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Abstract. The Mediterranean Sea experienced an excep-
tional marine heatwave throughout June—July 2025. Here we
analyse this event using an analogue framework that differs
from the common atmospheric circulation-based analogue
attribution approach. Instead of identifying atmospheric cir-
culation analogues first, we search directly for historical
analogues of the observed sea surface temperature (SST)
anomaly pattern of the 20 to 30 June 2025 build-up and
peak phase, and then compare the associated atmospheric
10 and air-sea surface conditions in a past (1950 to 1986) and
a present (1987 to 2024) period, using ERAS daily fields
over the Mediterranean between June and September. Our
results suggest that the present period exhibits higher SST
anomalies than the past one, with the strongest positive dif-
1s ferences over the western Mediterranean and the Adriatic
Sea. Warmer 2 m air temperatures over surrounding land ar-
eas and higher net shortwave radiation over large parts of the
basin are also observed, while sea level pressure, wind speed,
latent heat flux, sensible heat flux, and longwave radiation
20 display smaller and more spatially heterogeneous changes.
Thus, the 2025 event occurred in a warmer thermodynamic
background than analogous SST patterns in earlier decades.
Since the analogue framework cannot fully separate exter-
nally forced trends from internal variability and it does not
25 explicitly resolve ocean dynamical processes, these results
do not constitute a complete formal attribution on their own.

3

Nevertheless, the analogue analysis supports the interpreta-
tion that long term warming contributed substantially to the
intensity of the 2025 Mediterranean marine heatwave and
shows how SST analogue comparisons can complement ex-
isting attribution approaches for marine extremes.

1 Introduction

Anthropogenic climate change has unequivocally warmed
the oceans and the atmosphere, increasing the frequency and
intensity of different extreme events (Forster et al., 2025;
Seneviratne et al., 2021). Among them, marine heatwaves
(MHWs) are prolonged periods of unusually warm ocean
temperatures and represent one of the clearest manifesta-
tions of the interaction between climate internal variability
and long-term changes in the ocean (Hobday et al., 2016;
Holbrook et al., 2020). Their frequency, duration, and in-
tensity have increased over the last century at a global scale
(Frolicher et al., 2018; Oliver et al., 2018; Laufkotter et al.,
2020) as evidenced by the recent surge in both global and
regional extreme heat events (Gyuleva et al., 2025; England
et al., 2025; Guinaldo et al., 2025). These events can pro-
duce severe ecological and socioeconomic impacts, includ-
ing mass mortality of marine organisms, coral bleaching, sea-
grass decline, and fisheries disruption (Smale et al., 2019;
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Smith et al., 2021; Garrabou et al., 2022; Wernberg et al.,

2025).

The Mediterranean Sea is a particularly sensitive region
in this context. It is widely recognized as a climate change
hotspot (Giorgi, 2006), with regional warming trend exceed-
ing the global average (Cramer et al., 2018; Tuel and Eltahir,
2020; Pastor et al., 2020; Seneviratne et al., 2021). Consis-
tent with this background trend, Mediterranean MHWs have
become more frequent, longer, and more intense in recent
10 decades (Darmaraki et al., 2024) with an annual mean num-

ber of days increasing from 1dyr~! over the period 1982—

1999 to 5.5dyr~! over the period 2000-2021 (Pastor and

Khodayar, 2023). Several remarkable events have been doc-

umented during the last two decades (Guinaldo et al., 2023;
15 Martinez et al., 2023; Pastor et al., 2024) with major impacts
on local marine ecosystems and coastal environments (Coll
et al., 2010; Garrabou et al., 2022; Artana et al., 2026). Re-
cent work has also highlighted that Mediterranean MHWs
can be intensified when they co-occur with atmospheric heat
extremes and anomalous summer circulation patterns that
favour enhanced radiative input and weak surface winds (Sen
Gupta et al., 2020; Pastor et al., 2024; Bonino et al., 2025;
Paredes-Fortuny et al., 2025), conditions whose frequency is
increasing in recent years (D’ Andrea et al., 2024).

25 The contribution of anthropogenic climate change to the
increasing likelihood and intensity of MHWs is now well
established, with the vast majority of observed events at-
tributable to human influence (Frolicher et al., 2018). The
question addressed here is more specific. We examine the

a0 June 2025 Mediterranean event using an analogue frame-
work designed to compare physically similar SST anomaly
patterns across different climate backgrounds. The aim is not
to replace formal probabilistic attribution studies based on
climate model ensembles, but to provide an event-specific

a5 observational line of evidence and a process-oriented diag-
nostic of how the background thermodynamic environment
differs between earlier and more recent analogues.
Analogue-based attribution has become an established
complementary approach in the extreme event attribution

« field (Vautard et al., 2016; Faranda et al., 2022, 2024). In its
more classical form, the method first identifies atmospheric
circulation analogues and then evaluates how associated im-
pacts differ between climate states. Here we adopt a differ-
ent perspective. We first identify analogues of the observed

s SST anomaly pattern itself, and only then examine the at-
mospheric and surface fields associated with those SST ana-
logue dates. This choice is motivated by the nature of the
event under study, namely a MHW, for which the SST pat-
tern is the central feature to be matched.

so  The study has three objectives. First, we document the ex-
ceptional character of the June 2025 event (Sect. 3). Sec-
ond, we assess how the associated SST, atmospheric, and air-
sea flux anomaly composites differ between past and present
SST analogues (Sect. 4). Third, we discuss the extent to

ss which these differences are consistent with thermodynamic

o

2
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amplification in a warmer climate, while explicitly acknowl-
edging the limits of the analogue framework, in particular its
inability to isolate forced and internal components fully and
its omission of explicit ocean dynamical processes (Sect. 5).

2 Data and Methods
2.1 Reanalysis and observational datasets

The main dataset used in this study is the ECMWF ERAS
reanalysis (Hersbach et al., 2020). ERAS provides globally
gridded atmospheric and surface fields at 0.25° resolution
from 1940 onward. In this work, ERAS is used as a tem-
porally consistent, observation-constrained dataset for both
the characterization of the 2025 event and the identification
of historical analogues. All analyses are restricted to the June
to September season (JJAS).

For SST, the ERAS product relies on observationally con-
strained analyses rather than on a fully coupled ocean re-
analysis. In practice, the SST field combines HadISST for
the earlier part (before 2007) of the record and OSTIA in the
more recent period (after 2007),% both regridded within the
ERAS framework. We therefore refer to ERAS SST as a con-
sistent gridded SST product used within ERAS, rather than
as an ocean reanalysis field in the strict dynamical sense.

The variables analysed in the analogue-based attribution
are SST, 2m air temperature (T2m), mean sea level pres-
sure (MSL), surface net shortwave radiation (SSR), sur-
face net longwave radiation (STR), surface latent heat flux
(SLHF), surface sensible heat flux (SSHF), and 10 m wind
speed (WSPD, derived from U10 and V10). These variables
were selected because they are relevant to the development
and maintenance of summer MHWs in the Mediterranean
Sea through radiative forcing, air-sea exchanges, and near-
surface circulation (Capotondi et al., 2024; Darmaraki et al.,
2024; Bonino et al., 2025).

For descriptive purposes in the event characterization
section, we also use the Mediterranean Sea High Reso-
lution L4 Sea Surface Temperature Reprocessed product
(MED-REP-L4; Copernicus Marine Service Information,
https://doi.org/10.48670/moi-00173, Pisano et al., 2016; Em-
bury et al., 2024; CMEMS, 2024i%7). This observational
product is not used in the analogue protocol and its role is
only to document the timing, spatial structure, and magni-
tude of the 2025 event from an independent observational
perspective.

2.2 Definition of anomalies and target event

For ERAS, daily anomalies are computed at each grid point
relative to the 1950 to 2024 JJAS daily climatology. Thus, for
each calendar day, the corresponding climatological mean for
that day is removed before further analysis. All variables are
then smoothed with an 11 d centred moving average, follow-
ing the ClimaMeter framework and ensuring that the target
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event and candidate analogue fields are compared at the same
temporal scale (Faranda et al., 2024). The target event is de-
fined as the temporal mean SST anomaly over 20 to 30 June
2025. Daily SST anomalies are first computed, then averaged
over this 11 d period. This period was selected because it cor-
responds to the most rapid build up and peak phase of the
exceptional western Mediterranean warming documented by
the observational datasets and by ERAS. The target is there-
fore a temporally averaged SST anomaly field, not a single
day snapshot.

2.3 Analogue selection

We search for analogues of the 20 to 30 June 2025 SST
anomaly pattern over the Mediterranean basin. The matching
domain is the entire Mediterraneanf&Z basin and immediate
coastal grid points represented in ERAS. For each JJAS day
in the historical record, we compute the Euclidean distance
between the candidate daily SST anomaly field and the target
event pattern. The distance is calculated over all grid points
in the domain, with cosine of latitude weighting to account
for the different area represented by each grid cell. Candidate
days are then ranked from the smallest to the largest distance.
The analogue days are those with the smallest distances (i.e.,
the first 1 % of dates), that is, the SST anomaly fields most
similar to the target 2025 pattern. The search is performed in-
dependently for two subperiods, a past period, 1950 to 1986,
and a present period, 1987 to 2024. The year 1987 is used
as the split because it lies close to a documented accelera-
tion in Mediterranean warming and also divides the record
into two comparably sized samples (Lionello and Scarascia,
2018). We stress that the past period is not a pre industrial
baseline. It is simply a cooler segment of the observational
era, that could be cooler due to the decrease in aerosol
emissions over western Europe or a different phase of the
multidecadal variability (Pisano et al., 2020).

In each period we retain the top 42 analogue days. This
corresponds to about 1% of all available JJAS days in
each subperiod and follows the standard ClimaMeter choice
adopted in previous sensitivity analyses (Faranda et al.,
2024). Fixing the number of analogues in both periods al-
lows direct comparison of composite means between the two
climate backgrounds.

For each period, we compute composites by averaging
the selected analogue days for SST, T2m, MSL, SSR, STR,
SLHF, SSHF, and WSPD. We then compare the past and
present composites as well as the present minus past differ-
ence. This difference is interpreted as a diagnostic of how
the environmental conditions associated with similar SST
anomaly patterns differ between the earlier and later parts of
the record. A positive difference indicates that the present cli-
mate analogues are associated with stronger positive anoma-
lies — consistent with a warming signal. For instance, a posi-
tive SST difference implies that recent analogues occur under
warmer SST conditions than similar events in the past. Con-

versely, near-zero or negative differences suggest either no
significant change or a reduction in anomaly amplitude un-
der current climate conditions, though this is less common
for variables associated with heat extremes. We remark that
this framework does not justify a claim that identical atmo-
spheric or oceanic states are being compared. It compares
atmospheric and surface conditions associated with similar
SST anomaly patterns. The method is therefore best under-
stood as conditional and diagnostic. It provides information
on how the thermodynamic and near-surface atmospheric
context of SST analogue events has shifted between the two
periods, but it does not in itself isolate external forcing from
internal variability.

2.4 Statistical significance

To assess whether present minus past composite differences
are robust to sampling uncertainty, we use a non-parametric
bootstrap test following Faranda et al. (2022, 2024). The 84
analogue dates, 42 from the past and 42 from the present, are
pooled together. We then generate 1000 random resamples,
each time dividing the 84 dates into two groups of 42 without
preserving their original period labels. For each resample we
compute the difference between the two composite means at
each grid point. The resulting empirical distribution provides
the expected range of differences under the null hypothesis
that the observed present minus past difference arises from
random sampling within the pooled analogue set. Grid point
differences are considered significant at the 95 % level when
their magnitude exceeds twice the standard deviation of the
bootstrap distribution.

2.5 Climate variability indices and analogue quality

To characterize the background large-scale variability associ-
ated with the analogue dates, we analyse six standard climate
indices, El Nifio Southern Oscillation (ENSO), North At-
lantic Oscillation (NAO), Pacific Decadal Oscillation (PDO),
Atlantic Multidecadal Oscillation (AMO), East Atlantic pat-
tern (EA), and Scandinavian pattern (SCAND). The in-
dices are taken from the following sources: ENSO 3.4 from
ERSSTvV5 (Extended Reconstructed Sea Surface Tempera-
ture version 5); PDO from SWFSC (Southwest Fisheries Sci-
ence Center); NAO from CPC (Climate Prediction Center,
NOAA); AMO from ERSST_TS (Extended Reconstructed
Sea Surface Temperature time series); EA and SCAND from
CPC (Climate Prediction Center, NOAA). For each analogue
date we extract the value of the corresponding index time se-
ries and compare the past and present distributions using vio-
lin plots and a two tailed Cramér von Mises test. These com-
parisons are purely descriptive and inform on the large-scale
context without demonstrating a causal role of any given
mode in the 2025 event. We also evaluate analogue quality
using the mean Euclidean distance between the target 2025
SST pattern and its selected analogues, following Faranda
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et al. (2022). This quality metric indicates how closely the
selected analogue set matches the target pattern relative to
typical analogue distances within each period.

3 Event characterisation: the June 2025
Mediterranean marine heatwave

The June to July 2025 MHW was exceptional in both du-
ration and spatial extent. Figure la shows the daily mean
western Mediterranean SST together with the 1991 to 2020
mean climatology¥i, the 90th percentile threshold used to
define MHW conditions and the MHW category (Hobday
et al., 2016, 2018). The event developed progressively dur-
ing June 2025, with SST remaining above the climatological
threshold for the whole month and then intensifying sharply
in the second half of June and the start of July. Accordingly,
the western Mediterranean experiencedifl moderate MHW
conditions persisting from early June to late July, with two
periods of stronger intensity. A short strong phase occurred in
mid June, followed by a more sustained severe phase around
the turn of June to July. The daily western Mediterranean
SST reached its maximum close to 28 °C in early July. MHW
intensity then rapidly decayed, and the event ended in late
July.F=7 This time evolution of the MHW event classifies it
as a long-duration event, significantly exceeding the average
of 16d for Mediterranean MHWs in the period 1982-2021
(Pastor and Khodayar, 2023).

Figure 1b shows the mean MHW intensity over the
Mediterranean Sea for the period 25 June to 9 July 2025,
corresponding to the peak phase identified in Fig. la.
The strongest intensities were concentrated in the western
Mediterranean, particularly between the Gulf of Lions, the
Balearic Sea, Corsica, Sardinia, and the Tyrrhenian sub-
basin, with local values above +4.5°C and in some ar-
eas approaching +5.5 to 6 °C. Positive intensities extended
across most of the basin, but with a clear west to east de-
crease. The central Mediterranean showed widespread mod-
erate to strong conditions, whereas the eastern Mediterranean
exhibited weaker intensities overall. The spatial distribu-
tion of MHW intensity therefore qualifies the event as a
western Mediterranean-centred one (Fig. 1b): although it af-
fected much of the basin, its most exceptional expression was
clearly located in the western Mediterranean, which moti-
vates focusing the following sections on this sub-basin. The
temporal window 20 to 30 June 2025 used for the analogue
target therefore corresponds to the onset of the strongest
basin-wide phase and captures the spatial structure that later
culminated during the 25 June to 9 July interval shown in
Fig. 1b.

ERAS shows that the event coincided with positive MSL
anomalies over parts of southwestern and central Europe
(Fig. 2i) and with widespread positive SSR anomalies over
the Mediterranean region (Fig. 2m). T2m anomalies were
strongly positive over surrounding land areas, especially

over the Iberian Peninsula, southern France, Italy, and North
Africa (Fig. 2e). WSPD anomalies were weak to moderate
and spatially heterogeneous (Fig. 2ac). These features are
consistent with a hot and radiatively favourable large scale
environment during the peak phase of the event, but the
present paper does not attempt a formal classification of the
associated atmospheric circulation pattern or of concurrent
atmospheric heatwaves.

4 Results
4.1 SST analogue composites

Figure 2a—d compares the target SST anomaly field for 20 to
30 June 2025 with the past and present SST analogue com-
posites and with their difference. The past and present com-
posites both reproduce the broad spatial structure of the tar-
get event, with stronger anomalies in the western Mediter-
ranean than in the eastern basin. This indicates that
the 2025 pattern is not unprecedented in terms of its large-
scale spatial organization. The amplitudes, however, differ
between the two analogue periods. The past composite shows
weaker positive SST anomalies than the present composite
over much of the basin. The present minus past SST differ-
ence is positive over large areas, with the strongest values in
the western Mediterranean and parts of the Adriatic. Many
of these positive differences are significant at the 95 % level
after bootstrap testing. Thus, within the analogue framework,
similar SST anomaly patterns are associated with systemati-
cally higher SST anomalies in the later part of the record.

4.2 Near-surface air temperature and pressure

Figure 2e-h shows the T2m fields. The target event ex-
hibits strong positive air temperature anomalies over land
surrounding the Mediterranean. Both past and present ana-
logue composites retain positive T2m anomalies over south-
ern Europe and North Africa, but the present composite is
generally warmer. The present minus past T2m difference is
positive over substantial land areas, with significant values
over parts of the Iberian Peninsula, southern France, Italy, the
Balkans, and North Africa. Over the sea, T2m differences are
smaller and less spatially coherent. The target event is asso-
ciated with positive pressure anomalies over the western and
central Mediterranean sector and negative anomalies farther
east. The past and present analogue composites show broadly
similar large-scale pressure structures. In contrast to SST and
T2m, the present minus past MSL differences are weaker,
spatially heterogeneous, and often not significant over the
basin. This suggests that the pressure patterns associated with
the SST analogues do not differ as strongly between the two
periods as the thermodynamic fields do.
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Figure 1. (a) Daily SST averaged over the Western Mediterranean Sea for 2025 (red), together with the 1991-2020 daily climatological
mean (black line) and the 90th percentile MHW threshold (P90, teal line). Shading indicates the MHW category (moderate, strong, severe,
extreme) following Hobday et al. (2016, 2018). (b) Mean MHW intensity (temperature anomaly above the 1991-2020 climatology, in °C)

over the Mediterranean Sea for the 25 June-9 July 2025 period, i.e. the strong-category phase!

highlighted in panel (a). White areas

over the sea are grid points where no MHW was detected. SST data obtained from the Mediterranean Sea-High Resolution L4 Sea Surface

Temperature Reprocessed (MED-REP-1L4) dataset from Copernicus.

4.3 Radiative fluxes

Figure 2m—p shows SSR. During the target event, positive
shortwave anomalies cover much of the Mediterranean and
adjacent land areas. Both analogue composites also display
positive SSR anomalies, but the present composite is gener-
ally stronger over broad parts of the basin and neighbouring
regions. The present minus past SSR differences are posi-
tive over much of the western and central Mediterranean and
are significant at many grid points. Figure 2q—t shows STR.
The target event presents negative STR anomalies over wide
marine areas, while the analogue composites are weaker and
more spatially mixed. The present minus past STR difference
is not uniformly positive over the basin. Instead, it shows
a heterogeneous structure, with positive values in some ar-
15 eas and near zero or negative values elsewhere. The signal
is therefore less spatially robust than for SST, T2m, or SSR,
and its interpretation requires caution.

o

=)

4.4 Turbulent heat fluxes and wind speed

Figure 2u—x shows SLHF. The event field and the analogue
composites display mixed spatial structures. The present mi-
nus past difference is generally weak and heterogeneous,
with localized positive and negative regions and limited sig-
nificance. Within this framework, SLHF does not show a
basin wide shift comparable to that seen in SST or SSR. Fig-
ure 2y—ab shows SSHF. Here again the present minus past
differences are modest and spatially variable. Over parts of
the Mediterranean basin the differences are close to zero,
while surrounding land and coastal regions show a mix of
positive and negative values. The SSHF response is there-
fore not spatially coherent at the basin scale. Figure 2ac—af
shows WSPD. The target event is associated with generally
weak wind anomalies over much of the basin, but with pro-
nounced regional contrasts. The past and present composites
also show weak and heterogeneous wind anomaly structures.
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Figure 2. Multi-variable analogue analysis for the period 20-30 June 2025. Rows: sea-surface temperature, SST (a—d); 2 m air temperature,
T2m (e-h); mean sea-level pressure, MSL (i-1); surface net shortwave radiation, SSR (m—p); surface net longwave radiation, STR (q-t);
surface latent heat flux, SLHF (u—x); surface sensible heat flux, SSHF (y—ab); 10 m wind speed, WSPD (ac-af). Columns: event anomaly;
Past analogue composite (1950-1986); Present analogue composite (1987-2024); Present—Past difference. In the difference column, colour-
filled areas indicate 95 % bootstrap significance. Temperatures are in °C, MSL in Pa, fluxes in W m~2, and wind speed inm s—L
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Present minus past wind speed differences are small in most
regions and only locally significant.

4.5 Climate variability indices and analogue quality

The distributions of ENSO (EIl Nifio—Southern Oscillation),
NAO (North Atlantic Oscillation), PDO (Pacific Decadal
Oscillation), AMO (Atlantic Multidecadal Oscillation), EA
(East Atlantic pattern), and SCAND (Scandinavian pattern)
differ between past and present analogue dates according to
the two-tailed Cramér—von Mises test, with p < 0.001 for all
six indices (Fig. 3). Because the sample is limited to 42 dates
per period, these p-values quantify a clear distributional shift
but should not be over-interpreted as a precise probability
statement. Figure 3 shows consistent shifts between past and
present distributions for all modes. ENSO moves from a dis-
tribution centred on negative values in the past to values
closer to neutral or slightly positive in the present, with a
reduced spread. NAO shifts from a predominantly positive
distribution in the past to a distribution centred on negative
values in the present, with a broader range. PDO changes
from a distribution centred on positive values to one centred
on negative values. AMO shifts from weakly negative values
toward values closer to zero or slightly positive. EA changes
from a past distribution with two preferred states, one neg-
ative and one positive, to a present distribution concentrated
near neutral values. SCAND shifts from positive values in
the past to negative values in the present. These differences
indicate that the analogue dates in the two periods sample
different large-scale states of oceanic and atmospheric vari-
ability. The result is statistical and does not imply that any of
these modes individually explains or causes the 2025 event
but they might have contributed to the occurrence of the
event. Finally, the analogue quality analysis (Fig. 4) shows
that the selected analogue sets reproduce the target circula-
tion pattern with comparable skill in both periods. The
2025 event lies within the range of analogue quality values
but toward the upper part of the distributions. This indi-
cates that the event is not outside the analogue space but is
not among the most typical configurations. The comparison
between periods does not show a systematic improvement of
analogue quality in the present climate, despite the temporal
proximity of the event.

5 Discussion

The analogue comparison reveals a physically coherent pic-
ture: the clearest differences between past and present ana-
logues of the June 2025 MHW lie in the thermodynamic
fields, SST itself, near-surface air temperature over surround-
ing land, and net shortwave radiation, rather than in the dy-
namic fields. Sea level pressure, wind speed, latent heat flux
and sensible heat flux show weaker, spatially heterogeneous
so present-minus-past differences with limited basin-wide co-

herence. This is consistent with the expectation that long-
term warming primarily elevates the background thermody-
namic state, whereas forced changes in the large-scale atmo-
spheric circulation are smaller and harder to detect against
internal variability over the observational record (Deser et
al., 2012; Shepherd, 2014; Faranda et al., 2023). We stress,
however, that internal variability is only one of several plau-
sible readings of the patchy present-minus-past differences in
sea level pressure, wind speed, and latent and sensible heat
fluxes. These heterogeneous patterns may equally reflect a
spatially complex atmospheric response, forced circulation
changes whose amplitude is simply weaker than the inter-
nal variability sampled by 42 analogue dates per period, or
the influence of regional processes such as land-sea thermal
contrasts, orographic channelling of the regional wind sys-
tems, and coastal upwelling, which are not well captured by
basin-scale composites. Distinguishing between these expla-
nations would require large initial-condition model ensem-
bles rather than the observational analogue framework used
here. Our results complement recent work showing that con-
current atmospheric heatwaves and weakened surface winds
under subtropical ridges can intensify MHW through modi-
fied air-sea heat flux exchanges (Bonino et al., 2025; Paredes-
Fortuny et al., 2025; Pastor et al., 2024). The relatively weak
and spatially incoherent wind speed and turbulent flux dif-
ferences in the present analogue composites suggest that the
2025 event’s exceptional character, like other recent MHW s
(Gyuleva et al., 2025; Dong et al., 2025), was not primar-
ily driven by a shift in the atmospheric dynamical conditions
associated with the event, here diagnosed through the near-
surface wind and turbulent heat flux composites, which re-
flect the regional air-sea coupling rather than the large-scale
circulation itself, but rather by the superposition of a recur-
rent SST anomaly pattern onto a warmer thermodynamic
background without any change of variance (Xu et al.,
2022): a warmer ocean, a warmer atmosphere, and more
available solar energy reaching a stratified upper-ocean.

The positive SSR differences between present and past
analogues are the most spatially coherent and robust sig-
nals over the western and central Mediterranean basin. This
is consistent with enhanced clear-sky conditions and re-
duced cloudiness in summer as documented both regionally
(Guinaldo et al., 2023; Bonino et al., 2025; Behr et al., 2025)
and at a global scale (Sen Gupta et al., 2020; Goessling et
al., 2025) but this point cannot be quantified directly with
the present methodology. By contrast, STR differences are
spatially heterogeneous and cannot be interpreted as a sim-
ple basin-wide increase in longwave forcing. Several mech-
anisms may contribute to the observed radiation patterns, in-
cluding changes in the thermodynamic state of the lower at-
mosphere, changes in humidity, and changes in cloudiness.
We did not explicitly analyse cloud cover or specific humid-
ity, and multiple mechanisms can contribute to the observed
radiation changes, including thermodynamic modifications
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Figure 3. Violin plots comparing the distributions of natural variability indices during analogue dates in the past (1950-1986, blue) and
present (1987-2024, orange) periods. The indices include: (a) El Nifio—Southern Oscillation (ENSO), (b) North Atlantic Oscillation (NAO),
(¢) Pacific Decadal Oscillation (PDO), (d) Atlantic Multidecadal Oscillation (AMO), (e) East Atlantic pattern (EA), and (f) Scandinavian
pattern (SCAND). Each violin shows the full probability density of the distribution, with horizontal red and black lines indicating the mean
and median, respectively. The width of the violin reflects the relative frequency of values. All comparisons yield statistically significant
differences between past and present periods (two-tailed Cramér—von Mises test, p < 0.001), suggesting that the underlying state of large-

scale climate modes has shifted over time.

radiation results are best interpreted as part of a consistent
surface energy budget signal rather than as an isolated causal
diagnosis. This interpretation should, however, be stated with
care. The method does not compare identical atmospheric or
coupled ocean—atmosphere states. It compares atmospheric
and surface conditions associated with similar SST anomaly
patterns. The results therefore support a conditional state-
ment. In the later part of the historical record, SST patterns
resembling the June 2025 event are associated with stronger
marine warming and, in several regions, with stronger atmo-
spheric warming and stronger shortwave input than in the
earlier part of the record. This is consistent with thermody-
namic amplification in a warmer climate background, but it
is not a complete attribution proof on its own.

A first-order quantification of the conditional shift can be
obtained directly from the analogue composites in Fig. 2.
Over the grid points where the present-minus-past difference
is significant at the 95 % level after bootstrap testing, the SST
shift typically reaches +1 to +1.5 °C across broad sectors of
the western Mediterranean and parts of the Adriatic, while
T2m shifts over surrounding land are of comparable or larger
magnitude, locally in the 4-1.5 to +2.5 °C range over the

Iberian Peninsula, southern France, Italy and the Balkans.
The corresponding present-minus-past SSR differences are
of the order of a few W m™2 over much of the western and
central basin. These figures should be interpreted as condi-
tional metrics: they describe the typical shift of the thermo-
dynamic environment in which SST patterns analogous to
the June 2025 event occur, and not as a probabilistic attribu-
tion estimate of the human contribution to the 2025 event it-
self. Internal variability associated with the different distribu-
tions of low-frequency modes sampled by the two analogue
populations (Fig. 3) can also contribute to these magnitudes,
which is why we present them as ranges rather than as point
estimates.

Compared to formal probabilistic attribution based on
CMIP-class model ensembles, the SST-analogue framework
offers complementary, rather than redundant, information for
an event such as the June 2025 Mediterranean MHW. Model-
ensemble attribution typically targets a scalar return-period
or risk-ratio change in a regional SST or MHW index. Here,
by holding the SST anomaly pattern approximately constant
by construction, we obtain spatially resolved, multi-variable
composite differences for SST, T2m, MSL, SSR, STR,
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Figure 4. Analogue quality scores (Q) for the set of analogues
selected dates in the past (1950-1986, blue) and present (1987-
2024, orange) periods. Violin plots show the distribution of mean
Euclidean distances between 42 analogue SST patterns and ran-
domly selected JJAS days from the same period. The horizontal red
and black lines indicate the mean and median of each distribution,
respectively. The filled blue dots mark the actual Q values computed
between the target 2025 SST event and its selected analogues. A
lower Q indicates a better match. The statistical difference between
past and present distributions is confirmed by a two-tailed Cramér—
von Mises test (p = 0.005).

SLHF, SSHF, and WSPD, all from observation-constrained
reanalysis fields. This disaggregation makes it possible to
identify which surface energy budget terms shift most co-
herently between past and present analogue populations — in
this case clearly SST, T2m and SSR — and which terms re-
main weak and spatially heterogeneous — here MSL, STR,
SLHF, SSHF and WSPD. Model ensembles can of course
also deliver variable-by-variable, grid-point-resolved diag-
nostics. The distinctive feature of the present framework is
10 rather that these diagnostics are conditioned on observed ana-
logues of one specific event and are therefore derived di-
rectly from the observational record, instead of being ob-
tained from model simulations or attribution ensembles. The
two approaches are therefore best used jointly, as already
1s suggested by hybrid frameworks combining observational
analogues with large ensembles.

The shifts in ENSO, NAO, PDO, AMO, EA, and SCAND
distributions indicate an important and complex interaction
in the observational analogue method: the analogue popu-

20 lations are embedded in different low frequency variability
states. The observed present minus past differences reflect
a combination of externally forced long-term warming and
changes in internal variability. Separating such shifts from
the externally forced signal is a key aspect of every attri-
25 bution study. Numerous methods have been proposed
(Trenberth et al., 2015; Naveau et al., 2020; Otto, 2023) to

3

overcome these limitations and sample in the best way pos-
sible the decennial to multi-decennial variability including
the use of large ensembles (Deser et al., 2020). The observed
differences provide a physically interpretable signal, but they
cannot be partitioned into forced and unforced components.
As such, hybrid approaches that combine observational ana-
logues with large ensemble model diagnostics could help ad-
dress this in future work.

A second important limitation concerns ocean dynamics.
Our analysis does not explicitly include ocean advection,
mixed layer depth, vertical mixing, or subsurface heat con-
tent. These processes can be important in the Mediterranean,
and in some seasons or subregions they may substantially
modulate the onset, intensity, or persistence of marine heat-
waves. The omission is less severe in the summer Mediter-
ranean than it would be in other contexts because stratifi-
cation is typically strong and mixed layers are shallow and
less variable in summer (d’Ortenzio et al., 2005; Juza et al.,
2022). Even so, ocean dynamical contributions cannot be
ruled out and the present study should not be interpreted as a
full process closure of the 2025 event.

A key assumption of the analogue method is that variable
structures remain physically sufficiently comparable across
climate states, meaning that a pattern of SST anomalies
in 1980 represents a dynamically similar configuration to
the same pattern in 2020, differing primarily in the back-
ground state. In the Mediterranean Sea, the basin geometry
and recurrent large-scale forcing constrain the broad spatial
organization of anomalies, making this assumption plausi-
ble. Nevertheless, long-term warming can modify the magni-
tude of SST anomalies and their west—east gradients, which
may reduce the representativeness of historical analogues,
especially when recent extremes are compared with earlier
decades (Marullo et al., 2011; Pastor et al., 2020; Pisano et
al., 2020). The analogue quality analysis confirms that the
2025 event lies toward the upper end of analogue distances
in both periods, indicating that the event is only partially
captured even by its best historical analogues. This also il-
lustrates the limits of this approach alone as attribution evi-
dence.

Within these limits, the analogue analysis provides an
event-specific observational comparison of the environmen-
tal context associated with similar SST anomaly patterns in
two parts of the historical record. It therefore complements
the broader literature showing that Mediterranean MHWs
are intensifying under climate change by showing, for this
particular event, where and in which variables the past and
present analogue contexts differ most strongly.

6 Conclusions

The Mediterranean Sea experienced one of its most intense
early-summer MHWs on record in June 2025. Using an SST
analogue framework, in which the target of the analogue
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search is the observed SST anomaly pattern itself, applied
to ERAS reanalysis data covering 1950-2024, we have com-
pared the atmospheric and surface energy budget conditions
associated with historical SST patterns appearing like the
June 2025 event across two climate periods: a past period
(1950-1986) and a present period (1987-2024). This distin-
guishes the study from the more commonly used circulation-
based analogue approach and is better aligned with the ma-
rine nature of the event.

Three main findings emerge from the analysis. First, the
June 2025 event was exceptional in the observational record,
with the strongest SST anomalies concentrated in the western
Mediterranean, locally exceeding +4.5 to 5.5°C, and
with elevated temperatures extending over much of the basin.

Second, the analogue comparison reveals a clear thermo-
dynamic fingerprint of long-term warming. Present-period
analogues of the 2025 SST pattern are systematically asso-
ciated with stronger SST anomalies, warmer near-surface air
temperatures over surrounding land areas, and greater net
shortwave radiation than past-period analogues. These dif-
ferences are spatially coherent and statistically significant
across broad portions of the basin. By contrast, differences in
sea level pressure, wind speed, latent and sensible heat fluxes,
and longwave radiation are weaker and spatially heteroge-
neous, indicating that the dominant shift between earlier and
more recent climate backgrounds lies in the thermodynamic
environment rather than in a change of the associated large-
scale circulation.

Third, the analogue framework demonstrates both its util-
ity and its limitations for marine heat extreme event attribu-
tion. It provides a physically transparent, observation-based,
and event-specific line of evidence consistent with thermo-
dynamic amplification of the 2025 MHW in the context of
long-term Mediterranean warming. It cannot, however, fully
disentangle contributions of the externally forced warming
from internal variability, and it does not resolve ocean dy-
namical processes that may have contributed to the event’s
onset and persistence.

More generally, the study shows that SST analogue com-
parisons offer a valuable complement to model-based at-
tribution for marine extremes. Their observational ground-
ing, and event-specific objectives make them well-suited for
rapid scientific assessments following major events. Future
developments of this approach should explore its combina-
tion with large climate model ensembles to explicitly disen-
tangle forced and internal contributions, and its extension to
include subsurface ocean variables to better capture the role
of ocean dynamics in MHW intensification.

Code availability. The analogue analysis workflow builds on pub-
licly available functions implemented in the ClimaMeter framework
(Faranda et al., 2024). Custom scripts used in this study are avail-
able from the corresponding author upon reasonable request.
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