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Abstract 

Marine heatwaves (MHWs) are prolonged periods of exceptionally warm temperatures in the ocean, which have forced pro-
found transformations in marine biodiversity and socio-economic systems globally over the last decades. The Mediterranean ba-
sin, a highly vulnerable area to climate change, has been particularly affected as a marginal sea, experiencing multifaceted changes 
due to these events. This literature review brings together a comprehensive list of interdisciplinary research on MHW evolution in 
the Mediterranean basin, from the past to the future, covering the most common driving mechanisms of MHWs, known feedbacks 
and impacts on various marine organisms and local economies. Aiming to enhance our understanding of Mediterranean MHWs 
across various dimensions, we further discuss ongoing challenges in their detection and characterization, highlighting the need to 
improve monitoring systems and forecasting capabilities using novel approaches in the basin and beyond.

Keywords: Marine Heatwaves; Mediterranean Sea; climate change; extreme warming; climate extremes; sea surface 
temperature.

Introduction 

The Mediterranean Sea (Med Sea) is a semi-enclosed 
basin situated in the confluence of the Southern Euro-
pean, North African and Middle Eastern continental re-
gions, connected to the Atlantic Ocean through the Gi-
braltar Strait and to the Red Sea via the Suez Canal (Fig. 
1). Despite its small size (~2.5 million km2), it hosts high 
marine biodiversity (more than 17 000 marine species), 
featuring the highest rate of endemism in the world (Unit-
ed Nations Environment Programme, n.d.) and is home 
to 542 million people as of 2020 (IPCC report, Ali et al., 
2022) from 21 sovereign countries (Dayan et al., 2023). 
Marine ecosystems in the Med Sea are of profound eco-
logical significance and major socio-economic interest 
for  coastal communities, being one of the most heavi-
ly exploited seas in the world (Cappelletto et al., 2021). 

Its location and semi-enclosed nature make it particular-
ly sensitive to climate influences from the surrounding 
continents and oceanic warming, thus it is described as 
a climate change “hotspot” (Giorgi et al., 2006; Lionello 
et al., 2006; Ali et al., 2022). Due to its distinct thermo-
haline circulation, multiple deep water formation areas 
(Gulf of Lion, Adriatic, southern Aegean, northeastern 
Levantine Seas) and complex dynamics at various spa-
tiotemporal scales, it is also considered as a “miniature 
ocean”, attracting major oceanographic interest (Bethoux 
et al., 1999).  

Over the past decades, the Med Sea has experienced 
significant warming. In particular, Sea Surface Tempera-
ture (SST) in the basin exhibited an increasing trend from 
0.034 to 0.041 °C/year (Mohamed et al., 2019; Pisano 
et al., 2020; Pastor et al., 2020; EU Copernicus Marine 
Service Product, 2022a), which is more than twice the 
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corresponding global SST trend of 0.015 ± 0.001 °C/
year (EU Copernicus Marine Service Product, 2022b). 
However, this SST warming is not uniformly distributed 
in space. The eastern Med Sea and the northern half of 
the western Med Sea have been warming at a faster rate 
(0.048 ± 0.006°C/year) compared to the entire western 
basin (0.035 ± 0.006°C/year) between 1982-2018 (Pis-
ano et al., 2020; Pastor et al., 2020). Within the eastern 
Med Sea, the largest warming trend for the period 1982-
2021 is observed in the Aegean and Levantine seas (> 
0.05°C /year), with local maximum values in the Rhodes 
Gyre region (> 0.06°C /year), and lower trends (< 0.03°C 
/year) over the Ionian basin (Aboelkhair et al., 2023). In 
the western Med Sea, the largest warming trends between 
1993-2022 were observed in the Balearic islands, the 
Tyrrhenian and the Adriatic seas, ranging approximately 
from 0.04 °C to 0.05 °C per year (EU Copernicus Marine 
Service Product, 2022c). Warming of the upper layers of 
the Med Sea is expected to continue throughout the 21st 
century, with climate models projecting an average tem-
perature anomaly increase of 0.81 °C to 3.7 °C, relative 
to late 20th century conditions and under high emission 
scenarios (Adloff et al., 2015; Darmaraki et al., 2019b; 
Soto-Navarro et al., 2020; Parras-Berrocal et al., 2020).

Alongside long-term warming trends, there is a grow-
ing interest in extreme warm temperature events in the 
global ocean and the Med Sea, termed as Marine Heat-
waves (MHWs). By definition, MHWs are statistically 
rare episodes of exceptionally high ocean temperatures 
that persist for long periods of time (Oliver et al., 2021). 
They can occur in the coastal zone or the open ocean, 
at the surface and at depth, extending horizontally up to 
thousands of kilometers, while forcing abrupt and severe 
changes in marine biodiversity and ecosystem function-

ing (e.g., Wernberg et al., 2016; Garrabou et al., 2022; 
Smale et al., 2019), on timescales from days to years. 
Their characteristics and impacts depend on the physi-
cal processes that cause and maintain them, as well as 
on the location and season of their occurrence (Holbrook 
et al., 2020). However, climate change has dramatical-
ly changed their frequency, duration and intensity over 
the past decades across the global ocean (Oliver et al., 
2018), raising major concerns on their environmental and 
socio-economic implications (Smith et al., 2021; 2023). 
Given the diversity of these impacts, successful forecast-
ing of MHWs can provide effective tools for developing 
mitigation strategies and facilitating proactive manage-
ment in the affected regions. 

The goal of this literature review is to present a com-
prehensive overview of the current knowledge on Medi-
terranean surface and subsurface MHWs, using the latest, 
regional studies on the topic. We initiate the discussion 
by providing a historical, interdisciplinary perspective 
on MHWs in the basin, including long-term trends and 
descriptions of major events. Based on recent studies, 
we summarize the mechanisms behind MHW develop-
ment, discussing the role of local-scale processes and 
large-scale climate modes, with a specific emphasis on 
the exceptional MHW of 2022/2023. Additionally, we 
explore feedback of MHWs to the atmosphere and the 
concept of concurrent extreme events in the Med Sea. In 
the context of climate change, we then review the project-
ed trends and characteristics of Mediterranean MHWs in 
the 21st century. The various impacts of these events are 
addressed, alongside long-term warming effects on ma-
rine ecosystems, the fishing and aquaculture industries 
in the Med Sea, and their broader implications for the 
economy and well-being of Mediterranean coastal com-
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Fig. 1: Mediterranean Sea and its main sub-basins. Key features of the surface circulation in the basin are illustrated with black 
arrows, red (anticyclonic) and blue (cyclonic) circles. The figure is reprocessed based on Menna et al. (2022) and Velaoras et al. 
(2021); Acronyms: AC, Algerian Current; NTG, North Tyrrhenian Gyre; SG, Sidra Gyre; WAC, Western Adriatic Current; SAG, 
Southern Adriatic Gyre; NIG, Northern Ionian Gyre; PG, Pelops Gyre; IG, Ierapetra Gyre; RG, Rhodos Gyre; MMG, Mera-Ma-
truh Gyre. Bathymetry (m) is given in colors based on the CNRM-RCSM6 model. (Florence Sevault, personal communication).
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munities. Given these profound impacts, we review the 
current methodologies employed in observing MHWs in 
the Med Sea and the advancements in their forecasting 
and monitoring. Finally, we identify and discuss several 
limitations associated with MHW analyses, definitions, 
and methodological choices for identifying past and fu-
ture events and their underlying modulating processes. 

Overview of past MHWs in the Mediterranean Sea

Multiple studies have documented MHWs in the Med 
Sea, revealing a broad spectrum of sub-basin to basin 
scale phenomena, with variations in intensity, duration 
and spatial extent. While this information has been cru-
cial in establishing a baseline understanding of MHW 
conditions in the Med Sea, challenges arise from the di-
verse methods and datasets employed, hindering effective 
inter-comparison of event properties. This section aims 
to provide a comprehensive summary of key findings on 
MHW properties observed in the basin over recent dec-
ades, highlighting commonalities and differences.

Characteristics of surface MHWs in the past

To date, the majority of studies dedicated to specific 
MHWs have focused on spring or summer events, which 
have displayed significant impacts on marine ecosystems 
and distinct warming signatures in the Med Sea. One of 
the most notable events occurred in late summer of 1999, 
when persisting temperature anomalies exceeded 2-4°C 
in the Ligurian Sea and 2-3°C in the Marseilles region 
(Romano et al., 2000; Cerrano et al., 2000). The well-
known and extensively studied summer MHW of 2003 
is recognized for its predominant impact on the western 
Med Sea. During this event SST anomalies were report-
ed to reach 2° - 7°C locally, its duration was estimated 
as 48 to almost 100 days, with its spatial extent ranging 
from 46% - 70% of the entire basin (Grazzini & Viterbo, 
2003; Marullo & Guarracino, 2003; Sparnocchia et al., 
2006; Darmaraki, 2019; Martínez et al., 2023). A par-
ticularly intense MHW affected the Aegean Sea in June 
2007, with SSTs about 3°C higher than normal (Mavrakis 
& Tsiros, 2019), and the eastern Med Sea during 2013, 
with mean intensities exceeding 1°C (Ibrahim et al., 
2021; Juza et al., 2022). Between July - August 2015 se-
vere MHW conditions were reported in the southeast of 
Spain, with SST anomalies of 2°C persisting for 6 weeks 
(Rubio-Portillo et al., 2016) during an event that affected 
around 89% of the Med Sea for approximately 63 days 
(Darmaraki, 2019; Simon et al., 2022). In the summer of 
2017, the Med Sea experienced widespread warm tem-
peratures again (Martínez et al., 2023), marked by the 
highest number of MHW days since 1982. Particularly 
in the northwest Med Sea, MHWs lasted about 6 months 
and maximum SST anomalies reached 6°C (Bensoussan 
et al., 2019). Another intense MHW affected the entire 
basin in the summer of 2018 and particularly the Gulf 
of Lions, the south Adriatic Sea and the region between 

Cyprus and Crete, with the Levantine basin exhibiting 
prolonged extreme temperatures (Simon et al., 2022). 
Between June and December 2019, the western Med Sea 
experienced 6 MHWs with mean intensities from 1.8°C 
to 5.3°C and durations ranging from 5 to 20 days, while 
2 events occurred in the eastern Med Sea with longer du-
rations (21 and 159 days) and a mean intensity of about 
2°C (Hamdeno & Alvera-Azcarate, 2023). The eastern 
Med Sea was affected yet again by a MHW in May 2020, 
where maximum event intensity exceeded 6°C (Ibrahim 
et al., 2021; Denaxa et al., 2022) and during the sum-
mer of 2021, where temperatures in the northern Aege-
an exceeded 31°C for more than 20 days (Androulidakis 
& Krestenitis, 2022). In winter, spring, and summer of 
2020, multiple MHWs occurred in the western Med Sea, 
lasting up to 80 days with SST anomalies around 2 °C 
(Juza et al., 2022). Most recently, an exceptionally long 
MHW impacted the entire basin, persisting from the sum-
mer of 2022 until the first months of 2023 (Marullo et al., 
2023). During this event the northwest Med Sea present-
ed mean and maximum daily SST anomalies of 2.6°C and 
4.3°C, respectively (Guinaldo et al., 2023). For a more 
detailed catalog on past MHWs in the basin and their 
characteristics, readers are referred to Darmaraki et al. 
(2019a), Simon et al. (2022), Martínez et al. (2023), Pas-
tor & Khodayar (2023) and Serva (2024). 

Although summer events have been the primary fo-
cus, there exists a seasonal variation of MHW frequency, 
intensity and spatial coverage, with lowest values in the 
winter, followed by a rise during the summer and spring 
and a gradual decrease in autumn (Juza et al., 2022; Si-
mon et al., 2022; Pastor & Khodayar, 2023; Martínez et 
al., 2023). Furthermore, all studies consistently report a 
rising trend in MHW frequency, duration, intensity and 
spatial extent in the Med Sea since the 1980s (e.g., Dar-
maraki et al., 2019a; Ibrahim et al., 2021; Dayan et al., 
2022; Juza et al., 2022; Androulidakis & Krestenitis, 
2022; Pastor & Khodayar, 2023; Martínez et al., 2023), 
despite variations in methodology, including the use of 
different datasets, MHW definitions and periods of exam-
ination (see Fig. 2 and Table S1). The highest frequency 
and duration are consistently observed towards the end of 
each examined period (Juza et al., 2022; Androulidakis 
& Krestenitis, 2022; Pastor & Khodayar 2023; Martínez 
et al., 2023) along with the most  severe events, for ex-
ample, in 2003, 2012 & 2015 (Darmaraki et al., 2019a), 
2020 (Ibrahim et al., 2021) and 2022 (Guinaldo et al., 
2023). 

The accelerating trend in MHW properties has be-
come more pronounced over the last decades (Simon et 
al., 2022; Hamdeno & Alvera-Azcarate, 2023), particu-
larly after 2000 (Pastor & Khodayar, 2023). This can 
be explained by a shift in the basin-mean SST towards 
warmer values increasing the likelihood of extreme warm 
event occurrence (Martínez et al., 2023). Specifically, the 
long-term SST warming trend has been indicated as the 
main driver behind basin-scale, summer MHWs between 
1982-2022, with the increase in SST variability part-
ly contributing to long-term trends of MHW activity (a 
metric indicating the strength of MHWs) in the western 
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Med Sea and the Adriatic Sea (Simon et al., 2023). In 
contrast, SST variability mainly acts to reduce the long-
term trend of MHW activity in the remaining part of the 
basin. Similarly, an analysis of detrended SST data over 
the last 41 years (1982-2022) yielded statistically insig-
nificant trends in MHW properties, as opposed to their 
increase when the warming trend was included (Martínez 
et al., 2023). These results are analogous to the reduced 
or roughly constant values of mean MHW properties seen 
when employing a 20-year moving compared to a fixed 
(1982 - 2001) baseline climatology, for the detection of 
Med Sea events between 1982-2100 (Rosselló et al., 
2023). 

Subsurface MHWs in the Mediterranean Sea

The intensification of surface MHWs throughout the 
21st century has raised concerns about the survival and 
functionality of marine ecosystems and the services they 
provide to human societies around the basin (Smith et al., 
2021). This has motivated research on subsurface MHWs 
in the Med Sea, with a primary focus on ecosystem-rel-
evant layers. For instance, an analysis of basin-scale 
MHWs at 23m, 41m, and 55m depths showed longer 
and more intense subsurface events between 1982-2017, 
albeit less frequent and spatially extended compared to 
surface MHWs. The longest MHW durations were seen 
at 55m depth, consistent with the long-term preservation 
of heat in deeper layers, as a result of the low frequency 
variability in the ocean interior (Darmaraki et al., 2019a). 
Dayan et al. (2023) observed a similar increase in MHW 
frequency and duration over 1987-2019 across the Med 

Sea surface and subsurface. Compared to surface events, 
the study found longer but less frequent MHWs up to 
100m depth, corresponding to the deep chlorophyll max-
imum layer. Both studies noted the possibility of subsur-
face events in the Med Sea with weak (e.g., MHW 2016) 
or no surface signature at all. In the case of the Eastern 
Med Sea, however, a 40-member forecast ensemble 
yielded greater subsurface (0-40m) than surface MHW 
activity between 1993-2016, based on the total number 
of MHW days and the proportion of the affected region 
(McAdam et al., 2023). This may imply a dominant influ-
ence of the mean warming trend over that of natural vari-
ability in subsurface layers, impacting other MHW prop-
erties as well. Although differences in the characteristics 
between surface and subsurface MHWs most commonly 
include a decreasing MHW intensity with depth, Dayan et 
al. (2023) identified specific locations in the eastern Med 
Sea (e.g., Levantine basin) where maximum MHW inten-
sities reach up to 300m depth, suggesting certain events 
may propagate into deeper layers without being dissipat-
ed through dynamical processes (e.g., downwelling, deep 
convection). This observation aligns with the subsurface 
intensification of MHWs suggested by Darmaraki et al. 
(2019a) and Juza et al. (2022).

Spatial variability of MHWs in the basin

In addition to research on temporal trends a sub-
stantial body of literature has explored trends in MHW 
characteristics on a basin- or sub-basin scale, highlight-
ing a strong spatial variability of surface MHW proper-
ties. Overall, a declining north-south gradient has been 

Fig. 2: Example of annual mean MHW metrics in the Mediterranean Sea for the period 1982-2023. Shown are (a) MHW frequen-
cy, (b) mean MHW intensity, (c) total number of MHW days and (d) MHW duration. Linear trend and confidence intervals (95th 

confidence level) are given in black solid and dashed lines, respectively. Events are detected based on the climatology period of 
1982-2023, by applying the Hobday et al. (2016) methodology to the satellite SST dataset: Mediterranean Sea High Resolution L4 
Sea Surface Temperature Reprocessed (https://doi.org/10.48670/moi-00173).
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observed for the mean (and maximum) MHW intensity 
(see Fig. 3) and frequency so far, with surface waters of 
northwest Med Sea, the Adriatic and Aegean seas as well 
as the subsurface Levantine waters, exhibiting increased 
susceptibility to higher values of these characteristics. 
Conversely, the long-duration events are more prevalent 
around the Balearic Islands, the surface Levantine basin 
and across the entire basin at depth, though away from 
the boundary currents (Darmaraki et al., 2019; Ibrahim 
et al., 2021; Juza et al., 2022; Simon et al., 2022; Dayan 
et al., 2022;2023; Pastor & Khodayar, 2023). In compar-
ison, areas with water mass inflow, such as the Alboran 
Sea and the northeastern Aegean, but also the Ierapetra 
gyre, seem to experience shorter surface MHWs (Pastor 
& Khodayar, 2023). Within the eastern Med Sea and over 
the last decades, prolonged and frequent MHWs have 
occurred in the broader north Aegean area and sporadi-
cally in the Ionian Sea. In contrast, fewer events were ob-
served in the southeastern Aegean, Cyclades Archipelago 
and Cretan Seas (Ibrahim et al., 2021; Aboelkhair et al., 
2023). Notably, the northwestern part of the Aegean Sea 
was identified as a hotspot for MHWs during 2008-2021, 
implying considerable risks for the surrounding coastal 
regions (Androulidakis & Krestenitis, 2022). Within the 
western Med Sea, the most pronounced MHW properties 
between 2012-2020 were observed in the Gulf of Lions, 
the Ligurian and the north Adriatic Sea, as well as in spe-
cific coastal areas as opposed to offshore locations (Juza 
et al., 2022). These findings persist regardless of the var-
ying methodologies that were employed for the detection 
of MHWs and the periods of examination upon which 
they were based (see Table S1).

Subsurface MHWs in the Med Sea are also character-

ized by a strong, northwest-southeast spatial variability. 
In particular, the highest number of subsurface events, 
spanning 0-100m, during the 1987-2019 period, were de-
tected in western Med Sea areas, with no significant fre-
quency trends seen in deep convection locations (Dayan 
et al., 2023). Similar to surface events, the longest sub-
surface MHWs appeared around the Balearic Islands, in 
the Gulf of Gabes and the Levantine basin and in convec-
tion regions where the warming signal is propagated from 
surface to subsurface. However, the vertical extension of 
surface MHWs is not consistently distributed in space 
at all times. For instance, surface MHWs occurring be-
tween 2012-2020 exhibited a progressive, eastward sub-
surface extension, with positive temperature anomalies 
reaching between 50m-150m in the western Med Sea, 
around 200m in the middle and south Adriatic Sea and 
up to 400m - 700m in the eastern Med Sea (Juza et al., 
2022). While this sub-basin variability was evident in the 
MHWs of 2019, reaching depths of 20m in the western 
and 50m in the eastern Med Sea (Hamdeno & Alvera-Az-
carate, 2023), the 2003 MHW was a relatively shallow 
event across most of the basin, except for the northwest 
Med Sea where it extended up to 100m depth (Dayan et 
al., 2023; McAdam et al., 2023). 

Mechanisms driving Mediterranean MHWs 

Although knowledge on MHW driving mechanisms 
in the Med Sea has yet to be enriched, valuable insights 
from the literature thus far are reviewed and discussed 
below. 

Fig. 3: Mean MHW intensity (a) and duration (b) in the Mediterranean Sea averaged over 1982-2023. MHWs are detected based 
on the climatology period 1982-2023 by applying the Hobday et al. (2016) methodology to the satellite SST dataset: Mediterrane-
an Sea High Resolution L4 Sea Surface Temperature Reprocessed (https://doi.org/10.48670/moi-00173).
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Local-scale mechanisms behind surface MHWs in the 
Mediterranean Sea 

The formation of MHWs on a regional scale results 
from the interplay between air-sea heat fluxes and lo-
cal-scale oceanographic processes. Typically, MHW de-
velopment is associated with the physical process that 
contributes the highest amount of heat to the system. In 
the Med Sea, most summer MHWs have been attributed 
to a combination of increased radiation flux into the sea, 
persistent low wind speed conditions and the suppression 
of surface heat losses. The notable summer MHWs of 
2003 (Olita et al., 2007; Sparnocchia et al., 2006), 2007 
(Mavrakis & Tsiros, 2019) and the spring MHW of 2020 
(Ibrahim et al., 2021; Denaxa et al., 2022) are examples 
of such major events, where strong anticyclonic condi-
tions prevailed along with exceptionally high air-tem-
peratures and reduced wind stress, leading to increased 
shortwave radiation and a reduction in latent and sensible 
heat fluxes from the ocean to the atmosphere. Atmospher-
ic heatwave (AHW) conditions also played a significant 
role in driving strong MHWs in the northwest Med Sea 
during the summers of 2017 (Martínez et al., 2023) and 
2021 in the eastern Med Sea (Aboelkhair et al., 2023). 

However, the influence of atmosphere-related mech-
anisms may be modified by local-scale ocean circulation 
and weather features. For instance, the basin-scale, sum-
mer MHW of 2003 was primarily linked to increased at-
mospheric forcing, reduced wind speeds and vertical mix-
ing, while advection-induced warming was found more 
important on regional scales, such as the Aegean and 
South Cretan sub-basins (Darmaraki, 2019). Likewise, 
water masses originating from the Black Sea were linked 
to increased temperatures in the North Aegean surface 
waters during the summer MHW of 2021 (Androulidakis 
& Krestenitis, 2022). These buoyant, shallow, and less 
saline waters occupy the upper 50 m of the water column, 
inducing strong stratification. This led to the shoaling of 
the Mixed Layer Depth (MLD), which further warmed 
the surface waters, facilitating the development of the 
MHW. Also, amid the large-scale MHW of August 2022, 
water masses inside the port of Genoa cooled abruptly, 
owing to a heavy rainfall event (Cutroneo & Capello, 
2023). The weak summer dynamics constrained the water 
masses within the port, maintaining their stationarity and 
isolated state. Following the rainfall event, temperatures 
increased, remaining generally cooler than the external 
surroundings throughout August but rose during Sep-
tember again. A notable example highlighting the signif-
icance of regional influences, is the formation of strong 
and long-lived eddies around the Balearic Islands, which 
were primarily driven by salinity gradients in 2010 and 
by northwesterly winds in 2017, resulting in prolonged 
surface temperature anomalies, that displayed character-
istics typical of local MHWs (Aguiar et al. 2022).

Recently, a few studies have explored the physical 
drivers behind multiple surface MHWs in the Med Sea, 
providing insights into how regional characteristics may 
systematically influence their formation in certain areas. 
For instance, an analysis of multiple MHWs throughout 

June - December 2019 revealed contrasting heat contribu-
tions to events in the western and the eastern sub-basin of 
the Med Sea (Hamdeno & Alvera-Azcarate, 2019). The 
strong MHWs in the western Med Sea were associated 
with increased air temperatures and total atmosphere heat 
input into the ocean, reduced latent heat loss and wind 
stress and shallower than normal MLD, coinciding also 
with an AHW in Europe and higher-than-normal mean 
sea level pressure (SLP). In contrast, despite an increase 
in air temperatures and shoaling of the MLD, the east-
ern Med Sea MHWs of June - July 2019 were associated 
with an anomalous net heat flux into the atmosphere and 
a reduction in mean SLP (Hamdeno & Alvera-Azcarate, 
2023). Simon et al. (2023) associated the rise in summer 
MHWs from 1982 to 2022 in the west and central Med 
Sea and the Adriatic Sea with an increase in the down-
ward shortwave radiation, as opposed to a reduction in the 
upward long-wave radiation associated with eastern Med 
Sea events. The interannual variability of MHW activity 
in the western and central regions was further linked to a 
reduction in the upward latent heat flux and an increase 
in downward sensible heat fluxes, likely through the ad-
vection of warm and humid air masses. Such warm air 
intrusions have been reported during the summer MHWs 
of 2003 (Sparnocchia et al., 2006) and 2022 (Guinaldo 
et al., 2023). However, the long-term increase of MHWs 
across the entire Med Sea was partly compensated by in-
creased upward latent heat fluxes, representing a heat loss 
from the ocean to the atmosphere (Simon et al., 2023). 
Abnormally high atmospheric heat fluxes also dominated 
the development of extremely warm marine summers in 
the northern Med Sea between 1950-2020, where longer, 
more frequent and intense MHWs have also occurred 
(Denaxa et al., 2024). Specifically, during these summers 
the surplus heat at the sea surface was linked to reduced 
latent heat loss and increased net longwave radiation, in 
the Aegean and part of the Levantine Sea and to increased 
shortwave radiation in the central, western areas and the 
Adriatic Sea. Conversely, these summers were associated 
with a weaker role of air-sea heat exchanges in the south-
ernmost Med Sea regions, attributed to enhanced latent 
heat losses and drier air masses in the region. 

Influence from large-scale climate modes on Mediter-
ranean MHWs

While the regional influences on Mediterranean 
MHWs have received a lot of attention, little is known 
about the linkages between the development of these 
extreme events and the large-scale climate modes (Dar-
maraki, 2019; Simon et al., 2023). For the period 1982-
2020, Hamdeno and Alvera-Azcarate (2023) showed that 
MHW frequency throughout the basin is well correlated 
(cc=0.74) with the East Atlantic Pattern (EA), while fea-
tures a negative correlation with the East Atlantic/West-
ern Russian teleconnection pattern. Simon et al. (2023) 
further associated the EA with the development of atmos-
phere-driven MHWs in the Med Sea. In particular, a joint 
Principal Component Analysis of summer events between 
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1982-2022 revealed that the long-term trend in MHW 
activity as well as the three notable summer MHWs of 
2003, 2018, and 2022 co-varied with a positive 500hPa 
geopotential height anomaly over the North Atlantic/
European Sector. This large-scale atmospheric set up re-
sembling the positive EA phase, induces an anticyclonic 
circulation that diminishes winds and heat losses from 
the ocean, facilitating the formation of MHWs. These 
findings align with the correlation between the basin SST 
and EA, proposed by Skliris et al. (2012) and Josey et 
al. (2011). The positive phase of summer North Atlantic 
Oscillation was also found to co-vary with the contribu-
tion from the interannual SST variability to the summers 
of 2003 and 2022. This large-scale atmospheric pattern 
features a negative 500hPa geopotential height anomaly 
over the Mediterranean and a positive one over Northern 
Europe, contributing to the formation of MHWs in the 
western basin, likely by driving the advection of warm 
air masses (Simon et al., 2023). Major MHWs have addi-
tionally coincided with the positive phase of the Atlantic 
Multidecadal Oscillation (Marullo et al., 2011), though 
no causal link has been suggested so far. 

Drivers of subsurface MHWs in the Mediterranean Sea

The subsurface extent of surface MHWs depends on 
the location, drivers, season and characteristics of the 
event. For example, during the summer MHW of 2003, 
strong vertical stratification limited vertical penetra-
tion (~15m) of the heat gained from the atmosphere in 
the Ligurian Sea (Sparnocchia et al., 2006). Converse-
ly, wind-induced vertical mixing allowed the warming 
signal to reach depths of up to 50m in the eastern Med 
Sea during the spring event of 2020 (Denaxa et al., 2022) 
and approximately 20m at the Lampedusa station during 
the 2022/2023 MHW (Marullo et al., 2023). Local-scale 
influences (e.g., topography, mixed layer depth) may re-
sult in different vertical propagation depth even during 
the same MHW; In situ seawater temperature time series 
during the summer MHW of 2017 revealed a downward 
propagation of surface MHWs to approximately 40m in 
the Scandola Marine Protected Area (Bensoussan et al., 
2019) but only about 15m - 20m depth at the Columbretes 
island site (Martínez et al., 2023). 

The critical role of wind conditions in the formation 
of subsurface Med Sea MHWs has been further under-
lined by a number of recent studies examining multiple 
events. Between 1982-2017, Darmaraki et al. (2019a) re-
ported that MHWs at surface, 23m, 41m, and 55m depth 
corresponded to seasonal changes of MLD, highlighting 
a connection between intensified wind speeds and events 
at deeper layers. Mixing due to moderate winds was pro-
posed as a mechanism facilitating vertical propagation of 
surface temperature anomalies within a weakly stratified 
water column, reducing MHW intensity at surface. This 
aligns with the findings from Juza et al. (2022) and Ham-
deno and Alvera-Azcarate (2023) that observed seasonal 
variations in the vertical extension of MHWs; MHWs 
tended to penetrate deeper during autumn compared to 

shallower and more intense events during the summer, 
most likely linked to atmosphere heat flux-induced 
stratification. In particular, observations of sub-regional 
events between 2012-2020, revealed that the most pro-
nounced summer temperature anomalies occurred in the 
upper 30m depth, while in autumn significant anomalies 
were observed at surface and between 50m-100m. Dur-
ing winter, pronounced temperature anomalies extended 
to depths of up to 700m, though they were less intense 
at surface (Juza et al., 2022). The vertical penetration of 
MHWs during winter and autumn, may be facilitated by 
wind-induced mixing in convection areas, (e.g., the Gulf 
of Lions, Ligurian Sea, Cretan Sea) or by downwelling 
processes along the African side of the Alboran Sea. 
Downwelling processes may facilitate MHW vertical 
extension during the summer as well, in areas like the 
western part of the Aegean Sea and the NE Crete (Juza 
et al., 2022). The vertically-propagated anomalies may 
be stored beneath the mixed layer and re-emerge later 
(Marullo et al., 2023). 

The exceptional MHW of 2022

More recently, the record-breaking summer MHW 
of 2022 strongly affected the NW Med Sea, a region 
which is consistently warmer than average even dur-
ing non-heatwave periods and thereby more susceptible 
to atmospheric forcing (Guinaldo et al., 2023). Hence, 
a concurrent AHW over that area during summer 2022 
led to more pronounced SST responses (Martínez et al., 
2023; Guinaldo et al., 2023). In particular, this MHW 
was attributed to above-average shortwave radiation, 
lower than normal cloud coverage and wind speed (con-
ditions related to atmosphere blocking), that diminished 
the efficiency of turbulent heat fluxes as a mechanism for 
oceanic heat dissipation. The event was further enhanced 
by the southward advection of hot and humid air mass-
es, (as a result of cut-off lows off the Iberian Peninsula), 
which appeared to play a more significant role in the SST 
responses compared to the increased surface air temper-
atures (Guinaldo et al., 2023). The study notes that the 
absence of tides in the Med Sea further accentuates the 
significance of wind-induced turbulent mixing as a heat 
dissipating mechanism, since it has the potential to aug-
ment the vertical exchange of surface waters with deeper 
and cooler layers. 

The MHW 2022 displayed comparable characteristics 
to the pronounced 2003 event, yet differences also exist 
(Marullo et al., 2023). The persistence of a high-pressure 
system along with suppressed northerly winds over the 
NW basin were linked to atmosphere blocking conditions 
over NW-central Europe, playing a key role in the forma-
tion of both MHWs during the summer. However, there 
was an exceptional persistence of the anticyclonic con-
ditions until fall/winter season of 2022/2023 as opposed 
to 2003, where cyclonic conditions prevailed during fall/
winter of 2003/2004. This led to the 2022 MHW becom-
ing the longest event in the basin over the last 4 decades, 
contrasting with the atmospherically-driven dissipation 
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of the 2003 MHW during fall (Marullo et al., 2023). The 
MHW 2003 is characterized as the most intense event 
over the last few decades, its intensity being comparable 
with that of the 2022 event on local scales (Fig. 4).

However, both events featured a stronger response in 
the northwest than the eastern part of the basin (Marul-
lo et al., 2023; Darmaraki, S. 2019). The MHW 2003 
displayed a more pronounced subsurface signal in the 
northwest Med Sea compared to the rest of the basin, 
where it primarily affected surface layers, due to strong 
stratification and lower than normal wind-driven mixing 
(Olita et al., 2007, McAdam et al., 2023). An analysis of 
in situ observations from the Lampedusa Island (Central 
Mediterranean) showed that warm surface temperature 
anomalies during MHW 2022 penetrated in deeper lay-
ers (~ 20m) as a result of sudden, strong and short-lived, 
wind-induced mixing episodes throughout the event du-
ration (Marullo et al., 2023). These subsurface anomalies 
have likely persisted for longer time periods, especially 
in the central part of the basin, reducing the intensity of 
temperature anomalies at surface. 

MHW feedback and concurrent extreme events in the 
Mediterranean Sea

AHWs were observed to occur together with MHWs 
during the summers of 2003 (Sparnocchia et al., 2006), 
2007 (Mavrakis & Tsiros, 2018), 2017 (Martínez et al., 
2023), 2021 (Aboelkhair et al., 2023) and 2022/2023 
(Marullo et al., 2023). In light of the frequent concur-
rence of these events, we introduce here the concept of 
concurrent events within the Med Sea. This concept re-
fers to the simultaneous or sequential occurrence of mul-

tiple extreme events  (Gruber et al., 2021) and is gaining 
increasing interest from the scientific community (e.g., 
Le Grix et al., 2021). In our context, concurrent events 
specifically address concurrent MHWs with AHW or 
droughts, fires, acidification and other extremes in the 
Mediterranean basin. 

Notably, over the last 4 decades (1982-2021) half 
(53%) of MHWs in the eastern Med Sea coincided with 
atmospheric events (Aboelkhair et al., 2023). The fre-
quency of AHWs and MHWs were strongly correlated 
(R>0.8), particularly over the Aegean and Levantine 
basins and during years with heightened MHW activity 
(2012, 2018 and 2021). In contrast, a reduced frequency 
of concurrent AHWs and MHWs manifested in the Ioni-
an Basin, southeast Sicily and the offshore waters along 
the Libyan coast, most likely due to the presence of lo-
cal oceanic circulation features. Concurrent AHWs and 
MHWs have been further related to drought conditions 
(e.g., Marullo et al., 2023), which, in  turn, can contribute 
to the occurrence of wildfires around the Mediterranean 
region. Such conditions were particularly pronounced 
during 2015, 2017 and 2022 over burned areas in the 
northwest Mediterranean (Santos et al., 2024). 

Therefore, the concept of concurrent events implicitly 
involves the feedback between the extreme events that 
co-occur or succeed one another. However, due to the 
high spatiotemporal variability of atmospheric dynam-
ics over Europe, it is difficult to differentiate between the 
components of the regional climate system (Tomassini 
& Elizalde, 2012) and therefore between the cause and 
effects of concurrent events. This became more appar-
ent when analyzing the summer MHW 2003 feedback 
to the atmosphere. Although it was originated from at-
mosphere-driven processes, this MHW has been shown 

Fig. 4: Comparison of summer SST anomalies during June - August of 2003 (top) and 2022 (bottom) MHWs in the Mediterranean 
Sea, relative to the corresponding 1993-2022 period. Data are based on the satellite SST observations from the Copernicus Marine 
product: Mediterranean Sea High Resolution L4 Sea Surface Temperature Reprocessed (https://doi.org/10.48670/moi-00173).
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to also reinforce the concurrent AHW over the Mediter-
ranean basin (Black & Sutton, 2007; Feudale & Shukla, 
2011; García-Herrera et al., 2010) and its surroundings, 
through an increase of sensible heat fluxes into the atmos-
phere and by contributing more than half to the ampli-
tude of the atmosphere blocking circulation (Feudale & 
Shukla, 2007). Conversely, Jung et al. (2006) argued for 
a minor role of the MHW on the mid-tropospheric circu-
lation in Europe, emphasizing a more robust connection 
with rainfall in Sahel. In particular, the study proposed 
an increase of the humidity content in the lower tropo-
sphere as a result of the MHW, which was then advected 
by the mean flow over Sahel, enhancing the deep convec-
tion there. Tomassini and Elizalde (2012) corroborated 
this enhanced evaporation and moisture transport in the 
atmosphere due to warmer Mediterranean SST and con-
cluded on a more passive role of the Med Sea in the Euro-
pean summer climate of 2003, in agreement with Xoplaki 
et al. (2003) and Black et al. (2004). 

In addition to concurrent AHWs and MHWs, anoma-
lously warm Med Sea temperatures have been associated 
with intense storms in the basin. Specifically, an abnor-
mally long MHW in the eastern Med Sea between July 
- December 2019 coincided with Medicane Scott that 
affected parts of the southeast Mediterranean on Octo-
ber 25-26, 2019. According to Hamdeno and Alvera-Az-
carate (2023) the unusual occurrence of a Medicane in 
the far east of the basin was primarily attributed to ex-
ceptionally warm waters that induced high heat losses to 
the atmosphere. Similarly, Miglietta et al. (2017) showed 
anomalously warm SST may have exerted a dramatic im-
pact on the intensity of a tornadic supercell formed over 
the Ionian Sea in November 2012. During August 2022, 
a MHW was also shown to amplify a severe convective 
windstorm over the western Mediterranean (González-
Alemán et al., 2023) and to enhance a hailstorm in Spain 
by providing unprecedented amounts of energy and mois-
ture to the atmosphere (Martín et al., 2024).

Finally, in the less-explored realm of MHW impacts 
on ocean circulation, Olita et al., (2007) observed a reduc-
tion in the intensity of the Atlantic Ionian Stream during 
the MHW of 2003, which exhibited fewer meanders as a 
result of reduced density gradients and low winds, while 
the Atlantic Tunisian Current became stronger. In gener-
al, the strengthening of the upper-ocean density stratifi-
cation (strong surface density decrease) linked to MHWs 
over the last decades (Juza et al., 2022) has the potential 
to amplify ocean circulation changes, affect deep convec-
tion (Margirier et al., 2020, Josey & Schroeder, 2023) 
and water masses as well as modify ocean ventilation in 
the basin, with cascading effects on marine ecosystems of 
the Med Sea. 

Future Projections on MHWs in the Mediterranean 
Sea

Surface MHW trends in the 21st century

By the end of the 21st century, the mean Mediterrane-

an SST is anticipated to increase from + 1.5°C to + 4 °C, 
relative to the climate of the period 1961-2000 (Somot et 
al., 2006; Adloff et al., 2015; Darmaraki et al., 2019b). In 
response to the heat stress induced by increasing Green-
house Gas (GHG) emissions, this significant rise in SST 
is expected to amplify characteristics of MHWs in the ba-
sin. However, only a few regional studies have addressed 
the evolution of extreme warm temperatures in the Med 
Sea, as opposed to a considerable body of research on the 
future evolution of the basin-mean SST. Table 1 presents 
a compilation of these Med Sea-specific studies that have 
investigated future characteristics of extreme warm tem-
perature events, some of which do not explicitly name 
them as MHWs. The events have been identified at sur-
face or at depth, based on either percentiles of SST distri-
bution (e.g., Jordà et al., 2012; Darmaraki et al., 2019b), 
fixed temperature thresholds associated with specific 
ecosystem thermotolerance limits (e.g., Bensoussan et 
al., 2013; Galli et al. 2017) or shifting baseline periods 
(Konsta et al., 2023; Rosselló et al., 2023). 

Despite variations in the climate change scenarios, the 
type and number of climate models employed, the exami-
nation periods and the different identification frameworks 
applied, all studies converge towards an increase in the 
frequency, duration, spatial coverage and intensity of fu-
ture surface MHWs in the Med Sea (Table 1). Until the 
mid-21st century, there is a consistent increase in MHW 
characteristics across different climate change scenarios, 
but a distinct divergence occurs towards the end of the 
century, reflecting heightened heat stress linked to in-
creased GHG emissions (Darmaraki et al., 2019b; Ros-
selló et al., 2023). By 2100, stronger and more intense 
surface MHWs are expected to take place between June 
- October under higher GHG emission scenarios, affect-
ing at peak the entire Med Sea (Bensoussan et al., 2013; 
Darmaraki et al., 2019b). The signal of MHW amplifica-
tion is estimated to be particularly strong in shallow are-
as, increasing the risk for low motility organisms living in 
such waters (Galli et al., 2017). Specifically for the period 
2036-2066 and under RCP8.5 Konsta et al. (2023) pro-
jects increased duration and intensity of shallow MHWs 
(0-40m) along coastal regions, with shorter durations but 
pronounced intensities (~2.5 °C), based on a shifted 30-
year baseline period (starting from 2006-2035).

In addition to regional studies, rising trends in MHW 
properties in the Med Sea have been also documented in 
various global studies. This involves an increase in du-
ration, frequency, maximum intensity, number of MHW 
days and cumulative intensity, according to the growing 
heat stress induced by increasing GHG emission scenar-
ios. These consistent trends hold across studies which 
have adopted different frameworks, including ensem-
bles of CMIP5 models under climate change scenarios 
RCP4.5 and RCP8.5, (Oliver et al., 2019; Hayashida et 
al., 2020; Guo et al., 2022), of CMIP6 models under the 
new SSP1-2.6, SSP2-4.5, SSP3-7.0 scenarios (Plecha & 
Soares, 2020; Qiu et al., 2021; Cheng et al., 2023) and 
different MHW definitions (Guo et al., 2022; Li & Don-
ner, 2023). Specifically, between 2031-2060 and under 
RCP8.5 Oliver et al. (2019) showed a 2°C - 4°C increase 
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in surface MHW intensity relative to the historical peri-
od of 1961-1990, while Cheng et al. (2023) indicated a 
permanent MHW state in the Med Sea from 2080 and 
onwards under the SSP5-8.5, in close agreement with the 
regional-scale projections under RCP8.5 by Darmaraki et 
al. (2019b). Alexander et al. (2018), using an ensemble of 
CMIP5 models under the RCP8.5 scenario, additionally 
suggested that between 2070-2099 annual SST anomalies 
in the Med Sea will exceed the maximum SST of the his-
torical period (1976-2005) every year.

Subsurface MHW characteristics in the 21st century

Similar to the SST, by the end of the 21st century the 
upper layers (0 - 150m) of the Med Sea are projected to 
warm by 0.81°C - 3.71 °C (Soto‐Navarro et al., 2020). 
Therefore, recent studies reveal frequent, longer and 
more intense MHWs in deeper layers of the basin, fea-
turing a distinct spatial distribution compared to surface 
events. For example, model projections between 2041-
2050 and under RCP8.5 indicate a progressive, eastward 
increase in the average frequency and duration as well 
as deepening of MHWs (Galli et al., 2017). In this sce-
nario, the northwest sub-basins (except the Adriatic Sea) 
experience MHWs > 25 °C in the upper part of the water 
column (~ 12m), up to ~30 m depth in the central sub-ba-
sins and the most severe MHWs (> 30 °C) are expect-
ed in parts of the Ionian and eastern coast of Levantine 
basin, reaching depths of about 40m (see Table 1 and 
Supplementary Material in Galli et al., 2017). Between 
2036-2066, Konsta et al. (2023) projected subsurface 
MHWs characterized by a declining mean frequency and 
intensity but an increasing duration with depth, spanning 
from 40m to depths below 1000m (Table 1). However, 
the mean MHW intensity seems to increase from the 
mid- to the end of the century (2070-2100), by 0.1 °C 
in the epipelagic, 0.22 °C in the mesopelagic and 0.3 °C 
in the bathypelagic zone. While the highest mean MHW 
intensities (1.5 °C  - 3 °C) at depths between 40-200m 
emerged in the eastern Med Sea, Adriatic basin and coasts 
of Tunisia, during 2036-2066, the Aegean sub-basin was 
projected to encounter the highest mean MHW intensity 
(1 °C - 1.5  °C) at depths between 200-2000m. Towards 
the end of the century, the southeast Med Sea demon-
strated the longest (>100 days) events, on average, below 
1000m depth, along with the Tyrrhenian Sea. While both 
Galli et al. (2017) and Konsta et al. (2023) agree on a 
decrease in MHW frequency with depth, the latter shows 
an increase in MHW duration with depth, as opposed to 
the former. This discrepancy may be due to the different 
baseline periods and temperature thresholds (fixed versus 
percentile) used in the two studies. In general, Konsta et 
al. (2023) identified longer but less intense subsurface 
compared to surface MHWs in the 21st century, in agree-
ment with Fragkopoulou et al. (2023), implying that dif-
ferent physical drivers may operate at different depths. 
The long-term preservation of downward-mixed, surface 
temperature anomalies in deeper layers (Elzahaby et al., 
2022), suggests a long-term oceanic memory of MHWs 

and the potential for significant ecological impacts on the 
subsurface areas affected (Jackson et al., 2018).

Marine Ecosystem Impacts  of Mediterranean MHWs

Temperature plays a pivotal role in metabolic pro-
cesses of organisms, ultimately determining their ecolog-
ical performance (Gillooly et al., 2001). Specifically for 
aquatic organisms, fluctuations in ocean temperatures, 
whether reflecting abrupt or long-term warming, can 
directly affect various physiological processes, such as 
growth, fertility and phenology, drive community shifts, 
and even lead to mass mortality events (MMEs). Warm 
temperatures can further amplify these impacts indirect-
ly, via alteration of physical processes and nutrient sup-
ply (Marbà et al., 2015). Yet, there is a relative scarcity 
of studies providing evidence specifically on the impact 
of MHWs on marine life in the Mediterranean. Adding 
complexity, marine populations and communities typ-
ically respond gradually to both abrupt and continuous 
warming stress. In contrast, long-term fisheries landings 
data are usually available on annual timescales, making it 
challenging to capture the transient nature of MHWs. In 
light of these limitations, this section provides a thorough 
overview of the documented impacts on various Mediter-
ranean marine biota from the long-term Med Sea warm-
ing exacerbated by the intensification of Mediterranean 
MHWs in recent decades.

Plankton

The mean warming trend of the ocean coupled with 
MHWs exerts profound impacts on the metabolic rates of 
planktonic organisms, altering the composition, dynam-
ics, and energy transfer pathways of the marine microbi-
al food webs, with implications for marine productivity 
(Courboulès et al., 2022; Fouilland et al., 2013; Šolić et 
al., 2017; 2018;2019; Trombetta et al., 2020). Experi-
ments simulating MHW conditions (> +3°C above in situ 
temperatures) produce contradictory outcomes. In certain 
cases, warming pushes the system towards net heterotro-
phy (CO2 source) (Garcia-Corral et al., 2015; Soulié et 
al., 2022, 2023; Vaquer-Sunyer & Duarte, 2013) while 
in others, a net autotrophic system (CO2 sink) has been 
also reported, due to warming-induced trophic cascades 
(Vidussi et al., 2011). Experimental (Agawin et al., 2000; 
Pulina et al., 2016, 2020; Soulié et al., 2022, 2023; Ste-
fanidou et al., 2018), earth-observation (El Hourany et 
al., 2021) and in situ data (Trombetta et al., 2019) agree 
on a shift in phytoplankton size structure towards small-
er groups. Species-specific thermal acclimation (Vrana 
et al., 2023) as well as alterations in the phytoplankton 
species composition (Soulié et al., 2022b; Domaizon et 
al., 2012) have been also reported, in response to experi-
mental warming. Basin-scale ocean color data indicate a 
negative relationship between MHW duration and chlo-
rophyll-a concentration (a proxy for phytoplankton bio-
mass) (Cabrerizo et al., 2022). Moreover, during 2019, 
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Table 1. Compilation of regional-scale studies investigating MHW characteristics in the Med Sea over the 21st century. For each 
study shown are: The name of the climate model and GHG emission scenario employed, the region and depth of examination, the 
temperature (Extreme event threshold) and reference period against which the MHWs were identified, the period during which 
MHWs were detected as well as the mean MHW frequency, duration and intensity. Whenever average MHW characteristics were 
not reported for the period examined, the equivalent trends were provided and vice versa. Note that degree days unit represents the 
amount of heat accumulated over a specified period of time.

Climate 
Model

GHG 
Emission 
Scenario

Region Extreme 
Event

Threshold

Reference 
period 

Examined 
period

Mean 
Frequency

(Trend) 

Mean
Duration
(Trend)

Mean
Intensity
(Trend) 

Reference

AOGCM
ensemble

 SRES - 
A1B

Balearic 
Archipelago

SST≥
99.5th 

percentile

 1985-
2009

2025-
2050

 0.78 ± 0.27 
event/year

longer 513.4 ± 324.20 
(degree-
days  °C)

Jorda et al. 
(2012)

2075-
2100

 1.00 ± 0.01 
event/year

3425.36 ± 
1202.89 (degree-

days  °C)
NEMO
MED8

IPCC A2 NW
 Med.Sea

SST ≥
23 - 28 (°C)

2000-
2010

2090-
2099

- 100 days 3 (°C) Bensous-
san et al. 
(2013)

 MFS_
V2.2

NEMO

RCP8.5 North -
Northwest 
Med Sea

Temp ≥
25 (°C) 

2001-
2010

2041-
2050

≤ 30 events
/decade 

up to ~ 20m

≤ 40-50 
days

up to ~ 
20m

- Galli et al. 
(2017)

Central 
Med Sea

≤ 20 events
/decade 

up to ~ 29m

≤ 120 days
up to ~ 

20m

-

South -
Southeast 
Med Sea

≤ 45+ events
/decade 

up to ~ 20m

≤ 160 days
up to ~ 

29m

-

MFS_
V2.2

NEMO

  RCP8.5 North -
Northwest 
Med Sea

Temp ≥
28 (°C) 

2001-
2010

2041-
2050

≤ 10 events
/decade 

up to ~ 8m

- - Galli et al. 
(2017)

Central Med 
Sea

≤ 12 events
/decade 

up to ~ 12m

-

South -
Southeast 
Med Sea

- -

MFS_
V2.2

NEMO

RCP8.5 North -
Northwest 
Med Sea

Temp ≥
30 (°C) 

2001-
2010

2041-
2050

≤ 2 events
/decade

 up to ~ 12m

- - Galli et al. 
(2017)

Central 
Med Sea

≤ 4 events
/decade

 up to ~ 5m

-

South -
Southeast 
Med Sea

≤ 10 events
/decade 

up to ~ 12m

-

Med-
Cordex 

ensemble 

RCP8.5 Entire basin
surface

SST≥99th
 percentile
for 5 days, 
20% min. 

spatial 
threshold

1976-
2005

2071-
2100

0.3 ± 0.2 
events/year 

94.1 ± 
9.9 (days/

year)

1.4 ± 0.4
 (°C)

Darmaraki 
et al. 

(2019b)

RCP4.5 0.3 ± 0.2 
events/year 

59 ± 10 
(days/
year)

0.5 ± 0.2
    (°C)

CNRM-
RCSM4

RCP2.6 Entire basin
surface

SST≥99th 
percentile
for 5 days, 
20% min.

spatial 
threshold

1976-
2005

2071-
2100

0.7 
events/year 

17 
(days/
year)

0.1 (°C)

Continued
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only the most intense MHWs had a negative impact on 
surface chlorophyll-a concentration in both the eastern 
and western basin (Hamdeno and Alvera-Azcaráte, 2023). 
In comparison, coastal mucilage outbreaks, triggered 
from uncontrolled (benthic or pelagic) algal blooms, have 
been associated with increasing warming trends (Deserti 
et al., 2005) and manifested during anomalously warm 
conditions (Danovaro et al., 2009; Russo et al., 2005), 
such as the MHWs of 2003 (Schiaparelli et al., 2007) and 
2017 (Bensoussan et al., 2019).

MHWs have prompted variable responses from meta-
zoan zooplankton as well. In particular, anomalously 
warm winter-spring periods have been shown to nega-
tively affect total zooplankton abundances (Fernández 
De Puelles & Molinero, 2008; Fullgrabe et al., 2020). 
On the other hand, warmer than average summer/autumn 
conditions have been associated with elevated cladoceran 
abundance, extending their growth season into autumn 
(Mazzocchi et al., 2023; Yebra et al., 2022). Concern-
ing copepods, long-term warming induces delays in 
their peak appearance and alterations of their commu-
nity composition, due to disappearance of cold-water 
species and shifts towards small-sized ones (Conversi et 
al., 2009; Kamburska & Fonda-UmaniI, 2006; Villari-
no et al., 2020), while anomalously warm temperatures 
have triggered a decline in their populations, in addition 
to jellyfish outbreaks (Molinero et al., 2008).However, 
a summer in situ mesocosm simulation suggests a post-
MHW increase in copepod abundances. This is mainly at-
tributed to a community shift favoring harpacticoid cope-
pods over calanoids, which experienced higher mortality 
during the heatwave (Zervoudaki et al., 2024). Moreover, 
during the summer MHW 2003, copepod abundance re-
mained unaffected, but the typical summer cladoceran 
Penilia avirostris declined by 50% in the Gulf of Trieste 

(Piontkovski et al., 2010). Based on 26 years of bi-week-
ly measurements, Kalloniati et al. (2023) reported a sim-
ilar decrease in the summer mesozooplankton biomass 
and cladoceran abundance in the Saronikos Gulf, par-
tially in response to the long-term SST warming. Finally, 
meroplanktonic decapod larvae have been shown to be 
vulnerable to MHWs on a global scale, including the Med 
Sea (Monteiro et al., 2023). This raises concerns about 
potential impacts on plankton and benthic communities, 
as well as fisheries for commercially important species.

Fish 

Assessing the potential of anomalous ocean warming 
in shaping fish populations and thereby impacting fishing 
effort is challenging. Nonetheless, current research points 
towards a general influence of climate change-induced 
warming on Mediterranean fish distributions (Sanz-
Martín et al., 2024). Both the underlying Med Sea warm-
ing trend and an abrupt shift to warmer SSTs in the late 
1990s (Raitsos et al., 2010) have led to a notable decrease 
in Mediterranean fisheries landings, as well as a nonline-
ar tropicalization (Tzanatos et al., 2014; Vasilakopoulos 
et al., 2017). Small pelagic fisheries in the Med Sea have 
been particularly impacted through biomass changes 
(Coll et al., 2019; Palomera et al., 2007), shifts in key 
species distribution (e.g., European sardine and ancho-
vy) and reduced egg production (Maynou et al., 2014). 
For example, rising SSTs have indirectly benefited round 
sardinella and gelatinous zooplankton, influencing, in 
turn, sardine and anchovy abundance through species 
competition (Maynou et al., 2014; Sabatés et al., 2006, 
2009; Tilves et al., 2016). Conditions resembling MHWs 
can induce substantial changes in fish growth, average 

Climate 
Model

GHG 
Emission 
Scenario

Region Extreme 
Event

Threshold

Reference 
period 

Examined 
period

Mean 
Frequency

(Trend) 

Mean
Duration
(Trend)

Mean
Intensity
(Trend) 

Reference

POLCOMS
 ERSEM

RCP8.5 Entire basin 
0 - 40m

Temp>95th
   percentile
   for 5 days

shifted
baseline

2036-
2066

2.9 
events/year

19
 (days/
year)

1.5 (°C) Konsta et 
al. (2023)

Entire basin 
40-200m

Epipelagic

3.15
events/year

119 
(days/
year)

0.94
(°C)

Entire basin 
200-1000m
Mesopelagic

2.18
events/year

265 
(days/
year)

0.5 
(°C)

Entire basin 
>1000m 

Bathypelagic 

 0.9
events/year

333
(days/
year)

0.41 
(°C)

Earth
 System 
Models

SSP5-8.5 Entire basin 
surface

SST≥90th 
percentile 
for 5 days

1982 - 
2001

2002- 
2100

>300 
days/year

-  5.03 °C Rosselló
 et al., 2023

    shifted
    baseline

~100
 days/year

- 1.59 °C

SSP1-2.6
   1982 - 
2001

<300
 days/year

-  2.23 °C

    shifted
    baseline

<50 
days/year

-  1.53 °C

Table 1 continued
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length, and spawning phenology (Moltó et al., 2021). In-
deed, experimental trials revealed that Gilthead seabream 
(Sparus aurata) is susceptible to prolonged MHWs at dif-
ferent life stages, including larvae, juveniles, and adults, 
based on mortality, tissue pathology, and cellular stress 
response capacity indices (Madeira et al., 2020; Feidant-
sis et al., 2020). Similar experimental results indicating 
diminished aerobic capacity, elevated stress levels and 
suppressed antioxidant and immunological responses un-
der acute warming have also been reported for other im-
portant commercial species such as the European seabass 
(Dicentrarchus labrax) (Islam et al., 2020a,b; Stavrakid-
is-Zachou et al., 2022) and the meagre (Argyrosomus re-
gius) (Kir et al., 2017; Stavrakidis-Zachou et al., 2021b). 

Yet, long-term ocean warming has emerged as the 
primary driver of population size changes in the Med 
Sea, according to an analysis of twenty years long fish 
trawl surveys (Givan et al., 2017) and as a major factor 
behind the increase in the frequency and abundance of 
thermophilic fish species from 1965 in the north-west-
ern Med Sea (Francour et al., 1994). Over the last 40 
years in particular, there have been notable changes in 
fish community composition of landings, marked by an 
increasing presence of thermophilic species in the Central 
(Fortibuoni et al., 2015; Valente et al., 2023) and East-
ern Med Sea (Tsikliras et al., 2015; Tsikliras & Stergiou, 
2014; Chust et al., 2024), combined with a simultaneous 
decrease in cold-affiliated species (Chust et al., 2024). 
These shifts suggest a significant rise in the mean tem-
perature of the catch, a proxy for the signature of ocean 
warming on fisheries catches (Cheung et al., 2013). The 
warming of the Med Sea has also facilitated the expan-
sion of warm-adapted invasive species of Indo-Pacific or-
igin (Vergés et al., 2014), leading to considerable shifts in 
native biota and alterations in ecosystem services (Tsirin-
tanis et al., 2022). The influx of warm-water non-indige-
nous species in the Eastern Med Sea has been significant-
ly accelerated by the abrupt temperature rise post-1998, 
leading to a 150% increase in the annual mean arrival rate 
of new tropical species in the basin (Raitsos et al., 2010).

Megafauna

The combined effect of intensified MHWs and mean 
warming trend in the Med Sea (Gambaiani et al., 2009; 
La Manna et al., 2023) have generally forced population 
relocations in the basin (Evans & Waggitt, 2020; Osland 
et al., 2021). For instance, migration of bottlenose dol-
phins toward the open sea (Gambaiani et al., 2009) and 
wider dolphin species movement have been documented 
as a consequence of altered distribution of key prey spe-
cies (Bearzi et al., 2003; Fuller et al., 2016), in response 
to abnormally warm coastal waters. Loggerhead marine 
turtles utilize a wide range of depths, so changes in tem-
perature across the water column can significantly affect 
their geographical distribution, reducing the thermally 
suitable habitats for their adult populations (Chatzimen-
tor et al., 2024). Loggerhead turtles have responded to 
warming by nesting earlier to synchronize with optimal 

thermal conditions, leading to increased hatching suc-
cess but reduced egg production (Mazaris et al., 2008). 
However, extreme temperatures have negatively impact-
ed egg survival in green sea turtles’ nests in the Eastern 
Med Sea, with negative implications for their future pop-
ulation persistence (Turkozan et al., 2021). The loss of 
suitable nesting sites and alterations to the offspring sex 
ratios of hatchings associated with increased risk of femi-
nization and potentially detrimental consequences for the 
population, have been highlighted as the major threats for 
marine turtles derived from climate change (Mazaris et 
al., 2023). The survival of the endangered Mediterrane-
an monk seal (Monachus monachus) is also threatened 
by warmer temperatures (Van De Bildt et al., 1999), due 
to the spread of viruses and pathogens, that can lead to 
epizootic events like morbillivirus infections (Agardy, 
1996). 

Phytobenthos

Thermal stress can severely affect macrophytes, im-
pairing leaf and rhizome growth (Marín-Guirao et al., 
2018; Mayot et al., 2005; Stipcich et al., 2022b), dis-
rupting metabolic (Mannino et al., 2016) and photosyn-
thetic efficiency (Fabbrizzi et al., 2023; Ontoria et al., 
2019), reducing nutritional value (Beca-Carretero et al., 
2018; Stipcich et al., 2023), inducing leaf necrosis and 
prompting biomass loss (Hernán et al., 2017; Stipcich et 
al., 2022a), while in severe cases can lead to mortality 
(Díaz-Almela et al., 2009; Hernán et al., 2017; Marbà & 
Duarte, 2010; Mayot et al., 2005; Pazzaglia et al., 2020). 
Notably, increased shoot mortalities have been linked to 
intense MHWs reported in 1999, 2001 and 2003 (Díaz-
Almela et al., 2009; Marbà & Duarte, 2010; Mayot et 
al., 2005). Although it has been observed that Posidonia 
oceanica responded to 2003 and 2022 major MHWs with 
intense flowering (Diaz-Almela et al., 2007; Marbà & 
Duarte, 2010; Marín-Guirao et al., 2019; Boudouresque 
et al., 2024; Stipcich et al., 2024), such a response was 
proven insufficient to offset the increased mortality rates 
observed after 2003 MHW event (Díaz-Almela et al., 
2009). Recent results from Tomas et al. (2024) suggest 
that, in addition to mass flowering, pseudovivipary can 
also occur as a response to thermal stress. The success of 
these reproductive mechanisms is equivocal, since seeds 
and seedlings produced through sexual recruitment can be 
particularly susceptible to warming (Hernán et al., 2017; 
Rinaldi et al., 2023), whereas clonal reproduction can 
reduce Posidonia’s genetic diversity and thus adaptation 
ability (Reusch et al., 2005). Even though macrophytes 
can develop physiological acclimation strategies to cope 
with warming conditions (Fabbrizzi et al., 2023), these 
mechanisms are subject to complex natural interactions. It 
has been shown that populations from distinct bioregions 
exhibit clear differences in their thermal performance. 
For example, both cold- and warm- adapted seagrass and 
macroalgae ecotypes can be resilient to increased heat as 
long as they do not live close to their thermal limits (Be-
ca-Carretero et al., 2018; Marbà et al., 2022; Saada et al., 
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2016; Marín-Guirao et al., 2017; 2018; Pazzaglia et al., 
2020; Stipcich et al., 2022b). Additionally, the impact of 
extreme temperatures is highly dependent on the intensity 
of the event, as well as the duration and timing of thermal 
stress (Rinaldi et al., 2023; Stipcich et al., 2024). Howev-
er, when multiple environmental stressors are combined 
with warming, they can synergistically intensify the over-
all stress levels (Guerrero-Meseguer et al., 2020; Ontoria 
et al., 2019; Pazzaglia et al., 2020), or in some cases yield 
unexpected positive outcomes (Egea et al., 2018). The 
overall structure of Mediterranean seagrass communities 
is expected to change as a result of both long-term warm-
ing and MHWs (Boudouresque et al., 2024). Species 
thermal tolerance can be a crucial factor in determining 
their proliferation or regression, with literature projecting 
a decline of P. oceanica, and its potential replacement by 
Cymodocea nodosa and the invasive Halophila stipula-
cea (Chefaoui et al., 2018; Beca-Carretero et al., 2024).

Zoobenthos

Benthic invertebrates in the Med Sea, predominantly 
stationary (sessile) or slow-moving like Cnidaria, Porif-
era, Bryozoa, Bivalvia, Chordata (Ascidiacea), Annelida, 
and Echinodermata, have been documented to respond to 
MHWs or abnormally warm summer conditions via in-
creased feeding (Gunderson & Leal, 2016), and reduced 
reproductive investment (Barbeaux et al., 2020; Caputi 
et al., 2016) or growth (Bay & Palumbi, 2017) due to en-
ergetic limitations (Smith et al., 2023). Other biological 
systems may also be impacted, ranging from neuromus-
cular interference, affecting urchin camouflage behaviour 
(Brothers & McClintock, 2015) to the loss of symbiotic 
photosynthetic zooxanthellae in Anthozoans, leading to 
bleaching and increased vulnerability to disease (Crab-
be, 2008). Furthermore, heat-stressed invertebrate colo-
nies may be intensively consumed by specific predators 
(Bosch-Belmar et al., 2024), or become more susceptible 
to opportunistic, and pathogenic microorganisms (Bal-
ly & Garrabou, 2007; Cerrano et al., 2000; Coma et al., 
2009; Martin et al., 2002), which may be even more det-
rimental than potential symbionts’ decline (Prioux et al., 
2023). 

Notably, Mediterranean invertebrate colonies have 
faced successive MMEs during or shortly after summer 
months due to MHWs (Bensoussan et al., 2019;Turic-
chia et al., 2018) in multiple years over the last decades 
(e.g.,, 1999, 2003, 2006, 2007, 2008, 2009, 2018, 2021, 
2022) (Antoniadou et al., 2023; Estaque et al., 2023; 
Garrabou et al., 2009, 2019, 2021; Marbà et al., 2015; 
Marie et al., 2023; Orenes-Salazar et al., 2023; Parravi-
cini et al., 2010; Rivetti et al., 2014; Smith et al., 2021). 
Specifically, the MHW-induced MMEs of 2003 (Gómez-
Gras et al., 2021) and 2022 were particularly detrimen-
tal (Estaque et al., 2023; Marie et al., 2023). The latter 
impacted deeper ranges and resembled expectations of 
the sixth mass extinction (Cowie et al., 2022; Thomas et 
al., 2004). More than 2,300 MMEs, involving over 90 
species, were recorded between 1979 and 2020. Cnidaria 

(corals and gorgonians) accounted for nearly half, fol-
lowed by Porifera (sponges), with decreasing mortality 
in Bryozoa, Bivalvia, and Ascidacea (Garrabou et al., 
2019, 2022; Smith et al., 2023) (Fig.  5).  Over 50% of 
recorded MMEs occurred in the western Med Sea, al-
though the sampling effort differs substantially between 
ecoregions (Garrabou et al., 2019, 2022). The cumulative 
hotspots of these MMEs from 1979 to 2019 are shown 
in Figure 5, alongside MHW hotspots identified by the 
average cumulative intensity (°Cdays) for a similar pe-
riod (1982–2017). Interestingly, the sub-basins with the 
highest cumulative MHW intensity (>35 °Cdays) in the 
North-central and North-western Mediterranean also cor-
respond to regions with the greatest number of record-
ed MMEs (>140 events). Although establishing a direct 
correlation between MHW cumulative intensity and the 
frequency of MMEs is challenging—due in part to varia-
tions in sampling effort across ecoregions and differences 
in the periods analyzed—MMEs appear to be linked to 
both the high intensity and extended duration of MHWs. 
This suggests that cumulative intensity is a valuable met-
ric for understanding MHW impacts on MMEs, a con-
cept that warrants further investigation. Notably, there is 
evidence of limited species-specific coral resistance to 
MHW impacts (e.g, Paramuricea clavata, Capdevila et 
al., 2023; Cladocora caespitosa & Astroides calycularis, 
Carbonne et al., 2024), especially when deeper waters 
(>40m) can be utilized as thermal refuge, (Bramanti et 
al., 2023). Rarely, summer MHWs have prompted the es-
tablishment of nonnative reef-forming fauna, enhancing 
species richness and abundance (Herbert et al., 2016; Le-
jart & Hily, 2011; Ruesink et al., 2005).

The existing climate-change pressure on marine life 
will likely be amplified as a result of the projected warm-
ing in the basin, inducing further ecosystem changes in 
the Med Sea. Specifically, models project community 
alterations (Benedetti et al., 2018; Clark et al., 2020), 
northward extension of species (Lloret et al., 2015; Sa-
batés et al., 2006), particularly pronounced in south and 
central Med Sea populations (Panzeri et al., 2024), ex-
tinction or extirpation of native seagrass (Jordà et al., 
2012) and fish species (Albouy et al., 2013; Ben Rais 
Lasram et al., 2010), as well as increased introduction of 
exotic species (Boero et al., 2008). However, projections 
diverge regarding primary production (Chust et al., 2014; 
Herrmann et al., 2014; Lazzari et al., 2014; Macias et al., 
2015; Richon et al., 2019) and commercial fish stocks 
(Albouy et al., 2015; Gkanasos et al., 2021; Issifu et al., 
2022; Moullec et al., 2019), reflecting different effects 
(neutral, positive, or negative) in the sub-basins. 

Socio-economic impacts of Mediterranean MHWs  

Beyond disruptions to marine ecosystems, a cascad-
ing effect of MHWs extends to socio-economic ramifi-
cations on fisheries, aquaculture and communities that 
rely on them, due to distribution shifts and the migration 
or mortality of commercially important fish and inverte-
brates (e.g., Cheung et al., 2021, Smith et al., 2021). Con-
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sidering the approximately 600,000 individuals engaged 
in fisheries and aquaculture industries in the Med Sea 
(Lacoue-Labarthe et al., 2016) substantial consequences 
on the livelihoods of coastal communities in the basin are 
anticipated, as a result of MHWs. Yet, the available re-
search and observational data regarding this dimension in 
the Med Sea are limited to date.

Impacts on Fisheries

MHWs have been reported to facilitate the reproduc-
tion of blue crab, an invasive species known for damag-
ing fishing nets and prevailing over native species, threat-
ening the income of fishermen and livelihoods of millions 
around the coasts of Tunisia (Reuters, 2022). Notably, the 
climate-change induced and MHW-driven regression of 
Posidonia oceanica over the last decades (Jorda et al., 
2012) has caused significant changes in the biodiversi-
ty of Mediterranean coasts, directly impacting the catch 
composition and income of coastal commercial fisheries 
in the Med Sea. Specifically, the economic loss of coastal 
fisheries correlated to the decline of seagrass meadows 
has been evaluated at about €60 million in 2014 and more 
than €750 million between 1990-2014 (El Zrelli et al., 
2020). MHWs also reduce the recreational and aesthetic 

value of coralligenous areas, resulting in a welfare loss of 
approximately €60 per dive, due to the total disappear-
ance of  gorgonians (Rodrigues et al., 2016).

In addition to ocean warming, extreme weather events 
and changes in vertical mixing/stratification are the most 
important factors affecting the small pelagic and demer-
sal Mediterranean fisheries, followed by the increase in 
frequency of MHWs and changes in precipitation-runoff, 
according to a semi-quantitative climate risk assessment 
by Hidalgo et al. (2022). This increase in MHW frequen-
cy seemed to be more relevant in the southeastern Medi-
terranean and Adriatic Sea. The highest risks were associ-
ated with impacts on fisheries resources, including catch 
composition, distribution changes, and abundance/bio-
mass trends. Communities and livelihoods in the south-
eastern Med Sea were the most impacted for both the pe-
lagic and demersal fisheries, with landing value being the 
most impacted parameter. Lower risk levels were high-
lighted for fishing operations, including fishing trips/days 
at sea and fishers’ working conditions, as well as for the 
wider societal and economic implications, such as tour-
ism activities, national income, and recreational fisheries. 
According to a social vulnerability assessment conducted 
in the western and eastern Med Sea by Gomez Murciano 
et al. 2021, storms and temperature are the main climate 
stressors affecting the fishing sector, increasing the sen-

Fig. 5: Mass mortality events (MMEs) reported in the Mediterranean Sea between 1979 - 2019, combined with the MHW cumula-
tive intensity (oC*days) averaged over 1982-2017. The number of MMEs (N), their geographic distribution, and the affected phyla, 
were obtained from Garrabou et al. (2019, 2022) (as MMEs) and Marbà et al. (2015) (as survival). The gridded average MHW 
cumulative intensity is derived from the HINDCAST Simulation of CNRM - RCSM6, using the MHW algorithm described by 
Hobday et al. (2016). MMEs and MHWs are not directly comparable due to differing time periods. Instead, this figure highlights 
the spatial hotspots of biological impacts (MMEs) and MHWs across the Mediterranean Sea. Figure is updated from Garrabou et 
al. (2019). 
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sitivity of fishing revenues, with fishers perceiving them 
as the main threat based on their experience, knowledge, 
and perception of the expected risks associated with ex-
treme weather events.

MHWs may also result in fish diseases, posing a 
higher likelihood for adverse impacts on human health. 
Those risks may further be heightened whenever atmos-
pheric and marine heatwaves co-occur in the Med Sea, 
leading to an increased likelihood for droughts, water 
scarcity and increased fire activity (Santos et al., 2024).). 
In particular, concurrent events are an emerging, albeit 
less recognized concern that can amplify damages on the 
ecosystems and economy of the climate-changed affected 
communities (Aboelkhair et al., 2023). For example, the 
2003 atmospheric and marine heatwaves incurred losses 
of nearly €15 billion, ranking it among the top five most 
expensive climate extreme events in EU Member States 
(Gagliardi et al., 2022).

Impacts on Aquaculture

Mediterranean aquaculture, with an annual product 
worth of € 4.8 billion, involving predominantly marine 
finfish and to a lesser extent bivalves (FAO, 2020), is par-
ticularly vulnerable to MHWs. Unlike wild organisms, 
which can modify their behavior to escape unfavorable 
environmental conditions, farmed species are constrained 
by their rearing environment (Beever et al., 2017) and 
must therefore rely solely on physiological adaptations 
to withstand the abrupt temperature changes during 
MHW. Laboratory trials investigating the effects of acute 
warming on the main farmed fish in the Med Sea have 
demonstrated diminishing performance and aerobic ca-
pacity at temperature exceeding 26oC, a progressive in-
crease of stress biomarkers and deterioration of welfare 
as we approach 30 – 32oC, with physiological collapse 
eventually leading to death above that threshold (Kır, 
2020; Islam et al., 2020a, 2020c; Cascarano et al., 2021; 
Stavrakidis-Zachou et al., 2022; Sánchez-Cueto et al., 
2023). Under farming conditions, such effects are exac-
erbated by the high stocking densities maintained at the 
farming sites, be it either finfish or bivalve aquaculture, 
which ultimately transform temperature considerations 
to oxygenation considerations. Due to temperature and 
oxygen solubility being inversely related, during MHWs, 
the reared animals face both increased respiratory de-
mands and reduced availability of oxygen (Burke et al., 
2022). The combination of these factors, coupled with the 
large production volumes can lead to hypoxic conditions, 
which, in turn, often result in mass mortalities (Roman et 
al., 2019). In fact, hypoxia has been identified as the lead-
ing cause of environmentally-induced mass aquaculture 
mortalities in the Med Sea and shows seasonality, while 
being particularly pronounced on coastal regions where 
the bulk of aquaculture activity takes place (Eissa, 2024) 
and MHW intensity is the strongest (Dayan et al., 2023).

Over the last 40 years, MHWs in the Western Medi-
terranean have increased in intensity and duration around 
aquaculture sites, with temperatures exceeding the wel-

fare thresholds for the species, raising concerns (Atalah 
et al., 2024). Depending on the scenario severity, sim-
ulations suggest that MHW - induced mortalities in the 
future may be detrimental for the sector causing as much 
as 80% (or € 10.8 million) losses in profitability for Med-
iterranean fish farms (Stavrakidis-Zachou et al., 2021a). 
In addition to fish mortality, MHWs can also lead to un-
marketable fish, by facilitating the proliferation of patho-
gens and subsequent disease outbreaks, posing significant 
financial challenges to aquaculture  in the Mediterranean 
basin (Cascarano et al., 2021). Substantial losses have 
also been registered for bivalve farming. Extended clo-
sures, seed mortalities, and abruption of the supply chain 
stemming from extended and more frequent warming pe-
riods, have been associated with the decline of mussel 
aquaculture in the European Union (Avdelas et al., 2021). 
Recently, a 20% drop in the production of Spanish mussel 
has been attributed to the 2020 MHW (Sánchez-Jerez et 
al., 2022). In the summer of 2021, a prolonged MHW 
over Thermaikos Gulf resulted in a 50% mortality rate for 
that year’s mussel production in several aquaculture units 
in the area. In addition, infant mussels for export suffered 
mortality rates, ranging from 90% to 100% the following 
year, compromising the financial viability of the local in-
dustry and the well-being of more than 300 families rely-
ing on it (Androulakis & Krestenitis, 2022; Zgouridou et 
al., 2022). Similarly, a MHW during 2013 resulted in the 
loss of 900 tonnes of Mediterranean mussels in the pro-
duction area around the Ebro Delta river, amounting to a 
cost of approximately €9 million. The economic impact 
included revenue losses linked to the mortality of farmed 
species and additional adaptation costs required to restart 
the production (Rodrigues et al,. 2015).

MHW monitoring and forecasting

Observational approaches of MHWs impacts on Medi-
terranean Sea ecosystems

The understanding of MHW impacts on marine organ-
isms and ecosystems is fundamentally hindered by a lack 
of observations across appropriate spatial and temporal 
scales. Marine organisms and ecosystems are sensitive 
to the diverse characteristics of MHWs—such as mag-
nitude, recurrence, abruptness, and intensity—and their 
responses span a wide range of temporal scales, from 
hours to years (Gruber et al., 2021). MHW impacts can 
be thus site-specific but may also affect broader spatial 
scales, with responses across different levels (from physi-
ology to ecosystems) being difficult to disaggregate. This 
interplay across various biological levels necessitates ob-
servational and monitoring approaches tailored to specif-
ic organisms (e.g., sessile or motile) and habitats (e.g., 
benthic or pelagic). Addressing this complexity presents 
a significant challenge.

In the Med Sea, field surveys have extensively doc-
umented MHW-induced MMEs of several benthic taxa 
across different coastal habitats (Cerrano et al., 2000; 
Garrabou et al., 2009; Garrabou et al., 2022), but ob-
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servations were not homogeneously acquired across the 
entire basin and study periods (Garrabou et al., 2022). 
Li et al. (2024) developed a multi-platform, multi-sen-
sor and multi-frequency approach to address the impact 
of MHWs between 2012 and 2022, on offshore phyto-
plankton communities and productivity across the en-
tire northwestern Med Sea, spanning from the surface 
to depth. The authors combined in situ observations of 
hydrological, bio-optical and biogeochemical variables 
acquired by autonomous BioGeoChemical-Argo profil-
ers, with space-based observations of Ocean Colour and 
optically-derived proxies of phytoplankton community 
structure and carbon biomass (see Brewin et al., 2023 for 
an overview). The use of population ecosystem models 
provided additional insights into trophic cascade events 
starting from zooplankton. This approach demonstrated 
that complementing observations from multiple systems 
is necessary to achieve the spatiotemporal continuity re-
quired to assess the physiology-to-ecosystems interplay 
in response to MHWs. 

Forecasting of Mediterranean MHWs 

Compared to other regions which have experienced 
distinctly long-lasting or intense periods of extreme heat 
associated with ecological impacts (e.g., Tasman Sea: de 
Burgh-Day et al., 2022; Stevens et al., 2022), there are 
fewer specific studies on the predictability of MHWs in 
the Mediterranean, or on quantification of forecast sys-
tem skill. Nonetheless, there are indications of the skill of 
state-of-the-art forecasting, from short-term to seasonal. 
The Med Sea is home to high-resolution regional moni-
toring (near-time analysis and multi-decadal reanalysis) 
and short-term forecasting products, as well as a wealth 
of in situ observations used for validation of those prod-
ucts (Le Traon et al., 2019). Short-term forecasts (up to 
10 days) from the Copernicus Mediterranean Forecasting 
System successfully captured the various phases and in-
tensity of the MHW of summer 2022 (McAdam, 2023). 
There is therefore great potential for short-term forecasts 
to be exploited by stakeholders and build the basis for 
alert systems. Sub-seasonal forecasts (up to 3 weeks) of 
MHWs in the Mediterranean have yet to be exploited, de-
spite promising demonstrations in other areas (e.g., the 
Great Barrier Reef: Benthuysen et al., 2021). Seasonal 
forecasts of MHWs, particularly desirable given the pos-
sibility to provide early-warning to marine industries and 
activities, display mixed capabilities in the Med Sea. Pre-
dictions of surface indicators are unreliable (de Boissé-
son & Balmaseda, 2024), have underestimate drastically 
the summer of 2003 (McAdam et al., 2023), more so in 
the western Mediterranean. Subsurface extremes, due to 
their long-lasting nature, are easier to predict on seasonal 
timescales (McAdam et al., 2023). Long-term trends con-
tribute to interannual variability more so in the Eastern 
Mediterranean (Simon et al., 2023), partly explaining the 
relatively higher seasonal forecast skill.

Machine Learning applications on MHWs in the Med-
iterranean Sea

Although forecasting system models have attained a 
significant level of reliability in MHW prediction at both 
global (e.g., Jacox et al. 2022) and regional scale (e.g., 
McAdam et al., 2023), they do so at a high computational 
cost (Alvarez Fanjul et al., 2022). The use of machine 
learning (ML) techniques to predict marine extreme 
events, therefore, emerges as a new promising approach, 
due to its lower computational requirements. As a da-
ta-driven method, ML offers several advantages, includ-
ing transferability, flexibility, and ease of use (Boukabara 
et al., 2019; Li et al., 2020; Wei & Guan, 2022; Taylor & 
Feng, 2022). ML techniques are also less susceptible to 
model bias errors (Jacox et al., 2020) and excel at approx-
imating nonlinear functions (Hornik, 1991). Currently, 
physics-informed neural networks (e.g. Zhu et al., 2022, 
de Wolff et al., 2021) are designed to address the inher-
ent limitations of machine learning methods in detecting 
violations of fundamental physical laws (Buizza et al., 
2022).

In the Med Sea, ML approaches for predicting SST 
and, in turn, MHWs are still in their early stages. One of 
the early works in the basin used Artificial Neural Net-
works to predict the seasonal and interannual variability 
of western Mediterranean SST, as well as the summer 
MHW impact of 2003 (Garcia-Gorriz & Garcia-Sanchez, 
2007). This study trained several meteorological var-
iables between 1960-2005 (e.g., 2m air temperature, 
wind, sea level pressure) and predicted reliable SST on a 
monthly scale. More recently, Bonino et al. (2024) com-
pared several ML algorithms, including Long short-term 
memory (LSTM), Convolutional Neural Network (CNN) 
and Random Forest, to forecast daily SST at weekly lead 
times across 16 sub-basins in the Med Sea. The success-
ful predictions of SST exceeding predefined thresholds 
were subsequently assessed as potential MHW indica-
tors alongside various atmospheric variables. The results 
from all the ML methods were compared with the outputs 
of the Copernicus Mediterranean Sea Analysis and Fore-
casting System (MedFS), a model providing ocean state 
estimates and daily forecasts (Coppini et al., 2023, Clem-
enti et al., 2021). The validation process showed that ML 
techniques outperformed the well-established MedFS on 
the SST prediction and MHW forecasting, especially in 
the early forecast days. 

 Current limitations on MHW analysis

Can there be an objective MHW detection method?

The study of MHWs on a global or Mediterranean 
scale requires the establishment of a standardized frame-
work to detect and characterize extreme events. Numer-
ous studies so far have employed a versatile statistical 
method by Hobday et al. (2016), whereby a MHW occurs 
when daily temperatures exceed a local, seasonally vary-
ing, 30-year climatological threshold (90th percentile) for 
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at least 5 consecutive days, with allowed gaps of 2 days or 
less. Variations of this definition in the detection of Med-
iterranean MHWs include adjustments to fixed or percen-
tile SST thresholds (e.g., Galli et al., 2017; Darmaraki 
et al., 2019a,b; Konsta et al., 2023), the application of 
additional spatial criteria (Darmaraki et al. 2019a,b; Pas-
tor & Khodayar, 2023) or the consideration of different 
baseline periods (Rosselló et al., 2023; Martínez et al., 
2023). These adaptations aim to meet specific require-
ments, such as targeting the most intense and long-lasting 
events, in different seasons, or the most impactful ones 
in terms of biological impacts (see Table S1 & Table 1). 
Regarding spatial criteria, a few studies have attempted 
to define macroevents in the Med Sea, i.e. MHWs that 
affect multiple interconnected grid points in time and 
space. This has been achieved by either delineating the 
spatiotemporal extent of MHWs (e.g., Darmaraki et al. 
2019a; Pastor & Khodayar, 2023) or by employing con-
nected component analysis to aggregate spatiotemporally 
connected MHWs, producing a high-resolution, macro-
event-based dataset (e.g., Bonino et al., 2023). More re-
cently, Simon et al. (2022; 2023) proposed a generalized 
approach for the identification of Mediterranean events, 
combining structural MHW characteristics, such as the 
number of events, duration, mean intensity and spatial 
extent within a predefined domain and a particular period 
of the year, into a MHW activity index. For the subsurface 
identification of MHWs in the basin, ocean temperatures 
at various depths, depth-integrated temperatures, vertical 
sections and ocean heat content-based (OHC) indicators 
have been used to replace or complement SST-based defi-
nitions (e.g., Darmaraki et al., 2019a; Juza et al., 2022; 
McAdam et al., 2023, Dayan et al., 2023).

Despite the diverse research objectives addressed 
through the different MHW definitions, certain challenges 
emerge when attempting quantitative comparisons across 
studies. In their early work, Hobday et al. (2016) un-
derscored the potential for substantially different MHW 
information due to varying spatiotemporal resolution or 
quality issues across different datasets. The more rep-
resentative example is when validating model-detected 
against satellite-detected events, where discrepancies in 
the presence or absence of MHWs and their characteris-
tics may emerge. For instance, in lower-resolution, glob-
al-scale ocean simulations (Pilo et al., 2019) and reanal-
yses datasets in the Med Sea (Dayan et al., 2022) fewer, 
longer and less intense events are detected compared to 
observations. Weaker MHWs are also identified in coars-
er compared to eddy-permitting models of higher spatial 
resolution (Pilo et al., 2019). In the case of the Med Sea, 
recent studies demonstrate a sensitivity of past MHW 
properties to changes in the baseline climatology and the 
temperature threshold (see Table S1), albeit their qualita-
tive consistency. The temperature threshold in particular, 
is a metric dependent on the specific scientific problem 
(Qiu et al., 2021), given that absolute temperature thresh-
olds are more relevant for the assessment of ecological, 
physical or societal impacts (Dayan et al., 2023), whereas 
(statistical) percentile-based ones represent MHWs in a 
more local context (Oliver et al., 2021). This parameter 

can lead to quantitatively more intense MHWs with time 
(e.g., Rosselló et al., 2023), without affecting the quali-
tative intensification of future events (Hayashida et al., 
2020). 

Those results are consistent with Darmaraki, (2019) 
that performed sensitivity tests on the properties of the 
MHWs during the summer 2003, revealing a more signif-
icant influence of the baseline climatology, temperature 
threshold, and minimum event duration on the events’ 
characteristics in the Med Sea, as opposed to changes in 
the gap days and the application of a spatial threshold. In 
line with Pastor and Khodayar, (2023), the latter more in-
trinsic settings of the statistical definition seem to mostly 
affect the frequency of detected events, which very often 
is a misleading metric, i.e. presents low values in areas 
with longer events and vice versa (Ibrahim et al., 2021). 
Considering that certain (Mediterranean) marine eco-
systems may be adversely affected by frequent MHWs 
while others by prolonged events, the severity of impacts 
does not necessarily correlate with high or low values of 
MHW frequency. In addition, an abundance of MHWs on 
a given period can no longer be deemed extreme, while 
an insufficient number of them requires longer temper-
ature records for a statistically robust threshold estima-
tion (Oliver et al., 2021). Therefore, detecting a balanced 
number of MHWs using a statistical identification frame-
work necessitates careful tuning of the spatiotemporal 
parameters.

Overall, each approach to detecting MHWs presents 
its own challenges. For instance, the MHW activity index 
proposed by Simon et al. (2022), offers more aggregated 
event characteristics but it is sensitive to the spatial extent 
of the domain considered, does not account for individu-
al discrete events and requires a well-defined spatiotem-
poral framework. The assessment of MHW properties 
at depth using OHC indicators is particularly useful for 
marine ecosystem studies on species traversing various 
depths. However, this approach compromises detailed in-
formation on the variation of temperature anomalies at 
specific depths, which might be of greater relevance to 
marine stakeholders (Dayan et al., 2023). It is therefore 
evident that no universal definition exists for extreme cli-
mate events and any specific variable (Stephenson et al., 
2008). While the integration of standardized indices or 
event categorization schemes (e.g., Hobday et al., 2018) 
proves beneficial for comparing studies conducted under 
diverse MHW settings, the selection of the MHW detec-
tion method and the spatiotemporal points of reference 
should be also guided by the specific goals and context 
of each study.

Fixed versus shifted baseline climatology effect on 
MHWs

The accelerating ocean warming over the last decades 
has induced a positive trend in global ocean temperatures, 
leading, in turn, to intensified MHW properties with time 
(Jacox et al., 2019; Oliver et al. 2018; Xu et al., 2022). 
This becomes more apparent in climate-sensitive regions, 
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like the Med Sea. To differentiate the influence of mean 
warming from abrupt variations, Martínez et al. (2023) 
identified Mediterranean MHWs based on detrended SST 
data between 1982-2022, revealing statistically insignifi-
cant trends in their properties but consistent mean annual 
metrics with the non-detrended dataset of the same peri-
od. MHWs in the basin were more uniformly distributed 
throughout the entire period of examination in contrast to 
the detection of events in the non-detrended data, which 
commenced only in the latter half of the period. As a con-
sequence, there was a change in the order of event sever-
ity between the two datasets, while the detrended dataset 
did not capture the 2017 event at depth. Detrending short-
er SST timeseries, however, showed an increase of MHW 
days at the beginning of the period, as opposed to Juza et 
al. (2022) and Simon et al. (2023) that reported underes-
timated or less significant trends in Mediterranean MHW 
properties in that case. 

In the context of eliminating the long-term warm-
ing effect, detrending of temperatures is analogous to 
the shifting baseline approach, which results in varying 
event-detection thresholds during the examined period. 
The latter approach has sparked substantial controver-
sy in the broader MHW research community, especially 
concerning the projections of future MHW characteris-
tics (Oliver et al., 2021; Amaya et al., 2023). For the most 
part of the Med Sea, Darmaraki et al. (2019b) showed a 
predominant role of the mean warming trend on the evolu-
tion of surface MHWs in the 21st century (RCP8.5), with 
SST variability playing a critical role in specific regions 
only, in agreement with Oliver et al. (2019). The effect 
of the baseline period on the detection of Mediterranean 
MHWs becomes more evident through the comparison of 
the projected MHW characteristics in Galli et al. (2017) 
and Konsta et al. (2023). Despite employing fixed (2001-
2010) and moving baseline climatologies, respectively, 
both studies reveal more frequent, intense and persistent 
events throughout the 21st century and under the same 
RCP8.5 scenario. This increase is observed both in com-
parison to historical conditions (Galli et al. 2017) and in 
projections for the end relative to the mid-21st century 
(Konsta et al., 2023). In other words, the removal of the 
warming trend in the case of the Med Sea still returned 
a great increase in the intensity and persistence of 21st 
century MHWs in the water column (Konsta et al., 2023). 

Evaluation of climate extremes in variables subject to 
long-term trends, such as the ocean temperature, is of-
ten a topic of debate. Given that extreme events are sta-
tistically defined relative to a threshold that is exceeded 
on a somewhat constant but “rare” frequency, the choice 
of the reference period against which MHWs (or oth-
er extremes) are detected is critical. The use of a refer-
ence period fixed in the past increases the likelihood of 
future MHW occurrence (Amaya et al., 2023), empha-
sizing changes in future properties and challenging the 
very definition of an extreme event. While this leads to 
a MHW saturation of the ocean by the end of the 21st 
century, it communicates effectively the message of the 
climate-induced, extreme warming of the ocean relative 
to periods when anthropogenic activities were minimal 

(Rosselló et al., 2023). On the other hand, the use of a 
shifted baseline period identifies MHWs that are perti-
nent to a more recent climatological period, adhering to 
the default statistical definition of extreme events, mask-
ing, however, the impacts of a changing climate (Amaya 
et al., 2023). Wang et al. (2022) further notes that em-
ploying a moving baseline in a conventional manner does 
not necessarily eliminate the impact of the mean warming 
signal. Instead, it frequently introduces artificial negative 
trends in MHW statistics and consistently underestimates 
the influence of temperature variability on MHW chang-
es, suggesting an alternative methodology to address 
these challenges. In comparison, longer baseline periods 
may also lead to an increased number of MHWs, due to 
“cooler” years shifting the temperature threshold down-
wards (Rosselló et al., 2023). 

It is therefore clear that there are advantages and limi-
tations in using a fixed versus a shifted baseline period as 
a reference for a statistical definition of MHWs. Hence, 
the decision to isolate the background warming signal in 
studies of (future) MHW characteristics or not is dictat-
ed by the specific research question. In particular, a fixed 
baseline climatology might be more appropriate for the 
study of marine ecosystems incapable to adapt to MHWs, 
whereas the use of a shifted baseline is more suitable for 
ecosystems with a faster ability to adapt (Oliver et al., 
2021). Although employing different definitions to de-
scribe extreme warm events in the ocean has its merits 
for public (and scientific) communication purposes and 
for clarifying the diverse quantitative estimates of MHW 
properties (Amaya et al., 2023), the qualitative message 
of global warming remains timely. This debate is of par-
ticular relevance to the Med Sea, given that it displays a 
greater warming trend than the global average.

Challenges in analyzing physical drivers behind 
MHWs

Limitations also exist in the assessment of physical 
drivers behind MHWs and are not solely related to com-
parability challenges within literature. More recently, 
Bian et al. (2024) demonstrated that the governing mech-
anisms behind global MHWs shift from local oceano-
graphic processes to atmospheric ones as the spatial scale 
of the event becomes larger. These mechanisms operate 
in various spatiotemporal scales in the Med Sea, with 
large-scale MHWs mainly controlled by atmospheric 
heat fluxes and oceanic advection with entrainment pro-
cesses playing a more prominent role in local scales. For 
instance, differences in the heat contributions can be ob-
served during a large-scale surface MHW detected in two 
areas of the eastern Med Sea, between July-November 
2015; A smaller area near the coast and a slightly larger 
area extended meridionally (see Fig. 6, top). The event is 
primarily driven by high atmosphere heat fluxes in both 
cases, however, the contribution from total advection is 
positive and more significant in the smaller area near the 
coast (Fig. 6, left panel) compared to the larger, expand-
ed region where it appears to play a slightly reduced and 
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cooling role (Fig. 6, right panel). Likewise, determining 
the drivers of subsurface MHWs, is contingent upon the 
selected integration depth or the extent of the mixed layer 
depth considered. It has been shown that when employ-
ing a mixed layer heat budget analysis, a fixed MLD gen-
erally results in more advection-driven MHWs when it 
is deep, whereas the atmosphere heat flux signal is more 
prominent in shallower MLD conditions (Elzahaby et al., 
2022). Therefore, the use of a daily or spatially variable 
MLD is recommended. 

In addition to the effect of spatial scales, studies com-
monly define distinct temporal periods corresponding to 

different MHW phases, to examine the role of the differ-
ent mechanisms driving MHWs. The most widely adopt-
ed approach is the distinction between the onset phase 
of a MHW; spanning from the start to the peak-intensity 
day and the decline period; extending from the peak to 
the final day. The duration of MHW onset and decline 
affects the dominant driver diagnosed in each phase, es-
pecially in prolonged events, where sequential warming 
and cooling sub-periods can naturally occur. In such cas-
es, a separate examination of each sub-period enhances 
our understanding of the mechanisms at play during each 
phase, although such an analysis bears a great complex-

Fig. 6: (Top) Total number of MHW days between 20/7/2015 - 10/11/2015. The selected regions for computing heat contributions 
during the MHW days are illustrated as follows: a small coastal area (26.4°E - 35.5°E / 30.2°N - 31.6°N), marked by a solid red 
box, and a larger area extended meridionally (26.4°E - 35.5°E / 30.0°N - 34.4°N) from the coast, indicated by a dashed blue box. 
(Bottom) Cumulative sum of the heat contributions from the physical processes acting on the MLD throughout the onset period 
of the MHW 2015, in a coastal (left panel) and a slightly extended area (right panel) of the southeast Mediterranean Sea. The total 
heat contribution from the overall temperature changes (black), air-sea heat fluxes (red), horizontal advection (blue), vertical diffu-
sion (green) and lateral diffusion (purple) and residual (orange) are presented. Note that the starting and peak day of the MHW in 
the two regions (blue dashed lines) is slightly different. The heat contributions are outputs from a Hindcast simulation of a mixed 
layer heat budget conducted with the CNRM-RCSM6 model.
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ity when studying multiple events in a climatological 
context. The current definition of onset phase excludes 
the precedent period, where warming has been gradually 
evolving, leading to above-threshold temperatures in the 
first MHW day. Analogously, the decline phase does not 
consider the dissipation of heat that is still ongoing fol-
lowing the end of the MHW (where temperature drops 
below the threshold). This approach is thus expected 
to capture processes strictly relevant to these two peri-
ods. In this regard, Marin et al. (2022) defined the onset 
and decline phases of a MHW based on the temperature 
anomaly exceeding 10% of the maximum event intensi-
ty. This dynamic criterion includes a larger percentage 
of the temperature change during both the build-up and 
the dissipation period of events. An alternative approach 
includes dividing each event into 3 phases: a pre-event 
period, the interval between the start and end of the event, 
and a subsequent period following the MHW’s end (e.g., 
Darmaraki, 2019). 

Future perspectives on Mediterranean Sea MHWs

Perspectives on MHW monitoring 

Despite the warming SST in the basin resulting in 
more MHWs over time (Pisano et al., 2020), there ap-
pears to be a mismatch between the spatial patterns of 
MHW trends and those of the SST that suggests a more 
complex interplay between air-sea heat fluxes and lo-
cal-scale oceanographic processes behind these events 
(Dayan et al., 2022; Ibrahim et al., 2021). In particular, 
different types of MHWs affect the western and eastern 
Med Sea, with the coastal ocean response to climate 
warming varying from that of the open ocean and subsur-
face MHWs sometimes lacking a surface signature and 
vice versa. In this context, several studies emphasize the 
need to strengthen subsurface monitoring systems, using 
in situ observation, BioGeoChemical-Argo autonomous 
profilers, gliders or fixed moorings over extended peri-
ods of time. Such observational platforms can comple-
ment existing remote-sensing observing systems, which 
currently track the development of surface MHWs (e.g., 
https://www.marineheatwaves.org/, https://t-mednet.org/
visualize-data/marine-heatwaves), alongside high resolu-
tion, forecast, reanalysis and climate models that may of-
fer more accurate information on poorly sampled dynam-
ical regions of the basin (Juza et al., 2022; Dayan et al., 
2023). This near-real time information can improve our 
understanding of the conditions facilitating MHW propa-
gation from surface to the subsurface (e.g., Jacquemont et 
al., 2024) and inform us about various physical (e.g., di-
urnal fluctuations of temperatures, thermal signals along 
the coasts) and biological indicators (Bensoussan et al., 
2019). Overall, they are valuable tools for diverse ocean 
stakeholders that seek targeted information i.e. policy-
makers, general public, aquaculture (Juza et al., 2022, 
Dayan et al., 2023). 

The high spatial variability of ocean response to 
MHWs in the Med Sea may also necessitate  loca-

tion-specific monitoring approaches (Dayan et al., 2022; 
Juza et al., 2022). A recent study by Dayan et al. (2023) 
developed depth-integrated MHW indicators, partition-
ing the Med Sea in Exclusive Economic Zones (EEZs), 
with a view to deliver stakeholder-relevant information at 
a national level. Such a classification aims to bridge the 
gap between scientific research of extreme ocean events 
in national waters and the response to diverse stakeholder 
needs, although further sub-division is required for lo-
cal-scale risk-assessments of higher accuracy. The study 
further notes that local-scale, subsurface information is 
more relevant than basin-scale data for national policy-
makers planning adaptation measures to MHWs. Since 
the marine ecosystems and resource-based economy are 
shared among many countries around the Med Sea, ex-
treme events may be at the forefront of geopolitical and 
economic stakes (Dayan et al., 2023)

Considerations on machine learning approaches 

Future research on ML-based prediction of MHWs 
in the Med Sea could benefit from the increasing model 
complexity or the improvement of model architectures, 
to transition from (1D) time series forecasts to spatially 
comprehensive (2D) maps of predicted SST and MHW 
presence and absence. For instance, Sun et al. (2023a) 
trained a CNN combined with LSTM temporal layers to 
predict the existence and spatial development of MHWs. 
Their study suggests the use of a CNN-LSTM in combi-
nation with a U-net CNN regression model to forecast 
SST anomalies, which, when surpassing a specific thresh-
old, can indicate the presence of MHWs. This hybrid 
ML technique, which predicts the spatial distribution of 
MHWs instead of single time series, shows high poten-
tial for predicting MHWs well in advance, which could 
aid stakeholders in high-risk regions of the Med Sea and 
elsewhere to timely implement mitigation strategies.  

Despite their improved capacity to process large 
amounts of different data sources, ML techniques have 
their own set of challenges and limitations that need to be 
addressed to fully leverage their potential in this field. For 
example, CNNs that handle image-arrays as inputs and 
retain spatial information is a technique which requires a 
substantial amount of image data and computational re-
sources in order to produce trustworthy results (Taylor & 
Feng, 2022). This, however, can lead to information loss 
on the spatial variability of SST, affecting, in turn, the 
detailed information on horizontal propagation of MHWs 
within the sub-domains. In other words, there is a tradeoff 
between the accuracy and computational costs of train-
ing large amounts of data, which is important to consider 
when applying ML techniques. Moreover, ML techniques 
lack inherent knowledge of physical laws, which can lead 
to violations of fundamental physical constraints. This 
limitation likely affects the accuracy of the ML predic-
tion window (Boukabara et al., 2019; Dueben & Bauer, 
2018). Future research could explore integrating physical 
laws into ML frameworks governing ocean dynamics. For 
example, Zanetta et al. (2023) suggest including physical 
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constraints, through analytic equations, in deep-learn-
ing-based post-processing models. Including these con-
straints could enhance the reliability of NN predictions 
and reduce the risk of deviating from physical realities. 
Considering the strengths of ML shorter-term predictions 
(3-5 days, Bonino et al., 2024) and their potential limi-
tations, it may be beneficial to use ML models alongside 
ocean forecasting systems for longer prediction intervals. 

Avenues of future work on Mediterranean Sea MHWs

Despite recent advancements of MHW research in the 
Med Sea, there are still open questions for investigation. 
While the majority of studies so far have concentrated 
on describing the past and future trends, characteristics, 
spatial variability and regional drivers of MHWs, there is 
a need to broaden research focus beyond the summer, to 
include MHWs in other seasons and explore the feedback 
of these Mediterranean events to the atmosphere. This 
would require considering interactions with the Atlantic 
Ocean (Simon et al., 2023) and further examine linkag-
es with large-scale climate modes, which are currently 
poorly studied. To this end, methodologies like clustering 
can aid in the identification of meaningful links between 
atmospheric and oceanic parameters (e.g., Stefanon et 
al., 2012, Bonino et al., 2023), complementing studies 
using high resolution products that can more accurately 
represent events in different regions (Pilo et al., 2019). 
Given the challenges with the existing statistical defini-
tion of MHWs, exploring alternative MHW indicators or 
employing different spatiotemporal frameworks, like La-
grangian MHW tracking (Sun et al., 2023b), could also be 
a valuable avenue for further research in the Med Sea and 
elsewhere. Finally, the contrasting potential for enhanced 
stratification versus vertical propagation of MHWs under 
the 21st-century climate change regime in the Med Sea 
remains uncertain. This raises questions about changes 
in the local- and large-scale drivers of surface and sub-
surface MHWs under different climate change scenari-
os and their anticipated properties associated with their 
dominant drivers.

These climate change-induced changes in MHW 
properties will likely exert additional pressure on Med-
iterranean marine ecosystems. Thus far, the impacts of 
MHWs in the region have primarily revolved around 
MHW-induced mass mortalities and the effects of long-
term warming. However, the increasing occurrence of 
MHWs rather than gradual warming can amplify ma-
rine species’ susceptibility, reducing their ability for 
acclimation (Marbà  & Duarte, 2010). Hence, there is a 
notable gap in research addressing the broader impacts 
of MHWs on the highly diverse Mediterranean marine 
biota. Considering the increasing need for the develop-
ment of climate-based conservation strategies to protect 
vulnerable marine life, particularly within Mediterrane-
an Marine Protected Areas (MPAs), which host several 
high-risk taxa, including sea turtles and marine mammals 
(Chatzimentor et al., 2023), sustained efforts are crucial 
to enhance our understanding of Mediterranean marine 

ecosystems’ response to (future) warming. This involves 
detailed spatiotemporal monitoring, along with exper-
imental and modelling studies that better reflect MHW 
conditions, incorporating the complexity of natural sys-
tems driven by multiple environmental factors (Rindi et 
al., 2022). Such insights can optimize management prac-
tices, including the identification of spatial refugia and 
the establishment of new MPAs (Ramírez et al., 2021; 
Zentner et al., 2023; Bates et al., 2019). Protection can 
limit additional anthropogenic pressures and mitigate ad-
verse effects of MHWs (Benedetti-Cecchi et al., 2024), 
essential for enhancing the resilience of Mediterranean 
biota to current and projected climate change effects.

Increased research efforts are also needed to study 
the socio-economic implications of MHWs in collabora-
tion with relevant stakeholders to determine appropriate 
indicators for subsurface MHW analysis (Dayan et al., 
2023) and enhance the adaptive capacity and resilience 
of fisheries against the impacts of MHWs and broader cli-
mate change effects. Drawing on past MHW experiences, 
effective climate-based strategies include incorporating 
climate-related indicators in stock assessments (Free et 
al., 2023), implementing permissible harvest limits be-
fore the onset of MHWs and proactively harvesting aq-
uaculture production ahead of MHWs to anticipate and 
mitigate potential consequences (Carey, 2022). Finally, 
further research is needed towards the concurrent MHWs 
and biogeochemistry extreme events in the basin, which 
remain poorly understood. To date, the only study by 
Major et al. (2021) reports enhanced subsurface deox-
ygenation signals in regions affected by intense MHWs 
throughout the 21st century, based on a physical-bioge-
ochemical model and under the RCP4.5 climate change 
scenario. These signals are predominantly driven by 
stratification in addition to organic matter export.

Conclusions

The Med Sea, a semi-enclosed, biogeophysical cross-
road stands out as a climate change “hotspot”, with its ex-
tensive warming over the past decades surpassing glob-
al ocean trends. Due to its high marine biodiversity, it 
presents profound ecological significance and socio-eco-
nomic interest for the surrounding coastal communities. 
However, over the past decades, several studies report an 
increased occurrence and intensification of surface and 
subsurface MHWs in the basin. Notably, the summers of 
2003 and 2022 are marked by exceptionally long, intense 
and widespread MHWs compared to records dating back 
to the 1980s. In addition to the observed temporal trends, 
collective findings from Med Sea-specific studies reveal 
that both surface and subsurface events demonstrate a 
pronounced northwest - southeast gradient in their prop-
erties, with the most intense and frequent events observed 
in the western Med Sea and the longest ones in the east-
ern basin. At a local scale, the formation of MHWs in 
the Med Sea has predominantly been associated with 
increased radiation fluxes into the sea, weakened winds 
and reduced surface heat losses from the ocean. While the 
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effect of atmosphere-induced warming may be modified 
by regional influences that enhance the warming role of 
oceanic processes, the wind emerges as a critical mech-
anism for the propagation of MHWs in deeper layers, 
where they persist for longer periods of time. Nonethe-
less, subsurface events in the Med Sea have also been 
reported to occur without a surface signature and vice 
versa. On broader spatiotemporal scales, MHWs are cor-
related with large-scale climate modes, such as the East 
Atlantic pattern and have frequently co-occurred with at-
mospheric heatwaves or contributed to the development 
of extreme weather events in the basin, forming concur-
rent events. As a response to increased GHG emissions, 
the properties of Med Sea MHWs are expected to amplify 
throughout the 21st century both at surface and at depth, 
particularly in coastal areas. 

This trend in mean and MHW-induced warming, has 
already had far-reaching consequences on various ma-
rine species and ecosystems, with a substantial body of 
research documenting a wide range of changes in Med-
iterranean marine biota and recurrent MMEs. However, 
observations of biological impacts are biased towards 
the northern and western basin (Marbà et al., 2015), po-
tentially underestimating effects in the faster-warming 
eastern basin (Pisano et al., 2020). Three main conditions 
are commonly linked to the most severe sessile biota 
responses: temperature extremes at the end of summer 
(Bensoussan et al., 2010; Crisci et al., 2011; Díaz-Almela 
et al., 2009; Estaque et al., 2023), cumulative effects of 
successive warm summers (Garrabou et al., 2021;2022; 
Kersting et al., 2013; Orenes-Salazar et al., 2023; Stip-
cich et al., 2022a) and local-scale characteristics affect-
ing the vertical distribution of heat (Bensoussan et al., 
2010; Crisci et al., 2011; Garrabou et al., 2009; Genevi-
er et al., submitted 2023). Excess temperatures during 
these conditions can alter molecular and physiological 
processes, behavior and growth parameters, within indi-
vidual organisms and scale up to changes in population 
abundance and composition, genetic traits and modifica-
tions in ecosystem productivity and structure (Gruber et 
al., 2021). These changes extend, in turn, to considera-
ble economic implications for the fisheries, aquaculture 
and livelihoods of coastal communities in the Med Sea. 
The increased frequency and intensity of MHWs affect 
fisheries resources, through distribution shifts, changes in 
catch composition and trends in abundance and biomass, 
with landing value recognised as the most impacted eco-
nomic metric. In addition, the heightened temperatures 
during MHWs can exceed the thermotolerance threshold 
of farmed fish, leading to hypoxic conditions and often to 
MMEs, posing as a result significant challenges to aqua-
culture operations in the basin. The diverse responses of 
marine organisms in the pelagic and benthic marine eco-
systems to MHWs highlight the need for comprehensive, 
multi-system observational approaches to studying these 
events. This is particularly crucial in the Med Sea, where 
current observations have predominantly documented re-
current MHW-induced MMEs and specific event-related 
impacts. In addition to ongoing monitoring efforts, MHW 
forecasting systems in the basin have yet to be expanded, 

with greater potential identified in short-term and season-
al predictions. Given that MHW forecasting is currently 
at the core of extreme event research, a few studies have 
also applied various machine learning methods to predict 
past MHWs in the basin, although there is need for fur-
ther advancements in the area to fully exploit the predic-
tive potential of data-driven techniques.

Despite significant advances in the analysis of Med 
Sea MHWs so far, we emphasize here the ongoing chal-
lenges in achieving a standardized framework for MHW 
detection in the basin and elsewhere. The very definition 
of MHWs, statistical in its root, comes with both advan-
tages and limitations and requires careful consideration 
of its spatiotemporal settings (e.g., temperature thresh-
olds, reference periods, duration of events etc.) together 
with the incorporation of appropriate (surface or subsur-
face) indices. Considering the challenges of selecting an 
objective MHW definition, we advise tailoring detection 
methods and spatiotemporal references to the specific 
goals and contexts of individual studies. Clear statements 
of these objectives are crucial for accurate interpretation 
and meaningful comparisons across studies. Although 
a contextual approach may not facilitate quantitative 
comparisons between studies, we note the significance 
of accounting for different temperature thresholds, giv-
en the varied responses of marine ecosystems to MHWs 
and argue that the application of fixed or shifted baseline 
climatology as a reference, addresses different scientific 
questions.

This review aggregated information on the evolv-
ing landscape of anomalously warm temperature events 
in the Med Sea, offering insights into their historical 
context, characteristics, impacts, drivers, feedback and 
future projections. Yet, the documented upward trend 
in their frequency, duration and intensity over the past 
decades highlights the need for enhanced monitoring 
and advanced forecasting of these events. We therefore 
discussed approaches that contribute towards this direc-
tion, drawing on the reviewed literature, the promising 
progress of novel techniques and the existing knowledge 
gaps that warrant attention from the scientific community. 
Such advancements are essential for the development of 
effective tools, aiming to mitigate MHW consequences.

Acknowledgements

Darmaraki S. and Parasyris A. acknowledge financial 
support from the Hellenic Foundation for Research and 
Innovation (H.F.R.I.) under the 3rd Call of “Research 
Projects to Support Post-Doctoral Researchers” scheme 
(Project Number 07077, acronym TExMed). Raitsos 
D.E. and Livanou E. acknowledge support from the Hel-
lenic Foundation for Research and Innovation (H.F.R.I.) 
under the 2nd Call of “Research Projects to Support 
Faculty Members & Researchers” scheme (Programme 
OPTIMISE, Grant Number: 04808). Theodorou I. was 
supported by the Hellenic Foundation for Research and 
Innovation (H.F.R.I.) under the 3rd Call for HFRI PhD 
Fellowships (Fellowship Number: 6184 to I.T.). Rigatou 



609Mediterr. Mar. Sci., 25/3, 2024, 586-620

D. was supported by the European Union’s HORIZON 
EUROPE program ACTNOW: Advancing understanding 
of Cumulative Impacts on European marine biodiversi-
ty, ecosystem functions and services for human wellbe-
ing (Grant no. 101060072). Bonino G.. and McAdam 
R. were supported by ObsSea4Clim “Ocean observa-
tions and indicators for climate and assessments” fund-
ed by the European Union. Grant Agreement number:  
101136548. DOI: 10.3030/101136548. Contribution nr. 
XX. Organelli E. was supported by the “CAREHeat - 
deteCtion and threAts of maRine Heat waves” project 
funded by ESA (Contract No. 4000137121/21/I-DT). 
Finally, the authors would like to express their sincere 
appreciation to Florence Sevault and Stelios Perrakis for 
the bathymetry calculation and visualization of Figure 1.  
We would like to thank Dr. Samuel Somot, Florence Sevault 
and Robin Waldman for kindly providing the mixed lay-
er heat budget outputs of the CNRM-RCSM6 model.  
Conflicts of Interest: The authors declare no conflict of 
interest.

References

Aboelkhair, H., Mohamed, B., Morsy, M., Nagy, H., 2023. 
Co-Occurrence of Atmospheric and Oceanic Heatwaves in 
the Eastern Mediterranean over the Last Four Decades. Re-
mote Sensing, 15 (7), 1841.

Adloff, F., Somot, S., Sevault, F., Jordà, G., Aznar, R. et al., 
2015. Mediterranean Sea response to climate change in an 
ensemble of twenty first century scenarios. Climate Dynam-
ics, 45, 2775-2802.

Agardy, T., 1996. Prospective climate change impacts on ce-
taceans and its implications for the conservation of whales 
and dolphins. Report to the World Wildlife Fund, 120.

Agawin, N.S.R., Duarte, C.M., Agustí, S., 2000. Nutrient and 
temperature control of the contribution of picoplankton to 
phytoplankton biomass and production. Limnology and 
Oceanography, 45 (3), 591-600.

Aguiar, E., Mourre, B., Alvera‐Azcárate, A., Pascual, A., Ma-
son, E. et al., 2022. Strong Long‐Lived Anticyclonic Meso-
scale Eddies in the Balearic Sea: Formation, Intensification, 
and Thermal Impact. Journal of Geophysical Research: 
Oceans, 127 (5), e2021JC017589.

Albouy, C., Guilhaumon, F., Leprieur, F., Lasram, F.B.R., 
Somot, S. et al., 2013. Projected climate change and the 
changing biogeography of coastal Mediterranean fishes. 
Journal of Biogeography, 40 (3), 534-547.

Albouy, C., Leprieur, F., Le Loc’h, F., Mouquet, N., Meynard, 
C.N. et al., 2015. Projected impacts of climate warming on 
the functional and phylogenetic components of coastal Med-
iterranean fish biodiversity. Ecography, 38 (7), 681-689.

Alexander, M.A., Scott, J.D., Friedland, K.D., Mills, K.E., 
Nye, J.A. et al., 2018. Projected sea surface temperatures 
over the 21st century: changes in the mean, variability and 
extremes for large marine ecosystem regions of northern 
oceans. Elementa: Science of the Anthropocene, 6. 

Ali, E., Cramer, W., Carnicer, J., Georgopoulou, E., Hilmi, 
N.J.M. et al., 2022. Cross-Chapter Paper 4: Mediterranean 
Region. In: Climate Change 2022: Impacts, Adaptation 

and Vulnerability. Contribution of Working Group II to the 
Sixth Assessment Report of the Intergovernmental Panel on 
Climate Change:[H.-O. Pörtner, D.C. Roberts, M. Tignor, 
E.S. Poloczanska, K. Mintenbeck, A. et al., (Eds.)]. IPCC, 
Cambridge, United Kingdom and New York, NY, USA.

Alvarez Fanjul, E., Ciliberti, S.A., Bahurel, P., 2022. Imple-
menting Operational Ocean Monitoring and Forecast-
ing Systems.

Amaya, D.J., Jacox, M.G., Fewings, M.R., Saba, V.S., Stuec-
ker, M.F. et al., 2023. Marine heatwaves need clear defi-
nitions so coastal communities can adapt. Nature, 616 
(7955), 29-32.

Androulidakis, Y.S., Krestenitis, Y.N., 2022. Sea surface tem-
perature variability and marine heat waves over the Aegean, 
Ionian, and Cretan Seas from 2008-2021. Journal of Ma-
rine Science and Engineering, 10 (1), 42.

Antoniadou, C., Pantelidou, M., Skoularikou, M., Chintiroglou, 
C.C., 2023. Mass Mortality of Shallow-Water Temperate 
Corals in Marine Protected Areas of the North Aegean Sea 
(Eastern Mediterranean). Hydrobiology, 2023, Vol. 2, Pages 
311-325, 2 (2), 311-325.

Atalah, J., Ibañez, S., Aixalà, L., Barber, X., Sánchez-Jerez, 
P., 2024. Marine heatwaves in the western Mediterranean: 
Considerations for coastal aquaculture adaptation. Aquacul-
ture, 588, 740917.

Avdelas, L., Avdic-Mravlje, E., Borges Marques, A.C., Cano, 
S., Capelle, J.J. et al., 2021. The decline of mussel aquacul-
ture in the European Union: causes, economic impacts and 
opportunities. Reviews in Aquaculture, 13, 91-118.

Bally, M., Garrabou, J., 2007. Thermodependent bacterial 
pathogens and mass mortalities in temperate benthic com-
munities: a new case of emerging disease linked to climate 
change. Global Change Biology, 13 (10), 2078-2088.

Barbeaux, S.J., Holsman, K., Zador, S., 2020. Marine Heat-
wave Stress Test of Ecosystem-Based Fisheries Manage-
ment in the Gulf of Alaska Pacific Cod Fishery. Frontiers in 
Marine Science, 7, 562630.

Bates, A.E., Cooke, R.S. C., Duncan, M.I., Edgar, G.J., Bruno, 
J.F. et al., 2019. Climate resilience in marine protected ar-
eas and the ‘Protection Paradox’. Biological Conservation, 
236, 305-314.

Bay, R.A., Palumbi, S.R., 2017. Transcriptome predictors of 
coral survival and growth in a highly variable environment. 
Ecology and Evolution, 7 (13), 4794-4803.

Bearzi, G., Reeves, R.R., Notarbartolo-Di-Sciara, G., Politi, E., 
Canadas, A. et al., 2003. Ecology, status and conservation 
of short-beaked common dolphins Delphinus delphis in the 
Mediterranean Sea. Mammal Review, 33 (3-4), 224-252.

Beca-Carretero, P., Guihéneuf, F., Marín-Guirao, L., Ber-
nardeau-Esteller, J., García-Muñoz, R. et al., 2018. Effects 
of an experimental heat wave on fatty acid composition in 
two Mediterranean seagrass species. Marine Pollution Bul-
letin, 134, 27-37.

Beca-Carretero, P., Winters, G., Teichberg, M., Procaccini, G., 
Schneekloth, F. et al., 2024. Climate change and the pres-
ence of invasive species will threaten the persistence of the 
Mediterranean seagrass community. Science of The Total 
Environment, 910, 168675.

Beever, E.A., Hall, L.E., Varner, J., Loosen, A.E., Dunham, 
J.B. et al., 2017. Behavioral flexibility as a mechanism for 



610 Mediterr. Mar. Sci., 25/3, 2024, 586-620

coping with climate change. Frontiers in Ecology and the 
Environment, 15, 299-308.

Ben Rais Lasram, F., Guilhaumon, F., Albouy, C., Somot, S., 
Thuiller, W. et al., 2010. The Mediterranean Sea as a ‘cul-
de-sac’ for endemic fishes facing climate change. Global 
Change Biology, 16 (12), 3233-3245.

Benedetti, F., Vogt, M., Righetti, D., Guilhaumon, F., Ayata, 
S.D., 2018. Do functional groups of planktonic copepods 
differ in their ecological niches? Journal of Biogeography, 
45 (3), 604-616.

Benedetti-Cecchi, L., Bates, A.E., Strona, G., Bulleri, F., Horta 
e Costa, B. et al., 2024. Marine protected areas promote 
stability of reef fish communities under climate warming. 
Nature Communications, 15 (1), 1822.

Bensoussan, N., Romano, J.C., Harmelin, J.G.,Garrabou, J., 
2010. High resolution characterization of northwest Med-
iterranean coastal waters thermal regimes: To better under-
stand responses of benthic communities to climate change. 
Estuarine, Coastal and Shelf Science, 87 (3), 431-441.

Bensoussan, N., Pairaud, I., Garreau, P., Somot, S., Garrabou, 
J., 2013, September. Multidisciplinary approach to assess 
potential risk of mortality of benthic ecosystems facing 
climate change in the NW Mediterranean Sea. In 2013 
OCEANS-San Diego (pp. 1-7). IEEE.

Bensoussan, N., Chiggiato, J., Buongiorno Nardelli, B., Pisano, 
A., Garrabou, J., 2019. Insights on the 2017 marine heat 
waves in the Mediterranean Sea. Journal of Operational 
Oceanography, 12, S1-S123.

Benthuysen, J.A., Smith, G.A., Spillman, C.M., Steinberg, 
C.R., 2021. Subseasonal prediction of the 2020 Great Bar-
rier Reef and Coral Sea marine heatwave. Environmental 
Research Letters, 16 (12), p.124050.

Bethoux, J.P., Gentili, B., Morin, P., Nicolas, E., Pierre, C. et 
al., 1999. The Mediterranean Sea: a miniature ocean for cli-
matic and environmental studies and a key for the climatic 
functioning of the North Atlantic. Progress in Oceanogra-
phy, 44 (1-3), 131-146.

Bian, C., Jing, Z., Wang, H., Wu, L., 2024. Scale‐dependent 
drivers of marine heatwaves globally. Geophysical Re-
search Letters, 51, e2023GL107306.

Black, E., Blackburn, M., Harrison, G., Hoskins, B., Methven, 
J., 2004. Factors contributing to the summer 2003 European 
heatwave. Weather, 59 (8), 217-223.

Black, E., Sutton, R., 2007. The influence of oceanic conditions 
on the hot European summer of 2003. Climate dynamics, 
28, 53-66.

Boero, F., Féral, J.P., Azzurro, E., Cardin, V., Riedel, B. et al., 
2008. I–Executive Summary of CIESM workshop climate 
warming and related changes in Mediterranean marine bio-
ta. In CIESM workshop monographs (Vol. 35, pp. 5-21). Bd 
de Suisse, Monaco: CIESM.

Bonino, G., Masina, S., Galimberti, G., Moretti, M., 2023. 
Southern Europe and western Asian marine heatwaves (SE-
WA-MHWs): A dataset based on macroevents. Earth Sys-
tem Science Data, 15 (3), 1269-1285.

Bonino, G., Galimberti, G., Masina, S., McAdam, R., Clementi, 
E., 2024. Machine learning methods to predict sea surface 
temperature and marine heatwave occurrence: a case study 
of the Mediterranean Sea. Ocean Science, 20 (2), 417-432.
EGUsphere, 2023, 1-22.

Bosch-Belmar, M., Tantillo, M.F., Sarà, G., 2024. Impacts of 
increasing temperature due to global warming on key hab-
itat-forming species in the Mediterranean sea: Unveiling 
negative biotic interactions. Global Ecology and Conser-
vation, 50, e02844.

Boudouresque, C.-F., Astruch, P., André, S., Belloni, B., Blan-
funé, A. et al., 2024. The Heatwave of Summer 2022 in 
the North-Western Mediterranean Sea: Some Species Were 
Winners. Water, 16 (2), Article 2.

Boukabara, S.-A., Krasnopolsky, V., Stewart, J.Q., Maddy, 
E.S., Shahroudi, N. et al., 2019.Leveraging modern artifi-
cial intelligence for remote sensing and NWP: Benefits and 
challenges, Bulletin of the American Meteorological Socie-
ty, 100 (12), ES473-ES491.

Bramanti, L., Manea, E., Giordano, B., Estaque, T., Bianchim-
ani, O. et al., 2023. The deep vault: a temporary refuge 
for temperate gorgonian forests facing marine heat waves. 
Mediterranean Marine Science, 24 (3), 601-609.

Brewin, R.J., Sathyendranath, S., Kulk, G., Rio, M.H., Concha, 
J.A. et al., 2023. Ocean carbon from space: Current status 
and priorities for the next decade. Earth-science reviews, 
240, 104386.

Brothers, C.J., McClintock, J.B., 2015. The effects of cli-
mate-induced elevated seawater temperature on the cov-
ering behavior, righting response, and Aristotle’s lantern 
reflex of the sea urchin Lytechinus variegatus. Journal of 
Experimental Marine Biology and Ecology, 467, 33-38.

Buizza, C., Casas, C.Q., Nadler, P., Mack, J., Marrone, S. et 
al., 2022. Data learning: Integrating data assimilation and 
machine learning. Journal of Computational Science, 
58, 101525.

Burke, M., Grant, J., Filgueira, R., Swanson, A., 2022. Oxy-
genation effects on temperature and dissolved oxygen at a 
commercial Atlantic salmon farm. Aquacultural Engineer-
ing, 99, 102287.

Cabrerizo, M.J., Medina-Sánchez, J.M., González-Olalla, J.M., 
Sánchez-Gómez, D., Carrillo, P., 2022. Microbial plankton 
responses to multiple environmental drivers in marine eco-
systems with different phosphorus limitation degrees. Sci-
ence of The Total Environment, 816, 151491.

Capdevila, P., Zentner, Y., Rovira, G., Garrabou, J., Medrano, 
A. et al.,  2023. Marine heatwaves favour resistant Mediter-
ranean octocoral populations at the expense of their speed 
of recovery. BioRxiv, 2023-11.

Cappelletto, M., Santoleri, R., Evangelista, L., Galgani, F., 
Garcés, E. et al., 2021. The Mediterranean Sea we want. 
Ocean and Coastal Research, 69, e21031.

Caputi, N., Kangas, M., Denham, A., Feng, M., Pearce, A. et 
al., 2016. Management adaptation of invertebrate fisheries 
to an extreme marine heat wave event at a global warming 
hot spot. Ecology and Evolution, 6 (11), 3583-3593.

Carbonne, C., Comeau, S., Plichon, K., Schaub, S., Gattuso, 
J.P. et al., 2024. Response of two temperate scleractinian 
corals to projected ocean warming and marine heatwaves. 
Royal Society Open Science, 11 (3).

Carey, J., 2022. The drivers and the implications of marine 
heatwaves. Proceedings of the National Academy of Scienc-
es, 119 (26), e2209393119.

Cascarano, M.C., Stavrakidis-Zachou, O., Mladineo, I., 
Thompson, K.D., Papandroulakis, N., et al., 2021. Medi-



611Mediterr. Mar. Sci., 25/3, 2024, 586-620

terranean Aquaculture in a Changing Climate: Temperature 
Effects on Pathogens and Diseases of Three Farmed Fish 
Species. Pathogens, 10 (9), 1205. MDPI AG.

Cerrano, C., Bavestrello, G., Bianchi, C.N., Cattaneo‐vietti, 
R., Bava, S. et al., 2000. A catastrophic mass‐mortality epi-
sode of gorgonians and other organisms in the Ligurian Sea 
(North‐western Mediterranean), summer 1999. Ecology let-
ters, 3 (4), 284-293.

Chatzimentor, A., Doxa, A., Katsanevakis, S., Mazaris, A.D., 
2023. Are Mediterranean marine threatened species at high 
risk by climate change? Global Change Biology, 29 (7), 
1809-1821.

Chatzimentor, A., Doxa, A., Butenschön, M., Kristiansen, T., 
Peck, M.A. et al., 2024. Diving into warming oceans: As-
sessing 3D climatically suitable foraging areas of logger-
head sea turtles under climate change. Journal for Nature 
Conservation, 79, 126620.

Chefaoui, R.M., Duarte, C.M., Serrão, E.A., 2018. Dramatic 
loss of seagrass habitat under projected climate change in 
the Mediterranean Sea. Global Change Biology, 24 (10), 
4919-4928.

Cheung, W.W., Watson, R., Pauly, D., 2013. Signature 
of ocean warming in global fisheries catch. Nature, 
497(7449), 365-368.

Cheung, W.W., Frölicher, T.L., Lam, V.W., Oyinlola, M.A., 
Reygondeau, G. et al., 2021. Marine high temperature ex-
tremes amplify the impacts of climate change on fish and 
fisheries. Science Advances, 7 (40), eabh0895.

Cheng, Y., Zhang, M., Song, Z., Wang, G., Zhao, C. et al., 2023. 
A quantitative analysis of marine heatwaves in response to 
rising sea surface temperature. Science of The Total Envi-
ronment, 881, 163396.

Chust, G., Allen, J.I., Bopp, L., Schrum, C., Holt, J. et al., 2014. 
Biomass changes and trophic amplification of plankton in a 
warmer ocean. Global Change Biology, 20 (7), 2124-2139.

Chust, G., Villarino, E., McLean, M., Mieszkowska, N., Bene-
detti-Cecchi, L. et al., 2024. Cross-basin and cross-taxa pat-
terns of marine community tropicalization and deborealiza-
tion in warming European seas. Nature Communications, 
15 (1), 2126.

Clark, N.J., Kerry, J.T., Fraser, C.I., 2020. Rapid winter warm-
ing could disrupt coastal marine fish community structure. 
Nature Climate Change, 10 (9), 862-867.

Clementi, E., Aydogdu, A., Goglio, A. C., Pistoia, J., Escudi-
er, R. et al., 2021. Mediterranean sea physical analysis and 
forecast (CMEMS MED-Currents, EAS6 system)(Version 
1)[Data set]. Copernicus Monitoring Environment Marine 
Service (CMEMS).

Coll, M., Albo-Puigserver, M., Navarro, J., Palomera, I., Dam-
bacher, J.M. 2019. Who is to blame? Plausible pressures 
on small pelagic fish population changes in the northwest-
ern Mediterranean Sea. Marine Ecology Progress Series, 
617, 277-294.

Coma, R., Ribes, M., Serrano, E., Jiménez, E., Salat, J. et al., 
2009. Global warming-enhanced stratification and mass 
mortality events in the mediterranean. Proceedings of the 
National Academy of Sciences of the United States of Amer-
ica, 106 (15), 6176-6181.

Conversi, A., Peluso, T., Fonda-Umani, S. 2009. Gulf of Tri-
este: A changing ecosystem. Journal of Geophysical Re-

search: Oceans, 114 (C3), 3-90.
Coppini, G., Clementi, E., Cossarini, G., Salon, S., Korres, G. 

et al., 2023. The Mediterranean Forecasting System–Part 
1: Evolution and performance. Ocean Science, 19 (5), 
1483-1516.

Courboulès, J., Mostajir, B., Trombetta, T., Mas, S., Vidussi, F., 
2022. Warming Disadvantages Phytoplankton and Benefits 
Bacteria During a Spring Bloom in the Mediterranean Thau 
Lagoon. Frontiers in Marine Science, 9, 878938.

Cowie, R. H., Bouchet, P., & Fontaine, B. 2022. The Sixth Mass 
Extinction: fact, fiction or speculation? Biological Reviews, 
97 (2), 640-663.

Crabbe, M.J.C., 2008. Climate change, global warming and 
coral reefs: Modelling the effects of temperature. Computa-
tional Biology and Chemistry, 32 (5), 311-314.

Crisci, C., Bensoussan, N., Romano, J.-C., Garrabou, J. 2011. 
Temperature anomalies and mortality events in marine com-
munities: insights on factors behind differential mortality 
impacts in the nw mediterranean. Plos one, 6 (9):e23814.

Cutroneo, L., Capello, M. 2023. The Cold Waters in the Port of 
Genoa (NW Mediterranean Sea) during the Marine Heat-
wave in Summer 2022. Journal of Marine Science and En-
gineering, 11 (8), 1568.

Danovaro, R., Umani, S. F., Pusceddu, A., 2009. Climate 
Change and the Potential Spreading of Marine Mucilage 
and Microbial Pathogens in the Mediterranean Sea. Plos 
one, 4 (9), e7006.

Darmaraki, S., 2019. Mediterranean marine heatwaves: detec-
tion, past variability and future evolution (Doctoral disser-
tation, Université Paul Sabatier-Toulouse III).

Darmaraki, S., Somot, S., Sevault, F., Nabat, P. 2019a. Past var-
iability of Mediterranean Sea marine heatwaves. Geophysi-
cal Research Letters, 46 (16), 9813-9823.

Darmaraki, S., Somot, S., Sevault, F., Nabat, P., Cabos Nar-
vaez, W. D. et al., 2019b. Future evolution of marine heat-
waves in the Mediterranean Sea. Climate Dynamics, 53, 
1371-1392.

Dayan, H., McAdam, R., Masina, S., Speich, S., 2022. Diver-
sity of marine heatwave trends across the Mediterranean 
Sea over the last decades. Copernicus marine service ocean 
state report, (6), 205-210.

Dayan, H., McAdam, R., Juza, M., Masina, S., Speich, S., 
2023. Marine heat waves in the Mediterranean Sea: An as-
sessment from the surface to the subsurface to meet national 
needs. Frontiers in Marine Science, 10, 1045138.

de Boisséson, E., Balmaseda, M.A., 2024. Predictability of ma-
rine heatwaves: assessment based on the ECMWF seasonal 
forecast system. Ocean Science, 20 (1), pp.265-278.

de Burgh-Day, C.O., Spillman, C.M., Smith, G., Stevens, C.L., 
2022. Forecasting extreme marine heat events in key aqua-
culture regions around New Zealand. Journal of Southern 
Hemisphere Earth Systems Science, 72 (1), pp.58-72.

Denaxa D., Korres G., Sotiropoulou M., Perivoliotis L., 2022. 
Extreme Marine Heatwave in the eastern Mediterranean 
in May 2020. In: Copernicus Ocean State Report, Issue 6, 
Journal of Operational Oceanography, 15:sup1, s192-s198.

Denaxa, D., Korres, G., Flaounas, E., Hatzaki, M., 2024. Inves-
tigating extreme marine summers in the Mediterranean Sea. 
Ocean Science, 20 (2), 433-461.

Deserti, M., Cacciamani, C., Chiggiato, J., Rinaldi, A., Ferrari, 



612 Mediterr. Mar. Sci., 25/3, 2024, 586-620

C.R., 2005. Relationships between northern Adriatic Sea 
mucilage events and climate variability. Science of The To-
tal Environment, 353 (1-3), 82-88.

de Wolff, T., Carrillo, H., Martí, L., Sanchez-Pi, N., 2021, May. 
Assessing physics informed neural networks in ocean mod-
elling and climate change applications. In AI: Modeling 
Oceans and Climate Change Workshop at ICLR 2021.

Díaz-Almela, E., Marba, N., Martínez, R., Santiago, R., Du-
arte, C.M., 2009. Seasonal dynamics of Posidonia oceanica 
in Magalluf Bay (Mallorca, Spain): Temperature effects on 
seagrass mortality. Limnology and Oceanography, 54 (6), 
2170-2182.

Domaizon, I., Lepère, C., Debroas, D., Bouvy, M., Ghiglione, 
J.F. et al., 2012. Short-term responses of unicellular plank-
tonic eukaryotes to increases in temperature and UVB radi-
ation. Bmc Microbiology, 12, 1-13.

Dueben, P.D., Bauer, P., 2018. Challenges and design choic-
es for global weather and climate models based on ma-
chine learning. Geoscientific Model Development, 11 (10), 
3999-4009.

Egea, L.G., Jiménez-Ramos, R., Vergara, J.J., Hernández, I., 
Brun, F.G., 2018. Interactive effect of temperature, acidifi-
cation and ammonium enrichment on the seagrass Cymodo-
cea nodosa. Marine Pollution Bulletin, 134, 14-26.

Eissa, A.E., 2024. A mini-review on fish mass kills within the 
Egyptian fisheries and aquaculture sectors: Impacts and 
proposed solutions. Journal of Applied Veterinary Scienc-
es 9, 87-90.

El Hourany, R., Mejia, C., Faour, G., Crépon, M., Thiria, S., 
2021. Evidencing the Impact of Climate Change on the Phy-
toplankton Community of the Mediterranean Sea Through 
a Bioregionalization Approach. Journal of Geophysical Re-
search: Oceans, 126 (4), e2020JC016808.

Elzahaby, Y., Schaeffer, A., Roughan, M., Delaux, S., 2022. 
Why the mixed layer depth matters when diagnosing ma-
rine heatwave drivers using a heat budget approach. Fron-
tiers in Climate, 4, 838017.

El Zrelli, R., Rabaoui, L., Roa-Ureta, R.H., Gallai, N., Castet, 
S. et al., 2020. Economic impact of human-induced shrink-
age of Posidonia oceanica meadows on coastal fisheries in 
the Gabes Gulf (Tunisia, Southern Mediterranean Sea). Ma-
rine Pollution Bulletin, 155, 111124.

Estaque, T., Richaume, J., Bianchimani, O., Schull, Q., Mérig-
ot, B. et al., 2023. Marine heatwaves on the rise: One of the 
strongest ever observed mass mortality event in temperate 
gorgonians. Global Change Biology, 29 (22), 6159-6162.

EU Copernicus Marine Service Product, 2022a: Mediterranean 
Sea Surface Temperature time series and trend from Obser-
vations Reprocessing, Mercator Ocean International DOI: 
10.48670/moi-00268.

EU Copernicus Marine Service Product, 2022b: Global Ocean 
Sea Surface Temperature time series and trend from Obser-
vations Reprocessing, Mercator Ocean International, DOI: 
10.48670/moi-00242.

EU Copernicus Marine Service Product, 2022c: Mediterrane-
an Sea Surface Temperature Cumulative trend Map from 
Observations Reprocessing, Mercator Ocean International, 
DOI:https://doi.org/10.48670/moi-00269.

Evans, P. G. H.,Waggitt, J. J., 2020. Impacts of climate change 
on marine mammals, relevant to the coastal and marine envi-

ronment around the UK. MCCIP Science Review, 421-455.
Food and Agriculture Organization of the United Nations., 

2020. The state of world fisheries and aquaculture 2020: 
Sustainability in action. Food and Agriculture Organization 
of the United Nations.

Fabbrizzi, E., Munari, M., Fraschetti, S., Arena, C., Chiarore, 
A. et al., 2023. Canopy-forming macroalgae can adapt to 
marine heatwaves. Environmental Research, 238, 117218.

Feidantsis, K., Georgoulis, I., Zachariou, A., Campaz, B., 
Christoforou, M., 2020. Energetic, antioxidant, inflamma-
tory and cell death responses in the red muscle of thermally 
stressed Sparus aurata. Journal of Comparative Physiology 
B, 190, 403-418.

Fernández De Puelles, M.L., Molinero, J.C., 2008. Decadal 
changes in hydrographic and ecological time-series in the 
Balearic Sea (western Mediterranean), identifying links be-
tween climate and zooplankton. ICES Journal of Marine 
Science, 65 (3), 311-317.

Feudale, L., Shukla, J., 2007. Role of Mediterranean SST in 
enhancing the European heat wave of summer 2003. Geo-
physical Research Letters, 34 (3).

Feudale, L., Shukla, J., 2011. Influence of sea surface tempera-
ture on the European heat wave of 2003 summer. Part II: a 
modeling study. Climate Dynamics, 36, 1705-1715.

Fortibuoni, T., Aldighieri, F., Giovanardi, O., Pranovi, F., 
Zucchetta, M., 2015. Climate impact on Italian fisheries 
(Mediterranean Sea). Regional Environmental Change, 15 
(5), 931-937.

Fouilland, E., Mostajir, B., Torréton, J.P., Bouvy, M., Got, P. 
et al., 2013. Microbial carbon and nitrogen production 
under experimental conditions combining warming with 
increased ultraviolet-B radiation in Mediterranean coastal 
waters. Journal of Experimental Marine Biology and Ecol-
ogy, 439, 47-53.

Fragkopoulou, E., Sen Gupta, A., Costello, M. J., Wernberg, T., 
Araújo, M.B., et al., 2023. Marine biodiversity exposed to 
prolonged and intense subsurface heatwaves. Nature Cli-
mate Change, 13 (10), 1114-1121.

Francour, P., Boudouresque, C.F., Harmelin, J.G., Harme-
lin-Vivien, M.L., Quignard, J.P., 1994. Are the Mediterra-
nean waters becoming warmer? Information from biolog-
ical indicators. Marine Pollution Bulletin, 28 (9), 523-526.

Free, C.M., Anderson, S.C., Hellmers, E.A., Muhling, B.A., 
Navarro, M.O. et al., 2023. Impact of the 2014-2016 ma-
rine heatwave on US and Canada West Coast fisheries: Sur-
prises and lessons from key case studies. Fish and Fisher-
ies, 24, 652-674.

Fuller, A., Mitchell, D., Maloney, S.K., Hetem, R.S., 2016. To-
wards a mechanistic understanding of the responses of large 
terrestrial mammals to heat and aridity associated with cli-
mate change. Climate Change Responses, 3 (1), 1-19.

Fullgrabe, L., Grosjean, P., Gobert, S., Lejeune, P., Leduc, M. 
et al., 2020. Zooplankton dynamics in a changing environ-
ment: A 13-year survey in the northwestern Mediterranean 
Sea. Marine Environmental Research, 159, 104962.

Gagliardi, N., Arévalo, P., Pamies-Sumner, S., 2022. The Fis-
cal Impact of Extreme Weather and Climate Events: Evi-
dence for EU Countries. Publications Office of the Euro-
pean Union.

Galli, G., Solidoro, C., Lovato, T., 2017. Marine heat waves 



613Mediterr. Mar. Sci., 25/3, 2024, 586-620

hazard 3D maps and the risk for low motility organisms 
in a warming Mediterranean Sea. Frontiers in Marine Sci-
ence, 4, 136.

Gambaiani, D. D., Mayol, P., Isaac, S. J., Simmonds, M. P., 
2009. Potential impacts of climate change and greenhouse 
gas emissions on Mediterranean marine ecosystems and ce-
taceans. Journal of the Marine Biological Association of the 
United Kingdom, 89 (1), 179-201.

Garcia-Corral, L. S., Martinez-Ayala, J., Duarte, C. M., Agusti, 
S., 2015. Experimental assessment of cumulative tempera-
ture and UV-B radiation effects on Mediterranean plankton 
metabolism. Frontiers in Marine Science, 2 (JUL), 145176.

Garcia‐Gorriz, E., Garcia‐Sanchez, J., 2007. Prediction of sea 
surface temperatures in the western Mediterranean Sea by 
neural networks using satellite observations. Geophysical 
research letters, 34 (11).

García-Herrera, R., Díaz, J., Trigo, R.M., Luterbacher, J., Fis-
cher, E.M., 2010. A review of the European summer heat 
wave of 2003. Critical Reviews in Environmental Science 
and Technology, 40 (4), 267-306.

Garrabou, J., Coma, R., Bensoussan, N., Bally, M., Chevaldon-
né, P. et al., 2009. Mass mortality in Northwestern Mediter-
ranean rocky benthic communities: effects of the 2003 heat 
wave. Global Change Biology, 15 (5), 1090-1103.

Garrabou, J., Gómez-Gras, D., Ledoux, J.B., Linares, C., Ben-
soussan, N. et al., 2019. Collaborative Database to Track 
Mass Mortality Events in the Mediterranean Sea. Frontiers 
in Marine Science, 6, 478167.

Garrabou, J., Ledoux, J.B., Bensoussan, N., Gómez-Gras, D., 
Linares, C., 2021. Sliding toward the collapse of Mediter-
ranean coastal marine rocky ecosystems. In Ecosystem col-
lapse and climate change (pp. 291-324). Cham: Springer 
International Publishing.

Garrabou, J., Gomez‐Gras, D., Medrano, A., Cerrano, C., Pon-
ti, M. et al., 2022. Marine heatwaves drive recurrent mass 
mortalities in the Mediterranean Sea. Global Change Biol-
ogy, 28 (19), 5708-5725.

Gillooly, J.F., Brown, J.H., West, G.B., Savage, V.M., Charnov, 
E.L., 2001. Effects of Size and Temperature on Metabolic 
Rate. Science, 293 (5538), 2248-2251.

Giorgi, F., 2006. Climate change hot‐spots. Geophysical re-
search letters, 33 (8). 

Givan, O., Edelist, D., Sonin, O., Belmaker, J., 2017. Thermal 
affinity as the dominant factor changing Mediterranean fish 
abundances. Global Change Biology, 24 (1), e80-e89.

Gkanasos, A., Schismenou, E., Tsiaras, K., Somarakis, S., Gi-
annoulaki, M. et al., 2021. A three dimensional, full life cy-
cle, anchovy and sardine model for the North Aegean Sea 
(Eastern Mediterranean): Validation, sensitivity and climat-
ic scenario simulations. Mediterranean Marine Science, 22 
(3), 653-668.

Gómez-Gras, D., Linares, C., López-Sanz, A., Amate, R., Le-
doux, J.B. et al., 2021a. Population collapse of habitat-form-
ing species in the Mediterranean: a long-term study of gor-
gonian populations affected by recurrent marine heatwaves. 
Proceedings of the Royal Society B, 288 (1965), 20212384.

Gómez Murciano, M., Liu, Y., Ünal, V., Sánchez LIzaso, J.L., 
2021b. Comparative analysis of the social vulnerability as-
sessment to climate change applied to fisheries from Spain 
and Turkey. Scientific Reports, 11 (1), 13949.

González-Alemán, J.J., Insua-Costa, D., Bazile, E., 
González-Herrero, S., Marcello Miglietta, M. et al., 2023. 
Anthropogenic warming had a crucial role in triggering the 
historic and destructive Mediterranean derecho in summer 
2022. Bulletin of the American Meteorological Society, 10 
(8), E1526-E1532.

Grazzini, F., Viterbo, P., 2003. Record-breaking warm sea sur-
face temperature of the Mediterranean Sea. ECMWF News-
letter, 98, 30-31.

Gruber, N., Boyd, P.W., Frölicher, T.L., Vogt, M., 2021. Bio-
geochemical extremes and compound events in the ocean. 
Nature, 600 (7889), 395-407.

Guerrero-Meseguer, L., Marín, A., Sanz-Lázaro, C., 2020. Heat 
wave intensity can vary the cumulative effects of multiple 
environmental stressors on Posidonia oceanica seedlings. 
Marine Environmental Research, 159, 105001.

Guinaldo, T., Voldoire, A., Waldman, R., Saux Picart, S., 
Roquet, H., 2023. Response of the sea surface temperature 
to heatwaves during the France 2022 meteorological sum-
mer. Ocean Science, 19 (3), 629-647.

Gunderson, A.R., Leal, M., 2016. A conceptual framework for 
understanding thermal constraints on ectotherm activity 
with implications for predicting responses to global change. 
Ecology Letters, 19 (2), 111-120.

Guo, X., Gao, Y., Zhang, S., Wu, L., Chang, P. et al., 2022. 
Threat by marine heatwaves to adaptive large marine 
ecosystems in an eddy-resolving model. Nature climate 
change, 12 (2), 179-186.

Hamdeno, M., Alvera-Azcarate, A., 2023. Marine heatwaves 
characteristics in the Mediterranean Sea: Case study 
the 2019 heatwave events. Frontiers in Marine Science, 
10, 1093760.

Hayashida, H., Matear, R. J., Strutton, P. G., Zhang, X., 2020. 
Insights into projected changes in marine heatwaves from a 
high-resolution ocean circulation model. Nature communi-
cations, 11 (1), 4352.

Herbert, R. J.H., Humphreys, J., Davies, C.J., Roberts, C., 
Fletcher, S. et al., 2016. Ecological impacts of non-native 
Pacific oysters (Crassostrea gigas) and management meas-
ures for protected areas in Europe. Biodiversity and Conser-
vation,  2 (14), 2835-2865.

Hernán, G., Ortega, M.J., Gándara, A.M., Castejón, I., Terrados, 
J. et al., 2017. Future warmer seas: increased stress and sus-
ceptibility to grazing in seedlings of a marine habitat-form-
ing species. Global Change Biology, 23 (11), 4530-4543.

Herrmann, M., Estournel, C., Adloff, F., Diaz, F., 2014. Im-
pact of climate change on the northwestern Mediterranean 
Sea pelagic planktonic ecosystem and associated carbon 
cycle. Journal of Geophysical Research: Oceans, 119 (9), 
5815-5836.

Hidalgo, M., El-Haweet, A.E., Tsikliras, A.C., Tirasin, E.M., 
Fortibuoni, T. et al., 2022. Risks and adaptation options for 
the Mediterranean fisheries in the face of multiple climate 
change drivers and impacts. ICES Journal of Marine Sci-
ence, 79 (9), 2473-2488.

Hobday, A.J., Alexander, L.V., Perkins, S.E., Smale, D.A., 
Straub, S.C. et al., 2016. A hierarchical approach to de-
fining marine heatwaves. Progress in Oceanography, 
141, 227-238.

Hobday, A.J., Oliver, E.C., Gupta, A.S., Benthuysen, J.A., Bur-



614 Mediterr. Mar. Sci., 25/3, 2024, 586-620

rows, M.T. et al., 2018. Categorizing and naming marine 
heatwaves. Oceanography, 31 (2), 162-173.

Holbrook, N.J., Sen Gupta, A., Oliver, E.C., Hobday, A.J., 
Benthuysen, J.A. et al., 2020. Keeping pace with ma-
rine heatwaves. Nature Reviews Earth & Environment, 1 
(9), 482-493.

Hornik, K, 1991. Approximation capabilities of multilayer 
feedforward networks, Neural Networks, 4, 251-257.

Ibrahim, O., Mohamed, B., Nagy, H., 2021. Spatial variability 
and trends of marine heat waves in the eastern mediterrane-
an sea over 39 years. Journal of Marine Science and Engi-
neering, 9 (6), 643.

Islam, M.J., Kunzmann, A., Bögner, M., Meyer, A., Thiele, R. 
et al., 2020a. Metabolic and molecular stress responses of 
European seabass, Dicentrarchus labrax at low and high 
temperature extremes. Ecological Indicators, 112, 106118.

Islam, M.J., Kunzmann, A., Thiele, R., Slater, M.J., 2020b. 
Effects of extreme ambient temperature in European sea-
bass, Dicentrarchus labrax acclimated at different salinities: 
Growth performance, metabolic and molecular stress re-
sponses. Science of The Total Environment, 735, 139371.

Islam, M.J., Slater, M.J., Bögner, M., Zeytin, S., Kunzmann, A., 
2020c. Extreme ambient temperature effects in European 
seabass, Dicentrarchus labrax: Growth performance and he-
mato-biochemical parameters. Aquaculture, 522, 735093.

Issifu, I., Alava, J.J., Lam, V.W.Y., Sumaila, U.R., 2022. Impact 
of Ocean Warming, Overfishing and Mercury on European 
Fisheries: A Risk Assessment and Policy Solution Frame-
work. Frontiers in Marine Science, 8, 770805.

Jackson, J.M., Johnson, G.C., Dosser, H.V., Ross, T., 2018. 
Warming from recent marine heatwave lingers in deep Brit-
ish Columbia fjord. Geophysical Research Letters, 45 (18), 
9757-9764.

Jacox, M.G., 2019. Marine heatwaves in a changing climate. 
Nature 571, 485-487.

Jacox, M.G., Alexander, M.A., Siedlecki, S., Chen, K., Kwon, 
Y.O. et al., 2020. Seasonal-to-interannual prediction of 
North American coastal marine ecosystems: Forecast meth-
ods, mechanisms of predictability, and priority develop-
ments. Progress in Oceanography, 183, 102307.

Jacox, M.G., Alexander, M.A., Amaya, D., Becker, E., Bograd, 
S.J. et al., 2022. Global seasonal forecasts of marine heat-
waves. Nature, 604 (7906), 486-490.

Jacquemont, J., Loiseau, C., Tornabene, L., Claudet, J., 2024. 
3D ocean assessments reveal that fisheries reach deep but 
marine protection remains shallow. Nature Communica-
tions, 15 (1), 4027.

Jordà, G., Marbà, N., Duarte, C.M., 2012. Mediterranean sea-
grass vulnerable to regional climate warming. Nature cli-
mate change, 2 (11), 821-824.

Josey, S.A., Somot, S., Tsimplis, M., 2011. Impacts of atmos-
pheric modes of variability on Mediterranean Sea sur-
face heat exchange. Journal of Geophysical Research: 
Oceans, 116 (C2).

Josey, S.A., Schroeder, K., 2023. Declining winter heat loss 
threatens continuing ocean convection at a Mediterranean 
dense water formation site. Environmental Research Let-
ters, 18 (2), 024005.

Jung, T., Ferranti, L., Tompkins, A.M., 2006. Response to the 
summer of 2003 Mediterranean SST anomalies over Eu-

rope and Africa. Journal of Climate, 19 (20), 5439-5454.
Juza, M., Fernández-Mora, À., Tintoré, J., 2022. Sub-Regional 

marine heat waves in the Mediterranean Sea from observa-
tions: Long-term surface changes, Sub-surface and coastal 
responses. Frontiers in Marine Science, 9, 785771.

Kalloniati, K., Christou, E.D., Kournopoulou, A., Gittings, 
J.A., Theodorou, I. et al., 2023. Long-term warming and 
human-induced plankton shifts at a coastal Eastern Medi-
terranean site. Scientific Reports, 13 (1), 1-14.

Kamburska, L., Fonda-UmaniI, S., 2006. Long-Term Copepod 
Dynamics in the Gulf of Trieste (Northern Adriatic Sea) : 
recent changes and trends. Climate Research, 31, 195-203.

Kersting, D.K., Bensoussan, N., Linares, C., 2013. Long-term 
responses of the endemic reef-builder cladocora caespitosa 
to mediterranean warming. Plos one, 8 (8):e70820.

Kır, M., Sunar, M.C., Altındağ, B.C., 2017. Thermal tolerance 
and preferred temperature range of juvenile meagre accli-
mated to four temperatures. Journal of Thermal Biology, 
65, 125-129.

Kır, M., 2020. Thermal tolerance and standard metabolic rate 
of juvenile gilthead seabream (Sparus aurata) acclimated to 
four temperatures. Journal of Thermal Biology, 93, 102739.

Konsta, K., Doxa, A., Katsanevakis, S., Mazaris, A. D., et al. ro-
jected intensification of subsurface marine heatwaves under 
climate change, 22 September 2023, PREPRINT (Version 
1) available at Research Square [https://doi.org/10.21203/
rs.3.rs-3091828/v1]

Lacoue-Labarthe, T., Nunes, P.A., Ziveri, P., Cinar, M., Gazeau, 
F., et al., 2016. Impacts of ocean acidification in a warming 
Mediterranean Sea: An overview. Regional Studies in Ma-
rine Science, 5, 1-11.

La Manna, G., Ronchetti, F., Perretti, F., Ceccherelli, G., 2023. 
Not only wide range shifts: Marine warming and heat 
waves influence spatial traits of a mediterranean common 
bottlenose dolphin population. Estuarine, Coastal and Shelf 
Science, 285, 108320.

Lazzari, P., Mattia, G., Solidoro, C., Salon, S., Crise, A., et al., 
2014. The impacts of climate change and environmental 
management policies on the trophic regimes in the Mediter-
ranean Sea: Scenario analyses. Journal of Marine Systems, 
135, 137-149.

Le Grix, N., Zscheischler, J., Laufkötter, C., Rousseaux, C.S., 
Frölicher, T.L., 2021. Compound high-temperature and 
low-chlorophyll extremes in the ocean over the satellite pe-
riod. Biogeosciences, 18 (6), 2119-2137.

Lejart, M., Hily, C., 2011. Differential response of benthic mac-
rofauna to the formation of novel oyster reefs (Crassostrea 
gigas, Thunberg) on soft and rocky substrate in the intertid-
al of the Bay of Brest, France. Journal of Sea Research, 65 
(1), 84-93.

Le Traon, P.Y., Reppucci, A., Alvarez Fanjul, E., Aouf, L., 
Behrens, A. et al., 2019. From observation to information 
and users: The Copernicus Marine Service perspective. 
Frontiers in Marine Science, 6, p.234.

Li, X., Liu, B., Zheng, G., Ren, Y., Zhang, S. et al., 2020. 
Deep-learning-based information mining from ocean re-
mote-sensing imagery. National Science Review, 7 (10), 
1584-1605.

Li, X., Donner, S., 2023. Assessing future projections of 
warm‐season marine heatwave characteristics with three 



615Mediterr. Mar. Sci., 25/3, 2024, 586-620

CMIP6 models. Journal of Geophysical Research: Oceans, 
e2022JC019253.

Li, M., Organelli, E., Serva, F., Bellacicco, M., Landolfi, A. et 
al., 2024. Phytoplankton spring bloom inhibited by marine 
heatwaves in the North‐Western Mediterranean Sea. Geo-
physical Research Letters, 51, e2024GL109141.

Lionello, P., Malanotte-Rizzoli, P., Boscolo, R., Alpert, P., Ar-
tale, V. et al., 2006. The Mediterranean climate: an over-
view of the main characteristics and issues. Developments 
in earth and environmental sciences, 4, 1-26.

Lloret, J., Sabatés, A., Muñoz, M., Demestre, M., Solé, I. et 
al., 2015. How a multidisciplinary approach involving eth-
noecology, biology and fisheries can help explain the spa-
tio-temporal changes in marine fish abundance resulting 
from climate change. Global Ecology and Biogeography, 
24 (4), 448-461.

Macias, D. M., Garcia-Gorriz, E., Stips, A., 2015. Productiv-
ity changes in the Mediterranean Sea for the twenty-first 
century in response to changes in the regional atmospheric 
forcing. Frontiers in Marine Science, 2, 79.

Madeira, D., Madeira, C., Costa, P.M., Vinagre, C., Pört-
ner, H.O. et al., 2020. Different sensitivity to heatwaves 
across the life cycle of fish reflects phenotypic adaptation 
to environmental niche. Marine Environmental Research, 
162, 105192.

Major, W.R., 2021. Marine Heatwaves and Oxygen Extremes 
in the Mediterranean Sea under Climate Change (Doctoral 
dissertation, University of Bristol).

Mannino, A.M., Vaglica, V., Cammarata, M., Oddo, E., 2016. 
Effects of temperature on total phenolic compounds in Cys-
toseira amentacea (C. Agardh) Bory (Fucales, Phaeophyce-
ae) from southern Mediterranean Sea. Plant Biosystems - 
An International Journal Dealing with All Aspects of Plant 
Biology, 150 (1), 152-160.

Marbà, N., Duarte, C.M., 2010. Mediterranean warming trig-
gers seagrass (Posidonia oceanica) shoot mortality. Global 
Change Biology, 16 (8), 2366-2375.

Marbà, N., Jordà, G., Agustí, S., Girard, C., Duarte, C.M., 
2015. Footprints of climate change on Mediterranean Sea 
biota. Frontiers in Marine Science, 2, 56.

Marbà, N., Jordà, G., Bennett, S., Duarte, C.M., 2022. Sea-
grass Thermal Limits and Vulnerability to Future Warming. 
Frontiers in Marine Science, 9, 860826.

Margirier, F., Testor, P., Heslop, E., Mallil, K., Bosse, A. et al., 
2020. Abrupt warming and salinification of intermediate 
waters interplays with decline of deep convection in the 
Northwestern Mediterranean Sea. Scientific Reports, 10 
(1), 20923.

Marie, G., Tal, I., Pierre, C., Thierry, P., 2023. Mediterranean 
marine keystone species on the brink of extinction. Global 
Change Biology, 29 (7), 1681-1683.

Marin, M., Feng, M., Bindoff, N.L., Phillips, H.E., 2022. Local 
drivers of extreme upper ocean marine heatwaves assessed 
using a global ocean circulation model. Frontiers in Cli-
mate, 4, 788390.

Marín-Guirao, L., Entrambasaguas, L., Dattolo, E., Ruiz, J.M., 
Procaccini, G., 2017. Molecular Mechanisms behind the 
Physiological Resistance to Intense Transient Warming in 
an Iconic Marine Plant. Frontiers in Plant Science, 8.

Marín-Guirao, L., Bernardeau-Esteller, J., García-Muñoz, R., 

Ramos, A., Ontoria, Y. et al., 2018. Carbon economy of 
Mediterranean seagrasses in response to thermal stress. Ma-
rine Pollution Bulletin, 135, 617-629.

Marín-Guirao, L., Entrambasaguas, L., Ruiz, J.M., Procacci-
ni, G., 2019. Heat-stress induced flowering can be a po-
tential adaptive response to ocean warming for the iconic 
seagrass Posidonia oceanica. Molecular Ecology, 28 (10), 
2486-2501.

Martin, Y., Bonnefont, J.L., Chancerelle, L., 2002. Gorgonians 
mass mortality during the 1999 late summer in French Med-
iterranean coastal waters: the bacterial hypothesis. Water 
Research, 36 (3), 779-782.

Martín, M.L., Calvo‐Sancho, C., Taszarek, M., González‐
Alemán, J.J., Montoro‐Mendoza, A. et al., 2024. Major role 
of marine heatwave and anthropogenic climate change on 
a Giant hail Event in Spain. Geophysical Research Letters, 
51, e2023GL107632.

Martínez, J., Leonelli, F.E., García-Ladona, E., Garrabou, J., 
Kersting, D.K. et al., 2023. Evolution of marine heatwaves 
in warming seas: the Mediterranean Sea case study. Fron-
tiers in Marine Science, 10, 1193164.

Marullo, S., Guarracino, M., 2003. L’anomalia termica del 
2003 nel mar Mediterraneo osservata da satellite. Energia, 
ambiente e innovazione, 6 (03), 48-53.

Marullo, S., Artale, V., Santoleri, R., 2011. The SST multidec-
adal variability in the Atlantic–Mediterranean region and its 
relation to AMO. Journal of Climate, 24 (16), 4385-4401.

Marullo, S., Serva, F., Iacono, R., Napolitano, E., di Sarra, A. 
et al., 2023. Record-breaking persistence of the 2022/23 
marine heatwave in the Mediterranean Sea. Environmental 
Research Letters, 18 (11), 114041.

Mavrakis, A. F., Tsiros, I.X., 2019. The abrupt increase in the 
Aegean sea surface temperature during June 2007–a marine 
heatwave event? Weather, 74 (6), 201-207.

Maynou, F., Sabatés, A., Salat, J., 2014. Clues from the recent 
past to assess recruitment of Mediterranean small pelagic 
fishes under sea warming scenarios. Climatic Change, 126 
(1-2), 175-188.

Mayot, N., Boudouresque, C. F., Leriche, A., 2005. Unex-
pected response of the seagrass Posidonia oceanica to a 
warm-water episode in the North Western Mediterranean 
Sea. Comptes Rendus Biologies, 328(3), 291-296.

Mazaris, A.D., Kallimanis, A.S., Sgardelis, S.P., Pantis, J.D., 
2008. Do long-term changes in sea surface temperature 
at the breeding areas affect the breeding dates and repro-
duction performance of Mediterranean loggerhead turtles? 
Implications for climate change. Journal of Experimental 
Marine Biology and Ecology, 367 (2), 219-226.

Mazaris, A.D., Dimitriadis, C., Papazekou, M., Schofield, G., 
Doxa, A. et al., 2023. Priorities for Mediterranean ma-
rine turtle conservation and management in the face of 
climate change. Journal of Environmental Management, 
339, 117805.

Mazzocchi, M.G., Di Capua, I., Kokoszka, F., Margiotta, F., 
d’Alcalà, M.R. et al., 2023. Coastal mesozooplankton re-
spond to decadal environmental changes via community 
restructuring. Marine Ecology, 44 (3), e12746.

McAdam, R., Masina, S., Gualdi, S., 2023. Seasonal fore-
casting of subsurface marine heatwaves. Communications 
Earth & Environment, 4 (1), 225.



616 Mediterr. Mar. Sci., 25/3, 2024, 586-620

McAdam, R., (2023, July 7) “Over 30 C: Marine Heatwaves 
currently hitting the Mediterranean, https://www.cmcc.
it/article/over-30c-marine-heatwaves-currently-hit-
ting-the-mediterranean

Menna, M., Gačić, M., Martellucci, R., Notarstefano, G., 
Fedele, G. et al., 2022. Climatic, decadal, and interannu-
al variability in the upper layer of the Mediterranean Sea 
using remotely sensed and in-situ data. Remote Sensing, 14 
(6), 1322.

Miglietta, M.M., Mazon, J., Motola, V., Pasini, A., 2017. Effect 
of a positive sea surface temperature anomaly on a Mediter-
ranean tornadic supercell. Scientific reports, 7 (1), 12828.

Mohamed, B., Abdallah, A.M., Alam El-Din, K., Nagy, H. et 
al., 2019. Inter-annual variability and trends of sea level and 
sea surface temperature in the Mediterranean Sea over the 
last 25 years. Pure and Applied Geophysics, 176, 3787-3810.

Molinero, J.C., Ibanez, F., Souissi, S., Buecher, E., Dallot, S. 
et al., 2008. Climate control on the long-term anomalous 
changes of zooplankton communities in the Northwestern 
Mediterranean. Global Change Biology, 14 (1), 11-26.

Moltó, V., Palmer, M., Ospina-Álvarez, A., Pérez-Mayol, S., 
Benseddik, A.B. et al., 2021. Projected effects of ocean 
warming on an iconic pelagic fish and its fishery. Scientific 
Reports, 11 (1), 8803.

Monteiro, M., de Castro, S.L.P., Marques, S.C., Freitas, R., 
Azeiteiro, U.M., 2023. An emergent treat: Marine heat-
waves - Implications for marine decapod crustacean spe-
cies - An overview. Environmental Research, 229, 116004.

Moullec, F., Barrier, N., Drira, S., Guilhaumon, F., Marsaleix, 
P. et al., 2019. An end-to-end model reveals losers and win-
ners in a warming Mediterranean Sea. Frontiers in Marine 
Science, 6, 345.

Olita, A., Sorgente, R., Natale, S., Gaberšek, S., Ribotti, A.  et 
al., 2007. Effects of the 2003 European heatwave on the 
Central Mediterranean Sea: surface fluxes and the dynami-
cal response. Ocean Science, 3 (2), 273-289.

Oliver, E.C., Donat, M.G., Burrows, M.T., Moore, P.J., Smale, 
D.A. et al., 2018. Longer and more frequent marine heat-
waves over the past century. Nature communications, 9 
(1), 1-12.

Oliver, E.C., Burrows, M.T., Donat, M.G., Sen Gupta, A., Alex-
ander, L.V. et al., 2019. Projected marine heatwaves in the 
21st century and the potential for ecological impact. Fron-
tiers in Marine Science, 6, 734.

Oliver, E.C., Benthuysen, J.A., Darmaraki, S., Donat, M.G., 
Hobday, A.J. et al., 2021. Marine heatwaves. Annual Re-
view of Marine Science, 13, 313-342.

Ontoria, Y., Cuesta-Gracia, A., Ruiz, J.M., Romero, J., Pérez, 
M., 2019. The negative effects of short-term extreme ther-
mal events on the seagrass Posidonia oceanica are exacer-
bated by ammonium additions. Plos one, 14 (9), e0222798.

Orenes-Salazar, V., Navarro-Martínez, P.C., Ruíz, J.M., 
García-Charton, J.A., 2023. Recurrent marine heatwaves 
threaten the resilience and viability of a key Mediterrane-
an octocoral species. Aquatic Conservation: Marine and 
Freshwater Ecosystems, 33 (11), 1161-1174.

Osland, M.J., Stevens, P.W., Lamont, M.M., Brusca, R.C., Hart, 
K.M. et al., 2021. Tropicalization of temperate ecosystems 
in North America: The northward range expansion of tropi-
cal organisms in response to warming winter temperatures. 

Global Change Biology, 27 (13), 3009-3034.
Palomera, I., Olivar, M.P., Salat, J., Sabatés, A., Coll, M. et 

al., 2007. Small pelagic fish in the NW Mediterranean Sea: 
An ecological review. Progress in Oceanography, 74 (2-
3), 377-396.

Panzeri, D., Reale, M., Cossarini, G., Salon, S., Carlucci, R. 
et al., 2024. Future distribution of demersal species in a 
warming Mediterranean sub-basin. Frontiers in Marine 
Science, 11, 1308325.

Parras-Berrocal, I.M., Vazquez, R., Cabos, W., Sein, D., 
Mañanes, R. et al., 2020. The climate change signal in the 
Mediterranean Sea in a regionally coupled atmosphere–
ocean model. Ocean Science, 16 (3), 743-765.

Parravicini, V., Guidetti, P., Morri, C., Montefalcone, M., Do-
nato, M. et al., 2010. Consequences of sea water tempera-
ture anomalies on a Mediterranean submarine cave ecosys-
tem. Estuarine, Coastal and Shelf Science, 86 (2), 276-282.

Pastor, F., Valiente, J. A., Khodayar, S., 2020. A warming Med-
iterranean: 38 years of increasing sea surface temperature. 
Remote sensing, 12 (17), 2687.

Pastor, F., Khodayar, S., 2023. Marine heat waves: Characteriz-
ing a major climate impact in the Mediterranean. Science of 
The Total Environment, 861, 160621.

Pazzaglia, J., Santillán-Sarmiento, A., Helber, S.B., Ruocco, 
M., Terlizzi, A. et al., 2020. Does Warming Enhance the Ef-
fects of Eutrophication in the Seagrass Posidonia oceanica? 
Frontiers in Marine Science, 7, 564805.

Pilo, G.S., Holbrook, N.J., Kiss, A.E., Hogg, A.M., 2019. Sen-
sitivity of marine heatwave metrics to ocean model resolu-
tion. Geophysical Research Letters, 46 (24), 14604-14612.

Piontkovski, S.A., Fonda-Umani, S., Olita, A., 2010. The 2003 
heat wave and marine plankton communities. In Work-
shop to Compare Zooplankton Ecology and Methodolo-
gies between the Mediterranean and the North Atlantic 
(WKZEM) (p. 56).

Pisano, A., Marullo, S., Artale, V., Falcini, F., Yang, C. et al., 
2020. New evidence of Mediterranean climate change and 
variability from sea surface temperature observations. Re-
mote Sensing, 12 (1), 132.

Plecha, S.M., Soares, P.M., 2020. Global marine heatwave 
events using the new CMIP6 multi-model ensemble: from 
shortcomings in present climate to future projections. Envi-
ronmental Research Letters, 15 (12), 124058.

Prioux, C., Tignat-Perrier, R., Gervais, O., Estaque, T., Schull, 
Q. et al., 2023. Unveiling microbiome changes in Mediter-
ranean octocorals during the 2022 marine heatwaves: quan-
tifying key bacterial symbionts and potential pathogens. 
Microbiome, 11(1), 1-19.

Pulina, S., Brutemark, A., Suikkanen, S., Padedda, B. M., Gru-
bisic, L. M. et al., 2016. Effects of warming on a Medi-
terranean phytoplankton community. Web Ecology, 16 
(1), 89-92.

Pulina, S., Suikkanen, S., Padedda, B.M., Brutemark, A., Gru-
bisic, L.M., et al., 2020. Responses of a Mediterranean 
coastal lagoon plankton community to experimental warm-
ing. Marine Biology, 167 (2), 1-14.

Qiu, Z., Qiao, F., Jang, C.J., Zhang, L., Song, Z., 2021. Evalu-
ation and projection of global marine heatwaves based on 
CMIP6 models. Deep Sea Research Part II: Topical Studies 
in Oceanography, 194, 104998.



617Mediterr. Mar. Sci., 25/3, 2024, 586-620

Raitsos, D.E., Beaugrand, G., Georgopoulos, D., Zenetos, A., 
Pancucci-Papadopoulou, A.M. et al., 2010. Global climate 
change amplifies the entry of tropical species into the East-
ern Mediterranean Sea. Limnology and Oceanography, 55 
(4), 1478-1484.

Ramírez, F., Pennino, M.G., Albo-Puigserver, M., Steenbeek, 
J., Bellido, J.M., et al., 2021. SOS small pelagics: A safe op-
erating space for small pelagic fish in the western Mediter-
ranean Sea. Science of The Total Environment, 756, 144002.

Reusch, T.B., Ehlers, A., Hämmerli, A., Worm, B., 2005. Eco-
system recovery after climatic extremes enhanced by gen-
otypic diversity. Proceedings of the National Academy of 
Sciences, 102 (8), 2826-2831.

Reuters. (2022, November 14). Mediterranean marine heat-
waves threaten coastal livelihoods. Dawn (https://www.
dawn.com/news/1720813)

Richon, C., Dutay, J.C., Bopp, L., Le Vu, B., Orr, J.C.  et al., 
2019. Biogeochemical response of the Mediterranean Sea 
to the transient SRES-A2 climate change scenario. Biogeo-
sciences, 16 (1), 135-165.

Rivetti, I., Fraschetti, S., Lionello, P., Zambianchi, E., Boero, 
F., 2014. Global Warming and Mass Mortalities of Ben-
thic Invertebrates in the Mediterranean Sea. Plos one, 9 
(12), e115655.

Rinaldi, A., Martinez, M., Badalamenti, F., D’Anna, G., Mirto, 
S. et al., 2023. The ontogeny-specific thermal sensitivity 
of the seagrass Posidonia oceanica. Frontiers in Marine 
Science, 10.

Rindi, L., He, J., Benedetti-Cecchi, L., 2022. Spatial correlation 
reverses the compound effect of multiple stressors on rocky 
shore biofilm. Ecology and Evolution, 12 (10), e9418.

Rodrigues, L.C., Van den Bergh, J.C., Massa, F., Theodorou, 
J.A., Ziveri, P. et al., 2015. Sensitivity of Mediterranean 
bivalve mollusc aquaculture to climate change, ocean acid-
ification, and other environmental pressures: findings from 
a producer survey. Journal of Shellfish Research, 34 (3), 
1161-1176.

Rodrigues, L.C., van den Bergh, J.C., Loureiro, M.L., Nunes, 
P.A., Rossi, S., 2016. The cost of Mediterranean Sea warm-
ing and acidification: a choice experiment among scuba di-
vers at Medes Islands, Spain. Environmental and resource 
economics, 63, 289-311.

Roman, M.R., Brandt, S.B., Houde, E.D., Pierson, J., 2019. 
Interactive effects of hypoxia and temperature on coast-
al pelagic zooplankton and fish. Frontiers in Marine Sci-
ence, 6, 139.

Romano, J.C., Bensoussan, N., Younes, W.A., Arlhac, D., 2000. 
Anomalie thermique dans les eaux du golfe de Marseille 
durant l’été 1999. Une explication partielle de la mortalité 
d’invertébrés fixés?. Comptes Rendus de l’Académie des 
Sciences-Series III-Sciences de la Vie, 323 (4), 415-427.

Rosselló, P., Pascual, A., Combes, V., 2023. Assessing marine 
heat waves in the Mediterranean Sea: a comparison of fixed 
and moving baseline methods. Frontiers in Marine Science, 
10, 1168368.

Rubio-Portillo, E., Izquierdo-Muñoz, A., Gago, J.F., Ros-
selló-Mora, R., Antón, J. et al., 2016. Effects of the 2015 
heat wave on benthic invertebrates in the Tabarca Marine 
Protected Area (southeast Spain). Marine Environmental 
Research, 122, 135-142.

Ruesink, J.L., Lenihan, H.S., Trimble, A.C., Heiman, K.W., 
Micheli, F. et al., 2005. Introduction of non-native oysters: 
ecosystem effects and restoration implications. Annual Re-
view of Ecology Evolution and Systematics, 36 (1), 643-689.

Russo, A., Maccaferri, S., Djakovac, T., Precali, R., Degobbis, 
D. et al., 2005. Meteorological and oceanographic condi-
tions in the northern Adriatic Sea during the period June 
1999–July 2002: Influence on the mucilage phenomenon. 
Science of The Total Environment, 353 (1-3), 24-38.

Saada, G., Nicastro, K.R., Jacinto, R., McQuaid, C.D., Serrão, 
E.A. et al., 2016. Taking the heat: Distinct vulnerability to 
thermal stress of central and threatened peripheral lineages 
of a marine macroalga. Diversity and Distributions, 22 (10), 
1060-1068.

Sabatés, A., Martín, P., Lloret, J., Raya, V., 2006. Sea warm-
ing and fish distribution: the case of the small pelagic fish, 
Sardinella aurita, in the western Mediterranean. Global 
Change Biology, 12 (11), 2209-2219.

Sabatés, A., Salat, J., Raya, V., Emelianov, M., Segura-Noguera, 
M., 2009. Spawning environmental conditions of Sardinel-
la aurita at the northern limit of its distribution range, the 
western Mediterranean. Marine Ecology Progress Series, 
385, 227-236.

Sánchez-Cueto, P., Stavrakidis-Zachou, O., Clos-Garcia, M., 
Bosch, M., Papandroulakis, N. et al., 2023. Mediterrane-
an Sea heatwaves jeopardize greater amberjack’s (Seriola 
dumerili) aquaculture productivity through impacts on the 
fish microbiota. ISME communications, 3 (1), 36.

Sánchez-Jerez, P., Babarro, J.M.F., Padin, X.A., Longa Port-
abales, A., Martinez-Llorens, S. et al.,   2022. Cumulative 
climatic stressors strangles marine aquaculture: Ancillary 
effects of COVID 19 on Spanish mariculture. Aquaculture, 
549, 737749.

Santos, R., Russo, A., Gouveia, C.M., 2024. Co-occurrence of 
marine and atmospheric heatwaves with drought conditions 
and fire activity in the Mediterranean region. Scientific Re-
ports, 14, 19233.

Sanz-Martín, M., Hidalgo, M., Puerta, P., Molinos, J. G., Zam-
anillo, M., et al., 2024. Climate velocity drives unexpected 
southward patterns of species shifts in the Western Mediter-
ranean Sea. Ecological Indicators, 160, 111741.

Serva, F., 2024. Marine heatwaves and cold spells events 
based on ESA-CCI SSTs (experimental product) (Ver-
sion v1) [Data set]. Zenodo. https://doi.org/10.5281/ze-
nodo.1377159

Schiaparelli, S., Castellano, M., Povero, P., Sartoni, G., Cat-
taneo-Vietti, R., 2007. A benthic mucilage event in 
North-Western Mediterranean Sea and its possible relation-
ships with the summer 2003 European heatwave: short term 
effects on littoral rocky assemblages. Marine Ecology, 28 
(3), 341-353.

Simon, A., Plecha, S.M., Russo, A., Teles-Machado, A., Donat, 
M.G. et al., 2022. Hot and cold marine extreme events in 
the Mediterranean over the period 1982-2021. Frontiers in 
Marine Science, 9, 892201.

Simon, A., Pires, C., Frölicher, T.L., Russo, A., 2023. Long-
term warming and interannual variability contributions’ to 
marine heatwaves in the Mediterranean. Weather and Cli-
mate Extremes, 42, 100619. 

Skliris, N., Sofianos, S., Gkanasos, A., Mantziafou, A., Verva-



618 Mediterr. Mar. Sci., 25/3, 2024, 586-620

tis, V. et al., 2012. Decadal scale variability of sea surface 
temperature in the Mediterranean Sea in relation to atmos-
pheric variability. Ocean Dynamics, 62, 13-30.

Smale, D.A., Wernberg, T., Oliver, E.C., Thomsen, M., Harvey, 
B.P. et al., 2019. Marine heatwaves threaten global biodi-
versity and the provision of ecosystem services. Nature Cli-
mate Change, 9 (4), 306-312.

Smith, K.E., Burrows, M.T., Hobday, A.J., Sen Gupta, A., 
Moore, P.J., et al., 2021. Socioeconomic impacts of marine 
heatwaves: Global issues and opportunities. Science, 374 
(6566), eabj3593.

Smith, K.E., Burrows, M.T., Hobday, A.J., King, N.G., Moore, 
P.J., et al., 2023. Biological impacts of marine heatwaves. 
Annual Review of Marine Science, 15 (1), 119-145.

Šolić, M., Krstulović, N., Šantić, D., Šestanović, S., Kušpilić, 
G. et al., 2017. Impact of the 3 °C temperature rise on bac-
terial growth and carbon transfer towards higher trophic 
levels: Empirical models for the Adriatic Sea. Journal of 
Marine Systems, 173, 81-89.

Šolić, M., Grbec, B., Matić, F., Šantić, D., Šestanović, S. et 
al., 2018). Spatio-temporal reproducibility of the microbial 
food web structure associated with the change in tempera-
ture: Long-term observations in the Adriatic Sea. Progress 
in Oceanography, 161, 87-101.

Šolić, M., Šantić, D., Šestanović, S., Bojanić, N., Jozić, S. et 
al., 2019. Temperature and phosphorus interacts in con-
trolling the picoplankton carbon flux in the Adriatic Sea: an 
experimental versus field study. Environmental Microbiolo-
gy, 21 (7), 2469-2484.

Somot, S., Sevault, F., Déqué, M., 2006. Transient climate 
change scenario simulation of the Mediterranean Sea for 
the twenty-first century using a high-resolution ocean cir-
culation model. Climate Dynamics, 27, 851-879.

Soto-Navarro, J., Jordá, G., Amores, Á., Cabos, W., Somot, S. 
et al., 2020. Evolution of Mediterranean Sea water proper-
ties under climate change scenarios in the Med-CORDEX 
ensemble. Climate Dynamics, 54, 2135-2165.

Soulié, T., Vidussi, F., Mas, S., Mostajir, B., 2022a. Functional 
Stability of a Coastal Mediterranean Plankton Communi-
ty During an Experimental Marine Heatwave. Frontiers in 
Marine Science, 9, 831496.

Soulié, T., Vidussi, F., Courboulès, J., Mas, S., Mostajir, B., 
2022b. Metabolic responses of plankton to warming during 
different productive seasons in coastal Mediterranean wa-
ters revealed by in situ mesocosm experiments. Scientific 
Reports, 12 (1), 9001.

Soulié, T., Vidussi, F., Mas, S., Mostajir, B., 2023. Functional 
and structural responses of plankton communities toward 
consecutive experimental heatwaves in Mediterranean 
coastal waters. Scientific Reports, 13 (1), 8050.

Sparnocchia, S., Schiano, M.E., Picco, P., Bozzano, R., Cappel-
letti, A., 2006 (March). The anomalous warming of sum-
mer 2003 in the surface layer of the Central Ligurian Sea 
(Western Mediterranean). In Annales Geophysicae (Vol. 
24, No. 2, pp. 443-452). Göttingen, Germany: Copernicus 
Publications.

Stavrakidis-Zachou, O., Lika, K., Anastasiadis, P., Papandrou-
lakis, N., 2021a. Projecting climate change impacts on 
Mediterranean finfish production: a case study in Greece. 
Climatic Change, 165, 67.

Stavrakidis-Zachou, O., Lika, K., Michail, P., Tsalafouta, A., 
Mohamed, A.H. et al., 2021b. Thermal tolerance, metabol-
ic scope and performance of meagre, Argyrosomus regius, 
reared under high water temperatures. Journal of Thermal 
Biology 100, 103063.

Stavrakidis-Zachou, O., Lika, K., Pavlidis, M., Asaad, M.H., 
Papandroulakis, N., 2022. Metabolic scope, performance 
and tolerance of juvenile European sea bass Dicentrarchus 
labrax upon acclimation to high temperatures. Plos one 
17, e0272510.

Stefanidou, N., Genitsaris, S., Lopez-Bautista, J., Sommer, U., 
Moustaka-Gouni, M., 2018. Effects of heat shock and sa-
linity changes on coastal Mediterranean phytoplankton in 
a mesocosm experiment. Marine Biology, 165 (10), 1-14.

Stefanon, M., D’Andrea, F., Drobinski, P., 2012. Heatwave 
classification over Europe and the Mediterranean region. 
Environmental Research Letters, 7 (1), 014023.

Stephenson, D.B., Diaz, H.F., Murnane, R.J., 2008. Defini-
tion, diagnosis, and origin of extreme weather and climate 
events. Climate extremes and society, 340, 11-23.

Stevens, C.L., Spillman, C.M., Behrens, E., Broekhuizen, N., 
Holland, P. et al., 2022. Horizon scan on the benefits of 
ocean seasonal forecasting in a future of increasing marine 
heatwaves for Aotearoa New Zealand. Frontiers in Climate, 
4, p.907919.

Stipcich, P., Marín-Guirao, L., Pansini, A., Pinna, F., Procacci-
ni, G. et al., 2022a. Effects of Current and Future Summer 
Marine Heat Waves on Posidonia oceanica: Plant Origin 
Matters? Frontiers in Climate, 4, 844831.

Stipcich, P., Apostolaki, E.T., Chartosia, N., Efthymiadis, P.T., 
Jimenez, C.E. et al., 2022b. Assessment of Posidonia oce-
anica traits along a temperature gradient in the Mediterrane-
an Sea shows impacts of marine warming and heat waves. 
Frontiers in Marine Science, 9, 895354.

Stipcich, P., Beca-Carretero, P., Álvarez-Salgado, X.A., Apos-
tolaki, E.T., Chartosia, N. et al., 2023. Effects of high tem-
perature and marine heat waves on seagrasses: Is warming 
affecting the nutritional value of Posidonia oceanica? Ma-
rine Environmental Research, 184, 105854.

Stipcich, P., La Manna, G., Ceccherelli, G., 2024. Warming-in-
duced flowering and fruiting in the seagrass Posidonia oce-
anica and uncertainties due to context-dependent features. 
Marine Biology, 171 (3), 67.

Sun, W., Zhou, S., Yang, J., Gao, X., Ji, J. et al., 2023a. Ar-
tificial intelligence forecasting of marine heatwaves in the 
South China Sea using a combined U-Net and ConvLSTM 
system. Remote Sensing, 15 (16), 4068.

Sun, D., Jing, Z., Li, F.,Wu, L., 2023b. Characterizing global 
marine heatwaves under a spatio-temporal framework. Pro-
gress in Oceanography, 211, 102947.

Taylor, J., Feng, M., 2022. A deep learning model for forecast-
ing global monthly mean sea surface temperature anoma-
lies. Frontiers in Climate, 4, 932932.

Thomas, C.D., Cameron, A., Green, R.E., Bakkenes, M., Beau-
mont, L.J. et al., 2004. Extinction risk from climate change. 
Nature, 427 (6970), 145-148.

Tilves, U., Purcell, J.E., Fuentes, V.L., Torrents, A., Pascual, M. 
et al., 2016. Natural diet and predation impacts of Pelagia 
noctiluca on fish eggs and larvae in the NW Mediterranean. 
Journal of Plankton Research, 38 (5), 1243-1254.



619Mediterr. Mar. Sci., 25/3, 2024, 586-620

Tomas, F., Hernan, G., Mañez-Crespo, J., Arona, A., Melén-
dez, D.H. et al., 2024. Mass flowering and unprecedented 
extended pseudovivipary in seagrass (Posidonia oceani-
ca) after a Marine Heat Wave. Marine Pollution Bulletin, 
203, 116394.

Tomassini, L., Elizalde, A., 2012. Does the Mediterranean Sea 
influence the European summer climate? The anomalous 
summer 2003 as a test bed. Journal of Climate, 25 (20), 
7028-7045.

Trombetta, T., Vidussi, F., Mas, S., Parin, D., Simier, M. et al., 
2019. Water temperature drives phytoplankton blooms in 
coastal waters. Plos one, 14 (4), e0214933.

Trombetta, T., Vidussi, F., Roques, C., Scotti, M., Mostajir, B., 
2020. Marine Microbial Food Web Networks During Phy-
toplankton Bloom and Non-bloom Periods: Warming Fa-
vors Smaller Organism Interactions and Intensifies Trophic 
Cascade. Frontiers in Microbiology, 11, 502336.

Tsikliras, A.C., Stergiou, K.I., 2014. Mean temperature of the 
catch increases quickly in the Mediterranean Sea. Marine 
Ecology Progress Series, 515, 281-284.

Tsikliras, A.C., Peristeraki, P., Tserpes, G., Stergiou, K.I., 2015. 
Mean temperature of the catch (MTC) in the Greek Seas 
based on landings and survey data. Frontiers in Marine Sci-
ence, 2, 23.

Tsirintanis, K., Azzurro, E., Crocetta, F., Dimiza, M., Froglia, 
C. et al., 2022. Bioinvasion impacts on biodiversity, ecosys-
tem services, and human health in the Mediterranean Sea. 
Aquatic invasions, 17 (3), 308-352.

Turicchia, E., Abbiati, M., Sweet, M., Ponti, M., 2018. Mass 
mortality hits gorgonian forests at Montecristo Island. Dis-
eases of Aquatic Organisms, 131 (1), 79-85.

Turkozan, O., Almpanidou, V., Yılmaz, C., Mazaris, A.D., 2021. 
Extreme thermal conditions in sea turtle nests jeopardize re-
productive output. Climatic Change, 167 (3-4), 1-16.

Tzanatos, E., Raitsos, D.E., Triantafyllou, G., Somarakis, S., 
Tsonis, A.A., 2014. Indications of a climate effect on Medi-
terranean fisheries. Climatic Change, 122 (1-2), 41-54.

United Nations Environment Programme. (n.d.). Biological di-
versity in the Mediterranean. UNEP/MAP. Retrieved July 
3, 2024, from https://www.unep.org/unepmap/resources/
factsheets/biological-diversity

Valente, S., Moro, S., Di Lorenzo, M., Milisenda, G., Maio-
rano, L. et al., 2023. Mediterranean fish communities are 
struggling to adapt to global warming. Evidence from the 
western coast of Italy. Marine Environmental Research, 
191, 106176.

Van De Bildt, M.W.G., Vedder, E.J., Martina, B.E.E., Sidi, B.A., 
Jiddou, A.B. et al., 1999. Morbilliviruses in Mediterranean 
monk seals. Veterinary Microbiology, 69 (1-2), 19-21.

Vaquer-Sunyer, R., Duarte, C.M., 2013. Experimental Evalua-
tion of the Response of Coastal Mediterranean Planktonic 
and Benthic Metabolism to Warming. Estuaries and Coasts, 
36 (4), 697-707.

Vasilakopoulos, P., Raitsos, D.E., Tzanatos, E., Maravelias, 
C.D., 2017. Resilience and regime shifts in a marine biodi-
versity hotspot. Scientific reports, 7 (1), 13647.

Velaoras, D., Zervakis, V., Theocharis, A., 2021. The physical 
characteristics and dynamics of the Aegean water masses. 
In: The Aegean Sea Environment: The Natural System, The 
Handbook of Environmental Chemistry; Anagnostou, C., 

Kostianoy, A., Mariolakos, I., Panayotidis, P., Soilemezi-
dou, M., Tsaltas, G. (Eds), Springer Nature, pp. 1-19.

Vergés, A., Tomas, F., Cebrian, E., Ballesteros, E., Kizilkaya, 
Z. et al., 2014. Tropical rabbitfish and the deforestation 
of a warming temperate sea. Journal of Ecology, 102 (6), 
1518-1527.

Vidussi, F., Mostajir, B., Fouilland, E., Le Floc’H, E., Nou-
guier, J. et al., 2011. Effects of experimental warming 
and increased ultraviolet B radiation on the Mediterrane-
an plankton food web. Limnology and Oceanography, 56 
(1), 206-218.

Villarino, E., Irigoien, X., Villate, F., Iriarte, A., Uriarte, I. et al., 
2020. Response of copepod communities to ocean warming 
in three time-series across the North Atlantic and Mediter-
ranean Sea. Marine Ecology Progress Series, 636, 47-61.

Vrana, I., Gašparovi, B., Geček, S., Godrijan, J., Novak, T. et 
al., 2023. Successful acclimation of marine diatoms Chae-
toceros curvisetus/pseudocurvisetus to climate change. 
Limnology and Oceanography, 68 (S1), S158-S173.

Wang, S., Jing, Z., Sun, D., Shi, J., Wu, L., 2022. A new model 
for isolating the marine heatwave changes under warming 
scenarios. Journal of Atmospheric and Oceanic Technolo-
gy, 39 (9), 1353-1366.

Wei, L., Guan, L., 2022. Seven-day sea surface temperature 
prediction using a 3DConv-LSTM model. Frontiers in Ma-
rine Science, 9, 905848.

Wernberg, T., Bennett, S., Babcock, R.C., De Bettignies, T., 
Cure, K. et al., 2016. Climate-driven regime shift of a tem-
perate marine ecosystem. Science, 353 (6295), 169-172.

Xoplaki, E., González-Rouco, J.F., Luterbacher, J., Wanner, H., 
2003. Mediterranean summer air temperature variability 
and its connection to the large-scale atmospheric circulation 
and SSTs. Climate dynamics, 20, 723-739.

Xu, T., Newman, M., Capotondi, A., Stevenson, S., Di Lorenzo, 
E. et al., 2022. An increase in marine heatwaves without 
significant changes in surface ocean temperature variability. 
Nature Communications, 13 (1), 7396.

Yebra, L., Puerto, M., Valcárcel-Pérez, N., Putzeys, S., 
Gómez-Jakobsen, F. et al., 2022. Spatio-temporal variabili-
ty of the zooplankton community in the SW Mediterranean 
1992-2020: Linkages with environmental drivers. Progress 
in Oceanography, 203, 102782.

Zanetta, F., Nerini, D., Beucler, T., Liniger, M.A., 2023. Phys-
ics-constrained deep learning postprocessing of tempera-
ture and humidity. Artificial Intelligence for the Earth Sys-
tems, 2 (4), e220089.

Zentner, Y., Rovira, G., Margarit, N., Ortega, J., Casals, D. 
et al., 2023. Marine protected areas in a changing ocean: 
Adaptive management can mitigate the synergistic effects 
of local and climate change impacts. Biological Conserva-
tion, 282, 110048.

Zervoudaki, S., Protopapa, M., Koutsandrea, A., Jansson, A., 
von Weissenberg, E. et al., 2024. Zooplankton responses to 
simulated marine heatwave in the Mediterranean Sea using 
in situ mesocosms. Plos one, 19 (8), e0308846.

Zgouridou, A., Tripidaki, E., Giantsis, I.A., Theodorou, J.A., 
Kalaitzidou, M. et al., 2022. The current situation and po-
tential effects of climate change on the microbial load of 
marine bivalves of the Greek coastlines: An integrative re-
view. Environmental Microbiology, 24 (3), 1012-1034.



620 Mediterr. Mar. Sci., 25/3, 2024, 586-620

Zhu, Y., Zhang, R.H., Moum, J.N., Wang, F., Li, X. et al., 2022. 
Physics-informed deep-learning parameterization of ocean 

vertical mixing improves climate simulations. National Sci-
ence Review, 9 (8), nwac044.

Supplementary Data

The following supplementary information is available online for the article:
Table S1. Compilation of regional-scale studies investigating past MHW characteristics in the MS. For each study shown are: The 
type of dataset employed, the region and depth of examination, the temperature (Extreme event threshold) and reference period 
against which the MHWs were identified, the period during which MHWs were detected as well as the mean MHW frequency, 
duration and intensity. Whenever average MHW characteristics were not reported for the period examined, the equivalent trends 
were provided and vice versa. 


