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Concurrent atmospheric heatwaves
intensify marine heatwaves through
air-sea heat flux change in the

Mediterranean Sea
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Atmospheric and marine heatwaves are intensifying under climate change, increasingly co-occurring
with significant impacts on ecosystems and society. Despite their significance, the effects of their
concurrence remain poorly understood, particularly the influence on air-sea heat exchange—a key
driver of weather patterns and climate variability. Using ERA5 reanalysis data (1940-2022), here we
analyse heat flux variations and the marine heatwave intensification during concurrent atmospheric
and marine heatwaves in the Mediterranean, a climate change hotspot. We find a sharp increase in
latent heat release from the ocean to the atmosphere after concurrence end. This could be linked to the
observed marine heatwave intensity dissipation at concurrence end. This effect has strengthened over
recent decades, suggesting a transient thermoregulation mechanism linked to atmospheric blocking
and ocean stratification changes. Our findings underscore the crucial role of air-sea interactions in
modulating marine heatwave dynamics, with implications for climate projections and extreme event

predictability.

Human-induced climate change has already impacted extreme weather and
climatic events globally' by increasing their frequency and/or intensity in
recent decades. This trend is expected to strengthen in the coming years with
high confidence'. In the context of extreme weather events, the projected
increase in atmospheric temperature drastically increases the probability of
devastating global-scale atmospheric heatwaves® (AHWs), which cannot be
explained without human-induced climate change. Parallel to this, recent
research’ found that the rate of change of global sea surface temperature
(SST) has increased, in proportion with Earth’s energy accumulation as
ocean heat content (OHC), with 44% of this change due to the acceleration
of global SST warming. In the case of the Mediterranean Sea the observed
OHC also increased, exceeding the OHC global increase in other regions®,
highlighting the Mediterranean area as hotspot of ocean warming with
record OHC values observed in 2023°. In addition, marine heatwaves
(MHWs), which are extreme events of high SST, are becoming more fre-
quent and extreme under climate warming scenarios””. Projections indicate
a future increase in the intensity and the annual count of MHW days, with
widespread and significant environmental impacts'® expected by the end of
the 21st century'.

The Mediterranean region stands out as a hotspot for climate
change'*", where temperature warming is more pronounced than in other

regions of the globe'*. Long-term increasing atmospheric'>'® and marine'”**
temperatures have strengthened their environmental impacts in the Med-
iterranean area'*”, which will likely increase in future scenarios™". In the
Mediterranean Sea, AHWs and MHWs have shown an increase in fre-
quency and intensity” ", with record-breaking events in recent years’,
although AHWs over the sea have been less studied than AHWSs over land.

More frequent extreme events will consequently lead to a higher
chance of their spatiotemporal concurrence, accompanied by environ-
mental and socioeconomic impacts*>**. The compounding of extreme
events, being the combination of two or more climate hazards, is the cause of
many major weather and climate-related catastrophes™. The compounding
of AHWs and extreme sea level has increased in frequency over the last
decades and will likely increase in future scenarios™. Biological impacts like
mass mortality of marine organisms associated with concurrent MHW
could also be more severe'™* due to the already established Mediterranean
Sea MHW intensification™. The co-occurrence of MHWSs and terrestrial
AHW has been studied in different regions’"*"~*’, unlike the concurrence of
MHW and AHW over the sea, which has not been in-depth studied. Other
studies are focused on the relationship between MHW s and other marine or
atmospheric extreme events. For example, low chlorophyll® and
acidification” events or droughts, involving atmospheric blocking®, or
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between concurrent AHWs and MHWs with drought and wildfires in the
Mediterranean region™”.

The compounding of climate extremes has recently received increasing
attention in the scientific literature"’. However, there are few studies on the
interaction and impacts of compounding AHW-MHW over the ocean. For
the Eastern Mediterranean, a statistically significant correlation was found
between AHWs and MHWs frequencies and total days, as well as an
increase in their co-occurrence™. A recent study has characterised con-
current AHW-MHWs identified in the Mediterranean from 1940 to 2022™.
This study shows that AHW-MHW concurrence has become more fre-
quent in recent decades and that MHWs intensify in the presence of con-
current AHWs. This intensification could be related to changes in the
interactions and energy exchanges at the air-atmosphere interface when
concurrence is present. Most Mediterranean AHWS are associated with an
anticyclonic stable situation with strong stagnation and subsidence®. This
persistent atmospheric stability is usually found to be a driver of MHWSs
through an increase of solar radiation (clear skies) and calm winds that, in
turn, favours upper marine levels stratification, starting or reinforcing
MHWSs*.

At the ocean-atmosphere interface, heat and moisture fluxes drive the
surface energy balance, understood as the sum of different heat transfer
components. The net heat flux balance at the air-sea interface (Q,) is the
sum of the radiative heat flux components, namely the incoming net solar
radiation (net shortwave radiation, SWR,,,y) and net longwave radiation
(LWR), and two turbulent heat flux components, namely latent (LH) and
sensible (SH) heat fluxes”. LH and SH fluxes are dependent on the air-sea
interface conditions through seawater evaporation and air-sea temperature
differences.

LH flux has increased globally, at least since 1985, similarly to the SST*,
which suggests an atmospheric response to ocean forcing. Air-sea heat
fluxes can impact atmospheric phenomena such as extratropical cyclone
intensification or atmospheric frontogenesis™ at the regional scale. The
influence of heat fluxes on the development or intensification of atmo-
spheric processes mostly occur on areas where LH and SH fluxes and SST
show strong spatial gradients™.

In the Mediterranean, air-sea heat fluxes play a central role in the
onset of 44% of MHWSs™, especially during the summer months. How-
ever, depending on the Mediterranean subregion, other drivers such as
SWR,, or SH also play an important role in MHW activity”’. LH flux is
the major contributor to SST anomalies leading to MHWs™ ™. A case
study on the response of SST to AHWs highlighted the crucial role of air-
sea fluxes for the onset of record-breaking SST events”. Hence, heat
fluxes are, in some cases and to some extent, drivers of the development
of MHWSs. The study of heat fluxes is of utmost importance in the
compounding of AHWs and MHWSs because they could play a role in
their primary characteristics’ changes from the non-HW situations or
from preexisting stand-alone MHW conditions. AHWs could be

considered a driver not only for MHW formation but also for the
observed MHW intensification when compounding with an AHW™. A
complete understanding of heat flux performance on MHW-AHW
concurrence is crucial for MHW forecasting, which still faces many
challenges, especially in the Mediterranean®°". The concurrence of
AHWs and MHWs could also support an extra addition of moisture to
lower atmospheric levels” by means of enhanced evaporation'’**.

The present work aims to understand the still non-studied/unknown
impact of the AHW-MHW concurrence on the air-sea heat flux balance and
whether this impact could be related to MHW intensification during con-
currence pointed out by Pastor et al.**. The main objective is to describe the
changes in heat fluxes during concurrence, focusing on the onset and end
stages. These stages represent the transitions between different air-sea heat
exchange regimes that result from the absence or presence of the AHW.
Although many studies have highlighted the role of air-sea heat fluxes in the
life cycle of MHWs this is, to the authors’ knowledge, the first analysis of the
heat fluxes on concurrent AHWs and MHWs.

Results

MHW intensity variation on AHW-MHW concurrence onset and
end stages

We first analyse the MHW intensity variation around concurrence onset
and end (see section ‘Marine heatwave catalogue’ in Methods). Figure 1
shows the daily percentage of concurrent MHW points with a given
intensity, highlighting a lower intensity and lesser variability on the days
before concurrence onset (i.e. days —5 to —1 in Fig. 1a). In contrast, con-
current days (i.e. days from 0 to 5 in Fig. 1a, and days from —5 to 0 in Fig. 1b)
show higher and more spread intensities. An inverse pattern appears at the
end of concurrence (i.e. days 1-5 in Fig. 1b), with the spread and magnitude
of the MHW intensity value progressively decreasing. We observe a MHW
intensification on concurrent points on the concurrence onset of about
0.25°C on average (Fig. la), but with a significant variability around the
average. The MHW intensity gradually rises from 2 days before concurrence
onset (day —2 in Fig. 1a) until the second concurrent day (day 1 in Fig. 1a).
In the following days, until the fifth day of concurrence, the MHW intensity
continues to rise on a similar path. Almost symmetrically, the MHW
intensity decreases by 0.24 °C just after the concurrence end (day 0 in
Fig. 1b)™.

Changes in heat fluxes through AHW-MHW concurrence phases
Once the MHW intensity change during transitional concurrence stages is
established, changes in air-sea heat fluxes are analysed. Figure 2 shows heat
fluxes averaged over the concurrent points of each MHW, analysed over five
distinct periods, namely non-MHW days, non-concurrent MHW days and
three AHW-MHW concurrence phases, being before-concurrence (com-
prising five prior days to concurrence onset), concurrent days and after-
concurrence (comprising 5 days after concurrence end).

Fig. 1 | Marine heatwave intensity on concurrent
atmospheric-marine heatwave points at the tran-
sitions between concurrent days and before/after-
concurrence phases. Marine heatwave (MHW)
intensity on atmospheric-marine heatwave con-
current points of the MHW from May to September
1940 to 2022. Probability distribution of the MHW
intensity (°C) around the (a) concurrence onset
(from the five prior days to concurrence onset to the
first five concurrent days, T1) and b the concurrence
end (from the five last concurrent days and the

5 days after concurrence end, T2). The coloured area
represents the percentage of MHW points with a
given intensity. The dotted black line shows the daily
mean MHW intensity, and the shadowed area
between thin black lines depicts the daily standard
deviation.
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The mean total heat flux balance, Q,, is about 101 W/m? on non-
MHW and non-concurrent MHW days, but it presents different values
through concurrence phases. In comparison with the non-MHW days, the
mean Qe flux rises 41% (41 W/m?) in the before-concurrence and con-
current days phases and decreases 39% (39 W/m’) in the after-concurrence
phase, which presents the greatest variability.

The LH flux component displays a similar pattern as Qye, with the
largest changes through the concurrence phases. Compared to the non-
MHW days, there is a 32% (27 W/m?) lower LH flux emission from the sea
to the air in both before-concurrent and concurrent days phases and a 28%
(24 W/m®) greater LH emission in the after-concurrence phase. The most
noticeable change in the LH flux is observed from the concurrent days phase
to the after-concurrence phase, when there is a mean 93% (53 W/m?)
increase in the LH emission from the sea to the air.

Compared to non-MHW days, the SWR,c mean absorption is ~5%
(14 W/m’) higher in the before-concurrence and concurrent days phases,
while a decrease of about 4% (10 W/m?) is noted in the after-concurrence
phase. The other heat flux components, namely LWR,,; and SH fluxes,
show a stable behaviour, with close mean values and similar variability
across the analysed phases. Hence, most of the change in the heat flux
balance (i.e. Qpet) is due to the variation in LH from the before-concurrence,
through the concurrent days phase, to the after-concurrence phase.

200 oz i
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B Concurrent MHW B After concurrence

Fig. 2 | Boxplots of the net balance heat flux and its components on different
periods. Net shortwave radiation (SWR,.), net longwave radiation (LWR,),
sensible heat (SH), latent heat (LH) and the net heat balance (Q,,;) fluxes on con-
current atmospheric-marine heatwave points on days without marine heatwave (No
MHW, white), five prior and posterior days to concurrence (Before concurrence,
blue and after concurrence, green, respectively), the other marine heatwave days
without concurrence with atmospheric heatwaves (Non-concurrent MHW, grey),
and concurrent days (Concurrent MHW, red).

Latent heat flux variation in AHW-MHW concurrence onset and
end stages

In the following, we analyse the most remarkable changes in the air-sea heat
fluxes, thus, the LH flux variation at the transition from before-concurrence
to concurrent days phases (transition T1) and the transition from con-
current days to after-concurrence phases (transition T2). The subsequent
analysis shows how the LH flux changes daily, considering each concurrent
MHW point independently. Analogous analyses for the total heat flux
balance Q¢ and the other heat flux components, namely SWR,e, LWR ¢t
and SH, are shown in the Supplementary Material (Figs. S1, S2, S3 and $4).

The mean LH emitted from the sea to the atmosphere at the transition
T1 (Fig. 3a) exhibits minimal change, with only a 1 W/m’ decrease from the
day before concurrence onset to the second concurrent day. Conversely, at
the transition T2 (Fig. 3b), the mean LH emission increases in 57 W/m’
from the penultimate concurrent day (day —1 in Fig. 3b) to the first day after
concurrence end (day 1 in Fig. 3b).

We note that the MHW intensity increase at the onset of concurrence
(Fig. 1a) does not correspond to a parallel variation in LH flux (Fig. 3a).
Nevertheless, there is a consistent variation in both magnitudes at the end of
concurrence, consisting of an MHW intensity decrease (Fig. 1b) and an LH
ocean to air emission increase (Fig. 3b), denoted by more negative LH flux
values.

The LH flux change between the penultimate concurrent day and the
first day after concurrence end (i.e. the interest interval on T2) has been
assessed across successive 30-year periods from 1940 to 2022 (Fig. 4). The
LH flux change on the interest interval on T2 has progressively intensified
towards more negative values, from —39 W/m? in 1940-1969 to —63 W/m?
in 1989-2018 (Fig. 4). This intensification of the LH flux change has
accentuated after 1998. A negative LH change indicates an increase in the
LH emission from the sea to the air on the first day after the concurrence
end, compared to the penultimate concurrent day. We only show this
analysis for the interest interval on T2 because of its bigger magnitude with
respect to the interest interval on T1 (the day before concurrence onset to the
second concurrent day).

There is a reduction of the LH flux emission from the ocean to the air
(i.e. positive change) on the interest interval on transition T1 affecting 34%
of the MHW concurrent area on average and affecting at least 50% of the
MHW concurrent area in 15% of the MHWs (Fig. 5a).

A greater LH emission (i.e. negative change) on the interest interval on
transition T2 is observed on at least 50% of the concurrent points in 82% of
concurrent MHWSs (Fig. 5b). The mean MHW concurrent area with an
increased LH emission in the same period is 65% (Fig. 5b). There is a change
in the LH of —200 W/m” in 5% of concurrent points at the interest interval
on transition T2. A change of such magnitude is rarely observed at the
interest interval on transition T1.

Higher variability between concurrent MHW is observed in the LH
change from the day before concurrence onset day to the first day after

Fig. 3 | Latent heat flux on concurrent
atmospheric-marine heatwave points at the tran-
sitions between concurrent days and before/after-
concurrence phases. Latent heat (LH) flux (W/m?)
around the (a) concurrence onset (from the five
prior days to concurrence onset to the first five
concurrent days, T1) and b the concurrence end
(from the five last concurrent days and the 5 days
after concurrence end, T2) on concurrent points of
concurrent atmospheric-marine heatwaves from
May to September 1940 to 2022. The coloured area
represents the daily probability distribution of the

LH flux (percentage of concurrent marine heatwave
points with a given LH flux). The dotted black line
shows the daily mean, and the shadowed area
between thin black lines depicts the daily standard
deviation.
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concurrence than in the LH change from the day before concurrence onset
to the second concurrent day. The magnitude of the change is larger in the
transition from the penultimate concurrent to the first day after concurrence
end than in the transition from the day before concurrence onset to the
second concurrent day.

To assess the possible relationship between MHW intensity and LH
change at the transition T2, a Pearson correlation value is obtained for each
MHW using the MHW intensity-LH change pairs of its concurrent area. A
statistically significant (p <0.05) negative correlation is found between
MHW intensity and subsequent LH release on 81% of concurrent MHWs
spanning from -0.03 up to -0.71, meaning that the higher the MHW
intensity, the more negative the change in the LH release is (Fig. 6). The most
frequent correlation values are comprised in the —0.3 to —0.2 interval,
accounting for more than 40% of the concurrent MHW events.

Discussion

This study investigates the air-sea heat exchange dynamics during con-
current AHWs and MHWs, a question still not addressed in scientific
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Fig. 4 | Evolution of the latent heat flux change at the transition from concurrence
to after-concurrent phases (T2). Change in the mean latent heat (LH) flux in the
interest interval on T2 on consecutive 30-year periods. The LH change is computed
as the mean LH on the penultimate day with concurrence minus the mean LH on the
first day without concurrence.

literature, in the Mediterranean, a region particularly vulnerable to climate
change. Our aim was to elucidate the processes governing variations in the
net heat flux (Q,e) and its components during these events, and to assess
how transitions between concurrent and non-concurrent conditions may
influence MHW intensification on concurrence with AHWs described in a
previous study ™.

Our analysis of Q,,; reveals pronounced changes during AHW-MHW
concurrent events. Specifically, we observe a 39% increase in heat absorption
from the atmosphere to the ocean during the 5 days preceding and
throughout concurrence, followed by a 41% reduction in absorption during
the 5 days after concurrence relative to non-MHW or non-concurrent
MHW conditions. These shifts are primarily driven by variations in the
latent heat (LH) flux, with a secondary contribution from net shortwave
radiation (SWR), while net longwave radiation (LWR,,;) and sensible
heat (SH) fluxes remain largely unchanged. Thus, the transition from
concurrent to non-concurrent conditions emerges as a hotspot for air-sea
interaction dynamics.

Previous studies have established that concurrent MHW intensifica-
tion occurs” in the Mediterranean but do not point to the processes
accounting for this phenomenon. Our results indicate that increased
SWR,,¢¢ absorption and suppressed LH release during before-concurrence
and concurrence phases may contribute to this intensification. This could
happen in a similar mechanism to the onset phase of atmospheric-driven
MHWSs®, even though the gradual onset of MHW warming suggests
additional factors are involved. Notably, we consistently observe a marked
increase in LH emission from the ocean in over 50% of the concurrent area
in most events just after concurrence end, similarly to the net loss of heat to
the atmosphere in the MHW decline phase®™. The largest LH change occurs
over a 3-day period—from the penultimate concurrent day to the first day
after concurrence end—and correlates with the MHW intensification
during concurrence at an event scale. This enhanced LH release after the
concurrence end has intensified since 1940, aligning with long-term trends
in SST warming and MHW intensification. Such an increase in LH flux
could alter local moisture content and further influence atmospheric pro-
cesses such as fostering cyclone intensification.

The present analysis shows an MHW intensification during con-
currence, in agreement with previous studies™. Our results show, for the first
time to our knowledge, that this MHW intensification in concurrence with
AHW occurs gradually during the first days after concurrence onset.

A proposed mechanism for the MHW intensification in concurrence
with AHWs (Fig. 7) raises/proposes that during concurrent events, AHW's
promote MHW intensification by reinforcing upper-ocean stratification
and reducing LH loss from the sea. Synoptic blocking—characterised by
increased shortwave radiation, associated with reduced cloud cover and
reduced wind speed—leads to a shallower mixing layer that limits the
entrainment of colder, deeper waters, thereby enhancing heat accumulation.
Once concurrence ends, an air mass shift (likely involving drier conditions)

Fig. 5 | Cumulative distribution functions of
latent heat flux change at the transitions between
concurrence and after/before-concurrence phases.
Accumulated concurrent marine heatwave (MHW)
area (%) with an (a) latent heat (LH) flux change in
the transition from the previous day to concurrence
onset to the second concurrent day higher than a
given value (W/m?”); and b LH flux change in the
transition from the penultimate concurrent day to
the first day after concurrence end lower than a given
value (W/m®). Grey lines represent individual con-
current MHWs; the black line is the corresponding
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and a weakening of stratification allow for a rapid rebound in LH flux,
restoring the before-concurrence heat balance.

Our study provides new insights into the air-sea interactions associated
with AHW-MHW concurrent events in the Mediterranean. We demon-
strate that concurrent AHWSs contribute to MHW intensification primarily
by altering the surface heat flux balance. A key finding is the substantial
increase in latent heat release from the sea at the end of concurrence. This
increase in the latent heat release appears to act as a transient cooling
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Fig. 6 | Probability distribution of the correlation coefficient between the latent
heat flux change at the end of concurrence (T1) and increase in marine heatwave
intensity during concurrence. Bars indicate the fraction of concurrent marine
heatwaves (MHWs, %) displaying a significant (p < 0.05) correlation between latent
heat (LH) flux change at the end of concurrence (T1) and increase in the MHW
intensity during concurrence.

mechanism following MHW intensification, which would be in agreement
with the role of atmospheric heat fluxes as cooling mechanisms in MHWSs in
the Red Sea* and specifically the role of LH flux in the decay phase of the
MHWs at global scale’**’. This shift in heat fluxes is consistent with long-
term trends in Mediterranean warming and MHW frequency.

Our results highlight the critical role of LH flux variations in mod-
ulating MHW dynamics, in concurrence with AHWs. This study offers
novel valuable insights for improving forecasting and assessing the broader
climatic and ecological impacts of these extreme events. The observed
changes in air-sea heat exchange may have broader climatic and ecological
implications, influencing local atmospheric circulation, OHC and marine
ecosystem stress. The increasing magnitude of post-concurrence latent heat
flux release suggests a strengthening feedback loop, which may further
amplify Mediterranean climate extremes. Future research should focus on
better quantifying the mechanisms driving these heat flux anomalies, with
high-resolution ocean-atmosphere coupled models and their potential
cascading impacts on regional weather patterns.

Methods

ERAS data

All the analysis in this work is based on ERAS5 reanalysis data® of the global
weather and climate developed by the European Centre for Medium-range
Weather Forecasting (ECMWF) under the auspices of the EU-funded
Copernicus Climate Change Service (C3S). ERA5 is a comprehensive global
reanalysis dataset, assimilating as many observations as possible in the upper
air and near-surface, offering a complete set of atmospheric, ocean-wave
and land-surface variables with a 5 km horizontal resolution and time span
from 1940 to the present. The variables used in this study are SST and 2-m
temperature for the AHW and MHW identification and LH, SH, LWR and
SWR to analyse net energy balance (Q,) at the air-sea interface, with
positive values of the heat fluxes indicating a downward direction, from the
air to the sea. Hourly values have been aggregated into daily mean values for
the analysis. The data set used here corresponds to the regridded subset to a
regular lat-lon grid of 0.25° of the full ERA5 data set on native resolution,
which amply satisfies the requirements for the present analyses. ERA5
temperature data has been found to compare well with observations from
station data for AHW analysis in the Mediterranean region®*’ and good
agreement has also been found in the evaluation of SST against
observations®>*.

AHW

&
<

Concurrence onset

>
>

Concurrence end

> } Reduced wind ‘ [o)
- | - ‘ -—
3 SWRiet
LH SH LWRnet SWRys ! SH LWRpet SH LWRet SWRuet

1114 %11

-

-~
-

-~

Ll SX

g

-

-

N o

Increased stratification

-~

- -~

t MHW intensity

Fig. 7 | Proposed mechanism for the heat flux evolution for concurrent
atmospheric-marine heatwave events. Atmospheric heatwaves (AHWs) act as the
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accumulated at the sea surface is released via latent heat (LH) flux.
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Marine heatwave catalogue

We analyse heat fluxes at the air-sea interface during the concurrence of
AHWSs and MHWs in the Mediterranean Sea across the extended summers
(May-September) from 1940 to 2022. To determine HW events, we used
the MHW, AHW and concurrence definitions from Pastor et al.*°, who
conducted an AHW and MHW concurrence analysis over the
Mediterranean Sea.

Their MHW definition is based on the Hobday definition®’, which is
widely used in scientific literature, but includes some spatiotemporal
requirements to qualify as a MHW event. According to Hobday”’, a MHW
is an event where SST exceeds the 90th percentile for at least five consecutive
days. In this work, we have used the MHW spatiotemporal methodology
detection developed by the authors™ in which a minimum spatial extension
of 5% of the Mediterranean basin was applied to consider an extreme SST
event asa MHW?. On each MHW day, any MHW point must belong to a
group of contiguous points of a minimum extension of at least 5% of the
study area with an overlap with the previous days to cope with the spatio-
temporal evolution of the MHW. Additionally, two MHWSs separated by
2 days or less are considered the same event.

The AHW definition used in this study is based on that of the Spanish
MetService (AEMET). An AHW is an event in which, for at least three
consecutive days, the daily maximum 2-m air temperature (Tmax) is above
its 95th daily percentile. Following the methodology developed by Pastor
et al.”® to detect AHW in the Mediterranean basin, we apply two additional
considerations. First, esch AHW day has to occupy at least 5% of the
Mediterranean Basin to be considered an AHW day. Second, two AHW
separated by one day are considered the same event.

The reference for the daily percentile for AHWs and MHWs is the
period from 1961 to 1990, following the WMO recommendation for long-
term climate change assessments®, for analyses of the changes from 1950 to
the present. This baseline was tested for AHW and MHW analysis in the
Mediterranean concurrent HW, defined as the spatiotemporal co-
occurrence of MHW and AHW for at least three consecutive days™,
which coincides with the minimum duration of AHW.

The AHW and MHW definitions described in the previous paragraphs
are applied to SST and T2m data to obtain a spatiotemporal tracking of
MHWs and AHWs, respectively. Thereafter, the daily concurrent areas over
the Mediterranean Sea are identified following the above-mentioned con-
currence definition. The consecutive days that were identified as concurrent
days had at least 75% of their area overlapping in most of the cases, ensuring
spatial coherence™. In the subsequent analysis, for each MHW, the spatial
points that are concurrent at any time of that MHW duration are named
concurrent points.

The present analysis is based on the MHW catalogue described in
Pastor et al.*, which is a list of the 169 identified MHW events in the
extended summers (May-September) from 1940 to 2022. We restrict the
period of analysis to the extended summer®”’ because, during the warm
season, SST is higher’ and therefore, the ecological impacts of MHWSs
are presumably larger. We use an extended summer version of that
MHW catalogue, restricting the yearly period from May to September.
We split MHWs that persisted for longer than one extended summer
into shorter events occurring within a single extended summer period.
The updated catalogue includes a total of 173 MHWs, among which 108
are identified as concurrent with AHWs. A MHW is classified as con-
current if it satisfies the criteria for concurrence for a minimum of 3 days,
regardless of whether it is not concurrent during its entire duration. For
the subsequent analysis shown in the next sections, we focus exclusively
on the concurrent points of the 108 MHWs that were found to be
concurrent.

The analysed MHWs from our catalogue are described in a three-
dimensional array of consecutive daily maps from which we track the MHW
daily evolution and identify the daily concurrent areas. Figure 8 shows an
example of concurrent AHW and MHW identified on May 1st, 2003, with
the concurrent and non-concurrent areas identified.

0° 10°E

20°E
® AHW @ MHW @ CHW

30°E

Fig. 8 | Example of atmospheric-marine heatwave concurrence. Spatial distribu-
tion of marine heatwave (MHW, light blue), atmospheric heatwave (AHW, pink)

and concurrent heatwave (CHW, black) in the Mediterranean Sea. The white area
denotes no AHW or MHW conditions.

MHW intensity and heat fluxes during concurrent stages

For all the concurrent MHW events, we analyse MHW intensity, the total
heat flux balance Q¢ and its components in the air-sea interface, namely
LWR,,e, SWR,,, LH and SH, on all the concurrent points in the Medi-
terranean in the May to September period from 1940 to 2022. The first step
in heat flux analysis is the evaluation of the total heat flux balance Qe and its
components on five periods consisting of three phases of AHW-MHW
concurrence: the five prior days to concurrence onset (before-concurrence
phase), the concurrent days (concurrence phase) and the 5 days after con-
currence end (after-concurrence phase); and two other periods: days
without an MHW (no MHW) and the other non-concurrent days that are
not in the phases before/after-concurrence (non-concurrent MHW). For
each concurrent point of the MHW, we compute the mean heat flux on each
period. Thereafter, we compute the mean of all concurrent points for each
MHW and represent it on boxplots. Sensitivity tests with different lengths of
the before/after-concurrence phases from one up to 10 days have been run,
presenting minor differences in the results. Based on these tests, we use a
length of 5 days for the before/after-concurrence phases because the major
changes were observed during the first five previous/posterior days to
concurrence onset/end.

As MHWs have different durations, and on each grid point, con-
currence may start and last for different times, it is difficult to compare
different full concurrent MHW events. To cope with this difficulty, we
systematically examine the onset and the end of concurrence on each point
as follows. The subsequent analysis is conducted individually for the MHW
intensity, for the total heat flux balance and for its components. On con-
current MHWS, we analyse how the MHW intensity/heat flux changes at
the onset and end of its concurrence with AHWs. We focus on two pivotal
moments: the transition from non-concurrent to concurrent conditions
(T1, Fig. 9 left) and the transition from concurrent to non-concurrent
conditions (T2, Fig. 9 right).

For each concurrent MHW point (i.e. the points that are concurrent at
some time of the MHW duration), we generate two daily time series of the
analysed variable, one for transition T1 and another for transition T2,
respectively (Fig. 9). For the T1 time series, we assign day 0 to the first day
with concurrence and extend that time series 5 days before and after day 0.
Similarly, for the T2 time series, we assign day 0 to the last day with con-
currence and extend that time series 5 days before and after day 0.

At this point, we have two time series for each of the concurrent points
of the 108 concurrent MHWs. Both time series are stored in two matrices,
where the columns are the days and the rows are each time series. We
calculate the probability distribution, mean and standard deviation of the
analysed variable on each column of the matrix. In our analysis, the prob-
ability distribution of the analysed variable represents the percentage of
concurrent points with a given value.
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Fig. 9 | Scheme of the transitions between concurrent and non-concurrent
conditions. Daily evolution of atmospheric (purple, AHW), marine (light blue,
MHW) and concurrence (dark blue) occurrence with time denoted on the horizontal
axis. On the left, the transition from non-concurrent to concurrent conditions (T1),

Time (days)

where time equal to zero is set on the first day of concurrence. On the right, the
transition from concurrent to non-concurrent conditions (T2), where time equal to
zero is set to the last day of concurrence.

Considering that the largest variations around concurrence onset or
end are observed on the LH flux, a deeper detailed analysis is run for the LH
flux. As our results show that the largest change on the LH flux is observed
around day 0, specifically between the day before and after the concurrence
onset and end, we examine its variation on that interval, which in the
following is named “interest interval’ on T1 or T2 as follows:

* For each concurrent point, and independently for the interest interval
on T1 and for the interest interval on T2, we compute the difference in
the LH flux in the interest interval as the LH flux on day 1 (the next day
after concurrence onset in the case of T, and the first day after con-
currence end in the case of T2) minus the LH heat flux on day —1 (the
day before the concurrence onset in the case of T1, and the penultimate
concurrent day in the case of T2).

* Then we compute the mean of that difference over all the concurrent
points.

We examine the long-term trend of the above-mentioned LH flux
change in the interest interval on T2 as follows. We compute the mean LH
flux difference in the interest interval, considering 30-year consecutive
subperiods starting at 1940 and until the period 1993 to 2022, obtaining a
mean difference for each sub-period. We only show this analysis for the T2
interest interval because of its bigger magnitude with respect to T1.

The next analysis step consists of computing the probability distributions
of the LH flux changes on the inferest interval on T1 and T2, independently for
each MHW and considering its concurrent points. Thereafter, we compute the
cumulative distribution functions (CDFs) of these probability distributions to
quantify the MHW concurrent area displaying an LH emission decrease in T1
and an increase on T2. The CDF is the percentage of concurrent points whose
LH flux difference in the interest interval is more positive, in the case of T1, or
more negative, in the case of T2, than or equal to a given value.

Then we evaluate if there is a relationship between the MHW intensity
and the LH change in the interest interval on T2. We calculate the Pearson
correlation for each MHW using the MHW intensity-LH pairs of its con-
current area, and the corresponding p-value obtained from the student’s ¢-
distribution.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

ERA5 data has been obtained from Copernicus Climate Change Service
(C3S). ERA5: Fifth generation of ECMWEF atmospheric reanalyses of the
global climate. Copernicus Climate Change Service Climate Data Store
(CDS), https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-
levels?tab=overview (accessed on 15 March 2023).

Code availability
The code used for this study is available upon request to the corresponding
author.
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