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Abstract 13 

The Mediterranean Sea experienced an exceptional marine heatwave in early summer 2025 lasting from 20 to 30 June. 14 
Here we analyse this event using an analogue framework that differs from the more common circulation based analogue 15 
attribution approach. Instead of identifying atmospheric circulation analogues first, we search directly for historical 16 
analogues of the observed sea surface temperature (SST) anomaly pattern and then compare the associated 17 
atmospheric and surface conditions in a past period (1950 to 1986) and a present one (1987 to 2024), based on ERA5 18 
daily fields over the Mediterranean during June to September. Our results suggest that the present period exhibits higher 19 
SST anomalies than the past one, with the strongest positive differences over the western Mediterranean and the Adriatic. 20 
Warmer 2 m air temperatures over surrounding land areas and higher incoming shortwave radiation over broad parts of 21 
the basin are also observed, while sea level pressure, wind speed, latent heat flux, sensible heat flux, and longwave 22 
radiation display smaller and more spatially heterogeneous changes. Thus, the 2025 event occurred in a warmer 23 
thermodynamic background than analogous SST patterns in earlier decades. They do not constitute a complete formal 24 
attribution on their own, since the framework cannot fully separate externally forced trends from internal variability and 25 
does not explicitly resolve ocean dynamical processes such as advection, mixing, and stratification changes. 26 
Nevertheless, the analogue analysis supports the interpretation that long term warming contributed substantially to the 27 
intensity of the 2025 Mediterranean marine heatwave and shows how SST analogue comparisons can complement 28 
existing attribution approaches for marine extremes. 29 

1. Introduction 30 

Anthropogenic climate change has unequivocally warmed the oceans and the atmosphere, increasing the 31 
frequency and intensity of different extreme events (Forster et al., 2025; Seneviratne et al., 2021). Among 32 
them, marine heatwaves (MHWs) are prolonged periods of unusually warm ocean temperatures and represent 33 
one of the clearest manifestations of the interaction between climate internal variability and long-term changes 34 
in the ocean (Hobday et al., 2016; Holbrook et al., 2020). Their frequency, duration, and intensity have 35 
increased over the last century at the global scale (Frölicher et al., 2018; Oliver et al., 2018; Laufkötter et al., 36 
2020) as evidenced by the recent surge in both global and regional extreme heat events (Gyuleva et al., 2025, 37 
England et al., 2025, Guinaldo et al., 2025). These events can produce severe ecological and socioeconomic 38 
impacts, including mass mortality of marine organisms, coral bleaching, seagrass decline, and fisheries 39 
disruption (Smale et al., 2019; Smith et al., 2021; Garrabou et al., 2022; Wernberg et al., 2025). 40 
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SST and related atmospheric variables. We find that, 104 
under present-day climate conditions, analogous patterns 105 
result in significantly higher SST anomalies and stronger 106 
atmospheric responses—such as warmer near-surface air 107 
temperatures and intensified radiative fluxes—compared 108 
to the past. Statistical tests confirm that long-term warming 109 
trend has amplified Mediterranean SST extremes by up to 110 
1.5°C and associated heat exchange processes, though 111 
shifts in large-scale natural climate variability may also 112 
influence these outcomes, complicating attribution. 113 
Nonetheless, the dominant contribution to the 2025 marine 114 
heatwave severity is attributable to anthropogenic forcing. 115 ... [1]
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The Mediterranean Sea is a particularly sensitive region in this context. It is widely recognized as a climate 116 
change hotspot (Giorgi 2006), with regional warming trend exceeding the global average (Cramer et al., 2018; 117 
Tuel & Eltahir, 2020; Pastor et al., 2020; Seneviratne et al., 2021). Consistent with this background trend, 118 
Mediterranean MHWs have become more frequent, longer, and more intense in recent decades (Darmaraki 119 
et al., 2024) with an annual mean number of days increasing from 1 day/year over the period 1982-1999 to 120 
5.5 days/years over the period 2000-2021 (Pastor & Khodayar, 2023). Several remarkable events have been 121 
documented during the last two decades (Simon et al., 2023, Guinaldo et al., 2023; Martínez et al., 2023; 122 
Pastor et al., 2024) with major impacts on marine ecosystems and coastal environments (Coll et al. 2010, 123 
Garrabou et al., 2022; Artana et al., 2026) . Recent work has also highlighted that Mediterranean MHWs can 124 
be intensified when they co-occur with atmospheric heat extremes and anomalous summer circulation 125 
patterns that favour enhanced radiative input and weak surface winds (Sen Gupta et al., 2020; Pastor et al., 126 
2024; Bonino et al., 2025; Paredes-Fortuny et al., 2025) conditions whose frequency is itself increasing 127 
(d’Andrea et al. 2024) 128 

The contribution of anthropogenic climate change to the increasing likelihood and intensity of MHWs is now 129 
unequivocally established, with the vast majority of observed events attributable to human influence (Frölicher 130 
et al. 2018). The question addressed here is more specific. We examine the June 2025 Mediterranean event 131 
using an analogue framework designed to compare physically similar SST anomaly patterns across different 132 
climate backgrounds. The aim is not to replace formal probabilistic attribution studies based on climate model 133 
ensembles, but to provide an event-specific observational line of evidence and a process-oriented diagnostic 134 
of how the background thermodynamic environment differs between earlier and more recent analogues. 135 

Analogue-based attribution has become an established complementary approach in extreme event attribution 136 
(Vautard et al., 2016; Faranda et al., 2022; Faranda et al., 2024). In its more classical form, the method first 137 
identifies atmospheric circulation analogues and then evaluates how associated impacts differ between 138 
climate states. Here we adopt a different perspective. We first identify analogues of the observed SST anomaly 139 
pattern itself, and only then examine the atmospheric and surface fields associated with those SST analogue 140 
dates. This choice is motivated by the nature of the event under study, namely a MHW, for which the SST 141 
pattern is the central feature to be matched. 142 

The study has three objectives. First, we document the exceptional character of the June 2025 event (Section 143 
3). Second, we assess how the associated SST, atmospheric, and air-sea flux anomaly composites differ 144 
between past and present SST analogues (Section 4). Third, we discuss the extent to which these differences 145 
are consistent with thermodynamic amplification in a warmer climate, while explicitly acknowledging the limits 146 
of the analogue framework, in particular its inability to isolate forced and internal components fully and its 147 
omission of explicit ocean dynamical processes (Section 5). 148 

2. Data and Methods 149 

2.1 Reanalysis and observational datasets 150 

The main dataset used in this study is the ECMWF ERA5 reanalysis (Hersbach et al., 2020). ERA5 provides 151 
globally gridded atmospheric and surface fields at 0.25° resolution from 1940 onward. In this work, ERA5 is 152 
used as a temporally consistent, observation constrained dataset for both the characterization of the 2025 153 
event and the identification of historical analogues. All analyses are restricted to the June to September 154 
season (JJAS). 155 
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the frequency, intensity and duration of MHWs (Pastor and 178 
Khodayar, 2023) and a series of record-breaking marine 179 
heatwaves in the past two decades (Martinez et al., 2023), 180 
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and 2022 causing widespread ecosystem impacts 182 
(Estaque et al., 2023, Garrabou et al., 2022). The summer 183 
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For SST, the ERA5 product relies on observationally constrained analyses rather than on a fully coupled 188 
ocean reanalysis. In practice, the SST field combines HadISST for the earlier part (before 2007) of the record 189 
and OSTIA in the more recent period (after 2007), both regridded within the ERA5 framework. We therefore 190 
refer to ERA5 SST as a consistent gridded SST product used within ERA5, rather than as an ocean reanalysis 191 
field in the strict dynamical sense. 192 

The variables analysed in the analogue-based attribution are SST, 2 m air temperature (T2m), mean sea level 193 
pressure (MSL), surface net shortwave radiation (SSR), surface net longwave radiation (STR), surface latent 194 
heat flux (SLHF), surface sensible heat flux (SSHF), and 10 m wind speed (WSPD, derived from U10 and 195 
V10). These variables were selected because they are relevant to the development and maintenance of 196 
summer MHWs in the Mediterranean Sea through radiative forcing, air-sea exchanges, and near surface 197 
circulation (Capotondi et al., 2024; Darmaraki et al., 2024, Bonino et al. 2025). 198 

For descriptive purposes in the event characterization section, we also use the Mediterranean Sea High 199 
Resolution L4 Sea Surface Temperature Reprocessed product (MED REP L4; Copernicus Marine Service 200 
Information, https://doi.org/10.48670/moi-00173). This observational product is not used in the analogue 201 
protocol and its role is only to document the timing, spatial structure, and magnitude of the 2025 event with 202 
an independent observational perspective. 203 

2.2 Definition of anomalies and target event 204 

For ERA5, daily anomalies are computed at each grid point relative to the 1950 to 2024 JJAS daily climatology. 205 
Thus, for each calendar day, the corresponding climatological mean for that day is removed before further 206 
analysis. All variables are then smoothed with an 11 day centred moving average, following the Climameter 207 
framework and ensuring that the target event and candidate analogue fields are compared at the same 208 
temporal scale (Faranda et al., 2024). The target event is defined as the temporal mean SST anomaly over 209 
20 to 30 June 2025. Daily SST anomalies are first computed, then averaged over this 11 day period. This 210 
period was selected because it corresponds to the most rapid build up and peak phase of the exceptional 211 
western Mediterranean warming documented by the observational datasets and by ERA5. The target is 212 
therefore a temporally averaged SST anomaly field, not a single day snapshot. 213 

2.3 Analogue selection 214 

We search for analogues of the 20 to 30 June 2025 SST anomaly pattern over the Mediterranean basin. The 215 
matching domain is the entire Mediterranean basin and immediate coastal grid points represented in ERA5. 216 
For each JJAS day in the historical record, we compute the Euclidean distance between the candidate daily 217 
SST anomaly field and the target event pattern. The distance is calculated over all grid points in the domain, 218 
with cosine of latitude weighting to account for the different area represented by each grid cell. Candidate 219 
days are then ranked from the smallest to the largest distance. The analogue days are those with the smallest 220 
distances (i.e., the first 1% of dates), that is, the SST anomaly fields most similar to the target 2025 pattern. 221 
The search is performed independently for two subperiods, a past period, 1950 to 1986, and a present period, 222 
1987 to 2024. The year 1987 is used as the split because it lies close to a documented acceleration in 223 
Mediterranean warming and also divides the record into two comparably sized samples (Lionello & Scarascia, 224 
2018). We stress that the past period is not a pre industrial baseline. It is simply a cooler segment of the 225 
observational era, that could be cooler due to the decrease in aerosol emissions over western Europe or a 226 
different phase of the multidecadal variability (Pisano et al. 2020). 227 

In each period we retain the top 42 analogue days. This corresponds to about 1% of all available JJAS days 228 
in each subperiod and follows the standard Climameter choice adopted in previous sensitivity analyses 229 

https://doi.org/10.48670/moi-00173
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(Faranda et al., 2024). Fixing the number of analogues in both periods allows direct comparison of composite 230 
means between the two climate backgrounds.  231 

For each period, we compute composites by averaging the selected analogue days for SST, T2m, MSL, SSR, 232 
STR, SLHF, SSHF, and WSPD. We then compare the past and present composites as well as the present 233 
minus past difference. This difference is interpreted as a diagnostic of how the environmental conditions 234 
associated with similar SST anomaly patterns differ between the earlier and later parts of the record. A positive 235 
difference indicates that the present climate analogues are associated with stronger positive anomalies—236 
consistent with a warming signal. For instance, a positive SST difference implies that recent analogues occur 237 
under warmer SST conditions than similar events in the past. Conversely, near-zero or negative differences 238 
suggest either no significant change or a reduction in anomaly amplitude under current climate conditions, 239 
though this is less common for variables associated with heat extremes. We remark that this framework does 240 
not justify a claim that identical atmospheric or oceanic states are being compared. It compares atmospheric 241 
and surface conditions associated with similar SST anomaly patterns. The method is therefore best 242 
understood as conditional and diagnostic. It provides information on how the thermodynamic and near surface 243 
atmospheric context of SST analogue events has shifted between the two periods, but it does not in itself 244 
isolate external forcing from internal variability. 245 

2.4 Statistical significance 246 

To assess whether present minus past composite differences are robust to sampling uncertainty, we use a 247 
non parametric bootstrap test following Faranda et al. (2022, 2024). The 84 analogue dates, 42 from the past 248 
and 42 from the present, are pooled together. We then generate 10,000 random resamples, each time dividing 249 
the 84 dates into two groups of 42 without preserving their original period labels. For each resample we 250 
compute the difference between the two composite means at each grid point. The resulting empirical 251 
distribution provides the expected range of differences under the null hypothesis that the observed present 252 
minus past difference arises from random sampling within the pooled analogue set. Grid point differences are 253 
considered significant at the 95% level when they fall outside the 2.5th to 97.5th percentile interval of the 254 
bootstrap distribution. A false discovery rate correction is applied to account for multiple testing across the 255 
spatial domain (Wilks, 2016). 256 

2.5 Climate variability indices and analogue quality 257 

To characterize the background large scale variability associated with the analogue dates, we analyse six 258 
standard climate indices, El Niño Southern Oscillation (ENSO), North Atlantic Oscillation (NAO), Pacific 259 
Decadal Oscillation (PDO), Atlantic Multidecadal Oscillation (AMO), East Atlantic pattern (EA), and 260 
Scandinavian pattern (SCAND). For each analogue date we extract the value of the corresponding index time 261 
series and compare the past and present distributions using violin plots and a two tailed Cramér von Mises 262 
test. These comparisons are purely descriptive and inform on the large-scale context without demonstrating 263 
a causal role of any given mode in the 2025 event. We also evaluate analogue quality using the mean 264 
Euclidean distance between the target 2025 SST pattern and its selected analogues, following Faranda et al. 265 
(2022). This quality metric indicates how closely the selected analogue set matches the target pattern relative 266 
to typical analogue distances within each period. 267 

3. The June 2025 Mediterranean marine heatwave 268 

The June to July 2025 MHW was exceptional in both duration and spatial extent. Figure 1a shows the daily 269 
mean western Mediterranean SST together with the 1991 to 2020 mean climatology, the 90th percentile 270 
threshold used to define MHW conditions and the MHW category (Hobday et al. 2016, Hobday et al. 2018). 271 
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The event developed progressively during June 2025, with SST remaining above the climatological threshold 455 
for the whole  month and then intensifying sharply in the second half of June and the start of July. According 456 
to this, western Mediterranean presented moderate MHW conditions persisting from early June to late July, 457 
with two periods of stronger intensity. A short strong phase occurred in mid June, followed by a more sustained 458 
severe phase around the turn of June to July. The daily western Mediterranean SST reached its maximum 459 
close to 28 °C in early July. MHW intensity rapidly decayed until its end in mid-July. This time evolution of the 460 
MHW event classifies it as a long-duration event, significantly exceeding the average of 16 days for 461 
Mediterranean MHWs in the period 1982–2021 (Pastor et al., 2023). 462 

 463 

Figure 1. a) Annual mean daily SST averaged over the Western Mediterranean Sea and MHW category 464 
(shaded areas) for 2025 and b) mean MHW intensity for 25 June-09 July 2025 period (strong category in 465 
panel a). SST data obtained from the Mediterranean Sea-High Resolution L4 Sea Surface Temperature 466 
Reprocessed (MED-REP-L4) dataset from Copernicus. 467 

Figure 1b shows the mean MHW intensity over the Mediterranean Sea for the period 25 June to 09 July 2025, 468 
corresponding to the peak phase identified in Figure 1a. The strongest intensities were concentrated in the 469 
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western Mediterranean, particularly between the Gulf of Lions, the Balearic Sea, Corsica, Sardinia, and the 470 
Tyrrhenian sub-basin, with local values above +4.5 °C and in some areas approaching +5.5 to 6 °C. Positive 471 
intensities extended across most of the basin, but with a clear west to east decrease. The central 472 
Mediterranean showed widespread moderate to strong conditions, whereas the eastern Mediterranean 473 
exhibited weaker intensities overall. The spatial MHW intensity distribution qualifies it as a western 474 
Mediterranean-centred event (Fig 1b), which motivates the following sections to be focused on this basin. The 475 
event affected much of the Mediterranean, but its most exceptional expression was clearly located in the 476 
western basin. The temporal window 20 to 30 June 2025 used for the analogue target therefore corresponds 477 
to the onset of the strongest basin-wide phase and captures the spatial structure that later culminated during 478 
the 25 June to 09 July interval shown in Figure 1b. 479 

ERA5 shows that the event coincided with positive MSL anomalies over parts of southwestern and central 480 
Europe (Fig. 2i) and with widespread positive SSR anomalies over the Mediterranean region (Fig. 2m). T2m 481 
anomalies were strongly positive over surrounding land areas, especially over the Iberian Peninsula, southern 482 
France, Italy, and North Africa (Fig. 2e). WSPD anomalies were weak to moderate and spatially 483 
heterogeneous (Fig. 2ac). These features are consistent with a hot and radiatively favourable large scale 484 
environment during the peak phase of the event, but the present paper does not attempt a formal classification 485 
of the associated atmospheric circulation pattern or of concurrent atmospheric heatwaves. 486 

4. Results 487 

4.1 SST analogue composites 488 

Figure 2a–d compares the target SST anomaly field for 20 to 30 June 2025 with the past and present SST 489 
analogue composites and with their difference. The past and present composites both reproduce the broad 490 
spatial structure of the target event, with stronger anomalies in the western Mediterranean than in the eastern 491 
basin. This indicates that the 2025 pattern is not unprecedented in terms of its large-scale spatial organization. 492 
The amplitudes, however, differ between the two analogue periods. The past composite shows weaker 493 
positive SST anomalies than the present composite over much of the basin. The present minus past SST 494 
difference is positive over large areas, with the strongest values in the western Mediterranean and parts of 495 
the Adriatic. Many of these positive differences are significant at the 95% level after bootstrap testing. Thus, 496 
within the analogue framework, similar SST anomaly patterns are associated with systematically higher SST 497 
anomalies in the later part of the record.  498 

4.2 Near surface air temperature and pressure 499 

Figure 2e–h shows the T2m fields. The target event exhibits strong positive air temperature anomalies over 500 
land surrounding the Mediterranean. Both past and present analogue composites retain positive T2m 501 
anomalies over southern Europe and North Africa, but the present composite is generally warmer. The present 502 
minus past T2m difference is positive over substantial land areas, with significant values over parts of the 503 
Iberian Peninsula, southern France, Italy, the Balkans, and North Africa. Over the sea, T2m differences are 504 
smaller and less spatially coherent. The target event is associated with positive pressure anomalies over the 505 
western and central Mediterranean sector and negative anomalies farther east. The past and present 506 
analogue composites show broadly similar large scale pressure structures. In contrast to SST and T2m, the 507 
present minus past MSL differences are weaker, spatially heterogeneous, and often not significant over the 508 
basin. This suggests that the pressure patterns associated with the SST analogues do not differ as strongly 509 
between the two periods as the thermodynamic fields do.   510 

 511 
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4.3 Radiative fluxes 536 

Figure 2m–p shows SSR. During the target event, positive shortwave anomalies cover much of the 537 
Mediterranean and adjacent land areas. Both analogue composites also display positive SSR anomalies, but 538 
the present composite is generally stronger over broad parts of the basin and neighbouring regions. The 539 
present minus past SSR differences are positive over much of the western and central Mediterranean and are 540 
significant at many grid points. Figure 2q–t shows STR. The target event presents negative STR anomalies 541 
over wide marine areas, while the analogue composites are weaker and more spatially mixed. The present 542 
minus past STR difference is not uniformly positive over the basin. Instead, it shows a heterogeneous 543 
structure, with positive values in some areas and near zero or negative values elsewhere. The signal is 544 
therefore less spatially robust than for SST, T2m, or SSR, and its interpretation requires caution.  545 

4.4 Turbulent heat fluxes and wind speed 546 

Figure 2u–x shows SLHF. The event field and the analogue composites display mixed spatial structures. The 547 
present minus past difference is generally weak and heterogeneous, with localized positive and negative 548 
regions and limited significance. Within this framework, SLHF does not show a basin wide shift comparable 549 
to that seen in SST or SSR. Figure 2y–ab shows SSHF. Here again the present minus past differences are 550 
modest and spatially variable. Over parts of the Mediterranean basin the differences are close to zero, while 551 
surrounding land and coastal regions show a mix of positive and negative values. The SSHF response is 552 
therefore not spatially coherent at the basin scale. Figure 2ac–af shows WSPD. The target event is associated 553 
with generally weak wind anomalies over much of the basin, but with pronounced regional contrasts. The past 554 
and present composites also show weak and heterogeneous wind anomaly structures. Present minus past 555 
wind speed differences are small in most regions and only locally significant.  556 

4.5 Climate variability indices and analogue quality 557 

The distributions of ENSO (El Niño–Southern Oscillation), NAO (North Atlantic Oscillation), PDO (Pacific 558 
Decadal Oscillation), AMO (Atlantic Multidecadal Oscillation), EA (East Atlantic pattern), and SCAND 559 
(Scandinavian pattern) differ between past and present analogue dates according to the two-tailed Cramér–560 
von Mises test, with p < 0.001 for all six indices (Figure 3). Because the sample is limited to 42 dates per 561 
period, these p-values quantify a clear distributional shift but should not be over-interpreted as a precise 562 
probability statement. The indices are taken from the following sources: ENSO 3.4 from ERSSTv5 (Extended 563 
Reconstructed Sea Surface Temperature version 5); PDO from SWFSC (Southwest Fisheries Science 564 
Center); NAO from ICPC (International Climate Prediction Center); AMO from ERSST_TS (Extended 565 
Reconstructed Sea Surface Temperature time series); EA and SCAND from CPC (Climate Prediction Center, 566 
NOAA).  The Figure 3 shows consistent shifts between past and present distributions for all modes. ENSO 567 
moves from a distribution centred on negative values in the past to values closer to neutral or slightly positive 568 
in the present, with a reduced spread. NAO shifts from a predominantly positive distribution in the past to a 569 
distribution centred on negative values in the present, with a broader range. PDO changes from a distribution 570 
centred on positive values to one centred on negative values. AMO shifts from weakly negative values toward 571 
values closer to zero or slightly positive. EA changes from a past distribution with two preferred states, one 572 
negative and one positive, to a present distribution concentrated near neutral values. SCAND shifts from 573 
positive values in the past to negative values in the present.These differences indicate that the analogue dates 574 
in the two periods sample different large-scale states of oceanic and atmospheric variability. The result is 575 
statistical and does not imply that any of these modes individually explains or causes the 2025 event but they 576 
might have contributed to the occurrence of the event. Finally, the analogue quality analysis (Figure 4) shows 577 
that the selected analogue sets reproduce the target circulation pattern with comparable skill in both periods. 578 
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The 2025 event lies within the range of analogue quality values but toward the upper part of the distributions. 579 
This indicates that the event is not outside the analogue space but is not among the most typical 580 
configurations. The comparison between periods does not show a systematic improvement of analogue quality 581 
in the present climate, despite the temporal proximity of the event. 582 

 583 

 584 
Figure 2. Multi-variable analogue analysis for the period 20-30 June 2025. Rows: sea-surface temperature, 585 
SST (a–d); 2-m air temperature, T2m (e–h); mean sea-level pressure, MSL (i–l); surface net shortwave 586 a mis en forme : Après : -1,51 cm
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a supprimé: The June 2025 Mediterranean Marine 696 
Heatwave: An exceptional event¶697 
The summer 2025 MHW in the Mediterranean was 698 
extreme in both intensity and spatial extent. Daily mean 699 
SST anomalies averaged over the Western Mediterranean 700 
have been investigated from two different SST datasets. 701 
Daily averaged SST anomalies are shown in Fig. 1 for 702 
NCEI (fig. 1a) and OSTIA (fig. 1b) for the 1982-2025 703 
period (relative to the 1991-2020 baseline). In both 704 
analyses, SST anomaly sharply increased in June towards 705 
its maximum value by late June, clearly surpassing 706 
previous years and any previous historical records. For the 707 
NCEI case, the maximum anomaly exceeded +4 °C in the 708 
first days of July (exceeding by +0.5  °C the July 2023 709 
record) while the OSTIA maximum anomaly reached 710 
+3.4 °C, surpassing the +2.9 °C July 2023 value. This 711 
suggests that the second half of June and early July 712 
clearly outstand all previous records, although SST 713 
summer anomalies lied outside the average variability 714 
during the previous years, except for June 2024. Both 715 
datasets exhibit a new SST monthly record for June. Thus, 716 
the nature of June 2025 is exceptional not only to the long-717 
term past but also to the warmer summers of 2022-2024. 718 
A noteworthy aspect is that, the month of June and the 719 
beginning of July 2025 stand out significantly as an event 720 
of extraordinary anomalous SST warming, even in the 721 
context of recent warming. ¶722 
Spatially, the peak of the heatwave (late June–early July 723 
2025) covered virtually the entire Mediterranean Sea. On 724 
30 June 2025, positive SST anomalies exceeded +4 °C in 725 
the western Mediterranean (particularly the Gulf of Lion 726 
and Balearic Sea), and +2 to +3 °C anomalies were 727 
common elsewhere (Fig. 2a). The pattern featured a west-728 
east gradient with the western basin. This pattern suggests 729 
a strong MHW in the western Mediterranean, consistent 730 
with previous MHWs such as June 2003 and 2022 731 
embedded in a basin-wide warming. The spatial structure 732 
of SST anomalies is important as it influences atmospheric 733 
feedback; for instance, intense warming of the western 734 
Mediterranean can drive regional atmospheric high-735 
pressure anomalies (Drobinski et al., 2018).¶736 
The heatwave coincided with a persistent atmospheric 737 
high-pressure system over the western Mediterranean 738 
region (Paredes-Fortuny et al., 2025). On 30 June 2025, 739 
ERA5 reanalysis shows an anomalous anticyclone 740 
centered over south-central Europe and the western 741 
Mediterranean, with MSLP about +5 hPa above normal 742 
over Spain, France, and the western Mediterranean, and a 743 
compensating trough (slightly below-normal pressure) over 744 
the eastern Mediterranean (Fig. 2i). This synoptic pattern 745 ... [13]
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a supprimé: The concurrence of a marine and atmospheric 687 
heatwave in 2025 aligns with recent findings that co-688 
occurring hot atmospheric conditions can amplify MHW 689 
intensity (Pastor et al., 2024). In essence, the atmosphere 690 
and ocean acted in tandem: a stable, hot atmosphere 691 
suppressed surface winds and cloud formation, 692 
maximizing solar heating of an already warmer-than-693 
average sea surface.¶694 
¶695 ... [14]
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radiation, SSR (m–p); surface net longwave radiation, STR (q–t); surface latent heat flux, SLHF (u–x); surface 746 
sensible heat flux, SSHF (y–ab); 10-m wind speed, WSPD (ac–af). Columns: event anomaly; Past analogue 747 
composite (1950–1986); Present analogue composite (1987–2024); Present–Past difference. Color-filled 748 
areas  indicate 95% bootstrap significance. Temperatures are in °C, fluxes in W m⁻², and wind speed in m s⁻¹. 749 

 750 

Figure 3. Violin plots comparing the distributions of natural variability indices during analogue dates in the 751 
past (1950–1986, blue) and present (1987–2024, orange) periods. The indices include: a) El Niño–Southern 752 
Oscillation (ENSO), b) North Atlantic Oscillation (NAO), c) Pacific Decadal Oscillation (PDO), d) Atlantic 753 
Multidecadal Oscillation (AMO), e) East Atlantic pattern (EA), and f) Scandinavian pattern (SCAND). Each 754 
violin shows the full probability density of the distribution, with horizontal red and black lines indicating the 755 
mean and median, respectively. The width of the violin reflects the relative frequency of values. All 756 
comparisons yield statistically significant differences between past and present periods (two-tailed Cramér–757 
von Mises test, p < 0.001), suggesting that the underlying state of large-scale climate modes has shifted over 758 
time.   759 

5. Discussion 760 

The analogue comparison reveals a physically coherent picture: the clearest differences between past and 761 
present analogues of the June 2025 MHW lie in the thermodynamic fields — SST itself, near-surface air 762 
temperature over surrounding land, and incoming shortwave radiation — rather than in the dynamic fields. 763 
Sea level pressure, wind speed, latent heat flux and sensible heat flux show weaker, spatially heterogeneous 764 
present-minus-past differences with limited basin-wide coherence. This is consistent with the expectation that 765 
long-term warming primarily elevates the background thermodynamic state, while the large-scale atmospheric 766 
circulation remains more constrained by internal variability that has not yet shifted significantly over the 767 
observational record. It complements recent work showing that concurrent atmospheric heatwaves and 768 

a mis en forme : Police :Non Italique

a supprimé: In summary, the analogue framework shows 893 
that the 2025 marine heatwave did not require an 894 
anomalously new circulation pattern; rather, it occurred 895 
under a pattern that has historical precedents but unfolded 896 
over a present-day background that systematically 897 
enhances heat storage at the surface. The present 898 
composite’s higher SST, warmer T2m, greater shortwave 899 
input, reduced net longwave loss, and smaller sensible-900 
heat export provide a physically consistent explanation for 901 
why events with the same spatial structure now reach 902 
higher amplitude. This coherence across independent 903 
variables strengthens the attribution of the 2025 event’s 904 
severity to thermodynamic changes associated with long-905 
term warming.¶906 
6. Influence of Natural Variability¶907 
To assess the influence of large-scale modes of natural 908 
variability on the occurrence and intensity of the 2025 909 
Mediterranean marine heatwave, we analyzed the 910 
distributions of six prominent climate indices—El Niño–911 
Southern Oscillation (ENSO), North Atlantic Oscillation 912 
(NAO), Pacific Decadal Oscillation (PDO), Atlantic 913 
Multidecadal Oscillation (AMO), East Atlantic pattern (EA), 914 
and Scandinavian pattern (SCAND)—computed for the 915 
analogue dates in the past and present periods (Fig. 3). 916 
These indices represent key modes of internal natural 917 
climate variability that modulate regional atmospheric 918 
circulation, ocean-atmosphere heat exchange, and storm 919 
track positioning, all of which can influence Mediterranean 920 
SSTs. The distributions are presented using violin plots, 921 
allowing a visual comparison of their spread, central 922 
tendency, and overall statistical difference. A two-tailed 923 
Cramér–von Mises test confirms that all six indices exhibit 924 
statistically significant differences between the past and 925 
present analogue sets, with p-values all below the 0.001 926 ... [15]
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a supprimé: While all comparisons are formally statistically 887 
significant, the shape and the values of the distributions 888 
offer additional insight into their physical implications. 889 
Notably, the distributions of ENSO and AMO in the present 890 
analogue set exhibit well-separated shapes, with shifts 891 
toward more positive values. This suggests an increased 892 ... [16]
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weakened surface winds under subtropical ridges can intensify MHW through modified air-sea heat flux 927 
exchanges (Bonino et al., 2025; Paredes-Fortuny et al., 2025; Pastor et al., 2024). The relatively weak and 928 
spatially incoherent wind speed and turbulent flux differences in the present analogue composites suggest 929 
that the 2025 event's exceptional character, such as other recent MHW (Gyuleva et al. 2025, Dong et al. 930 
2025),  was not primarily driven by a shift of the large-scale dynamical regime, but rather by the superposition 931 
of a recurrent SST anomaly pattern onto a warmer thermodynamic background without any change of variance 932 
(Xu et al. 2022) : a warmer ocean, a warmer atmosphere, and more available solar energy reaching a stratified 933 
upper-ocean   934 

 935 

Figure 4. Analogue quality scores (Q) for the set of analogues selected dates in the past (1950–1986, blue) 936 
and present (1987–2024, orange) periods. Violin plots show the distribution of mean Euclidean distances 937 
between 42 analogue SST patterns and randomly selected JJAS days from the same period. The horizontal 938 
red and black lines indicate the mean and median of each distribution, respectively. The filled blue dots mark 939 
the actual Q values computed between the target 2025 SST event and its selected analogues. A lower Q 940 
indicates a better match. The statistical difference between past and present distributions is confirmed by a 941 
two-tailed Cramér–von Mises test (p = 0.005). 942 

The positive SSR differences between present and past analogues are the most spatially coherent and robust 943 
signals over the western and central Mediterranean basin. This is consistent with enhanced clear-sky 944 
conditions and reduced cloudiness in summer as documented both regionally (Guinaldo et al. 2023, Bonino 945 
et al. 2025, Behr et al. 2025) and at a global-scale (Sen Gupta et al. 2020, Goessling et al. 2025) but this point 946 
cannot be quantified directly with the present methodology. By contrast, STR differences are spatially 947 
heterogeneous and cannot be interpreted as a simple basin wide increase in longwave forcing. Several 948 
mechanisms may contribute to the observed radiation patterns, including changes in the thermodynamic state 949 
of the lower atmosphere, changes in humidity, and changes in cloudiness. We did not explicitly analyse cloud 950 
cover or specific humidity, and multiple mechanisms can contribute to the observed radiation changes, 951 
including thermodynamic modifications of the lower atmosphere and long-term drying trends. The radiation 952 
results are best interpreted as part of a consistent surface energy budget signal rather than as an isolated 953 
causal diagnosis. This interpretation should, however, be stated with care. The method does not compare 954 
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a supprimé: One advantage of the analogue method is that 1036 
it inherently accounts for circulation adjustments and how 1037 
they interact with thermodynamics (Faranda et al., 2022; 1038 
Yiou, 2014). Traditional attribution using climate models 1039 
might, for example, compute a Fraction of Attributable Risk 1040 
(FAR) for exceeding a certain SST threshold, but might not 1041 
easily decompose the role of atmospheric patterns. Our 1042 
analysis indicated that while the large-scale high-pressure 1043 
pattern was key to the event, its frequency or structure did 1044 
not vastly change between climates in a way that explains 1045 
the magnitude difference. In other words, the dynamic 1046 
setup was necessary but not sufficient for the extreme 1047 
outcome; the warmer ocean-atmosphere baseline was the 1048 
decisive factor making the difference between a moderate 1049 
warm spell and an unprecedented heatwave. This echoes 1050 
the conclusions of compound event attribution studies: 1051 
extreme impacts often result from an unlucky alignment of 1052 
circulation (“weather”) with elevated background conditions 1053 
(“climate change”) (Vautard et al., 2016; Faranda et al., 1054 
2023). The 2025 event exemplifies such a compound, 1055 
where a northern shift of the subtropical ridge coincided 1056 
with record-high baseline SST and air temperatures. Our 1057 
analogues confirm that this mechanism alone, in a cooler 1058 
world, would not have yielded the observed extremes.¶1059 
It is important to address uncertainties and assumptions 1060 
inherent in our methodology. First, the selection of periods 1061 
(1950–1986 vs 1987–2024) is somewhat arbitrary; the 1062 
earlier period still exhibits some degree of anthropogenic 1063 
warming relative to pre-industrial conditions. Then, if a 1064 
truly “pure” pre-industrial analogue would be available, the 1065 
observed differences could potentially be more 1066 
pronounced. However, ERA5 does not extend before 1067 
1940, and observational analogues are then limited. Our 1068 
past period can thus be seen as a conservative estimate of 1069 
the counterfactual cooler climate. Another consideration is 1070 
the stationarity of analogues: we assumed that pattern 1071 
similarity in SST is a meaningful way to compare events 1072 
across climates. This assumes no entirely new pattern 1073 
emerged due to climate change that has no precedent. For 1074 
the SST field, this is likely valid – the spatial structures of 1075 
anomalies are governed by geography and ocean 1076 
dynamics that are relatively stationary (e.g., west vs east 1077 
Mediterranean differences often relate to wind patterns like 1078 
Mistral, etc.). We did find analogues, implying the 2025 1079 
pattern was not meteorologically unique in shape, just in 1080 
amplitude. If climate change had introduced a qualitatively 1081 
new state (a “black swan” event outside the range of 1082 
analogues; Faranda et al., 2022), our method might 1083 
struggle or signal poor analogue quality. The analogues 1084 
distances in our case were moderate, not extremely high, 1085 
suggesting the event was an intensification of known 1086 
patterns rather than a never-seen-before configuration – 1087 
which justifies using analogues for attribution. One 1088 
limitation of our approach is that we did not explicitly 1089 
account for changes in stratification and mixed layer depth 1090 
(MLD). These factors influence the ocean’s ability to store 1091 
and redistribute heat, and could therefore modulate the 1092 
intensity of extreme events. However, the potential impact 1093 
is likely limited in our case: although the long-term trend in 1094 
the Mediterranean MLD points toward a shoaling, the 1095 
depth remains very shallow in summer and is 1096 ... [17]
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identical atmospheric or coupled ocean atmosphere states. It compares atmospheric and surface conditions 1097 
associated with similar SST anomaly patterns. The results therefore support a conditional statement. In the 1098 
later part of the historical record, SST patterns resembling the June 2025 event are associated with stronger 1099 
marine warming and, in several regions, with stronger atmospheric warming and stronger shortwave input 1100 
than in the earlier part of the record. This is consistent with thermodynamic amplification in a warmer climate 1101 
background, but it is not a complete attribution proof on its own. 1102 

A first-order quantification of the conditional shift can be obtained directly from the analogue composites in 1103 
Figure 2. Over the grid points where the present-minus-past difference is significant at the 95% level after 1104 
bootstrap and FDR correction, the SST shift typically reaches +1 to +1.5 °C across broad sectors of the 1105 
western Mediterranean and parts of the Adriatic, while T2m shifts over surrounding land are of comparable to 1106 
larger magnitude, locally in the +1.5 to +2.5 °C range over the Iberian Peninsula, southern France, Italy and 1107 
the Balkans. The corresponding present-minus-past SSR differences are of order a few W m⁻² over much of 1108 
the western and central basin. These figures should be interpreted as conditional metrics: they describe the 1109 
typical shift of the thermodynamic environment in which SST patterns analogous to the June 2025 event occur, 1110 
and not as a probabilistic attribution estimate of the human contribution to the 2025 event itself. Internal 1111 
variability associated with the different distributions of low-frequency modes sampled by the two analogue 1112 
populations (Figure 3) can also contribute to these magnitudes, which is why we present them as ranges 1113 
rather than as point estimates. 1114 

Compared to formal probabilistic attribution based on CMIP-class model ensembles, the SST-analogue 1115 
framework offers complementary, rather than redundant, information for an event such as the June 2025 1116 
Mediterranean MHW. Model-ensemble attribution typically targets a scalar return-period or risk-ratio change 1117 
in a regional SST or MHW index. Here, by holding the SST anomaly pattern approximately constant by 1118 
construction, we obtain spatially resolved, multi-variable composite differences for SST, T2m, MSL, SSR, 1119 
STR, SLHF, SSHF, and WSPD, all from observation-constrained reanalysis fields. This disaggregation makes 1120 
it possible to identify which surface energy budget terms shift most coherently between past and present 1121 
analogue populations — in this case clearly SST, T2m and SSR — and which terms remain weak and spatially 1122 
heterogeneous — here MSL, STR, SLHF, SSHF and WSPD. CMIP-based attribution can quantify the risk-1123 
ratio, but does not provide this kind of variable-by-variable, grid-point-resolved diagnostic of the analogue 1124 
environment for one specific event. The two approaches are therefore best used jointly, as already suggested 1125 
by hybrid frameworks combining observational analogues with large ensembles. 1126 

The shifts in ENSO, PDO, AMO, EA, and SCAND distributions indicate an important and complex interaction 1127 
in the observational analogue method:  the analogue populations are embedded in different low frequency 1128 
variability states. The observed present minus past differences reflect a combination of externally forced long-1129 
term warming and changes in internal variability. It is a key aspect of every attribution study in order to separate 1130 
such shifts from the externally forced signal. Numerous methods have been proposed (Trenberth et al. 2015, 1131 
Naveau et al. 2020, Otto 2023) to overcome these limitations and sample in the best way possible the 1132 
decennial to multi-decennial variability including the use of Large Ensemble (Deser et al. 2020) or the 1133 
UNSEEN methods (Atkins et al. 2025).  The observed differences provide a physically interpretable 1134 
signal, but they cannot be partitioned into forced and unforced components. As such, hybrid approaches that 1135 
combine observational analogues with large ensemble model diagnostics could help address this in future 1136 
work.  1137 

A second important limitation concerns ocean dynamics. Our analysis does not explicitly include ocean 1138 
advection, mixed layer depth, vertical mixing, or subsurface heat content. These processes can be important 1139 
in the Mediterranean, and in some seasons or subregions they may substantially modulate the onset, intensity, 1140 
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or persistence of marine heatwaves. The omission is less severe in the summer Mediterranean than it would 1141 
be in other contexts because stratification is typically strong and mixed layers are shallow and less variable in 1142 
summer (d'Ortenzio et al., 2005; Juza et al., 2022). Even so, ocean dynamical contributions cannot be ruled 1143 
out and the present study should not be interpreted as a full process closure of the 2025 event. 1144 

A key assumption of the analogue method is that variable structures remain physically sufficiently comparable 1145 
across climate states meaning that a pattern of SST anomalies in 1980 represents a dynamically similar 1146 
configuration to the same pattern in 2020, differing primarily in background changes. In the Mediterranean 1147 
Sea, the basin geometry and recurrent large scale forcing constrain the broad spatial organization of 1148 
anomalies make this assumption plausible. Nevertheless, long-term warming can modify the magnitude of 1149 
SST anomalies and their west east gradients, which may reduce the representativeness of historical 1150 
analogues, especially when recent extremes are compared with earlier decades (Marullo et al., 2011; Pastor 1151 
et al., 2020; Pisano et al., 2020). The analogue quality analysis confirms that the 2025 event lies toward the 1152 
upper end of analogue distances in both periods, indicating that the event is only partially captured even by 1153 
its best historical analogues. This also illustrates the limits of this approach alone as attribution evidence. 1154 

Within these limits, the analogue analysis provides an event specific observational comparison of the 1155 
environmental context associated with similar SST anomaly patterns in two parts of the historical record. It 1156 
therefore complements the broader literature showing that Mediterranean MHWs are intensifying under 1157 
climate change by showing, for this particular event, where and in which variables the past and present 1158 
analogue contexts differ most strongly. 1159 

6. Conclusions      1160 

The Mediterranean Sea experienced one of its most intense early-summer MHWs on record in June 2025. 1161 
Using an SST analogue framework, in which the target of the analogue search is the observed SST anomaly 1162 
pattern itself, applied to ERA5 reanalysis data covering 1950–2024, we have compared the atmospheric and 1163 
surface energy budget conditions associated with historical SST patterns appearing like the June 2025 event 1164 
across two climate periods: a past period (1950–1986) and a present period (1987–2024). This distinguishes 1165 
the study from the more usual circulation first analogue approach and is better aligned with the marine nature 1166 
of the event. 1167 

Three main findings emerge from the analysis. First, the June 2025 event was exceptional in the observational 1168 
record, with the strongest SST anomalies concentrated in the western Mediterranean, locally exceeding +4.5 1169 
to 5.5°C, and with elevated temperatures extending over much of the basin.  1170 
Second, the analogue comparison reveals a clear thermodynamic fingerprint of long-term warming. Present-1171 
period analogues of the 2025 SST pattern are systematically associated with stronger SST anomalies, warmer 1172 
near-surface air temperatures over surrounding land areas, and greater incoming shortwave radiation than 1173 
past-period analogues. These differences are spatially coherent and statistically significant across broad 1174 
portions of the basin. By contrast, differences in sea level pressure, wind speed, latent and sensible heat 1175 
fluxes, and longwave radiation are weaker and spatially heterogeneous, indicating that the dominant shift 1176 
between earlier and more recent climate backgrounds lies in the thermodynamic environment rather than in a 1177 
change of the associated large-scale circulation.        1178 
Third, the analogue framework demonstrates both its utility and its limitations for marine heat extreme event 1179 
attribution. It provides a physically transparent, observation-based, and event-specific line of evidence 1180 
consistent with thermodynamic amplification of the 2025 MHW in the context of long-term Mediterranean 1181 
warming. It cannot, however, fully disentangle contributions of the externally forced warming from internal 1182 
variability, and it does not resolve ocean dynamical processes that may have contributed to the event's onset 1183 
and persistence. 1184 
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More generally, the study shows that SST analogue comparisons offer a valuable complement to model-based 1185 
attribution for marine extremes. Their observational grounding, and event-specific objectives make them well-1186 
suited for rapid scientific assessments following major events. Future developments of this approach should 1187 
explore its combination with large climate model ensembles to explicitly disentangle forced and internal 1188 
contributions, and its extension to include subsurface ocean variables to better capture the role of ocean 1189 
dynamics in MHW intensification. 1190 
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