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ARTICLE INFO ABSTRACT

Keywords: In the past 40 years, marine heatwaves (MHWS) have experienced a worldwide increase in duration, intensity,

Mari}’e heatwave frequency and spatial extent. This trend has been particularly evident in the Mediterranean, where exceptional

yeq‘:’.ﬁmea“ events were observed during the summers of 2022, 2018 and 2003. This study proposes a twofold analysis of
ariability

MHWs in the Mediterranean, focusing on their statistical characteristics and physical causes. A satellite dataset is
utilized to analyze MHWs via an index, called activity, which aggregates the occurrence, duration, intensity and
spatial extent of events. Our results show that the trend toward more active summers for MHWs is strongest in
the western Mediterranean basin and long-term warming is the main driver in the whole Mediterranean basin.
We also show that in the western and Adriatic Mediterranean region, the increase of SST variability contributes
about a third to the MHW activity long-term trend whereas in the central, eastern and Aegean basins, the
variability of SST mostly acts to diminish this trend. Through principal component analysis (PCA) of MHW
activity, we found that the three most severe summer MHW events in the Mediterranean occur at the same
location where the overall trend is highest. Interannual variability increased MHW activity in 2022 around the
Balearic Sea, in 2018 in the eastern basins and in 2003 in the central basins. A joint PCA revealed that the long-
term trend in MHW activity co-varies with a positive geopotential height anomaly over the Mediterranean, which
is consistent with the generation of atmospheric-driven MHWSs and which, at the North Atlantic scale, resembles
the positive phase of the summer East Atlantic. The additional interannual variability contribution to these three
severe summers was associated with western warming and projected onto the positive phase of the summer
North Atlantic Oscillation. The increase in MHW over the last 40 years is also associated in the western, central
and Adriatic regions with increased downward short-wave radiation and in the eastern Mediterranean with
decreased upward long-wave radiation. Increased upward latent heat flux partly compensated for the MHW long-
term increase over the whole Mediterranean basin. The interannual variability of MHW activity is related in the
western, central and Adriatic basins to increased downward sensible and decreased upward latent heat flux
possibly due to warm and humid air intrusion.

Climate change
Weather pattern
Air-sea interactions

1. Introduction et al., 2020; Frolicher et al., 2018).

The Mediterranean region, home to 542 million people in 2020

Marine heatwaves (MHWs) are events of anomalously high sea sur-
face temperature (SST; Hobday et al., 2016). These events can strongly
impact marine organisms and socioeconomic systems (e.g., Frolicher
and Laufkotter 2018; Smale et al., 2019; Cheung and Frolicher 2020;
Smith et al., 2021). Satellite observations over the last four decades have
shown that globally MHWSs are becoming more frequent and intense,
and last longer (Oliver et al., 2018; Frolicher et al., 2018), and that this
trend is projected to continue under further global warming (Laufkotter
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(IPCC report: Ali et al., 2022), warms about 3.7 times faster than the
global ocean (Pisano et al., 2020). It is a climate change hotspot due to
its high vulnerability and susceptibility to climate risks (Cramer et al.,
2018; Cos et al., 2022), including MHWs (Cherif et al., 2020). The
warming trend in the Mediterranean over the satellite period, is about
~0.04 °C/years (Skliris et al., 2012; Shaltout and Omstedt, 2014;
Mohamed et al., 2021; Garcia-Monteiro et al., 2022) and the frequency
and intensity of MHWs in the Mediterranean basin is accelerating at a
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strong pace (Darmaraki et al., 2019a; Simon et al., 2022; Juza et al.,
2022; Dayan et al., 2023; Hamdeno and Alvera-Azcarate, 2023). For
example, Pastor and Khodayar (2023) reported a mean annual fre-
quency trend of 3.4 MHW days/year for the period 1982-2021 with
strong regional differences; the minimum trend being in the central
Mediterranean and the maximum trend being in the northwestern and
eastern Mediterranean. Regional differences also exist in MHWSs’ main
features with more frequent and intense MHW in the western Mediter-
ranean and longer events in the eastern Mediterranean (Simon et al.,
2022; Hamdeno and Alvera-Azcarate, 2023).

The top three record MHWs in the Mediterranean in terms of their
activity (a single metric combining the occurrence, intensity and dura-
tion and spatial extent of these extreme events) in the extended summer
over the period 1982-2021 occurred in 2003, 2015 and 2018 (Simon
et al., 2022) which is consistent with previous reported severe events
(Grazzini and Viterbo, 2003; Garrabou et al., 2009; Bensoussan et al.,
2010; Hobday et al., 2018; Darmaraki et al., 2019a; Bensoussan et al.,
2019; Ibrahim et al., 2021; Juza et al., 2022). Recently, summer 2022
experienced severe MHWs events in the Mediterranean (Cutroneo and
Capello, 2023; Gonzalez-Aleman et al., 2023; Guinaldo et al., 2023). The
rising frequency of MHWs in the Mediterranean is of concern, as pre-
vious MHWs have caused changes in structure and mass mortality
leading to cascading impacts on fisheries and aquaculture (Galli et al.,
2017; Garrabou et al., 2019; Garrabou et al., 2022; IPCC report: Ali
et al., 2022). Another consequence of summer MHWs in the Mediter-
ranean is the enhancement of continental heatwaves, reported in 2003
(Feudale and Shukla, 2007; Garcia-Herrera et al., 2010), and the
amplification of a severe convective windstorm, documented in 2022
(Gonzalez-Aleman et al., 2023).

Long-term (or mean) ocean warming is the main driver of the
observed increase in MHW frequency at the global scale (Oliver et al.,
2018; Frolicher et al., 2018; Xu et al., 2022). However, changes in SST
variance or skewness (Alexander et al., 2018; Oliver et al., 2021) due to
complex interactions between oceanic and/or atmospheric local and
remote processes (Alexander et al., 2018; Holbrook et al., 2019) may
also modulate the occurrence of MHW at regional to local spatial scale
and at seasonal timescale. In particular in the Mediterranean Sea,
Alexander et al. (2018), Oliver et al. (2021), Ciappa (2022) and Xu et al.
(2022) found a main role of the mean SST trend in the annual evolution
compared to the interannual variability, as found for the global scale.
Under future scenarios by 2100, using a fully coupled Regional Climate
System Models in the Darmaraki et al. (2019b) estimates that the sum-
mer MHW evolution is found to occur mainly due to an increase of the
mean SST and about 10-20% due to changes in day-to-day SST vari-
ability. However, it is still unclear if the long-term warming contribution
to the increase in observed MHWs in summer dominates everywhere in
the Mediterranean basin or if changes in SST variability also play a role
in some regions. In addition, the contribution of mean warming and
interannual variability can differ from one event to another. To the best
of our knowledge, no study exists that assesses the contribution of
long-term warming and SST variability on single events in the
Mediterranean.

There is still little knowledge on how MHWs in the Mediterranean
are influenced by large-scale atmospheric variability. Analysis with the
SST has demonstrated that the East Atlantic (EA) pattern (Barnston and
Livezey, 1987) has a much larger impact on the air-sea heat exchange in
the Mediterranean Sea compared to the North Atlantic Oscillation (NAO;
Josey et al., 2011). The EA pattern is characterized by a 500 hPa geo-
potential height (z500) dipole given by a Mediterranean anomalous
anticyclone and north-Atlantic-Baltic anomalous depression while the
NAO is associated with the strength of the meridional pressure gradient
between the Subpolar Low (Island) and the Subtropical (Azores) high
(Hurrell et al.,, 2003). The EA pattern is often interpreted as a
southward-shifted NAO pattern. Skliris et al. (2012) indicate a clear
positive correlation between the Mediterranean Sea area-averaged
long-term warming and the EA index while the decadal SST variability
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is associated with the NAO index. Concerning extreme temperature,
Hamdeno and Alvera-Azcarate (2023) find that the annual MHW fre-
quency correlated positively with the EA index in the Mediterranean Sea
while the East Atlantic/West Russian index (EATL/WRUS) was strongly
negatively correlated with MHW frequency in the eastern Mediterra-
nean basin. The positive phase of the EATL/WRUS is associated with
positive height anomalies over Europe and northern China and negative
height anomalies over the central North Atlantic and north of the Cas-
pian Sea (Barnston and Livezey, 1987). All these studies have used only
a few climate indices to address this question which restricted the
number of possibilities. Xoplaki et al. (2003) used a methodology (Ca-
nonical correlation analysis between the air surface temperature, taken
as predictand and a set of multi-component predictors) that does not
assume any climate mode (as they don’t use any climate index) to reveal
the associated atmospheric circulation (300 hPa geopotential height
(z300), 700-1000 hPa thickness) and SST to surface air temperature for
extended summers in the period 1950-1999 using detrended monthly
data and at 1° x 1° spatial resolution in the Mediterranean area. Their
analysis showed that the first mode exhibits strong positive z300
anomalies centred over Central Europe co-varying with warm surface air
temperature and warm SST (maximum in the Central Europe/-
northwestern Mediterranean basin). Their second mode indicates a
negative z300 anomaly centred over the North Sea region covering the
northwestern part of the larger Mediterranean area showing a colder
area in the western part of the Mediterranean and negative summer air
temperature anomalies over Switzerland, France, Spain and Portugal. In
this paper, we use a method of the same type of Xoplaki et al. (2003)
(joint Principal Component Analysis, see methodology for description)
but using higher resolution (daily and 0.25 x 0.25), the period
1982-2022 and used the geopotential height at 500 hPa (z500) and the
MHW activity variable to account only for modes that co-varies with
extreme oceanic temperature events. In addition, we have used this
methodology to reveal the simultaneous connections between MHW
activity and air-sea heat fluxes to suggest physical processes generating
MHWs.

In this paper, we first analyze how long-term warming and interan-
nual variability of SST influence the long-term summer MHW trend in
the Mediterranean over the 1982-2022 period. We then focus on the
three most extreme summer MHWs in the Mediterranean Sea (2022,
2018 and 2003) and assess the contributions coming from a long-term
evolution and from the interannual variability, using classical Prin-
cipal Component Analysis (PCA) to reduce dimensionality. We then
reveal the atmospheric circulation and fluxes associated with the long-
term and interannual contribution of these three events using joint
PCA merging oceanic and atmospheric variables.

2. Methodology

Daily SST data from the NOAA Optimum Interpolation SST product
(OISSTV2; Reynolds et al., 2007; Huang et al., 2020) was used. It is a
blend of in-situ data with the satellite sensor Advanced Very
High-Resolution Radiometer (AVHRR) data and interpolated at a regu-
lar resolution of 0.25° x 0.25°. The results of our study would need to be
further tested with other satellite products but the reconciliation of
satellite products is beyond the scope of this study. As we are interested
in large-scale MHW, the resolution of OISST (0.25° x 0.25°) is believed
to be enough for our purpose. We proceed with OISST as it is widely used
for the detection of MHWs (e.g., Hobday et al., 2016; Frolicher et al.,
2018; Smale et al., 2019; Ibrahim et al., 2021; Pastor and Khodayar,
2023; Hamdeno and Alvera-Azcarate, 2023).

Monthly geopotential height at 500 hPa (z500), surface net short-
wave radiation flux (SRF), surface net long-wave radiation flux (LRF),
surface sensible heat flux (SHF) and surface latent heat flux (LHF) data
were obtained from the European Center for Medium-Range Weather
Forecasts (ECMWF) reanalysis data ERAS at a spatial resolution of 0.25°
x 0.25° (Hersbach et al., 2020). We focus on the extended summer
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months (JJAS, from 1st of June to 30th of September) of 1982-2022
because it is the season in which the most intense events preferentially
occur due to shallow mixed layers and weak winds (Gupta et al., 2020).
As SST trends and MHW features can strongly depend on the Mediter-
ranean region (Simon et al., 2022; Juza et al., 2022; Dayan et al., 202.3;
Pastor and Khodayar, 2023), we define five sub-basins: western, central,
eastern, Adriatic and Aegean (see Fig. 7 for the delimitation of these
sub-basins).

The detection of MHWs follows a standard approach in which SST
exceeds for at least five consecutive days the seasonally varying 90th
percentile based on a reference baseline, here the period 1982-2022
(Hobday et al., 2016). The analysis of the spatio-temporal distribution
and evolution of MHW is based on the activity index (Simon et al.,
2022). The activity is computed at each grid cell for a predefined time
range (here the extended summer). The higher the occurrence, duration,
intensity and grid cell area is, the higher will be the activity value. It is
the sum over every events detected in the time range of the product of
their duration, intensity and area of the grid cell and is defined as:

>

EECTimeRange

Activity = meanintensity gg-durationggnrimerange *aredgg

The EE denotes the discrete (at a given grid cell) extreme events (EE)
that occur within the selected time range of analysis; meanintensityg (in
°C) is the mean temperature anomaly with respect to the climatology;
the durationggnrimerange (in days) is the duration of the event that remains
within the considered time range, and areagg (in km?) is the area affected
by the discrete extreme event (that is to say, the grid cell area).

The total activity is a function of time and is the sum of each grid cell
activity value within a domain for each considered time range, here
summer. By considering all marine events within a predefined domain
and time range, this approach generalizes the methodologies consid-
ering only events where the daily spatial extent of MHWs in the Medi-
terranean exceeds 20% in summer (Darmaraki et al., 2019a) or 5%
yearly (Pastor and Khodayar, 2023) of the total basin area, and therefore
can include MHW of smaller area extent. Based on the same idea as the
cumulative intensity which combines the duration and intensity of one
event (Hobday et al., 2016), the activity combines the duration and
intensity of all area-weighted events over a time range (here the
extended summer months).

To split the influences of the long-term (or mean) warming and the
interannual variability of SST in the trend of MHW activity (Fig. 2,
discussed in the Results section), we take the SST as a nonstationary
stochastic process with a drift both in the average and in the shape of the
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probability distribution of the anomalies. First, for each spatial coordi-
nate (x,y) in the Mediterranean, we calculate for each extended summer
and each year in the period 1982-2022 period, the mean SST, called
here SSTq(t, x,y).

Then, we decompose:

SSTfuII(tyxyy) :SSTIrend(xyy)-t + SSTanom(t7x’y)

where SSTyeng(x,y).t is the linear trend parcel of SST (coefficient of
regression or time slope multiplied by the time in years counted from the
beginning of the period), SSTanom(t,x,y) is the anomalous SST with
respect to the trend (or detrended SST) which represents the interannual
to decadal variability. Then, we compute the regression coefficient of
MHW activity from the detected extreme events using SSTgnem(t, X,¥),
called here MHWAgnom(x,y). That is the contribution of the SST vari-
ability to the MHW activity trend (right panels of Fig. 2). After that, we
calculate the regression coefficient of MHW activity from the detected
extreme events using SSTx(t,x,y), called here MHWAg;(x,y) (as in the
top-right panel of Fig. 1, discussed inthe Results section). Finally, the
difference between MHWAgy(x,y) and MHWAguom(x, y), called
MHWA end(x,y) gives the contribution of the mean SST trend to the
trend of the MHW activity (left panels of Fig. 2). For the SST, linear
regression is used, as it is a good approximation for the long-term
warming in the Mediterranean (Pisano et al., 2020; Pastor et al.,
2020). A regression of second order was tested for the MHW activity, but
the regression is almost fully captured by the first-order coefficient while
the second order coefficient is small (not shown). Therefore, the first
order coefficient is chosen for the trend of MHW activity. In the sup-
plementary file (Fig. S1), we present a schematic mathematical com-
parison of the detection of MHW using the full SST and the detrended
SST, putting in evidence the effect of a linear trend, either in the mean or
in the variance.

One of the components of the study is to contribute to the study of the
relationship between MHWs (through the activity index) and large-scale
atmospheric circulation (through the z500 field). The circulation at 500
hPa is diagnosed, as this level is commonly used to classify weather
patterns in the North Atlantic/European sector (Cassou et al., 2005;
Feudale and Shukla, 2007; Folland et al., 2009; Wulff et al., 2017 and
many others). To understand how MHWs and atmospheric circulation
co-varies, we perform joint (or combined) principal component analysis
(JPCA; Kutzbach, 1967). The approach consists of reducing large
spatio-temporal datasets from more than one variable (field) to a few
dominant time-varying spatial joint patterns (one for each variable) that
explain most of the joint variance of the original data. When the number
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Fig. 1. Summer trend for mean SST (°C/summer; top-left) and MHW activity ((°C.days.103km2)/sumrner; top-right) and variance for detrended SST ((°C)%; bottom-
left) and detrended MHW activity (("C.days,lo3 km?)?%; bottom-right) in the Mediterranean over the 1982-2022 period. For the top panels, results are shown only

when the trend is significant at 95% using the Mann-Kendall test.
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Contributions for the trend of summer MHW activity

(b) interannual variability
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Fig. 2. Absolute contribution of long-term warming (or SST mean trend, top-left panel) and interannual SST variability trend (top-right panel) in the total trend of
summer MHW activity (("C.days.lO3 km?)/summer). The relative contribution is the respective contribution divided by the full trend of summer MHW activity
(obtained with the full SST; bottom panels). The sum of the two relative contributions is one.

of combined fields is two, the JPCA provides nearly the same results as
the Maximum Covariance Analysis (MCA; Frankignoul et al., 2011) or
the Canonical Correlation Analysis (CCA; Barnston and Ropelewski,
1992) depending on the normalization of data. This JPCA method was
used in previous studies to assess the co-variability of pressure, land
temperature and land precipitation in the European sector in winter
(Fraedrich et al., 1993) and for every season (Casty et al., 2007), or to
determine the relationship between rainfall and SST in the Pacific region
(Ocampo-Marulanda et al., 2022). Here we assess the co-variability of
the z500 and MHW activity as well as the component of air-sea heat
fluxes and MHW activity in the Mediterranean in extended summer
(JJAS). We also compare this to a similar analysis but with SST or the
number of summer MHWs days replacing MHW activity.

To obtain the joint modes, we first reduce dimensionality by per-
forming a PCA (von Storch and Zwiers, 1999) on separately the z500 and
MHW activity in the Mediterranean Sea for summer averages (JJAS)
over the period 1982-2022 without detrending the variables, thus
allowing to include the effect of trend (e.g. long-term warming) in the
PCs. We retain ten PCs, of every variable, explaining 97% and 99% of the
total (area-integrated) variability, respectively for MHW activity and
z500. For the JPCA, we create a single 20-dimensional climate state
vector (at every JJAS) concatenating the first ten PCs of each variable
(z500 and MHW activity). The PCs have different physical units and
variances, so we normalize them by the square root of the total variance
of the retained (ten) PCs of each variable in order to preserve the relative
importance of each PC. Then, the joint PCA consists of performing a PCA
on this 20-component climate state vector over the 41 summers. We then
select the leading three joint PCs, explaining 82% of the combined
variance (sum of the three leading eigenvalues divided by the sum of all
twenty eigenvalues). Then, to obtain how they co-vary with original
fields, we compute the corresponding correlation maps, between these
joint PCs with on one side the original MHW activity in the Mediterra-
nean basin and on the other side on the z500 in the North Atlantic box
(80 °W-38 °E, 20 °N-75 °N). In a PCA of a certain field, in a certain target
area, and thanks to the PC orthogonality (null correlation between
different PCs), the map of the i-th EOF weights and the correlation map
between the field and the i-th PC, have the same spatial pattern in the
target area (they differ by a multiplicative factor). Similarly, a joint PCA,
using the same type of normalization as above, was performed using the
MHW activity, short-wave radiation, long-wave radiation, sensible heat
flux and latent heat flux. The air-sea heat fluxes are used to have in-
dications of the heat transfer between the ocean and the atmosphere. For

this case, the first four PCs for each variable were used for the joint
analysis, explaining respectively 89%, 83%, 84%, 58%, 73% of the
respective variance. Table S1 sums up the value of explained variance
for all PCAs and JPCAs of this study.

To demonstrate that the joint PCA well captures the covariability, for
every joint PC we computed the explained variance of a particular field
(e.g. z500 and MHW activity). To do so, and thanks to the PC decorre-
lation, we computed the fraction of the squared norm of the normalized
eigenvector (joint-EOF) corresponding to each field in the state vector
used in the joint-PCA. If this fraction is well distributed among the fields,
the joint PCs are well mixing the different fields entering the analysis.
The fraction of the i-th joint-EOF squared norm multiplied by the i-th
fractional joint variance (i-th eigenvalue divided by their overall sum) is
the fraction of the explained variance of a particular field by the ith joint
mode. In our case (z500 and MHW activity), that joint-EOF squared
norm fraction is the sum of the 10 component squares (first half or
second half of the 20-component eigenvector) divided by the sum of the
20 component squares. Table 1 sums up the explained variance of each
field for all JPCAs of this study.

3. Results
3.1. Evolution and statistical contributors
The mean trend of summer SST is positive in all basins and maximum

in the Gulf of Lion-Genoa Gulf area, high in the eastern basin and the

Table 1
Fraction of the squared norm of the normalized eigenvector (joint-EOF) corre-
spondent to each field in the state vector used in the joint-PCA.

Mode Mode Mode

1 2 3

JPCA MHW/z500 MHW 0.507 0.492 0.488
activity

2500 0.493 0.508 0.512

JPCA SST 0.545 0.461 0.224

SST/z500 z500 0.455 0.539 0.776

JPCA MHW activity/SRF/LRF/ MHW 0.204 0.092 0.387
SHF/LHF activity

SRF 0.246 0.197 0.070

LRF 0.038 0.562 0.033

SHF 0.211 0.099 0.316

LHF 0.300 0.046 0.193
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Adriatic Sea, and low in the central basin and Aegean Sea (Fig. 1). These
regional trends were also reported for annual values in Mohamed et al.
(2021) and in Pastor et al. (2020). By focusing on the eastern/central
Mediterranean, Ibrahim et al. (2021) found a stronger trend in the far
east compared to the central Mediterranean, also found here. The
western Mediterranean accounts for stronger variability in summer
detrended SST compared with the eastern region, consistent with Gar-
cia-Monteiro et al. (2022), Hamdeno and Alvera-Azcarate (2023) and
Shaltout and Omstedt (2014); the latter using the coefficient of variation
for annual satellite-driven SST from 1982 to 2012. The Gulf of
Lion-Genoa Gulf area accounts for the maximum variance of detrended
SST.

Using the OISSTV2 product, the estimated annual SST trend for the
whole Mediterranean Sea over the 1982-2022 period is 0.033 °C/year
(not shown), which is on the same order of magnitude as estimated by
Mohamed et al. (2021) using the same product for the period 1993-2017
(0.036 °C/year), by Shaltout and Omstedt (2014) and Pastor et al.
(2020) using a product based on the same satellite sensors (AVHRR) to
respectively the period 1982-2012 (0.035 °C/year) and 1982-2019
(0.035 °C/year), by Skliris et al. (2012) and Pisano et al. (2020) using a
higher-resolution reanalysis based on the same satellite respectively
during the period 1985-2008 (0.037 °C/year) and 1982-2018
(0.041 °C/year), and by Garcia-Monteiro et al. (2022) using the satellite
thermal sensor MODIS (0.040 °C/year). The summer trend estimated
here is 0.042 °C/summer which is similar to what was found in Skliris
et al. (2012) (0.044 °C/summer) and somewhat smaller than what
Garcia-Monteiro et al. (2022) obtained (0.070 °C/summer). This
discrepancy between satellite products is still under debate (Lopez
Garcia, 2020; Garcia-Monteiro et al., 2022) and is beyond the scope of
this study.

The MHW activity which can be understood as a variable including
solely the hot tail of the SST probability distribution with a condition of
duration (more than 5 days), shows a generally similar trend in SST
mean and variance, although the Adriatic Sea and central Mediterranean
basin have relatively smaller MHW variance compared to the one in the
SST field. The high summer MHW activity trend can be mainly explained
by a trend in more intense and long events in the Gulf of Lion-Genoa Gulf
area and mainly longer events in the eastern basin in summer (Simon
et al., 2022; Hamdeno and Alvera-Azcarate, 2023) and is also seen for
annual values (Simon et al., 2022; Pastor and Khodayar, 2023).
Comparing the trend of summer MHW activity (Fig. 1, top-right panel)
with the trend of the number of summer MHW days (Fig. S2) shows both
high trend values in the Gulf of Lion-Genoa Gulf area. The trend in the
number of summer MHWs days is also high in the southern eastern
basin, which is moderate in the MHW activity. Those two regions were
also reported by Pastor and Khodayar (2023) for the trend in annual
number of MHW days. The differences are explained by the fact that the
MHW activity accounts for the trend in intensity, which is stronger for
the Gulf of Lion-Genoa Gulf area than for the eastern basin (Simon et al.,
2022). Indeed, by using the activity metric, we account for trends in the
occurrence, intensity and duration of MHW at each grid cell while the
number of MHW days accounts for the duration and occurrence of these
events.

For the period 1982-2022, the mean trend in summer SST is
0.042 °C/summer and in summer MHW activity is 1.0 (°C.days.10®
km?)/summer (Fig. 1). In Fig. 3, we performed the same analysis as
illustrated in Fig. 1 but for two subperiods: 1982-2002 lasting 21 years
and 2003-2022 lasting 20 years. These respective subperiods were used
as the reference baseline for the detection of MHW which were then used
to calculate the MHW activity. We found that the second period has a
higher mean trend (0.051 °C/summer for SST and 1.0 °C.days.10°m?/
summer for MHW activity) compared to the first period (0.023 °C/
summer for SST and 4.9 °C.days.10® m?/summer for MHW activity). The
fact that the value of the MHW activity trend of the period 2003-2022 is
lower than the one for the period 1982-2022 is explained by the
different reference baseline to detect the MHWs. Less MHW are detected
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during the period 2003-2022 when the reference baseline is 2003-2022
than when the baseline is 1982-2022. As expected for shorter time se-
ries, the trends are less significant (for SST and MHW activity). For the
first half, only parts of the eastern Mediterranean are significant at 95 %
using a Mann-Kendall test. For the second half period, most of the
Mediterranean is significant for the SST trend (except the Alboran Sea,
Gulf of Gabes and the Adriatic Sea) and MHW activity is significant in
the Levantine Sea and Ionian Sea area. Therefore, 20 years are not suf-
ficient to detect a significant trend in SST and MHW activity over the
whole Mediterranean (Fig. S3) while for 40 years the trend over the
whole Mediterranean is significant (Fig. 1).

The positive trend in MHW activity (Fig. 1, top-right panel) can be
due to a shift of the distribution of the mean SST toward warmer states
(positive trend of the mean SST) or a widening of the probability density
function (PDF) of the SST (a positive trend in the SST variance or other
higher other moments, like skewness and kurtosis), thus contributing to
thicker PDF ‘hot’ tails. Both causes are consistent with the higher fre-
quency of climatic extremes in a world subjected to global warming
(Lewis and King, 2017). Fig. 2 illustrates the absolute and relative
contribution of each of the two factors. The relative contribution is the
respective contribution divided by the full trend of summer MHW ac-
tivity (obtained with the full SST; Fig. 2 bottom panels). The sum of the
two relative contributions is one. It shows the influences of long-term
warming and the interannual variability of SST in the trend of MHW
activity (see methodology for the calculation). While long-term warm-
ing (or mean SST) contributes to the increase of MHW across the whole
basin in a quasi-similar way, temperature variability contributes mostly
in the western basin and the Adriatic Sea (Fig. 2, top panels). This
contribution of SST variability can be part of the explanation why higher
MHW activity is seen in the western basin compared to the rest of the
Mediterranean (Fig. 1). In the western basin and the Adriatic Sea, the
contribution of the long-term trend is about two-thirds and the inter-
annual variability contribution is about one-third of the total trend in
MHW activity (Fig. 2, bottom panels). On the contrary, in the eastern
basin, central basin and the Aegean Sea, long-term warming is the main
driver of the MHW activity positive trend while the interannual trend is
weak or even acts to diminish this positive trend (by reduced SST
variability), such as in the central and west Levantine Sea.

To investigate if there is a trend in the contribution of mean SST
warming or SST variability changes to MHW activity, we performed the
analysis for the two sub-periods 1982-2022 (Fig. S4) and 2003-2022
(Fig. S5). The only common regions where significant total trends
(Fig. S3) are found for both subperiods are the Aegean and the east
Levantine Seas. In these regions, the main contributor to the long-term
trend of MHW activity is the mean warming for both subperiods. The
SST variability trend weakly contributes to it in the Aegean Sea and
weakly works against it in the east Levantine Sea. Therefore there seems
to be no trend in the contributors (mean warming versus variability
change) in the significant MHW activity long-term trend.

3.2. Severe MHWs summers

Fig. 3 shows the SST, MHW activity and z500 of the three most active
summers (JJAS) in terms of MHWs, namely 2022, 2018 and 2003. In
2022, there is a western signature with enhanced activity in the Gulf of
Lion-Balearic Sea area, consistent with Cutroneo and Capello (2023),
Gonzalez-Aleman et al. (2023) and Guinaldo et al. (2023). In 2003, there
was a western/central signature with strong activity in the Gulf of
Lion-Genoa Gulf area, consistent with Skliris et al. (2012) and Pisano
et al. (2020). The two extreme summers 2022 and 2003 share a similar
pattern with more active MHWs in the western than in the eastern basin
while 2018 has a basin-wide signature (except in the Alboran basin).

MHW spatial patterns follow in general the SST anomaly pattern,
albeit with some differences. In 2018, maximum SST were localized in
the Gulf of Lion-Genoa Gulf area and Aegean Sea while activity shows a
more basin-wide signature. In 2022 and 2003, there was enhanced
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Fig. 3. SST anomaly (°C, left) and geopotential height at 500 hPa (z500) anomaly (m, right) with respect to the summer mean over the period 1982-2022 and MHW

activity ("C.days.lO3 krnz; middle) for summer (JJAS) 2022 (top), 2018 (middle),

MHW activity in the Gulf of Lion-Balearic Sea. As seen in Fig. 1, the Gulf
of Lion-Genoa Gulf area corresponds to the region with the highest trend
in mean and variance of SST (and of MHW activity), which is consistent
with more extreme temperatures and intense MHWs.

The three summers with the highest MHW activity are all associated
with dominant z500 positive anomalies in the North Atlantic/European
Sector, but the centres of action differ spatially. For the summers of
2022, the centre of action of the height anomaly resides in southern
Europe, for summer of 2003 in central Europe and for the summer 2018
in the northern part of Europe. In summer 2022, a strong ridge is also
seen in the North Atlantic south of Greenland and west of Great Britain.
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3.3. PCA analysis

Fig. 4 shows the first three modes (PC time series on the left and map
correlation with PCs on the right) of the summer MHW activity calcu-
lated with a classical PCA. As expected, an Empirical Orthogonal
Function (EOF) weight map shows proportional spatial patterns (Fig. S6)
with the map correlation between the PC and the MHW activity (Fig. 4).
The first mode of the PCA (Fig. 4) shows a trend associated with an
accelerated increase in MHW activity starting from 2000, consistent
with the reported intensification in the trend of MHW’s frequency,
duration, and intensity since 2000 in the Mediterranean by Pastor and

0° 10°E 20°E 30°E

0° 10°E 20°E 30°E

-09 -0.6 -03 0.0 0.3 0.6 0.9

the associated PC and MHW activity field (right panels; °C.days.10°%km?) over the

Mediterranean basin in the summers 1982-2022. Their respectively explained variances by PCs are 72%, 12% and 3%. Note the different ranges of variation of the

three PCs. The Mann-Kendall tests at 95% significance show a significant increasing
PC 3.

trend for PC 1, a significant decreasing trend for PC 2 and no significant trend for
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Khodayar (2023). On top of this trend, there are additional large positive
peaks for the summers of 2022 followed by 2003 and then 2018
consistent with most reported extreme MHWSs (see introduction).
Therefore, the three most severe summer MHW events in the Mediter-
ranean occur at the same location where the overall trend is highest
(Fig. 4, top-right panel). The increasing trend is significant at 95% using
a Mann-Kendall test. The two following modes do not present long-term
warming (the second mode shows a significant but weak decreasing
trend and the third mode has no significant trend) and therefore their
respective PCs are projected mostly onto interannual or decadal vari-
abilities. Therefore, PC 1 is associated with the long-term trend and PC 2
and PC 3 to the variability, which can contain themselves a variability
trend. Both in PC 2 and PC 3 time series (Fig. 4), it is apparent an in-
crease of the amplitude of oscillations, especially when comparing the
periods 1980-2000 and 2001-2022, thus corroborating a positive trend
of the variability intensity (Fig. 1, bottom panels). The second mode is a
regional variability mode, showing a west-east Mediterranean contrast
in MHW. Its PC 2 shows in the west a slow cooling from 2005 to a
minimum in 2018, followed by a sharp warm peak in 2022, whereas in
the east the reverse happens. The third mode also reflects a regional
mode of interannual variability, especially in the central Mediterranean
Sea. The respective PC 3 shows a pronounced warm peak in 2003 and a
cold peak in 2017 in the central region.

The MHW signature of summer 2022 (Fig. 3, top-middle panel) was
decomposed, mostly as a contribution of long-term warming associated
with a basin-wide, maximum in the northwestern warming (PC 1) and as
a contribution of interannual variability associated with southwestern
warming (PC 2). The MHW activity in the summer of 2018 (Fig. 3,
middle panel) is decomposed as a contribution of long-term warming
associated with a basin-wide, maximum in the northwestern (PC 1) and
as a contribution of interannual variability associated with east/north-
east warming, opposite to the summer of 2022 (PC 2). The MHW
signature of summer 2003 (Fig. 3, bottom-middle panel) is decomposed
as a contribution of long-term warming associated with a basin-wide,
maximum in the northwestern (PC 1), and as a contribution of inter-
annual variability associated with central warming (PC 3). Therefore,
the three most severe MHWs in the Mediterranean follow the same
spatial distribution as the long-term trend. In addition, the interannual
variability induces an increase of MHW in 2022 around the Balearic
Islands, in 2018 in the eastern Mediterranean and in 2003 in the central
Mediterranean.

As expected, these summers (2022, 2018 and 2003) pop up more
clearly (larger amplitude in the PCs) than when performing the same
analysis with SST (Fig. S7). The correlation of PC 1 on SST and on MHW
activity are quite similar in terms of spatial distribution and associated
time series, albeit small differences can be seen. In the first mode, more
contrast is seen between the western and eastern Mediterranean in the
MHW activity variable compared with the SST. One should note that the
first three modes on non-seasonal SST (obtained after removing the
annual cycle) are similar to those found by Skliris et al. (2012) for the
period 1985-2008 using a satellite dataset at a resolution grid of 1/16°
over the whole Mediterranean region and for Mohamed et al. (2021) for
1993-2017 and Hamdeno and Alvera-Azcarate (2023) for 1982-2020
using the same satellite product as in this study (OISSTV2 at 1/4° res-
olution). We also performed the same analysis with the number of
summer MHW days instead of the summer MHW activity (Fig. S8). The
PCs and correlation maps obtained are mostly similar to using the MHW
activity. This is explained by the fact that, in the studied region, the
MHW activity mostly reflects the duration of MHWs while the mean
intensity of summer MHW presents smaller changes in trend and vari-
ability (Simon et al., 2022).

3.4. Physical contributors with joint PCA

To reveal the modes where MHWSs co-varies with atmospheric cir-
culation, we computed the first three modes of the joint PCA calculated
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by including in the same analysis the first ten PCs of MHW activity and
the first ten PCs of z500 over the Mediterranean Sea (Fig. 5). The
explained variances of the leading first three joint modes are 57%, 18%
and 7%, respectively. As expected, correlation maps with z500 are
enhanced in the Mediterranean region since the joint analysis is tailored
to extract the maximal z500 variance in that region. Table 1 in the
supplementary file lists the fractions of each joint-EOF squared norm,
corresponding to each field (MHW activity and z500). These fractions
are close to 0.5 for joint PC 1 and joint PC 2, showing well-divided
variances or equivalently well-mixed joint modes, which is consistent
with the higher maximum absolute map correlation values (left and
central panels of Fig. 5). The joint PC 3 is mostly projected on z500
(about 78% of the joint-EOF squared norm).

The first mode shows a broadly linear trend starting from 2000
including peaks in 2022, 2018 and 2003 with a western, central and
Adriatic regions warming. The atmospheric circulation associated with
this long-term warming is a positive z500 anomaly over the Mediter-
ranean. This is consistent with the process of generation of an
atmospheric-driven MHW (Vogt et al., 2022), with an anticyclone
reducing winds and therefore diminishing the cooling of the SST. This
high-pressure system has been reported for the summer of 2003 (Black
et al., 2004; Olita et al., 2007; Holbrook et al., 2019). Looking at the
large-scale z500 pattern, the first mode resembles the positive phase of
the East Atlantic (EA) pattern defined by Barnston and Livezey (1987)
and the positive phase of the Summer East Atlantic mode (SEA; Wulff
etal., 2017) with a negative height anomaly south of Iceland/west of the
British Isles and a positive height anomaly over central Europe/Medi-
terranean. There are small differences compared to the SEA: the centre
of action of the positive height anomaly is slightly too south (expected in
northern Europe) and the amplitude of the negative height anomaly is
smaller than the positive height anomaly. However, the link between the
SEA and temperature is consistent with the one found by Wulff et al.
(2017): during a positive phase, a surface air warming over Central
Europe and the western Mediterranean is seen in Wulff et al. (2017) and
an increase in MHW activity over the whole Mediterranean (maximum
in the western Mediterranean) is seen Fig. 5. A similar linkage with the
EA has been previously reported for annual values for SST (Josey et al.,
2011; Skliris et al., 2012) and MHW frequency (Hamdeno and
Alvera-Azcarate (2023).

The second joint mode shows interannual variability, particularly
representative of the summer of 2022 with western, central and Adriatic
warming and a negative anomalous z500 over the Mediterranean,
consistent with a thermodynamic response to surface warming (Kawai
etal., 2014), and a positive z500 anomaly in Northern Europe. The z500
projection resembles a positive phase of the summer NAO (Folland et al.,
2009), also called a blocking pattern (Cassou et al., 2005). During this
phase, anomalous high z500 dominates in northern Europe and anom-
alous low 2500 occurs over Greenland and the Iberian Pen-
insula/Mediterranean. This is consistent with Skliris et al. (2012)
showing a positive correlation between the SST and the NAO index at
decadal timescale in the western basin and a negative correlation in the
eastern basin. The third mode is similar to the second mode of single
EOF with MHW activity (Fig. 4). It shows a contribution of interannual
variability for summer 2022 is associated with a diagonal warming/-
cooling dipole centred over the Mediterranean.

The first three joint modes with z500 and SST (Fig. S9) are quasi-
similar to using the activity and z500 (Fig. 5), albeit the peaks are
stronger in the activity analysis. Conversely, the second mode presents
differences. The second mode of MHW activity shows stronger extreme
events in the western, central and Adriatic regions whereas the second
mode of SST is basin-wide warming maximum in the eastern basin; both
are related with a quasi-similar z500 pattern. Both third modes of SST
and MHW activity are similar but the extreme summers do not pop up as
clearly with the SST analysis as with the activity analysis. This suggests
that analyzing SST or extremely hot SST with a condition of persistence
(MHWs) could partly differ for interannual modes.
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Fig. 5. First three joint principal components (PC) obtained with normalized MHW activity and z500 over the Mediterranean basin (top panels), correlation map
between the associated PC with the MHW activity (middle panels) and z500 (bottom panels). Their respectively explained variances by PCs are 57%, 18% and 7%.
The Mann-Kendall tests at 95% significance show a significantly increasing trend for PC 1, no significant trend for PC 2 and a significantly decreasing trend for PC 3.

We caution the reader on the different scales for the y-axis of three PCs.

MHW increases in every location of the Mediterranean (Fig. 1) but
the physical process might depend on the region. To better understand
the driving mechanism behind the evolution of these MHWSs, we per-
formed a joint PCA with 5 variables: the MHWSs activity, short-wave
radiation, long-wave radiation, sensible heat flux and latent heat flux.
Per ECWMF convention, positive fluxes are counted downward. Over
the Mediterranean Sea in summer, short-wave radiation and sensible
heat fluxes have positive values, and long-wave radiation and latent heat
fluxes have negative values. The explained variances of the three first
joint modes are 38%, 24% and 12%, respectively. Table 1 lists the
fractions of each joint-EOF squared norm, corresponding to each of the
five fields. For the first mode, those fractions are well divided (values
between 0.2 and 0.3) among MHW activity, short-wave radiation, sen-
sible and latent heat fluxes, whereas the second mode practically cap-
tures the covariability between sensible and latent heat fluxes and a
small part of MHW act. (0.09). The third mode is mostly projected on the
MHW activity, sensible and latent heat fluxes. Like in the joint PCA of
MHW activity and z500, larger absolute correlations (in the correlation
maps) reflect higher fractional j-EOF squared norms.

In Fig. 6, we show the time evolution of the issuing 3 leading joint
PCs (first top row) and respective map-correlations with the 5 target
variables (rows 2-6 from the top). The first joint mode (jPC 1) shows a
positive linear trend over the 40 years with specifically high positive
peaks for 2022 and 2003 (explaining 0.38 of the variance) while the
second joint PC (jPC 2) shows a trend starting only around 2010, with a
high peak in 2018 (explaining 0.24 of the variance). The third joint
mode (jPC 3) at first shows a weak decrease trend until 2010 then a
sharp increase (explaining 0.12 of the variance). For this third mode, the
summers of 2003 and 2022 have high peaks. The separation between the
three modes confirms that 2003 and 2022 are more similar than 2018,
even when considering the physical processes in the analysis.

The first mode is highly correlated with positive activity over the
whole basin (~0.6) except in the Aegean Sea where the correlation falls
down to 0.2. Therefore the first mode cannot explain the driving
mechanism of MHW generation in the Aegean Sea. In the western,
central, and Adriatic regions, the first mode correlates with positive
short-wave radiation (~0.7) and to a lesser extent to negative latent heat
flux (~—0.5) and negative sensible heat flux (~—0.4). This means that
the increased downward short-wave, the increased upward latent heat

flux and decreased downward sensible heat flux are intimately linked to
the MHW mean trend in these regions. This suggests that, in the western,
central, and Adriatic regions the main driver of the increase in MHW
long-term activity is the increased downward short-wave radiation,
warming the ocean, while the increased upward latent fluxes tend to
compensate for this upper ocean warming through more cooling
(enhanced evaporation as a feedback mechanism). The decreased
downward sensible heat flux could be a consequence of reduced winds,
leading to less cooling of the upper ocean surface, and would act to
warm the ocean, albeit at a lesser extent than shortwave radiation. It
could also be a response of a warming SST, leading to a smaller tem-
perature gradient between the air and the ocean, and thus smaller sen-
sible heat flux from the atmosphere to the ocean. This has a cooling
action on the ocean trend as less heat from the atmosphere is transferred
to the ocean.

In the eastern basin, the MHW activity is mostly correlated with the
first and the second joint PCs (~0.5) compared with the third (~0.1)
where the decreased upward long-wave has an important contribution
(at the long-term scale and interannual scale). In the Aegean basin, the
MHW activity is correlated with the second mode which strongly
covaries with decreased upward long-wave radiation. As said previously
the second mode mainly reflects the covariability between sensible and
latent heat fluxes, and therefore will not be used for interpretation with
MHWs activity (Table 1). Therefore, the long-wave radiation seems to be
an important factor in the generation of MHW in the eastern basin at
long-term timescale. In the first mode, and as for the western, central,
and Adriatic regions, MHW activity in the eastern Mediterranean is also
associated with increased upward latent heat flux and decreased
downward sensible heat flux.

The third mode projects mainly in the MHW activity and sensible and
latent heat fluxes (see Table 1) in the western, central and Adriatic ba-
sins. The positive correlation between MHW activity and sensible and
latent heat fluxes could be explained by warm and humid air intrusion
leading to decreased upward latent heat flux (less evaporation) and
increased downward sensible heat fluxes (atmosphere warming the
ocean).
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4. Discussion and conclusion

Our study addresses the question of what is the contribution of mean
warming and interannual variability to the long-term MHW trend in the
Mediterranean over the 1982-2022 period using satellite-based data,
particularly focusing on the three most extreme summer MHWs in the
Mediterranean (2022, 2018 and 2003). Additionally, we investigate the
associated atmospheric patterns and heat fluxes.

Consistent with global-scale analyses (Oliver 2019; Oliver et al.,
2021; Xu et al., 2022), we found that, over the period 1982-2022, the
main driver of the long-term MHW trend is the mean sea surface
warming in the whole Mediterranean. This result also stands for pro-
jections at the end of the century using global climate models (Alexander
et al., 2018) and regional coupled models (Darmaraki et al., 2019b). We
also estimate that in the western and Adriatic Mediterranean region, the
increase of SST variability contributes up to a third to the MHW
long-term trend, whereas in the central, eastern and Aegean basins, the
variability of SST acts to diminish it. This latter part is consistent with Xu
et al. (2022) as they show that after removing the long-term trend, the
MHW occurrences decrease in the eastern Mediterranean. Our estima-
tion in the western and Adriatic Mediterranean region is roughly

consistent with the findings of Xu et al. (2022) as they show a weaker
role of the SST variability (compared to the trend) in the MHW duration
evolution in this region. By dividing the analysis in two periods
(1958-1987 and 1988-2017), they consistently found for three SST
datasets (observed, linear inverse model (LIM) and CMIP6) that the
non-linear SST trend was responsible not only for the overall shift to
warmer values but also for the widening of the distribution, so for the
change in SST variability and ultimately to the change in MHWs fre-
quency, while our finding suggests a contribution of about 30% of the
SST variability in the long-term evolution of MHWs. This discrepancy
could be a reason for the choice of methodologies. While they used a
non-linear trend, thus allowing a better estimate for detrending the data
and accounting for SST variability, we used a simple linear trend with
the assumption that it is well-fitted for your studied period and region
(Pisano et al., 2020; Pastor et al., 2020). The difference in the dataset
resolution could also explain the contrast in the role of the SST vari-
ability. Their use of monthly and 1° x 1° resolution data could have
filtered some relevant small-scale SST variability compared to our study
using daily and 0.25° x 0.25° resolution. Seasonality could also be part
of the answer, as they used all months and we focused on the summer.
The SST variability could be stronger in summer than in other seasons
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Summary of the most important air-sea heat fluxes during
summer MHWs associated with different modes of variability
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Fig. 7. Illustration of the air-sea fluxes and atmospheric circulation associated with the long-term (in red) and interannual (in yellow) evolution of summer MHWs in
the Mediterranean over the period 1982-2022. The acronym SEA stands for summer East Atlantic pattern and SNAO for summer North Atlantic Oscillation pattern.
These atmospheric patterns are suggested to be linked with respectively the long-term mode and interannual mode. A bold style is used for the dominant air-sea heat
flux for each mode. For the long-term mode, it is the short-wave radiation in the western, central and Adriatic basins and long-wave radiation in the eastern basin. For
the interannual mode, it is the sensible heat flux in the western, central and Adriatic.

due to shallow mixed layer depth allowing a faster surface warming
(Juza et al., 2022). Further study is needed in this direction to quantify
the role of the SST variability in the MHW evolution.

A joint PCA revealed that the long-term trend in MHW activity co-
varies with a positive geopotential height anomaly over the Mediterra-
nean, which is consistent with the generation of atmospheric-driven
MHWs and which at the North Atlantic scale resembles the positive
phase of the summer East Atlantic pattern. This has shown a certain
consistency with previous works using the correlation between the EA
index and the SST (Josey et al., 2011; Skliris et al., 2012) or MHW fre-
quency (Hamdeno and Alvera-Azcarate, 2023) in the Mediterranean.
Xoplaki et al. (2003) performed a CCA analysis between JJAS anomaly
surface air temperatures taken as a predictand and a set of large-scale
variables (z300, 700-1000 hPa thickness and SST) taken as predictors.
They merged the joint influence of predictands by computing a joint PCA
of the predictands only. These joint PCs with the PCs of surface air
temperature are then used as inputs for the CCA. The difference with
respect to that work is the fact that, instead of taking the full thermal
anomaly, we consider the anomaly intensity above a threshold, through
the MHW activity, which is taken as input of the JPCA with either z500
or surface heat fluxes. Therefore, the JPCA provides the covariability
with oceanic extreme temperatures (marine heatwaves) and not the full
anomaly temperatures as in Xoplaki et al., 2003). However, there are
some common points as the Mediterranean high-pressure anomaly in the
leading mode producing subsidence and surface warming by air
compression.

The additional interannual variability contribution to the summers
of 2022 and 2003 was associated with western warming and a negative
geopotential height anomaly over the Mediterranean, consistent with a
thermodynamic response and which resembles the positive phase of the
summer NAO. This is consistent with Skliris et al. (2012) showing a
positive correlation with the decadal NAO index in the western basin
and a negative correlation in the eastern basin. The second mode of
Xoplaki et al. (2003) broadly resembles our third mode (diagonal

10

west/east dipole mode in the Mediterranean in both the ocean and at-
mospheric field). The positive phase of the summer NAO has been pre-
viously shown to be favourable conditions for the generation of MHW at
an interannual time scale in the Bay of Biscay and English Channel
(Northeastern Atlantic; Simon et al., 2022).

By considering the whole Mediterranean, the long-term increase in
MHW activity covaries strongly with the increased upward latent heat
fluxes (heat loss from the ocean to the atmosphere). This result show
some consistency with Skliris et al. (2012), which suggests that the
long-term SST evolution was mainly driven by latent heat flux variations
and with Josey et al. (2011) showing indices of anomalous summer net
heat flux with similar impacts on both the eastern and western Medi-
terranean during the positive phase of the East Atlantic. However, they
suggest that radiative fluxes have a smaller contribution to the net heat
flux anomalies while we found that they have a dominant role in the
long-term evolution of MHWSs. This could be explained by the fact that
we focus only on summer months. Our method allows the co-variability
of multiple variables (short-wave, long-wave, sensible and latent fluxes)
at each grid cell. Fig. 7 summarizes our findings related to the air-sea
fluxes and atmospheric circulation associated with the long-term and
interannual evolution of summer MHWs in the Mediterranean over the
period 1982-2022. In the western, central, and Adriatic regions, the
main driver of the increase in MHW long-term activity is the increased
downward short-wave radiation that warms the upper ocean. The latent
heat fluxes tend to compensate for this surface warming through
enhanced evaporation. This long-term increase in upward latent heat
flux reconciles with the study of Mariotti (2010). With observational
water cycle variability datasets, they showed that the long-term changes
indicate an overall increase in evaporation during 1958-2006 in the
Mediterranean Sea, primarily driven by the SST increase via changes in
the surface humidity gradient. The decreased downward sensible heat
flux found here could be a consequence of reduced winds, leading to less
cooling of the upper ocean surface, and would act to warm the ocean,
albeit at a lesser extent than shortwave radiation. It could also be a
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response of a warming SST, leading to a smaller temperature gradient
between the air and the ocean, and thus smaller sensible heat flux from
the atmosphere to the ocean. This has a cooling action on the ocean
trend as less heat from the atmosphere is transferred to the ocean.

In the western, central and Adriatic basin, the interannual MHW
activity variability, peaking in 2003 and 2022, covaries with decreased
upward latent heat fluxes and increased downward sensible (Fig. 6, right
panels). This suggests warm air intrusion previously reported for 2003
(Sparnocchia et al., 2006; Olita et al., 2007) and 2022 (Guinaldo et al.,
2023) Mediterranean summer MHWs. As the associated MHW activity
pattern (Mode 3 of Fig. 6) shows large similarities the MHW activity
pattern which covaries with the positive phase of the SNAO (Mode 2 of
Fig. 5), we suggest that the positive phase of the SNAO drives the
advection of air. This mechanism has been shown by Trigo et al. (2002).
Indeed, they found that NAO-related temperature patterns are mainly
controlled by the advection of heat by the anomalous mean flow. In the
eastern region, the long-term MHW trend coincides mostly with
decreased upward long-wave radiation fluxes and, as for the western,
central, and Adriatic regions, is also associated with increased upward
latent heat flux and decreased downward sensible heat flux. Besides,
global climate models have shown that many occurrences of MHWs are
associated with increased insolation and reduced ocean heat losses due
to high atmospheric pressure and anomalously weak winds (Gupta et al.,
2020). Here we showed that the long-term occurrence of MHW is likely
driven by greater insolation and decreased downward sensible heat flux
which could be explained by reduced winds in the western, central, and
Adriatic regions. This last effect could also be due to warming SST,
leading to a smaller temperature gradient between the air and the ocean,
and thus smaller sensible heat flux from the atmosphere to the ocean.
Further investigation would be needed to differentiate these two
mechanisms.

Our study has limitations. With observations, we were able to
separate the cause of the positive trend of MWH into the increase of the
mean of SST and the increase of the variability of SST. However, these
contributions mix human influence and natural variability at different
time scales. In future studies, the attribution of human influence could
be done with the use of climate models (e.g., Frolicher and Laufkotter,
2018; Alexander et al., 2018; Oliver et al., 2021). Besides, the multi-
variate statistical method applied here (joint PCA) was able to find how
the atmosphere co-varies with the MHW in the Mediterranean. We
would like to stress that this method does not directly address whether
the atmosphere forces or is forced by the ocean (but rather reveals how
several variables co-varies), which would call for the assessment of
causality diagnostics (Docquier et al., 2023). Although Skliris et al.
(2012) claimed that Mediterranean SST spatiotemporal variability is
significantly affected by increasing warming from Atlantic inflow, we
believe that the ocean current trend would need to be addressed in a
future study to have a complete picture of the drivers of the evolution of
MHWs. In this sense, climate models could be a useful tool to provide a
more mechanistic picture and separate human influence from natural
variability. This study aims at better understanding the physical pro-
cesses involved in the generation of MHWs which may help to better
predict these events. The description of the trend and the interannual
variability could also give target areas for monitoring these extreme
events with subsurface in situ instruments allowing the analysis of
vertical propagation of these events.
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