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North Atlantic Ocean circulation and temperature patterns profoundly influence
global and regional climate across all timescales, from synoptic! to seasonal®*,
decadal’, multidecadal®” and beyond®’. During 2023, an extreme and
near-basin-scale marine heatwave developed during Northern Hemisphere
summer, peaking in July. The warming spread across virtually all regions of the
North Atlantic, including the subpolar ocean, where a cooling trend over the

past 50-100 years has been linked to a slowdown in the meridional overturning
circulation'®™, Yet the mechanisms that led to this exceptional surface ocean
warming remain unclear. Here we use observationally constrained atmospheric
reanalyses alongside ocean observations and model simulations to show that air-
sea heat fluxes acting on an extremely shallow surface mixed layer, rather than
anomalous ocean heat transport, were responsible for this extreme ocean warming
event. The dominant driver is shown to be anomalously weak winds leading to
strongly shoaling (shallowing) mixed layers, resulting in a rapid temperature
increase in a shallow surface layer of the North Atlantic. Furthermore, solar
radiation anomalies made regional-scale warming contributions in locations that
approximately correspond to some of the region’s main shipping lanes, suggesting
that reduced sulfate emissions could also have played alocalized role. With a trend
towards shallower mixed layers observed over recent decades, and projections that
this will continue into the future, the severity of North Atlantic marine heatwaves is

set toworsen.

Marine heatwaves are characterized by sustained periods of abnormally
warm ocean temperatures in a given region'?", with the potential for
severe damage to marine ecosystems™ and reliant human systems®.
Marine heatwaves canalso influence atmospheric conditions, includ-
ing altering weather patterns and affecting land-based heatwaves in
adjacent regions'®”. The 2023 summertime marine heatwave in the
North Atlantic was associated with extreme heatwaves over large areas
of Europe, particularly duringJuly, and was so large in magnitude that
it was a substantial contributor to record global mean temperatures
that developed that year (ref. 18). There were also severe storms and
flooding rains across parts of Europe during June-September, prob-
ably exacerbated by enhanced evaporation and higher atmospheric
moisture content upstream over the hotter-than-average North Atlan-
tic’. Year-long precipitation anomalies for 2023 reveal many regions
across Europe and the United Kingdom with total rainfall in the top
10-20% compared with 1991-2020 (ref. 18). Given the potential for
North Atlantic marine heatwaves to cause substantial ecosystem dam-
age and bring about severe heatwaves and flooding rains over parts of
Europe and other regions, itisimportant to understand the drivers of
the extraordinary 2023 event.

The 2023 North Atlantic marine heatwave

Ananalysis of daily mean North Atlantic sea surface temperature (SST)
anomalies during 2023 relative to previous years over the satellite
measurement erais presented in Fig. 1a. During the Northern Hemi-
sphere summer of 2023, the North Atlantic upper ocean developed
exceptionally strong warming, with SST spiking well above previous
record temperatures during June and July and remaining well above
record levels for the remainder of the year. This temperature evolu-
tion is reproduced by the ocean models we later analyse in this study
(Fig.1a). A breakdown of the total 2023 North Atlantic warming into
separate western and eastern contributions reveals considerable geo-
graphicvariationsin surface heating (dashed red linesin Fig.1b), with
rapid anomalous warming observed in the eastern North Atlantic dur-
ingJune, followed by a surge in western North Atlantic temperature
anomalies duringJuly.

The geographic distribution of anomalous ocean warming during
May-August 2023 (Fig.1c—f) shows that, although initial modest warm-
ingwest of Europe and North Africa occurred in May, even greater rates
of anomalous warming occurred duringJune, covering much of the
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Fig.1|North Atlantic SST anomalies relative to 1981-2010. a, Observed daily
mean SST anomalies (°C) averaged between the equator and 60° N, withyears
indicated by colour shaded lines, from dark blues (earliest years) to pale blues
(mostrecentyears)and 2023 indicated inbold red. Observed estimates of SST
aretaken from ERAS. Simulated SST anomalies during 2023 are shown for the
modelruns forced by ERAS andJRAS55inblack and grey curves, respectively.

eastern North Atlantic with record warm temperatures, at more than
2 °C above average relative to 1981-2010. During July, some of this
northeast Atlantic warming abated, whereas—at the same time—the
northwesternregion flared up with exceptionally warm SST anomalies,
extending fromthe North American coast around Nova Scotiaand into
the Labrador Sea. Further warming of the oceans adjacent to Greenland
and in Hudson Bay occurred during August.

10°wW

70°W 40° W

b, Decomposition of total North Atlantic SST anomalies into easternand western
components. The thinred dotted and dashed lines indicate daily averaged SST
anomalies for 2023 averaged separately east and west of 40° W, respectively.
c-f,Observed estimates of monthly average SST anomalies during May-August
2023, relative to monthly means calculated over the period 1981-2010.

An examination of the atmospheric circulation and surface wind
speed anomalies (Fig. 2) reveals a coincidence between regions
of anomalously weak winds and the regions of anomalous North
Atlantic surface warming duringJune and July described above. The
anomalously weak winds during June 2023 were largely associated
with aweakening of the climatological high-pressure system over the
North Atlantic (Extended DataFig.1). This weakening of the prevailing
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Fig.2|Monthly average surface wind speed and wind vector anomalies
during May, June, July and August 2023. a-d, Wind speed anomalies (ms™)
areshaded and calculated relative to the 1981-2010 mean. Wind vector anomaly
scaleisshowninpanela, 5ms™. Observed estimates of wind speed and wind

anticycloniccirculationis consistent with previously identified telecon-
nections fromadeveloping EINiflo-Southern Oscillation and warmer
waters in the tropical eastern Pacific, which act to reduce the north-
east trade winds in the Atlantic?®*. Further climate or synoptic-scale
anomalies probably also played arole, given that the exceptional wind
reduction peaked only inJune (Extended Data Fig. 2a). During July
2023, weakened winds then became more pronounced in the north-
west Atlantic (Fig. 2c and Extended Data Fig. 2b), coinciding with that
region’s surge in SST anomalies (compare Fig. le with Fig. 1d), whereas
to the east, the weakened wind field contracted. At the same time, an
anomalous air flow from the north led to aregion of SST cooling west of
the BritishIsles. During August, virtually all of the regions that remained
anomalously warm coincided with weaker than average winds (Fig. 2d).
Relative to the satellite era since 1979, the area-averaged wind speed
over the eastern North Atlantic was the lowest ever recorded for June
during 2023 and, for the western North Atlantic, the joint lowest ever
recorded for July during 2023 (Extended Data Fig. 2), coinciding with
thelargest surges in SST anomalies seenin Fig. 1b.

Reduced winds over the ocean affect air-sea heat fluxes in sev-
eral ways. First, both latent and sensible ocean heat loss typically
decrease, as these exchanges of heat scale with the square of surface
wind speed®. Reduced ocean evaporation can, in turn, contribute to
reduced low-level and mid-level cloudiness, which wasindeed the case
over regions of low wind speed duringJune and July 2023 (Extended
Data Fig. 3). Furthermore, weakened winds over the ocean may lead
to reduced surface albedo as a result of reduced sea-spray aerosols
and reduced white-capping from breaking waves*?*, which allows
moreincomingsolar radiation to enter the ocean. Incombination with
clearer skies, low wind speeds are thus conducive to an increase in
the net surface heat flux entering the ocean. Once the surface layer of
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vectors are taken from ERAS. The +1°C and -1°C SST anomaly contours from
Fig.1lareoverlaidinred andblue, respectively. To avoid ambiguity, the regions
ofanomalous warm SST are indicated by the small red tick marks added to the
inner side of the +1°C anomaly contour.

the ocean has warmed, this tends to reduce atmospheric boundary
layer stability and increase mixing of dry air at low levels, reducing
the low-level relative humidity and leading to fewer low-level clouds.
In summer, this leads to an amplifying feedback with further surface
oceanwarming.

The observed net surface heat flux anomalies during summer 2023
as well as the anomalies in the two dominant components—incoming
shortwave radiation and outgoing latent heat fluxes—are shown in
Extended Data Fig. 4. This breakdown into constituent terms reveals
that the regions of anomalous net ocean heat gain are primarily asso-
ciated with above-average incoming solar radiation (Extended Data
Fig.4, middle column), with an extra contribution frommorelocalized
regions of lower-than-average latent heat loss (Extended Data Fig. 4,
right column). Variations resulting from outgoing longwave and sen-
sible heat fluxes are much smaller, with anomalies generally less than
about10 W mfor most regions (figure not shown). Overall, the regions
of greatest warming duringJunein the eastern North AtlanticandJuly
in the western North Atlantic correspond to regions of anomalous
surface ocean heat gain (Extended Data Fig. 4). By contrast, there is
anomalous ocean heat loss across much of the eastern North Atlantic
during]July (Extended Data Fig. 4g), which has been linked to awarming
ofthe atmosphere adjacent to western Europe that contributed to the
hot temperatures and heatwaves seen across the region duringJuly®.
These enhanced evaporative fluxes might also have contributed to the
anomalous rainfall that occurred over Europe during July®.

Aswellastheair-seaheat exchange processes described above, the
weakened northeasterly trade winds extended over the Sahara Desert,
particularly during June 2023 (Fig. 2b). Weakened northeast trades
have previously been linked toareduction in dust transport westward
into the Atlantic Ocean®. Such a reduction in Saharan dust transport
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by one standard deviation (SD) for each month and location and calculated
relative to the1981-2010 mean. The MLD is calculated using a density threshold
criterion of 0.125 kg m™, relative to surface density, using temperature and
salinity data from the IAPv3 climatology (Methods). The +1°C SST anomaly

has been associated with warm SST anomalies because dust acts to
scatter incoming solar radiation before it reaches the ocean surface®.
Another factor proposed to account for the increase inincoming solar
radiationin 2023 is reduced sulfate aerosol emissions along the main
shipping lanes following the International Maritime Organization 2020
agreement”?, However, recent work has suggested that this signal may
be difficult to detect on a basin scale given the large interannual vari-
abilityin Earth’s energy imbalance and the short observational record
since these changes came into effect?. Although this topic remains
an area of continued research, we will later show that, in terms of the
record-breaking basin-wide warming of the surface North Atlantic,
the relative contribution of solar radiation anomalies was less than
the impact of shoaling mixed layers.

During summer, the surface layer of the ocean becomes well strati-
fied, with warm surface waters overlying colder deep waters. Mixed
layer depth (MLD) during this season s thus largely set by the strength
of surface winds, which act to mix and overturn surface waters within
the wind-driven turbulent mixed layer. It is little surprise then that

contours fromFig.2are overlaidinred andblue, respectively. e, Time series
of North Atlantic area-averaged MLD anomalies (equator to 60° N), with years
indicated by colour shaded lines, from dark blues (earliest years) to pale blues
(mostrecentyears)and 2023 indicated in bold red. The thinred dotted and
dashed linesindicate monthly averaged MLD anomalies for 2023, averaged
separately eastand west of 40° W, respectively.

the regions of record-low wind speeds during summer 2023 largely
coincided with unusually shallow mixed layers (Figs. 2 and 3; other
ocean reanalysis products are compared in Extended Data Fig. 10).
In particular, duringJune 2023, anomalously shallow MLDs extended
fromthe tropical North Atlantic north toregions west of Europe, with
basin averaged MLD anomalies reaching around three standard devia-
tions shallower than average (Fig. 3e; that is, a 3o event, with a likeli-
hood of occurrence of only 0.13% assuming that the MLD anomalies
are normally distributed about the mean). Shallow mixed layers can
then be seen over the northwest Atlantic during July 2023, coincid-
ing with a region of weaker-than-average winds (Fig. 2c). Part of this
region may have also experienced further mixed layer shoaling owing
to meltwater input from the nearby Greenland ice sheet (Extended
Data Fig. 5), with 2023 being the third highest melt season since pas-
sive microwave records began 45 years ago®°. Melt was particularly
high in the southwest of Greenland, with added freshwater entering
the Labrador Sea during summer 2023 (ref. 30). This region of added
meltwater coincided with strong freshening and warming, illustrating
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that the impact of meltwater on the ocean is not primarily through
its temperature but through the dynamical effects of its low salinity
and, therefore, low density (and shallow mixed layers). An analysis of
the ERAS5-forced model-simulated MLD anomalies reveals an overall
consistent pattern of record MLD shoaling across the North Atlantic
during the summer months of 2023 (Extended Data Fig. 6).

A monthly analysis of observed MLD in the IAPv3 dataset over the
past four decades (Fig. 3e) shows a progressive shoaling of mixed layers
during summer, with the 2023 MLD anomalies substantially shallower
than that expected from the long-term trends alone (Extended Data
Fig. 7a). This can also be seen when examining basin-averaged upper
oceantemperature stratification and annual mean temperature profiles
observed since 1980 (Extended Data Figs. 7b and 8). The IAPv3 shoal-
ing trend averaged over June-August is —0.58 m per decade during
1980-2023, with average North Atlantic MLD in the summer of 2023
(20.6 m) more than 7 m shallower than the peak summer MLD value of
27.9 mobservedinthe early1990s (Extended Data Fig. 7a) and around
20% shallower than the climatological summer meanduring1980-2000
(25.1 m). This corresponds to amarked shoaling of the summer mixed
layer, reducing the thermalinertia of the surface ocean. Averaged over
the North Atlantic, ocean mixed layers were around four standard devia-
tions shallower than average duringJuly 2023 (a 4o event, with alikeli-
hood of occurrence of just 0.003% assuming normally distributed MLD
anomalies). During aseason of net ocean heat gain, these shallow mixed
layers readily warm because less incoming energy is needed to heat a
thin surface layer. This triggers an amplifying feedback in which the
original ocean warming and stratification, left undisturbed by weak
surface winds, leads to further warming and higher levels of stratifica-
tion (and even shallower mixed layers). A very rapid warming setin as
aconsequence duringJune and July 2023.

Surface temperature budget

To quantify the relative importance of the various driving factors, we
next examine atemperature budget of the surface mixed layer during
the peak warming months using an ocean model simulation forced by
atmosphericreanalysis fields. Two model simulations were evaluated
(Methods), with both capturing the main features of North Atlantic
anomalous warming during summer 2023 (Fig. 1a). Here we analyse
the ocean model forced by ERA5 atmospheric reanalysis fields; similar
results are obtained from the JRA55-forced simulation (figures not
shown). Observational estimates of the mixed layer temperature (MLT)
budget can also be reconstructed, including all components of the
surface air-sea heat flux terms, but data are unavailable to resolve
the ocean advection and mixing terms, and larger uncertainty exists
owingtothe sparse measurementrecord (Methods). Nonetheless, both
the observationally derived estimate and the two model simulations
show overall agreement in the results obtained from the MLT budget
calculations described below.

Figure 4ashows an analysis of the ERAS-forced model-simulated total
North Atlantic surface warming during May-August 2023, decomposed
intoanomaliesinthe MLT tendencies (°C per month), alongside other
budget terms relative to the 1981-2010 climatological mean. Note that,
because the budget is formulated as a MLT budget, anomalies in each
term (for example, the warming due to air-sea heat fluxes) can result
from anomaliesin the MLD alone orin combination withanomaliesin
the heat source terms themselves. The geographic distribution of the
MLT tendency termis also plotted for June—July 2023 in Fig. 4 (lower
panels), separated into anomalies in warming due to net air-sea heat
fluxes and anomalies inwarming due to the combined effects of ocean
circulation and mixing. The corresponding observationally based MLT
budget derived from ERAS5 air-sea heat fluxes combined with Argo
floatdataand other hydrographic measurementsisincludedinFig. 5a.

The model and observed MLT budgets both reveal that the record
surface ocean warming was because of acombination of anomalously
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shallow mixed layers, clear skies and highincoming shortwave radiation
(Figs. 4 and 5a). However, a breakdown of the relative roles of anoma-
lous surface heat fluxes versus anomalous shallow MLDs (bars shown
inthe Qg term; Figs. 4a and 5a) reveals that the exceptionally shallow
mixed layers played the dominantrole in the basin-wide warming, such
that the marine heatwave would have been almost as severe had air-
sea heat fluxes been no different to the climatological summer mean.
By contrast, solar radiation anomalies had a more localized impact.
A regional analysis reveals that the main areas where above-average
incoming solar radiation played the dominant role (Extended Data
Fig. 9) coincided with reduced low-level to mid-level cloud cover
(Extended Data Figs. 3 and 4). Some of these regions also coincide
with locations of the main shipping lanes in which reduced sulfate
emissions have been linked to clearer skies and higherincoming solar
radiation® 3, Part of the reductionin low-level cloud cover could thus
belinked toindirect effects from reduced shipping emissions®. Overall,
our regional temperature budget analysis demonstrates that, although
the basin-wide surface warming was driven primarily by shoaling mixed
layers, reduced shipping emissions could have played alocalized role
in the 2023 North Atlantic marine heatwave. Uncertainty remains
nonetheless in quantifying the direct and indirect radiative impacts
of reduced shipping emissions®?, with other factors also potentially
contributingto these shortwave radiation anomalies, such asreduced
cloud cover dueto variations in weather and climate modes, proximity
to the solar maximum (reached in 2024), surface albedo effects, and
atmospheric water vapour™,

Theregions that cannot be explained by the air-sea heat flux terms
include the Gulf Stream and its extension, where enhanced northward
advection of warm tropical surface waters dominates (Fig. 4). Else-
where, in the regions indicated by blue shading in the model ocean
circulationand mixing terms (Fig. 4d,g), the anomalous surface heating
exceedstheamount of energy required to account for the surface layer
warming. Inthese regions, thereisenhanced vertical heatlossacross the
base of the summer mixed layer, owing to both shortwave penetration
effects as well asanomalous vertical entrainment and mixing (Fig. 4a).
Thisresultsin substantial heating of the water column below the mixed
layer, as canalsobe seenin the observed temperature-depth anomaly
profiles (Extended DataFig. 8, lower panels). Overall agreement canbe
seeninthe observational MLT budget terms, with shoaling mixed layers
the dominant factor contributing to the record-breaking basin-wide
marine heatwave, alongside a regional contribution from anomalous
incoming shortwave radiation (Fig. 5a and Extended Data Fig. 9).

Mechanisms driving the extreme heating

A schematic outlining the progression of surface mixed layer warm-
ing over the Northern Hemisphere summer in the Atlantic Ocean is
shown in Fig. 5b. During June in the east and then subsequently July
in the west, record weak winds over the surface of the ocean led to
the shallowest ever recorded MLDs in those regions. Coupled with
clearer-than-average skies, lower cloud albedo? and net heat gain
across the air-sea interface, this led to an amplifying feedback that
produced very shallow and very warm mixed layers across much of the
North Atlantic Ocean. Although the progression of surface warming
played out separately over the eastern North Atlantic during June and
then in the northwestern North Atlantic during July, the same overall
mechanism seems to have controlled both bursts of surface warming;
namely, surface heating driven by anomalously weak winds, clear skies
and shallow mixed layers. Reduced sulfate aerosol emissions along the
main Atlantic shipping lanes??***2 has also been proposed as a driver of
therecord-breaking 2023 warming. By recalculating the North Atlantic
temperature budget anomalies assuming (1) climatological air-sea heat
fluxes and (2) climatological MLDs (Figs. 4a and 5a), we have demon-
strated that, atabasin scale, shallow mixed layers resulting from anoma-
lous weak winds were the dominant driver of the record basin-wide
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mixed layer (Qsy ). b-g, June and July anomalous mixed layer warming (b,e)

North Atlantic warming. We also find evidence that reduced shipping
emissions could have played alocalized role, with anomalous clear skies
contributing enhanced warming anomalies along a band of latitudes
coinciding with the region’s mainshippinglanes (Extended DataFig.9).
Given that ERAS does not include interannual variability in shipping
emissions, we further tested these results by recalculating the MLT
budgetwith an additional +1W m~2anomaly inincomingsolar radiation
applied everywhere over the North Atlantic (Methods). This shortwave
radiation anomaly is approximately double the basin-average estimate
for the impact of reduced shipping emissions over the North Atlantic
inref.31, whichis at the high end of available estimates. In all analyses
shown, both model and observations, our results remain robust to this
addition of 1W m™solar radiation, with minimal changes to the results
shown (see, for example, Extended Data Fig. 11).

i Il
40°W

! -
10° W 70°W  40°W 10°W
versus that due toanomalies in net surface heat fluxes (c,f) and total

ocean advection, mixing and entrainment (d,g). Units are °C per month
throughout. The net surface heat flux anomalies are calculated for the mixed
layer, subtracting out shortwave radiation penetration at the base of the mixed
layer (Methods). The model simulation shown here is that forced by the ERAS
atmosphericreanalysis fields. Similar results are obtained from the JRAS5-
forced ocean model simulation. Note that this analysis calculates the MLT
budgetterms centred on each month, while the warming discernible in Fig. 1c-f
is from one month to the next (thatis, between monthly averages, centred at
thestart of each month). Also note that this analysis does notinclude the effects
ofinterannual variability in shipping emissions. See Methods and Extended
DataFig.11for further details.

Ananalysis of the past few decades of ocean and atmosphere meas-
urements reveals no notable trend in surface wind speed over the
North Atlantic Ocean, but there is a marked trend towards shallower
MLDs across all seasons (Fig. 3e and, for summer, Extended Data
Figs. 7a, 8a), as well as a notable trend towards increased incoming
solar radiation in summer (Extended Data Fig. 7c). In the absence of
surface wind trends, the mixed layer shoaling trend must be driven
by acombination of stronger summer heating and surface freshwater
input, both of which act to enhance the stratification of the upper
ocean. This is analysed in Extended Data Fig. 8b,c, which shows the
1981-2023 multidecadal trendsin North Atlantic SST and sea surface
salinity. Alsoshownin Extended Data Fig. 8d-fare trends in summer-
time sea surface density, alongside the estimated density trend owing
tosurfacetemperature and salinity effects alone. This analysis reveals
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using ERAS air-sea heat fluxes combined with MLD and temperature derived
fromthelAPv3 climatology (Methods). The shortwave radiation anomalies are
decomposed into anomalies due to MLD variations alone (MLD’), anomalies
duetosurface heat flux variations alone (Qs,’) and anomalies due to the radiative
flux through the base of the mixed layer (Qsy ). The analysis presented here
doesnotinclude the effects of interannual variability in shipping emissions.

that the shoaling North Atlantic mixed layer trend over the past four
decadesis primarily driven by surface ocean warming, with asmaller
contribution fromsurface fresheningin the tropics and subpolar lati-
tudes. The multidecadal surface ocean warming is primarily because
of long-term anthropogenic warming, with a possible further con-
tribution from a trend in incoming solar radiation (estimated to be
+0.58 W m~per decade from ERAS5 data; Extended DataFig. 7c), which
is consistent with reduced shipping emissions and variations in the
solar cycle, as noted in previous work®. Overall, warming and freshen-
ing hasled to much shallower MLDs in the past decade compared with
the late twentieth century. A trend towards shallower mixed layers
preconditions the Atlantic for an increase in the likelihood of severe
summertime marine heatwaves of the type observed in 2023. Similar
preconditioning of severe marine heatwaves has also been noted for
the North Pacific Ocean®*.
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See Methods and Extended Data Fig. 11 for further details. b, The schematic
shows the progression of North Atlantic surface warming during May, June, July
and August. Dashed white line indicates the MLD. Shallow mixed layers in May
2023 are partofalong-term trend towards shallower springtime stratification
inthe North Atlantic. Rapid warming and shoaling of mixed layersin the
northeast Atlantic duringJune was driven by anomalous weak winds and clear
skies, leading to much shallower than average mixed layers. That tendency
continued duringJuly in the northwest Atlantic. During August, atmospheric
windsreturned to normal or above-average strength in some regions, leading
toanomalous ocean heatloss and atmospheric warminginthose areas, as well
asanomalous mixing and detrainment of surface layer heat across the base of
the mixed layer.

Summary and conclusions

Tosummarize, theanomalous warming of the surface mixed layerinthe
North Atlantic Ocean during summer 2023 was unprecedented inboth
spatial scale and magnitude over the observational record, forming a
near-basin-wide anomaly that has persisted over much of the basin
until today. We identify the dominant drivers of this extreme North
Atlantic marine heatwave to be low wind speeds and anomalously shal-
low mixed layers, alongside a regional contribution from anomalous
clearskies andincreased surface ocean heat flux. Moreover, our study
highlights theimportance of ashoaling mixed layer inthe development
of extreme summertime marine heatwaves, because during seasons of
climatological warming, ashallow mixed layer canlead torapid surface
warming without the need for anomalous radiation or turbulent heat
fluxes into the ocean.



The record shallow mixed layers seen in 2023 seem to have been
bolstered by a long-term mixed layer shoaling trend observed in the
North Atlantic, one that is projected to continue into the future. The
likelihood of similar events occurring is thus expected to increase in
the coming years and beyond. With the prevailing atmospheric circu-
lation moving oceanic air masses towards Europe and other regions,
alongside the proximity of the summertime heating to Greenland and
the source waters for the Atlantic meridional overturning circulation,
this has potential major implications for future climate at regional to
global scales.
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Methods

Observational and reanalysis data

The atmospheric and air-sea flux fields analysed in this study are
taken from the European Centre for Medium-Range Weather Forecasts
(ECMWF) Reanalysis Version 5 (ERAS)*, using daily mean fields derived
fromhourly dataand monthly averaged fields from1981to 2023 overa
1/4° horizontal resolution grid. Variables analysed from ERAS include
surface wind speed (m s™) and surface wind vectors, surface air-sea
heat fluxes (W m2), mean sea-level pressure (hPa) and cloud cover
fraction. SST (°C) is also taken from ERAS. The net air-sea heat flux is
the sum of incoming shortwave radiation less outgoing latent, sensible
and longwave radiative heat fluxes.

The surface net shortwave (solar) radiation corresponds to the
amount of solar radiation that reaches the surface of the Earth (both
direct and diffuse) minus the amount reflected by the Earth’s surface
(whichisgoverned by the albedo).Inthe ERA5 reanalysis, only climato-
logical aerosol effects and aerosol changes due to large volcanic erup-
tions are incorporated into the estimate of the net surface shortwave
(solar) radiation. In particular, the incoming solar radiation is partly
reflected back to space because of both clouds as well as particlesin the
atmosphere (aerosols), but without interannual variability in aerosol
effects aside from volcanic eruptions. The remainder is incident on
the Earth’s surface, for which some of it is reflected owing to surface
albedo effects. ERAS5 assimilates cloud liquid water from a variety of
satellites, as detailed in the ERAS online documentation, formulating
cloud fraction and cloud albedo as surface and single-level parameters
ofthe reanalysis. To test the sensitivity of our results to aerosol effects
fromreduced shipping emissions, we further analysed the observed and
modelled MLT budgets by adding 1 W m™to the solar radiation terms
forallmonthsin2023, and also to just the summer months May-August
whensolar radiation effects are at their maximum. The added heat flux
of +1W m~2is approximately double the basin-average estimate for
the impact of reduced shipping emissions over the North Atlantic of
0.56 Wm2inref.31, whichisat the high end of available estimates. Inall
cases our results remain robust to this addition of 1W m™solar radiation,
with negligible changes to the results shown (Extended Data Fig. 11).

Subsurface ocean temperature and MLDs are obtained from an
observation-based dataset; the Institute of Atmospheric Physics (IAP)
hydrographic data®* version 3 available from 1981 to 2023 with 1°
horizontal resolution (hereafter referred to as ‘IAP data’). The main
latitude band of interest spans the North Atlantic from the equator to
60° N, which mostly avoids regions of low data coverage, such as the
high-latitude regions, particularly ice-covered areas. Sparse cover-
age by Argo floats is, however, a problem in marginal seas, although
the gridded IAP climatology merges both Argo and other historical
hydrographic observations, including XBTs. Nonetheless, reliable
reconstruction ofinterior ocean temperatureand MLDis only available
atmonthly meanresolution. The Gibbs SeaWater (GSW) Oceanographic
Toolbox* from the TEOS-10 software* is applied to convert the IAP
insitu temperature to conservative temperature**, Static stability of the
water columnontimescales of monthsisachieved by applying vertical
stabilization software®. The surface-referenced potential temperature,
6, and potential density, p, are then calculated using functions from
the GSW Oceanographic Toolbox.

Ocean MLDis calculated as the depth at which the monthly averaged
potential density in the water column first exceeds the density at 10-m
depthby 0.125 kg m3, following previous work*¢. The MLD anomalies
and the related MLT budget analyses were repeated using a density
threshold of 0.03 kg m~ and the results presented here are robust to
this choice. MLD anomalies were also re-evaluated using a reference
depth of 5minstead of 10 m and robust patterns were obtained. The
separate contributions of T and S to the surface density trends were
also calculated (Extended Data Fig. 8). This was done by combining
the monthly climatological salinity field (averaged during 1981-2010)

with the time-varying temperature fields to derive the temperature
contribution. When estimating the salinity effects on density trends, the
opposite was done, namely, using the climatological mean temperature
fields alongside the time-varying salinity fields.

The robustness of the estimated 2023 anomalies in MLD derived
from IAPv3 data was evaluated by examining the corresponding MLD
anomaliesinthelAPv4, ORAS5 and ensemble mean of EN4.2.2 datasets
(EN4-ESM). Overall consistent patterns of record shallow MLD anoma-
lies were obtained during 2023 in all four datasets (Extended Data
Fig.10). However, there are variations in the long-term multidecadal
trends in MLD and upper ocean temperature gradients estimated by
the different products (Extended Data Fig.10), consistent with previous
findings for the North Pacific®. The differences in long-term trends
arein parttheresult of datasparsity before the Argo period, although
variations can also be seen in the more recent record. Note also that
the EN reanalysis is less reliable for long-term trend estimates®, as
missing values relax to climatology in the absence of any observations.
Nonetheless, in all ocean reanalyses considered, 2023 sees a sudden
anomalous shoaling of the mixed layer compared with previous years.

Ocean model simulations

Two ocean model simulations forced by different observation-based
atmospheric reanalysis fields, namely, ERA5 and JRA55-do, were inte-
grated to evaluate the driving mechanisms of the North Atlantic peak
warming during 2023. The two model simulations both capture the
temporal evolution of the onset of surface layer warming over the
North Atlantic during 2023, particularly the ERAS5-forced simulation
(Fig.1a). The model configurations are taken from the Australian Com-
munity Climate and Earth System Simulator Ocean Model Version 2
(ACCESS-OM2) with the configurations run atanominal 0.25° horizon-
talresolutionwith 50 vertical levels (surface grid cell thickness of 2.3 m).
ACCESS-OM2 is a global ocean-sea-ice model driven by a prescribed
atmosphere; the version used here has been described previously*s,
with improvements described by follow-up work*. The ocean model
component is the Modular Ocean Model (MOM) version 5.1 (ref. 50),
coupled to the Los Alamos sea ice model version 5.1.2 (ref. 51). Verti-
cal mixing in the boundary layer is parameterized using the K profile
parameterization (KPP*). Further model details can be found in previ-
ously published work*®#°,

The forcing of the two ocean model simulations is as follows. In the
mainrunanalysed here, referred to as the ERA5 simulation, the model
is forced by ERAS atmospheric reanalysis fields®, In the second simu-
lation, referred to as the JRA55 run, the Japanese 55-year Reanalysis
(JRA55-do) dataset for forcing ocean-sea-ice models is used. In the
JRASS5 run, after spinning up over six cycles forced by the 1958-2018
JRAS55-do v1.4 fields (following the OMIP-5 spinup protocol®), the sixth
cycleisextended usingJRA55-do v1.5.0 for 2019 and the delayed-mode
JRA55-dov1.5.0.1to the end 0f 2023 (ref. 54). The ERAS runis initialized
attheend of1957 and then run over 1958-2023 using ERAS5 atmospheric
forcing, with runoff taken from JRA55-do (as for the JRAS5 run). Both
model runs wereinitialized using World Ocean Atlas 2013 v2 tempera-
ture and salinity fields*>*¢.

The model data analysed here include SST and surface heat fluxes
from both the ERAS and JRAS5 simulations and, for the ERAS5 run, all
variablesrequired to reconstruct asurface MLT budget (detailed below)
both during 2023 and also during all years of the model simulation
from 1981 onwards, to construct the baseline 1981-2010 climatologi-
calmean MLT budget from which we evaluate the 2023 anomaly fields.
The North Atlantic SST evolution of the two model runs is, overall,
consistent with observations (Fig. 1a), as is the pattern of MLD shoal-
ing across the North Atlantic during 2023 (Extended Data Fig. 6). The
magnitude of air-sea surface heat flux anomalies during 2023 is also
consistent with observations, as revealed in the breakdown of the
anomalous net surface heat flux contributions to the MLT budget dur-
ing May-August (compare Figs.4a and 5a). The geographic pattern of



netsurface-heat-flux-driven MLT warming also compares well between
both model runs and observations.

Surface layer temperature budget
Abudget for the upper ocean MLT can be written as

aeh _ Qnet_ Qh . . i
—- =————+advection + entrainment + mixing
ot PoCplt

inwhich 6, is the MLT, tis time, Q. is the net surface air-sea heat flux
(Wm™),Q,isthe heat flux corresponding to shortwave radiation pen-
etration across the base of the mixed layer (alsoin W m™), p, is seawater
density (takentobe 1,027 kg m™), ¢, = 3,992 K™ kg™ is the heat capac-
ity of seawater, h is the MLD (m), advection represents net heating
owing to three-dimensional ocean advection, entrainmentrepresents
the heat flux associated with mixed layer shoaling or deepening and
the mixing term includes the net heat flux owing to parameterized
subgrid-scale processes such as vertical mixing and eddy-induced
mixing. The entrainment term can be written as:

O 0y O,
representing entrainment associated with mixed layer shoaling or
deepening, with 6., the temperature of detrained/entrained water
and 6, the MLT.

Theshortwave penetration across the base of the mixed layer (Q,) in
the modelis computed online and output as a heat budget diagnostic
by MOMS, in which shortwave radiation is distributed into the ocean
interior as a function of depth”, modulated by the seasonal clima-
tological chlorophyll distribution®®. The penetration of shortwave
radiation across the base of the mixed layer for the observationally
based estimate is taken as Q, = Qqy. F(2), inwhich Qg is the shortwave
radiation across the air-seainterface from the ERAS5 reanalysis and F(z)
is the exponential decay function®,

_z _z
F(z)=Re i +(1-R)e h2

where z is depth (positive downwards), R=0.58, h;=0.35m and
h,=23m.

Thetwo oceanmodel simulations give, overall, robust results in terms
of the magnitude of the anomalous surface heat flux contributions to
the MLT tendency terms (figure not shown), including the breakdown
intoshortwave, longwave, sensible and latent heat flux terms. The focus
of our more detailed MLT budget analysis is the ERAS run, which was
integrated with all required terms saved to quantify monthly variations
inthe MLT balance, including three-dimensional ocean advectionand
mixing, as described below. The temperature budget of the ERA5 model
canalso be compared with estimates using the observationally based
ERAS reanalysis combined with IAP estimates of surface ocean tem-
perature and mixed layer fields. However, insufficient observational
data are available to constrain the other surface MLT budget terms,
such asocean advection and mixing, as well as vertical entrainment. We
can nonetheless compare the surface air-sea heat flux contributions
across the model and observed reanalysis fields.

All terms in the model MLT budget, including all components of
ocean advection, mixing and entrainment, can be diagnosed by inte-
grating the fully closed cell-by-cell model heat budget*>¢°®! over the
surface mixed layer (defined here using the same definition as the
observed MLD, described above) and dividing by the surface MLD.
Here thisintegrationis performed using monthly averaged heat budget
diagnostics and the monthly averaged MLD. The entrainment term,
the only term not explicitly included in the three-dimensional model
heat budget, is computed by residual as the difference between the
tendency of the MLT (computed by taking the difference of snapshots

of the temperature and the MLD at the beginning and end of each
month) and the total mixed layer heat content tendency (that is, the
sum of all point-by-point heat budget processes, divided by p,c,h).
Suchacalculation produces a closed budget but neglects correlations
between submonthly variationsin the MLD and cell-by-cell model heat
budget terms. However, a comparison performed in 2023 between
these monthly averaged budget terms and similar terms obtained using
daily averages (only available for 2023) showed only small differences
(order less than 5%; figure not shown).

The MLT budget analysis for observations (Fig. 5) is derived by com-
paring the estimated mixed layer heat storage rate to the heating and
cooling driven by surface heat fluxes alone (less shortwave penetration
atthe base of the mixed layer), with the residual implicitly including all
ocean advection, entrainment and mixing terms, as well as any errors
owing toincomplete data coverage in space and time, uncertainty in
estimating MLDs and temperatures and uncertainty in the ERA5 net
air-sea heat fluxes (bothin2023 and inthe baseline period 1981-2010).
As for the model simulations, the observational budget also neglects
submonthly correlations between the surface heat flux and MLD vari-
ations, although analysis of the model budget at daily and monthly
timescales suggests that this termis small. The MLT tendency, 06,/0t,
is calculated from monthly observations as acentred second-order dif-
ference of monthly mean MLT. With only monthly MLD values available
from observations, this results in substantial smoothing of the MLT
warming signal compared with the daily resolved model MLT budget.

The pattern of residual terms seenin the observed calculation reveals
features that include unresolved temperature changes due to ocean
circulation effects both laterally, such as in the Gulf Stream, and also
vertically, because of entrainment and vertical mixing at the base of
the mixed layer. By contrast, the MLT budget of the model explicitly
resolves the contributions from ocean circulation and mixing, and so
all terms can be shown.

The shortwave radiation anomalies in the MLT budget are further
diagnosed by recalculating these anomalies during 2023 but separately
considering the effects on MLT of 2023 anomalies in MLD, surface
incoming shortwave radiation and radiation through the base of the
mixed layer. This calculation simply recomputes the 2023 MLT budget
holding all other variables at their climatological mean, then sepa-
rately including the 2023 anomalies in MLD (MLD’), surface shortwave
heat flux (Qgy’) and anomalies owing to the radiative flux across the
base of the mixed layer (Qsy,,"). The resulting values are shown from
the ERA5-forced model run and observations in Figs. 4a and 5a and
Extended DataFig. 9, respectively. This decomposition indicates the
sign and magnitude of the shortwave radiation component of the MLT
budget anomalies assuming that only one of these three factors (MLD’,
Qsw’ and Qs ) varied with its 2023 values. For example, the MLD’
values indicate the size of the 2023 shortwave radiation term assum-
ing thattheincoming shortwave radiation, and the radiation through
the base of the mixed layer, followed the climatological mean. The
Qs term conversely takes MLD and Qs ,; to follow the climatological
mean, with Qs varying with its 2023 values. Last, Q,;; assumes that
Qs and MLD follow the climatological mean, with only the radiative
flux through the base of the mixed layer evolving with its 2023 val-
ues. This approach is a simple way to evaluate what factors were the
mostimportantin generating the summertime warmingin the North
Atlantic during 2023, although the contributions are not additive to
unity by definition.

Data availability

The ACCESS-OM2 model hindcast simulations analysed in this
study are available at the Consortium for Ocean-Sealce Modellingin
Australia (COSIMA) data collection repository at https://zenodo.org/
records/14942468. The ERAS data analysed in this study are available
from https://cds.climate.copernicus.eu/. The Institute of Atmospheric
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Physics gridded ocean temperature and salinity data analysed in this
study are available at http://www.ocean.iap.ac.cn/.

The ORASS5 global ocean reanalysis data are available from https://
cds.climate.copernicus.eu/. The latest version of the EN4 reanalysis
(EN4.2.2) isavailable from https://www.metoffice.gov.uk/hadobs/en4/
download-en4-2-2.html. The ERAS data used to force the ERAS ocean
model simulations are available from https://cds.climate.copernicus.
eu/. TheJRAS55-do data used to force the JRA5S5 model simulations are
available from https://climate.mri-jma.go.jp/-htsujino/jra55do.html.
Allbase maps shownin this paper were generated using the reanalysis,
observational and model grids, which delineate between ocean and
land data points.

Code availability

The ACCESS-OM2 model components are all open source. The
ACCESS-OM2 code is available at https://github.com/COSIMA/
access-om2/. All analysis code scripts written to generate the figures
and diagnostics described in this study are available at the GitHub
repository https://github.com/ZhiLiUNSW/North_Atlantic_2023_
Marine_Heatwave.
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Extended DataFig.1|Monthly average sea-level pressure climatology and relative to the 1981-2010 mean. Mean and anomalous sea-level pressure fields
anomalies during May, June, July and August 2023. a-d, The mean sea-level arecalculated fromhourly ERAS data.
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Extended DataFig.2|Timeseries of North Atlantic area-averaged and Unitsarems™. Areaaverages are calculated separately eastand west of 40° W.
monthly-averaged wind speed anomalies. Values are calculated betweenthe  a, Eastern North Atlantic. b, Western North Atlantic. Wind speeds shown are
equator and 60° N, withyearsindicated by colour shaded lines, fromdarkblues  calculated from hourly ERAS5 data.

(earliest years) to pale blues (most recent years) and 2023 indicated inbold red.




a. Low-medium cloud cover (May 2023)
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Extended DataFig.3|Monthly average low-mediumlevel cloud cover
anomalies during May, June, July and August 2023.a-d, Cloud cover
anomalies are shaded and calculated as a fraction (values ranging from O to 1)

relative to the 1981-2010 mean. Low-medium cloud cover corresponds to the
total cloud cover from the surface up to a height of approximately 450 hPa.

_b. Low-medium cloud cover (June 2023)

40°W
The+1°Cand-1°CSSTanomaly contours from Fig.2 are overlaidinred and
blue, respectively. To avoid any ambiguity, the regions of anomalous warming

areindicated by the small red tick marks added around the +1°C anomaly contour.
Cloud cover anomalies are calculated from hourly ERAS data.
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Extended DataFig.4|Monthly averaged surface heat flux anomalies
during May, June, July and August 2023. a-1, Shown are the monthly
anomaliesin theincomingair-seanetsurface heat flux Q,. (left column), the
incoming shortwave radiation (middle column) and the latent heat flux (right
column). Heat flux anomalies (W m™) are shaded and calculated relative to the
1981-2010 mean. Positive (red) values indicate anomalous heat fluxinto the
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ocean, negative values areanomalous ocean heating of the atmosphere.
The+1°Cand -1°CSST anomaly contours from Fig.2 are overlaidinred and
blue, respectively. To avoid ambiguity, the regions of anomalous warming are
indicated by the small red tick marks added around the +1 °C anomaly contour.
Allsurface heat flux anomalies are calculated from hourly ERAS data.
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Extended DataFig.5|Monthly average surfacesalinity anomalies during e, Time series of North Atlantic area-averaged salinity anomalies (equator to
May, June, July and August 2023. a-d, Salinity anomalies (shaded) are 60°N), withyearsindicated by colour shaded lines, from dark blues (earliest

calculated relative to the 1981-2010 mean using monthly IAPv3 data (Methods).  years) to pale blues (most recentyears) and 2023 indicated inbold red.
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Extended DataFig. 6| Monthly average model-simulated surface MLD relative tosurface density. e, Time series of North Atlantic area-averaged
anomalies during May, June, July and August 2023. The model dataaretaken = model MLD anomalies (equator to 60° N), with years indicated by colour
from the run forced by ERAS atmospheric variables. a-d, MLD anomalies shadedlines, from dark blues (earliest years) to pale blues (most recent years)
(shaded) normalized by one standard deviation (SD) for each month and and 2023 indicated inbold red. For comparison, the 2023 MLD anomaliesin the

location, and shown as the number of standard deviations from the 1981-2010 JRAS5-forced modelrunarealsoincludedin panele.
mean. The MLD is calculated using a density threshold criterion of 0.125 kg m™,
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Extended DataFig.7| Time series of summertimebasin-averaged MLD, upper
ocean temperature stratification and incoming solar radiation anomalies.
Time series of summertime North Atlantic basin-averaged MLD (m) (a), upper
ocean temperature stratification (°C m™) (b), and incoming solar radiation
anomalies (W m™) (c). The ocean time series (a,b) are derived fromIAPv3 and
thesolarradiation anomalies (c) from ERAS5 (Methods). The upperocean
temperature stratificationis calculated between the surface and 50-m depth.

Allbasin-averaged trend lines shown are significant at the 95% confidence level.
Inpanela, the shoaling trend in MLD averaged over June-August is —0.58 m per
decade during1980-2023.In panelsaandb, trend lines are shown excluding
andincluding the period 2020-2022 (after the International Maritime
Organization 2020 agreement® %), Time series in panelsaand b are shown for
thewhole North Atlantic as well as separated into the westernand eastern
sectors (separated at40° W).
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d-f, Trends inJune-August surface density and the estimated density trend due



70°W 40°W 10°W
Extended DataFig.9|Geographicplotshowinglocationswhere
anomalously shallow mixed layers (blue regions) or anomalously high
incomingshortwaveradiation (red regions) dominate the MLT budget. The
analysisis shown for the peak warming months of June 2023 (a) and July 2023 (b),
based onobservations and reanalysis data. Values are based on the difference
between the MLT budget contributions from (1) the net shortwave radiation
term (Qsy) estimated by holding the MLD value at its climatological mean
(with Qg varying) and (2) the mixed layer shoaling term estimated by holding
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incoming shortwave radiation at its climatological mean (with MLD varying).
Inthis way, red shading denotes areas in which the solar radiation effect
dominates the MLT anomalies and blue shading denotes regions in which MLD
shoalingdominates the MLT anomalies. The budget terms are calculated using
ERAS air-sea heat fluxes combined with MLD and MLT derived from IAPv3
(Methods). The analysis presented here does notinclude the effects of
interannual variability in shipping emissions. See Methods and Extended Data
Fig.11for further details estimating shipping emission effects.
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Extended DataFig. 11| Analysis of potential shipping emissionsimpacts
ontheobserved mixed layer temperature budget during the2023 North
Atlantic marine heatwave. (a) MLT budget as per Fig. 5a of the main paper,
included here for comparison, using ERA5 estimates for the surface heat flux
terms. Note that the ERAS5 reanalysis does notinclude the effects of interannual
variability in shipping emissions. (b) Same as panel (a), but showing the MLT
budget terms recalculated imposing an additional 1W m2anomaly in the
incomingsolar radiation term Qs during 2023, to examine the potential

Jul Aug

impact ofreduced shipping emissions on the observed MLT budget. The
additional 1W m2isapplied over the whole North Atlanticin 2023. For
reference, estimates of theimpact of reduced shipping emissions typically
vary between 0.1— 0.3 Wm™, with highest estimates for the basin-averaged
North Atlantic correspondingto anincreasein Qs,, 0f 0.56 Wm™2during 2023
(ref.31). Inthis way, panel (b) can beinterpreted as an upper bound on the
effects of shipping emission reductionsin the MLT budget calculation. The
methods and bar chart terms shown match the terms shownin Fig. 5a.
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