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Marine heatwaves (MHWs), defined as extreme ocean warming episodes,
have strengthened over the past decades. High-resolution climate models

improve understanding of MHWs under global warming, but such events
inthe future Arctic are currently overlooked. In a high-resolution climate
model, we find Arctic MHWs intensify on orders of magnitude during the
warming twenty-first century, following seaice retreat. However, with
little seaice coverage, strong interannual variability emerges, which
could surpass the amplitude of former intensification. Furthermore, the
enhancement of MHWs correlates with an order of magnitude increase in the
rate of change in the temperature anomaly. Additionally, MHWs are found
to be accompanied by stratification enhancement, which could surpass
interannual variability of future stratification. Such extreme temperature
fluctuations combined with stratification enhancement suggest major
challenges for Arctic ecosystems, and may negatively impact food webs
through direct physiological temperature effects, as well as indirectly
through nutrient supply and taxonomic shifts.

Marine heatwaves (MHWs) have received public attention as a result
of their severe harm to ecosystems'. MHWs are predicted to be more
intense and persistent under future global warming, and thus the
impact on marine ecosystems will be inevitably enhanced®™.
However, a missing aspect of MHW studies is their future develop-
ment in the Arctic. The Arctic Ocean is the only ocean basin with large
areas of seaice cover. It is warming much faster than any other ocean,
a phenomenon known as Arctic amplification’, and is rapidly losing its
seaice cover®. Underneath the sea ice, temperatures are relatively con-
stant (although increases of 0.4 °C by penetrating shortwave radiation
havebeendescribed’), because seaice largely prevents the atmospheric
warming fromenteringthe ocean.But asseaiceretreatsandair-seainter-
actionsincrease, MHWs can increasingly emerge, and the concomitant
environmental changes may be unprecedented for the modern climate.

Observational records indicate an increase in the intensity of
ArcticMHWs®? invarious Arctic basins'°*. The intensification mainly
follows seaice decline in summer®” and is attributed to both stronger
stratification and solar heatinput®. While others® predicted that Arctic
MHWs will continue to intensify as summer sea ice decreases, little is
known about future variability.

Observations of ecologicalimpacts of MHWs in the high-latitude
regions are still rare and rely on opportunistic descriptions mainly of
conspicuous long-termevents'* . Here, we provide a collection of the
present literature on the potential ecological impacts of those MHW
properties that can be meaningfully assessed in the scope of this physi-
cal model, to guide future modelling studies to be more applicable
to field and experimental studies on MHW effects. In the few existing
observations in polar regions (mainly the Southern Ocean), MHWs
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often lead to increased chlorophyll a concentrations, interpreted as
increased production'® (but see ref. 19), which is in contrast to the
observed chlorophyll a decrease during lower-latitude MHWs®. This
may be explained by the dependence of MHW effects on the nutrient
regime, with MHW stimulating primary production in high-nutrient
regimes and productivity decreases in nutrient-limited regions**,
Long-term, warm-water anomalies have been described to have
large-scale and cascading food web effects, including northwards
shifts of species, changed migration patterns and even mass die-offs
caused by toxic algal blooms or starvation*”*%, Such dramatic events
are often connected to changesin stratification or upwelling dynamics
thatimpoverish the nutrient regime of primary producers, which then
propagate through the entire food web'*?',

High-resolution climate models better capture the extreme
events and open a new field for the study of MHWSs under climate
change. The turbulent motions and small-scale air-sea interactions
in high-resolution models increase the intrinsic variability of the cli-
mate system, leading to more extreme conditions****. Congruently,
high-resolution models have been shown to simulate stronger and
more realistic MHWSs than coarse-resolution models®?°. As the resolu-
tionincreases, the gap of underestimated MHWs inmodels compared
to observations decreases®?°. Thus, the future variability of MHWSs can
best be studied by the climate model with the highest resolution avail-
able.Inthis study, we use a cutting-edge high-resolution climate model
toevaluate the variability of Arctic MHWs and their potential ecological
impacts in the warming twenty-first century. The nominal resolution
of thismodelis 0.1°in the ocean and 0.25° in the atmosphere”, which
is high compared to other publicly available climate models®.

In the context of future variability, the definition of the thresh-
old for MHWs is a key aspect. The threshold is usually defined by the
seasonally varying 90th percentile of local sea surface temperature
(SST) during a baseline period”. Owing to the limited time span (about
four decades) of observational data, the baseline periods of obser-
vational studies are generally the entire time span. In climate models
for future warming scenarios, some studies use a similar historical
baseline period*’. In a warming climate, however, using such a fixed
type of baseline for MHWs can inflate their occurrence and intensity,
since it captures both the generally warming climate and the extreme
variability". A strengthening trend of MHWs could thus be mainly caused
by theincrease in meanSST***". Furthermore, for many ecosystem com-
ponents, considerable adaptationto the long-term SSTincreaseistobe
expected (either through evolution or range shifts**) and it is unlikely
that a future ecosystem will have the same sensitivity to short-term
temperature increases as a current or past one. We therefore focus on
MHWs induced only by extreme variability and remove the impact of
rising mean SST by applying a 31-year moving-baseline period around
thetarget year.

The changing nature of Arctic MHWs

Owing to the strong seasonality in the Arctic, primary production is
largely limited to summer (June, July and August (JJA))***, making it
the most productive period of the Arctic ecosystem?®. In the central
Arctic in September, irradiances decrease quickly and nutrients are
usually depleted, preventing major biomass development even in
ice-free locations. Summer (JJA) is also the season when the intensity
of MHW is most pronounced inboth observational® and future periods
(Extended DataFig.1). Therefore, we focus on MHWs during the sum-
mer season (JJA) and in the surface ocean (5 m), as this layer is where
primary production is mostly occurring.

The range of cumulative intensity of Arctic MHWs in the model
is close to observational MHWs (Fig. 1), in terms of both spatial and
temporal patterns, showing that the model can reproduce the observed
amplitude of extreme variabilities. The same conclusion also applies
to comparisonsin cumulative duration and frequency (Extended Data
Figs. 2 and 3). A difference between model and observations is the

maximum intensity, which is ~0.5 °C weaker in the model (Extended
Data Fig. 4). We mask the observational area of sea ice cover and only
comparethetime series of low seaice presence, since the observational
dataset calculates under-ice temperature on the basis of a parameteri-
zation thatresultsinbarely any variability, while the model allows such
variability. The time series during the observational time period in the
model cannot correspond in phase with the observational time series,
as the MHWs are featured with intense interannual variability to be
discussed below. For more information about the model skills, please
refer to the Methods.

The applied warming scenario (representative concentration
pathways (RCP) 8.5; Methods) is characterized by atmospheric CO, con-
centration increasing from ~300 to 800 ppm in 1965-2085, inducing
rapid global warming (Fig. 2a). The corresponding Arctic SST increase
insummeris nearly 7 °C, more than twice the average global warming
of 3 °C (Fig. 2b). Across the entire modelled timeframe, there are two
types of trends of MHWSs under global warming (Fig. 2)—an increase
of MHWs following seaice retreat and a pronounced interannual vari-
ability in areas of low seaice cover. We will discuss these patterns sepa-
rately below.

The greatest cumulative intensity of MHWs is observed where sea
ice has substantially retreated close to the continents (Fig. 2c). This pos-
itivelong-termtrend of intensifying MHWs after seaice retreat (Fig. 2d)
is consistent with the historical changes that also show strengthening
of MHWs near the sea ice edge®. The hardly intensifying trend where
seaice concentration (SIC) decreasesis related to theintense interan-
nual variability to be discussed in the following. As the sea ice extent
continues to shrink towards the North Pole in the future, the newly
exposed sea surface will be subject to stronger MHWs, potentially fur-
ther destabilizing the formerly ice-covered Central Arctic ecosystem.

When the sea ice cover of a given region decreases sharply (for
example, to SIC < 50%) or is barely present, MHWs in that region not
only become more intense, but also vary strongly on an interannual
timescale (Fig.2e). The strong interannual variability of MHWs at lower
seaice coverisrelated to the onset of air-seainteraction (in the absence
of seaice), which has also contributed to the observed interannual vari-
ability of MHW in the Barents Sea'® and Bering Seas'. The amplitude
oftheinterannual variability in the modelis close to the observational
results (Fig. 1c).

Weargue that the observed enhancement of Arctic MHWs seenin
recent decades’ along the sea ice edge is partly due to sea ice retreat
itself, but thatinregions where seaice coveris constantly <15%, obser-
vations of increased MHW intensity reflect interannual variability
rather than a signal of sea ice retreat. The model suggests that there
are years when MHWs substantially intensify and then weaken as a
result of interannual variability. The mechanisms modulating this
interannual variability need further investigation and are beyond the
scope of our study.

Overall, in the near-term future, when the Arctic is still mostly
covered by seaice, the sea ice retreat will be the dominant cause for
theintensification of MHWs. However, once the Arctic has lost its (sum-
mer) sea ice cover, MHW dynamics in the Arctic will be controlled by
interannual variability caused by air-seainteractions.

Other properties of MHWs relevant for ecosystem functioning
include cumulative duration, frequency, duration per MHW and maxi-
mumi intensity. Please refer to the Methods for their detailed definitions
and description. These properties should be considered when design-
ing experiments studying the ecological and physiological impacts
of Arctic MHWSs. Next, we discuss the key properties that could have
direct effects on biology.

Abruptness and potential direct ecologicalimpacts
Amplified MHWs challenge organisms’ abilities to acclimate not only
to periods of extremely high temperatures, but also to very fast tem-
perature fluctuations. The rate of temperature anomaly change (above
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JJA MHW cumulative intensity in 1982-2022
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Fig.1| The cumulative intensity of Arctic MHWs in the observational record.
a,b, The average over the summer seasons (JJA) in 1982-2022 for observational
dataset (a) and the model (b). The observational area with SIC > 15% at the end of
summer season (average on 31 August) is masked by white shading. ¢, Time series
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oftheJJA-mean cumulative intensity, averaged over regions with SIC <15%. The
standard deviations of the time series from the model and observational dataset
are, respectively, 4.40 and 5.72 °C per day.
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Fig. 2| The cumulative intensity of Arctic MHWs under global warming in
ahigh-resolution climate model. a, The global average of atmospheric CO,
concentration (green line) and surface air temperature (black line). b, Summer
SST averaged over the Arctic (north of 60° N, blue line) and global ocean (red
line). c-e, Mean state (c), linear decadal trend (d) and time series (e) of the
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cumulative intensity of MHWs over JJA in1965-2085. The time series are (annual
means) averaged over regions with certain SIC, denoted by lines of different
colourine. Theyellow and red linesin cindicate the SIC of 15% averaged over
1970-1979 and 2070-2079, respectively. The blue, yellow and red linesind
indicate the linearly decreasing decadal trends of 2%, 4% and 6%, respectively.

the climatological threshold of MHWSs) during the development and
decay phases of MHWs can be described as the abruptness of warm-
ing and cooling. We find that the abruptness of SST anomaly change
is similar during development and decay phases. Therefore, we only

discuss the development phase of MHWs, while the results also apply
to the decay phase.

As an exemplary case study, we select the two MHW events with
thelargest maximumintensity atamodel grid cell (green dotin Fig. 3d)
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MHW event with the largest maximum intensity
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Fig. 3| The abruptness of temperature change during the development phase
of MHWsin a high-resolution climate model. a, The SST duringan MHW event
aswell as the MHW threshold and SST climatology at the green dot shownind.
The MHW event has the greatest maximum intensity in the summer of 1970-1979.
The SST climatology is defined as the average over the days used to define the
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threshold. b, The same as abut for the summer 0of 2070-2079. ¢, Correlation
between the abruptness and maximum intensity of MHWs inJJA from 1965 to
2085.d, Linear decadal trend of the abruptness over JJA in 1965-2085. The yellow,
cyanand bluelines ind show linearly decreasing decadal trend of 2%, 4% and 6%,
respectively, for the SIC. MI, maximum intensity.

during the summers 0f1970-1979 and 2070-2079, respectively. Note
thatseaicelargely covers thislocationinthe central ChukchiSeainthe
first period, but has disappeared (<15%) in the second period (Fig. 2c,d).
With this reduction in sea ice cover, the maximum intensity as well as
the abruptness of the MHW are an order of magnitude greater in the
future event thanin the past one. More specifically, the maximuminten-
sity increases from <0.1to >3 °C, with SST exceeding the climatology
by almost 6 °C, while the abruptness correspondingly changes from
<0.1°Cin20 daysto>3°Cin16 days (on average 0.005 and 0.2 °C per
day, respectively). The case study thusillustrates impressive increases
inbothintensity and abruptness.

Abruptnessis also strongly correlated with maximum MHW inten-
sity for the Arctic as a whole (Fig. 3c). Since the duration per MHW
shows much less variability compared to their maximum intensity
(Extended Data Figs. 5c and 6c), considering the definition of abrupt-
ness, the future change of abruptness is largely determined by the
maximum intensity. Concurrently, the spatial pattern (Fig. 3d) of the
trend in abruptness is similar to that of maximum intensity (Extended
Data Fig. 6b)—the largest increase is detected in the central Arctic,
where seaice cover is substantially reduced. The average abruptness
increase in the next century is 0.057 °C per day at locations where SIC
decreasesby>60% (Fig.3d), withacorrespondingincrease inmaximum
intensity around 1°C. With seaice retreat, the increase of abruptness
would be orders of magnitude higher, correspondingto the increases
of maximum intensity (Extended Data Fig. 6c).

The combination ofintense and abrupt heatwave eventsis likely to
pose large challenges on Arctic cold adapted organisms, as conditions
may approach or even surpass their physiological boundaries while
limiting the time they have for physiological acclimation. Importantly,
such direct temperature effects can impact all trophic levels simul-
taneously (Fig. 6a). Warming is known to increase metabolic rates in

general®?®, which may translate into higher primary productivity in
theshort termif nutrients are available”, but alsoindicate higher food
requirements and activity by grazers and predators®***°. Depending on
the severity of the MHW, the organism’s environmental history**?and
adaptive flexibility, such physiological challenges may have more or
less pronounced detrimental consequences, but will certainly make
organisms more susceptible to additional stressors. Since respirationis
more temperature-sensitive than photosynthesis*, increases in hetero-
trophic process and net community respiration are likely'***. Sudden
temperatureincreases may also cause imbalancesin cell homeostasis
and metabolism®, impact recruitment success*® and increase the
accumulation of reactive oxygen species*’. Arctic marine organisms
(especially those from higher trophiclevels) are particularly sensitive
to hightemperatures and oxidative stress, since they are adapted to low
metabolicrates and thus low levels of reactive oxygen species*®. For one
ofthe most abundant zooplankton species inthe Arctic Ocean, Calanus
glacialis, 6 °C hasbeen shown to be the upper limit of the fundamental
thermal niche**’, potentially setting a boundary to MHW survival. If
MHW effects impact different trophic levels to a different degree or
on different time frames, trophic mismatches between predator and
prey populations can develop®®*, especially when organismal groups
with complexlife cycles are involved. Changesin species composition
arethus likely onall trophic levels, but especially quickly on the lower
levels given their shorter generation times. They could include shifts
towards more heat-tolerant taxa, including invading and toxic species
(borealization and harmful algal blooms®*), but also biodiversity loss,
which mayreduce overallresilience to further disturbances or even to
thereturnto cool temperatures at the end of the MHWs. The effects of
the cooling after an MHW are indeed hardly investigated®. Especially
if selective shifts have taken place, it is likely that the system will not
simply return to its former state, or take a long time to do so**. Even
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Composite difference from climatology to MHW
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Fig. 4| The change of stratification and MLD with MHWs. a,b, The composite-
mean change (per day) of stratification in the upper 50 m (a) and MLD (b) from
daily climatology to MHW days. All the MHW days duringJJA1965-2085 are
composited. The daily climatology is defined as the average over the days of the
same MHW dates in the 31 year moving-baseline period. c,d, Asina(c) and b (d)
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but standardized by interannual standard deviation. The interannual standard
deviationis based on the same days as the daily climatology. The MLD is a direct
model output. The cyan contours denote 50 misobaths and, at where the depthiis
shallower than 50 m, no daily stratification values are available.

physiologically, carry-over effects of heat stress can still influence the
state of organisms after an MHW has passed*~°, and the cooling after
acclimation to warmer conditions may act as an additional stressor,
causing further metabolic imbalances and detrimental responses™.

Stratification and potential indirect
ecological impacts
Arctic MHWs can also have indirect effects on ecosystems, primarily
throughincreased oceanstratification. This canbeillustrated with the
composite-mean change in the upper 50 m stratification and mixed
layer depth (MLD) from climate background state to MHW (Fig. 4).
Compared to the climatology, stratification generally increases and
MLD decreases during a MHW. In the Southern parts of the European
Arctic, where thereisno summer seaice, the stratification during MHWs
couldincrease to being above theinterannual variability (Fig. 4c,d).In
some limited regions, however, a decrease in stratificationand increase
in MLD could be observed in the model (Methods).
Whiletheincreaseintemperature during MHWs candirectlyinduce
elevatedstratification®, increased meltwater and freshwater runoff dur-
ingwarm periods strongly controlsstratificationin polar surface oceans,
whichinturn can stimulate and enhance MHWs in surface waters®*. As
seen in mean-state changes in the effects of temperature and salinity
on stratification (Fig. 5), the influence of temperature on stratification
increases while the salinity effect decreases where seaice has retreated
(Figs. 2c and 5a,b,e,f). Given that the stratification control index (SCI)
increases to above -1, the Arctic Ocean can thus be expected to shift

to a state that is stratified by both temperature and salinity (Fig. 5i,j).
Although stratificationinthe Arctic Oceanis currently generally deter-
mined by salinity®, asis also the case in the early period of model (Fig. 5),
we expect that temperature will increasingly affect stratification.

The declining effect of salinity suggests that meltwater and run-
off have less important roles in inducing future MHWs in this region
(Fig. 5e,f). Furthermore, our results indicate that the SClanomaly during
MHWs couldreach values of 1, with highest values towards the central Arc-
tic. Tosummarize, our results suggest that stratification canbe substan-
tially enhanced on short time scales by strong MHWs, although further
investigations are necessary to better quantify and generalize this effect.

The potential indirect MHW effects on the ecosystem, such as
increased stratification, are mainly driven by the bottom of the food
web through changes in primary production, and account for a large
proportion of the MHW impacts currently described in the litera-
ture®. A shallower mixed layer causes cells to spend more time under
higher irradiances, but also impedes nutrient supply from deeper
water layers®®®* (Fig. 6b). Over time this is likely to lead to nutrient
limitationand a concurrentdeclinein primary production, ascanalso
be expected fromincreased freshwater inputs to the Arctic, potentially
exacerbating each others detrimental effects. The concurrent shift
towards smaller species with higher nutrient-uptake efficiency*® can
have major consequences for higher trophic levels, as such smaller
species often have lower carbon export rates to depth®, Even though
large parts of the central Arctic Ocean are already now rather oligo-
trophic and dominated by picoplankton®*®, these patterns can be
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Fig. 5| The change of temperature and salinity effects on the upper 50 m
stratification. a,b, The mean state of temperature effect on stratification in the
first (a) and last (b) 50 years inJJA1965-2085. ¢,d, The composite-mean change
(per day) of temperature effect on stratification from daily climatology to MHW
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daysinthe first (c) and last (d) 50 years inJJA1965-2085. e-h, As in a-d but for
the salinity effect on stratification. i-1, Asin a-d but for the SCI that measures
relative contributions from temperature and salinity on stratification (section on
‘Stratification’ in Methods). The cyan contours denote 50 misobaths.

expected tointensify during MHWs, impeding pulses of nanoplankton
production during mixing or upwelling events. Mechanistically similar
responses have been described during several ocean warming events,
where reduced upwelling or mixing caused a shift of species towards
smaller phytoplankton®®®’, Effects of such changes can cascade up the
food web, by favouring smaller, less nutritious, zooplankton, which
in turn can cause mass starvation events at the level of higher preda-
tors, such as seabirds, fishand mammals®®®. Once such deep-rooting
ecosystem changes have taken place, the recovery afteraMHW is often
slow or the system shifts to new equilibria'’°. Underlying processes
are, however, heavily dependent on the specifics of location and the
extreme event’’, which makes general mechanisms hard to identify and
requires more dedicated experiments and observations. Given that
the summertime Arctic Ocean is largely nutrient limited now”"?, the
additional MHW-driven reduction in nutrient replenishment may be
smallinabsolute terms, but may strongly affect an ecosystem already
existingin a strongly limited setting in relative terms.

Not only nutrients but also other biogeochemical components
of the high Arctic system may be affected by MHWs. As for carbonate
chemistry, the Arctic exhibits particularly fast ocean acidification”,
with parts of the Arctic already being undersaturated in aragonite™.
While Arctic phytoplankton has been shown to be rather resilient to
combined warmingand ocean aciditification”, their sensitivity may be
modulated under nutrient-limited conditions that can be expected to
co-occur. Effects of MHWSs on ocean acidification are not easy to pro-
ject, as warmer temperatures cause higher [H'] due to changes in the
equilibrium ofthe carbonate chemistry, but can also cause outgassing

of CO,due to lower solubility, potentially reversing the former effect™.
As aragonite and calcite undersaturation are less likely under warmer
conditions™, and as the few available data suggest adominance of the
latter mechanism’, MHWSs do not seem to further aggravate ocean
acidificationin the Arctic Ocean.

Asanotherindirect effect, enhanced seaice melt under MHW con-
ditions may also cause habitat loss of seaice algae, which can contribute
substantially to primary productivity in the central Arctic Ocean’”’s,
thereby reducing the productive season of this habitat with potentially
negativeimplications for higher trophic levels”. Overall, alarge num-
ber of different preconditions as well as direct and indirect MHW effects
in concert will determine the overall ecosystem response.

Summary and conclusions

In summary, the characteristics and trends of future Arctic MHWs
based on our cutting-edge high-resolution climate model can guide
assessments of the expected ecosystem impacts, for example via
more targeted design of experiments and observation campaigns.
We highlight that Arctic MHWs intensify by orders of magnitudein the
twenty-first century following seaice retreat, and that the intensity
of MHWs in areas with low sea ice cover exhibits strong interannual
variability. The intensification of MHWSs is accompanied by increasing
abruptness of temperature changes and stratification developing in
the Central Arctic. The increase of extreme temperature fluctuations
and stratification has the potential to alter the Arctic ecosystem, with
probableincreasingly unfavourable conditions for Arctic productivity
and the current configuration of the ecosystem.
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Fig. 6| Conceptual diagrams illustrating the potential effects on biology
induced by Arctic MHWS. a, Potential direct temperature effects under non-
limiting nutrient conditions include an increase of net primary production (NPP),
butastronger increase in respiration of all organisms. This may cause the system
to shift towards net heterotrophy (that s, to producing more CO, than O,).

A concurrentincrease in oxidative stress (ROS) in heat-stressed organisms may
indicate increased mortality and decreased recruitment success. Shifts in species

composition and life-stage timing may also cause temporal mismatches between
producers and consumers. Extremely little is still known about responses to

the cool phase after a heatwave, especially for higher trophic levels. b, Potential
indirect temperature effects are driven by increased thermal stratification and
reduced MLD, increasing mean surface irradiance, but reducing nutrient

(NO;, PO, and Si(OH),) input to the upper ocean layers. This may cause reduced
NPP, species shifts on all trophic levels and less carbon (C) export to depth.

To explore the specificimpacts of MHWs on ecosystems under
climate change would require high-resolution climate models cou-
pled with similarly sophisticated models for biology, which are
currently not available. Developing such high-resolution coupled
models is indeed urgently needed and could greatly improve our
understanding and prediction of Arctic ecosystems under climate
change by incorporating their responses to increasingly impactful
extreme events.
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Methods
Climate model
The high-resolution model usedin this studyis based on CESM 1.3 (ref.
80). It has anominal horizontal resolution of 0.1° in the ocean and sea
ice components and 0.25° in the atmosphere and land components.
Vertically the model uses azcoordinate with 62 layers and the top200 m
isdivided by 20 layers with an interval of 10 m. The oceanic eddies are
unparameterized inthismodel. Theriverineinputto the oceanis simu-
lated using ariver transport model that is synchronously coupled to the
land component of the CESM model (CLM4; ref. 81) for hydrological
applications as well as for improved land-ocean-sea ice-atmosphere
coupling in the CESM. The time period for study is 1950-2100, with
1950-2005and 2006-2100, respectively, applied with historical forcing
and RCP 8.5 forcing (high CO, emission scenario)®’. The spin-up time
is 250 years, with climate forcings fixed to 1850 conditions. We use the
daily outputs to analyse the properties of, and impacts from, MHWs,
The detailed set up of the model can be found in an overview paper”,
and the way to runthe high-resolution modelis documentedinref. 80.
The model outperforms the CMIP5 ensemble (with low resolution)
and a low-resolution analogue model in the simulation of non-polar
MHWs®, The intensity and frequency of the model MHWs are closer
to the observations. The future projection of non-polar MHWs in our
modelis quite different from the low-resolution models, and therefore
high-resolution models are necessary for projecting future MHWs, also
inthe Arctic. Furthermore, the high-resolution model simulates more
accurate paths of ocean currents comparedto the low-resolution model
duetotheresolving of boundary currents and ocean eddies. As aresult
of such influences from ocean heat transport, the spatial patterns of
the sea ice edge are more realistic in high-resolution models (ref. 27;
Supplementary Fig. 1c-f). Therefore, future Arctic MHWs emerging
withretreating seaice have morereliable locations in high-resolution
models. Itisworth noting that theamount of Arctic seaice is generally
less in high-resolution models?”®**, and there is no consensus about
whether high- or low-resolution models are more consistent with
observations®. In this case, the SIC in our high-resolution model is at
the lower limit of observational results, but capable of simulating the
seasonal and interannual variability (Supplementary Fig.1a,b). Another
note is that the high-resolution model simulates a 2 °C higher SST on
the Arctic shelves compared to a low-resolution analogue version?,
probably related to a higher ocean heat transport to Arctic”, asalsoa
general case for the high-resolution models®.

Observation-based dataset

The daily SST data from the operational sea surface temperature and
ice analysis (OSTIA)®, provided by the UK Met Office, is used for cal-
culating the observational MHW. This dataset has an advantage of
high horizontal resolution (1/20°).The time spanis from 1988 t02022.
This dataset is a combination of observations from satellite data and
in situ observations.

Marine heatwaves

The definition of MHW and its properties basically follows ref. 87. The
MHW s defined as an extreme warming event lasting for atleast 5 days
of which SST exceeds a 90% threshold. This definition is specific for
surface MHWs, please note that MHWs can also occur in the subsur-
face®®. Gaps no longer than 2 days with the subsequent at least 5 days
exceeding the threshold are recognized as a continuous MHW. The
threshold for the model is calculated by the data of an 11 day window
withina31year movingbaseline, with the day and year for calculation
centred onthe window and baseline, respectively. Itisthen applied by
a31day running mean for smoothing. The threshold for the observa-
tional dataset is the same, except for the baseline covering the whole
period (1982-2022), given that the time span is too short to make mov-
ing baselines. The moving baseline is suitable for the future warming
scenario as excluding the MHWs induced by the background warming

instead of the change in extreme variability'. On the basis of the defini-
tion, the calculation for the model is based on the daily SST from 1950 to
2100 but theresults exclude the first and last 15 years 0f 1950-2100. The
analyses presented in this study are thus for the time period 1965-2085.
We apply the same baseline to the model period of 1982-2022 as the
observational dataset would result in more substantial increasing
trends of MHW propertiesin the model, being more comparableto the
observational MHW properties (Fig. 1c and Extended Data Figs. 2-4c).
The MHWs are identified on the basis of consecutive daily time
series over the entire years, and thus the start and end dates of MHWs
canbe in different months. For the MHW properties, since this study
focuses on the summer season (JJA), the cumulative intensity is the
integral of the SST anomaly over all MHW days in JJA and the cumula-
tive duration is the number of MHW days within JJA. The cumulative
intensity in other seasons presented in Extended Data Fig. 1 follows
the same calculation. The maximum intensity denotes the maximum
SST anomaly above threshold duringan MHW. The abruptness during
development phaseis defined as the difference of SST anomaly above
the threshold between the start of MHW and day of maximum intensity
divided by the number of days. The reason for not using the absolute
SST in defining the abruptness is that the absolute SST includes the
climatological seasonal cycle. The annual means of maximum inten-
sity, abruptness and duration per event are averaged for the number
of MHWs withend datesinJJA, whichis counted as the frequency. The
areaaveraging for the time series is based on summer-mean SIC north
of 60° N. The mean state of cumulative intensity, cumulative duration
andfrequencyistheaverage of annualJJA means, and that of the other
propertiesis the average of all the MHW events with end dates inJJA.
Thetime series of cumulative duration and frequency show strong
stochasticity and vary in the range of 0-30 days and 0-1 occurrences
per summer season (JJA), respectively (Supplementary Fig. 2c,f). The
magnitude of both propertiesis larger when seaice cover is lower. The
duration per MHW (Extended Data Fig. 5c) is relatively constant over
time (10-20 days) for regions of SIC < 50%. For regions of SIC >50%, it
shows a slightly lower magnitude (10-15 days). The large fluctuations
and missing values in the latter half of the period are related to less to
nooccurrences of MHWs due to generally lower seaice cover, whichare
shown by near-zero valuesinthe time series of cumulative duration and
frequency. Thisalso applies to the large fluctuations and missing values
in the time series of maximum intensity (Extended Data Fig. 6c). The
spatial patterns of mean state and trend of maximumi intensity (Extended
DataFig. 6a,b) are similar to those of cumulative intensity (Fig. 2c,d). The
maximum intensity alsoincreases withadecreaseinseaice.Itiscloseto
0°CwhereSIC >85%and variesinthe ranges 0of 0.2-0.7 °Cand 0.7-1.2°C
when SICis 50-85% and <50%, respectively (Extended Data Fig. 6¢).

Stratification

The stratification in the upper 50 m (Fig. 4a) is represented by the
buoyancy frequency N calculated with density difference between
50 mandthesurface. The reason for using the difference between just
two layers and masking where the depthis shallower than 50 m (Figs. 4
and5) is because daily outputsinthe upper 50 mare only saved at these
two layers. A caveat is that the summer MLD in the Arctic Ocean could
bedifferent from 50 m (for example, <50 minthe CanadaBasin®’), and
thus the stratification change properly suggests the change in nutrient
replenishment at where the MLD is around 50 m.

N__ 8%
Po 0z

The temperature and salinity effects on the stratification are rep-
resented, respectively, by N> and N¢? (refs. 90,91)

00
N = gaz-
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whereg=9.8 ms2isgravitational acceleration, p,=1,025 kg m~2is sea-
water density; « and S are, respectively, thermal expansion coefficient
and haline contraction coefficient; and p, 6 and S are, respectively,
potential density, potential temperature and salinity.

The SClis defined as”

2 2
MM

scl =
2 2
N2 + N2

When SCI > 1, the oceanis stratified by temperature and destratified by
salinity. When SCI < -1, the ocean is stratified by salinity and destrati-
fied by temperature. When -1< SCI <1, the ocean s stratified by both
temperature and salinity. The transitions occur when SCI = 1(no salinity
stratification) and SCI = -1 (no temperature stratification).

Regardingthe decreaseinstratificationandincrease in MLD dur-
ingMHWsinsomeregions (Fig.4a,b), itmaybe connected toagenerally
shallower MLD in these regions (5 m) (Supplementary Fig. 3c,d) and
the MLD has generally increased from 1970-1999 to 2010-2019 in a
hindcast model, probably as a result of higher wind-induced momen-
tum input with sea ice loss’>. As MHWs intensify with sea ice retreat,
the greater open-ocean arealeads to enhanced wind-induced mixing,
thereby reducing the MHW-related increase in stratification (due to
meltwater input and temperatureincrease). Thisis also the reason for
the negative anomaly of salinity effects on stratification during MHWs
(Fig.5g,h). Nevertheless, after the complete disappearance of seaiice,
anincrease in stratification with MHW can be expected also for those
regions. Inthe central Arctic, however, the MLD under the influence of
warming-induced seaice meltis deeper (-15 m; Supplementary Fig. 3e).
Thisregionistherefore less susceptible to wind-stress-driven deepen-
ingofthe MLDinthe absence of seaice,and the MHWs are accompanied
with stronger stratification and a shallower MLD by about half the
interannual variability (Fig. 4c,d).

Statistics

Linear trends are calculated by linear least-squares regressionbased on
annual-mean data, multiplied by 10 for the linear decadal trends. The
composite-mean difference from daily climatology to MHW day and
thatstandardized by interannual standard deviation are, respectively,
defined as®

. 1
Diff(lon, lat) = Bon.Tad (¢ —cpe)
’ D

1 (c—c¢pc)
D(lon, lat) ZD: Csp

Diffsanq(lon, lat) =

where lon and lat denote longitudes and latitudes, respectively, cis
stratification/MLD and afunction of longitudes and latitudes, D is total
number of days with MHW, the subscripts DC and SD, respectively,
denote daily climatology mean and interannual standard deviation
based on the days of MHW date during the 31 year moving baseline.

. 1
Dlﬁ(lon, Iat) = m Z(C - CDC)
4 D

(¢ —¢cpc)

) 1
Dlﬁstand(lon’lat) = D(Ion [llt) Z Csp
s D

Data availability
The model outputs are available from https://ihesp.github.io/archive/
products/ds_archive/Sunway_Runs.html. The OSTIA dataset is

available at https://ghrsst-pp.metoffice.gov.uk/ostia-website/index.
html. The observational datasets of SIC can be retrieved and down-
loaded from https://climexp.knmi.nl//selectfield_obs2.cgi?id=eeb88
7be241d13437b916d8e477495009.

Code availability

The model code is available via Zenodo at https://doi.org/10.5281/
zenodo.3637771(ref. 93). All the other codes used in the data process
and visualization are available upon request.
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MHW cumulative intensity in 1965-2085
SON

(b) Mean (c Mean

=

Number of MHWs per season averaged over 1965-2085

0.33 0.33 0.29 0.36
Extended Data Fig.1| The seasonality of MHWs. a-d, the mean state of the November), winter (d, DJF - December, January, February) 0f1965-2085. e-h, the
cumulative intensity averaged over the spring (a, MAM - March, April, May), same as (a-d) but for the linear decadal trend. The numbers of MHWSs per season
summer (b, JJA - June, July, August), autumn (c, SON - September, October, averaged over the whole period are indicated in the last row.
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JJA MHW cumulative duration in 1982-2022
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Extended DataFig. 2| The cumulative duration of Arctic MHWs in the ¢, timeseries of the JJA-mean cumulative duration, averaged over regions with
observational record. a-b, the average over JJAin1982-2022 for observational SIC below 15%. The standard deviations of timeseries from the model and
dataset (a) and the model (b). The observational area with SIC above 15% at the observational dataset are respectively 5.29 and 6.66 day.

end of summer season (average on 31st, August) is masked by white shading.
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JJA MHW frequency in 1982-2022
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Extended DataFig. 3| The frequency of Arctic MHWSs in the observational oftheJJA-mean frequency, averaged over regions with SIC below 15%. The
record. a-b, the average overJJA in 1982-2022 for observational dataset (a) and standard deviations of timeseries from the model and observational dataset are
the model (b). The observational area with SIC above 15% at the end of summer respectively 0.19 and 0.35.

season (average on 31st, August) is masked by white shading. ¢, timeseries

Nature Climate Change


http://www.nature.com/natureclimatechange

Article https://doi.org/10.1038/s41558-024-02224-7

JJA MHW maximum intensity
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Extended Data Fig. 4| The maximum intensity of Arctic MHWs in the
observational record. a-b, the average of MHWs in JJA 1982-2022 for
observational dataset (a) and the model (b). The observational area with SIC
above 15% at the end of summer season (average on 31st, August) is masked by

white shading. ¢, timeseries of the JJA-mean maximum intensity, averaged over
regions with SIC below 15%. The standard deviations of timeseries from the
model and observational dataset are respectively 0.13 and 0.26 °C.
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JJA NCI|HW duration per event in 1965-2085
ay e L

(a) Mean 40 *
(c) —SIC>85%
— ~——50%<SIC<85%
25 @30+ I
=}
o
20 S
€ 20 1 -
15 ©
C
S L
10 D104 i
& 10 M v/
5 \

0 T T T T T T T T T T T
O 40 1 1 1 1 1 1 1 1 1 1 1
day decade™ —Total
3 s 15%<SIC<50%
301 —SIC<15% s
2 S,
c
®©
[}
1 €
©
c
0 Re]
[@)]
i
-1
=2 0 T T T T T T T T T T T
H DO H H H O H O H O H O H
O° A° 0 O LN DO X R LA
3 FEFFFT ST FFTEE S
Year
Extended DataFig. 5| The duration per Arctic MHW under global warming. regions with certain sea ice concentration, denoted by lines of different color in
a-c, mean state (a), linear decadal trend (b), timeseries (c) of the duration per (c).Ifaregionis free of MHWsin ayear, the annual meanis not shownin (c).

eventoverJJAin1965-2085. The timeseries (annual means) are averaged over
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JJA MHW maximum intensity in 1965-2085
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Extended Data Fig. 6 | The maximum intensity of Arctic MHWs under global different colorin (c).If aregionis free of MHWs in a year, the annual meanis not
warming. a-c, mean state (a), linear decadal trend (b), timeseries (c) of the shownin (c). Theyellow and red line in (a) denote seaice concentration of 15%
maximum intensity over JJA in1965-2085. The timeseries (annual means) are averaged over 1970-1979 and 2070-2079 respectively. The blue, yellow, red lines
averaged over regions with certain seaice concentration, denoted by lines of in (b) indicate the linearly decreasing decadal trend of 2%, 4%, 6% respectively.
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