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Internal variability effect doped by climate
change drove the 2023 marine heat
extreme in the North Atlantic

M| Check for updates

Thibault Guinaldo ® 7

, Christophe Cassou®?2®7, Jean-Baptiste Sallée*>’ & Aurélien Liné*®’

The year 2023 shattered numerous heat records both globally and regionally. We here focus on the drivers
of the unprecedented warm sea surface temperature (SST) anomalies which started in the North Atlantic
Ocean in early summer and persisted later on. Evidence is provided that 2023 should be interpreted as an
extreme event in a warmer world because of superimposed internal variability on top of human forcing,
which altogether, made the 2023 event all-time high due to extreme air-sea surface fluxes in the subtropics
and eastern basin. The effect of internal variability has been considerably boosted by the long-term ocean
stratification increase due to combined anthropogenically-driven ocean warming and multidecadal
variability. The 2023 event would have been impossible to occur without anthropogenically-driven climate
change but at the current warmer background climate state, it is assessed as a decadal-type event when
considering the full North Atlantic ocean and a centennial event in the subtropics and eastern basin.
Considering the regional distribution of anomalies is crucial for risk assessment in a warming climate.

In 2023, global surface air temperature reached an unprecedented high over
the instrumental period, exceeding the previous record set in 2016 by a
notable 0.16 °C margin'. Several phenomena have contributed to the 2023
record on top of dominant anthropogenically forced long-term warming: (i)
the onset of a moderate-to-strong El Nifio event in the Pacific and cano-
nically acts as an efficient booster of global warming’, (ii) record low sea ice
extent in the Southern Ocean’, and (iii) intense heat conditions throughout
the North Atlantic and adjacent continents®, among other smaller-scale
warming patterns.

From 1971 to 2018, about 91% of the anthropogenic heat excess, pri-
marily associated with fossil fuel burning’, has accumulated in the oceans®”.
The related increase in ocean heat content is associated with warming from
surface to abysses. Global sea surface temperature (SST) has increased by
0.97 °C[0.77-1.09 °C] ([-] standing for the very-likely range used to assess a
probability of outcome equal of 90-100% following IPCC AR6 convention®
and adopted throughout the paper) on average between 1850-1900 and
2014-2023’. The anthropogenic long-term trend is modulated by internal
variability on interannual to multidecadal timescales'. Specific phases of
internal variability modes, such as ENSO, can temporally and regionally
amplify anthropogenic warming, resulting in regional extreme events that

far exceed historical records'"". Such periods of anomalously high and
persistent ocean temperatures, known as marine heatwaves (MHW), have
been increasing globally in both frequency and intensity’. These events have
severe and persistent impacts on marine ecosystems", causing irreversible
losses'*"” and significant socio-economic consequences'®. The Atlantic basin
has experienced a more pronounced warming trend since the 1990s com-
pared to other ocean basins, with the greatest observed warming in a large
tropical band between 35°S and 40°N". In this basin, the number of MHW
days has increased from about 12 to 30 days per year in less than a century'*,
affecting worldwide trades and related economic stability"’.

In 2022, the western coast of Europe and much of the North Atlantic
experienced a year of exceptionally persistent high SST's, with new records
set in some parts of the Northeastern basin®. Building on this warm large-
scale baseline, SSTs have continued rising at an unprecedented rate in
2023'. A surge of warming occurred in late spring and SSTs remained at
record levels throughout the entire year when averaged over the North
Atlantic basin (NATL).

Both the raw NATL temperature and the year-to-year temperature
difference were unprecedented since the advent of satellite measurements in
the 1980s (Fig. 1a). Understanding the origin of such an extreme interannual
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Fig. 1| Observed record-breaking North Atlantic Sea Surface Temperature (SST)
anomaly in 2023. a Daily anomalies of SST with respect to the 1991-2020 mean from
the OSTIA dataset averaged over the North Atlantic (NATL, 80°W-0°W, 10°N-
60°N) region shown in black in the inset map, for 2023 (red), 2022 (blue) and the
years of observed record annual SST for the 1990, 2000 and 2010 decades (grey).
Dashed horizontal lines stand for yearly average in 2023 and 2022. The yellow

shading corresponds to the May-June seasonal window studied in this paper. b Map
of standardised SST anomaly for May-June 2023. The yellow contour outlines the
region where the anomaly exceeds the 1991-2020 standard deviation, defining the
horseshoe-shaped area that encompasses the strongest large-scale warming. ¢ Same
as (a) but for the horseshoe domain.
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Fig. 2 | Surface ocean-atmosphere conditions in
May-June 2023. May-June standardised anomalies
from ERA5 in 2023 compared to the 1991-2020
climatological period for (a) mean sea level pressure
(the grey contours stand for the climatology to
materialise the mean position of the Azores High
over 1991-2020), (b) 10-m wind speed (the grey
contours stand for the climatology of the zonal wind
speed greater than 12 m s~ at 300 hPa to materialise
the mean position of the storm track over
1991-2020), (¢) total cloud cover and (d) net total
surface heat flux. The dark blue contour represents
the HS domain.
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event, which has contributed significantly to breaking the global tempera-
ture record, is key to assessing future impacts in a warming climate’. This
paper specifically focuses on the onset of the long-lasting 2023 North
Atlantic extreme event by combining observational data through a process-
based approach and outputs of large ensembles of simulations from the sixth
phase of the Coupled Model Intercomparison Experiment (CMIP6). It
documents how much of the observed warming in 2023 is attributable to
human influence on one hand and internal variability on the other hand and
highlights the interaction between the two.

Results

Extreme North Atlantic ocean-atmosphere surface conditions
in 2023

The year 2023 starts from a warm background state inherited from the 2022
record-level, and sets 292 new daily records from March onwards (Fig. 1a).
A shift occurs during May-June, with the NATL SST anomalies showing a
unique increase (+0.57 °C in 25 days) in the OSTIA archive™. On average
over May-June 2023, the NATL SST anomaly reaches +0.76 °C above the
1991-2020 climatological mean (Supplementary Fig. 1a) and extreme
warmth persists later. The 2023 annual mean anomaly is +0.71 °C,
exceeding 20 °C for the first time in the observational record. It is well above
the previous annual record of 2022, which is broken by ~0.32 °C and
considerably higher than the observed record annual SST for the 1990, 2000,
and 2010 decades (Fig. 1a).

Basin-scale averages often mask regional fingerprints, which are key to
understanding the drivers of change. The temperature surge in May-June
2023 is largely driven by the combined effect of exceptional warming in the
tropical basin and in the eastern side of the North Atlantic Ocean, forming a
distinctive horseshoe pattern (hereafter HS; Fig. 1b). This large-scale pattern
corresponds to the leading mode of internal variability of summertime
North Atlantic SST anomalies™*". The latter explains 25% of the variance of
May-June SST anomalies assessed over 1958-2023 after having removed a

linear trend treated as proxy for anthropogenic warming. Evidence is shown
here that the year 2023 is the highest amplitude of this mode on record
(Supplementary Fig. 2). Accordingly, SST anomalies are maximised when
averaged over the HS region (delimited here by the +1 standard deviation
limit, Fig. 1b), with an annual mean value of +0.89 °C in 2023 relative to the
1991-2020 mean, the highest ever recorded in this region by far (Supple-
mentary Fig. 1b). On a daily basis, the HS SST anomaly peaks on 21 June,
with a remarkable anomaly of +2.02 °C, which beats the previous record by
more than one degree and remains at record high levels despite some
attenuation thereafter (Fig. 1c).

The May-June HS mode of variability in the observed SST anomaly is
associated with atmospheric conditions which primarily act as drivers for
the surface ocean by modifying the surface turbulent and radiative fluxes™”.
Accordingly, the 2023 May-June anomalous mean sea level pressure is
characterised by a pronounced contraction and weakening of the Azores
High with negative anomalies close to two standard deviations in both east
and west sides of the climatological centre of action (Fig. 2a). This induces an
outstanding reduction of the trade winds by more than three standard
deviations on the subtropical flank of the Azores High, from the Canary
Archipelago to South America (Fig. 2b), leading to large-scale warming due
to reduced latent heat loss [Supplementary Fig. 3a,”]. Such a wind anomaly
concurrently damps the mean ocean surface cooling by reducing vertical
mixing at the base of the mixed layer’, and by reducing upwelling linked to
the Canary Current along the West African shore””.

In the mid-latitudes, the weakened Azores High leads to reduced
westerlies between Newfoundland and the UK, a feature that is reinforced by
the presence of anomalous blocking High over Northern Europe associated
with a northward shift of the summertime tail end of the storm track (Fig. 2a,
b). The shift is clearly visible in cloud cover displaying a distinctive mer-
idional dipole in anomaly, with strong reduction of cloudiness around 40°N
from central basin to Europe, whilst increasing northward (Fig. 2c).
Reduced cloud cover leads to excess downward shortwave radiation at the
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Fig. 3 | Ocean subsurface preconditioning of the 2023 sea surface temperature
extreme. a Vertical profile of May-June anomalous temperature averaged in the
horseshoe-shaped region from surface to 600-metre depth compared to the
1991-2020 climatological mean from the IAP dataset (b) time-series of the 0-200 m
stratification anomaly, N” (black, see Methods), and temperature (dashed red) and
haline (dashed green) contribution to the stratification. The right axis shows the
value of the standard deviations of N* (¢) estimated over the 1991-2020

OHC anomaly (108 ) m~2)

climatological period. ¢ Vertical profiles of May-June temperature anomaly aver-
aged over the horseshoe-shaped region in 2023 (red), as well as for 1998, 2005, 2010
and 2022 (same as in Fig. 1). Map of the May-June 0-200 m stratification anomaly
in 2023 for (d) stratification and (e) ocean heat content anomaly integrated over the
top 200 m. The yellow contour represents the HS domain. The horizontal black
dashed line in (a) and (c) shows the 200 m depth level used to compute stratification
and upper ocean heat content.

surface (Supplementary Fig. 3b). Warming results from the combination of
wind-driven latent heat flux reduction and shortwave heat flux positive
anomalies that are generally the greatest at midlatitudes (Supplementary
Fig. 3a). Decreased cloudiness (Fig. 2¢) and associated enhanced downward
shortwave flux (Supplementary Fig. 3b) is also observed along the West
African coast extending throughout the subtropical lobe of the HS region
down to the Caribbean in collocation with anomalously warm SST. Low-
level clouds dominate the subtropical eastern-central basin all year
round””. Their formation is inhibited by warm ocean due to reduced low-
level atmospheric vertical stability and their change acts in turn as a very
efficient positive feedback through albedo effect in further warming up the
surface ocean e.g.”"". Such a feedback has been documented to be also at
play over the North-East Atlantic in 2023, through a lower extent compared
to synoptic forcing™.

Over the western part of the basin, which is characterised by no
warming or slightly cooler conditions (Fig. 1b), increased cloudiness
(Fig. 2¢) is associated with the local anomalous low-pressure core off the US
coast (Fig. 2a). The latter favours tropical convection (not shown) and leads
to a reduction in the downward shortwave flux, which has a cooling effect
(Supplementary Fig. 3b). Along the Gulf Stream, the cooling is very likely
explained by dynamical ocean processes which dominate the SST changes in
this region, in contrast with the eastern and subtropical basins, which are
mostly driven by flux anomalies™.

Altogether, the surface atmospheric conditions lead to an extreme air-
sea heat flux event over the HS region in 2023 (Fig. 2d), consistent with the
hypothesis for a forcing role of the atmosphere on the ocean™. Shortwave,
followed by latent heat perturbations, dominates in most of the regions. In
contrast, sensible and longwave heat flux anomalies remain marginal
(Supplementary Fig. 3¢, d). These conditions enabled the development of
the longest recorded category Il MHW (see™ for the precise definition of the
MHW categories), along the British and Irish coastlines from late May to
June®.

Ocean subsurface preconditioning in 2023

The atmospheric conditions, triggering the intense marine heat extreme
in May-June 2023, occur in the context of a long-term warming trend of
the subsurface ocean in the HS region since the 1970s, superimposed on
pluriannual to multidecadal variability (Fig. 3a). The three-dimensional
ocean warming trend is amplified in the surface layer compared to the
subsurface (Fig. 3a), which causes an increase of the upper ocean stra-
tification (0-200 m; the effect of salinity change on stratification is
comparatively negligible; Fig. 3b). In turn, the increased stratification
tends to reinforce the amplification of the warming in the surface layer.
The year 2023 establishes a record in the upper-ocean stratification
anomaly of 1.4 x 107°s 7%, assessed here by the square of the buoyancy
frequency aka N’ (see Methods) more than three standard deviations
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estimated over the 1991-2020 climatological period (Fig. 3b). We have
tested the robustness of this value using other observational products
which all confirm the extreme nature of the subsurface oceanic condi-
tions in 2023 (Supplementary Fig. 4).

The upper ocean stratification trend, associated with long-term
warming of the basin that is attributable to human influence (including both
greenhouse gases and aerosols forcing) reinforced by the current positive
phase of the Atlantic Multidecadal Variability (AMV)*, precondition the
region for more intense marine heat extremes by making the upper ocean
more difficult to mix vertically, to dissipate or export the heat gained from
the atmosphere down to the subsurface. The development of marine heat
extremes itself, further enhances vertical temperature gradient and leads to
more intense upper ocean stratification acting as a positive feedback”. This
effect is illustrated by both the averaged temperature profile in the HS region
in May-June 2023 (Fig. 3¢), and the spatial structure of the stratification
anomaly, which perfectly matches the HS pattern (Fig. 3d). The upper ocean
(0-200 m) ocean heat content of the North Atlantic basin shows a basin-
wide consistent and nearly homogeneous positive anomaly in May-June
2023 (Fig. 3e), reaching 3.1 x 10° J m™2 (2.7 times the standard deviation of
the 1991-2020 period).

The change in SST over a given time period is primarily controlled by
the time-integrated net air-sea heat flux (Flux) divided by the ocean Mixed
Layer Depth (MLD; see Methods). This is particularly true in regions where
upper ocean temperature advection and mixing are weak compared to
surface fluxes, such as over the HS region”. Such a relationship is verified
here with a correlation value equal to 0.75 (r = 0.7 when excluding 2023,
p_value <0.01) between the SST change from January to June of a given year
and the corresponding Flux/MLD ratio (Fig. 4). As expected from the
analyses described above, 2023 is an extreme year for both quantities, but it is
worth noting that 2023 perfectly follows the climatological statistical rela-
tionship assessed here by linear regression and is not abnormal in this
respect.

The impact of MLD variability on the extreme 2023 January-to-June
SST warming is assessed by recalculating the ratio Flux/MLD using the
1991-2020 climatological MLD seasonal cycle instead of the instantaneous
raw MLD. We find that the induced upper ocean warming in 2023 is
multiplied by a factor of two when accounting for MLD variability providing
strong evidence for a positive feedback due to ocean processes that amplify
the response to the observed interannual extreme air-sea heat flux anomaly
event (Fig. 2d). To go further, we disentangle the effect of the long-term
change in stratification from the concomitant response of the MLD to
fluxes. To do so, we repeat the same calculation, but this time with monthly
detrended MLD over 1991-2023, thereby preserving interannual variability
(Fig. 4). We find that the long-term change in MLD driven by increased
stratification has boosted the 2023 extreme temperature by about
20% (Fig. 4).

2023 as an internal variability event in a warming climate

The 2023 North Atlantic observed extreme event is now assessed in the
context of human-caused global warming using a set of large-ensembles
combining historical and scenarios simulations from 6 climate models taken
from the CMIP6 database (see Methods). The probability of a 2023-type SST
event to occur when the entire North Atlantic basin is considered for
averaging (i.e. NATL) is estimated as a function of global warming levels
(GWL) with respect to the 1850-1900 reference period, a framework used in
the IPCC’s 6th assessment report™. The modelled distribution of May-June
SST anomalies for a 1.3 °C GWL, which corresponds to the current observed
global warming in 2023° is contrasted to the one obtained for 0 °C GWL, for
both the NATL and HS regions (Fig. 5a, b). The 0 °C GWL distribution
can be considered as a counterfactual world without human influence.
The 1.3 °C can be considered as representative of the 2013-2032 mean
climate following IPCC AR6 convention for assessing climate impacts. We a
priori verified that the models accurately reproduce the spatial pattern of the
observed leading mode of early summer SST variability in the North
Atlantic and that the spatial domain used to define the HS region of interest
is also fit-for-purpose for analyses from simulations (see comparison
between Supplementary Fig. 5 and Supplementary Fig. 2).

The early summer NATL warms less than the global mean with a
model-estimated forced-response equal to 0.85 °C for GWL = 1.3 °C
(Fig. 5a). In comparison, the observed May-June 2023 NATL anomaly,
relative to 1850-1900, is equal to 1.18 °C in OSTIA and 1.24 °C in ERSSTv5
(see Methods). The 2023 observed SST anomalies lie within the CMIP6
model distribution for the current 1.3 °C GWL and the related estimated
return period of such an event is 7 [6-8 for the very-likely range] years and
10 [9-11] years for OSTIA and ERSSTV5, respectively. The NATL large-
scale event in 2023 can therefore be interpreted as a rare but not exceptional
event at the current state of global warming. It is however unequivocal, based
on the attribution study carried out here, that it could not have occurred
without human influence, as evidenced by the fact that the observed 2023
value is well outside the range of simulated interannual outcomes estimated
for GWL= 0.0 °C (Fig. 5a, b).

When restricted to the HS domain, the probability of getting the
May-June 2023 decreases significantly and the return period is now equal to
73 [65-82] and 112 [97-131] years for OSTIA and ERSSTV5, respectively. In
consequence, the May-June 2023 marine heat extreme event over the HS
domain can be interpreted as exceptional (about centennial timescale) as
opposed to rare (about decadal) when considering the whole NATL
domain. In other words, the spatial pattern of the May-June 2023 event and/
or its associated intensity can be treated as an exceptional feature of the
North Atlantic for current global warming, according to model estimates.

To further document and understand this result, we now compare the
spatial pattern of the forced SST response estimated by the multi-model
multi-ensemble mean, with the actual May-June 2023 SST anomalies from
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Fig. 5 | The 2023 event assessed in a warming climate. Distribution of modelled
interannual May-June SST anomalies with respect to 1850-1900 climatological
mean for GWL = 0 °C (blue) and GWL = 1.3 °C (orange) for (a) NATL and (b) HS
regions. Vertical thin bars correspond to multi-model multi-ensemble means for
each GWL. The thick vertical bars (red) correspond to the 2023 anomalies from
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relative to 1991-2020 and for (d) CMIP6 anthropogenically forced response at
GWL = 1.3 °C relative to 1850-1900. The blue contour stands for the HS mask.

ERSSTV5 (this dataset is preferred here to OSTIA because its spatial reso-
lution is in the same order of magnitude as model outputs). To better extract
the spatial heterogeneity of the patterns, we subtract the mean anomaly
computed over the NATL domain, and define the so-called relative SST
anomalies. Evidence is provided here that the 2023 observed relative SST
pattern, which is characterised by the above-documented HS pattern
(Fig. 5¢), is spatially orthogonal to the relative SST pattern of the anthro-
pogenically forced response given by the climate models (Fig. 5d). The
spatial correlation is accordingly negative and equal to —0.48 (p_value <
0.01). This finding advocates for great caution in interpreting the 2023 event
as a simple foretaste of the expected future climate. Evidence is provided
here that it rather corresponds to an extreme phase of internal variability
superimposed on a warming background of orthogonal spatiality that is
here consequently modulated at interannual timescale.

Conclusions and discussions

Human-induced climate change has significantly increased the frequency,
duration, and intensity of MHW s and basin-scale ocean extremes in recent
decades. In such a context, the North Atlantic experienced an unprece-
dented event in 2023, considering the spatial extent, intensity and persis-
tence of the ocean anomalies. It is the most extreme large-scale SST anomaly
event ever recorded since the advent of satellite observations (Fig. 1). In this
paper, we have focussed on the onset of the event and have paid particular

attention to the spatial distribution of the early summer SST anomalies,
which is characterised by a horseshoe-shaped structure, a striking and
important feature to consider for a correct interpretation of 2023 in a
warming context.

We here show that the North Atlantic singular SST surge in May-June
2023 was triggered by unprecedented air-sea heat flux anomalies due to
specific atmospheric conditions acting as a forcing on the ocean (Fig. 2), and
was enhanced by ocean preconditioning resulting mostly from human-
caused global warming modulated by the ongoing positive phase of the
Atlantic multidecadal variability (Fig. 3). All of these effects tended to fur-
ther reinforce an HS-type large-scale pattern that had been imprinted a few
months earlier (Fig. 1¢) by a very pronounced negative phase of the North
Atlantic Oscillation (NAO) in late winter/early spring (February-April)(e.g.
see data from https://climatedataguide.ucar.edu/sites/default/files/2024-01/
nao_pc_mam.txt).

The HS pattern corresponds to the leading mode of May-June inter-
annual SST variability in the North Atlantic, which is known to be mainly
driven by internal variability processes and in particular by anomalous
atmospheric circulation and associated change in air-sea surface fluxes™”.
The observed changes in 2023 follow the canonical relationship between
temperature change and the ratio of net air-sea heat flux to MLD (Fig. 4).
Subsurface ocean preconditioning due to long term and human-caused
increase in upper ocean stratification has additionally exacerbated the SST
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anomalies by 20%, and then contributed to breaking records by a large
margin. This questions the hypotheses of additivity between mean climate
and internal modes of atmospheric variability, which are traditionally made
in attribution studies. We here show through the 2023 case study that the
actual warmer ocean background acts as strong positive feedback for the
climate effects of internally driven atmospheric fluctuations.

The May-June 2023 North Atlantic atmospheric circulation should be
interpreted as a temporal succession of a subset of summertime weather
regimes (not shown), which are all characterised by low pressure anomalies
in the subtropics®. In particular, it does not project on the canonical
summer NAO pattern and not strongly on the other leading modes of
variability (Supplementary Fig. 5). It is the sequence of weather regimes over
May-June, which lead in fine to a long-lasting (a.k.a. seasonal-mean)
weakening of the climatological Azores High and then acted as an efficient
booster of the HS pattern partially in place in the beginning of spring. The
tropical branch of the 2023 HS is likely to have been enhanced by reduced
solar dimming due to less offshore export of Saharan dust in low-mid
atmosphere* due to record-low trade winds*. Aerosols control part of the
solar radiation scattering” and also act as cloud condensation nuclei,
especially for low clouds over the Northeast Atlantic”.

Without climate change, the observed extreme SST event in May-June
2023 in the North Atlantic would have been impossible in intensity,
according to CMIP6 outcomes. At current levels of global warming, the
May-June record of 2023 is assessed to be a decadal SST event when aver-
aged over the entire North Atlantic. We therefore argue that a 2023-type
event, however extreme it may have appeared and been covered by media or
in operational reports e.g.*’, was expected in a rapidly warming climate. This
conclusion is somehow inconsistent with Kuhlbrodt et al. (2024)’s’ findings.
The discrepancies may probably rely on the number of simulations used for
assessment in the attribution study carried out here (28 versus 675 here
based on large ensembles, see Methods).

That said, the spatial pattern of the extreme SST anomalies in 2023 is
spatially anticorrelated with the one expected from the sole anthropogenic
forcing, as estimated from 6 large CMIP6 ensembles (Supplementary Fig. 7).
The 2023 observed event could therefore be understood as an extreme event
of internal variability superimposed on anthropogenically forced warming
trend. This physically based storyline is crucial to consider for climate ser-
vices and in particular impact assessments on marine ecosystems, as the
regions of maximum SST anomalies observed in 2023 may not be the ones at
greatest risk in the future when considering the spatial properties of the
expected forced response. When considering the HS domain where SST
extremes have been observed in 2023, we find that the return period of a
2023-type event is about centennial.

The interpretation presented above motivates our recommendation
to:

* go beyond simple indices such as SST averaged over the entire North
Atlantic basin, which may mislead physical understanding and impair
proper risk assessment in a warming climate;

* use large ensembles of simulations from several models to properly
account for internal variability, which can either enhance or attenuate
the anthropogenic response. Large ensembles would also allow to
better account for the complex interactions between local ocean and
atmospheric processes that are strongly modulated by internal varia-
bility. Indeed, the weight of internal variability in explaining observed
anomalies has been significant at regional scales in many ocean basins
over the historical period and will remain so in the near future (over the
next two decades or so,");

¢ evaluate and account for the non-stationarity of the teleconnections
and impacts associated with atmospheric internal modes of variability
as climate is warming. Evidence for positive feedback due to long-term
enhanced stratification is found here to be key for risk assessment in the
ocean (e.g. MHW ecological consequences, etc.).

Uncertainties remain in the assessment of the observed 2023 SST event
due to structural errors in models. First, simulations of past, present and

future extratropical climate from CMIP6-class coupled model simulations
significantly underestimate the range of outcomes originating from large-
scale atmospheric circulation variability driven by internal variability, par-
ticularly over the North Atlantic”. As a result, the likelihood of extreme
seasons is underrated and the timescale assessed here to be centennial for the
2023 HS event, could be overestimated and therefore conservative. Second,
missing processes in models may also attenuate the imprint of internally
driven atmospheric variability and associated wind and surface fluxes, on
the ocean. For instance, Sahara dust aerosol concentrations are typically
non-interactive in many CMIP6-class models and the variability in related
dimming effect is consequently not considered, whereas in 2023 this has a
potential feedback role in explaining the observed extreme SST values in the
subtropical North Atlantic. Third, other sources of error may affect the
magnitude and spatial shape of the anthropogenically forced SST response
over the North Atlantic. The representation of aerosol effect is one of the
sources e.g.***’. The evolution of the aerosols emission in scenarios is
another one and there is ongoing debate about the role of the International
Maritime Organization (IMO) regulation which drastically cuts shipping-
related sulfur dioxide emissions in 2020°**'. Our finding would advocate for
a much greater importance of internal variability in setting the 2023 event,
an interpretation reinforced by Jordan and Henry** showing the map of the
estimated IMO2020 forced SST (their Fig. 4a) that is orthogonal to the
observed HS-shaped anomaly evidenced here. Additionally, the multi-
model anthropogenically forced pattern in SST (Supplementary Fig. 7g) is
rather consistent with the observed trend over the last 30 years estimated
from ERSSTv5 and OSTIA (Supplementary Fig. 7 h, i). The spatial corre-
lation between the forced component of the warming and the trend maps is
positive, equal to +0.38 and +0.47, respectively (p_value < 0.01) shading
more confidence in the modelled forced response than in the model
representation the amplitude of internal variability. Indeed, biases are not
specifically in the representation of the spatial pattern of the modes which is
quite accurate, as shown from analyses based on pre-industrial control
simulations designed to isolate the internal component of the variability
(Supplementary Fig. 5), but rather on the strength of the modes, which tends
to be systematically underestimated. This is crucial to work on and fix this
long-lasting model errors in the North Atlantic (e.g.”) to be able to better
understand extreme outcomes in the future and to better assess their
impacts.

This study marks a crucial step towards a comprehensive under-
standing of North Atlantic ocean warming. Notably, the ongoing context of
climate warming is likely to produce new record-setting events in the
coming years, in a context where ocean heat content and upper ocean
stratification continue increasing, with even some signs of acceleration of
ocean heat content’>*™, Exploring the implications of a warmer North
Atlantic ocean and its related spatial inhomogeneity, all together in the
presence of internal variability, is vital, given its role as a key region for
cyclone development™*, as a planetary-scale climate regulator”, and as a
unique marine ecosystem®.

Methods

Atmospheric variables and sea surface temperature

We use monthly ERAS5 reanalysis regridded to a regular latitude-longitude
grid of 0.25 ° for all atmospheric surface variables®. Anomalies in surface
fields are relative to the 1991-2020 climatological meaning in accordance
with the standards set by the WMO. Version 3 of European Space Agency
Climate Change Initiative (ESA-CCI) level 4 Climate Data Record (CDR)*
as SST daily climatology. Daily anomalies are first computed by removing a
daily climatology estimated over the 1991-2020 period with a 5-day moving
average applied. The SST CDR measurements are derived from cloud-free
reprocessed thermal infrared radiance data captured by the Metop
Advanced Very High-Resolution Radiometer (AVHRR), Along-Track
Scanning Radiometer (ATSR), Sea and Land Surface Temperature Radio-
meters (SLSTRs), and Advanced Microwave Scanning Radiometers
(AMSRs) sensors. This dataset offers a daily and globally consistent record,
spanning from 1980 to 2021, and corrected for the diurnal cycle. The data is
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provided in a regular latitude-longitude grid format with a spatial resolution
of 0.05°. This daily dataset was then averaged to generate a monthly SST
climatology. We then calculated daily (resp. monthly) anomalies by com-
paring the daily (resp. monthly) ESA-CCI climatology to the daily (resp.
monthly) Operational Sea surface Temperature and sea Ice Analysis®*™***
L4 analysis data. The OSTIA archive is limited in time and does not go as far
back as 1850. For the unique purpose of comparison with the climate
historical simulations given in section 2023 As an Internal Variability Event
in a Warming Climate, the 1850-1900 anomalies are calculated using the
delta method, with ERSSTvV5 as the reference. Thus, the difference in
anomaly between 1991-2020 and 1850-1900 is calculated from ERSSTv5%,
which is then added to the OSTIA anomaly referenced to 1991-2020, to
produce an anomaly referenced to 1850-1900.

Ocean subsurface data and processing

We use the Institute of Atmospheric Physics (IAP) observation-based
temperature/salinity fields that were gridded from an historical database of
in-situ temperature and salinity profiles and described in Cheng et al.***".
This product relies on observations and interpolation to obtain a 4-D grid of
temperature and salinity on a longitude, latitude, depth, and time grid. The
data hasa 1° x 1° horizontal resolution on 41 vertical levels from 1-2000m,
and a monthly resolution from January 1940 to September 2023. To assess
observational uncertainties, we compare IAP to the gridded product pro-
vided by the Met Office Hadley Centre (EN4) described in Good et al.”’. The
representation of the climatological mean May-June upper ocean stratifi-
cation (0-200 m) is also compared to the climatological mean stratification
published in Sallée et al.*. The three different estimates show very similar
climatological mean as shown in Supplementary Fig. 4. The time-change
subsurface ocean anomalies are also very similar across IAP and EN4 as
shown in Supplementary Fig. 8. In particular, the stratification anomaly in
2023 is as large in both products. Regarding the long-term trend in strati-
fication, IAP is more in line than EN4 with the latest published estimate”®:
EN4 underestimate it by a factor two, while IAP agrees with the latter
within 20%.

Based on this dataset, we define a number of upper ocean metrics that
characterise its heat content and stability: (i) The upper 200 m ocean heat
content (J.m~?) is defined as the integral of the ocean temperature T mul-
tiplied by the density of the seawater p and the mass heat capacity of the
seawater Cy;:

200m
OHC = / pC, T dz, (1)
0

(ii) The upper 200 m stratification is defined as the squared buoyancy
frequency computed from the density gradient over the top 200 m layer:

N2 = gday
p oz

@

’
0=z2>200

where 0y is potential density referenced to the surface, and g is the grav-
itational acceleration. The squared buoyancy frequency, N, is expressed in
s~ in this manuscript following the Standard International unit convention.
The stratification can be expressed, to a first approximation, as a linear
combination of distinct temperature and salinity contributions*”:

N oT
— and N2 = ga— )
92 |95 2200

(€)

where f3 is the haline contraction coefficient and « is the thermal expansion
coefficient.

(iii) The mixed layer is defined as the oceanic surface layer in which
density is nearly homogeneous with depth. A number of methods have been
developed over the years to compute mixed layer depth from a given density,
salinity or temperature profile®®. Methods based on density profiles rather

N? = N7 + N3 ,withN; = —8hs
210222200

than temperature profiles are usually more successful in detecting the mixed
layer base””" and have become a standard for defining the mixed-layer
depth. In this study, we define the mixed layer depth as the depth at which
the potential density referenced to the surface, oy, exceeds by a threshold of
0.03 kg.m " the density of the water at 10 m: g4(z = H) = g(z = 10m)+0.03
kg.m ™, with H as the mixed layer depth.

Similar to what is done for the atmospheric and SST data, we compute a
30-year (1991-2020) climatological mean for each of these variables, which
we remove to compute the May-June anomaly displayed in the different

figures.

Heat budget in the ocean mixed layer
For the vertically averaged surface layer, the heat budget can be written:

_ Flux
= oC,’
4
eg. , where MLD is the layer thickness, T the mean temperature of the
layer, v the mean horizontal velocity vector, primes denote variability about
the mean state, 6T the temperature jump at the base of the layer, w, the
entrainment velocity, T and ¥ represent deviations from the vertical average,
and Flux is the net heat flux at the ocean surface. In this equation, the heat
flux across the base of the layer due to shortwave radiative penetration is
assumed small, and the diffusive flux of heat at the base of the layer is
neglected.

Based on this equation, at first order, assuming a one-dimensional
water column, and neglecting all terms associated with ocean dynamics, the
time evolution of the vertically integrated upper ocean temperature in the
mixed layer from January to June, A T, can be expressed:

h=lun Blys(t)
AT « /to:]an MLD(?) dt. (5)

oT — ° 5
MLD<—+V.VT+1/.VT’) +8TWB+V./ VTdz
ot —MLD
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Simulations and statistics to compute return-periods

We use historical [1850-2014] runs prolonged by projections up to 2040
based on four representative SSPSF!265P243SPITOSPIESTE from 6 models
forming a total of 675 simulations used here for statistics (return period,
partition between forced and internal component, etc.). This pool of models
include 6 SMILEs which consists in the production of several simulations, or
members, which only differ by their initial conditions, the fully coupled
model remaining the same (see Supplementary Table 1). SMILEs, or large
ensembles, allow better, i.e less biased, estimates of the forced response
defined by the multi-member mean (see Supplementary Fig. 4a—f for each
SMILEs and Supplementary Fig. 4g for multi-model ensemble mean) as well
as the range of possible climate outcomes set by internal variability”. The
number and choice of models, here 6, is dictated by the availability of
ensembles large enough in the CMIP6 database at the time of developing our
study. We have used models with at least 20 members for a given SSP.

To get the distributions of simulated NATL SST anomalies for a
considered global warming level (GWL), we first compute the 20-yr running
mean timeseries of Global Surface Air (GSAT) Temperature for all 675
members treated individually. We then detect the GWL in each time series
with respect to the 1850-1900 reference period and select the a priori
computed simulated NATL SST anomalies of the individual 20 years
straddling the considered GWL [+0.1 °C] forming in fine the multi-model
multi-member range of outcomes for interannual NATL SST anomalies
that we represent by distributions (Fig. 5a, b). The forced response is esti-
mated by multi-model multi-member weighted mean (vertical bars in
Fig. 5a, b). The return period of the 2023 NATL SST event corresponds to
the percentile obtained from the multi-model multi-member distribution
for the magnitude of the observed SST anomalies estimated from two
observational datasets (ERSSTv5 and OSTIA) to assess part of the obser-
vational uncertainty (vertical red bars in Fig. 5a, b). Confidence interval in
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the return period value is assessed by bootstrapping (1000 random drawings
with replacement among the 675 members in total). To compute the
probability density function (Fig. 5), each member is weighted according to
the size of the ensemble of the models, which differs (see Supplementary
Table 1).

Data availability

OSTIA SST data are publicly available for download from the UK Met
Office dedicated website:  https://ghrsst-pp.metoffice.gov.uk/ostia-
website/index.html. ERSSTv5 SST data are publicly available for down-
load from the NOAA dedicated website: https://psl.noaa.gov/data/
gridded/data.noaa.ersst.v5.html. ESA-CCI SST CDR v.3 are publicly
available from the CEDA archive: https://catalogue.ceda.ac.uk/uuid/
4a9654136a7148e39b7feb56{8bb02d2/. The gridded in-situ temperature
and salinity products are publicly available from the IAP website: http://
www.ocean.iap.ac.cn/pages/dataService/dataService.html.
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