# LIEGE

université

nis

LA LIBERTE DE CHERCHER

Université de Liege — University of Liege
Faculté des Sciences — Faculty of Sciences

PhD Thesis

Long-term study of the MHWs in the

Mediterranean Sea and the Red Sea:
an assessment of their trends, drivers, and their early indicators

Manal Hamdeno

En vue de I’obtention du diplome — Submitted in fulfilment of the requirements for

Doctorat en Océanographie — Doctor of Sciences in Oceanography

Années académiques — Academic years: 2021-2026

Promotrice — Supervisor: Aida Alvera-Azcarate
(GeoHydrodynamics and Environment Research, Li¢ge, Belgium)

GHER

"'—_-‘lh..__...-!"'-—""h
w—.-——-...

GeoHydrodynamics and
Environment Research

Page | 1



Page | 2



»

- -

Cette thése a débuté le 1 octobre 2021 et a été défendue le 21 avril 2026

This PhD Thesis started on October 1%, 2021, and finished on April 21%, 2026




Page | 4



Jury Members

Xavier Fettweis (President) — University of Liege, Belgium
Jean-Marie Beckers (Secretary) — University of Liege, Belgium
Aida Alvera-Azcarate — University of Liege, Belgium
Sylvie Gobert — University of Liege, Belgium

Ibrahim Hoteit — University of Science and Technology (KAUST),
Thuwal, Saudi Arabia

Francisco Pastor — Mediterranean Center for Environmental
Studies, Valencia, Spain

Page | 5



University of Liege
Faculty of Sciences

Department of Astrophysics, Geography and Oceanography
Abstract

PhD Thesis in Oceanography

Long-term study of the MHWs in the Mediterranean Sea and the Red Sea: an
assessment of their trends, drivers, and their early indicators

By : Manal Hamdeno

MHWSs have become one of the most significant manifestations of ocean warming, with
profound implications for marine ecosystems, regional climate, and extreme weather events.
This thesis provides a comprehensive analysis of MHW dynamics in two thermally sensitive
semi-enclosed basins, the Mediterranean Sea and the Red Sea, by integrating surface and
subsurface observations, atmospheric forcing, ecological responses, and interactions with
compound and extreme events. The objective is to move beyond a surface-based description of
MHWs and develop an integrated understanding of their physical drivers, vertical structure,
and impacts within the coupled ocean—atmosphere system.

Using daily datasets spanning 1982-2024, MHW:s were identified following the Hobday et al.
(2016) framework, while additional atmospheric and oceanic variables were analyzed to
characterize the mechanisms controlling their evolution. The results show a significant
intensification of MHW:s in both basins, with increasing frequency, duration, and cumulative
intensity over recent decades, consistent with global trends. However, strong regional
variability is observed. In the Mediterranean Sea, a west—east contrast emerges, with more
intense and variable events in the western basin and more persistent events in the eastern basin.
In the Red Sea, a pronounced north—south gradient reflects the influence of stratification and
basin-scale circulation.

The contribution of long-term warming is found to be a key factor in MHW occurrence, with
a substantial fraction of events directly attributable to the upward shift in background sea
surface temperature. Nevertheless, detrended analyses reveal that internal variability remains
essential, indicating that MHWs arise from the interaction between gradual warming and short-
term atmospheric and oceanic processes. Atmospheric forcing is identified as the primary
trigger of MHW development, with events consistently associated with positiveair temperature
anomalies, reduced wind speed, and enhanced surface heat fluxes. Strong air—sea coupling is
confirmed by the high correlation between sea surface temperature and near-surface air
temperature, particularly in the Mediterranean basin.

Beyond surface processes, this thesis demonstrates that MHWSs exhibit a pronounced vertical
structure. Subsurface temperature analyses reveal that MHWs extend well below the mixed
layer, with anomalies penetrating to depths of several hundred meters. This vertical extent is
modulated by stratification and mixed layer dynamics, which control the redistribution and
retention of heat within the upper ocean. The presence of subsurface heat reservoirs provides a
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mechanism for ocean memory, allowing thermal anomalies to persist beyond the duration of
atmospheric forcing and influencing the development of subsequent events.

The ecological impacts of MHWs are assessed through the analysis of mixed layer depth,
chlorophyll-a, and nitrate concentrations. Results show that MHWs lead to enhanced
stratification, reduced nutrient availability, and decreased primary productivity in both basins,
with stronger effects in oligotrophic regions such as the eastern Mediterranean and the southern
Red Sea. A compound stress framework further reveals that physical and biogeochemical
anomalies frequently co-occur, amplifying ecosystem stress. Complementary laboratory
experiments on zooplankton (Acartia tonsa) demonstrate that elevated temperatures
significantly increase mortality rates, indicating direct biological impacts in addition to large -
scale environmental changes.

The analysis of compound marine and atmospheric heatwaves shows that the most extreme
events occur when MHWs and atmospheric heatwaves co-occur. These compound events are
characterized by stronger intensity, longer duration, and enhanced spatial coherence, reflecting
nonlinear amplification driven by coupled ocean—atmosphere feedbacks. Their frequency has
increased over time, particularly during summer, when stratification and radiative forcing
maximize air—sea interaction.

A novel aspect of this thesis is the investigation of interactions between MHWSs and
Mediterranean tropical-like cyclones (Medicanes). The results show that Medicanes
preferentially develop over regions with positive sea surface temperature anomalies and
elevated ocean heat content, suggesting that MHW s provide favorable conditions for storm
intensification. In turn, Medicanes induce strong ocean feedbacks through vertical mixing and
surface cooling, leading to the redistribution of heat within the water column. This bidirectional
interaction highlights the role of MHW:s within a broader system of coupled extreme events.

Overall, this thesis demonstrates that MHW:s in the Mediterranean Sea and the Red Sea are not
isolated surface phenomena but rather emerge from the interaction of atmospheric forcing,
ocean stratification, and subsurface heat storage, with important implications for ecosystems
and extreme weather processes. The results provide a unified framework for understanding
MHW dynamics in semi-enclosed basins and highlight the growing importance of compound
and vertically structured extremes under ongoing climate change.

Key words: MHW, Mediterranean Sea, Red Sea, Sea temperature, Climate change,
MHW drivers, MHW Impacts, Atmospheric heatwaves, Medicanes.
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Résumé

Doctorat en Océanographie

Etude a long terme des canicules marines en mer Méditerranée et en mer Rouge : une
évaluation de leurs tendances, de leurs facteurs déterminants et de leurs premiers
indicateurs

Par: Manal Hamdeno

Les vagues de chaleur marines (MHWs, MHWs) sont devenues 1’une des manifestations les
plus marquantes du réchauffement des océans, avec des implications majeures pour les
écosystemes marins, le climat régional et les événements météorologiques extrémes. Cette
thése doctorale propose une analyse approfondie de la dynamique des MHWs dans deux
bassins semi-fermés thermiquement sensibles, la mer Méditerranée et la mer Rouge, en
intégrant des observations de surface et de subsurface, les forcages atmosphériques, les
réponses écologiques, ainsi que les interactions avec des événements composés et extrémes.
L’objectifest de dépasser une description limitée a la surface des vagues de chaleur marines et
de développer une compréhension intégrée de leurs mécanismes physiques, de leur structure
verticale et de leurs impacts au sein du systéme couplé océan—atmosphére.

A partir de jeux de données journaliers couvrant la période 1982-2024, les MHWSs ont été
identifiées selon la méthodologie de Hobday et al. (2016), tandis que des variables
atmosphériques et océaniques complémentaires ont €té analysées afin de caractériser les
mécanismes controlant leur évolution. Les résultats montrent une intensification significative
des MHWs dans les deux bassins, avec une augmentation de leur fréquence, de leur durée et
de leur intensité cumulée au cours des derniéres décennies, en accord avec les tendances
globales. Toutefois, une forte variabilité régionale est observée. En mer Méditerranée, un
contraste ouest—est se dessine, avec des événements plus intenses et plus variables dans le
bassin occidental, et des événements plus persistants dans le bassin oriental. En mer Rouge, un
gradient nord—sud marqué reflete I’influence de la stratification et de la circulation a 1’échelle
du bassin.

La contribution du réchauffement a long terme apparait comme un facteur clé dans 1’ occurrence
des MHWs, une fraction importante des événements étant directement attribuablea I’ élévation
du niveau de base de la température de surface de la mer. Néanmoins, les analyses (apres avoir
enlevé la tendance) révelent que la variabilité internereste essentielle, indiquant que les MHWs
résultent de 1’interaction entre le réchauffement progressifet des processus atmosphériques et
océaniques a court terme. Les forgages atmosphériques sont identifiés comme le principal
déclencheur des MHWs, les événements étant systématiquement associés a des anomalies
positives de température de 1’air, a une diminution de la vitesse du vent et a une augmentation
des flux de chaleur de surface. Un fort couplage air—mer est confirmé par la corrélation élevée
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entre les anomalies de température de surface de la mer et celles de la température de 1’air
proche de la surface, en particulier en Méditerranée.

Au-dela des processus de surface, cette thése montre que les MHW s présentent une structure
verticale marquée. Les analyses de température de subsurface révelent que les anomalies
associées aux MHWs s’étendent bien en dessous de la couche de mélange, atteignant des
profondeurs de plusieurs centaines de meétres. Cette extension verticale est modulée par la
stratification et la dynamique de la couche de mélange, qui controlent la redistribution et la
rétention de la chaleur dans 1’océan supérieur. La présence de réservoirs de chaleur de
subsurface constitue un mécanisme de mémoire océanique, permettant aux anomalies
thermiques de persister au-dela de la durée du forcage atmosphérique et d’influencer le
développement d’événements ultérieurs.

Les impacts écologiques des MHWSs sont évalués a travers I’analyse de la profondeur de la
couche de mélange, de la concentration en chlorophylle-a et de la disponibilité en nitrates. Les
résultats montrent que les MHW:s entrainent un renforcement de la stratification, une réduction
de I’apport en nutriments et une diminution de la productivité primaire dans les deux bassins,
avec des effets plus marqués dans les régions oligotrophes telles que la Méditerranée orientale
et la mer Rouge méridionale. Une approche basée sur les événements composés met également
en évidence la co-occurrence fréquente d’anomalies physiques et biogéochimiques, amplifiant
le stress sur les écosystémes. Des expériences en laboratoire sur le zooplancton (Acartia tonsa)
montrent en outre que 1’élévation de la température augmente significativement les taux de
mortalité, indiquant des impacts biologiques directs en plus des modifications
environnementales a grande échelle.

L’analyse des événements composés marins et atmosphériques montre que les conditions les
plus extrémes surviennent lorsque les MHWSs et les vagues de chaleur atmosphériques
coincident. Ces événements compos€s se caractérisent par une intensité plus élevée, une durée
plus longue et une cohérence spatiale accrue, traduisant une amplification non linéaire liée aux
rétroactions couplées entre 1’océan et 1’atmosphére. Leur fréquence a augmenté au cours du
temps, en particulier durant 1’été, lorsque la stratification et le for¢age radiatif maximisent les
échanges air—mer.

Un aspect novateur de cette these réside dans 1’étude des interactions entre les MHW:s et les
cyclones méditerranéens de type tropical (Medicanes). Les résultats montrent que les
Medicanes se développent préférentiellement au-dessus de régions caractérisées par des
anomalies positives de température de surface de la mer et un contenu thermique océanique
éleve, suggérant que les MHWSs fournissent des conditions favorables a I’intensification des
tempétes. En retour, les Medicanes induisent de fortes rétroactions océaniques par le biais du
mélange vertical et du refroidissement de surface, entrainant une redistribution de la chaleur
dans la colonne d’eau. Cette interaction bidirectionnelle met en évidence le role des MHWs
dans un systéme plus large d’événements extrémes couplés.

Dans 1’ensemble, cette thése démontre que les vagues de chaleur marines en mer Méditerranée
et en mer Rouge ne sont pas des phénomenes limités a la surface, mais résultent de 1’ interaction
entre les forgcages atmosphériques, la stratification océanique et le stockage de chaleur en
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subsurface, avec des implications importantes pour les écosystémes et les processus
météorologiques extrémes. Les résultats proposent un cadre unifi¢é pour comprendre la
dynamique des MHWs dans les bassins semi-fermés et mettent en évidence 1’importance
croissante des événements extrémes combinés et de leur structure verticale dans un contexte
de changement climatique.

Mots-clés: Vague de chaleur marine, mer Méditerranée, mer Rouge, Température des
océans, Changement climatique, Facteurs de vagues de chaleur marines, Impacts des
vagues de chaleur marines, Vagues de chaleur atmosphériques, Medicanes.
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Figures:

Figure 1. Conceptual representation of a MHW event following the detection framework
proposed by Hobday et al. (2016,2018). A MHW occurs when SST exceeds a seasonally
varying threshold (typically the 90" percentile) for at least five consecutive days. The figure
highlights key event characteristics, including duration, start and end dates, and peak intensity
relative to the climatological MEAN. ..........cccviiiiiiieiiie e e e 30

Figure 2. Global distribution of notable MHW events recorded in recent decades. Colours
indicate event severity categories, and labels highlight well-documented regional events (Smith
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Figure 3. Bathymetry of the Mediterranean Sea showing the Western Mediterranean Basin
(WMB) and the Eastern Mediterranean Basin (EMB), separated by the Strait of Sicily.
Bathymetry corresponds to the GEBCO bathymetry dataset (https://www.gebco.net). .......... 37

Figure 4. Bathymetry map of the Red Sea. Bathymetry corresponds to the GEBCO bathymetry
dataset (https://WWW.ZEDCONECL)......eeiiieiiiieiieiie ettt ettt et e beesaaeenbeennnas 40

Figure 5. The spatial and temporal trend of Mediterranean SST from 1982 to 2020. (a) The
spatial trend map of deseasonalized SST in °C/decade and the temporal trend of monthly
averaged SSTA for the whole Mediterranean Sea (b), WMB (c), and EMB (d). The SSTA trend
is shown by the solid black liNe. .......cceeviiiiiiiiiieiieieee e 51

Figure 6. Interannual variability of MHW metrics, (a) annual mean MHW frequency
(events/year), (b) scatterplots of annual mean SST versus annual mean MHW
frequency, (¢) annual mean MHW duration (days/year), and (d) scatterplots of annual mean
SST versus annual mean MHW duration. The colors black, red, and green represent the entire
Mediterranean Sea, the WMB, and the EMB, respectively. .......ccooovvieeiieeciieeciieeeie e, 53

Figure 7. Main characteristics of MHWs in the Mediterranean Sea during the study period
(1982-2020), (a) mean MHW frequency (events), (b) MHW duration (days), (¢) mean MHW
intensity (°C), (d) maximum MHW intensity (°C), (¢) MHW cumulative intensity (°C.days),
and (f) MHW total days (days). The black rectangles on panel b and c is showing the selected
study regions that represents the EMB and the WMB, respectively..........cccccooveeiiinininnnnnen. 54

Figure 8. The relationship between annual MHW frequency and teleconnection patterns over
the Mediterranean Sea from 1982 to 2020. The correlation map between MHW frequency and
Eastern Atlantic pattern (a) and the scatter plot between them (b). The correlation map between
the MHW frequency and the East Atlantic/West Russian pattern (c) and the scatter plot between
1105310 1 (6 ) TSRO RTIPPURRRRPRON 55

Figure 9. The annual time series from 1982 to 2020 of (a) the Eastern Atlantic Pattern (EAP),
and (b) the East Atlantic/West Russian Pattern (EATL/WRUS). The red and blue bars refer to
the positive and negative phases of the climate indices, respectively.........cccceevvvverrveencieeenee. 56
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Figure 10. MHW events between June and December 2019 in (a) WMB and (b) EMB. The
yellow shaded area refers to the MHW event. The black solid line represents the SST, the black
dotted line represents the climatology, the red solid line represents the threshold, and the red
dotted lines define the MHW categories. The MHW categories are moderate (when SST
exceeds the threshold), strong (when SST exceeds 2X threshold), severe (when SST exceeds
3X threshold), or extreme (when SST exceeds 4X threshold)..........ccocoeeeiieiiiiiiiiiiiiiiieee, 57

Figure 11. The penetration of MHW events into the water column in the WMB at different
depths (a) 5m, (b) 10m, (c) 15m, and (d) 20m. The red shaded area refers to the MHW event.
The black solid line represents the water temperature, the black dotted line represents the
climatology, and the red solid line represents the threshold. ...........cccccooeviieiiiiiiiiiiiiieee. 57

Figure 12. The penetration of MHW events into the water column in the EMB at different
depths (a) 5m, (b) 15m, (c) 35m, and (d) 50m. The red shaded area refers to the MHW event.
The black solid line represents the water temperature, the black dotted line represents the
climatology, and the red solid line represents the threshold. ............ccooeeiiiiiiiiiiiiiinii, 58

Figure 13. The mean (a) SST anomaly [°C], (b) total heat flux anomaly [W/m?], (c) latent heat
flux anomaly [W/m?], (d) air temperature anomaly [°C], (¢) mean sea level pressure anomaly
[hPa], and (f) wind stress anomaly [N/m?] during the MHW event (26 June-10 July 2019) in
the WMB. Note that the anomalies were calculated based on 1982-2020 climatology from
ERAS hOUTTY data.......ooiiiiieie ettt sttt et et 59

Figure 14. The mean (a) SST anomaly [°C], (b) total heat flux anomaly [W/m?], (¢) latent heat
flux anomaly [W/m?], (d) air temperature anomaly [°C], (¢) mean sea level pressure anomaly
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Figure 15. Time series of SSTA (red line) and mixed layer depth anomaly (black line) for (a) the
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Figure 30. The MHW event in the NRS between February and March 2010. (a) The vertical
extent of the MHW, with the blue line representing the mixed-layer depth (MLD). (b—f) The
MHW at different water column depths (surface, 25, 55, 110, and 130 m), with the shaded red
area indicating the MHW event, the solid black line representing the SST (SST), the solid blue
line representing the climatology mean, and the solid green line representing the 90th-
percentile threShold. .........ooviiiiiiiiici et eaee 84

Figure 31. The average spatial distribution of atmospheric variables before, during, and after
the MHW event in the NRS. The upper panels show the period before the MHW event (3 to
7 February), the middle panels show the period during the MHW event (10 to 15 March), and
the lower panels show the period after the MHW event (20 to 25 March). Panels (a)—
(c) represent SST anomaly (SSTA; in °C), panels (d)—(f) represent atmospheric temperature (in
°C), panels (g)—(i) represent total heat flux (in W m—2), panels (j)—(1) represent mean sea level
pressure (in hPa), and panels (m)—(0) represent wind speed (in m s—1) and wind direction...86

Figure 32. Composite spatial distribution of SST anomalies (°C) during detected MHW days
(1993 - 2024) in (a) the Mediterranean Sea and (b) the Red Sea. Colored boxes indicate the
subregions analyzed in thiS STUAY.........ccciiiiiiiiiiiieie e 90

Figure 33. Spatial distribution of seasonal mean SST (°C) averaged over 1993-2022 for (a)
Winter (January—March), (b) Spring (April-June), (¢) Summer (July—September), and (d)
Autumn (October—December). The maps highlight the pronounced west—east thermal gradient
and the strong summer amplification, particularly in the eastern Mediterranean.................... 93

Figure 34. Spatial distribution of seasonal mean SST (°C) averaged over 1993-2022 for (a)
Winter (January—March), (b) Spring (April-June), (¢) Summer (July—September), and (d)
Autumn (October—December). The basin exhibits a persistent north—south thermal gradient
with extreme summer warming in the central and southern sectors. ...........ccceevevcvenienicniennnn. 93

Figure 35. Decadal averages (1982—-1991, 1992-2001, 2002-2011, 2012-2024) of (a) MHW
frequency (events/decade), (b) total MHW days (days/decade), (¢) duration (days/decade), (d)
maximum intensity (°C/decade), and (¢) cumulative intensity (°C-days.decade ') for the entire
Mediterranean basin (MED) and its subregions (R1: WMB, R2: CMB, R3: EMB). Yellow bars
indicate the estimated contribution of the long-term background warming component to MHW
frequency and cuMUIAtIVE MIETIICS. ..ec.vevuieiiiiiniieieeieete ettt 94

Figure 36. Decadal averages (1982—-1991, 1992-2001, 20022011, 2012-2024) of (a) MHW
frequency (events/decade), (b) total MHW days (days/decade), (¢) duration (days/decade), (d)
maximum intensity (°C/decade), and (e) cumulative intensity (°C-days.decade™) for the entire
Red Sea basin and its subregions (R1: NRS, R2: CRS, R3: SRS). Yellow bars represent the
contribution of background warming to surface MHW amplification...............cccoecvvevreennnnnne. 94

Figure 37. Time—depth evolution of (left column) total MHW days (days), (middle column)
mean intensity (°C), and (right column) maximum intensity (°C) for (a—c) WMB, (d—f) CMB,
and (g—1) EMB. Depth (m) is shown on the vertical axis and year on the horizontal axis. The

Page| 20



panels illustrate the temporal evolution of vertical penetration and intensity of subsurface
MHWs across the Mediterranean sub-basins. The dark region indicates depths where
temperature anomalies did not exceed the MHW threshold. ..........c.ccoooveeiiiiiiiiiiniiie, 96

Figure 38. Boxplots of seasonal Zext (m) for (a) WMB, (b) CMB, and (c) EMB during 1993—
2024. Seasons are defined as winter (JFEM), spring (AMJ), summer (JAS), and autumn (OND).
Boxes indicate interquartile range, red lines show medians, whiskers represent the full data
1ange eXCIUAING OULIIETS. ...ouviiiiiieciie e e e e et e e tee e e e e e enneas 96

Figure 39. Seasonal probability (%) that (black bars) MLD shoaling leads surface MHWs and
(yellow bars) surface MHWSs lead MLD shoaling by 7 days for (a) WMB, (b) CMB, and (c)
EMB. The percentage shown above each panel indicates the conditional probability P(MHW |
negative MLD anomaly at t-7). Results quantify the coupling between stratification changes
and surface thermal EXtTeMES........coueiviiriiriiiiiiiiieeee et 97

Figure 40. Depth—time evolution of subsurface MHW metrics averaged over the three Red Sea
subregions: Northern Red Sea (NRS; R1), Central Red Sea (CRS; R2), and Southern Red Sea
(SRS; R3). Columns show (a,d,g) total MHW days (days), (b,e,h) mean intensity (°C), and
(c,f,i) maximum intensity (°C). Rows correspond to R1-R3. Annual metrics are calculated at
each depth relative to the 1993-2022 baseline. The dark region indicates depths where
temperature anomalies did not exceed the MHW threshold. ..........c..ccoveveiiiiiiiiinieiee, 99

Figure 41. Boxplots of seasonal Zext (m) for (a) NRS, (b) CRS, and (c) CRS during 1993-
2024. Seasons are defined as winter (JFM), spring (AMJ), summer (JAS), and autumn (OND).
Boxes indicate interquartile range, red lines show medians, whiskers represent the full data
1ange eXCIUAING OULIIETS. ...cuviiieiiieiciie e et e e st e e nnaeeenes 100

Figure 42. Seasonal probability (%) that (black bars) MLD shoaling leads surface MHWs and
(yellow bars) surface MHWs lead MLD shoaling by 7 days for (a) NRS, (b) CRS, and (c) SRS.
The percentage shown above each panel indicates the conditional probability PIMHW |
negative MLD anomaly at t-7). Results quantify the coupling between stratification changes
and surface thermal EXtTEMES........cc.eviiriiriieieiierieereee et 101

Figure 43. Basin-mean annual maximum penetration depth (Zmax, m) of subsurface MHWSs in
the Mediterranean Sea (blue) and Red Sea (red) from 1993 to 2024. .......coovveeiiiiiiiiieneen. 102

Figure 44. The spatial distribution of the percentage of MHW days enabled by long-term
warming (a) and the percentage of MHW events dominated by warming (b) over the period
1982-2024, together with the temporal evolution of total Mediterranean MHW days
decomposed into variability-driven and warming-enabled components (C).........c.ccceuveennnee. 110

Figure 45. The spatial distribution of the percentage of MHW days enabled by long-term
warming (a) and the percentage of MHW events dominated by warming (b) over the period
1982-2024, together with the temporal evolution of total Red Sea MHW days decomposed into
variability-driven and warming-enabled components (C). ........cccceveereeiienienerneeiieneeniennne 111

Page | 21



Figure 46. Composite spatial anomalies the conditions before MHW onset in the Western
Mediterranean. Panels show SST (a), net surface heat flux (THF; b), wind speed (Ws; c¢), mean
sea level pressure (MSLP; d), 2 m air temperature (T2m; e), relative humidity (RH; f), total
cloud cover (TCC; g), and mixed layer depth (MLD; h)......ccovieviiieiiiieiieeee e, 112

Figure 47. Same as Fig. 46, but for the during phase of the MHW in the Western Mediterranean.

Figure 49. Composite temporal evolution of atmospheric variables (SST (a), THF (b), Ws (c¢),
MSLP (d), T2m (e), and RH (f)) from -30 to +30 days relative to MHW peak in the Western
Mediterranean, including seasonal breakdOWNn. ..........cccvveriiiieriiiiiriiiieeieeceeeee e 113

Figure 50. Composite temporal evolution of oceanic variables MLD anomaly (a), heat content
(b), subsurface temperature anomaly (0—100 m; ¢), and warm layer depth (d)) from -30 to +30
days relative to MHW peak in the Western Mediterranean, including seasonal breakdown. 114

Figure 51. Composite spatial anomalies of atmospheric and oceanic variables before MHW
onset in the Eastern Mediterranean (same variables as Fig. 46)........cccccevvivvviienieecieencieennnen. 115

Figure 52. Same as Fig. 51, but for the during phase of MHWs in the Eastern Mediterranean.

Figure 53. Same as Fig. 51, but for the post-event phase of MHWSs in the Eastern
MEAITEITANCAN. . ..eveiieiiiieiierit ettt ettt et st b et s be et b e et be e e 115

Figure 54. Composite temporal evolution of atmospheric variables relative to MHW peak in
the Eastern Mediterranean, including seasonal breakdown. ...........cccoeecvveeeiieeiiieenciie e, 116

Figure 55. Composite temporal evolution of oceanic variables relative to MHW peak in the
Eastern Mediterranean, including seasonal breakdown. .............cccoeviiiiiieniiinieniiieieeieee, 116

Figure 56. Composite spatial anomalies of atmospheric and oceanic variables before MHW
onset in the Northern Red Sea (same variables as Fig. 46)........ccccooooiriiiiiiniiiiiiieienieeee 117

Figure 57. Same as Fig. 56, but for the during phase of MHWs in the Northern Red Sea... 118

Figure 58. Same as Fig. 56, but for the post-event phase of MHWs in the Northern Red Sea.
Figure 59. Composite temporal evolution of atmospheric variables relative to MHW peak in
the Northern Red Sea, including seasonal breakdown.............cccecvieeiiiiiieniiinieniieiecieee, 119

Figure 60. Composite temporal evolution of oceanic variables relative to MHW peak in the
Northern Red Sea, including seasonal breakdown..............coceviriiiiiniininiinicneeee 119

Page | 22



Figure 61. Composite spatial anomalies of atmospheric and oceanic variables before MHW
onset in the Southern Red Sea (same variables as Fig. 46)........ccccoooovviiiiiiniiiniieienieeens 120

Figure 62. Same as Fig. 61, but for the during phase of MHWs in the Southern Red Sea....121

Figure 63. Same as Fig. 61, but for the post-event phase of MHWs in the Southern Red Sea.

Figure 64. Composite temporal evolution of atmospheric variables relative to MHW peak in
the Southern Red Sea, including seasonal breakdoWn............cccceeeeiieeiiieeciieccie e, 122

Figure 65. Composite temporal evolution of oceanic variables relative to MHW peak in the
Southern Red Sea, including seasonal breakdOWn............ccoeevieriieriiiiiiiciienieeieese e 122

Figure 66. (a) Odds ratios of atmospheric and oceanic driver families from the logistic
regression model for MHW occurrence in the Western and Eastern Mediterranean. The dashed
line indicates no effect (odds ratio = 1). Error bars represent confidence intervals. (b) Model
performance (AUC) for the Mediterranean Sub-basins............ccceeeeeriieriienreenreenieenieeieeee 124

Figure 67. (a) Same as Fig. 66a, but for the Northern and Southern Red Sea. (b) Model
performance (AUC) for the Red Sea sub-basins...........ccceeeeiieeiiiiiniiiieciieeeecceeee e 124

Figure 68. Spatial distribution of the total number of MHW events over the period 1993-2024
1N the MEditerran@an S@a..........covuiriirieriieieriertete ettt sttt ettt et e nbeeaeenee 130

Figure 69. Environmental covariability with MHW intensity and mean environmental response
during MHW conditions in the Mediterranean Sea. Upper panels show the Pearson correlation
between SST anomalies and anomalies in (a) mixed layer depth, (b) chlorophyll-a, and (c)
nitrate. Lower panels show the mean difference between MHW days and non-MHW days for
(d) mixed layer depth, (e) chlorophyll-a, and (f) nitrate. Negative mixed layer depth anomalies
indicate mixed-layer shoaling and enhanced stratification, while negative chlorophyll-a and
nitrate anomalies indicate reduced surface productivity and nutrient availability during MHW
COMAIEIONS. ..ottt ettt et et ettt e et e et te et e e bt e e beeeab e e seeeabeesbeeenbeasseeenseesnbeeseeenneenseesasaans 131

Figure 70. Spatial distribution of pairwise co-occurrence fractions between environmental
anomalies in the Mediterranean Sea. Panels show the fraction of days where MHW:s coincide
with -ve anomalies in (a) chlorophyll-a, (b) nitrate. The fraction of days where -ve anomalies
of Chl-a coincide with MLD (¢), and nitrate (d).........ccceeeeireeiirieiiieeiee e 131

Figure 71. Spatial distribution of compound environmental stress events in the Mediterranean
Sea. Panels show the fraction of days where MHW s co-occur with multiple negative anomalies,
including combinations of chlorophyll-a, nitrate, and mixed layer depth............c.ccccuveenn.e. 132

Figure 72. Seasonal variability of co-occurrence fractions between MHWs and environmental
anomalies in the Mediterranean Sea for winter (JFM), spring (AMJ), summer (JAS), and

Page| 23



autumn (OND). Bars represent the fraction of days for each pairwise and compound condition.

Figure 73. Interannual variability of co-occurrence fractions between MHWs and
environmental anomalies in the Mediterranean Sea over the period 1993-2024. Time series
show annual fractions of pairwise and compound Stress eVENtS..........cceecveerveeveeneeriveennnennn. 133

Figure 74. Spatial distribution of the total number of MHW events over the period 1993-2024
in the Red Sea, highlighting the north—south gradient in MHW occurrence......................... 134

Figure 75. Environmental covariability with MHW intensity and mean environmental response
during MHW conditions in the Red Sea (same panels as Fig. 69). ........ccccovveviiiviinieennnenns 135

Figure 76. Spatial distribution of pairwise co-occurrence fractions between MHWs and
environmental anomalies in the Red Sea. ..., 136

Figure 77. Spatial distribution of compound environmental stress events in the Red Sea,
showing the fraction of days where MHWs co-occur with multiple negative anomalies in
chlorophyll-a, nitrate, and mixed layer depth. .........cccccoveviiiiiiiiiiiieeeee e 137

Figure 78. Seasonal variability of co-occurrence fractions between MHWs and environmental
anomalies in the Red Sea for winter (JFM), spring (AMJ), summer (JAS), and autumn (OND).

Figure 79. Interannual variability of co-occurrence fractions between MHWs and
environmental anomalies in the Red Sea over the period 1993-2024............ccoovieiiiiineens 137

Figure 80. Time series of SST (°C) during the July—August 2018 Mediterranean MHW event,
showing actual observed temperatures (a), and synthetic worst-case scenario (WCS; b).....139

Figure 81. Time series of SST (°C) during the June—July 2019 Mediterranean MHW event,
including climatology, threshold, observed temperatures, and worst-case scenario (WCS). 139

Figure 82. Temporal evolution of copepod survivorship (%) during the July—August 2018
experiment for observed MHW, and worst-case scenario (WCS). ......cccooeiriieiiiiiienieneneens 140

Figure 83. Temporal evolution of copepod survivorship (%) during the June—July 2019
experiment for observed MHW, and WCS conditions...........ccceevvveeerieeenieeeniieeniee e 140

Figure 84. The temperature evolution (a), average SSTA (b), and category (c) of the Bay of
Biscay JUuly-2013 MHW EVENL......ccccieiiiiiiiiiieiieeiie ettt eiee et eieesaeesieesbeesaeeeseessaesnseens 141

Figure 85. Temporal evolution of copepod survivorship (%) during the July-2013 experiment
for observed Bay of Biscay MHW @VENL........cccueiiieiiiiiiieiieeiiecie ettt 141

Page | 24



Figure 86. Comparison of copepod survivorship (%) across experiments, including
Mediterranean 2018 event, Bay of Biscay event, and control conditions (13-days experiments).

Figure 87. Comparison of copepod survivorship (%) across experiments, including
Mediterranean 2019 event and control conditions (18-days experiments)...............ccccvenieen. 142

Figure 88. Atmospheric heatwave (AHW) mean characteristics in the Mediterranean Sea.
Spatial distribution of (a) frequency, (b) duration, (c) mean intensity, (d) maximum intensity,
(e) cumulative intensity, and (f) total AHW days over the study period...........cccccvvvveureenneen. 148

Figure 89. Trends in atmospheric heatwave (AHW) characteristics. Spatial trends (per decade)
of (a) frequency, (b) duration, (c) mean intensity, (d) maximum intensity, (¢) cumulative
intensity, and (f) total AHW days across the Mediterranean basin. ...........cccccceveeniiinienneens 149

Figure 90. Atmospheric heatwave (AHW) categories and occurrence. (a) Spatial distribution
of mean AHW category. (b-e) Frequency and number of days associated with moderate and
STTONEZ AHW EVENLS. ...eeiiiiiiiiee ettt e e e e e et e e e et e e e e entaeeeesnsaaeeesensaeeeenns 150

Figure 91. MHW categories and occurrence. (a) Spatial distribution of mean MHW category.
(b-e) Frequency and number of days associated with moderate and strong MHW events.... 151

Figure 92. Spatial distribution of the Pearson correlation coefficient between daily SST
anomalies and near-surface air temperature anomalies. ...........cccceevierieiiieniiienieeeese e 151

Figure 93. temporal evolution of compound MHW—-AHW events. (a) Annual mean number of
compound days across the Mediterranean Sea. (b) Distribution of temporal lag between AHW
and MHW occurrences, computed for compound events. ..........cccceeeeveeenieeeciieenieeceiee e, 152

Figure 94. Seasonal distribution of compound MHW—-AHW co-occurrence. Histograms of co-
occurrence fraction (%) for winter (JFEM), spring (AMJ), summer (JAS), and autumn (OND),
illustrating seasonal variability in compound event likelihood. ...........c.ccceevviiiriiniiiniiene, 153

Figure 95. Spatial distribution of compound MHW-AHW co-occurrence. (a) total co-
occurrence fraction (1982-2024). (b—e) Seasonal co-occurrence fractions for JFM, AMJ, JAS,
ANd OND, TESPECIVEIY. ..eeeiiiieiiiieiee ettt e e e tae e e taeesnteeeensseeennnas 154

Figure 96. Mean MLD anomalies during (a) compound MHW and AHW events and (b) MHW -
only events. (c) Difference between compound and MHW-only conditions, highlighting the
impact of atmospheric forcing on upper-ocean Stratification. ..........c..ceceveeverreereeneenennnn 155

Figure 97. Vertical heat distribution and penetration depth. (a) Difference in temperature
anomaly penetration depth (compound — MHW-only). (b-c) Mean temperature anomalies in
the mixed layer for compound and MHW-only conditions. (d) Difference between the two
COMAITIONS. ..ttt ettt ettt ettt e bt e bt et e eae et e et e se b e bt enbeentesate et enseeneenbeeneesneenee 156

Page| 25



Figure 98. Basin-mean vertical temperature structure. (a) Basin-averaged vertical temperature
profiles for compound and MHW-only events. (b) Difference profile (compound — MHW-
only), with statistically significant differences (p < 0.05) indicated...........ccccceveerieeninnnenns 156

Figure 99. Statistical distribution of stratification and penetration depth. (a) Probability
distribution of basin-mean MLD anomalies for compound and MHW-only events. (b)
Distribution of heat penetration depth under both conditions...........cc.ccccevieviineniiniencnene. 157

Figure 100. Spatial and temporal distribution of Medicanes (1995-2023). (a) Peak intensity
locations of 23 Medicane events, with marker size representing maximum wind speed and color
indicating minimum sea-level pressure. (b) Temporal distribution of events and associated
PIESSUTE EVOIULION. ...viiiiiiieiiiieeiiee et e et e ettt e ettt e et e e etaeesbeeesabeeeaseeesnseeensreesnsneesnnseesnnseenns 158

Figure 101. Comparison between reported and ERA5-derived Medicane characteristics. (a—b)
Trends in minimum sea-level pressure and maximum wind speed. (c—d) Calibration
relationships between reported observations and ERAS estimates..........ccceeeveveevenieneennne 159

Figure 102. Atmospheric composites of Medicanes with and without SST anomalies. Evolution
of (a) sea-level pressure, (b) wind speed, (c) precipitation, (d) cloud cover, (e) latent heat flux,
(f) sensible heat flux, and (g) air temperature relative to storm peak...........cccoeeveeeierirenens 160

Figure 103. Oceanic response to Medicanes under different SST conditions. (a) SST anomalies,
(b) fraction of storm footprint overlapping with MHW conditions, (c) mixed layer depth, and
(d) subsurface temperature profiles at peak IntenSity........ccceeveeriieiiieiieniieeieee e 161

Figure 104. Comparison between weak and strong Medicanes under warm SST conditions.
Atmospheric and oceanic evolution of (a) pressure, (b) wind speed, (¢) precipitation, (d—e) heat
fluxes, (f) air temperature, (g) cloud cover, (h) SST anomalies, (i) MHW fraction, (j) mixed
layer depth, and (k) subsurface temperature profiles..........ccocceeviieiieniiiiiiiiiieieeeerie s 162

Figure 105. Medicane Zorbas (2018) preconditioning and evolution. (a) Event track. (b) MHW
event. (c) Vertical temperature structure and mixed layer depth. (d—i) Spatial evolution of SST
anomalies and latent heat flux before, during, and after the event. ..........ccccccvveeiiieeinnenee. 163

Figure 106. Medicane Zorbas (2018). Temporal evolution of (a) SST anomaly, (b) sea-level
pressure, (¢) wind speed, (d) precipitation, (e) air—sea temperature difference, and (f) air
1153001 01S) €2 1111 1O USROS 164

Figure 107. Medicane lanos (2020). (a) Spatial SST anomaly distribution. (b) SST evolution
and thresholds. (c) Vertical temperature structure. (d—g) Atmospheric evolution including
pressure, wind, precipitation, and latent heat fluX. ...........coooovieeiiiiiiiiie e 165

Figure 108. Medicane Daniel (2023). (a-b) SST anomaly and MHW footprint. (c-f) Surface
heat fluxes, precipitation, and air—sea temperature contrast. (g-h) pressure and wind evolution.
(i-m) time series of atmospheric variables during storm evolution. ...........cccceeeevueriencnnenne. 166

Page | 26



Tables:
Table 1. MHW events characteristics in the WMB and EMB between June and December 2019.

Table 2. Linear trends in subsurface MHW total days (days/decade) and mean intensity
(°C/decade) for the three Mediterranean subregions. Asterisks indicate statistically significant
145 116 SR O IR X ) TSRS 103

Table 3. Linear trends in subsurface MHW total days (days/decade) and mean intensity
(°C/decade) for the three Red Sea subregions. Asterisks indicate statistically significant trends
(D 0105ttt h et ea e e e e ae et en e et e ente et e 103

Page | 27



Chapter One: General Introduction

1.1 Introduction:

The global climate system is undergoing rapid transformation as a consequence of
increasing atmospheric concentrations of greenhouse gases from human activities (IPCC, 2018,
2019, 2022). A key aspect of this change is the substantial uptake of excess heat by the world’s
oceans, which serve as the primary heat reservoir of Earth’s climate system (von Schuckmann
et al., 2020; IPCC, 2022). Observational estimates indicate that about 89% of the excess heat
accumulated between 1960 and 2020 has been stored in the ocean, compared with
approximately 6% in land systems, 1% in the atmosphere, and the remainder contributing to
ice melt (Cheng et al.,2017; von Schuckmann et al., 2020; [PCC, 2022). This large heat uptake
highlights the central role of the ocean in regulating the pace and spatial distribution of global
climate change (Trenberth, 2020; Cheng et al., 2023).

Ocean warming has already caused widespread changes in the physical structure and
dynamics of the marine environment (IPCC, 2022; Cheng et al., 2023). Rising sea surface
temperatures (SST) have been observed across all ocean basins inrecent decades, accompanied
by increases in ocean heat content and significant modifications to the vertical stratification of
the upper ocean (Cheng et al., 2017, 2023; von Schuckmann et al., 2020). Enhanced
stratification reduces vertical mixing between surface and deeper waters, thereby influencing
nutrient transport, oxygen distribution, and the exchange of heat between the ocean and
atmosphere (Doney et al., 2012; [PCC, 2014). These physical changes are occurring alongside
other climate-driven stressors, including ocean acidification, deoxygenation, and sea-level rise,
which together alter marine biogeochemical cycles and ecosystem functioning (Doney et al.,
2012; Breitburg et al., 2018).

Beyond gradual long-term warming, the accumulation of heat in the ocean also alters ocean
temperature variability on shorter timescales. In particular, the increasing background
temperature of the ocean raises the probability of extreme thermal events in marine
environments (Frolicher et al., 2018; Oliver et al., 2018a; Sen Gupta et al., 2020). As mean
ocean temperatures continue to rise, temperature anomalies that previously represented rare
extremes are becoming increasingly common, leading to a fundamental shift in the frequency
and magnitude of ocean temperature variability (Oliver et al., 2018a; Collins et al., 2019).
Among the most prominent manifestations of these extreme temperature anomalies are marine
heatwaves , which are prolonged periods of unusually warm ocean temperatures relative to the
local seasonal climatology (Doney et al., 2012; Hobday et al., 2016; Frolicher et al., 2018;
Oliver et al., 2018a). Over the past decade, MHWs have emerged as a major focus of climate
research because of their increasing occurrence and their potential to disrupt marine ecosystems
and socio-economic activities (Oliver et al., 2018a; Arafeh-Dalmau et al., 2019; Smale et al.,
2019; Benedetti-Cecchi, 2021). Observational analyses show that the frequency, duration, and
intensity of MHWs have increased significantly across the global ocean since the early
twentieth century, largely due to long-term ocean warming superimposed on natural climate
variability (Oliver et al., 2018a; Darmaraki et al., 2019a; Sen Gupta et al., 2020).
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1.2 MHWs:

1.2.1 Definition and Conceptual Framing:

MHWs are episodic extreme events in which ocean temperatures become unusually
warm relative to the local seasonal cycle. The most widely adopted and internationally accepted
definition was introduced by Hobday et al., (2016), who proposed that an MHW occurs when
SST exceeds a location-specific, seasonally varying 90" percentile threshold for at least five
consecutive days, based on a long-term climatological reference period of typically 30 years or
more. This percentile-based approach provides a robust and objective framework for detecting
thermal extremes, as it accounts for the strong spatial and seasonal variability of ocean
temperatures (Hobday et al., 2016). It enables consistent identification of MHWs across
contrasting climatic regimes, from cold temperate seas to persistently warm tropical and
subtropical basins (Hobday et al., 2016). Consequently, it offers a common basis for
interregional comparison of marine heat extremes and their evolving characteristics under
climate change.

Within this framework, MHWs are characterized using a standardized set of metrics
that describe their temporal evolution and thermal intensity (Hobday et al.,2016; Fig.1). Event
duration is the total number of consecutive days during which SST exceeds the local threshold,
expressed in days. Frequency refers to the number of discrete MHW events occurring within
a given period, typically reported as events per year. Mean intensity is the average temperature
anomaly above the threshold over the event duration (°C), while maximum intensity is the
largest instantaneous exceedance reached during the event (°C). To account for both magnitude
and persistence, cumulative intensity is defined as the time-integrated temperature anomaly
above the threshold over the full event duration, expressedin °C.days. The rates of onset and
decay quantify how rapidly temperatures rise above or fall below the threshold, respectively,
and are commonly reported in °C/day. Finally, the spatial and vertical extents describe the
horizontal area (km?) and vertical depth (m) affected by an MHW at a given time or over its
lifetime.

Building on these metrics, Hobday et al., (2018) introduced a severity categorization
scheme that classifies MHWSs according to their intensity relative to local climatological
variability (Fig. 1). In this framework, events are grouped into four categories (Moderate,
Strong, Severe, and Extreme) based on how much the temperature anomaly exceeds the
threshold, scaled by the difference between the climatological mean and the 90" percentile
threshold. Importantly, the categorization is dynamic, so a single event may shift between
categories as it strengthens or weakens over its lifetime. Such classification provides an
intuitive measure of event magnitude and has proven valuable for communicating risk,
comparing impacts across regions, and linking physical extremes to ecological responses
(Hobday et al., 2018). Together, these standardized metrics and severity categories offer a
comprehensive and flexible framework for monitoring MHWs, assessing their evolution under
climate change, and interpreting their potential biological and biogeochemical consequences.

The detection of MHW:s using a percentile-based approach depends critically on how
the baseline climatology is defined. In practice, a fixed historical reference period is commonly
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used to characterize the local seasonal cycle and its variability, from which day-of-year
thresholds are derived (Hobday et al., 2016). The selection of this baseline directly influences
detection sensitivity and the interpretation of long-term trends under climate change. For
instance, using a warmer or more recent baseline shifts percentile thresholds upward, which
may reduce the number of detected events even as absolute temperatures continue to rise. In
contrast, fixed historical baselines emphasize the extent to which current conditions deviate
from past “normal” states and are therefore more suitable for highlighting long-term changes
in extreme thermal exposure (Hobday et al., 2016; Holbrook et al., 2019; Fernandez-Alvarez
et al., 2025; Smith et al., 2025).
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Figure 1. Conceptualrepresentation of a MHW event following the detection framework proposed by Hobday et
al. (2016,2018). A MHW occurs when SST exceeds a seasonally varying threshold (typically the 90" percentile)
for at least five consecutive days. The figure highlights key event characteristics, including duration, start and
end dates, and peak intensity relative to the climatological mean.

1.2.2 MHW Drivers:

MHWSs arise from the interaction of multiple physical processes that regulate the
accumulation, redistribution, and persistence of heat within the upper ocean (Holbrook et al.,
2019; Sen Gupta etal.,2020). Unlike long-term ocean warming associated with gradual climate
change, MHWs typically emerge from short-term anomalies in atmospheric and oceanic
conditions that produce extreme temperature deviations relative to the local climatology
(Hobday et al., 2016; Oliver et al., 2018a; Holbrook et al., 2019; Sen Gupta et al., 2020). Their
development therefore reflects the combined influence of atmospheric forcing, ocean
circulation, large-scale climate variability, and subsurface heat storage processes (Vogt et al.,
2022; Bian et al., 2024; Groger et al., 2024). These mechanisms often interact across multiple
spatial and temporal scales, and their relative importance varies depending on regional
oceanographic conditions. Understanding how these processes interact is essential for
interpreting regional variability in MHW occurrence and for improving projections of future
extreme warming events under continued climate change (Frolicher et al., 2018; Holbrook et
al., 2019; Sen Gupta et al., 2020).
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Atmospheric forcing frequently provides the initial conditions that trigger MHWSs by
altering the surface heat balance of the ocean (Bond et al., 2015; Holbrook et al., 2019; Sen
Gupta et al., 2020; Vogt et al., 2022). Persistent atmospheric anomalies can modify wind
patterns, radiative fluxes, and turbulent heat exchange at the air-sea interface, allowing heat to
accumulate within the surface mixed layer (Bian et al., 2024; Groger et al., 2024). Reduced
wind speeds weaken vertical mixing between the mixed layer and deeper waters, limiting the
upward transport of cooler subsurface water and enabling rapid SST increases (Benedetti-
Cecchi, 2021; Vogt et al., 2022; Darmaraki et al., 2024). Atmospheric blocking events can
further intensify this process by establishing quasi-stationary high-pressure systems that
promote clear-sky conditions, enhanced shortwave radiation, and reduced heat loss from the
ocean surface (Garrabou et al., 2009; Bond et al., 2015; Vogt et al., 2022; Darmaraki et al.,
2024). Such conditions were observed during the 2013-2016 Northeast Pacific MHW, where a
persistent atmospheric ridge suppressed mixing and allowed heat to accumulate in the upper
ocean (Bond et al., 2015; D1 Lorenzo and Mantua, 2016). The influence of atmospheric forcing
can be particularly strong in semi-enclosed basins such as the Mediterranean, where tight
coupling between regional atmospheric circulation and the ocean surface enhances the
sensitivity of SST to atmospheric anomalies (Darmaraki et al., 2019a; Ibrahim et al., 2021;
Pastor and Khodayar, 2023; Darmaraki et al., 2024; Artana et al., 2026).

Oceanic processes also play a crucial role by redistributing heat through horizontal
transport and regional circulation changes (Oliver et al., 2017, 2021; Holbrook et al., 2019).
Variability in ocean currents, mesoscale eddies, and frontal systems can advect warm water
masses into new regions and generate prolonged temperature anomalies (Holbrook etal.,2019;
Sen Gupta et al., 2020; Oliver et al., 2021; Vogt et al., 2022). Shifts in the strength or position
of major boundary currents have been linked to MHW formation in several regions, as these
currents transport large amounts of heat across the ocean (Oliver et al., 2018b, 2018a; Holbrook
et al., 2019; Groger et al., 2024). Mesoscale eddies and ocean fronts further contribute to
regional temperature variability by trapping and transporting warm water over long distances,
sometimes sustaining localized warming events for several months (Holbrook et al., 2019).
Horizontal convergence of warm water masses can therefore lead to the accumulation of heat
within a particular region, particularly when atmospheric conditions simultaneously favor
surface warming. These circulation-driven processes are often reinforced by strong ocean
stratification, which limits vertical mixing and allows heat anomalies to persist within the
mixed layer (Oliver et al., 2021).

Large-scale climate variability can further modulate the background conditions that
favor MHW development by altering atmospheric circulation patterns, wind systems, and air—
sea heat fluxes across entire ocean basins (McPhaden et al., 2006; Holbrook et al., 2019).
Among these modes, the El Nifio—Southern Oscillation (ENSO) represents the dominant source
of interannual climate variability and is characterized by alternating warm (El Nifio) and cool
(La Nina) SST anomalies in the equatorial Pacific, commonly monitored using the Oceanic
Nifio Index (ONI) based on SST anomalies in the Nifio 3.4 region (Barnston and Livezey, 1987;
McPhaden et al., 2006). Although ENSO originates in the tropical Pacific, its influence extends
globally through atmospheric teleconnections that modify wind patterns and heat fluxes in
distant regions, including the Indian Ocean and the Middle East (Bjerknes, 1969; McPhaden et
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al., 2006; Mohamed et al., 2021). In the North Atlantic sector, the Atlantic Multidecadal
Oscillation (AMO) represents multidecadal basin-wide SST variability, while the North
Atlantic Oscillation (NAO) describes fluctuations in the atmospheric pressure gradient between
the Azores High and the Icelandic Low, which strongly influence wind patterns and regional
climate across Europe and the Mediterranean (Hurrell et al., 2003; Zhang, 2007; Schneider et
al., 2013). Additional teleconnection patterns such as the East Atlantic Pattern (EAP), the East
Atlantic/West Russian pattern (EATL/WRUS), and the Indian Ocean Dipole (I0D; defined by
SST differences between the western and eastern equatorial Indian Ocean) can further influence
atmospheric circulation and regional heat fluxes (Barnston and Livezey, 1987; Behera et al.,
2021; Cai et al., 2021). Through these mechanisms, large-scale climate modes shape the
environmental conditions that can either favor or suppress MHW development across different
regions.

Finally, subsurface ocean processes can play an important role in sustaining MHW s by
storing heat beneath the surface mixed layer and modulating the vertical structure of
temperature anomalies (Holbrook et al., 2020; Dayan et al., 2023). Although MHWs are
typically identified using SST observations, recent studies have shown that warming events
can extend well below the surface and persist longer at depth (Juza et al., 2022; Dayan et al.,
2023; Darmaraki et al., 2024; Nadimpalli et al., 2025). Strong ocean stratification can trap
warm water below the mixed layer, creating subsurface heat reservoirs that remain insulated
from atmospheric cooling. Subsequent mixing events may then reintroduce this stored heat to
the surface, prolonging the duration of surface warming. Variations in thermocline depth can
also influence MHW development by bringing warmer subsurface water closer to the surface
or reducing the upwelling of cooler water (Oliver et al., 2017; Holbrook et al., 2020; Dayan et
al., 2023). These vertical processes are particularly important in stratified environments such
as semi-enclosed seas and tropical basins, where limited vertical mixing allows heat anomalies
to persist within the upper ocean for extended periods (Holbrook et al., 2020; Juza et al., 2022;
Dayan et al., 2023; Groger et al., 2024). Together with atmospheric forcing, ocean circulation,
and climate variability, subsurface heat storage forms an integral component of the multi-scale
processes that govern MHW evolution.

1.2.3 The Impacts of MHWs:

MHWs can have significant consequences for marine ecosystems because many marine
organisms live close to their physiological thermal limits (Sen Gupta et al., 2020). Sudden or
prolonged increases in ocean temperature can disrupt metabolic processes, alter species
interactions, and trigger widespread ecological disturbances across different marine habitats
(Smale et al., 2019; Oliver et al., 2021). As these extreme warming events become more
frequent and intense under ongoing climate change, their ecological impacts are increasingly
observed in both coastal and open-ocean ecosystems. Elevated temperatures can influence
biological systems through both direct and indirect pathways, affecting organism physiology,
reproduction, and survival, while also modifying nutrient availability, primary productivity,
and trophic interactions within marine food webs (Doney et al., 2012; Smale et al., 2019; Sen
Gupta et al., 2020). These combined effects can lead to shifts in species distribution, changes
in ecosystem structure, and alterations in marine biodiversity.
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One important pathway through which MHWs influence marine ecosystems is by
modifying upper-ocean stratification and nutrient dynamics (Theodorou et al., 2025). Increased
stratification during warming events often reduces vertical mixing between surface waters and
deeper nutrient-rich layers, limiting the nutrient supply required for phytoplankton growth
within the euphotic zone (Smale et al., 2019; Darmaraki et al., 2024; Theodorou et al., 2025).
As a result, phytoplankton biomass and primary productivity may decline, particularly in
oligotrophic regions where nutrient availability is already limited (Racault et al., 2012;
Hayashida et al., 2020; Arteaga and Rousseaux, 2023; Theodorou et al., 2025). Changes in
phytoplankton communities can propagate through the marine food web by affecting
zooplankton populations and higher trophic levels. In some cases, MHWs may also favor the
development of harmful algal blooms when warming and stratified conditions promote the
growth of opportunistic phytoplankton species (Smale et al., 2019; Greenhough et al., 2025).

Benthic ecosystems are particularly vulnerable to MHWs because many benthic
organisms have limited mobility and cannot easily escape unfavorable thermal conditions
(Garrabou et al., 2009; Smale et al., 2019). Elevated temperatures can cause physiological
stress and increased mortality among benthic species such as corals, sponges, and other
invertebrates (Garrabou et al., 2009; Genevier et al., 2019; Darmaraki et al., 2025; Nadimpalli
et al., 2025). These disturbances can alter community composition and reduce biodiversity,
especially when habitat-forming organisms decline. In coral reef ecosystems, extreme warming
can trigger coral bleaching, a process in which corals expel their symbiotic algae under thermal
stress, potentially leading to coral mortality if elevated temperatures persist (Hughes et al.,
2018). Although some coral populations, such as those in the Red Sea, exhibit relatively high
thermal tolerance, prolonged MHWs may still pose risks if temperature thresholds are exceeded
(Fine et al., 2013; Genevier et al., 2019; Darmaraki et al., 2025).

Beyond these direct ecological effects, MHWs can also drive broader ecosystem
changes and socio-economic impacts. Temperature anomalies may force species to shift their
geographic ranges toward cooler regions, altering community composition and regional
biodiversity patterns (Smale et al., 2019; Fredston et al., 2023). Such changes can influence
fisheries productivity by modifying the distribution and abundance of commercially important

species, with potential consequences for coastal communities that depend on marine resources
(Mills et al., 2013; Fredston et al., 2023).

1.2.4 Compound MHWs and Atmospheric Extremes:

MHWs are increasingly recognized as part of broader compound climate extremes
rather than isolated oceanic events (Burger et al., 2022; Aboelkhair et al., 2023; Chen et al.,
2023; Choi et al., 2024; Jangir et al., 2024; Paredes-Fortuny et al., 2025; Zhou et al., 2025;
Russo et al., 2026). Compound extremes occur when two or more climate hazards occur
simultaneously or sequentially, producing combined impacts that can exceed those associated
with each event individually (AghaKouchak et al., 2020; Le Grix et al., 2021). In the ocean—
atmosphere system, MHWs may interact with other extreme phenomena such as atmospheric
heatwaves, droughts, or intense storm systems through coupled physical processes that modify
surface heat fluxes, atmospheric circulation, and ocean dynamics (Aboelkhair et al., 2023; Choi
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et al., 2024; Jangir et al., 2024; Paredes-Fortuny et al., 2025; Zhou et al., 2025; Russo et al.,
2026). These interactions can amplify thermal stress within the ocean and increase the
persistence or intensity of warming events. Because MHW:s are strongly influenced by air-sea
heat exchanges, momentum, and moisture, the simultaneous occurrence of atmospheric and
oceanic extremes can reinforce positive feedbacks that intensify both marine and atmospheric
conditions.

Within this framework, particular attention has been given to the co-occurrence of
marine and atmospheric heatwaves. Atmospheric heatwaves can significantly alter the ocean
surface heat balance by increasing incoming solar radiation, weakening wind-driven mixing,
and modifying turbulent heat exchange between the ocean and atmosphere (Aboelkhair et al.,
2023; Russo et al., 2026). These processes favor the accumulation of heat within the surface
mixed layer and can contribute to the initiation or intensification of MHWs. Observational and
modeling studies have shown that the concurrence of atmospheric and MHWs can prolong
warming events and enhance their magnitude through strong air-sea coupling (AghaKouchak
et al., 2020; Aboelkhair et al., 2023; Paredes-Fortuny et al., 2025; Russo et al., 2026). Such
compound temperature extremes illustrate how atmospheric variability can interact with ocean
processes to generate persistent warm anomalies in the upper ocean.

In addition to atmospheric heatwaves, recent research has begun to examine how
MHWSs may interact with cyclonic systems, including tropical-like cyclones known as
medicanes in the Mediterranean Sea (Choi et al., 2024; Jangir et al., 2024; Zhou et al., 2025).
Although relatively rare, medicanes can produce intense winds, heavy precipitation, and
significant coastal impacts across the basin (Romero and Emanuel, 2013; Miglietta and
Rotunno, 2019; Jangir et al., 2024). Warm SSTs and elevated upper-ocean heat content
associated with MHWs can enhance latent and sensible heat fluxes from the ocean to the
atmosphere, potentially providing additional energy that supports cyclone development or
intensification (Borzi et al., 2024). Case studies of recent medicanes such as Zorbas (2018),
Ianos (2020), and Apollo (2021) suggest that cyclone intensification may occur in the presence
of either basin-scale MHW conditions or localized warm-core ocean eddies that supply heat to
the atmosphere (Borzi et al., 2024; Jangir et al., 2024). Despite these emerging findings, the
interaction between MHWs and Mediterranean cyclogenesis remains less well understood than
the coupling between atmospheric and MHWs, highlighting the need for further research on
compound ocean-atmosphere extremes in the region.

1.2.5 MHWs Across the Global Ocean:

MHWs have been documented in all major ocean basins and marginal seas, demonstrating
that extreme ocean temperature events are a widespread phenomenon rather than isolated
regional anomalies (Frolicheret al., 2018; Oliver et al., 2018a; Holbrook et al., 2019; Smale et
al., 2019; Sen Gupta et al., 2020; Benedetti-Cecchi, 2021). Under global warming, satellite
SST records show a marked increase in the frequency, duration, and intensity of MHWs over
recent decades (Oliver et al., 2018a; Holbrook et al., 2019). The global distribution of notable
MHW events highlights the diverse environmental contexts in which they occur, ranging from
open-ocean regions to coastal ecosystems and semi-enclosed seas (Fig. 2).
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One of the most widely studied MHW events occurred in the Northeast Pacific Ocean
between 2013 and 2016, commonly referred to as the “Blob.” This event was characterized by
exceptionally warm surface waters that persisted for several years across a large portion of the
North Pacific (Bond et al., 2015; Di Lorenzo and Mantua, 2016). The event developed
primarily due to persistent atmospheric high-pressure systems that suppressed wind-driven
mixing and reduced heat loss from the ocean surface. As a result, heat accumulated in the upper
ocean, producing temperature anomalies several degrees above the climatological mean (Bond
et al., 2015). The Blob had widespread ecological consequences, including harmful algal
blooms, disruptions in plankton communities, and increased mortality among marine mammals
and seabirds (Di Lorenzo and Mantua, 2016; Smale et al., 2019).
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Figure 2. Global distribution of notable MHW events recorded in recent decades. Colours indicate event severity

categories, and labels highlight well-documented regional events (Smith et al., 2021).

Another well-documented MHW occurred in the Northwest Atlantic during 2012, affecting
the northeastern continental shelf of North America. This event developed rapidly and was
linked to anomalous atmospheric circulation patterns and shifts in the jet stream position
associated with the North Atlantic Oscillation (Mills et al., 2013; Holbrook et al., 2019). The
resulting ocean warming produced SST anomalies that exceeded historical variability and
caused significant ecological and economic impacts, including changes in fish distribution and
fisheries management challenges (Mills et al., 2013; Oliver et al., 2018a).

Extreme MHWs have also been recorded in the Southern Hemisphere, particularly in the
Tasman Sea between Australiaand New Zealand (Oliveretal., 2018b). The 2015-2016 Tasman
Sea MHW was driven by anomalously strong poleward transport of warm subtropical waters
by the East Australian Current, combined with atmospheric heat flux anomalies (Oliver et al.,
2017, 2018b). This event led to substantial ecosystem restructuring, including the loss of kelp
forests and the poleward expansion of several warm-water species (Smale et al., 2019).
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In tropical regions, MHWs are frequently associated with large-scale climate variability
such as the El Nifio—Southern Oscillation (ENSO). Strong El Nifio events in 1998, 2010, and
2015-2017 generated prolonged warm anomalies across the Indo-Pacific, resulting in
widespread coral bleaching across major reef systems, including the Great Barrier Reef
(Hughes et al., 2018; Sen Gupta et al., 2020). Elevated SSTs, combined with weak winds and
clear-sky conditions during these events, intensified thermal stress on coral ecosystems, leading
to extensive coral mortality and long-term degradation of reef habitats (Hughes et al., 2018;
Sen Gupta et al., 2020).

While MHW:s occur in both open-ocean and coastal environments, semi-enclosed seas are
often particularly susceptible to these events due to their restricted exchange with the open
ocean and strong coupling with regional atmospheric conditions (Lionello et al., 2006;
Darmaraki et al., 2019a, 2019b; Genevier et al., 2019; Mohamed et al., 2021, 2022a). In such
basins, limited horizontal heat transport can allow thermal anomalies to persist for extended
periods, while strong seasonal stratification can trap heat in the upper ocean and amplify
surface warming. These physical characteristics can enhance the development and persistence
of MHWs compared with more open-ocean environments (Darmaraki et al., 2019a; Pastor et
al., 2020; Pastor and Khodayar, 2023).

Among semi-enclosed systems, the Mediterranean Sea and the Red Sea have received
increasing scientific attention because of their rapid warming trends and their ecological and
socio-economic importance. Both basins have experienced a marked increase in MHW
occurrence in recent decades, with events affecting large portions of their surface area and
causing significant ecological disturbances (Darmaraki et al., 2019a, 2019b; Genevier et al.,
2019; Juza et al., 2022; Pastor and Khodayar, 2023). Understanding the occurrence and
variability of MHWs across diftferent ocean regions therefore requires considering both global
climate drivers and regional oceanographic processes. Comparative analyses of semi-enclosed
basins provide valuable insights into how local environmental conditions influence the
development, persistence, and ecological consequences of extreme ocean warming events. The
following sections therefore focus on the Mediterranean Sea and the Red Sea, two semi-
enclosed basins where MHWs have intensified in recent decades.

1.3 The Mediterranean Sea:
1.3.1 Basin Geometry:

The Mediterranean Sea is a semi-enclosed basin located between Europe, Africa, and Asia,
extending from the Strait of Gibraltar in the west to the Levantine Basin in the east. It covers
an area of approximately 2.5 million km? and reaches depths exceeding 5,000 m in several
locations, making it one of the largest semi-enclosed seas in the global ocean (Lionello et al.,
2006; Tanhua et al., 2013; Pinardi et al., 2019). Although relatively small compared to major
ocean basins, the Mediterranean Sea plays a significant role in regional climate dynamics,
thermohaline circulation, and marine biodiversity (Tanhua et al., 2013; Pinardi et al., 2019;
Allam et al., 2020; Pastor et al., 2020).

The Mediterranean basin is typically divided into two major sub-basins: the Western
Mediterranean Basin (WMB) and the Eastern Mediterranean Basin (EMB). These sub-basins
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are separated by the Strait of Sicily, a shallow sill that restricts deep-water exchange between
the western and eastern parts of the basin. The western basin includes the Alboran Sea, the
Balearic Sea, and the Gulf of Lion, while the eastern basin comprises the Ionian Sea, the
Adriatic Sea, the Aegean Sea, and the Levantine Basin. These regions vary in bathymetry, water
mass properties, and circulation patterns, resulting in strong spatial variability in oceanographic
conditions across the Mediterranean. The overall bathymetric structure and subdivision of the
Mediterranean Sea are shown in Fig.3, which highlights the distinction between the western
and eastern basins and the complex topography of the region.
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Figure 3. Bathymetry of the Mediterranean Sea showing the Western Mediterranean Basin (WMB) and the
Eastern Mediterranean Basin (EMB), separated by the Strait of Sicily. Bathymetry corresponds to the GEBCO
bathymetry dataset (https://www.gebco.net).

1.3.2 Mediterranean Circulation and Atmospheric Forcing:

Mediterranean circulation is typically described as an inverse estuarine system, where
relatively fresh Atlantic Water enters the basin at the surface through the Strait of Gibraltar,
while saltier Mediterranean waters exit at intermediate depths (Tanhua et al., 2013; Pinardi et
al., 2019; Allam et al., 2020). This circulation is primarily driven by strong net evaporation,
which exceeds precipitation and river runoff. As Atlantic Water flows eastward, it becomes
progressively warmer and saltier due to intense evaporation and heat exchange with the
atmosphere (Pinardi et al., 2019; Allam et al., 2020). This process leads to the formation of
several characteristic Mediterranean water masses, including Levantine Intermediate Water
(LIW), Western Mediterranean Deep Water (WMDW), and Eastern Mediterranean Deep Water
(EMDW). These water masses play an essential role in the Mediterranean overturning
circulation, which redistributes heat and salt throughout the basin and influences exchanges
between the Mediterranean and the Atlantic Ocean (Pinardi et al., 2019). Mesoscale features
such as eddies and fronts are especially important in the Mediterranean Sea and contribute
significantly to its oceanographic variability (Brenner, 1993; Tanhua et al., 2013; Barcikowska
et al., 2018; Allam et al., 2020; Pisano et al., 2020). These structures influence the horizontal
transport of heat and salt, modify biological productivity, and shape the spatial distribution of
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marine ecosystems. Satellite observations and numerical modelling studies have shown that
mesoscale variability plays a key role in controlling regional ocean circulation and mixing
processes within the basin (Pisano et al., 2020).

Atmospheric forcing strongly influences Mediterranean ocean dynamics due to the basin’s
relatively small spatial scale and strong air-sea coupling. Seasonal variations in wind patterns,
surface heat fluxes, and evaporation regulate the stratification and mixing of the upper ocean.
In winter, intense cooling and evaporation in regions such as the Gulf of Lion, the Adriatic Sea,
and the Aegean Sea can trigger deep convection events that contribute to deep-water formation
and renewal of Mediterranean deep waters (Lionello et al., 2006; Tanhua et al., 2013). These
deep-water formation processes are a critical component of the Mediterranean overturning
circulation and play an important role in regulating the basin’s heat and salt budgets (Pinardi
etal.,2019). The Mediterraneanregion is also affected by several characteristic wind systems,
including the Mistral, Bora, and Etesian winds, which can significantly impact surface
circulation and vertical mixing (Tanhua et al., 2013; Allam et al., 2020). Variability in these
atmospheric patterns can lead to substantial changes in upper-ocean stratification and
temperature distribution, thereby influencing the development and persistence of extreme
ocean temperature events. The complex interplay between basin geometry, water mass
formation, and atmospheric forcing makes the Mediterranean Sea a dynamically active system
despite its semi-enclosed nature.

1.3.3 Biodiversity and Ecosystem Vulnerability:

The Mediterranean Sea is recognized as one of the most biologically diverse marine regions
on Earth. Although it represents less than 1% of the global ocean surface, the basin hosts an
estimated 7-10% of the world’s known marine species, many of which are endemic to the
region (Diaz-Almela et al., 2007; Rivetti et al., 2014; Chefaoui et al., 2018). This high
biodiversity reflects the Mediterranean’s complex geological history, diverse habitats, and
strong environmental gradients. A wide range of marine ecosystems are present within the
basin, including seagrass meadows dominated by Posidonia oceanica, coralligenous
assemblages, rocky reef communities, and pelagic ecosystems (Diaz-Almela et al., 2007,
Garrabou et al., 2009; Katsanevakis et al., 2014; Guerrero-Meseguer et al., 2017, 2020;
Mannino et al., 2017). These habitats support a rich variety of fish, invertebrates, and primary
producers that contribute to the ecological functioning and productivity of Mediterranean
marine ecosystems. The basin also sustains economically important fisheries and provides
essential ecosystem services to surrounding coastal populations.

However, Mediterranean ecosystems are increasingly exposed to environmental stressors
from both natural and anthropogenic pressures. Coastal development, pollution, overfishing,
and the introduction of invasive species have already altered many marine habitats within the
basin (Katsanevakis et al., 2014; Mannino et al., 2017). These pressures interact with climate-
driven changes such as ocean warming, stratification, and changes in circulation patterns,
increasing the vulnerability of Mediterranean ecosystems to extreme environmental events.
MHWs are among the most significant emerging threats to Mediterranean marine ecosystems
(Mannino et al., 2017). Elevated temperatures during these events can disrupt ecological
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processes, alter species interactions, and cause widespread mortality among temperature-
sensitive organisms (Smale et al., 2019). Therefore, understanding the dynamics of MHWs in
the Mediterranean Sea is essential for assessing future ecosystem risks under ongoing climate
change.

1.3.4 MHWs in the Mediterranean Sea:

The Mediterranean Sea is widely recognized as a climate-change hotspot, with warming
rates exceeding the global ocean average and extreme temperature events intensifying in recent
decades (Darmaraki et al., 2019a; Pastor et al., 2020). Recent studies show that Mediterranean
MHWs have become more frequent, longer, and more intense across various regions of the
basin over the past several decades (Darmaraki et al., 2019a, 2024; Ibrahimet al., 2021; Pastor
and Khodayar, 2023). One of the most well-documented MHW events occurred in the summer
of 2003, when exceptionally high SSTs affected large areas of the northwestern Mediterranean
(Garrabou et al., 2009). This event caused widespread mass mortality among benthic
invertebrate communities, including sponges, corals, and gorgonians, highlighting the
vulnerability of Mediterranean ecosystems to extreme thermal stress (Garrabou et al., 2009;
Rivetti et al., 2014).

Recent studies show that MHWs in the Mediterranean often display strong spatial
variability, reflecting the influence of basin-scale circulation and regional atmospheric forcing.
Several extreme events, including those in 2015, 2017, 2018, and 2022, have affected large
portions of the basin and have been linked to persistent anticyclonic conditions, weak winds,
enhanced shortwave radiation, and strong stratification (Darmarakietal.,2019a,2019b, 2024;
Juza et al., 2022). These events exhibit pronounced spatial heterogeneity, with the western
Mediterranean typically experiencing more intense but shorter-lived events, whereas the
eastern basin often shows longer-duration anomalies sustained by subsurface heat storage and
circulation processes (Darmaraki et al., 2019a, 2024; Pisano et al., 2020; Juza et al., 2022).
Recent studies have highlighted the importance of subsurface MHWs in the Mediterranean,
showing that thermal anomalies can extend below the mixed layer and persist beyond periods
of direct atmospheric forcing and this vertical extension can increases ecosystem exposure and
reduces thermal refuges (Juza et al., 2022; Darmaraki et al., 2024; Denaxa et al., 2025; Artana
et al., 2026).

The combination of rapid regional warming, complex ocean circulation, and high
ecological sensitivity makes the Mediterranean Sea a particularly important region for
investigating MHWSs and their environmental consequences. Understanding the physical
mechanisms driving these events and their ecological impacts is therefore essential for
predicting future changes in Mediterranean marine ecosystems.

1.4 The Red Sea:
1.4.1 Basin geometry:

The Red Sea is a narrow, elongated basin located between northeastern Africa and the
Arabian Peninsula. It extends approximately 2,000 km from the Gulf of Suez in the north to
the Bab-el-Mandeb Strait in the south, covering about 438,000 km? and reaches depths over
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2,000 m in its central trough (Sofianos et al., 2002; Carvalho et al., 2019). Unlike the
Mediterranean Sea, which connects to the Atlantic Ocean through the Strait of Gibraltar, the
Red Sea exchanges water with the Indian Ocean via the relatively narrow Bab-el-Mandeb Strait
(Fig. 4). The Red Sea is characterized by high salinity and temperature, making it one of the
warmest and most saline marine environments in the global ocean (Sofianos et al., 2002;
Chaidez et al., 2017; Carvalho et al., 2019; Krokos et al., 2019). These conditions result
primarily from intense evaporation and minimal freshwater input, as the basin receives little
precipitation and lacks major river inflows, consequently, surface salinity values often exceed
40 PSU in many areas of the basin (Sofianos et al., 2002).

The basin is typically divided into northern and southern regions, which differ in
bathymetry and hydrographic characteristics. The northern Red Sea, including the Gulfs of
Suez and Aqaba, is generally deeper and more strongly stratified, while the southern Red Sea
is influenced by seasonal exchanges with the Gulf of Aden through the Bab-el-Mandeb Strait
(Carvalho et al., 2019; Liu and Yao, 2022). This connection allows relatively fresher water
from the Gulf of Aden to enter the southern Red Sea, contributing to a meridional gradient in
temperature and salinity across the basin (Sofianos et al., 2002; Krokos et al., 2021).

The combination of restricted exchange, intense evaporation, and strong meridional
gradients creates a unique thermohaline structure that distinguishes the Red Sea from most
other ocean basins. These characteristics strongly influence the basin’s circulati on patterns and
its response to atmospheric variability.
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Figure 4. Bathymetry map of the Red Sea. Bathymetry corresponds to the GEBCO bathymetry dataset
(https.://www.gebco.net).

1.4.2 Circulation and Atmospheric Forcing:

Circulation inthe Red Sea is largely determined by the interaction between basin geometry
and seasonal atmospheric forcing (Sofianos et al., 2002; Rasul and Stewart, 2015; Krokos et
al., 2021). Unlike the Mediterranean Sea, where circulation is dominated by an inverse
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estuarine system driven by evaporation, the Red Sea exhibits strong seasonal variability
associated with the Indian Ocean monsoon system (Rasul and Stewart, 2015; Sofianos and
Johns, 2015, 2017; Krokos et al., 2019). In winter, prevailing northerly winds drive a surface
circulation in which relatively fresher water from the Gulf of Aden enters the southern Red Sea
through the Bab-el-Mandeb Strait, while saltier Red Sea water exits at intermediate depths
(Sofianos et al., 2002; Rasul and Stewart, 2015; Sofianos and Johns, 2015). In summer, the
reversal of wind patterns associated with the southwest monsoon alters the exchange between
the Red Sea and the Gulf of Aden, resulting in a more complex three-layer circulation system
in the strait (Sofianos et al., 2002; Rasul and Stewart, 2015; Yao and Hoteit, 2018; Carvalho et
al., 2019; Hoteit et al., 2021; Liu and Yao, 2022). This seasonal variability plays an important
role in regulating the heat and salt budgets of the basin.

Mesoscale circulation features also contribute significantly to Red Sea ocean dynamics.
Satellite observations and numerical models reveal numerous eddies and gyres that influence
the transport of heat and nutrients throughout the basin (Sofianos et al., 2002; Zhan etal., 2016,
2018,2019; Hoteit et al., 2021; Krokos et al., 2021). These mesoscale structures can persist for
several months and play a key role in redistributing warm water masses and shaping regional
oceanographic variability (Zhan et al., 2016, 2018, 2019). Atmospheric forcing strongly
influences the thermal structure of the Red Sea (Rasul and Stewart, 2015; Sofianos and Johns,
2015; Carvalho et al., 2019; Krokos et al., 2019). Persistent northerly winds dominate much of
the basin for most of the year, promoting strong evaporation and contributing to the formation
of highly saline water masses (Sofianos and Johns, 2017; Alawad et al., 2020). Seasonal
variations in wind patterns and heat fluxes can significantly affect upper-ocean stratification
and temperature variability, thereby influencing the development and persistence of extreme
warming events (Krokos et al., 2021).

1.4.3 Biodiversity, Coral Reef Ecosystems, and Environmental
Vulnerability:

The Red Sea is characterized by strong stratification, extremely low riverine input, and
chronically low nutrient concentrations in surface waters (Sofianos and Johns, 2015; Alawad
et al., 2020; Hoteit et al., 2021). As a result, biological productivity in the basin is generally
limited by the availability of nutrients in the euphotic layer, and physical processes controlling
vertical mixing and circulation play a dominant role in regulating ecosystem variability
(Raitsoset al., 2013; Alawad et al., 2020). Atmospheric forcing, particularly the regional wind
regime, is one of the primary drivers of upper-ocean dynamics in the Red Sea and strongly
influences the distribution of nutrients and phytoplankton biomass (Raitsos et al., 2013; Alawad
etal., 2020; Hoteit et al., 2021). Surface winds are largely constrained by the steep topography
of the surrounding Arabian and African mountain ranges, producing a predominantly north—
south wind system aligned with the basin axis (Langodan et al., 2017b). In the northern Red
Sea, winds typically blow from the northwest throughout the year, while the southern basin
experiences seasonal reversals associated with the Indian monsoon system (Raitsos etal.,2013;
Langodan et al., 2017b, 2017b; Alawad et al., 2020). These seasonal wind patterns modulate
upper-ocean circulation, mixed layer depth, and thermocline structure, thereby influencing the
vertical transport of nutrients into surface waters (Yao et al., 2014; Sofianos and Johns, 2015).
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In addition to basin-scale winds, several localized atmospheric features exert strong control
on Red Sea oceanography. Among these, the Tokar Gap wind jet, located along the Sudanese
coast near approximately 19°N, represents one of the most intense and dynamically significant
regional wind systems (Jiang et al., 2009; Davis et al., 2015). The Tokar jet forms when hot,
low-pressure air over the Sudanese desert accelerates through the Tokar Gap toward the Red
Sea, generating strong cross-basin winds that are most pronounced during the summer months
(Jiang et al., 2009; Davis et al., 2015). The strong wind forcing associated with the Tokar jet
induces intense surface stress, which enhances vertical mixing and drives Ekman transport
across the basin. As a consequence, a dipolar system of mesoscale eddies frequently develops
in the central Red Sea during Tokar wind events, significantly altering the regional circulation
and vertical structure of the water column (Sofianos and Johns, 2003; Jiang et al., 2009; Davis
et al., 2015).

Enhanced vertical mixing and eddy-induced upwelling associated nutrient-rich subsurface
waters into the euphotic zone (Raitsos etal.,2013; Langodan etal., 2017b; Alawad et al., 2020).
Such processes are particularly important in the central Red Sea, where Tokar wind events can
temporarily weaken stratification and increase mixed layer depth, facilitating the upward
transport of nitrate and other nutrients (Raitsos et al., 2013; Sofianos and Johns, 2015; Alawad
et al., 2020; Krokos et al., 2021). The resulting increase in nutrient availability can stimulate
phytoplankton growth and lead to localized increases in chlorophyll-a concentrations observed
by satellite sensors (Racault et al., 2012; Raitsos et al., 2013; Alawad et al., 2020). Indeed,
several studies have reported strong links between wind variability, mixed layer dynamics, and
phytoplankton phenology across the Red Sea, highlighting the importance of atmospheric
forcing in controlling primary productivity in this oligotrophic basin (Raitsos et al., 2013;
Kheireddine et al., 2017; Allam et al., 2020).

The Red Sea is globally recognized for its extensive and diverse coral reef ecosystems,
which extend along much of the basin’s coastline (Al-Horani et al., 2006; Cochran et al., 2024;
Cerutti et al., 2025). These reefs support high biodiversity and provide critical habitat for a
wide range of marine organisms (Cochran et al., 2024; Gonzalez et al., 2024; Cerutti et al.,
2025). Coral reefs in the Red Sea also play important roles in regional fisheries, coastal
protection, and tourism. A remarkable feature of Red Sea coral reefs is their apparent tolerance
to relatively high water temperatures compared with reefs in many other regions (Genevier et
al., 2019). Some coral populations in the northern Red Sea have demonstrated resilience to
thermal stress that would typically cause bleaching in other tropical reef systems (Fine et al.,
2013; Genevier et al., 2019). This resilience has led to suggestions that parts of the northern
Red Sea may serve as potential refugia for coral reefs under future climate warming (Fine et
al., 2013). Despite this apparent thermal tolerance, Red Sea ecosystems remain vulnerable to
environmental change (Genevier et al., 2019; Gonzalez et al., 2024; Ceruttiet al., 2025). Rapid
coastal development, pollution, and increasing SSTs pose growing threats to coral reef health
(Genevieret al., 2019; Cerutti etal., 2025). Moreover, extreme warming events associated with
MHWs can still induce coral bleaching and ecosystem disruption, particularly in regions where
environmental conditions exceed the thermal limits of reef organisms (Genevier et al., 2019).
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1.4.4 MHWs in the Red Sea:

Recent studies have documented significant warming trends across the Red Sea, with SSTs
increasing steadily over recent decades (Chaidez et al., 2017; Krokos et al., 2019). These
warming trends have been accompanied by a rising occurrence of MHWs that affect large
portions of the basin (Genevier et al., 2019; Mohamed et al., 2021; Darmaraki et al., 2025;
Nadimpalli et al., 2025; Theodorou et al., 2025). Observational analyses indicate that such
events can persist for extended periods and may expose coral reef ecosystems to prolonged
thermal stress (Genevier et al., 2019; Darmaraki et al., 2025). MHWs in the Red Sea often
show pronounced spatial variability due to the basin’s complex circulation and strong
meridional gradients in temperature and salinity. A strong correlation is reported between the
mean SST and the frequency of MHW (Mohamed et al., 2021). Because coral reefs are highly
sensitive to temperature anomalies, prolonged MHWSs can trigger coral bleaching events and
disrupt reef ecosystem functioning. Although some Red Sea coral communities exhibit higher
thermal tolerance compared with reefs in other tropical regions, the increasing frequency and
intensity of MHWSs may still pose significant risks to the long-term stability of these
ecosystems (Fine et al., 2013; Genevier et al., 2019; Darmaraki et al., 2025).

The unique environmental conditions of the Red Sea therefore provide an important
opportunity to investigate how marine ecosystems respond to extreme ocean warming in a
highly saline and thermally variable environment. Comparing MHW dynamics between the
Red Sea and other semi-enclosed basins, such as the Mediterranean Sea, can offer valuable
insights into the physical and ecological processes governing extreme ocean temperature
events.

1.5 Research Gaps and Motivation:

Despite the rapid growth of research on MHWs over the past decade, several uncertainties
remain regarding their mechanisms, vertical structure, ecological implications, and interactions
with other climate extremes in semi-enclosed seas. Numerous studies have documented the
increasing frequency, duration, and spatial heterogeneity of MHWs in the Mediterranean Sea,
confirming that the basin is experiencing a strong intensification of extreme ocean warming
(Darmaraki et al., 2019a, 2024; Genevier et al., 2019; Ibrahim et al., 2021; Mohamed et al.,
2021; Juzaetal., 2022; Dayan et al., 2023; Pastor and Khodayar, 2023). However, much of the
existing work has focused primarily on characterizing the occurrence and trends of surface
events rather than providing a comprehensive basin-scale assessment of their underlying
mechanisms and variability across different sub-regions.

A first limitation concerns the attribution of physical drivers. Several studies have
identified atmospheric forcing, air-sea heat fluxes, stratification, and circulation anomalies as
key factors contributing to Mediterranean MHWs. However, many analyses have focused on
individual extreme events or short observational periods rather than systematically examining
the combined influence and relative importance of atmospheric and oceanic processes across
seasons and sub-basins. Consequently, the interplay between large-scale atmospheric forcing,
regional circulation, and upper-ocean preconditioning in shaping MHW variability in semi-
enclosed seas remains insufficiently quantified.
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A second important gap relates to the vertical structure of MHWs. While most studies
identify MHWs using SST observations, recent research indicates that warming anomalies
often extend below the mixed layer and may persist at depth, producing subsurface MHWs
with distinct temporal and spatial characteristics. Although several investigations have begun
to document the subsurface expression of Mediterranean MHW s, vertically resolved analyses
remain limited compared with surface-based assessments, constraining our understanding of
the three-dimensional evolution and persistence of extreme warming events.

A third research gap concerns compound climate extremes involving MHWs. Increasing
evidence shows that MHWs frequently co-occur with atmospheric heatwaves, and their
simultaneous occurrence can amplify ocean warming through enhanced air—sea heat fluxes and
reduced vertical mixing (Aboelkhairetal.,2023; Paredes-Fortunyetal., 2025). However, most
studies have focused on the surface intensification of these compound events, while their
potential influence on the vertical structure of MHWSs and the penetration of heat into deeper
ocean layers remains poorly understood.

Recent studies have also begun to examine the relationship between MHWs and
Mediterranean tropical-like cyclones (medicanes). Elevated SSTs associated with MHWs may
contribute to medicane formation or intensification (Miglietta and Rotunno, 2019; Jangir etal.,
2024). Nevertheless, existing work has primarily explored how MHWs influence medicanes,
often through individual case studies. In contrast, the potential impacts of medicanes on MHW
evolution, such as their role in modifying ocean mixing or redistributing heat anomalies, remain
largely unexplored.

1.6  Thesis Objectives:

The overall objective of this thesis is to advance the understanding of MHWs in semi-
enclosed seas through a long-term, basin-scale, and vertically resolved analysis of their
variability, physical drivers, ecological implications, and compound interactions in the
Mediterranean Sea and the Red Sea. By integrating satellite observations, ocean reanalysis
datasets, and statistical analyses, this research aims to provide a comprehensive assessment of
the mechanisms controlling extreme ocean warming in these two rapidly warming regional
seas. To achieve this goal, the thesis addresses the following specific scientific objectives:

I. Characterization of MHW variability

To characterize the long-term spatiotemporal variability of both surface and subsurface
MHWs in the Mediterranean Sea and the Red Sea from 1982 to the present. Particular emphasis
is placed on regional heterogeneity, vertical penetration, persistence, recurrence, and long -term
trends.

I1. Investigation of physical drivers

To investigate the physical mechanisms controlling MHW development by quantifying the
relative contributions of atmospheric forcing and oceanic processes as well as their seasonal
and regional differences within the Mediterranean and Red Seas.

II1. Ecological implications

Page | 44



To assess the ecological implications of MHWs by examining their influence on surface
primary productivity variability in both basins, providing insights into potential ecosystem
responses to extreme ocean warming.

IV. Compound climate extremes

To examine compound climate extremes by quantifying the co-occurrence of MHWs with
atmospheric heatwaves in the Mediterranean Sea and investigating the interaction between
MHWs and Mediterranean tropical-like cyclones (medicanes). This objective aims to evaluate
how compound events may amplify environmental exposure and influence the persistence and
recovery of extreme ocean temperature anomalies.

Through these objectives, this thesis seeks to improve understanding of the processes
governing MHW variability and compound extremes in semi-enclosed seas, thereby
contributing to a more comprehensive assessment of how regional marine environments
respond to increasing climate variability and ocean warming.

1.7 Thesis Structure:

This thesis is organized into ten chapters that progressively address the objectives outlined
above and provide a comprehensive investigation of MHW:s in the Mediterranean Sea and the
Red Sea.

e Chapter one: introduces the scientific context of the thesis by reviewing the current
understanding of MHWs, their physical drivers, ecological implications, and compound
interactions, with particular emphasis on semi-enclosed seas and the Mediterranean and
Red Sea basins.

e Chapter two: focuses on the long-term spatiotemporal variability of surface MHWs in the
Mediterranean Sea. Based on a published study in Frontiers in Marine Science, this chapter
examines the frequency, duration, intensity, and regional variability of surface MHWs in
the basin and investigates their relationship with large-scale climate variability.

e Chapter three: investigates the long-term variability of surface MHWs in the Red Sea.
Based on a published study in Ocean Science, this chapter characterizes the spatial and
temporal evolution of MHWs in the basin, with emphasis on regional contrasts, trends, and
links with large-scale climate patterns.

e Chapter four: extends the analysis from the surface to the subsurface by examining
subsurface MHWs in the Mediterranean Sea and the Red Sea. This chapter addresses the
vertical structure, penetration depth, persistence, and regional variability of extreme
warming events below the ocean surface.

e Chapter five: investigates the physical drivers of MHWs in both basins, with particular
attention to the relative roles of atmospheric forcing and oceanic processes, as well as their
seasonal and regional differences.

e Chapter six: examines the impacts of MHWSs on surface primary productivity in the
Mediterranean Sea and the Red Sea. This chapter evaluates how extreme thermal events
influence biological variability at the ocean surface and explores the implications of MHWs
for ecosystem functioning in both basins.
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e Chapter seven: focuses on compound extremes in the Mediterranean Sea, with emphasis
on the co-occurrence of MHWSs with atmospheric heatwaves and Mediterranean tropical-
like cyclones (medicanes).

e Chapter eight: introduce the implementation of MarineHeatwaves.jl which is a high-
performance framework for MHW detection in Julia.

e Chapter nine: provides a general discussion that synthesizes the main findings of the thesis
across both basins and scientific themes. It also presents the implementation of the Julia-
based code developed to calculate and analyze MHWs, highlighting its relevance for
reproducible and efficient analysis of large oceanographic datasets.

e Chapter ten: presents the general conclusions of the thesis, summarizes the main scientific
contributions, and outlines perspectives for future research on MHWSs in semi-enclosed
seas.
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Chapter Two: Spatiotemporal
Variability of Surface MHWs 1n the
Mediterranean Sea

Foreword

This chapter examines the spatiotemporal variability of MHWs in the Mediterranean Sea
during the satellite era. Although the Mediterranean is recognized as a climate-change hotspot,
many previous studies have focused on specific events or limited regions of the basin. A basin-
wide and long-term assessment is therefore useful for better understanding how MHWs
develop across this semi-enclosed sea, which is characterized by strong spatial heterogeneity
and distinct oceanographic conditions between the western and eastern Mediterranean.

The main objectives of this chapter are to quantify the variability of MHWs in the
Mediterranean Sea since 1982, to examine regional differences between the western and
eastern basins, and to explore the large-scale conditions associated with these events. Particular
attention is given to MHW frequency, duration, cumulative intensity, persistence, and their
long-term evolution. The analysis uses daily SST data from the NOAA Optimum Interpolation
SST dataset (OISSTv2) with a spatial resolution of 0.25°. MHWs are identified using the
threshold-based framework proposed by Hobday et al. (2016).

By describing when and where MHWSs occur and examining their regional variability, this
chapter provides a baseline for understanding MHW activity in the Mediterranean Sea. The
results also support the subsequent chapters of this thesis, which investigate subsurface MHWs,
compound extreme events, and potential ecosystem responses.

This chapter is based on the following publication:

Hamdeno, M., and Alvera-Azcarate, A. (2023). MHWs characteristics in the
Mediterranean Sea: Case study the 2019 heatwave events. Frontiers in Marine Science, 10,
1093760. https://doi.org/10.3389/fmars.2023.1093760
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2.1 Data and Methods:

2.1.1 Datasets:

Daily SST data from January 1982 to December 2020 were obtained from the National
Oceanic and Atmospheric Administration Optimum Interpolation SST dataset (NOAA OISST;
Reynolds et al., 2007). This dataset is an interpolation of SST remote sensing values from
AVHRR imagery onto a regular 0.25° x 0.25° grid with daily temporal resolution.
Mediterranean Sea data were extracted from the global dataset.

The European Centre for Medium-Range Weather Forecasts (ECMWF) ERAS reanalysis
was used to obtain atmospheric variables and heat flux components (Hersbach et al., 2020).
The atmospheric variables used were winds at 10 m (U10 and V10), air temperature at 2 m,
and mean sea level pressure. The total net heat flux at the sea surface was calculated using net
shortwave radiation, net longwave radiation, latent heat flux, and sensible heat flux. The dataset
has a spatial resolution of 0.25° % 0.25° and an hourly temporal resolution.

Daily mixed layer depth (MLD) and potential temperature at different water depths were
obtained from the Copernicus Marine Service (CMEMS) Ocean Data product. The data used
are from a physical reanalysis generated by a numerical system consisting of the Nucleus for
European Modelling of the Ocean (NEMO) hydrodynamic model and a variational data
assimilation procedure (OceanVAR) for vertical temperature profiles. The horizontal grid

resolution of the model is 0.04° x 0.04° and it has a daily temporal resolution (Escudier et al.,
2020).

Daily average chlorophyll-a concentrations were obtained from the Copernicus Marine
Service (CMEMS). The dataset is a newly processed surface chlorophyll product derived from
multiple satellite observations and daily climatology from SeaWiFS. The dataset has a spatial
resolution of 0.04° x 0.04° and a daily temporal resolution (Garnesson et al., 2022).

Finally, the normalized time series of the East Atlantic Pattern (EAP) and the East
Atlantic/West Russian Pattern (EATL/WRUS) were obtained from the NOAA Climate

Prediction Center.

2.1.2 Methods of Analysis:
2.1.2.1 SST Variability and Trends:

Empirical orthogonal function (EOF) analysis (Thomson and Emery, 2014) was used to
assess the predominant spatiotemporal characteristics of SST variability from 1982 to 2020,
using the monthly de-seasonalized and detrended SST dataset to focus on non-seasonal
variability. Before decomposing the EOFs, the seasonal cycle and linear trends were removed
from the monthly mean SST anomalies at each grid cell, and each point time series was divided
by its standard deviation to normalize SST (Fenoglio-Marcetal.,2012; Mohamedet al.,2019).
The mean seasonal cycle was estimated by calculating the monthly mean values for each
calendar month at each grid point.
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The SST anomalies were calculated by removing the historical climatological mean (1982—
2020) at each grid point from the SST values at the same location. The strong seasonal signal
was removed from the SSTA data in each grid cell to obtain de-seasonalized maps and time
series (Skliris et al., 2012). This was done by subtracting the climatological mean of each
calendar month from the corresponding months in all years. The least squares method (Wilks,
2019) was used to estimate linear trends in the de-seasonalized monthly SSTA. The Modified
Mann—Kendall test (MMK) (Hamed and Ramachandra Rao, 1998; Wang et al., 2020) was used
to test the statistical significance of the trends. In this study, the significance level was set at p
< 0.05 to ensure that all reported trends were statistically significant at least at the 95%
confidence level.

2.1.2.2 MHW Calculations and Relation with the Other
Variables:

In this work, the standard MHW definition of Hobday et al., (2016) was applied to daily
SST data from January 1982 to December 2020 to identify MHWs at the surface throughout
the study period (1982-2020) and below the surface between June and December 2019.
According to Hobday et al., (2016),a MHW is an unusually warm water event that persists for
at least five consecutive days and during which SST exceeds the seasonally varying 90th
percentile threshold. The climatological mean and the 90th percentile threshold were calculated
in each grid cell for each calendar day of the year using daily SST data over a 39-year period
(1982-2020). Two consecutive MHW events separated by a gap of two days or less were
considered a single event.

Each MHW event was described by the following set of metrics: Duration (days), defined
as the time between the start and end dates of an event; Frequency (events), defined as the
number of events occurring each year; Mean Intensity (°C), defined as the average SSTA
during the duration of the event; Maximum Intensity (°C), defined as the highest SSTA during
an event; Cumulative Intensity (°C-days), defined as the integrated SSTA over the duration
of the event; and Total Days (days), defined as the sum of MHW days in each year (Hobday
et al., 2016, 2018).

The MATLAB toolbox M_MHW was used to determine all MHW metrics (Zhao and
Marin, 2019). Annual statistics and time series for MHW frequency and duration were
calculated from 1982 to 2020 for each region (whole Mediterranean, EMB, and WMB). Linear
trends in SSTA and MHW characteristics were estimated using the least squares method (Wilks,
2019), and their statistical significance was determined using the Modified Mann—Kendall test
(MMK) at the 95% confidence level, which accounts for autocorrelation when assessing the
significance of the trend (Hamed and Ramachandra Rao, 1998; Wang et al., 2020).

The annual temporal variations in these MHW characteristics were correlated with
teleconnection patterns such as EAP, EATL/WRUS, and NAO in order to better understand the
relationship between MHWSs and atmosphere—ocean connections.

ERAS data, including U10, V10, air temperature, mean sea level pressure, and heat flux
components, were used to examine atmospheric conditions during the most intense MHW
events that occurred between June and December 2019 in both the WMB and EMB. Daily
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mean values of atmospheric variables were calculated by averaging the hourly data.
Atmospheric variable anomalies and MLD anomalies were constructed in the same manner as
for SST based on a daily climatology from 1982 to 2020.

The surface net heat flux, Q,, in W/m? from June to December 2019 was estimated
according to Thomson and Emery, (2014) and as described in Pinardi et al., (2003), Nagy et
al., (2017, 2021), as follows:

QT=Qs+Qb+Qc+Qe

where Qis the amount of heat absorbed by the ocean from incident solar radiation (W/m?),
Qpis heat loss from back radiation (W/m?), Q.is sensible heat loss from convection and
conduction (W/m?), and Q,is latent heat loss from evaporation at the ocean surface (W/m?).

The wind stress components in the eastward and northward directions (7., T, ) were

calculated according to Hellerman and Rosenstein, (1983) and as described by Nagy et al.,
(2020), in N/m?, as:

T=Cpp, IWIW

where p, = 1.2kg/m?is the density of air, Cpis the drag coefticient computed according to
Hellerman and Rosenstein (1983), and Wis the wind speed component (m/s), representing the
magnitude of the wind vector and calculated as the square root of the sum of the squared wind
components. Daily averages of atmospheric parameters were obtained by averaging hourly
data.

Finally, the role of SSTA during MHW events in modulating surface productivity (Chl-a)
was examined by calculating their correlation and comparing their time series between June
and December 2019.

2.2 Results:

2.2.1 Mediterranean SST Variability and Trends (1982-2020):

The first three EOF modes of SSTA explain about 76.57% of the total deseasoned
variance in the SST data, as shown in Supplementary Fig.1. The first mode explains 55.42% of
the total deseasoned SST variance (Supplementary Fig.1a). The spatial pattern shows positive
values throughout the Mediterranean Sea, indicating an in-phase oscillation of the entire basin
around the steady-state mean. The highest SSTA variability was observed over the WMB and
the Adriatic Sea. The lowest SSTA variability was observed in the EMB, with minimal
amplitude in the Aegean Sea and Levantine Basin. This SST variability is due to two reasons:
the firstreason is the presence of strong and persistent winds such as Tramontane and Mistral
in the northwestern Mediterranean Sea and the Etesian winds in the Levantine Basin (Pastor et
al., 2018, 2020); the second reason is the input of external water masses, such as the cold water
inflow from the Atlantic Ocean through the Strait of Gibraltar into the Alboran Sea and the cold
water inflow from the Black Sea through the Strait of Dardanelles into the Aegean Sea (Skliris
et al., 2011, 2012; Mohamed et al., 2019). In the corresponding PC1 time series, the highest
positive peak of interannual variability was found in the summers of 2003 and 2017, which
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were the warmest summers during our period of record as shown in Fig. 5. The highest negative
peak was observed in the winters of 1984 and 1996, the coldest winter during the study period
(Supplementary Fig.1b). These results are in good agreement with Skliris et al., (2012) and
Mohamed et al., (2019). The second mode of SSTA explains about 15.56% of the total
deseasoned variance in the SST data (Supplementary Fig.1c). The spatial distribution is a
dipole with opposite variations between the WMB and EMB sub-basins. Maximum variability
was found in the WMB, while maximum variability of opposite sign was observed in the
Levantine and Aegean basins in the EMB. The corresponding PC2 time series show an
alternation of positive and negative trends during the 1982-2020 period (Supplementary
Fig.1d). The highest positive peak of interannual variability was found in the summers of 1985
and 1988, while the highest negative peak was observed in December 1984 and 2020. The third
SSTA mode explains about 5.59% of the total deseasoned variance (Supplementary Fig.le).
The spatial distribution of this mode shows an out-of-phase oscillation of the central and
western/eastern parts of the Mediterranean Sea. The highest variability was observed in the
WMB (i.e., Alboran Sea) and EMB, while the lowest variability was observed in the central
Mediterranean in the Ionian and Adriatic Seas (Supplementary Fig.1f). These results are
consistent with those of Mohamed et al., (2019) who studied the interannual variability and
trends of SST from 1993 to 2017 and found the same pattern of distribution of the first three
SST EOFs with different magnitudes.
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Figure 5. The spatial and temporal trend of Mediterranean SST from 1982 to 2020. (a) The spatial trend map of
deseasonalized SSTin °C/decade and the temporal trend of monthly averaged SSTA for the whole Mediterranean
Sea (b), WMB (c), and EMB (d). The SSTA trend is shown by the solid black line.

Figure 5a shows the spatial trend map of deseasonalized SST from 1982 to 2020 in the
Mediterranean Sea. A statistically significant (p < 0.05) trend was observed throughout the
region with a 95% confidence interval. The linear trend in the Mediterranean Sea is not
uniform, ranging from 0.2 to 0.5°C/decade. The WMB basin off the Gulf of Lions and the EMB
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basin in the Levantine Basin showed the strongest SST trends (> 0.45°C/decade). The lowest
SST trends were observed in the Alboran and Ionian Seas (< 0.25°C/decade). Figures 5 b-d
shows temporal trends in monthly SSTA in the Mediterranean Sea, WMB, and EMB from 1982
to 2020. The temporal SSTA trends in the entire Mediterranean Sea, WMB, and EMB were
0.32 £ 0.035°C/decade, 0.36 + 0.053°C/decade, and 0.38 = 0.037°C/decade, respectively. In
the WMB, the highest SSTA values were observed in 2003, 2006, 2014, 2015, 2017, and 2018,
while in the EMB, the highest SSTA values were recorded in 2016, 2017, 2018, and 2020.

2.2.2 MHWs in the Mediterranean Sea (1982 - 2020):

In this section, we discuss the interannual variability of MHWSs in the Mediterranean Sea
between 1982 and 2020 and compare their occurrence in the WMB and EMB. We also show
all the mean characteristics of MHWSs during the study period. Finally, this section also
discusses the relationship between MHW frequency and the EAP and EATL/WRUS climate
modes.

2.2.2.1 Mediterranean Sea MHWs Interannual Variability
(1982-2020):

The temporal variability of the frequency and duration of MHWSs and their relationship to
annual SST in the Mediterranean Sea, WMB, and EMB during the study period are shown
in Figures 6a-d. The annual MHW frequency in the Mediterranean Sea and its sub-basins
varied from 0 to 7 events/year (Fig.6a). It can also be observed that the annual MHW frequency
doubled during the last ten years of the study period. In the WMB, the highest annual MHW
frequency (> 5 events/year) was recorded in 2006, 2011, 2012, and from 2015 to 2020, while
in the EMB it was observed only in 2010 and 2016. A difference is observed between the
variability of annual MHW duration in the WMB and EMB during the study period (Fig.6c).
In the WMB, the annual MHW duration varied between 5 and 35 days/year, while in the EMB
it varied between 5 and 47 days/year. The longest MHW duration (> 20 days/year) was recorded
in the WMB in 2003, 2014, 2016, 2018, and 2020, while it was observed in the EMB in 2013
and from 2015 to 2020. During the study period (1982-2020), 96 MHW events occurred
throughout the Mediterranean Sea, with a total of 1495 MHW days. More than half (54%) of
the MHW events with 65.9% of the total MHW days have occurred in the last decade (2011 -
2020).

Throughout the study period, the correlation between the regional annual mean SST
and the annual mean MHW frequency and duration was calculated for Mediterranean Sea,
WMB, and EMB and shown in Figures 6b and d, respectively. The strongest relationship was
found between SST and MHW frequency, with correlation coefficients of 0.96, 0.92, and 0.94
for Mediterranean Sea, WMB, and EMB, respectively.
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Figure 6. Interannual variability —of MHW  metrics, (a) annual mean MHW  frequency
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duration (days/year), and (d) scatterplots of annual mean SST versus annual mean MHW duration. The colors
black, red, and green represent the entire Mediterranean Sea, the WMB, and the EMB, respectively.

2.2.2.2 Mediterranean Sea MHWs Characteristics (1982-
2020):

Figures 7a-f shows the spatial distribution of annual mean MHW characteristics across
the Mediterranean Sea from 1982 to 2020. The Mediterranean Sea exhibits high spatial
variability in MHW properties. The mean annual MHW frequency varied between 1.5 and 3.5
events, with the highest mean frequency values recorded in the northern part of the WMB, the
Adriatic Sea, and the Aegean Sea (Fig.7a). The mean MHW duration ranged from 10 to more
than 25 days (Fig.7b), with the longest MHW duration observed in the southeastern part of the
EMB (Levantine Basin).

The mean and maximum annual MHW intensities (Imean and Imax) showed the same
pattern of spatial distribution with slightly different magnitudes (Fig. 7¢,d). The most intense
MHWs were observed in the northern part of the WMB and in the northern Adriatic Sea.
Moreover, both the mean annual cumulative MHW intensity (Icum) and the total number of
days showed the same pattern of spatial variability (Fig. 7e,f). Figure 7e shows that the mean
annual MHW Icum varied between 15 and 35 °C. days, with the highest values (> 30 °C. days)
found in the northern WMB, Adriatic Sea, and eastern part of the EMB. Mean annual MHW
total days ranged from 25 to more than 50 days, with the highest values observed in the eastern
Ionian Sea (Fig. 7e.f).

The linear trend of MHW metrics (frequency, duration, intensity, and total days) was
calculated for the entire Mediterranean Sea from 1982 to 2020, and their significance was tested
with a 95% confidence interval. A significant linear trend (p < 0.05) was found for all MHW
metrics. The trend for the frequency of MHWs was 1.3 £ 0.246 events/decade and for the
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duration of MHWs the trend was estimated to be 3.6 + 1.16 days/decade. For the mean and
maximum intensity of MHWSs, the trends were 0.06 = 0.04 °C/decade and 0.12 =+
0.06°C/decade, respectively. Finally, the trend of the cumulative intensity of MHWs was 6.69
+ 2.18 °C. days/decade and it was 27.84 = 6.33 days/decade for the total days of MHWs.
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Figure 7. Main characteristics of MHWSs in the Mediterranean Sea during the study period (1982-2020), (a) mean
MHW frequency (events), (b) MHW duration (days), (c) mean MHW intensity (°C), (d) maximum MHW intensity
(°C), (e) MHW cumulative intensity (°C.days), and (f) MHW total days (days). The black rectangles on panel b
and c is showing the selected study regions that represents the EMB and the WMB, respectively.

2.2.2.3 Relationship Between MHW and Climate Indices:

Below, we examine the possible relationship between the climate indices (EAP and
EATL/WRUS) and the annual frequency of MHW for the entire study area. Spatial correlation
maps and linear correlations between the two climate indices and MHW frequency throughout
the study area were calculated and plotted (Fig. 8a-d). A statistically significant high (> 0.65)
positive correlation was observed between the EAP and MHW frequency in the Mediterranean
Sea with a linear correlation of 0.74 (Fig. 8a,b). The highest correlation values were found in
WMB, EMB, and the Adriatic Sea. The lowest spatial correlation was found in the lonian Sea
and Alboran Sea. The spatial correlation between EATL/WRUS and MHW frequency varied
between -0.1 and -0.7 with a linear correlation of -0.44 (Fig. 8c,d). The highest negative (~ -
0.6) correlation was observed in the EMB (Levantine Basin and Aegean Sea).
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A comparison of the annual time series of MHW frequency (Fig. 6a) and the annual
time series of EAP (Fig. 9a) also showed that both distributions were in very good agreement.
Thus, between 1987 and 1994, the frequency of MHWs varied between 0 and 2 events/year,
and this low frequency was related to low SSTA values (negative anomalies or close to zero;
see Fig. 5b) and the negative phase of the EAP. During the strong positive phase of the EAP
(2012 - 2020), the frequency of MHWSs was high, varying between 3 and 8 events/year, and the
highest SSTA was observed during the study period in these years (Fig. 5b). The negative
correlation between the EATL/WRUS and MHW frequency was also observed when
comparing their annual time series between 1982 and 2020 (Fig. 6a, 9b).
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Figure 9. The annual time series from 1982 to 2020 of (a) the Eastern Atlantic Pattern (EAP), and (b) the East
Atlantic/West Russian Pattern (EATL/WRUS). The red and blue bars refer to the positive and negative phases of
the climate indices, respectively.

2.2.3 MHW Events in the Mediterranean Sea (June — December
2019):

To evaluate MHW events that occurred between June and December 2019 at the surface
and subsurface in both the WMB and EMB, we selected a region representing each basin. As
shown in Figure 7b, Region 1 represents the EMB, and this region suffers from the longest
MHWs in the entire Mediterranean basin. Region 2, on the other hand, represents the WMB
(Fig. 7¢), and this region suffers from the strongest MHW:s that occurred in the entire region.
The vertical extent of the MHWs was calculated at different depth levels using the same method
used to calculate the MHWs at the surface. The temperature threshold was calculated based on
the climatological mean of the water temperature at each depth (at the surface and at different
levels of the water column); the results are shown in Figures 10-12. The MHW events in each
basin were categorized as moderate (when SST exceeds the threshold), strong (when SST
exceeds the threshold by a factor of two), severe (when SST exceeds the threshold by a factor
of three), or extreme (when SST exceeds the threshold by a factor of four) according to the
categorization scheme of Hobday et al., (2018).

Figure 10a shows that six MHW events occurred in the WMB between June and
December 2019. The Imean ranged from 1.81°C to 5.27°C, the Imax ranged from 2.25°C to
6.42°C, and the duration of the MHW events ranged from 5 to 20 days. Regarding the severity
of the MHW events, three MHW events in the WMB were classified as strong (i.e., the SST
exceeded twice the 90 percentile difference) and the remaining events were classified as
moderate. The first strong event in the WMB basin lasted 15 days (26/06 to 10/07), and the
Imean and Imax values associated with this event were the highest intensity values measured
in the WMB basin during the study period. The second strong event in the WMB lasted 6 days
(22/07 to 27/07) with an Imean and Imax of 4.14 and 4.8°C, respectively. Finally, the third
strong MHW event in the WMB lasted 11 days (24/08 to 3/09) with an Imean and Imax of
4.18°C and 5.38°C, respectively. During the same period, there were only two MHW events in
the EMB basin (Fig. 10b). Comparing the EMB MHW events with the WMB events, these two
events are characterized by low intensity (~ 2°C) and long duration (21 days for the first event
and 159 days for the second), and both were classified as strong events in the EMB (Fig. 10b).

To evaluate at what depth the effect of the defined MHW events reached, subsurface
MHW was calculated for both the WMB and EMB at the different depth levels from June to
December 2019, as shown in Figures 11-12. In the WMB, only the three strong categorized
events extended to 15 m depth in the water column (Fig. 11a-c), and the effect of these events
ended at 20 m depth (Fig. 11d). In the EMB, the effect of the MHW extended deeper than in
the WMB, reaching to depths of 50 m. As in the WMB, the MHW in the EMB reached the
subsurface only in the areas where the SST exceeded twice the threshold (Fig. 12).
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MHW Events in the WMB [June - December 2019]

01/09

MHW Events in the EMB [June - December 2019]

01/10 01/11 0112 g

01/08

01/09

—Temp Event = = =2X Threshold 3X Threshold ===~ 4X Threshold

01/10 01/11 0112 5949

Figure 10. MHW events between June and December 2019 in (a) WMB and (b) EMB. The yellow shaded area
refers to the MHW event. The black solid line represents the SST, the black dotted line represents the climatology,
the red solid line represents the threshold, and the red dotted lines define the MHW categories. The MHW
categories are moderate (when SSTexceeds the threshold), strong (when SSTexceeds 2Xthreshold), severe (When
SST exceeds 3X threshold), or extreme (When SST exceeds 4X threshold).

MHW Events at Different Levels in the WMB [June - December 2019]

13/08/19

13/08/19

5m

02/1019

15m

02/10/19

Time (Day)

s 10m

b

30

25"

20

211119 24/06/19 13/08/19 02/10/19 2111119

s 20m
d
30
25
20
4
15
10
21111119 24/06/19 13/08/19 02/10/119 211119
Time (Day)
= =Climatology === Threshold ===Temp [l Event

Figure 11. The penetration of MHW events into the water column in the WMB at different
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MHW Events at Different Levels in the EMB [June - December 2019]
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Figure 12. The penetration of MHW events into the water column in the EMB at different
depths (a) Sm, (b) 15m, (c) 35m, and (d) 50m. The red shaded area refers to the MHW event. The black solid line
represents thewater temperature, the blackdottedline represents the climatology, and the red solid line represents
the threshold.

2.2.3.1 Atmospheric Conditions Associated With the 2019
MHWs in the Mediterranean Sea:

In this section, we examine the link between atmospheric conditions (e.g., heat flux, air
temperature, mean sea level pressure, and wind stress) and MHW events that occurred in the
WMB and EMB between June and December 2019. We focus here on those events that are
classified as strong events (i.e., SST exceeded twice the threshold) and had the ability to
penetrate deep into the water column. For both WMB and EMB, the atmospheric variable
anomalies were compared to the SSTA during the duration of the MHW events (Figures 13,
14, and Supplementary Figures 2-4).

In the WMB, during the first MHW event (26/06/2019 to 10/07/2019), it was observed
that the areas of the WMB that suffered from high SSTA (> 4°C) also suffered from high QT
anomaly (> 50 W/m2), high positive anomaly (> 30 W/m2) of latent heat flux, high positive
anomaly of air temperature (> 3.5°C), negative MSLP anomaly (< -50 hPa), and close to the
mean value of wind stress (i.e., Wind stress anomaly ~ 0 N/m2), as shown in Figure 13. During
the second strong event that occurred in the WMB between 22-27 July 2019, areas with high
SSTA (> 4°C) had positive anomalies in total heat flux (> 20 W/m2), latent heat (> 20 W/m?2),
air temperature (> 2.5°C), and MSLP (~ 10 hPa), while the wind stress anomaly was below
average (see Supplementary Fig. 2). During the last strong MHW event (Aug. 24, 2019, to
Sept. 03, 2019) that occurred in the WMB, the high SSTA was combined with the same
atmospheric conditions as the second event, but on a larger scale (see Supplementary Fig. 3).
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Atmospheric conditions associated with the 2019 MHW events were different in the
EMB than in the WMB. During the first event, which occurred between 23/06/2019 and
13/07/2019 in the EMB, the high SSTA was accompanied by a negative anomaly of the total
heat flux (> 20 W/m2) and latent heat (> 15 W/m?2), as well as a high temperature anomaly (>
1.5°C), a low MSLP system (~50 hPa below average), and slightly above average wind stress
(Figure 14). In addition, during the second MHW event, which occurred in the EMB between
July 22 and December 27, 2019, the same atmospheric conditions were associated with the
high SSTA as during the first event, but with higher values (see Supplementary Fig. 4).

SSTA and Atmospheric Variable Anomalies Averaged from 26-06-2019 to 10-07-2019
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Figure 13. The mean (a) SST anomaly [°C], (b) total heat flux anomaly [W/m?], (c) latent heat flux anomaly
[W/m?], (d) air temperature anomaly [°C], (e) mean sea level pressure anomaly [hPa], and (f) wind stress
anomaly [N/m?] during the MHW event (26 June-10 July 2019) in the WMB. Note that the anomalies were
calculated based on 1982-2020 climatology from ERAS hourly data.
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SSTA and Atmospheric Variable Anomalies Averaged from 23-06-2019 to 13-07-2019
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Figure 14. The mean (a) SST anomaly [°C], (b) total heat flux anomaly [W/m?], (c) latent heat flux anomaly
[W/m?], (d) air temperature anomaly [°C], (e) mean sea level pressure anomaly [hPa], and (f) wind stress
anomaly [N/m?] during the MHW event (23 June-13 July 2019) in the EMB. Note that the anomalies were

calculated based on 1982-2020 climatology from ERAS hourly data.

2.2.3.2 The 2019 Mediterranean MHWs and the Depth of the
Mixed Layer:

The temporal variability of the SSTA and MLD anomaly in Mediterranean Sea between
June and December 2019 is shown in Figure 15. Here we aim to find out the relationship
between MLD variability and the occurrence of MHWs. In both Mediterranean basins, a
decrease in mixing layer thickness was observed during MHW events. In the WMB, MLD
decreased by 2 to 10 m below average during high SSTA associated with MHW events (Fig.
15a). In the EMB, MLD decreased 2 to 18 m below the mean during MHW events (Fig. 15b).
The time lag between MLDa and SSTA variability was calculated from June to December 2019
for the WMB and EMB. In the WMB, a time lag of 2 days was observed between the MLDa
and the SSTA, meaning that the MLD shoaled 2 days before the SSTA increased, whereas in
the EMB, the time lag between the MLDa and the SSTA was 1 day.
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Figure 15. Time series of SSTA (ved line) and mixed layer depth anomaly (black line) for (a) the WMB and (b) the
EMB between June and December 2019. The red shaded areas represent the MHW periods.

2.2.3.3 The Role of 2019 MHWs in Modulating Surface
Productivity in Mediterranean Sea:

Figures 16a-c shows the temporal variation of SSTA versus log Chl-a concentrationin
the WMB (Gulf of Lion) during the three strong MHW events that occurred between June and
December 2019. During the first and second events (Fig. 16a-b), an inverse relationship
between SSTA and Chl-a concentration is observed, with a decrease in Chl-a concentration
occurred during the MHW events. During the third event (Fig. 16¢), there is no clear evidence
of the influence of the MHW event on the surface Chl-a variability. In the EMB (Levantine
basin), the same comparison was made between the SSTA and log Chl-a concentrations (Fig.
17a-b). During the first event, which occurred from late June to mid-July 2019, a decrease in
Chl-a concentration was observed during the MHW event, while there was no clear relationship
between SSTA and Chl-a concentration during the second event. In addition, the correlation
between SSTA and Chl-a was calculated over the same period (June to December 2019) in both
Mediterranean basins. Anegative correlation (R = - 0.49) was found between the SSTA and the
Chl-a in the WMB (Fig. 18a). While the correlation between SSTA and Chl-a in the EMB was
low and insignificant (Fig. 18b).
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Figure 16. Time series of SSTA (red line) and log Chl-a concentration (green line) in the WMB during the three
strong MHW events between June and September 2019. (a) shows the first event, (b) shows the second event,
and (c) shows the third event. The red shaded areas are the duration of the MHW events.

= SST Anomaly Log Chl-a Conc.
T T T T
g
o
E
1}
5
o
¥
3
o
o
S
T T T T = T -2

I b ‘

i 2.2 —
AR | E
?L_,‘ 15 i 24 9
3 | r
© -
£ [ |26 g
2 4 ©
< 1F 28 ¢
v L ] S
L [ 13 o

g
0.5 -3.2
L 1 1 I 1 L 1 )
Aug 2019 Sep 2019 Oct 2019 Nov 2019 Dec 2019 Jan 2020
Time (day)

Figure 17. Time seriesof SSTA (red line) and log Chl-a concentration (green line) in the EMB during MHW events
between June and December 2019. (a) shows the first event and (b) shows the second event. The red shaded areas
are the duration of the MHW events.
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2.3 Discussion:

In the last decade, the number of MHW has increased in the Mediterranean Sea,
especially off the Gulf of Lion and the Tyrrhenian Sea in the WMB and the Levantine Basin in
the EMB. During the study period (1982-2020), 96 MHW events occurred throughout the
Mediterranean Sea, with a total of 1495 MHW days. During the last decade (2011-2020), more
than half (54%) of the events occurred with 65.9% of the total MHW days. Our results also
revealed that MHWs were more frequent and intense in the WMB than in the EMB, while the
duration of MHWs was longer in the EMB. The 2019 MHW events occurred in the WMB and
EMB along with other extreme events such as atmospheric heatwave and a Medicane
(Mediterranean Hurricane). Detailed descriptions of the main results are provided in the
following discussion sections.

2.3.1 The Trends of the SST and MHWs (1982-2020):

The spatiotemporal variability of the monthly SSTA was estimated using the EOF
analysis. The spatial EOF pattern of the first mode that explained 55.42% of the SSTA variance
showed an in-phase oscillation of the whole Mediterranean Sea. This can indicate an in-phase
heating or cooling (gain or loss of heat) of the whole Mediterranean water volume. The highest
SSTA variability was observed over the western part of the Mediterranean Sea with maximum
amplitude off the Gulf of Lion, the Tyrrhenian Sea, and the Adriatic Sea (Supplementary Fig.1).
Our SSTA trend analysis for the period from 1982 to 2020 showed high spatial variability of
the linear SSTA throughout the Mediterranean Sea (Fig. 5a). The linear trend analysis showed
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a nonuniform SSTA trend of 0.2 to 0.5°C/decade throughout the Mediterranean Sea. The
strongest trend was observed in the WMB basin off the Gulf of Lions and in the EMB basin in
the Levantine Basin. The long-term trends of SST are in good agreement with what was
observed from Skliriset al., (2012), Pastor et al., (2020), and Ibrahimetal., (2021). From 1985
to 2008, Skliris et al., (2012) found an average warming rate of about 0.37 °C/decade for the
Mediterranecan Sea and 0.26 °C/decade and 0.42 °C/decade for the WMB and EMB,
respectively. Recent studies that have conducted long SST trend analyses, such as Pastor et al.,
(2020), have estimated a warming of 0.35 °C/decade over the Mediterranean Sea from 1982 to
2019. Ibrahim et al., (2021) calculated that the average rate of warming of the EMB between
1982 and 2020 was 0.33 + 0.04 °C/decade. The areas that recognized by high SSTA variability
and trends were characterized by the highest occurrence of MHWSs. In the WMB, MHWs were
characterized by their high frequency and intensity, whereas in the EMB, MHWs were
characterized by their long duration (Figures 6, 7). Furthermore, for the entire Mediterranean
Sea, the increasing trend in SSTA (0.32 + 0.035 °C/decade) from 1982 to 2020 was combined
with a trend of 1.3 & 0.246 events/decade for the frequency of MHWs and a trend of 3.6 £ 1.16
days/decade for the MHWs duration. The estimated MHW trends are consistent with the results
of Juza et al., (2022), who estimated trends in MHW frequency and duration between 2012 and
2020 to be 1.1-1.8 events/decade and 1.23-3.82 days/decade, respectively.

2.3.2 MHW:s Frequency and Climate Indices (1982-2020):

To date, no study has compared the relative effects of large-scale climate modes
variability on the occurrence of MHWs in the Mediterranean Sea. In the present work, we
investigated the relationship between MHW frequency and the two climate indices EAP and
EATL/WRUS in the Mediterranean during the study period (1982-2020). Our results showed
a strong positive correlation between the EAP and MHW frequency in the Mediterranean
region with a linear correlation of 0.74 (Fig. 8a-b), and the spatial correlation maps between
the EAP and MHW frequency showed high correlation values over the entire Mediterranean
Sea. A comparison of the annual time series of MHW frequency (Fig. 6a) and the annual time
series of EAP (Fig. 9a) also showed that both distributions were in very good agreement. Thus,
between 1987 and 1994, the frequency of MHWs varied between 0 and 2 events/year, and this
low frequency was related to low SSTA values (negative anomalies or close to zero; see Fig.
5b) and the negative phase of the EAP. During the strong positive phase of the EAP (2012 -
2020), the frequency of MHWs was high, varying between 3 and 8 events/year, and the highest
SSTA was observed during the study period in these years (Fig. 5b). The above results agree
well with those of Skliris et al., (2012), who found that the long-term warming trend in the
Mediterranean was strongly correlated with the EAP between 1985 and 2008.

A negative correlation was found between EATL/WRUS and MHW frequency in the
Mediterranean Sea with a linear correlation of -0.44 (Fig. 8c-d), and the spatial correlation
maps showed the highest negative correlation in the Levantine Basin and the Aegean Sea. This
high correlation is due to the fact that the main surface temperature anomalies associated with
the positive phase of the EATL/WRUS pattern reflect below-average temperatures over much
of western Russia and northeastern Africa, so they mainly affect the EMB. The negative
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correlation between the EATL/WRUS and MHW frequency was also observed when
comparing the annual time series of both values between 1982 and 2020 (Fig. 6a, 9b).

The relationship between MHW frequency and the NAO (The North Atlantic
Oscillation) was also studied for the entire Mediterranean region during the study period, but
the correlation between them was low and insignificant.

2.3.3 2019 MHW:s in the Mediterranean Sea:

As a case study for MHWs in the Mediterranean region, we focused on events that
occurred between June and December 2019. After identifying the 2019 MHW events in both
the WMB and EMB, we investigated their link with atmospheric forcings and MLD variability,
as well as their impact on Chl-a concentrations. The characteristics of the MHW events (Imean,
Imax, and duration) that occurred in each Mediterranean basin and their corresponding MHW -
onset, MHW-peak, and MHW-end dates and category are shown in Table 1.

Between June and December 2019, six MHW events were detected in the WMB, three
of which were classified as strong events, while only two events were detected in the EMB
during the same period, both of which were classified as strong events (Fig. 10). The vertical
extent of these MHW events was calculated to know how deep they could propagate (Fig. 11-
12). The results showed that only the strong events (i.e., when SST exceeded twice the
climatological threshold) extended deep into the water column. In the WMB, MHW events
extended to a depth of 20 m, whereas in the EMB they extended deeper than 50 m. The extent
of MHW in the Mediterranean Sea was also investigated by Juza et al., (2022), who studied
subregional MHW in the Mediterranean Sea between 2012 and 2020. Juza et al., (2022)
concluded that the potential temperature associated with MHWs reaches a deeper layer in the
EMB than in the WMB, which is consistent with our results. However, they found that the
2012-2020 distributions of potential temperature were positive up to 50-150 m in the WMB
and up to 400 m in the EMB. This difference between our results and theirs could be due to the
fact that they used in situ data for their analysis and averaged them over the 2012-2020 period
while looking for the extent of the positive potential temperature anomaly. We, on the other
hand, used a physical reanalysis of potential temperature generated by NEMO, and we
calculated MHWs at different depths using the definition of Hobday et al., (2016) and focused
our analysis on MHW events that occurred between June and December 2019. Moreover, we
noticed that the subsurface MHW:s that occurred in the autumn months (October to December)
penetrates to the deeper water (35m and 50m depth; Fig. 12¢c-d) than the ones that occurred in
the summer months (August and September) especially in the EMB. This could be attributed
to the strong vertical mixing that occurs in the autumn and winter, which contributing to the
higher propagation of the MHWs in these months while the strong stratification of the water
column during the summer is decreasing the propagation of the surface MHW s to the deeper
water layers. These results are consistent with Juza et al., (2022).

The link between atmospheric forcing anomalies (i.e., total heat flux, latent heat flux,
air temperature, mean sea level pressure, and wind stress) and SSTA during MHW events at
both WMB and EMB between June and December 2019 was examined (Fig. 13-14, and
Supplementary Fig. 2-4). The relationship between atmospheric variable anomalies and SSTA
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during MHW events differed from the WMB and EMB, and the association of these MHW
events with other extreme events (e.g., atmospheric heatwaves and medicanes) was also
different in the two basins. In the WMB, during the events between June and December 2019,
we found that the high anomaly of SST was associated with a high anomaly of total heat flux,
latent heat flux, and air temperature, while the MSLP anomaly was below the climatological
average during the first event and significantly higher during the other two events; moreover,
the wind stress anomaly was close to zero during the three events. In the EMB, during the same
period, the SSTA of the two MHW events that occurred during this period was associated with
anegative anomaly in total heat flux, latent heat, and MSLP, while the air temperature anomaly
was positive and wind stress was slightly above average. In both basins, the MHW events were
associated with a shallow MLD (shallower than the average; Fig. 15), and cross-correlation
showed a 2-day lag between the MLDa and SSTA in the WMD and 1 day in the EMB. A
shallower mixing layer is associated with a lower heat capacity, which could further enhance
SST warming and contribute to the formation of MHWs. The lag of a day or two between the
shallow MLD and the increase in SSTA cannot be alone the cause of an MHW event. However,
in MHWs, there is a combination of factors that can interact to cause an MHW, such as high
heat fluxes and low wind speeds. These factors, when combined with the shallow MLD, can
lead to an increase in temperature in the surface layer of the ocean. And for such extreme events
as MHWs, a one- or two-day change in a variable can lead to an anomalous increase in SST,
and thus an MHW. In addition, the long-term reduction in mean mixed layer depth also has
important implications for the magnitude of SST extremes (Amaya et al., 2020, 2021).

We also investigated the possible interactions between the 2019 MHW events in both
basins with other extreme events such as atmospheric heatwaves and medicanes. Our study
found that the WMB MHW events that occurred between June and July 2019 coincided with
the atmospheric heatwaves that hit Western Europe during the same period (Vautard et al.,
2020). This observation is consistent with the results we obtained when studying the
atmospheric conditions during the WMB MHW events. Therefore, it is believed that the MHW
events that occurred in the WMB during the summer of 2019 were mainly due to the
atmospheric heatwaves that struck Europe. The abrupt increase in air temperature during these
heatwaves resulted in a strong heat transfer from the atmosphere to the ocean, which in tum
led to an anomalous increase in SST and then MHW. On the other hand, a Medicane named
Scott occurred in the EMB on October 25 and 26, 2019. According to news reports, Medicane
Scott hit the Sinai Peninsula, the Palestinian territories, and parts of Israel and Egypt, bringing
rough seas, strong tropical winds, and up to 200 mm of rain to the affected regions. Such storms
are unusual this far east in the Mediterranean, and the driving force reported is the exceptionally
warm water temperatures at this location (2-4°C warmer than normal for this time of year;
https://modis.gsfc.nasa.gov/gallery/individual.php?db_date=2019-10-26). The occurrence of
the longest MHW event in the EMB (July 22-December 27, 2019) coincided with the
occurrence of Medicane Scott. The peak day of this MHW event was October 23, 2019, with
an intensity of 2.69 °C (Table 1), and this event caused anomalously high heat loss from the
ocean to the atmosphere and high latent heat flux (Supplementary Fig.3). According to our
results on the EMB MHW event and the reports on Medicane Scott, the MHW event that
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occurred between July and December 2019 in the EMB might be contributed to the formation
of Medicane Scott.

Finally, the role of MHWSs in modulating the Chl-a concentrations in both basins was
studied (Fig. 16-18). The SSTA associated with MHW events is inversely proportional to Chl-
a concentration in both the WMB and EMB basins only during the events with the highest
MHW intensity (Fig.16-17). This suggests that the MHWs must be intense and long enough to
cause a significant response in chlorophyll concentration. For example, the first two MHW
events in the WMB resulted in a decrease in Chl-a concentration at the surface, while the last
event did not have a clear significant effect on Chl-a, which could be because the intensity of
this event was lower than the other two events. In addition, the first MHW event in the EMB
had an impact on Chl-a, while the second event had no impact on Chl-a, which could be due to
the very long duration (158 days) of this event and that it also occurred from late July to late
December, so the impact of the MHW event on Chl-a could be mitigated by the SST drop in
November and December, the beginning of the winter season in our study region.

Table 1. MHW events characteristics in the WMB and EMB between June and December 2019.

. Max. Mean
Basin Event Onset Day | Peak Day End Day Duration Intensity | Intensity MHW
no. (days) Q) ©Q) Category
1 26-06-2019 | 03-07-2019 | 10-07-2019 15 6.42 5.27 II Strong
2 22-07-2019 | 25-07-2019 | 27-07-2019 6 4.80 4.14 II Strong
WMB 3 08-08-2019 | 10-08-2019 | 12-08-2019 5 3.29 2.85 I Moderate
4 24-08-2019 | 31-08-2019 | 03-09-2019 11 5.38 4.18 II Strong
5 15-09-2019 | 19-09-2019 | 02-10-2019 18 3.26 2.64 I Moderate
6 19-10-2019 | 31-10-2019 | 07-11-2019 20 2.25 1.81 I Moderate
EMB 1 23-06-2019 | 30-06-2019 | 13-07-2019 21 2.68 1.96 II Strong
2 22-07-2019 | 23-10-2019 | 27-12-2019 159 2.69 1.91 11 Strong
2.4 Conclusions and Suggestions for Future Studies:

Our main objective was to identify the main spatiotemporal characteristics of MHWs
in the Mediterranean Sea using a 39-year (1982-2020) analysis of high-resolution satellite-
based SST data. Moreover, in this study we focused on the 2019 MHW events that occurred in
the Mediterranean sub-basins (WMB and EMB), their vertical extent, interactions with
atmospheric forcings and their impact on surface Chl-a concentrations.

Our main findings in this studv are summarized as follows:

e The pattern of SSTA trend between 1982 and 2020 showed high spatial
variability over the Mediterranean Sea with trend values between 0.2 and
0.5°C/decade and high values recorded in the WMB basin off the Gulf of Lions
and in the EMB basin in the Levantine Basin, which are the same areas
distinguished by frequent, intense, and prolonged MHWs during the study
period.

e The spatial maps of MHW characteristics between 1982 and 2020 showed a
high spatial variability of MHWs over the Mediterranean basins. Thus, the most
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frequent and intense MHWs were observed in the WMB and the longest MHWs
were found in the EMB. The trend in the frequency and duration of MHWs
between 1982 and 2020 was estimated to be 1.3 + 0.246 events/decade and 3.6
+ 1.16 days/decade, respectively.

e More than half (54%) of the MHW events that occurred across the
Mediterranean, with 66% of the total MHW days, occurred in the last decade
(2011-2020).

e MHW frequency correlated with climate modes during the study period. A
strong positive correlation (R = 0.74) was found between the EAP and MHW
frequency throughout the Mediterranean, while MHW frequency was
negatively correlated with the EATL/WRUS, with a correlation of -0.44.

e Between June and December 2019, six MHWs were detected inthe WMB, three
of which were classified as strong events, while two events occurred in the
EMB, both of which fell into the strong MHWSs category.

e The results showed that only the strong events (i.e., when SST exceeded twice
the climatological threshold) extended deep into the water column. In the WMB,
MHW events extended to a depth of 20 m, whereas in the EMB they extended
deeper than 50 m.

e The propagation of the MHWs in the autumn and early winter months (October,
November, and December) were higher than their propagation in the summer
months (August and September) especially in the EMB.

e The WMB MHW events were associated with a large flux of heat from the
atmosphere to the ocean and a decrease in MLD. Moreover, the first two events
in the western Mediterranean were synchronized with the occurrence of a strong
atmospheric heatwaves that hit Western Europe between June and July 2019.
Therefore, we believe that these atmospheric heatwaves and the large heat flux
absorbed by the ocean surface, along with the shallow MLD, were the driving
forces behind the WMB MHW events between June and December 2019.

e The events of EMB MHW were associated with heat loss from the ocean to the
atmosphere. Therefore, we assume that the air-sea flux did not cause the
increase in SSTA, but that the high SSTA during the MHWSs caused the
anomalous upward net heat flux, consistent with the reports of Miyama et al.
(2021). Moreover, this anomalously high heat flux absorbed by the atmosphere
might be contributed to the formation of Medicane Scott, which occurred
between October 25 and 26, 2019.

e Finally, a negative relationship was found between SSTA and surface Chl-a
concentrations, and this negative influence of MHWs on Chl-a was more
evident in the WMB than in the EMB.

To the best of our knowledge, this study attempted to determine the link between MHW
and atmospheric forcings and their interactions with other extreme events during the study
period. This could be considered as a first step to better understand that the severity of MHW s
is not only directly caused by their occurrence, but also by their interactions with other
atmospheric conditions that may lead to other catastrophic extreme events. Therefore, for
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future work, we propose to investigate the combination between MHWSs and other extreme
events in the region such as storms, atmospheric heatwaves, low chlorophyll-a events, and
extreme nutrient and oxygen depletion events which is also suggested by (Leonard et al., 2014;
Le Grix et al., 2021; Hamdeno et al., 2022). Due to the rapid increase in the frequency, days,
and intensity of MHW, it is also necessary to quantify their potential impacts on the overall
ecological components, structures, functioning, and overall health of the Mediterranean Sea.
Therefore, for better regional ocean management, further studies should focus on ecosystem
services and assess the socioeconomic impacts of MHWs.
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Chapter Three: Spatiotemporal
Variability of Surface MHWs 1n the
Red Sea

Foreword

This chapter presents a basin-scale analysis of MHWs in the Red Sea over the period
1982-2021, focusing on their long-term variability and their links with large-scale climate
modes. The Red Sea is a semi-enclosed marginal basin characterized by strong evaporation,
restricted exchange with the open ocean, and slow water renewal. These characteristics make
the basin particularly sensitive to thermal variability and extreme warming events. Despite this
sensitivity, the variability and climatic drivers of Red Sea MHWs remain less well documented
than in many other ocean regions.

The objectives of this chapter are to quantify the spatiotemporal variability of MHW
frequency, duration, and intensity across the Red Sea, to examine differences between the
northern and southern sub-basins, and to evaluate relationships between MHW variability and
large-scale climate indices. The analysis focuses on the Atlantic Multidecadal Oscillation
(AMO), Indian Ocean Dipole (I0D), East Atlantic/ West Russia (EATL/WRUS) pattern, North
Atlantic Oscillation (NAO), and Oceanic Nifo Index (ONI).

Using daily SST anomaly data from 1982 to 2021, this study reveals a significant long-
term warming trend across the basin, accompanied by pronounced meridional differences in
MHW characteristics. The northern Red Sea tends to experience longer and more intense
events, whereas the southern basin shows higher event frequency. A detailed case study of the
2010 northern Red Sea MHW further illustrates how combined atmospheric forcing and
oceanic conditions can sustain extreme warming.

This work was published in Ocean Science in 2024.

Hamdeno, M., Alvera-Azcarate, A., Krokos, G., & Hoteit, I. (2024). Investigating the
long-term variability of the Red Sea MHWs and their relationship to different climate modes:
focus on 2010 events in the northern basin. Ocean Science, 20, 1087-1107.
https://doi.org/10.5194/0s-20-1087-2024
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3.1 Data and Methods of Analysis:

3.1.1 Datasets:

To analyze the spatial and temporal variability of SST and MHWs in the RS and examine
their interactions with different climate modes, focusing on the 2010 MHW events as a case
study, various available data sources are used:

i-

11i-

iv-

RS bathymetry was obtained from GEBCO’s current bathymetric dataset. This is a
global terrain model for ocean and land that provides elevation data in meters on a grid
with an interval of 15 arc-seconds (Schenke, 2013). The bathymetry of the RS was
extracted from the global bathymetry map.

Daily high-resolution SST data from January 1, 1982 to December 31, 2021 obtained
from the Copernicus Marine Environment Monitoring Service (CMEMS) website. The
CMEMS Operational SST and Ice Analysis (OSTIA) reprocessed analysis product is
based on an SST satellite and in situ observation (Good et al., 2020). The SST dataset
consists of daily, gapless maps of SST and ice concentration (referred to as the L4
product) with a horizontal grid resolution of 0.05° x 0.05°.

Hourly mixed layer depth (MLD) and water column temperature are obtained from a
regionally tuned simulation of the MIT general circulation model (MITgem; Marshall
et al., 1997) with a horizontal resolution of 1 km and 50 vertical layers (Krokos et al.,
2021). The model domain covers the entire RS, including the two Gulfs (Suez and
Aqaba) at the northern end, with an open boundary in the Gulf of Aden. The topography
of the model is based on the General Bathymetric Map of the Ocean (Weatherall et al.,
2015) updated with available regional data. The model is driven with hourly, high-
resolution (~5km) atmospheric downscaled WRF fields (Viswanadhapalli et al., 2017).
The results of the MITgem model for the RS have been extensively validated against
different data sets and in different environments and applications, as described in Hoteit
et al., (2021) and Krokos et al., (2021).

The normalized monthly oceanic El Nifio-Southern Oscillation Index (ONI), East
Atlantic/West Russian Pattern (EATL/WRUS), Atlantic Multidecadal Oscillation
(AMO), and North Atlantic Oscillation (NAO) time series from 1982 to 2021 were
obtained from the National Oceanic and Atmospheric Administration (NOAA)
(https://psl.noaa.gov/data/climateindices/list/). The Indian Ocean Dipole (IOD) was
downloaded from the Japan Agency for Marine-Earth Science and Technology
(JAMSTEC) for the aforementioned period.

Hourly atmospheric data is used to examine the variability of atmospheric conditions
in relation to the variability of the SSTA over the entire study period, and used to
examine the drivers of the 2010 MHW events, are from the European Center for
Medium-Range Weather Forecasts (ECMWF) ERAS (Hersbach et al., 2020). The
dataset has a spatial resolution 0 0.25°x 0.25°. The atmospheric fields include the wind
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components at 10 m altitude (U10 and V10), air temperature at 2 m altitude (Tair), dew
point temperature at 2 m altitude (d2m), mean sea level pressure (MSLP), shortwave
surface net radiation (Q;), longwave surface net radiation (Qy), sensible surface heat
flux (Qn), and latent surface heat flux (Q.). Daily mean values of atmospheric variables
were calculated by averaging the hourly data.

3.1.2 Methods of Analysis:

MHWs can be characterized by different methods, each of them has its advantages and
disadvantages. These methods include the use of fixed thresholds, relative thresholds, and
seasonally varying thresholds (Hobday et al., 2016; Mohamed et al., 2022b). In this work, the
approach of Hobday et al. (2016, 2018) was used to define and categorize the RS surface
MHWs (between 1982 and 2021) and subsurface MHW:s (for the February-March 2010 MHW
event in the northernregion as a case study). Hobday et al. (2016) defineda MHW as an event
of unusually high water temperature lasting five consecutive days or longer. During the MHW,
water temperature exceeds the 90 percentile climatological threshold. The climatological
mean and threshold are calculated in each grid cell for each calendar day of the year using daily
water temperature data (at the surface and subsurface levels of the water column) over a 40-
years period (1982-2021). MHWSs can be described with a number of metrics, which are their
duration (in day), which refers to the period between the start and end dates of a MHW event,
frequency (in events) indicates the number of MHW events that have occurred within a given
year or period, mean intensity (°C) is the average value of the temperature anomaly during the
duration of a MHW event, maximum intensity (°C) is the highest value of the temperature
anomaly recorded during a MHW event, cumulative intensity (°C.day) is the integrated
temperature anomaly over the entire duration of a MHW event and is a measure of the overall
intensity of the event, and total MHW days (MHWDs, in day) refers to the total number of
MHW days that have occurred in a given year/period (Hobday et al., 2016, 2018). The
MATLAB toolbox M_ MHW was used to define the MHW metrics (Zhao and Marin, 2019).
To provide a more comprehensive and detailed description of MHWs in the RS, we have
divided the RS into two regions: the Northern Red Sea (NRS) and the Southern Red Sea (SRS).
The NRS extends from 22°N to 30°N, while the SRS extends from 22°N to 12.5°N. This
division was based on the north-south spatial thermal gradient in the RS, which shows different
characteristics of SST and MHWs between the two sub-basins.

The winter and summer SST in the RS was calculated and averaged over the study
period (1982-2021) at each grid point. The winter season was represented by the months of
January, February, and March, while the summer season was represented by the months of July,
August, and September. The selection of winter and summer months was based on the seasonal
cycle of SST, with the three months of the lowest SSTs representing the winter season and the
three months of the highest SSTs representing the summer season. We focused on these two
seasons as it was observed that the most intense RS MHWs occurred predominantly during
winters and summers. SSTA were calculated by removing the historical climatological mean
(1982-2021) at each grid point from the SST values at the same location. The strong seasonal
signal was removed from the SSTA data at each grid cell to obtain its deseasonalized map and
time series (Skliriset al., 2012). Linear trends in SSTA and MHW metrics are estimated using
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the least squares method (Wilks, 2019) and their statistical significance is determined using the
Modified Mann-Kendall test (MMK) at the 95% confidence level, which takes autocorrelation
into account when assessing the significance of the trend (Hamed and Ramachandra Rao, 1998;
Wang et al., 2020).

We further investigated the characteristics of MHWs during 'warm' or 'cold' years.
Specifically, we define warm years as those that exhibit a pronounced positive SSTA compared
to the long-term average, while cold years are characterized by a pronounced negative SSTA.
The definition of "cold" and "warm" years is relative to the SSTA variability and does not
necessarily imply that the SSTA in those years was unusual or extreme. Once the warm or cold
years are identified, we calculate the average SSTA for those years by averaging the SSTA
values over the entire years for each grid cell. Similarly, we calculate the MHWDs for the warm
or cold years by averaging the MHWDs over those years for each grid cell. This gives us an
indication of the overall spatial variability of the SSTA/MHWDs during the warm or cold years
in our study period.

To gain a deeper understanding of the relationship between the different climate modes
and the occurrence of MHWs over the last four decades in the RS, spatial correlations were
examined. The correlation maps were calculated using the Pearson correlation coefficient (1),
a widely used method for measuring linear correlations between two variables (Kirch, 2008;
Patten and Newhart, 2017). The Pearson correlation coefficient ranges from -1 to 1, where -1
stands for a perfect negative correlation, 1 indicates a perfect positive correlation and 0 for no
correlation. In this study, we calculated the correlation maps between the annual time series of
each climate mode and the annual MHW:s (in particular frequency, duration and total days) and
SSTA in the RS. The results showed a similar spatial correlation pattern between the climate
modes and the different MHW metrics, with only slight variations in the correlation coefficient
values. For the sake of brevity, we present only the correlation results with MHW frequency
and SSTA in our results. The MHW frequency was chosen for presentation because it had the
higher correlations with climate modes compared to MHW duration and total days. To test the
significance of the correlations, a two-tailed t-test was used (Patten and Newhart, 2017). The
t-test is a statistical hypothesis test that compares the means of two samples and determines
whether they differ significantly from each other. Finally, we also compared the time series
between different climate modes and the frequency of MHW:s in the RS and its sub-basins.

In this study, we have selected MHW events that occurred in 2010 for detailed analysis,
focusing particularly on the most intense and longest winter event occurred in that year. The
MHW events were identified using the methodology described by Hobday et al., (2016) and
then categorized into four intensity levels based on the multiple of the local difference between
the climatological mean and the climatological 90" percentile, which serves as a threshold for
identifying MHW. The magnitude of the scale descriptors was defined as follows: moderate (1 -
2x, category I), strong (2-3%, category II), severe (3-4%, category III) and extreme (>4X,
category IV) (Hobday et al. 2018). The intense event (category three MHW) that occurred
between February and March 2010 was studied in detail, including its vertical extent and
potential atmospheric drivers. The vertical extent of MHW was then defined by the first depth
without MHWSs. We also investigated the atmospheric conditions associated with these MHW
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events by using the ERA-5 atmospheric data to better understand the potential triggers for this
event. Following the work of Thomson and Emery (2014) and the description of Nagy et al.
(2017, 2021), the net surface heat flux (Qr) in W/m? was calculated as expressed in Eq.1:

Q1= Qs+ Qp+ Qc+ Qe, 1

where Qs is the heat absorbed by the ocean from incident solar radiation in W/m?, Q, is
the heat loss from back radiation in W/m?2, Q. is the sensible heat loss from convection and
conduction in W/m?, and Q. is the heat loss from evaporation (latent heat) at the ocean surface
in W/m?,

According to Alduchov and Eskridge, (1996) and as described in Bawadekji et al.,
(2022), the relative humidity (RH) were calculated from ERAS air temperature (Tair) and dew
point temperature (d2m) as expressed in Eq.2:
17.625xd2m(°C)

100+exp (553045 dZm("C))

RH = 17.625+Tair °C) . ? 2)

€XP (343 04+ Tairc°C)

3.2 Results and Discussion:

3.2.1 SST and MHWs Characteristics and Trends in the Red Sea
(1982 —2021):

The spatial maps of average SST over the entire study period (1982-2021), winter
months (January, February and March) and summer months (July, August and September) in
the RS are shown in Figure 19. The average SST in the RS was between 23 and 28 °C
throughout the study period, with a meridional gradient from north to south (Fig. 19a). The
highest temperatures observed in the SRS and the lowest in the NRS and the Gulfs of Suez and
Agqaba (Fig. 19a). In the winter (JFM), the average SST fluctuated between 18 and 27 °C (Fig.
19b), while in the summer (JAS) it fluctuated between 26 and 32 °C (Fig. 19¢).
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Figure 19. The spatial distribution of average Red Sea SST (in °C) from 1982—-2021 (a) over the entire study
period, (b) during winter (January, February, and March), and (c) during summer (July, August, and September).

The marine environment is influenced by both natural variability and global warming
trends. Over time, the difference between a fixed baseline and current temperatures can widen,
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leading to an increasing number of detected MHWs. This temporal shift can complicate long-
term studies of MHW trends and their impacts on marine ecosystems. However, using a fixed
baseline simplifies the methodology for detecting MHW:s and avoids the complexity that could
arise from periodically updating the baseline, which could introduce variability and reduce the
clarity of the detection process. A fixed baseline provides a standardized reference period that
ensures consistency of MHW detection and analysis across different studies and time periods
(e.g. (Genevier et al., 2019; Cheng et al., 2023)). This consistency allows for straightforward
comparison between MHW events detected using the same criteria. In addition, a fixed baseline
serves as a historical benchmark against which current and future MHW events can be
measured. This allows an assessment of how current conditions deviate from a known historical
norm. To account for SST variability during the study period and to emphasize the impact of
external forcing on marine ecosystems, we calculated MHW characteristicsin the RS based on
40-years of climatology (1982-2021).
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Figure 20. The spatial distribution of average MHW characteristics in the RS between 1982 and 2021. The
average MHW frequency (a), duration (b), mean intensity (c), maximum intensity (d), cumulative intensity (e),
and total days (f).

The RS exhibits a high spatial variability of MHW characteristics. The mean annual
MHW frequency varied between 1.5 and 2.5 events, with the highest mean frequency values
recorded in the coastal areas of the SRS and the Strait of Bab El-Mandab (Fig. 20a). The mean
duration of the MHW ranged from 8 to more than 20 days (Fig. 20b), with longer MHW
durations observed in the NRS and the Gulfs of Suez and Agaba. The mean and maximum
annual MHW intensities (Imean and Imax) showed the same pattern of spatial distribution with
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slightly different magnitudes (Fig. 20c, d). The most intense MHWs were observed in the NRS
and in the western part of the SRS around Dahlak Kebir Island. Furthermore, the mean
cumulative MHW intensity (Icum) and the total number of heat days exhibited a north-south
gradient, with higher values in the NRS region (Fig. 20e, f). Figure 3e shows that the mean
MHW cumulative intensity varied between 10 and 35 °C.days, with the highest values (> 30
°C. days) found in the NRS and the lowest in the SRS and the Strait of Bab El-Mandab. The
mean total MHW days ranged from 20 to over 30 days, with the highest values found in the
Gulfs of Suez and Agaba, the NRS and the coastal areas of the SRS (Fig. 20f). In general, the
MHWs in the RS showed different characteristics between the northern and southern basins.
The MHWs of the NRS were longer and more intense than those of the SRS, while the MHWs
of the SRS were characterized by their frequent occurrence. The same pattern of MHW
distribution was also observed by (Bawadekji et al., 2021 and Mohamed et al., 2021), even
though different data sets and baselines were used for MHW detection.
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Figure 21. Trends in (a) SST (°Cper decade) and (b) MHW frequency (events per decade) in the Red Sea from
1982-2021.

Spatial trend maps of deseasonalized SST and MHW frequency from 1982 to 2021 in
RS are shown in Figure 21. A statistically significant (p < 0.05) trend with a 95% confidence
interval was observed across the region. The trends of SST and MHW frequency in the RS are
not uniform and range between 0.1 to 0.5°C/decade for SST and 0.5 to 2 events/decade for
MHW frequency as shown in Figure 21. The NRS experienced high SST trends, with a
maximum of about 0.4°C/decade between 25°N and 28°N. However, the highest SST trends
were observed between 16°N and 25°N, with a gradient that increased towards offshore waters
and exceeded 0.45°C/decade. The Strait of Bab El-Mandab and the Gulfs of Suez and Agaba,
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on the other hand, showed the lowest SST trends, with trends below 0.15°C/decade. The MHW
frequency trends were found to be highest in the SRS and the Gulfs of Suez and Agaba, with a
rate of over 1.5 events/decade, while the lowest trends were observed in the NRS and the Strait
of Bab El-Mandab, with a rate of less than 1 event/decade. Furthermore, the trends in MHW
duration and total days also displayed high spatial variability in the RS (Supplementary Fig.
5). The spatial trend of the MHW duration fluctuated between 2 to more than 10 days per
decade, with an average temporal trend of 2.8 = 1.25 days/decade (Supplementary Fig. 5a-b).
The highest MHW duration trends were observed in the central RS, some parts of the NRS,
and the northern part of the Suez and Aqaba Gulfs. The spatial trend of the MHW total days
ranged between 15 to more than 30 days per decade, with an average temporal trend of 20.04
+ 6.88 days/decade (Supplementary Fig. 5c-d). The highest trends were observed in the SRS,
some parts of the NRS, and the northern part of the Suez and Aqaba Gulfs. Notably, for all the
MHW metrics (frequency, duration, and total days), there is an accelerated positive trend that
1s more pronounced in the last decade.

3.2.2 SST and MHWs Interannual Variability:

The temporal SSTA trends over the study period were 0.33 + 0.02 °C/decade, 0.34 +
0.04 °C/decade and 0.32 £+ 0.03 °C/decade for the entire RS, NRS and SRS, respectively (Fig.
22). The observed SST trends from our study are in good agreement with (Raitsos et al., 2011;
Barroset al., 2014; Chaidez et al.,2017; Liu and Yao, 2022). The analysis of the SSTA between
1982 and 2021 revealed three distinct phases of variability in the RS and its sub-basins (Fig.
22). The first phase, from 1982 to 1992, was characterized by negative SSTA on average. The
second phase, between 1993 and 2015, showed a slow warming trend, but the SSTA fluctuated
around zero, suggesting a relatively stable period with increased inter-annual variability. The
third phase, from 2016 to 2021, was marked by a rapid increase in SSTA, with the anomaly
consistently remaining positive. Moreover, the monthly SSTA data for the RS and its sub-basins
show a clear warming trend that began in 1994, with an initial SSTA of approximately 0.5°C.
The SSTA remained relatively stable for a few years, but then increased rapidly after 2016,
reaching an SSTA of 1.5°C or higher (Supplementary Fig. 6a-c). This finding is consistent with
the results of Raitsos et al. (2011) who studied RS temperatures from 1985 to 2007 and found
an evidence of a pronounced warming trend that began in the mid-1990s.

It was also observed that during years when the RS experienced cold SSTs, the NRS was
warmer than the SRS, especially during the winter and autumn months (Supplementary Fig.
6d). Conversely, during years when the RS experienced warm SSTs, the SRS was warmer than
the NRS (Supplementary Fig. 6d). The year 2010 was one of the warmest years in the RS, but
it was particularly warm in the NRS, with an SSTA difference between the NRS and SRS of
over 1°C (Supplementary Fig. 6d). Further analysis revealed a decadal variability inthe SSTA
trends between the RS northern and southern basins (Supplementary Fig. 7-8). Between 1982
and 1991, the highest trends were observed in the NRS, with an average trend of
0.56°C/Decade, while the average trend in the SRS was 0.26°C/Decade. From 1992 to 2001,
the spatial pattern of the SSTA trend was altered, with the highest trends observed in the SRS,
with an average trend of 0.57°C/Decade, and lower trends in the NRS, with an average trend
of 0.30°C/Decade. From 2002 to 2011, the highest trends were again observed in the NRS,
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with an average trend of 0.45°C/Decade, while the SRS experienced no trend in the SSTA
during this period. Finally, over the last decade of the study period (2012-2021), the SRS had
higher trends in the SSTA than the NRS, with an average trend of 1.35°C/Decade for the SRS
and 0.89°C/Decade for the NRS.
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Figure 22. Temporal evolution and trend in SST anomalies (°C) in the entire Red Sea (a), the Northern Red
Sea (b), and the Southern Red Sea (c) from 1982-2021. The blue and red shaded areas represent the cold and

warm periods, respectively. The blue and red dotted lines represent the coldest and warmest years, respectively.
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Figure 23. Spatial distribution of the average (a) SST anomaly (°C) and (b) MHW days (days) in the Red Sea
during the coldest years of the study period (1982—-2021).
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Over the study period, there were years that were notably colder or warmer than the
average for that period. The cold years were 1985, 1990, 1992, 1993, 1997, 2012 and 2013,
while the warm years were 1991, 1995, 2010 and the last six years of the study period (2016-
2021). During both the warm and cold years, the spatial distribution of the average SSTA and
MHWDs was analyzed, as shown in Figures 23-25. In the cold years, the NRS and the Strait
of Bab El-Mandab had the highest SSTA and MHWDs (Fig. 23). However, in the warm years,
the SRS had the highest SSTA, and the SRS and the northern regions of the Gulfs of Suez and
Agaba had the highest number of MHWDs (Fig. 24). The year 2010 was an exception among
the warm years, with a distinct spatial distribution of SSTA and MHWDs. In 2010, the NRS
and the Gulfs of Suez and Aqaba had the highest SSTA and MHWDs (Fig. 25).

(day)
(a) e E——— 120
| 1
AW
28'NJ' PN
3 & 110
\ v \
\
| XY
1 T = 100
| N A
24°Nr %
/
<
o { &
-
£ |
L.
=1 20°Nf
\ - 80
J
‘\ = 70
16°N |-
\
}‘ | 3
|
12°N L 4 Vs : -
3FE 36°E 39°E 39°E %0

Longitude Longitude

Figure 24. Spatial distribution of the average (a) SST anomaly (°C) and (b) MHW days (days) in the Red Sea
during the warmest years of the study period (1982-2021).

The inter-annual variations of MHWSs frequency in the RS and its sub-basins during the
study period are shown in Figure 26. The threshold for determining the years with the highest
MHW frequency was set at one standard deviation above the mean of the annual MHW
frequency. Based on this criterion, any year with more than four MHW events was classified
as having a high MHW frequency. In the entire RS, the year 2010 and the last five years of the
study period (2017-2021) had the highest annual MHW frequency (Fig. 26a). The NRS
experienced the highest annual MHW frequency in the years 2010, 2018, 2019, and 2021 (Fig.
26b), while in the SRS, the year 1998 and the last five years of the study period had the highest
annual MHW frequency (Fig. 26¢). A total of 78 MHW events were recorded in the RS over
the last four decades (1982-2021), with 36 of these events (46%) occurring in the last 10 years
of the study period. Furthermore, a total of 1016 heat days were observed in the RS between
1982 and 2021, with 590 of these days (58%) occurring in the last decade. The findings of this
study suggest that the recent rapid increase in SST in the RS has led to a positive trend in the
occurrence of MHWs in the region. These findings are consistent with those of previous
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studies, such as Bawadekji et al., (2021) and Mohamed et al., (2021), which have also
documented the increasing trend of MHW:s in the RS. This trend is expected to continue in the
future, as global warming is projected to cause further increases in SSTs, both in the RS and in
other regions around the world.
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Figure 25. Spatial distribution of the average (a) SST anomaly (°C) and (b) MHW days (days) in the Red Sea
during the year 2010.
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Figure 26. Interannual variability in MHW frequency in the entire Red Sea (a), the Northern Red Sea (b), and the
Southern Red Sea (c) from 1982-2021. The red bars represent the years with the highest frequency in each basin.

To gain a better understanding of the atmospheric conditions associated with the years with the
highest frequency of MHWs in the RS and its subregions, we compared the atmospheric
variables with the annual MHW frequency. The anomalies of wind Speed (Ws), atmospheric
temperature (Tair) and Qt are shown in Supplementary Figures 9-11. It was noticed that the
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years with a high MHW frequency were characterized by a specific set of atmospheric
conditions such as reduced wind Ws, high Tair and high Qt which may have contributed to the
frequent occurrence of MHWs in the RS during these years.

3.2.3 Climate Modes and MHWs in the Red Sea:

To investigate the potential relationship between climate indices, annual sea SSTA, and
MHW metrics (i.e., frequency, duration, and total days) in the RS over the past four decades, a
correlation analysis was conducted between different climate modes and SSTA/MHW metrics.
It was observed that the correlation between climate modes and MHW frequency, duration, and
total days displayed similar spatial patterns with slightly different correlation values that were
not significantly different. To avoid repetition of figures and text, this section presents the
correlation of climate modes with MHW frequency only. The significance of the correlations
was tested with a 95% confidence interval. The analysis focused on the NOAA modes that
showed a significant correlation (p <0.05) with the SSTA and/or MHW frequency, as presented
in Figure 27.
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Figure 27. Correlation maps of the SST anomaly (upper panels) and MHW frequency (lower panels) in the Red
Sea with different climate modes from 1982—2020. Correlations are shown with the AMO index (a, b), 10D
pattern (c, d), EATL/WRUS index (e, f), NAO index (g, h), and ONI index (i, j). Grey shading indicates areas
where the correlation is not significant (p-value > 0.05).

The AMO index showed a highly significant positive correlation with both SSTA and
MHW frequency across the whole RS, with a correlation coefficient of greater than 0.7 for
SSTA and greater than 0.5 for MHW frequency (Fig. 27a-b). This finding is consistent with a
previous study by Krokos et al. (2019), who reported that long-term AMO oscillations
modulate SST trends in RS. The IOD index also showed a positive correlation with both SSTA
and MHW frequency in RS, with a correlation coefficient of greater than 0.5 for SSTA and
ranging between 0.2 and 0.4 for MHW frequency (Fig. 27¢c-d). The influence of the IOD on
SSTA and MHW frequency was stronger in the SRS than in the NRS. A strong negative
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correlation was observed between the EATL/WRUS index and both SSTA and MHW
frequency in the RS, with a correlation coefficient of approximately -0.5 for SSTA and between
-0.3 and -0.5 for MHW frequency (Fig. 27e-f). This correlation was strongest in the NRS and
in the offshore areas of the central and southern RS. To our knowledge, no previous study has
examined the relationship between the EATL/WRUS index and SSTA or MHW frequency in
the RS. However, a recent study by Hamdeno and Alvera-Azcarate (2023) reported a negative
correlation between the EATL/WRUS index and SSTA in the eastern Mediterranean region,
which is geographically close to the RS and is frequently affected by systems of Mediterranean
origin (Langodan et al.,2017a, 2017b). The NAO index showed a negative correlation with the
SSTA in the RS, with a correlation coefficient of less than -0.3 (Fig. 27g). The influence of the
NAO on the SSTA was stronger in the NRS than in the SRS. The correlation between the NAO
index and MHW frequency was not significant, except in the SRS, where a positive correlation
of 0.2 was observed, and in the Gulfs of Suez and Aqaba, where a negative correlation of -0.2
was observed (Fig. 27h). The ONI showed a negative correlation with the SSTA in the RS,
which was more pronounced in the coastal areas of the central and southern RS (Fig. 271). The
correlation between the ONI and MHW frequency was not significant, except for a correlation
of about -0.2 on the western coast of the SRS (Fig. 27j). Overall, the AMO and IOD indices
showed the strongest and most consistent correlations with SSTA and MHW frequency in the
RS, while the EATL/WRUS index showed a strong negative correlation with both SSTA and
MHW frequency, particularly in the NRS. The NAO and ONI indices showed weaker and less
significant correlations with SSTA and MHW frequency in the RS.

The time series of various climate modes were compared with the annual frequency of
MHWs in the RS as presented in Figure 28. The results revealed a positive correlation between
the AMO and the annual frequency of MHWSs in the RS. The years with the lowest MHW
frequency, from 1982 to 1994, were found to align with the negative phase of the AMO.
Conversely, the years with the highest MHW frequency corresponded with the positive phase
of the AMO, as shown in Figure 28a. Furthermore, IOD was also found to have a significant
relationship with the annual frequency of MHWs in the RS. From 1982 to 1993, the IOD had
on average negative phase, and the frequency of MHWs was the lowest. In contrast, the last
seven years of the study period, from 2015 to 2021, had high MHW frequencies, which
corresponded with the positive phase of the IOD, as depicted in Figure 28b. The analysis also
revealed a negative correlation between the EATL/WRUS index and the frequency of MHW s
in the RS. The years with low MHW frequency were found to correspond with the positive
phase of the EATL/WRUS index, while the years with high MHW frequency corresponded
with the negative phase of the index, as shown in Figure 28c. However, the comparison
between the NAO and the ONI with the annual time series of MHW frequency did not suggest
a clear relationship between their occurrence Figure 28d-e. The correlation maps in Figures
27e-h also support this finding, as the correlation was not significant in most parts of the RS.
In conclusion, these results suggest that the AMO and IOD are the primary climate modes that
align with the interannual variability of the MHWs frequency in the RS. The EATL/WRUS
index also has a significant relationship with the annual MHW frequency, while the NAO and
ONI do not appear to have a substantial relationship.
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Figure 28. Annual time series of normalized climate indices and MHW frequency in the Red Sea. The (a) AMO
index, (b) 10D index, (c) EATL/WRUS pattern, (d) NAO index, and (e) ONI index are shown with annual MHW
frequency in the entire Red Sea (red line), the Northern Red Sea (blue line), and the Southern Red Sea (green line).
Yellow and grey bars indicate the positive and negative phases of the climate indices, respectively.

In the last four decades, the year 2010 showed the highest MHW frequency particularly
in the NRS, and in the same year had one of the strongest positive AMO phases (i.e. the AMO
is positively correlated with the MHW frequency), while at the same time EATL/ WRUS and
NAO had their strongest negative phases during the entire study period.

3.2.4 Case Study: 2010 MHWs in the Northern Red Sea:

The selection of 2010 as a case study for MHWs in the northern RS is based on several
reasons. Firstly, 2010 was one of the warmest years on record, with a high frequency of MHWs
in the region. Secondly, the spatial distribution of SSTAs and MHWDs in 2010 was found to
be different from that of other warm years. Thirdly, although the SRS is known to be warmer
than the NRS throughout the year (Fig. 19), in 2010 the SSTA of the NRS was higher by more
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than 1°C than the SRS (Supplementary Fig. 6d). Therefore, this section aims to provide a
detailed description of the spatial and vertical extent as well as the potential atmospheric drivers
of the intense MHW event that occurred in the NRS in 2010.
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Figure29. MHW eventsinthe NorthernRed Sea in 2010. The shaded red area indicates the duration of the event.
The solid red line represents the SST, the solid black line represents the climatology, the solid blue line represents
the threshold, andthe dotted blue lines represent the multiples of the threshold (defining the MHW categories).

During both winter and summer of 2010, the NRS experienced ten MHW events (Fig.
29). These included one severe event in February and March (Category I1I), one strong event
between October and December (Category II), and several moderate events (Category I). In
this section, we will provide a detailed analysis of the most intense and longest winter MHW
event that occurred in the NRS. This event occurred between February and March with an
SSTA of about 4°C above the climatological average, peaking on March 12, 2010 (Fig. 29).
This event was categorized as severe (i.e. the temperature exceeded 3X the threshold).
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Figure 30. The MHW event in the NRS between February and March 2010. (a) The vertical extent of the MHW,
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representing the SST (SST), the solid blue line representing the climatology mean, and the solid green line
representing the 90th-percentile threshold.

To better understand the dynamics of the event, the anomaly of water column
temperature compared to the mixed layer depth (MLD) and time series of the MHW at different
depth levels (surface, 25 m, 55 m, 110 m and 130 m) was calculated, as shown in Figure 30.
The results showed that the regular diurnal cycle of water temperature, characterized by high
temperatures during the day and low temperatures during the night, gradually disappeared
during the days of the MHW and was completely absent during the peak days of the event. This
suggests that the ocean temperature reached a threshold where the usual nighttime cooling was
insufficient to lower the high SSTA and the heat was stored in the water column for the duration
of the event. In addition, the results revealed a strong negative relationship between upper layer
temperature and MLD, with a thin mixed layer aligned with the days of the higher water
temperature. The time lag between the drop in MLD and the high water temperature was
approximately four days, indicating that the sharp drop in MLD may have contributed to the
rise of the water temperatures (Fig. 30a). The results also showed that the temperature anomaly
extended vertically into the water column, reaching a depth of approximately 120 m during the
MHW event (Fig. 30b-f). The duration of the MHW event varied from the surface to the
subsurface, with the surface event (February 9 to March 18) being shorter than the events at 25
m and 55 m depth (February 9 to March 31), meaning that the heat from the MHW event was
stored longer in the middle layer than at the surface. At 110 m depth, the duration of the MHW
was shortest compared to the upper layers (February 26 to March 17) and occurred around the
peak day of the surface event (March 12).

To better understand how atmospheric forcings may have contributed to the
development of this MHW event, the spatial averages of atmospheric variables before
(February 3 to 7), during and after (March 10 to 15) the event were calculated and presented in
Figure 31. Additionally, the time series of atmospheric variables averaged over the NRS (24° -
28° N and 34° - 39° E) during the event are presented in Supplementary Figure 12. Prior to the
MHW event, the average SSTA in the NRS was about 1°C above average, while it was negative
in the SRS and in the Strait of Bab El-Mandab. During the MHW event, the SSTA increased in
the NRS and reached a local maximum of 4°C above the climatological average (Fig. 31a-c).
The spatial distribution of the average Tair showed higher values in the west (over Egypt,
Eritrea and Ethiopia) than in the east (over Saudi Arabia) (Fig. 31d-f). Over the NRS, the Tair
increased by approximately 8°C compared to before the event. After the MHW, the Tair
decreased but did not return to pre-MHW values (Fig. 31d-f and Supplementary Fig. 12b). The
MSLP maps showed an opposite distribution to Tair, with areas of high Tair having low MSLP
and vice versa (Fig. 31j-1). In addition, the average MSLP over the NRS decreased during the
MHW event compared to before the event (Supplementary Fig. 12¢). Before the MHW event,
the winds blew from the eastern region and mainly flowed towards the SRS. During this event,
the winds blew from the south and shifted to the west before reaching the NRS region, which
experienced very low winds (Fig. 31m-o and Supplementary Fig. 12d). Furthermore, the
relative humidity rose by 10% over the NRS during the MHW period (Supplementary Fig.
12e).
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In the RS, the latent heat flux (LHF) shares a similar spatial and temporal distribution
with the Qt (Nagy et al., 2021). The majority of the net surface heat exchange variability in the
NRS is known to depend on the turbulent components of the surface flux, primarily the LHF
(Papadopoulos et al., 2013). In our case study, before the MHW event, the LHF ranged from -
140 to -60 W/m?, and the Qt ranged from -150 to -20 W/m?, indicating that the ocean was losing
heat to the atmosphere (Fig. 31g-i and Supplementary Fig. 12f). During the MHW, the
combined effect of increased Tair, humidity and reduced winds led to a strong decrease in the
ocean latent heat loss, signifying reduced heat loss to the atmosphere. Particularly during the
days of the MHW onset and peak, the LHF fluctuated between -20 and -10 W/m?. This decrease
coincided with a slight increase in net solar radiation from 180 W/m? before the MHW to more
than 200 W/m? during the MHW (Supplementary Fig. 12f). Accordingly, the heat exchange
between the air and ocean reversed, causing a prolonged ocean heat gain, with Qt reaching up
to 100 W/m?, ultimately driving the MHW (Fig. 31g-i).
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Figure 31. The average spatial distribution of atmospheric variables before, during, and after the MHW event in
the NRS. The upper panels show the period before the MHW event (3 to 7 February), the middle panels show the
period during the MHW event (10to 15 March), and the lower panels show the period after the MHW event (20
to 25 March). Panels (a)—(c) represent SST anomaly (SSTA; in °C), panels (d)—(f) represent atmospheric
temperature (in °C), panels (g)—(i) represent total heat flux (in Wm—2), panels (j)—(l) represent mean sea level
pressure (in hPa), and panels (m)—(o) represent wind speed (in ms—1) and wind direction.

In summary, our findings indicate that the late winter MHW event in the NRS was
primarily driven by atmospheric forcing, specifically an increase in Tair and humidity, possibly
linked to reduced winds. These atmospheric conditions collectively resulted in reduced LHF
and a strong ocean heat gain, creating favourable conditions for MHW occurrence.
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3.3 Conclusions:

This study aimed to analyse the characteristics and trends of SST and MHWs in the RS
and investigate their relationship with climate modes. Over the past four decades, the RS has
experienced a significant increase in SST and MHWs, with a notable acceleration in the past
decade. The spatial distribution of MHWs showed high variability, with the highest frequency
in the coastal areas of the southern region and the Strait of Bab El-Mandab. The mean duration
of MHWSs was longer in the northern region and the Gulfs of Suez and Agaba, while the most
intense MHWs were observed in the northern region and the western part of the southern
region. The study revealed a warming trend in the RS since the mid-1990s, with a notable
increase after 2016. A total of 78 MHW events and 1016 MHWDs were identified in the RS
over the past four decades, with 46% of these events and 58% of the days occurring in the last
decade. Considering the results of this study and the observed trends of MHW:s in the region,
it is recommended that future work considers an analysis of MHW trends based on different
baselines. This comparison is particularly important when it comes to projecting future MHWs
under different global warming scenarios, as the selection of an appropriate baseline is of
utmost importance for the detection of future MHW:s and the calculation of their trends.

The analysis of SSTA trends revealed a decadal variability with high trends alternating
between the NRS and SRS. From 1982 to 1991, the highest trends were observed in the NRS,
with an average trend of 0.56°C/Decade. However, from 1992 to 2001, the spatial pattern of
the SSTA trend was altered, with the highest trends observed in the SRS, with an average trend
of 0.57°C/Decade, and lower trends in the NRS, with an average trend of 0.30°C/Decade. From
2002 to 2011, the highest trends were again observed in the NRS, with an average trend of
0.45°C/Decade, while the SRS experienced no trend in the SSTA during this period. Finally,
over the last decade of the study period (2012-2021), the SRS had higher trends in the SSTA
than the NRS, with an average trend of 1.35°C/Decade for the SRS and 0.89°C/Decade for the
NRS. The spatial distribution of average SSTA and MHWDs was analysed in both warm and
cold years. In cold years, the NRS and the Strait of Bab El-Mandab had the highest SSTA and
MHWDs. However, in warm years, the SRS had the highest SSTA values, and the SRS and the
northern regions of the Gulfs of Suez and Aqaba had the highest number of MHWDs the year
0f2010 an exception among the warm years, with the northern region having the highest SSTA
and MHWDs.

Investigating the relationship between climate modes and SSTA and MHW frequency,
it was found that the AMO and the IOD indices had high positive correlations with SST and
MHW frequency in the RS. Meanwhile, the EATL/WRUS index showed a negative correlation
with both SST and MHW frequency, particularly in the northern region. The NAO and the ONI
indices showed weaker and less significant correlations with SST and MHW frequency in the
RS. The study further examined the intense MHW event that occurred in the northern region
between February and March of 2010. This MHW has extended to 120 m depth and was
associated with a combination of atmospheric conditions, specifically an increase in Tair and
humidity which were possibly linked to the reduced winds and resulted in reduced LHF and a
strong ocean heat gain, creating favourable conditions for MHW occurrence. Interestingly, the
AMO and the IOD were in a robust positive phase in 2010, while the EATL/WRUS and the
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NAO were in their most pronounced negative phase. These climate indices have been shown
to be correlated with SSTs and MHWs in the RS, and their combination in 2010 may have
contributed to the increased occurrence of MHW:s in that year.

In conclusion, this study has provided valuable insights into the characteristics and
trends of SST and MHWs in the RS and their relationship with climate modes. The findings of
this study can be useful for the management and conservation of marine ecosystems in the RS,
as well as for the prediction and mitigation of the impacts of MHWs on these ecosystems. This
research on MHWs in the RS region will also enable the generation of new scientific
knowledge and help to fill gaps in the existing literature and advance marine science. For future
work, the compound between MHWs and other extreme events will be investigated, and their
impact on the RS ecosystem will also be studied.
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Chapter Four: Subsurface MHWs 1n
Semi-Enclosed Basins

Foreword

This chapter investigates the subsurface structure and long-term evolution of MHW:s in
two semi-enclosed basins: the Mediterranean Sea and the Red Sea. While previous studies have
extensively documented surface MHWs, the vertical extent and persistence of subsurface
thermal anomalies remain less well understood, particularly in marginal seas characterized by
complex circulation and stratification dynamics. Understanding the depth-dependent evolution
of MHWs is essential because subsurface heat anomalies may persist longer than surface
signals and can expose deeper ecosystems to prolonged thermal stress.

The primary objective of this chapter is to quantify the vertical structure and long-term
variability of MHWs in both basins using a consistent depth-resolved framework. By analysing
temperature fields from the upper ocean to depths exceeding 1000 m, this study evaluates how
MHW occurrence, intensity, and vertical penetration vary across different depth layers and
seasons. Particular attention is given to the role of mixed-layer variability and regional
oceanographic processes in modulating the vertical propagation of extreme warming events.

The chapter further provides the first systematic comparison of subsurface MHWs
between the Mediterranean Sea and the Red Sea. These basins present contrasting
oceanographic regimes: the Mediterranean exhibits active intermediate and deep-water
formation that can redistribute heat vertically, whereas the Red Sea is characterized by strong
stratification and more spatially confined deep-water renewal. Comparing these environments
provides new insights into how basin-scale physical structure influences the vertical expression
of marine heat extremes under ongoing climate warming.

This work contributes to the broader objectives of the thesis by extending the analysis
of MHW s beyond the surface layer and by examining the mechanisms governing their vertical
evolution. The study highlights the importance of incorporating subsurface dynamics when
assessing MHW impacts and ecosystem vulnerability in semi-enclosed seas.

This research is currently being prepared for submission to a peer-reviewed journal.
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4.1 Data and Methods:

4.1.1 Data:

Subsurface temperature and mixed-layer depth (MLD) fields were obtained from the
Copernicus Marine Service Global Ocean Reanalysis product GLORYS12V1 (Jean-Michel et
al.,2021). GLORYS12V1 is based on the NEMO ocean circulation model with assimilation of
satellite and in situ observations, providing dynamically consistent three-dimensional ocean
fields at 1/12° (~8 km) horizontal resolution and daily temporal frequency. The vertical grid
consists of 50 z-levels extending to the deep ocean; in this study, the upper 1100 m were
analysed, corresponding to 36 depth levels ranging from approximately 0.5 m to 1062 m.

Daily SST fields were derived from the Copernicus Marine Environment Monitoring
Service (CMEMS) Operational SST and Sea Ice Analysis (OSTIA) Level-4 reprocessed
product (Good et al., 2020), which provides gap-free daily SST maps at 0.05° x 0.05° spatial
resolution from 1 January 1993 to 31 December 2024. To ensure spatial consistency between
surface and subsurface variables, all oceanic fields were interpolated to a common 0.08° X
0.08° grid before analysis. The analysis period covers 1993-2024. A climatological baseline
period of 1993-2022 was used to compute thresholds and anomalies.

To examine spatial variability within each basin, three representative subregions were
defined using fixed longitude-latitude boxes (Fig. 32). In the MedS, the regions are the
Northwestern Mediterranean (3°-11°E, 41.5°-43°N; representing WMB), the North Central
Mediterranean (17°-20°E, 36°-39°N; representing CMB), and the Eastern Mediterranean (27°-
32°E, 31.5°-35°N; representing EMB). In the RS, the regions are the Northern Red Sea (34°-
36°E, 26°-27.8°N; representing NRS), the Central Red Sea (36°-40°E, 20°-23°N; representing
CRS), and the Southern Red Sea (39°-43°E, 15°-18°N; representing SRS). Regional time series
were computed as arithmetic means of all grid cells within each box. Basin-mean metrics were
calculated as the simple mean of the three subregions within each basin.

SST Anomaly during MHWs °c
Il ]

SST Anomaly during MHWs °c

Latitude

Longitude

Figure 32. Composite spatial distribution of SST anomalies (°C) during detected MHAW days (1993 - 2024) in (a)
the Mediterranean Sea and (b) the Red Sea. Colored boxes indicate the subregions analyzed in this study.
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4.1.2 Methods of Analysis:

MHWs were detected following the hierarchical framework of Hobday et al., (2016).
For each grid cell, a seasonally varying climatology and threshold were defined using the 1993 -
2022 baseline period. The threshold corresponds to the 90" percentile of daily temperature,
calculated with an 11-day moving window (£ 5 days) centred on each calendar day to account
for seasonal variability. The resulting climatology and percentile threshold were smoothed with
a 31-day running mean. At the surface, an event was classified as a MHW when daily
temperature exceeded the local threshold for at least five consecutive days. Interruptions of up

to two days below the threshold were merged into a single event, consistent with Hobday etal.,
(2016).

To calculate the contribution of background warming to MHW characteristics, the
linear temperature trend was removed from the raw daily SST time series at each grid cell,
producing a detrended SST dataset representing internal climate variability. MHWs were then
detected independently in the original (raw) SST dataset and the detrended SST dataset, using
the same percentile-based definition (Hobday et al., 2016). For each metric (frequency, total
MHW days, duration, maximum intensity, and cumulative intensity), the contribution of long-
term warming was quantified as the difference between the raw and detrended datasets. The
remaining component was attributed to internal variability. This framework follows established
approaches used to separate background warming from short-term variability in climate
extreme analyses (e.g., Oliver et al., 2018a; Holbrook et al., 2019; Laufkotter et al., 2020).

Subsurface MHWs were defined as surface-anchored events. First, surface MHW's were
identified at each grid point. Then, for each surface MHW day, exceedances of the depth-
dependent 90" percentile threshold were evaluated independently at all subsurface levels. A
subsurface MHW was therefore defined as a positive temperature anomaly exceeding its local
threshold at depth during an ongoing surface MHW event. This ensures that subsurface events
represent the vertical extension of surface extremes rather than isolated deep anomalies. Depth-
specific thresholds were computed independently at each vertical level, preserving the local
thermal structure of the water column.

The vertical structure of MHWs was analysed across the full depth range and
aggregated into four depth layers for trend analysis: 0-50 m, 50-200 m, 200-500 m, and 500-
1100 m. Within each layer, annual MHW days were defined as the number of days during
which at least one depth within that layer exceeded its local threshold during a surface-
anchored event. Daily penetration depth (Zext) was defined as the average depth at which
temperature exceeded its threshold during a surface MHW event. Annual maximum penetration
depth (Zmax) was calculated as the average of the maximum Zext during a surface MHW event
within each calendar year. Seasonal penetration depth was computed as the seasonal mean of
Zext.

Seasons were defined climatologically as:

e Winter: January—March (JFM),
e Spring: April-June (AMJ),
e Summer: July—September (JAS),
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e Autumn: October—December (OND).

Mixed layer depth (MLD) anomalies are analysed relative to MHW onset, and
conditional probabilities are calculated to determine whether periods of anomalously shallow
mixed layers tend to occur prior to MHW onset or whether MHW events are followed by
subsequent adjustments in MLD. This assessment is conducted separately for each season in
order to account for the pronounced seasonal variability in air-sea interactions and stratification
dynamics in both the Mediterranean and the Red Sea.

Long-term trends in subsurface MHW metrics were estimated using Sen’s slope
estimator and evaluated for statistical significance with the non-parametric Mann—Kendall test
(Sen, 1968; Hamed and Ramachandra Rao, 1998; Wilks, 2019). Trends are reported per decade,

and statistical significance was assessed at the 95% confidence level.

4.2 Results:

4.2.1 SST Seasonality and Surface MHWs:

Seasonal mean SST shows spatial gradients in both the Mediterranean (MedS) and the
Red Sea (RS) (Fig. 33-34). In the MedS (Fig. 33), winter (January—March) SST ranges from
approximately 12-14 °C in the northwestern basin to 16-18 °C in the southeastern part
(Levantine Basin). During spring (April-June), basin-wide warming increases SST to 16-20
°C. Summer (July—September) temperatures exceed 24 °C throughout most of the basin and
reach above 28 °C in the EMB. Autumn (October—December) shows progressive cooling, with
SST ranging from approximately 18-24 °C. A persistent west-east gradient is evident across all
seasons, with consistently warmer conditions in the eastern basin relative to the western
Mediterranean. In the RS (Fig. 34), SST displays a strong meridional gradient throughout the
year. Winter temperatures range from about 20-23 °C in the NRS to about 24-26 °C in the SRS.
Spring warming increases SST to 24-28 °C across the basin. During summer, SST exceeds 30
°C in the central and southern regions, while remaining near 28-29 °C in the north. Autumn
SST remains elevated, particularly in the southern basin, where temperatures frequently exceed
28 °C. The RS consistently exhibits higher absolute SST values than the Mediterranean in all
seasons.

The decadal evolution of surface MHW characteristics from 1982 to 2024 shows a
progressive amplification in both basins (Fig. 35-36). In the Mediterranean (Fig. 35), MHW
frequency, total MHW days, mean duration, maximum intensity, and cumulative intensity all
increase from the first decade (1982-1991) to the most recent period (2012-2024). The strongest
increases occur in total MHW days and cumulative intensity during the last decade.
Subregional analysis reveals that the WMB (R1) experiences comparatively larger increases in
maximum intensity, while the EMB (R3) shows stronger increases in duration and cumulative
intensity. The CMB (R2) displays intermediate behaviour compared with the other basins. In
the RS (Fig. 36), surface MHW frequency and total MHW days also increase across decades,
with pronounced amplification after 2012. The SRS (R3) records the largest increases in the
frequency and total days, while the NRS (R1) shows stronger increases in cumulative intensity.
The CRS (R2) shows intermediate characteristics between the NRS and the SRS.
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The decomposition analysis separating background warming from internal variability
shows that long-term warming accounts for a substantial portion of the increase in total MHW
frequency, total days, duration, and cumulative intensity in both basins (Fig. 35-36). While
internal variability remains evident in the decadal variability, it does not fully explain the
magnitude of the significant increase in MHW metrics specially in the last decade. The
warming-driven component increases progressively and contributes to the MedS MHWs in the
last 2 decades and the RS after 2012.

Figure 33. Spatial distribution of seasonal mean SST (°C) averaged over 1993—-2022 for (a) Winter (January—
March), (b) Spring (April-June), (c) Summer (July—September), and (d) Autumn (October—December). The maps
highlight the pronounced west—east thermal gradient and the strong summer amplification, particularly in the
eastern Mediterranean.

SST - Winter SST - Summer

o
3
£21°N
-

Q
A & s L vz X L - i o = y

32°E 36°E 40°E 44°E 32°E 36°E 40°E 44°E 32°E 36°E 40°E 44°E 32°E 36°E 40°E 44°E
Longitude Longitude Longitude Longitude

Figure 34. Spatial distribution of seasonal mean SST (°C) averaged over 1993-2022 for (a) Winter (January—
March), (b) Spring (April-June), (c) Summer (July—September), and (d) Autumn (October—December). The basin
exhibits a persistent north—south thermal gradient with extreme summer warming in the central and southern
sectors.
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Figure 35. Decadal averages (1982—1991, 1992-2001, 2002-2011, 2012-2024) of (a) MHW frequency
(events/decade), (b) total MHW days (days/decade), (c) duration (days/decade), (d) maximum intensity
(°C/decade), and (e) cumulative intensity (°C-days.decade™) for the entire Mediterranean basin (MED) and its
subregions (R1: WMB, R2: CMB, R3: EMB). Yellow bars indicate the estimated contribution of the long -term
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Figure 36. Decadal averages (1982—1991, 1992-2001, 2002-2011, 2012-2024) of (a) MHW frequency
(events/decade), (b) total MHW days (days/decade), (c) duration (days/decade), (d) maximum intensity
(°Cl/decade), and (e) cumulative intensity (°C-days.decade™) for the entire Red Sea basin and its subregions (R1:
NRS, R2: CRS, R3: SRS). Yellow bars represent the contribution of background warming to surface MHW

amplification.
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4.2.2 Subsurface MHWs in the Mediterranean Sea:

The vertical structure and temporal evolution of subsurface MHW:s in the MedS reveal
a strongly surface-intensified system with progressively increasing vertical involvement over
time (Fig. 37). Across all three subregions, MHW activity during the 1990s and early 2000s is
mainly stronger in the upper 400 m, with limited penetration into deeper layers.

In the WMB (Fig. 37a-c), the subsurface MHW penetrates up to 600 m, and after 2014,
the MHW signature was observed to reach depths of 900 m. A marked intensification occurs
after 2011, when total MHW days increase sharply within the upper layer and occasionally
reach depths of approximately 900 m, especially after 2017 (Fig. 37a). Mean MHW intensity
in the surface layer (50-200 m) frequently exceeds 1.0 °C, while intermediate depths (200-500
m) typically show mean intensities of 0.3-0.8 °C, and deep layers (> 500 m) rarely exceed
about 0.5 °C (Fig. 37b). Maximum MHW intensity is strongly amplified at the surface, often
exceeding 2-3 °C in the upper 20 m during extreme years, especially in the last decade, while
values at 200-500 m generally range between 1-2 °C and remain lower at greater depths (Fig.
37c). This pattern indicates both surface intensification and episodic deep vertical propagation
during the most recent decade. Subsurface MHWSs in the CMB exhibit a similar but more
moderate evolution (Fig. 37d-f). During the early record, MHWSs are mainly confined to the
upper 300-500 m, with little sustained activity below 500 m. Between 2005 and 2014, enhanced
activity becomes evident (i.e., more MHW days, higher intensities, and deeper positive
anomaly extent), and several years after 2015 show penetration beyond 800 m. Overall, the
CMB displays progressive vertical expansion of MHW activity during the last decade, though
with fewer days and lower temperature anomalies than the WMB.

The EMB MHWs present a vertical structure characterized by a deeper MHW signature
than in the WMB and CMB (Fig. 37g-1). The early years (i.e., 1990s) show a moderate MHW
activity, less MHW days and lower intensities, compared with the other two basins. After
around 2008 the EMB subsurface MHWs exhibits repeated multi-year high activity. Several
events during the mid-to-late 2010s extend to 700-1000 m with longer durations and higher
intensities, indicating deeper heat storage relative to the western and central basins. In the
surface layer, mean intensity commonly ranges between 0.7-1.3 °C during strong years, while
intermediate depths frequently reach up to 1 °C. Below 500 m, mean intensities remain modest
(<0.6 °C), but deep-reaching events occur more frequently than in WMB. Maximum intensities
again exceed 2—3 °C near the surface and remain detectable (> 1 °C) at intermediate depths
during major events.

When organized by layer, the Mediterranean subsurface MHW structure is dominated
by the 0.5-400 m layer, which shows the largest increase in total MHW days and the strongest
intensity amplification, especially after 2010. The 400-800 m layer exhibits progressive
involvement during strong events across all subregions, with R3 showing the most sustained
intermediate-depth engagement. Penetration below 800 m remains episodic and event-
dependent, with substantially reduced intensity compared to upper layers. Overall, these results
indicate that while Mediterranean MHWs are fundamentally surface-driven phenomena, the
past decade has seen enhanced vertical expansion and increased intermediate-depth
involvement, particularly in the eastern basin.
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Figure 37. Time—depth evolution of (left column) total MHW days (days), (middle column) mean intensity (°C),
and (right column) maximum intensity (°C) for (a—c) WMB, (d—f) CMB, and (g—i) EMB. Depth (m) is shown on
the vertical axis and year on the horizontal axis. The panels illustrate the temporal evolution of vertical
penetration and intensity of subsurface MHWs across the Mediterranean sub-basins. The dark region indicates
depths where temperature anomalies did not exceed the MHW threshold.
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Figure 38. Boxplots of seasonal Zext (m) for (a) WMB, (b) CMB, and (c) EMB during 1993—2024. Seasons are
defined as winter (JFM), spring (AMJ), summer (JAS), and autumn (OND). Boxes indicate interquartile range,
red lines show medians, whiskers represent the full data range excluding outliers.
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Seasonal distributions of average vertical maximum anomaly penetration depth (Zext)
reveal subregional contrasts in subsurface MHW structure (Fig. 38). In the WMB (R1), median
values remainrelatively low throughout the year, generally below ~100 m, with slightly higher
values in winter (~100 m) and autumn (~70-90 m), indicating predominantly shallow
penetration depths with occasional deeper events reaching up to ~800-900 m (Fig. 38a). In the
CMB (R2), median values are substantially higher, particularly during summer (~350—400 m)
and autumn (~300-350 m), with a broad interquartile range and upper extremes exceeding
~1000 m, suggesting more frequent and deeper vertical extensions in this region (Fig. 38b).
The EMB (R3) exhibits intermediate behaviour, with median values around ~150—220 m across
seasons and relatively consistent variability, although slightly enhanced spread is observed
during spring and summer (Fig. 38c). Across all regions, long upper whiskers indicate the
occurrence of episodic deep-reaching events, especially during warmer seasons. Overall, these
results highlight amarked eastward increase in both the magnitude and variability of Zext, with

the CMB showing the deepest and most persistent vertical extensions compared to the WMB
and EMB.
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Figure 39. Seasonal probability (%) that (black bars) MLD shoaling leads surface MHWs and (vellow bars)
surface MHWSs lead MLD shoaling by 7 days for (a) WMB, (b) CMB, and (c) EMB. The percentage shown above
each panel indicates the conditional probability P(IMHW | negative MLD anomaly at t-7). Results quantify the
coupling between stratification changes and surface thermal extremes.

To examine the role of stratification during Mediterranean MHWs, seasonal
relationships between MLD anomalies and surface MHW onset were analysed (Fig. 39). In the
WMB (Fig. 39a), the seasonal lead-lag analysis shows that, in most seasons, MHWs tend to
occur before the mixed layer becomes anomalously shallow. In winter, spring, and summer, the
probability that MHWs precede negative MLD anomalies is higher than the probability that
shallow MLD anomalies precede MHWs. This suggests that surface warming during MHWs
contributes to the shoaling of the mixed layer, rather than shallow mixed layers triggering
MHWs. In autumn, the difference between the two probabilities is smaller, indicating a weaker
and less systematic relationship between MHWs and MLD. Although these results show that
in the WMB, MLD shoaling is more often a response to MHWSs than an active factor enabling
them, the probability of MLD shoaling within 7 days before MHWs is about 50% of all MHW
events that occurred between 1993 and 2024.
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In the CMB (Fig. 39b), the analysis shows that, in most seasons, MHWs tend to occur
before the mixed layer becomes anomalously shallow. In winter, spring, and summer, the
probability that MHWSs precede negative MLD anomalies is higher than the probability that
shallow MLD anomalies precede MHWSs. This suggests that, similar to the WMB, MLD
shoaling generally occurs as a response to MHWs rather than acting as a triggering factor. In
autumn, the difference between the two probabilities is smaller, indicating a weaker and less
consistent relationship between MHWs and MLD variability. The conditional probability of
MLD shoaling within 7 days before MHW:s onset is 43.9%. In the EMB (Fig. 39¢), the analysis
shows that, in most seasons, shallow MLD anomalies tend to occur before MHWSs. In winter,
summer, and autumn, the probability that negative MLD anomalies precede MHWs is higher,
suggesting that stratification plays a more active role in enabling MHW development. In spring,
however, the relationship is reversed, with MHWs more frequently preceding MLD shoaling,
indicating that mixed layer changes may occur as a response to surface warming during this
season. The conditional probability of MLD shoaling within 7 days before MHWs is 56.7%
indicates that shallow mixed layer conditions are more often associated with the occurrence of
MHWs in this basin. Overall, these results show a clear regional contrast, with MHWs
generally preceding MLD shoaling in the WMB and CMB, while in the EMB, shallow mixed
layer conditions more often precede MHWs, indicating a stronger role of stratification in MHW
development in the eastern basin.

4.2.3 Subsurface MHW:s in the Red Sea:

The vertical structure and temporal evolution of subsurface MHW characteristics in the
RS reveal strong interannual variability and pronounced deep-reaching events, particularly
after 2010 (Fig. 40). During the 1990s and early 2000s, MHW activity across all regions is
higher in the upper 300-400 m, with limited penetration below 500 m. After approximately
2010, all regions show a clear increase in both the total number of days and the intensity of
subsurface MHWs, with strong events reaching depths close to 800 m.

In the NRS (R1; Fig. 40a-c), subsurface MHWs are initially restricted to the upper 300-
500 m, with weak and intermittent signals below this depth. However, after about 2010, several
strong years show pronounced vertical penetration, with events extending to around 800 m and
the highest number of MHW days occurring particularly around 2010, 2017-2018, and after
2021 (Fig. 40a). The mean intensity of NRS subsurface MHWs is about 1 °C, while during
peak years it exceeds 1.5 °C (Fig. 40b). Maximum intensity exceeds 2 °C near the surface and
frequently remains above 1-2 °C down to approximately 400-500 m during strong events (Fig.
40c), indicating episodic but significant deep-reaching anomalies. Inthe CRS (R2; Fig. 40d-f),
subsurface MHW activity shows a similar vertical structure compared to the NRS but with less
intense anomalies.

The SRS (R3; Fig. 40g-1) exhibits the deepest and most persistent subsurface MHW
signal among the three regions. While early years show moderate activity mostly above 400-
500 m, a strong intensification occurs after about 2010, with frequent events extending to
around 800 m (Fig. 40g). Several years during the mid-to-late 2010s and early 2020s display
sustained high MHW days across the water column. The SRS subsurface MHW mean intensity
typically ranges between 0.8 and 1.2 °C. Notably, deeper layers (> 500 m) in 2000-2001 and
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after 2014 show relatively high mean intensities, often reaching about 1.5 °C, which is higher
and more persistent than in the NRS and CRS (Fig. 40h). Moreover, the maximum intensity
exceeds 2.5 °C in the deep layer during the same years (Fig. 401), indicating strong deep
subsurface involvement and sustained heat storage. When organized by depth, subsurface
MHWs in the Red Sea show the strongest increase in total MHW days and intensity after 2010.
The 400-600 m layer exhibits consistent and sustained involvement across all regions,
particularly in the southern basin, which shows higher and more persistent intensities,
indicating greater subsurface heat storage in the SRS.
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Figure 40. Depth—time evolution of subsurface MHW metrics averaged over the three Red Sea subregions:
Northern Red Sea (NRS,; R1), Central Red Sea (CRS; R2), and Southern Red Sea (SRS; R3). Columns show (a,d g)
total MHW days (days), (b,e,h) mean intensity (°C), and (c,f,i) maximum intensity (°C). Rows c orrespond to R1-
R3. Annual metrics are calculated at each depth relative to the 1993-2022 baseline. The dark region indicates
depths where temperature anomalies did not exceed the MHW threshold.

The seasonal distribution of Zext in the Red Sea shows clear regional variability and moderate
seasonal dependence across the three sub-basins (Fig. 41). In the NRS (R1; Fig. 41a), median
values remain relatively consistent across seasons, generally around 120-160 m, with slightly
higher values in spring and autumn. The interquartile range is largest in spring, indicating
increased variability during this season, while winter and summer show a more moderate
spread. Upper extremes frequently exceed 300-500 m in all seasons, reflecting episodic deep-
reaching events. In the CRS (R2; Fig. 41b), median values are generally lower than in the NRS,
ranging between 60-110 m, with the highest values observed in winter and lower values during
summer. The variability is relatively consistent across seasons, although spring and summer
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exhibit slightly broader distributions. Extreme values reach 500 m in all seasons, indicating
that deep penetration occurs intermittently but without a strong seasonal preference.

The SRS (R3; Fig. 41¢) displays median values between 70-110 m, with slightly higher values
in summer. The interquartile range is relatively uniform across seasons, suggesting limited
seasonal contrast in variability. However, frequent high outliers exceeding 400-500 m indicate
recurrent deep-reaching events throughout the year, particularly during winter, summer, and
autumn. Overall, the seasonal variability of Zext in the Red Sea is less pronounced than in the
Mediterranean Sea, with relatively consistent median values across seasons in all regions.
However, deep-reaching events remain a persistent feature across all sub-basins, particularly
in the NRS and SRS, indicating that episodic vertical penetration occurs throughout the year
rather than being strongly seasonally constrained.
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Figure 41. Boxplots of seasonal Zext (m) for (a) NRS, (b) CRS, and (c) CRS during 1993-2024. Seasons are
defined as winter (JFM), spring (AMJ), summer (JAS), and autumn (OND). Boxes indicate interquartile range,
red lines show medians, whiskers represent the full data range excluding outliers.

The role of seasonal variability in the MLD negative anomaly during Red Sea MHWs
was analyzed and is shown in Figure 42. In the NRS (Fig. 42a), the seasonal lead-lag analysis
shows that, in all seasons, MHWs tend to occur before the mixed layer becomes anomalously
shallow, and the shoaling of the MLD is more likely to be caused by the occurrence of MHWs.
The probability that the negative MLD anomaly precedes the onset of MHWs is about 37% of
all MHW events that occurred between 1993 and 2024. This indicates that surface warming
associated with MHWSs contributes to mixed layer shoaling, rather than stratification acting as
the primary triggering mechanism. In the CRS (Fig. 42b), the relationship between shallow
MLD and MHW onset is more balanced in all seasons except in spring, when the difference
between the two probabilities is higher. The conditional probability of MLD shoaling within 7
days before MHWs s is about 50%. In the SRS (Fig. 42¢), shallow MLD anomalies more often
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precede MHWs compared with the other two basins. In winter and autumn, the probability that
negative MLD anomalies precede MHW s (approximately 55-60%) exceeds the probability that
MHWs lead to MLD shoaling, indicating that stratification plays a more active role in enabling
MHW development. Overall, the conditional probability of MLD shoaling within 7 days before
MHWs is about 55.7%, which further supports the importance of preconditioning by shallow
mixed layers in the southern basin.

In summary, these results reveal a clear north—south gradient in the role of stratification,
with MLD shoaling primarily acting as a response to MHWSs in the NRS, a more coupled
interaction in the CRS, and a stronger preconditioning role of shallow MLD in the SRS.
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Figure 42. Seasonal probability (%) that (black bars) MLD shoaling leads surface MHWs and (yellow bars)
surface MHWSs lead MLD shoaling by 7 days for (a) NRS, (b) CRS, and (c) SRS. The percentage shown above
each panel indicates the conditional probability P(MHW | negative MLD anomaly at t-7). Results quantify the
coupling between stratification changes and surface thermal extremes.

4.2.4 Basin-Scale Comparison of Subsurface MHWs:

The interannual variability of basin-averaged maximum subsurface MHW penetration,
calculated as the average of the sub-basins in each sea, reveals distinct temporal evolution in
the Mediterranean Sea and the Red Sea (Fig. 43). During the 1990s and early 2000s, both basins
show relatively shallow penetration depths, generally below approximately 400-600 m, with
strong year-to-year variability. After about 2008-2010, both regions exhibit a marked increase
in penetration depth. In the Mediterranean Sea, maximum penetration increases progressively,
with several years exceeding approximately 900 m and reaching about 1000-1100 m after 2015.
These deep-reaching values persist in most years from around 2016 onward, indicating
sustained vertical expansion of MHWs. In the Red Sea, deep penetration also increases after
about 2010, with several years, particularly around 2010-2012 and 2016-2018, exceeding
approximately 1000 m. However, unlike the Mediterranean, these deep events are not
sustained. After about 2019-2020, penetration depth decreases to approximately 300-700 m,
indicating a reduction in deep-reaching events in recent years. Throughout the record, the Red
Sea shows stronger interannual variability, with large fluctuations between shallow and deep
penetration years.
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Overall, both basins show a transition toward deeper subsurface MHW penetration after
about 2010, but the Mediterranean Sea is characterized by sustained deep-reaching conditions
in recent years, whereas the Red Sea exhibits intermittent deep events and higher interannual
variability. This contrast indicates differences in the persistence of subsurface heat storage
between the two basins.
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Figure 43. Basin-mean annual maximum penetration depth (Zmax, m) of subsurface MHWs in the Mediterranean
Sea (blue) and Red Sea (red) from 1993 to 2024.

The long-term trends in subsurface MHW total days and mean intensity reveal distinct
depth-dependent and regional patterns in both the Mediterranean Sea (Table 2) and the Red Sea
(Table 3). In the Mediterranean, trends in MHW days are positive and statistically significant
across most depths and subregions, with the strongest increases generally observed in the upper
ocean. In the 0-50 m layer, trends range from approximately 44.8 to 57.8 days/decade across
the WMB, CMB, and EMB, while in the 50-200 m layer, increases remain substantial (up to
about 65.6 days/decade in the WMB). At intermediate depths (200-500 m), significant
increases are observed in the CMB and EMB (about 58.0 and 51.5 days/decade), whereas the
WMB shows no increase at this depth. In the deep layer (500-1100 m), trends remain positive
and significant in the WMB and CMB, particularly in the CMB (about 64.7 days/decade),
indicating enhanced deep-layer involvement. Trends in mean intensity are more heterogeneous,
with modest positive values in most layers, particularly at depth in the WMB (about 0.092
°C/decade), while some negative trends appear in the upper layers (50-200 m) of the CMB and
EMB, suggesting a redistribution of heat rather than uniform intensification.
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In the Red Sea, trends in MHW days are also positive and significant but exhibit
stronger regional contrasts. In the surface layer (0-50 m), increases range from about 21.1
days/decade in the NRS to about 44.2 days/decade in the SRS. The most pronounced increase
occurs in the 50200 m layer of the SRS (about 71.3 days/decade), indicating strong subsurface
amplification in the southern basin. At intermediate depths (200-500 m), significant increases
are observed mainly in the CRS (~50.6 days/decade), while the NRS and SRS show minimal
changes. In the deep layer (500-1100 m), a significant increase is only evident in the CRS
(~35.7 days/decade), whereas the NRS and SRS show no trend. Mean intensity trends in the
Red Sea display a clear vertical and regional contrast, with strong positive trends in the SRS
upper and intermediate layers (up to about 0.282 °C/decade), indicating substantial warming,
while negative trends appear in deeper layers, particularly in the SRS (-0.319 °C/decade),
suggesting reduced intensity in this layer.

Overall, both basins exhibit increasing MHW activity, but their vertical structures differ.
The Mediterranean Sea shows a more vertically coherent intensification, with significant
increases in MHW days extending from the surface to deep layers across multiple subregions,
indicating sustained vertical expansion of MHWSs. In contrast, the Red Sea displays a more
heterogeneous structure, with strong increases concentrated in specific regions (notably the
SRS and CRS) and limited or absent trends at depth in the NRS. Additionally, intensity trends
in the Mediterranean are relatively moderate and spatially consistent, whereas the Red Sea
shows stronger surface and intermediate warming but contrasting negative trends at depth,
especially in the SRS. These differences indicate that subsurface MHW evolution in the
Mediterranean is characterized by widespread and persistent vertical intensification, while in
the Red Sea it is more regionally constrained and depth-dependent, reflecting differences in
basin-scale circulation, stratification, and heat storage processes.

Table 2. Linear trends in subsurface MHW total days (days/decade) and mean intensity (°C/decade) for the three
Mediterranean subregions. Asterisks indicate statistically significant trends (p < 0.05).

Trend of the MHW Days Trend of the MHW Intensity
(days/decade) (°C/decade)
Depth (m) WMB CMB EMB WMB CMB EMB
0-50 57.84* 44.81* 47.89%* 0.087 0.042 0.016
50-200 65.62* 43.58* 32.47* -0.017 -0.074 - 0.050
200-500 0.0* 58.01°%* 51.53* 0.098 0.027 0.067*
500-1100 5.92% 64.72* 28.97 0.092* 0.067 0.033

Table 3. Linear trends in subsurface MHW total days (days/decade) and mean intensity (°C/decade) for the three
Red Sea subregions. Asterisks indicate statistically significant trends (p < 0.05).

Trend of the MHW Days Trend of the MHW Intensity
(days/decade) (°C/decade)
Depth (m) NRS CRS SRS NRS CRS SRS
0-50 21.14* 25.0%* 44.19* 0.08 0.034 0.154*
50-200 6.75% 15.23* 71.27* - 0.005 0.1 0.282*
200-500 0.0%* 50.62%* 5.0% 0.027 -0.018 0.018
500-1100 0.0* 35.71%* 0.0* 0.142 - 0.058 -0.319%*
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4.3 Discussion:

The results show that both the Mediterranean Sea and the Red Sea have experienced a
marked increase in surface MHW activity during the satellite era, with the strongest rise
occurring after 2010, especially in the most recent decade. In both basins, the decomposition
of MHW metrics indicates that this increase is primarily linked to long-term background
warming, while internal variability modulates the year-to-year expression of events. This
interpretation aligns with Denaxa et al., (2025), who found that the recent intensification of
Mediterranean surface MHWs is largely explained by the long-term warming trend, with
internal variability acting mainly as a regional modulator rather than the dominant cause of the
observed increase.

Within the Mediterranean, the subregional contrasts identified here are consistent with
previous studies. The stronger increase in maximum intensity in the western Mediterranean
and the stronger increase in duration and cumulative exposure in the eastern Mediterranean
match the subregional analysis of Juza et al., (2022) and Hamdeno and Alvera-Azcarate,
(2023), who reported that surface MHWSs have accelerated across the basin, with marked
regional differences in frequency, intensity, and duration. Their study also showed that the
eastern Mediterranean tends to experience longer events, while more intense surface anomalies
are often observed in western sectors.

The subsurface results demonstrate that recent MHW intensification is not limited to
the surface but increasingly involves the upper and intermediate water column in both seas. In
the Mediterranean, subsurface MHWs remain clearly surface intensified, yet the last decade is
characterized by stronger downward propagation, with recurrent events reaching below 800 m
and, in some years, approaching 1000 m. This is consistent with Juza et al., (2022), who showed
that Mediterranean MHW:s propagate below the surface with strong subregional and seasonal
variability, and that vertical penetration can be much deeper in eastern sectors than in the
western basin. It also aligns with the synthesis of Darmaraki et al., (2024), who emphasized
that Mediterranean subsurface MHW:s are often longer-lived than their surface expression, can
exhibit strong spatial heterogeneity, and depend strongly on stratification, mixed-layer depth,
wind-driven mixing, and vertical redistribution processes.

These results refine the Mediterranean picture by showing that the western basin is
characterized by stronger near-surface intensity, whereas the eastern basin exhibits more
persistent deep involvement and more frequent heat storage below 500 m. The penetration-
depth analysis supports this contrast: Zext remains relatively shallow in the WMB, while the
CMB and EMB show deeper and more variable vertical extension. This pattern supports the
idea that deep Mediterranean subsurface MHW structure is influenced not only by surface
warming magnitude but also by regional oceanographic setting, including stratification
strength and circulation. This interpretation is consistent with Juza et al., (2022) and the broader
Mediterranean review by Darmaraki et al., (2024).

The mixed-layer-depth lead-lag analysis further clarifies the role of stratification in the
Mediterranean. In the WMB and CMB, MHWs more often occur before MLD shoaling,
suggesting that mixed-layer shallowing is frequently a response to surface warming rather than
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a primary trigger. In contrast, in the EMB, negative MLD anomalies more often precede MHW
onset, indicating a stronger preconditioning role of stratification in the eastern basin. This result
corresponds with the deeper and more persistent subsurface signal observed in the EMB, and
itagrees with Juza etal., (2022) and Darmaraki et al., (2024), who showed that MHWs enhance
upper-ocean stratification and that the vertical response varies substantially among
Mediterranean.

In the Red Sea, the vertical structure differs from the Mediterranean in an significant
way. Although Red Sea subsurface MHWs are also surface intensified, the southern basin
exhibits the deepest and most persistent subsurface signal, with relatively high mean and
maximum intensities below 500 m and repeated deep-reaching events after 2010. This finding
is consistent with Nadimpalli et al., (2025), who showed that subsurface marine heat anomalies
in the southern Red Sea can be strongly influenced by remote forcing from the Gulf of Aden,
and that subsurface heat-content anomalies down to 100 m help explain the severity of coral
bleaching more effectively than SST alone. Their heat-budget analysis indicated that advection
from the southern boundary is a primary heat source, implying that Red Sea subsurface MHW
behaviour cannot be interpreted solely through local surface forcing.

The MLD analysis in the Red Sea also supports a north—south gradient in the role of
stratification. In the NRS, MLD shoaling generally follows MHW onset, indicating that mixed-
layer adjustment is mainly a response to warming. In the SRS, however, shallow MLD
anomalies more often precede MHW onset, implying that upper-ocean stratification more
clearly acts as a preconditioning factor. The CRS shows a more balanced interaction between
the two processes. These results suggest that Red Sea subsurface MHW development becomes
increasingly controlled by retained subsurface heat and stratification toward the southern basin.
This interpretation is compatible with the regional mechanism proposed by Nadimpalli et al.,
(2025), in which subsurface heat anomalies and their advection into the southern Red Sea are
critical for extreme warm events.

The basin-scale comparison highlights a clear distinction between the two seas. Both
basins show a transition toward deeper subsurface MHW penetration after about 2010, but the
Mediterranean exhibits more sustained deep penetration after 2015, whereas the Red Sea shows
stronger interannual variability and more episodic deep-reaching years. This contrast is also
reflected in the trend analysis. In the Mediterranean, positive trends in MHW days extend from
the surface to the deep layer across most subregions, indicating a vertically coherent expansion
of MHW activity. In the Red Sea, by contrast, the strongest increases are concentrated in the
SRS and CRS, while deep-layer trends are weak or absent in NRS. Similarly, Mediterranean
intensity trends are generally moderate but vertically consistent, whereas the Red Sea shows
stronger positive trends in upper and intermediate layers combined with contrasting negative
trends at depth, especially in the SRS. Overall, these differences suggest that the Mediterranean
is undergoing a broader basin-scale vertical intensification, while the Red Sea response is more
regionally focused and strongly influenced by southern-basin heat storage and remote forcing,
This interpretation is consistent with Denaxa et al., (2025) for the role of warming in the
Mediterranean, Juza et al., (2022) for the heterogeneous vertical response in the Mediterranean,
and Nadimpalli et al., (2025) for the southern Red Sea subsurface mechanism.
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Finally, the ecological relevance of these physical results should be emphasized. In the
Mediterranean, the increasing vertical persistence of MHWSs implies longer thermal exposure
of subsurface ecosystems and stronger stratification effects on nutrient supply and
biogeochemical exchanges. This is important because recent ecosystem modelling in the
western Mediterranean by Artana et al., (2026) showed that MHWs can exacerbate long-term
biomass declines and alter food-web structure beyond the effects of gradual warming alone.
While that study focuses on ecosystem response rather than vertical heat structure, it reinforces
the idea that the increasing persistence and downward propagation of thermal extremes found
here are likely to have ecological consequences that extend well beyond the sea surface.

4.4 Conclusion:

This study provides a comprehensive assessment of MHWSs in two climatically distinct
but rapidly warming semi-enclosed basins, the Mediterranean Sea and the Red Sea, with a
particular focus on their subsurface structure. The results demonstrate that MHWSs have
intensified significantly in both regions over recent decades, with a marked acceleration after
2010. This intensification is largely driven by long-term background warming, while internal
variability modulates the timing and regional expression of extreme events.

Beyond surface warming, the analysis reveals that MHWs are three-dimensional
phenomena, with enhanced vertical propagation into the subsurface ocean. In the
Mediterranean Sea, MHW:s exhibit a surface-intensified structure but show progressive and
sustained deepening, particularly in the eastern basin, where there is persistent subsurface heat
storage. In contrast, the Red Sea displays a more heterogeneous and regionally constrained
response, with the southern basin showing the strongest subsurface intensification and deep
heat storage, while the northern basin remains more in the near surface layer.

The role of stratification further highlights key regional differences. In the
Mediterranean, stratification acts as a response to surface warming. In the Red Sea, a clear
north-south gradient emerges, with stratification playing a dominant preconditioning role in
the southern basin. These results emphasize the importance of mixed-layer dynamics and
vertical heat redistribution in controlling the development and persistence of subsurface
MHWs.

Overall, this study shows that while both basins are experiencing increasing MHW
intensity and vertical expansion, the underlying mechanisms differ. The Mediterranean is
characterized by basin-wide, persistent vertical intensification, whereas the Red Sea exhibits
stronger regional variability and a greater influence of subsurface heat storage and remote
forcing. These findings highlight the need to consider the full three-dimensional structure of
MHWs when assessing their physical dynamics and potential ecological impacts, particularly
in semi-enclosed seas that are highly sensitive to climate change.
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Chapter Five: Drivers of MHWSs in
the Mediterranean and Red Sea

Foreword

This chapter investigates the physical drivers and mechanisms governing MHW:s in the
Mediterranean Sea and the Red Sea. While previous research has documented the increasing
frequency and intensity of MHWSs, the relative roles of atmospheric forcing and oceanic
processes remain regionally dependent and not fully resolved, particularly in semi-enclosed
basins with contrasting dynamics.

The primary objective of this chapter is to identify and quantify the drivers of MHW
occurrence using a combination of composite analysis, upper-ocean diagnostics, and statistical
modelling. By examining atmospheric conditions, air-sea heat fluxes, and subsurface ocean
properties across different subregions, this study evaluates how MHWSs are initiated,
intensified, and sustained.

A key focus is the comparison between basins and subregions, including the Western
and Eastern Mediterranean, as well as the Northern and Southern Red Sea. These regions
exhibit distinct oceanographic and atmospheric characteristics, allowing for a systematic
assessment of how local processes and large-scale conditions influence MHW dynamics.

This chapter contributes to the overall objectives of the thesis by linking surface and
subsurface processes to the occurrence of MHWSs and by providing a unified framework to
interpret their drivers across different environments. The results offer new insights into the
relative importance of atmospheric variability and oceanic heat storage in shaping MHW
behaviour.

This research is currently being prepared for submission to a peer-reviewed journal.
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5.1 Data and Methods:

5.1.1 SST data and MHW detection:

SST is obtained from the NOAA Optimum Interpolation SST version-2 (OISST v2)
dataset, which combines satellite and in situ observations on a 0.25° grid with daily resolution
(Reynolds et al., 2007).

MHWSs are identified following the Hobday et al., (2016) framework, as explained in
the previous chapters, relative to the 1993-2022 climatology. To assess the contribution of long-
term warming, the linear SST trend is removed at each grid point using least-squares regression
(Wilks, 2019). MHWs are then detected in both raw and detrended SST datasets, and the
warming contribution is quantified as the difference between the two, following established
approaches (Oliver et al., 2018b; Laufkotter et al., 2020). The MHWs calculations covers the
period 1982-2024 and for the drivers analysis it covers 1993-2024 (the overlap period with the
available oceanic variables).

5.1.2 Atmospheric Forcing:

Atmospheric variables are obtained from the ERAS5 reanalysis produced by the
European Centre for Medium-Range Weather Forecasts (ECMWF) (Hersbach et al., 2020).
The dataset has a spatial resolution of 0.25° x 0.25°, and hourly fields are averaged to daily
values. The atmospheric variables include 10 m wind components (U10, V10), 2m air
temperature (Tair), 2m dew point temperature (d2m), mean sea level pressure (MSLP),
shortwave radiation (Qs), longwave radiation (Qb), sensible heat flux (Qh), latent heat flux
(Qe), and total cloud cover (TCC). These variables represent the main processes controlling
air-sea heat exchange and upper-ocean forcing.

All atmospheric variables are expressed as daily anomalies relative to the 1993-2022
climatology, allowing consistent comparison across seasons and regions. Net surface heat flux
(THF) and relative humidity (RH) are computed following the formulations described in
Chapter 3 (Alduchov and Eskridge, 1996; Thomson and Emery, 2014; Nagy et al., 2017, 2021;
Bawadekji et al., 2022). To investigate the role of atmospheric forcing in MHW development,
composite analyses are performed by aligning all detected MHW events relative to their peak
intensity. For each event, anomaly time series are extracted within a +30 day window centred
on the event peak, representing the temporal evolution of atmospheric conditions. Three phases
are defined:

e Pre-event phase: -30 to -1 days before the event peak (preconditioning).
e Peak phase: day of maximum intensity.
o Post-event phase: +1 to +30 days after the event peak (decay).

Composite mean time series are computed across all events for each region and season. In
addition, spatial composite maps are constructed to characterize the structure of anomalies
during key stages of MHW evolution:

e Pre-onset phase (-5 to -1 days before event start).

e Event phase (event duration).

e Decay phase (+1 to +5 days after event end).

Page| 108



These composites allow identification of large-scale atmospheric patterns associated with
MHW initiation, development, and decay.

5.1.3 Oceanic Processes and Upper Ocean Heat Content:

Subsurface temperatures and mixed layer depth (MLD) fields are obtained from the
Copernicus Marine Service Global Ocean Reanalysis product GLORYS12V1 (Jean-Michel et
al., 2021), which provides daily data at (~8 km) horizontal resolution. In this study, the upper
500 m of the water column are analysed. All data are interpolated to a common 0.25° grid.
Oceanic variables are expressed as anomalies relative to the 1993-2022 climatology. The
analysis focuses on upper-ocean processes controlling heat storage and vertical mixing.

Upper-ocean heat content is calculated as the vertical integral of temperature anomalies,
providing a measure of subsurface heat storage (Levitus et al., 2012; Cheng et al., 2019). In
addition, mean subsurface temperature anomalies and warm layer thickness are computed to
characterize the intensity and vertical extent of warm anomalies. Oceanic composite analyses
are performed using the same temporal and spatial framework as for atmospheric variables,
allowing direct comparison between atmospheric forcing and oceanic preconditioning during
MHW evolution.

5.1.4 Attribution of Atmospheric and Oceanic Contributions:

To quantify the relative roles of atmospheric and oceanic forcings to the occurrence of
MHWs, standardized indices are constructed by combining key variables from each driver
family. The atmospheric contribution index integrates anomalies in surface heat flux, wind
speed, air temperature, and mean sea level pressure, capturing conditions that enhance surface
heat input and suppress mixing. The oceanic contribution index combines mixed layer depth
and upper-ocean heat content anomalies, representing stratification and subsurface heat
storage.

Logistic regression is used to model the probability that a given day belongs toa MHW
event as a function of these indices (Hosmer et al., 2013). All predictors are standardized prior
to model fitting to allow direct comparison of their effects. Model performance is evaluated
using the area under the receiver operating characteristic (ROC) curve (AUC), which provides
a threshold-independent measure of the model’s ability to discriminate between MHW and
non-MHW days (Fawcett, 2006).

The relative importance of atmospheric and oceanic drivers is assessed using two
complementary approaches. First, regression coefficients are expressed as odds ratios,
quantifying how variations in each predictor influence the likelihood of MHW occurrence.
Second, permutation importance analysis is applied by randomly perturbing each predictor and
measuring the resulting decrease in model performance (AUC). This provides a robust estimate
of the contribution of each driver family to MHW occurrence.

5.2 Results and discussion:

5.2.1 Contribution of Long-Term Warming to MHW Occurrence:

The contribution of long-term warming to MHW occurrence shows clear spatial and
temporal intensification in both the Mediterranean Sea and the Red Sea (Figs. 44-45). In the
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Mediterranean (Fig. 44a-b), the fraction of MHW days enabled by warming displays a
pronounced eastward gradient, with values generally below ~30-40% in the Westem
Mediterranean and exceeding ~50-60% in the Eastern Mediterranean, particularly in the
Levantine basin. A similar spatial pattern appears for the fraction of events dominated by
warming, indicating that long-term temperature trends play a stronger role in controlling both
the frequency and persistence of MHWs in the eastern basin compared to the west.

The temporal evolution further highlights the increasing importance of warming (Fig.
44c). Prior to ~2005, MHW variability is largely driven by internal variability, with warming
contributing only a minor fraction of total MHW days. However, after ~2010, the warming-
enabled component increases rapidly and becomes the dominant contribution in most years,
especially after 2015. The most recent years (2020-2024) are almost entirely dominated by
warming-driven MHW days, indicating a transition toward a regime in which background
warming controls the occurrence of extreme events.

% of MHW days enabled by warming (1982-2024) %
60 (c) Mediterranean 