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Abstract

The year 2023 experienced record-breaking marine heatwaves (MHWs) across the North Atlantic
and Mediterranean Sea, contributing to the highest global surface air and sea surface temperatures
(SSTs) on record. These events were exceptional in intensity, persistence, and spatial extent,
reflecting the combined influence of anthropogenic warming, short-term climate modes and
complex atmosphere-ocean interactions. This study investigates the large-scale atmospheric drivers
behind these extremes using NOAA OISST v2.1 and ERAS reanalysis datasets. We characterize
MHWs from May to August 2023, analyze surface and mid-tropospheric anomalies in pressure, air
temperature, wind and air—sea heat flux and apply regularized generalized canonical correlation
analysis (RGCCA) to study multivariate links between atmospheric variability and MHW
characteristics. Our findings show that the Subtropical Atlantic experienced the longest MHW, the
Northwest Atlantic the most intense, and the Western Mediterranean the most frequent events.
The summer North Atlantic Oscillation (NAO) and Scandinavian Pattern (SCAN) emerged as key
modulators of MHWSs. Compound configurations of NAO~/SCAN™ in July-August and
NAOT/SCAN™ in May-June generated persistent atmospheric ridges and weakened the Azores
High, which in turn suppressed winds, altered heat fluxes and mixed layer depths, and promoted
stratification—leading to sustained surface warming. The leading RGCCA mode explains more
than 40% of the SSTA variability and shows statistically robust correlations (r = 0.81-0.94)
between atmospheric drivers and MHW evolution. This multivariate approach demonstrates how
teleconnection patterns co-modulate regional MHW dynamics, underscoring the importance of
compound atmospheric influences. Our results highlight the utility of RGCCA in diagnosing
complex climate extremes and support the integration of large-scale atmospheric indicators into
early warning systems and adaptation planning in the face of increased marine heat stress.

1. Introduction

Marine heatwaves (MHWs) are extreme, prolonged
periods of high sea surface temperature anomalies
(SSTAs) that have gained increasing attention due to
their significant ecological, socioeconomic and cli-
matic impacts. These events, defined by the occur-
rence of SSTA that persist over a prolonged period
(Hobday et al 2016), can severely impact marine

© 2025 The Author(s). Published by IOP Publishing Ltd

ecosystems, leading to habitat shifts (Mills er al 2013),
alterations in population structure (Hughes et al
2018, Cheung and Frolicher 2020) and widespread
mortality among a range of marine species (Garrabou
et al 2009, 2022, Smale et al 2019, Wernberg et al
2021, Smith et al 2023). The IPCC Sixth Assessment
Report (2022) concluded with high confidence that
MHWs have doubled in frequency since the 1980s
and are now more intense, longer-lasting, and more
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widespread—trends very likely attributable to human
influence (Capotondi et al 2024, Marcos et al 2025).
While the long-term trend of global ocean warming
is widely recognized as a primary driver of MHWs,
it fails to account for the short-term or interannual
variability that shapes MHW occurrence and sever-
ity (Frolicher et al 2018, Schlegel et al 2021, Simon
etal 2023a).

Recent studies have emphasized that MHWs are
also influenced by a complex interplay of local and
remote atmospheric processes that operate across
various spatial and temporal scales (Holbrook et al
2019, Sen Gupta et al 2020, Schlegel et al 2021). Key
drivers of MHW variability include large-scale atmo-
spheric and oceanic patterns that modulate air-sea
heat fluxes (ASHFs), wind patterns and mixed layer
depth (MLD, Schlegel et al 2021, Vogt et al 2022).
These processes play a crucial role in shaping the spa-
tial and temporal patterns of SSTA and contribute
to the variability observed in MHWs across differ-
ent oceanic regions, including the Mediterranean Sea
(MedSea; e.g. Bensoussan et al 2019, Ibrahim et al
2021, Androulidakis and Krestenitis 2022, Hamdeno
and Alvera-Azcarate 2023, Pastor and Khodayar
2023, Simon et al 2023a), the Northwest Atlantic
(NWAtlantic; Chen et al 2014, Filbee-Dexter et al
2020, Perez et al 2021, Schlegel et al 2021, Sims
et al 2022), and the Northeast Atlantic (NEAtlantic;
McCarthy et al 2023, Simon et al 2023b, Berthou et al
2024, Dong et al 2025, England et al 2025).

In the North Atlantic (NAtlantic)-Mediterranean
region, atmospheric circulation strongly influences
marine extremes, with interannual variability dom-
inated by the North Atlantic Oscillation (NAO)—
a large-scale pressure pattern between the Azores
and Iceland (Hurrell et al 2003). Although the
NAO represents the dominant mode of variability
in this region, atmospheric circulation is also mod-
ulated by other teleconnection patterns, notably the
Scandinavian Pattern (SCAN, Bueh and Nakamura
2007) and East Atlantic Pattern (EAP, Barnston and
Livezey 1987). These patterns involve pressure anom-
alies over different parts of the NAtlantic and Europe,
modifying local SSTs by altering wind patterns and
ASHF and contributing to the occurrence of atmo-
spheric and MHWs (Josey et al 2011, Chafik et al
2017, Hamdeno and Alvera-Azcardte 2023, Simon
etal 2023a).

The need to better understand MHWs and their
atmospheric drivers became particularly evident in
2023, a year that broke global surface temperat-
ure records and experienced an unprecedented fre-
quency of extreme temperature days and MHW
events (Capotondi et al 2024, England et al 2025,
supplementary figure 1(a)). These events were linked
to the combined effects of the Atlantic Multidecadal
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Oscillation, El Nino and rising greenhouse gas con-
centrations (Blunden and Boyer 2024, Li et al 2024).
Terhaar et al (2025) report that this jump in global
SSTs—exceeding the previous record by at least
0.25 °C—is an event expected only once every
512 years under the current long-term warming
trend. Notably, 2023 saw intense MHWs that affected
large portions of the NAtlantic and Mediterranean,
with the Subtropical Atlantic (SubTAtlantic) and
NWAtlantic experiencing exceptionally high temper-
atures starting as early as March 2023 (Kuhlbrodt
et al 2024, Dong et al 2025). This warming led
to the most extensive coral bleaching event ever
recorded in the Northern Hemisphere (Goreau and
Hayes 2024), highlighting the critical need to bet-
ter understand the atmospheric drivers behind these
unprecedented extreme events. Despite the increas-
ing occurrence and impact of MHWSs, comprehens-
ive analyses of the 2023 NAtlantic and MedSea
MHWSs and their atmospheric drivers are limited.
Studies have reported SSTA to illustrate the sever-
ity of these events, though often without applying a
consistent, threshold-based definition of MHWSs. For
example, Marullo et al (2023) identified the 2022-
2023 Mediterranean MHW as the longest in four dec-
ades (from January 2022-April 2023) based on SSTA
without defining the MHW, introducing uncertainty
regarding the event’s true extent. Similarly, studies by
Kuhlbrodt et al (2024) and England et al (2025) as
well as McCarthy et al (2023) and Berthou et al (2024)
have analyzed the severity of SSTA and the MHW
in the NAtlantic, respectively, without exploring the
relationship between these events and large-scale
atmospheric modes. Nevertheless, they consistently
agree that the NAtlantic MHW was mainly driven
by atmospheric processes—particularly weak surface
winds that led to shallower mixed layers and increased
ASHE. Furthermore, Dong et al (2025) and England
et al (2025) found that reduced latent and sensible
heat loss, along with enhanced solar radiation, were
the dominant drivers of the extreme warming, while
oceanic heat advection played a minor role.

Here, we address this gap concerning large-scale
atmospheric modes by investigating May—August
(MJJA) 2023 MHWs using regularized generalized
canonical correlation analysis (RGCCA; Tenenhaus
and Tenenhaus 2011), a multivariate method well-
suited to disentangle complex atmosphere-ocean
interactions and identify key drivers of MHW dynam-
ics. Focusing on short-term ocean-atmosphere
dynamics, we limit this study to surface MHWs,
though we acknowledge the importance of subsur-
face MHWSs due to their persistence and potential
impacts on fisheries, ecosystems as well as deep con-
vection and overflow water formation (Behr et al
2022, Josey and Schroeder 2023, Le Grix et al 2025).
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This paper is structured as follows: section 2
presents datasets and the methodology, includ-
ing a detailed description of the RGCCA
approach. Section 3 outlines the characteristics and
categorization of MHWs at key locations in the
NAtlantic and MedSea during MJJA 2023. Section 4
analyses the atmospheric circulation during two key
MHW periods in May-June and July-August 2023,
focusing on both surface and mid-tropospheric
conditions. Section 5 presents the results of the
RGCCA analysis, identifying the dominant atmo-
spheric modes of variability associated with MHWs
and discussing their relevance for improving our
understanding and prediction of future MHW events.

2. Data and methods

2.1. NOAA OI SST and ERAS5 datasets

To detect MHWSs and analyze their characterist-
ics, we use the daily gridded National Oceanic
and  Atmospheric ~ Administration =~ Optimum
Interpolation SST version 2.1 dataset (NOAA OISST
v2.1, Huang et al 2021, updated), which covers the
NAtlantic and MedSea regions (90° W—40° E, 10° —
80° N). This dataset, derived from the Advanced Very
High-Resolution Radiometer satellite, in-situ ship,
and buoy observations, provides daily data from 1982
to the present.

In addition to SSTs, we analyze key meteorolo-
gical variables to investigate atmosphere—ocean inter-
actions: Surface and mid-tropospheric circulation are
represented by anomalies in sea level pressure (SLPA)
and 500 hPa geopotential height (zgspoA), which
influence 2 meter maximum temperature anomalies
(TmaxA)—an estimate for the atmospheric thermal
state. ThnacA affect SSTs and modulate near-surface
wind anomalies (UjgA and VipA), which in turn
influence ASHF anomalies, including latent (QryA)
and sensible (QsgA) heat fluxes as well as net short-
wave (QswA) and net longwave radiation (QrwA).
These processes collectively shape the duration and
intensity of MHWs.

All meteorological variables were obtained from
the European Centre for Medium-Range Weather
Forecasts ERAS5 reanalysis (Hersbach et al 2020,
updated). We compute daily wind speed anomalies
(windA) from UjgA and VoA, and the net ASHF
anomalies (QtA) as the sum of the four ASHF vari-
ables. We use ERA5 and NOAA OISST datasets to
ensure consistency and to facilitate comparison with
most MHW studies. Both datasets are provided on
a high-resolution 1/4° latitude-longitude grid. Since
the grid cells are staggered by 1/8° in the NOAA
product, we performed bilinear interpolation to align
it with the ERAS5 grid. We analyze daily SSTA and
meteorological data anomalies from MJJA 2023, with
anomalies calculated relative to the 30 year reference
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period 1983-2012 to allow comparison with existing
MHW papers (Hobday et al 2018).

2.2. MHW detection

To detect MHWs, we employed the widely adop-
ted approach of Hobday et al (2016). MHWs are
defined as periods during which SSTA exceed the
seasonally-varying 90 percentile threshold, relative
to the local 30 year baseline climatology (1983-2012),
for at least five consecutive days. Events interrupted
by fewer than two days are considered as a single con-
tinuous event. The severity of MHWs is categorized
using a four-step scheme, ranging from ‘moderate’ to
‘extreme’, based on the first to four times 90" per-
centile thresholds (Hobday et al 2018). Category IV
means, for example, that the SSTA values exceed the
difference between the mean and the 90" percentile
threshold by a factor of four. After identifying MHW
events, we calculated the mean and maximum intens-
ity, mean duration, frequency and cumulative mean
intensity (time-integrated temperature anomaly over
each event duration) from MJJA 2023.

2.3.RGCCA

Canonical correlation analysis (CCA) is a statistical
method used to identify relationships between two
datasets by finding linear combinations of variables
that maximize their correlation. While effective in
many applications, traditional CCA has limitations
when applied to high-dimensional datasets such as
those found in climate science (Xoplaki et al 2003a,
2003b). For instance, CCA assumes the absence of
collinearity among input variables, a condition rarely
met in climate datasets due to inherent spatial cor-
relations. Consequently, it has become standard prac-
tice, following the work of Barnett and Preisendorfer
(1987), to apply principal component analysis (PCA)
beforehand to extract uncorrelated components from
the spatially correlated data prior to conducting
CCA.

RGCCA extends CCA by incorporating multiple
interdependent datasets (blocks) and adding regu-
larization techniques that prevent multicollinearity,
overfitting and improve stability also when work-
ing with noisy, high-dimensional or incomplete data-
sets. These enhancements make RGCCA a powerful
tool for climate data analysis, where multiple interre-
lated variables are the norm and their joint use can
improve the physical interpretability and robustness
of the results. Thus, RGCCA enables a more compre-
hensive analysis of climate teleconnections, enhan-
cing the identification of significant patterns of cli-
mate variability. The method has been extensively
developed in the statistical literature and has been
applied in various scientific fields, including genom-
ics and neuroscience (e.g. Tenenhaus and Tenenhaus
2011, Tenenhaus et al 2017, Garali et al 2018).
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In our study, we consider ] € N climate vari-
ables, which are organized into a matrix format sim-
ilar to PCA, yielding blocks X;,X5,...,X; € RPX!,
where p € N denotes the number of grid points and
t € N the number of time points. The target vari-
able is represented by X;. We use SSTA covering
the SubTAtlantic, NEAtlantic and MedSea region
(25° W—40° E, 20° N-55° N) as our response vari-
able (X)) and SLPA, zg500A, TmaxA, windA and QpeA
from abroader NAtlantic/MedSea area (90° W—40° E,
10° —80° N) as our set of predictors (X, .. Xj—1).
In the following, we apply RGCCA using the Horst
scheme, estimate the regularization parameters using
the analytical approach of Schifer and Strimmer
(2005) and connect the blocks following the frame-
work of Generalized CCA (Carroll 1968a, 1968b).
Furthermore, to include spatial information, we use
the weighting scheme of North et al (1982). For fur-
ther details on the methodology, the reader is referred
to Tenenhaus and Tenenhaus (2011) and supplement-
ary section 1.

L Behr et al

3. MHW characteristics

From MJJA 2023, almost the entire NAtlantic and
MedSea recorded at least one MHW (figures 1
and 2(a)). Examining the extended summer season of
2023, several MHW hotspots were identified. SSTA
time series from eight locations highlight the 90t
percentile thresholds of MHW categories, provid-
ing local and temporal insights (figure 1). The most
intense MHWs were recorded in the NWAtlantic and
Western Mediterranean Sea (WMed, table 1, figure 1),
areas characterized by high SSTA variability (supple-
mentary figure 1(b)). The MHW category ‘severe’
was observed in the NWAtlantic, NEAtlantic, Alboran
Sea (AlbSea), and Eastern Mediterranean Sea (EMed;
figure 1; Hobday et al 2018).

Temporal patterns differed across regions: the
NEAtlantic and WMed experienced MHWs primar-
ily in May and June, while the NWAtlantic and EMed
recorded MHWs from mid-July to early August,
with a brief interruption before continuing until the
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Figure 1. Mean marine heatwave (MHW) intensity from May to August 2023 (in °C): spatial map of MHW intensity across the
North Atlantic and the Mediterranean Sea along with time series of the daily mean sea surface temperature anomalies for various
locations. The time series indicate MHW categories ranging from moderate to severe, based on the 90™ percentile thresholds
defined by Hobday et al (2018). Abbreviations: NEAtlantic is Northeast Atlantic, LabSea is Labrador Sea, NWAtlantic is
Northwest Atlantic, SubTAtlantic is Subtropical Atlantic, AlbSea is Alboran Sea, EMed is Eastern Mediterranean Sea and WMed is
Western Mediterranean Sea.
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Figure 2. May to August 2023 marine heatwave characteristics of the study area: (a) marine heatwave frequency/number of events,
(b) mean duration in days, (c) maximum intensity in °C, (d) cumulative intensity in °C days.

Table 1. Marine heatwave characteristics at various locations averaged over May to August 2023: marine heatwave Location, Iimean and
I'max are mean and maximum intensity in °C, Fyg,3 is frequency of events/number of events, Dmean is (mean) duration in days, Icum is

cumulative intensity in ©C days. We used the same locations as in figure 1.

Location Imean (OC) Imax (OC) Fao3 (events) Dinean (da}’S) TIeum (OC daYS)
NEAtlantic 2.5 4.2 1 35 132
NWAtlantic 4.0 5.5 2 20 82
LabSea 3.5 4.5 1 55 193
SubTAtlantic 1.9 2.9 1 123 230
AlbSea 2.7 4.8 1 123 327
WMed 3.5 4.0 4 17 58
EMed 2.4 4.0 1 34 81

end of the month (figure 1). In contrast, MHWs
in the SubTAtlantic and AlbSea lasted throughout
the entire summer, demonstrating notable regional
persistence.

Significant variability was observed in MHW
metrics across these regions. The Labrador Sea
(LabSea), the SubTAtlantic, and the AlbSea exhib-
ited the longest MHW durations and the highest
cumulative intensities (figure 2, table 1). For context,
the 1982-2020 average annual cumulative intensity
in the LabSea and SubTAtlantic/AlbSea is approx-
imately 70 °C days and 10 °C days, respectively

(Chauhan et al 2023). By comparison, the WMed and
the NWAtlantic recorded more than one MHW, albeit
of shorter durations and lower cumulative intensities
(figure 2, table 1).

Opverall, the longest-lasting MHWSs were observed
in the SubTAtlantic and AlbSea, while the highest
frequency occurred in the WMed. The AlbSea also
experienced the highest cumulative MHW intensity
(table 1). No MHWs were detected in the polar seas
or in smaller areas of the NWAtlantic (figure 2(a)),
emphasizing the strong spatial heterogeneity of the
2023 MHWs.

5
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4. Atmospheric circulation: surface and
mid-troposphere analysis

MHWs in 2023 impacted nearly the entire NAtlantic
and MedSea, with notable regional variability in fre-
quency, duration, and intensity. Major hotspots for
severe MHWs were identified, particularly in the
NWAtlantic/LabSea, NEAtlantic, SubTAtlantic and
MedSea. In this section, we analyze the spatio-
temporal atmospheric circulation over these affected
regions and clarify how local atmospheric variables
(SLP, zg500, Tmax> wind and ASHF) influenced SST
and MHW evolution.

During May-June 2023, the NAtlantic exper-
ienced a high-pressure monopole, characterized
by anomalous anticyclonic conditions over the
NEAtlantic extending as far as the Gulf of Lions
in the WMed and a weakened Azores High over
the SubTAtlantic (figures 3(d) and (e) and sup-
plementary figures 2(a) and (b)). Persistent anti-
cyclonic conditions since fall 2022 allowed warm
SSTs to re-emerge in the northwestern MedSea and
AlbSea (Marullo et al 2023). As shown in figures 2
and 4(a)—(d), the MHW onset coincided with these
regional pressure changes and a 3 °C-4 °C SST
increase. SSTA peaked in mid-June, after which a low-
pressure system over the NEAtlantic and Scandinavia
in July disrupted the continuation of the strong to
severe MHW:s (figures 4(a) and (b)), setting the stage
for more intense events later in the season.

In July-August 2023, the circulation was domin-
ated by two strong atmospheric ridges: one centered
over the LabSea, extending southward to the Grand
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Banks, and the other over the Strait of Gibraltar, most
apparent in the mid-troposphere (figures 5(d) and
(e) and supplementary figures 2(c) and (d))). Over
the LabSea, the circulation induced a meridional jet
stream shift, advecting warm air northward and initi-
ating MHWs via increased ASHF (figure 5, Chen et al
2014, Schlegel et al 2021, Sims et al 2022). The anti-
cyclone reached its peak intensity in mid-July aligned
with the occurrence of highest positive SSTA in the
NWAtlantic of up to 48 °C (figure 1). Following the
dissipation of the positive pressure anomaly in August
2023, the category II MHW weakened but persisted
through the end of the month and into September
(figures 2 and 4(a)).

Simultaneously, in the MedSea, the high-pressure
system extended eastward, covering the entire region
by mid-July 2023 (figure 4(i)). This expansion coin-
cided with a continuous SST increase, with the cat-
egory II to IIl MHW peaking in mid to late July 2023
(figure 4(h)). The position of the anticyclone—and
consequently the strength of the pressure gradient—
strongly influenced wind speed and ASHF dynam-
ics, leading to multiple phases of intensification
and weakening throughout the period (figures 4(j)
and (k)). This is consistent with Bonino et al (2025),
who identified subtropical ridges and weakened pre-
vailing winds as the primary synoptic drivers of
Mediterranean MHWs.

The 2023 MHWs were primarily initiated by per-
sistent anomalies in atmospheric pressure, includ-
ing both strong and weakened high-pressure sys-
tems. As a causal chain, the resulting low-pressure
gradient led to reduced wind speeds which in turn
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Figure 4. Temporal evolution of the May to August 2023 marine heatwaves over various subregions: (a)—(d) Northeast Atlantic
and Subtropical Atlantic time-latitude Hovmoeller diagrams from 15 May to 15 July and from 15° to 60° N of (a) sea surface
temperature anomalies and (b) 500 hPa geopotential height anomalies, averaged over 20° W to 10° W: (c) wind speed anomaly
(blue), net air-sea heat flux anomaly (orange), anomalies of latent and sensible heat flux as well as anomalies of net shortwave and
net longwave radiation (black) time series of the Northeast Atlantic (53° N, 12° W) and (d) the Subtropical Atlantic (27° N,

17° W); (e)—(g) same as (a)—(d) for the Northwest Atlantic from 1 July to 31 August: (e) 4 (f) same as (a) + (b) from 40° to

60° N, averaged over 55° to 40° W, (g) same as (c) for the Labrador Sea (55° N, 50° W); (h)—(k) same as (a)—(d) for the
Mediterranean Sea from 1 June to 15 August: (h) + (i) same as (a) + (b) from 5° W to 25° E, averaged over 35° N to 45° N: (j)
+ (k) same as (c) for (j) the Alboran Sea (36.5° N, 2° W) and (k) for the Eastern Mediterranean (37° N, 17° E); reference period
1983-2012.

decreased vertical mixing and Qry and caused shoal-
ing of the MLD (figures 3-5). Clear skies and
reduced cloud cover suppressed latent and sens-
ible heat losses, while increasing Qsw resulted in

an overall increase in Que and Tpac. The rise and
peak of SSTs was mostly reached after a lag (hours
or days), depending on the MLD and oceanic con-
ditions. Since the NAtlantic faced the shallowest
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ever recorded MLD during June-July 2023 (40
shallower than the 1981-2010 average, England
et al 2025), SSTs rose fast and intensely espe-
cially across the NEAtlantic and NWAtlantic/LabSea
(figures 4(a) and (d)).

ASHF contributions to MHWs varied region-
ally: in the NEAtlantic Qsw dominated with anom-
alies over +100 W m~2 (figure 4(c)); in the LabSea,
both Qsw and Qry prevailed due to clear skies and
reduced latent heat loss (figure 4(g)). In the MedSea,
Quu was nearly equivalent to Qpe (figures 4(j) and
(k)), while in the SubTAtlantic atmospheric circula-
tion initiated the MHW, but wind-driven dynamic
processes dominated, with ASHF playing a sec-
ondary role (figure 4(d)). Here, the MHW was
linked to an anomalous poleward Canary Current
driven by weak trade winds (20%-30% below the
long-term June average, CMEMS 2023). This res-
ulted in suppressed upwelling, stratification of the
mixed layer and inhibited vertical mixing, allow-
ing surface waters to rise and store heat more
effectively.

As oceanic temperature advection played only
a minor role in the MHW 2023, we do not
address this further. Nevertheless, boundary cur-
rents such as the Canary Current or Gulf Stream
are important distributors of heat and modulate
SSTA in response to remote atmospheric forcing.
Additionally, reduced Saharan dust advection and
SO, emissions from shipping have been linked to
increased SSTA due to their influence on solar radi-
ation (Diamond et al 2023, Kuhlbrodt et al 2024,
England et al 2025).

5. Drivers of the 2023 MHW s

From May to August 2023, MHWSs across the
Mediterranean-Atlantic domain were associated with
anomalous pressure patterns (figures 3-5). In this
section, we computed the two leading RGCCA modes
for MJJA 2023 to analyze the co-variability between
SSTA (25° W—40° E, 20° N-55° N) and combined
large-scale atmospheric circulation patterns (90° W—
40° E, 10°-80° N; SLPA, zg500A, TmaxA, QnetA,
windA). We also applied RGCCA over a separate
domain in the NWAtlantic (80°-30° W, 35°-60° N)
and obtained nearly identical results, confirming the
robustness of the findings to the choice of domain
(not discussed further). The first mode, which best
represents the 2023 MHWs, is analyzed below; the
second is shown in supplementary figure 3 and sup-
plementary section 2.

The leading mode (figure 6) explains 40.4% of
the MJJA SSTA variability in the NEAtlantic and
MedSea, with correlations of the canonical vari-
ates and predictand variable SST between 0.81 and
0.94. SLPA and zgsp0A mean conditions during May—
June 2023 (figure 3) resemble the negative phase
of RGCCAL, July—August 2023 (figure 5) resembles
the positive phase. During RGCCA1™, surface and
mid-tropospheric pressure patterns form a tripole
of negative anomalies over the North Sea, Great
Britain, and eastern Canada, with positive anom-
alies over the central Mediterranean and NWAtlantic
(figures 6(d) and (e)); additionally, positive SLPA are
found over the Azores. RGCCA1~ shows the oppos-
ite. TrnaxA and QA indicate warm (cool) conditions
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Figure 6. Patterns of the first RGCCA of (a) the Northeast Atlantic/Subtropical Atlantic/Mediterranean Sea field of the sea surface
temperature response variable and each of the five predictor fields (b) maximum air temperature, (c) net air—sea heat flux, (d) sea
level pressure, (e) geopotential height at 500 hPa, (f) wind speed, (g) normalized time components of RGCCA1; the explained

variance (EV) of SST and correlation coefficients (r) of the time components of the predictors and SST are shown in the top right

with increased (decreased) heat uptake, while windA
shows reduced (enhanced) wind speeds (figure 6).
SSTA is warmer (cooler) across most of the MedSea,
except the Gulf of Lions where the reverse appears
(figure 6(a)).

These spatial patterns are supported by daily
RGCCA components (figure 6(g)): They capture
positive (negative) SSTA events accumulated in
July-early August (May—June), consistent with the
observed 2023 MHWs (figures 2-5 and 6(g)). The
mid-tropospheric pressure anomalies in RGCCA1™"
(RGCCA17) resemble the negative (positive) phase
of the summer NAO (r = —0.62; 5% significance
level) and the positive (negative) phase of the sum-
mer SCAN (r = 0.41; figure 7; Barnston and Livezey
1987, Hurrell et al 2003, Cassou et al 2005, Bueh and
Nakamura 2007, Folland et al 2009, Simon et al 2023a,
figure 7). RGCCA1" (RGCCA1™) also matches the
North Sea cluster negative (positive) phase (Stefanon
et al 2012). In general, the interaction between the
NAO and SCAN leads to clockwise (anticlockwise)
shifts in the centers of action when the two patterns

share the same (opposite) phase (see Chafik et al
2017).

Building on this framework, we find that the
Euro-Atlantic circulation underwent a pronounced
transition over the summer of 2023. The early sum-
mer was characterized by a NAO™ pattern with low
pressure over Greenland and the LabSea and high
pressure over the NEAtlantic (May—June category
III MHW). By July—August, the circulation shifted
to a pronounced NAO™ regime with a blocking
high over the LabSea (July-August category II MHW,
figure 6+7). Our findings align with Holbrook et al
(2019), who report >40% more MHW days in the
NWAtlantic during NAO™ phases. Strong EAP~ con-
ditions may have contributed to the persistent block-
ing over the NEAtlantic (figure 7(e)). Simultaneously,
Scandinavia shifted from a ridge (SCAN™) to a sus-
tained trough (SCAN™), while downstream ridging
intensified over the MedSea (category II-1II MHW).

Finally, the drivers behind this regime shift
(RGCCA™ to RGCCAT) likely reflect a com-
bination of oceanic and atmospheric influences.
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Anomalously warm western SubTAtlantic SSTs favor
enhanced subtropical ridging and NWAtlantic block-
ing (e.g. Rodriguez-Fonseca et al (2015), O’Reilly
et al (2017)), while land-atmosphere feedbacks over
eastern Europe and western Russia amplify station-
ary Rossby waves, promoting continental blocking
(e.g. Miralles et al (2014); Kornhuber et al (2017).
Together, these drivers facilitated a more meridional
jet stream configuration, enhancing the persistence of
heat extremes over the MedSea and wetter conditions
over Scandinavia.

6. Conclusion

The summer of 2023 witnessed some of the most
intense and persistent MHWSs ever recorded in
the NAtlantic and MedSea, coinciding with record-
breaking global surface air and ocean temperat-
ures. Using high-resolution NOAA OISST and ERA5
reanalysis data, this study provides a detailed dia-
gnosis of the spatial and temporal characteristics of

MHWs from May to August 2023 and offers a novel
multivariate attribution of their atmospheric drivers
using RGCCA. Our results show that the extreme
surface warming was not solely a consequence of
long-term ocean trends but was strongly modulated
by short-term atmospheric variability. In particu-
lar, the co-evolution of NAO™ and SCAN™ during
July-August was critical in sustaining and amplifying
MHWSs across the NWAtlantic, LabSea, and EMed.
These circulation regimes were associated with per-
sistent anticyclonic anomalies, subsidence, reduced
wind speeds and enhanced net heat flux into the
ocean, conditions that favored stratification and lim-
ited vertical heat redistribution. Earlier MHWs in the
NEAtlantic and SubTAtlantic during May-June coin-
cided with NAO™ and SCAN ™ and were further rein-
forced by a weakened Azores High and anomalously
weak trade winds.

To capture these dynamics more comprehens-
ively, we integrated multiple atmospheric variables—
including SLP, zgs09, wind, Tmax and ASHF—into

10
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our RGCCA framework. This approach allowed us
to identify the joint modes of variability that gov-
ern regional SSTA. The leading mode explained over
40% of the spatial variance in SSTA and correl-
ated strongly (r > 0.8) with predictor time com-
ponents, confirming the robustness of the circulation
linkages. Furthermore, the RGCCA modes aligned
with well-established teleconnection indices (NAO,
SCAN), lending physical consistency to the statistical
results.

Taken together, these findings emphasize that
compound atmospheric drivers, particularly the
interaction of multiple teleconnection patterns and
pressure systems, play a decisive role in the gen-
esis and maintenance of MHWSs. As such, efforts
to develop MHW early warning systems and attribu-
tion frameworks should prioritize real-time monit-
oring of large-scale atmospheric circulation, partic-
ularly during boreal summer when subtropical and
extratropical interactions are strongest. The applica-
tion of RGCCA provides a powerful tool for diagnos-
ing such compound air-sea events and represents a
methodological advance for operational forecasting
and climate risk assessment under ongoing global
warming.

Data availability statement

NOAA OISST v2.1 (1981-present) is available at
https://psl.noaa.gov/data/gridded/data.noaa.oisst.
v2.highres.html. ERA5 pressure- and single-level
reanalyses (1940—present) are at https://cds.climate.
copernicus.eu. MHWSs were detected with the
MATLAB toolbox of Zhao and Marin (2019) (https://
github.com/ZijieZhaoMMHW/m_mhw1.0), equi-
valent to Python/R modules (Hobday et al 2016;
Schlegel and Smit 2018). RGCCA analyses used the
R package of Girka et al (2023) (https://github.com/
rgcca-factory/RGCCA).
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