h) and cold
half-year (Fig. 4j-m). This linear relationship suggests that the reduc-
tion in sea ice cover is a key driver for the projected increase in Arctic
MHW intensity, consistent with findings on changes in Arctic MHW
intensity over the past decades®. The extended periods of open ocean
resulting from sea ice retreat allow for a greater accumulation of sea-
sonal surface heat flux in the ocean, thereby triggering stronger
MHWs™,
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global ocean and the Arctic Ocean, respectively. ¢, d The changes of MHW annual
total days during 2071-2100 relative to 1985-2014. e-h The same as (a-d), but for
THE annual total days.

The correlation coefficient between future changes in Arctic
MHW mean intensity and Arctic sea ice area is lower in the SSP585
scenario (Fig. 4h, m) than in other scenarios. This is because the Arctic
is nearly free of sea ice during most months in the last few decades of
the SSP585 scenario. In this situation, while the accumulation of sur-
face heat flux in the ocean and consequently the MHW intensity can
further increase with stronger atmospheric warming, the sea ice area
cannot further decrease during months when it is already ice-fee. This
weakens the correlation between changes in MHW intensity and
changes in sea ice area. However, if we focus only on the period from
March to May when sea ice is still present at the end of the 21° century
in the SSP585 scenario, the correlation coefficient between future
changes in MHW mean intensity and Arctic sea ice area is higher
(Fig. 4i) compared to longer seasonal considerations (Fig. 4h, m). This
reinforces the dominant role of sea ice decline in driving changes in
MHW intensity as long as the Arctic retains some sea ice. In the SSP585
warming scenario, when the Arctic Ocean becomes free of sea ice
throughout the year in the far future (Supplementary Fig. 8), MHWs in
the Arctic Ocean will enter a stage where the changes in mean intensity
and annual total days are relatively small (Supplementary Fig. 9),
similar to the situation in the mid and low latitudes in the 21st century
(Figs. 2c and 3c).

The seasonality of changes in Arctic MHW intensity is similar
across different warming scenarios (Fig. 4a-d), featuring two peaks:
one in summer (June and July) and another in December. The summer
peak is associated with the seasonal maximum in solar radiation and
net ocean surface heat flux** (Supplementary Fig. 10). Even with the
same extent of sea ice retreat, greater seasonal solar radiation can lead
to more heat absorption in the ocean. The December peak is mainly
linked to the seasonal maximum in sea ice decline (Fig. 4a-d), which
increases open water where MHWs can occur. Thus, the seasonality of
future changes in MHW intensity is jointly determined by the season-
ality of solar radiation and sea ice decline. The seasonality of future
changes in the SST variance mirrors the seasonality of future changes
in MHW intensity (Supplementary Fig. 11), indicating that SST variance
is a good indicator of MHW intensity.

Future changes in the Arctic THE mean intensity is larger in
summer (July-September) and smaller in winter (February-April)
across all scenarios (Fig. 5a-d). This seasonality differs from that of
changes in MHW mean intensity (Fig. 4a-d) and aligns more closely

with changes in SST (Fig. 5a-d), indicating that the long-term warming
trend is the primary driver of increases in THE intensity. This conclu-
sion is further supported by the strong correlation between future
changes in THE mean intensity and future changes in SST across the
models in all warming scenarios (Fig. 5e-h).

The projected Arctic Amplification of MHWSs

Figures 2 and 3 show that future increases in both the MHW mean
intensity and the annual total days in the Arctic Ocean considerably
surpass the global ocean average under the SSP585 scenario. We term
this phenomenon ‘Arctic MHW Amplification’.

To quantitatively compare the future changes in MHWs and THEs
between the Arctic Ocean and the global ocean, the results for all the
warming scenarios are presented in Fig. 6 and Supplementary Table 2.

The MMM difference of MHW mean intensity in the Arctic Ocean
between 2071-2100 and 1985-2014 is 0.08, 0.18, 0.28, and 0.38°C
under SSP126, SSP245, SSP370, and SSP585, respectively. In contrast,
the global ocean averages are 0.00, 0.02, 0.06, and 0.05 °C, respec-
tively. Under the SSP585 scenario, the Arctic amplification factor of
MHW mean intensity change is approximately 7.6. For THE mean
intensity, the MMM difference is 0.16, 0.70, 1.17, and 1.82 °C under
SSP126, SSP245, SSP370, and SSP585, respectively, while the global
ocean averages are 0.14, 0.41, 0.75, and 1.21 °C, respectively. The Arctic
amplification factor of THE mean intensity change is approximately 1.5
under the SSP585 scenario. Although THE amplification factor is rela-
tively smaller, the changes in Arctic THE mean intensity are much
larger than those of MHWs (Fig. 2). Therefore, it is crucial to emphasize
the future changes of both Arctic MHWs and THEs.

For changes in the annual total days, Arctic amplification is found
only for MHWs, not for THEs (Fig. 6b and d; Supplementary Table 2).
Under the SSP585 scenario, the annual total days of MHWs are pro-
jected to increase by 9.45 days in the Arctic Ocean compared to
0.47 days in the global ocean. The THE annual total days are projected
to increase by 223.58 days in the Arctic Ocean, less than the average
(301.06 days) over the global ocean. In contrast, the increase in THE
mean intensity in the Arctic is more pronounced than in the global
ocean, as discussed above. This is because the mean intensity, per
definition, is calculated by averaging over events. If there are no THE
events in a period, this period does not contribute to lowering the
calculated mean intensity.
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Fig. 4 | Relationship between changes in marine heatwave (MHW) mean
intensity and sea ice area in the Arctic Ocean in different warming scenarios.
a-d Monthly changes in MHW mean intensity (red box plots) and sea ice area (blue
lines) in the Arctic Ocean. Correlations between MHW mean intensity changes and
sea ice area changes across CMIP6 models during (e-h) warm season
(March-August) and (j-m) cold season (September-February). i Correlation in the

period from March to May under the SSP585 scenario. In the box plots in (a-d), the
marks inside the boxes indicate the median and the bottom and top edges of the
boxes indicate the 25" percentile and 75" percentile, respectively. The red vertical
lines extend to the most extreme data points not considered outliers. The black “+*
symbols denote outliers. The changes are the results of 2071-2100 relative to
1985-2014.

For both changes in the mean frequency and mean duration,
Arctic amplification is found for MHWs under all four scenarios, but
not for THEs (Supplementary Figs. 12 and 13). In the Arctic Ocean, the
future increase in the mean frequency of MHWSs correlates with the
severity of warming scenarios. However, the mean duration of MHWs
does not show a similar trend. Consequently, the frequency increase of
MHWs is the primary contributor to the projected rise in the annual
total days of Arctic MHWs. Conversely, for Arctic THEs, the future
increase in their mean duration correlates with the severity of warming
scenarios, while their frequency does not. Therefore, the increase in
the mean duration of THEs is the main factor contributing to the future
rise in the mean annual total days of Arctic THEs.

Discussion

Ocean temperature beneath sea ice in the Arctic is close to seawater
freezing point which is primarily influenced by changes in sea surface
salinity, exhibiting minor variations®. Such temperature fluctuations

should not be considered when delineating MHW occurrences. A
remarkable decline of Arctic sea ice in a warming climate enhances air-
sea interaction, and the resulting strengthened atmospheric effects
could induce temperature anomalies in open waters, consequently
fostering increased MHW intensity, frequency, and duration in the
Arctic’. Our findings indicate that sea ice decline is the primary driver
for the future increase in Arctic MHW intensity, while the long-term
ocean warming trend plays a major role in determining the magnitude
of Arctic THE intensity. All the warming scenarios show an amplifica-
tion of MHW and THE intensity in the Arctic Ocean compared to the
global average.

Not only is the increase in the mean intensity of MHWSs and THEs
in the Arctic Ocean expected to surpass the global average but also the
mean intensity itself in the Arctic Ocean is projected to be prominent
by the end of the 21* century in a global context (Fig. 2). In the past,
several notably severe warming events have been observed, causing
ecological damages and potentially devastating consequences**.
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mean intensity changes and annual sea surface temperature changes across CMIP6
models. The changes are the results of 2071-2100 relative to 1985-2014.

Examples include the well-known 2014/15 ‘Blob’ in the northeast
Pacific®, the 1997/98 El Nifio event in the tropical Pacific*®, and the
warming event associated with the 2009 El Nifio in the central south
Pacific”’. Some western boundary current extension regions have also
shown large temperature variability, which could bring both unanti-
cipated challenges and opportunities to fisheries®. These regions
appear to have no notable changes in MHW mean intensity during the
21* century, and the future mean intensity of MHWs and THEs in the
Arctic Ocean is anticipated to be stronger than or at the same level as
these typical regions (Supplementary Fig. 3). The long-term warming
trend in the Barents Sea is predicted to be the largest in the Arctic
region®, resulting in the highest THE mean intensity (Fig. 2e, f).

Moreover, the mean intensity of MHWs and THEs in the Arctic
Ocean is projected to be notably greater compared to the polar seas in
the Antarctic (Fig. 2), aligning with the amplified warming witnessed
and predicted in both the atmosphere and the ocean in the Arctic
region as a consequence of climate change®°.

An increase in MHW/THE intensity and annual total days can trigger
extensive and enduring consequences for marine life". MHWs and THEs
have different impacts on marine life in low and mid latitudes?, and they
might also have different impacts in the Arctic Ocean in the future.
Climate warming is inducing structural change over large spatial scales
at high latitudes, leading to a borealization of fish communities in the
Arctic*’. In the case of phytoplankton, even strongly increased tem-
peratures can stimulate community productivity, whereas their
response to different kinds of heatwaves varies®. The Arctic MHW
amplification, which could potentially exert even more substantial
impacts on the ecosystems in the Arctic Ocean, warrants heightened
attention. To attain a more holistic understanding of the threats that
climate change poses to marine ecosystems and to guide policymaking,
it is imperative to conduct quantitative assessments of the risks asso-
ciated with the Arctic MHW amplification.

CMIP6 models demonstrate noticeable model spreads in the
simulated MHWs and THEs (Figs. 4-6 and Supplementary Figs. 3, 5,
10-13). This is not surprising, given the range of simulated ocean
temperatures in these models*’. Although using high model resolution
could potentially improve the model representation of MHWs?*, it is
important to note that model resolution is only one of the factors
influencing the fidelity of Arctic Ocean temperature simulation®. It is
expected that systematically improved climate models in future CMIP
simulations can provide more accurate projections of Arctic MHWs
and THEs, offering more precise insights into their characteristics.

Methods

Datasets

OISST v2.1* used in this study is based on the Advanced Very High-
Resolution Radiometer (AVHRR) infrared satellite SST data and
observations from different platforms such as ships, buoys, and Argo
floats. It has a spatial resolution of 0.25°x 0.25°, available at https://
www.ncei.noaa.gov/data/sea-surface-temperature-optimum-
interpolation/v2.1/access/avhrr/. It has been widely used in MHW
studies®*>**47_ To determine whether a location is an open water,
daily sea ice concentration (SIC) from OISST v2.1 is also used.

The model data are from the CMIP6 repository** (available at
https://esgf-indexl.ceda.ac.uk/projects/cmip6-ceda/). There are 18
CMIP6 models that have released daily SST and SIC datasets from their
first realization of the historical experiment, 17 models under the
SSP126, 16 models under SSP245, 15 models under SSP370, and 18
models under 585 scenarios® (Supplementary Table 1). Historical
simulations for the period of 1985-2014 are used for comparison with
OISST. The SSP126, SSP245, SSP370, and SSP585 scenarios represent
low, medium, high, and high-end future forcing pathways with an
effective radiative forcing of 2.6, 4.5, 7.0, and 8.5W m™ in 2100%. The
global mean surface air temperature anomalies for the period
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Fig. 6 | Comparison of future marine heatwave (MHW) and total heat exposure
(THE) changes between the Arctic Ocean and the global ocean. a, ¢ The mean
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Arctic Ocean and the global ocean in four warming scenarios. The red and blue box
plots depict the results for the Arctic Ocean and the global ocean, respectively. The
changes are the results of 2071-2100 relative to 1985-2014.

2081-2100 under these four scenarios are 1.23, 2.14, 3.16, and 3.99 °C
relative to the period of 1995-2014*,

Definitions and metrics of MHWs and THEs

MHWs refer to events of transient and extreme ocean warming relative
to the climate condition of the period for which MHWs are considered.
To distinguish the contributions from extreme ocean warming and
long-term temperature trends, THE was proposed®. In this study,
MHWs are calculated using detrended SST and a shifting baseline,
while THEs are calculated using original SST and a fixed baseline
(Supplementary Fig. 14). The baselines of MHWs for the historical and
future periods are based on detrended SST in the historical and future
periods, respectively. The baselines of THEs for the historical and
future periods are the same, and both are based on the original SST in
the historical period. So, the contributions from long-term warming
are excluded in MHWs but included in THEs. That is, THEs represent
the combination of long-term warming and MHWs. The analysis of
MHWs and THEs, including the calculation of baselines, is performed
for each model and each scenario separately before computing MMM
results.

To detect MHWs and THEs, we followed the method of Hobday
et al.” and used the toolbox from https://github.com/ZijieZhaoMMHW/
m_mhw1.0 but with some modifications. MHWs/THEs are detected when
ocean temperature is higher than the 90th percentile threshold, and the
situation is sustained for at least five consecutive days with gaps of less
than three days. The baseline and threshold for a certain day were cal-
culated using all SST daily data within an 11-day window centered on this
day from all years of the 30-year period®. The obtained annual cycle of
baseline and threshold values was then smoothed by applying a 31-day
moving average®. This method is effective in ice-free regions® For the
Arctic Ocean, we have to pay attention to the impact of sea ice on SST in
observations and model simulations. We notice that OISST v2.1 sets SST
in ice-covered oceans (SIC>35%) to freezing points of seawater to
reduce bias and random errors®*’, We also used 35% SIC as a threshold
for determining ice-free and ice-covered regions in this study. As the
changes in the freezing point of seawater due to salinity changes are
quite small, MHWs were considered to be absent under sea ice (where
SIC > 35%). If no MHW/THE event is detected at a location during the
whole period, the metrics are set to O during MMM calculation.

In this study, we used several metrics to characterize MHWSs and
THEs, including mean intensity, annual total days, mean frequency,

and duration, which are defined following Hobday et al.> (Supple-
mentary Fig. 14). MHW/THE mean intensity for each MHW/THE event is
the mean temperature anomaly above the climatology (baseline)
averaged over the event days (Supplementary Fig. 14). The mean
intensity for a considered period is the average of the intensity for all
the events in this period. Annual total days are defined as the total
MHW/THE days per year. Mean frequency is defined as the annual
number of occurrences of MHW/THE events averaged over the con-
sidered period. Duration is defined as the number of days between the
start and end dates of an MHW/THE event (Supplementary Fig. 14), and
mean duration indicates the average over all events during the con-
sidered period.

For seasonality analysis (Figs. 4, 5 and Supplementary Figs. 10, 11),
MHW/THE monthly mean intensity cannot be calculated by averaging
over events because an event may span calendar days of different
calendar months. Therefore, we calculated the monthly mean intensity
by averaging daily intensity on all event days in a calendar month.

The future changes are defined as the difference between the
period of 2071-2100 and the period of 1985-2014 if not otherwise
stated. The Arctic Ocean is defined as the ocean area north of 65°N.

Data availability

All the data used in this research are freely available to the public and
can be downloaded through the links detailed in the Methods section.
The data generated in this study have been deposited at https://
zenodo.org/records/13744458.

Code availability
All codes used to produce the figures are available at https://zenodo.
org/records/13744458.
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