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Drivers of marine heatwaves in coral
bleaching regions of the Red Sea
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Extreme warm ocean temperature events, known as marine heatwaves, have been associated with
several coral bleaching reports in coastal locations of the Red Sea. Yet, our knowledge of the
processesdriving these events remains limited.Hereweanalyse theupper oceanmechanismsbehind
multiple summer marine heatwaves between 2001 and 2015, over known coral bleaching-affected
regions, using a high-resolution oceanmodel, specifically tuned for the Red Sea. Our findings indicate
atmospheric forcing as the primary driver of marine heatwave onsets in the northeast and southwest,
while horizontal advection plays a key role in the southeast and northwest coasts.While the frequency
and associated temperature changes of the events’main drivers are subject to regional influences, the
intensity and duration of extreme warming due to horizontal advection, on average, exceed that of
atmosphere heat fluxes, which act as themajor coolingmechanismacross themajority of study areas.
Ecological threats for Red Sea corals are further highlighted with a view to enhance our understanding
of their response to climate change.

Coral reefs host exceptional biodiversity, providing essential ecosystem
services to the vast populations living in tropical areas1. In the case of theRed
Sea, coral reefs extend all around the basin’s coastlines and host a high level
of species endemism2. However, coral bleaching, which describes the ejec-
tion or death of a coral’s symbiotic algae by the coral host, has led to
devastating impacts on coral reefs3. The principal cause of coral bleaching
globally is prolonged exposure to anomalously warm water temperatures4,
particularly due to marine heatwaves (MHWs). The increasing frequency
and intensityof these extreme events pose a significant threat to thehealth of
these ecosystems on a global scale, exacerbating the effects of global
warming and further accelerating their decline5,6. While MHWs are often
definedwith a 90th percentile threshold and aminimumduration of 5 days,
in the Red Sea coral bleaching has been linked to MHWs characterized by
temperatures exceeding the 95th percentile and lasting at least 7 days7.While
the mean maximum annual temperatures range from 27 °C in the north to
33 °C in the south8, bleaching has been observed only duringMHWswith a
mean temperature of 30 °C or more over the whole Red Sea7. In particular,
the northern Red Sea has experienced mild (<10% coral cover) bleaching
events so far9, whilemoderate (<30%) and severe (>50%)bleaching has been
observed in the north-central and south-central Red Sea in 1998, 2010 and
201510–13. These events coincide with an abrupt warming seen throughout
the basin14, that has also led to an increase in the frequency, duration and
severity of MHWs over the past few decades15, particularly in the northern
Red Sea, which is the region exhibiting the highest warming rate8.

Aside from coral bleaching, MHWs may result in decreased coral
growth rates and could lead to Red Sea corals halting growth altogether by
2070, if temperatures continue to rise16. Despite an influence from the
natural, 70-year long Atlantic Multidecadal Oscillation on the sea surface
temperature (SST) increase observed thus far17, the overall temperature
trend in the basin since 1870 is positive and SSTs are anticipated to show
new extremes in the future17. In particular, projections from the Coupled
Model Intercomparison Project Phase 5 (CMIP5) estimate a 3 °C increase
by 2100 for the whole Red Sea, meaning that central and southern Red Sea
regions may encounter mass bleaching yearly, while the northern Red Sea
mean temperatures will not reach the severe bleaching threshold until the
end of the century18. Assessment of Red Sea temperatures based on the
CMIP models further suggests an increase in the average MHW duration
(up to 15 times) and intensity (~4 times) compared to the present
conditions19.

Yet, our insight into the physical drivers behindMHWs in the Red Sea
is limited to specific events. The coral reefs at the northern part of the basin
(Gulf of Aqaba) experienced widespread warming during July 2017,
attributed to lower than normal wind speed and latent heat losses from the
ocean20. Likewise, extreme SST events observed in the southern part of the
basin between 1982 and 2019 were related to reduced heat losses from the
ocean, as a result of weaker winds associated with lower than normal sea
level pressure established over the Red Sea and the surrounding area and a
subsequent intrusion of warm air masses through the Tokar Gap21. Severe
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bleaching events linked to weak winds were also observed in 2010, near
Thuwal, Saudi Arabia11,22 (from mid-July to September), in addition to a
strong MHW in the northern Red Sea that was linked to high air tem-
peratures, reduced ocean heat losses and weak winds15. However, processes
other thanatmospheric ones candrive SSTvariationswithin themixed layer
(ML), the near-surface layer of the ocean where temperature and salinity of
the water remain nearly uniform23.

Here, we focus on the development phase of summer MHWs in the
Red Sea (the main coral bleaching period in the basin) by isolating thermal
effects of atmospheric forcing, oceanic advection and ML interactions with
deeper layers, on the ML temperatures and examining their spatial dis-
tribution. In particular, we analyze the heat sources and sinks of multiple
summer events between 2001 and 2015, by analyzing a mixed layer heat
budget (MLHB) based on a simulation of a regional, high-resolution ocean
model of the Red Sea24. To our knowledge, this is the first time that inte-
grated information on the upper ocean from a MLHB simulation is used,
instead of the SST variability, to explore the generating factors behind Red
Sea MHWs. We provide a statistical overview of cumulative temperature
changes during MHW onsets and subsequently present the dominant dri-
vers during the onset phase.We further statistically linkMHWonset drivers
to total event duration in distinct bleaching-affected regions of the basin,
discussing their potential impacts on marine ecosystems and corals in the
Red Sea.

Results
Temperature tendency during MHW onsets
To gain an insight on the average extreme warm temperature conditions in
the Red Sea, we first examine the cumulative positive and negative, daily
temperature changes (or total warming and cooling budgets, see Methods)
across an ensemble of MHW onsets (2001–2015) within every study area.
On average, higher cumulative warming of the mixed layer temperature
(MLT), ranging between 1 °C and 1.6 °C, is revealed in the northernRed Sea
(Sharm El Sheikh, Hurghada and Al Wajh), compared to the central
(0.5 °C–0.8 °C) and the southern (0.6 °C–0.8 °C) parts of the basin (Fig. 1b).

Using the rate of onset (Ronset) index, we analyze the speed at which these
temperatures change between the start of a MHW and the day of its peak
intensity andfind that thehighestRonset valuesare also seen in thenorthern
areas of Sharm El Sheikh, Hurghada, AlWajh andWadi el Gemal (0.13 °C/
day–0.15 °C/day). All other regions exhibit Ronset of about 0.06–0.09 °C/
day, with the north-central study areas being around 0.1 °C/day (Fig. 1c).
The Sharm El Sheikh, Hurghada and Al Wajh demonstrate in addition the
highest cooling temperatures, of about 0.4 °C–1 °C, which work against but
are not strong enough to entirely counteract MHW onsets, while all other
study areas display cooling of approximately 0.1 °C–0.3°C (Fig. 1b).

Dominant drivers of MHW onset
MHWs develop due to a combination of physical processes and knowledge
of themainmechanismbehind their onset is useful for predicting theirmost
likely occurrence in every area. In this study, we analyze the contributions
fromatmosphere heatfluxes (AHflux), horizontal advection of temperature
(Hadv), processes at the base of the mixed layer (MLBot) and mixing
(Mixing) to the development of MHWs. First, we describe changes inMLT
throughout multiple summerMHW onsets of 2001–2015 and then outline
the probability of eachMLHB process dominating these changes across the
12 study areas (seeMethods). This probability is expressed in the form of a
percentage, indicating the number of times a physical process was the main
driver of summer MHW onsets, relative to the total number of summer
events detected in each grid point of every study area over the examined
period. In the following we describe differences in the distribution of the
dominant physical processes, related to regional characteristics.

During MHW onset, average MLT changes are most pronounced in
the northwest (Sharm El Sheikh, Al Wajh, Wadi El Gemal and Hurghada)
and southeastern regions (Al Lith and Farasan) of the Red Sea, with tem-
perature increases ranging from 0.17 to 0.33 °C (Fig. 2). The remaining
study areas exhibit MLT changes between 0.12 and 0.16 °C. Maximum
temperature increases are observed in specific locations, ranging from 0.29
to 0.45 °C along the western and from 0.33 to 0.94 °C along the eastern
coasts, with Al Wajh showing the highest MLT increase (Fig. 2).

Fig. 1 | Red Sea study areas and their warming characteristics. a Selected study
areas of the Red Sea, where coral bleaching has been reported, between 2001 and
2015. Red dots indicate the coral bleaching spots within each site, according to
Genevier et al.7. b Cumulative sum of daily temperature change averaged over
summer MHW onsets for each region. Total positive temperature changes are
indicated in red (warming) and negative ones in blue (cooling). c Average rate of
summer MHW onset (see Hobday et al.60 for details of the Ronset calculation).

Note, the temperature changes shown here represent an average over all the events
identified separately from all the grid-points of a study area. Additionally, regions are
ordered descending from north to south, while those in the west (east) of the Red Sea
are indicated in black (blue) labels. Colours on the main map represent the bathy-
metric characteristics of the basin. Red lines separate the Red Sea into the north,
central and south part of the basin.
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On average (over space), AHflux seem to dominate only 1%–19% of
summer MHW onsets in the northwest regions of Sharm El Sheikh, Hur-
ghada,Wadi El Gemal, as well as Farasan in the southeast. In all other study
areas, AHflux is the dominant heat contributor in 23%–49% of the events,
on average, with the highest percentage (49%) found in the Yanbu (Fig. 3).
However, all regions show specific locations where 100% of MHWs are
AHflux-driven, except for SharmEl Sheikh, Hurghada andWadi El Gemal,
where AHflux accounts for amaximumof 50% to 67% of the onsets locally.
The highest percentage of events driven primarily by Hadv between 2001
and 2015 appears, on average, in the northwesternRedSea: SharmEl Sheikh
(92%), Hurghada (97%),Wadi El Gemal (83%), Southern Egypt (67%) and
Farasan (66%) and Al Khawkhah (69%) in the south. In comparison, this
process is on average, the main mechanism of 41%–60% of the events in all
other areas, with Al Wajh exhibiting the lowest probability of Hadv-driven
MHWs (~41%). Nonetheless, every study region demonstrates specific
locations where Hadv dominates 100% of the events (Fig. 4).

The transferof anomalouslywarmheat contentwithin theML through
interactions with underlying water masses represented byMLBot processes
dominates, on average, between 1% and 10% of MHW onsets in all study
areas, with the northwestern regions showing the lowest probability of this
MHW type (Hurghada ~1.3%, Wadi El Gemal 2.4% and Sharm El Sheikh
~3.5%) and Sanganeb the highest probability (10%). However, at specific
locations,MLBot processes account for up to 40% of summerMHWonsets
in Wadi El Gemal and up to 100% in Al Lith, Farasan, Al Khawkhah,
Massawa Dahlak and Sanganeb (Fig. 5). Finally, mixing processes occa-
sionallydominate theonset of summerMHWs, accounting for anaverageof
0.2% to 13%of the events. These types of events tend to occur near the coast

or in shallow regions (Fig. 6), with the highest average frequency seen in Al
Lith (4%), Farasan (10%) andMassawa Dahlak (13%). Specific locations in
Yanbu, Thuwal Rabigh, Al Lith, Farasan and Al Khawhah exhibit 100% of
Mixing-driven MHW onsets during the examined period. All other areas
show a maximum frequency of 50%–87% for these events at a local scale.

Warming and cooling associated with MHW onset drivers
The MLT can rise due to AHflux warming, mostly in the shallow or well-
stratified ocean, and due to ocean currents (Hadv) transporting warmer
waters. MLBot processes can also lead to warmer temperatures, typically by
reducing the vertical extent of theML, consequently distributingheatwithin
a smaller volume. Alternatively, enhanced stratification resulting from
reduced mixing in the ocean facilitates warming of surface layers. Con-
versely, these four processes can act to cool the upper ocean through tur-
bulent or increased latent heatfluxes from the ocean to the atmosphere, cold
water intrusions, ormixingwithcoolerwatersbelow theML.Togain further
insight into the mechanisms conducive to a MHW in the Red Sea, we
examine the warming and cooling contributions from the different physical
processes during their onset period (Fig. 7).

The northwest study areas ofHurghada, SharmEl Sheikh andAlWajh
exhibit, on average, the highest total temperature changes during the
examined summer MHW onsets, ranging from 0.58°C to 1.02°C. The
remaining areas show MLT changes between 0.36°C and 0.53°C (Fig. 7).
Our analysis indicates Hadv as the predominant mechanism behind this
warming inmost study areas, with average cumulative temperature changes
between 0.7°C and 1°C in the northern areas of Sharm El Sheikh, Al Wajh
and Hurghada and between 0.3°C and 0.6°C in all other regions (Fig. 7).

Fig. 2 | Total mixed layer temperature change during MHW onset. Total Mixed
layer temperature change (Tot) averaged over all summer MHW onsets between
2001 and 2015. Colours on the main map represent the bathymetric characteristics

of the basin. Note that limits in the colorbars vary between study areas to better
visualise differences in the spatial distribution of Tot.
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Cumulative warming due to AHflux tends to be slightly lower, ranging
between 0.16°C and 0.36°C everywhere, except in Al Wajh (1°C) and
Yanbu (0.4°C). Warming fromMLBot processes shows a similar tendency
(0.08 °C–0.27 °C), with higher values observed in Al Wajh (0.27°C).
The lowest warming contribution comes from Mixing, ranging between
0.05°C and 0.13°C in the western and between 0.07°C and 0.35°C in the
eastern areas. Maximum values are seen in Al Lith and Farasan
(0.28°C, 0.35°C).

During the onset of summer MHWs, multiple cooling mechanisms
operate simultaneously. The AHflux plays a significant cooling role in the
majority of regions and reduces the cumulative temperature by
0.18°C–0.35°C, on average, with the strongest reduction observed in Al
Wajh (−0.96°C) and Hurghada (−0.51°C). Cooling due to Hadv is slightly
lower, ranging between −0.08°C and 0.17°C, with Al Wajh experiencing
the strongest cooling (−0.6°C). MLBot processes decrease MLT by a
minimum of −0.05°C (Al Khawkhah, Wadi El Gemal) to a maximum of
−0.4°C (AlWajh) (Fig. 8). The cooling effect associatedwithMixing ismore
pronounced in the eastern areas, ranging from −0.08°C to −0.59°C (Al
Wajh), compared to the western banks that exhibit a narrower range of
−0.06°C to −0.13°C (Hurghada and Massawa Dahlak). These values
indicate the strength of the physical processes in adding or removing heat
during summer onsets and vary geographically. This may, therefore, imply
different characteristics for MHWs that develop due to different physical
processes in the different areas of the Red Sea, as will be shown in the
following sections.

MHW duration in relation to MHW onset drivers
The MLHB analysis revealed geographical variations in the heat contribu-
tions of the key drivers behind summer MHW onsets. As a result, regional
differences in MHW duration are anticipated in relation to their dominant
drivers. Using the large number of MHWs detected from all grid points of
every study region, we statistically examine here howMHWduration varies
between onsets driven by 1) AHflux, 2) Hadv, 3) MLBot and 4) Mixing
processes. For this, the entire duration of a MHW is considered (onset and
decay), but is grouped based on the strongest warming process during its
onset. The results are summarised in boxplots depicting theminimum, 25th
percentile,median, 75thpercentile andmaximumdurationsof allMHWs in
each region (Fig. 8). This information is an important indicator of the
potential forprolongedand therefore impactfulMHWsover coral bleaching
regions in the basin.

For the 2001–2015 period, the MHWs with onsets driven by AHflux
last, on average, between 7 and 29 days, while those dominated by Hadv
typically last 9–12 days. Onsets mainly driven by MLBot processes corre-
spond to events with a duration of about 8–9 days, while onsets dominated
by Mixing tend to last between 9 and 13 days, except for Al Lith where this
type of events last on average 24 days (Fig. 8). Interestingly, the maximum
MHW durations are seen in Farasan (94 days) and Al Lith (73 days) both
driven by AHflux. On average, MHW onsets dominated by Mixing and
Hadv are statistically related to longer events than the other two types of
MHWs, except for Farasan (29 days) and Sanganeb. In these areas, the
longest or comparably long MHWs seemed to correspond to onsets driven

Fig. 3 | Frequency of atmosphere heatflux-dominatedMHWonsets. Frequency of
atmosphere heat flux-dominated (AHflux) events during summer MHW onsets,
relative to the total number of summer events detected locally in each study area of
the Red Sea, between 2001 and 2005. Note that the main, local MHW onset driver

(maximum positive heat contribution) is calculated relative to the total warm
contribution budget of each local MHW onset period. Colours on the main map
represent the bathymetric characteristics of the basin.
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by AHflux. These results exclude events with durations considered outliers
in the distribution (not shown), specifically durations of up to 102 days for
AHflux-driven events, 109 days for Hadv-dominated events, 81 days for
onsetsdrivenbyMLBot processes and 102days for onsets driven byMixing,
all observed in Farasan.

Discussion and conclusions
The current study uses a MLHB analysis to explore the physical processes
behind thedevelopmentof summerMHWs in12 selected regionsof theRed
Sea, between 2001 and 2015. These study areas are known to have under-
gone coral bleaching due to extreme ocean temperature conditions (see
Methods). For each region we focus on the onset phase, during which we
first examine the overallwarmingandcoolingofMLT.We further assess the
frequency of different physical processes acting as dominant drivers and
associate it with the warming and cooling effects each of them causes
throughout the onsets, as well as with the duration of the MHWs they
correspond to. This study is the first to investigate the physical mechanisms
behind multiple summer MHWs in the Red Sea using a dedicated
numerical model.

The dominant physical process of MHW onset is strongly dependent
on the local forcing characteristics as well as specific features of each region;
however, the analysis reveals some interesting trends. For instance,
increased contributions from AHflux are primarily found in areas with
shallow bathymetry (e.g., south Red Sea) or reduced ML depth and also in
regions where winds dominate atmospheric exchanges (e.g., northwest

coasts). On the other hand, the impact of Hadv and MLBot processes is
found predominantly in regions exhibiting pronounced summertime
transport of warm waters and larger temperature gradients (e.g., in the
southern and northern parts of the basin). The development of MHWs is
further linked to the proximity of coastal regions to the open sea and the
interaction with the circulation. For example convex-shaped areas (e.g.,
northernRed Sea) are generallymore exposed to the general circulation and
mesoscale features and tend to experience greater influence from Hadv
compared to concave-shape ones. However, in certain confined locations
near the coast, MHW onsets tend to be driven by Mixing processes (e.g.
shallow reefs in the southern Red Sea). In the following, we use the complex
relief of the Red Sea as a testbed to discuss how interactions with the local
topography are likely to modify MHW onset drivers and, in turn, local
warming and events characteristics.

Spatial distribution of MHW onset drivers
Our analysis indicates adistinct north-south separationof theprimary onset
drivers, consistent with previous research indicating a south-to-north
separation in physical connectivity, related to circulation dynamics in the
basin26. In particular,wefindatmosphere forcing tobe theprimarywarming
mechanism for MHWs in the northeast and southwest regions of the Red
Sea (Fig. 3), as well as the main cooling mechanism for most events
throughout the basin (Fig. 7). This is in agreement with most reported
bleaching events in the Red Sea, which have been attributed to unusual
warming owing to atmospheric fluxes related to reduced winds11,20,22. The

Fig. 4 | Frequency of horizontal advection-dominatedMHWonsets. Frequency of
Horizontal advection-dominated (Hadv) events during summer MHW onsets,
relative to the total number of summer events detected locally in each study area of
the Red Sea, between 2001 and 2005. Note that the main, local MHW onset driver

(maximum positive heat contribution) is calculated relative to the total warm
contribution budget of each local MHW onset period. Colours on the main map
represent the bathymetric characteristics of the basin.
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onsets primarily driven byAHflux seem to also occur slightlymore often on
the east coast than in the west (except Sanganeb) with AlWajh showing the
highest frequency of these MHWs.

In contrast, onsets driven by Hadv appear to be the predominant type
of events in the northwest and southeast banks of the Red Sea (Fig. 4), which
is in line with the processes driving theMLHB of the entire summer period
in these regions, as described in Krokos et al.24. For example, the Sharm El
Sheikh andHurghada areas present a high frequency ofHadv-driven events
(Fig. 4), indicative of the relatively warmer waters advected into the region
(Fig. S2a,c) from the Central Red Sea (CRS). In those regions there is a
notable absence of AHflux-driven onsets, most likely due to strong north-
eastern winds from the Mediterranean area mitigating warming from
atmospheric forcing26 (see also Fig. S7). In comparison, a narrow zone close
to the coasts of Al Wajh, Yanbu and Thuwal_Rabigh (Figs. 3 and 4) is
typically subject to cooling by Hadv during the summer (see Krokos et al.24,
Fig. 6). The strong interactions of these coastlines with the relatively cooler
open sea waters can be linked to the pronouncedmesoscale eddy activity in
the central-northern basin during the summer27. Yet, there is a significant
number of MHW onsets formed due to an influx of warm Hadv con-
tributions across these coasts. A high percentage ofHadv-dominatedMHW
onsets is further displayed in the southern part of the basin, likely due to the
summer-intensified eastern boundary current that transports warmer
waters from the CRS to the south28,29 and particularly in Al Lith, Farasan, Al
Khawkhah, and Massawa Dahlak (Figs. 4 and S2). MLBot-driven MHW
onsets are least frequent, yet seem to occur slightly more often on the east

than on the west coast, where they appear increasingly frequent towards the
south (Fig. 5). This typeofMHWonsets are primarily linked to detrainment
of water due to rapid restratification during MHW onsets.

The degree to which MHW onsets are dominated by the broad-scale
atmospheric and ocean circulation patterns, however, is modulated by the
specific characteristics of the areas, namely their shallow bathymetry, con-
vex or concave shape and lagoon features. For instance, despite the high
frequency of Hadv-dominated onsets seen in the southern regions of the
basin, a significant percentage of events in Farasan, Al Khawkhah, and
MassawaDahlak are dominated by AHflux (Figs. 3 and 4). These events are
mostly identified in sites that are less exposed to open waters and tend to
have a higher water residence time. The shallow bathymetry (<30m, Fig. 1)
and ML depth (<10m, Fig. S1) of these locations can further lead to rapid
accumulation of heat from intensified atmosphere heatfluxes. Similarly, the
relatively shallow and semi-enclosed lagoon of Al Wajh features limited
interactionswith the open sea30, resulting in isolatedwaters that are strongly
affected by atmospheric forcing. In contrast, the shallow coastlines ofWadi
El Gemal and Southern Egypt in the central-west of the Red Sea (between
23°N and 25°N) exhibit a high frequency of Hadv-dominated MHWs near
the coast and a high number of AHflux-driven onsets in the open ocean
(Figs. 3 and 4). Because of their convex shape, these coastlines are subject to
direct influences from the weak, southward flow that is part of the (wea-
kened) permanent cyclone in the area (Figs. S1 and S2e, g), typically
transporting relatively cooler waters from the north alongshore, in addition
to the broader-scale warming fromAHflux during the summer (see Fig. 6d

Fig. 5 | Frequency of MHW onsets dominated by processes at the base of the
mixed layer. Frequency of events dominated by processes at the base of the mixed
layer (MLBot) during summerMHWonsets, relative to the total number of summer
events detected locally in each study area of the Red Sea, between 2001 and 2005.

Note that the main, local MHW onset driver (maximum positive heat contribution)
is calculated relative to the total warm contribution budget of each localMHWonset
period. Colours on the main map represent the bathymetric characteristics of
the basin.
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in Krokos et al.24). However, the Hadv-dominated onsets close to these
coasts suggest that waters advected from the north may be warmer than
normal during the MHWs of the examined period.

Certain coastal and enclosed locations in the southern regions of
Massawa Dahlak, Al Lith, Farasan and Al Khawkhah display a significant
number ofMHWonsets primarily driven byMixing processes (Fig. 6). The
confinednatureof these locations, combinedwith their shallowdepth, limits
the influence of large-scale circulation and reduces the heat dissipation
typically associated with vertical mixing. As a result, small scale processes
parameterised by the model as lateral mixing may emerge as a key process
for the redistribution and retention of heat within these confined environ-
ments. Thisfinding is consistent with Sofianos et al.28, which highlighted the
important role ofMixing processes in the southernRedSea, based on strong
trends in water masses of the area.

Understanding of MHW onset dynamics
Thedevelopment of anomalous temperatures duringMHWonsets depends
on the balance between warming and cooling mechanisms. Our results
indicate regional variations in thewarming or cooling effects of the different
physical processes. Overall, we find that northern areas of the Red Sea
exhibit relatively higher cumulative warming and cooling compared to the
central and southern regions (Figs. 1b, 2 and 7). This warming and cooling
can be related to the faster rate of onset (rate of MLT change) seen in the
north (Fig. 1c), indicating more pronounced heat exchanges with the
atmosphere and dynamic circulation during the summer months24,31 (see

also Fig. S7). The responses of thenorthern areas to temperature changes are
enhanced from the coastal water interactions with the general circulation,
facilitated by the narrower continental shelf and the stronger mesoscale
circulation compared to the southern parts of the basin32. Consequently,
the northern areas experience shorter but more intense summer MHW
onsets, in agreement with Genevier et al.7 (Fig. 8). Conversely, the extended
shallow shelves, coral reefs and scattered islands of the south may result in
weakened local circulation and also limited interactions with the general
circulation25. This could explain the slowerMHWonset rates and, therefore,
the lower cumulative warming and cooling (Figs. 1b, c, 2 and 7), in addition
to the prolonged duration of MHWs in the south-central parts of the
basin (Fig. 8).

In conjunction with the local topography, variations in extreme
warming and cooling are further determined by the specificities of local-
scale forcing across different study areas. For instance, the enhanced
influence of general circulation on the northern parts of the basin (Fig. S2),
together with the deeper ML depth24 (Fig. S1) likely result in MHW onsets
primarily driven byHadv.While this pattern broadly aligns with the typical
summer advection of warmer, offshore waters from the CRS to the north
(Fig. S2), Hadv-induced warming during MHW onsets appears relatively
higher in the northwest than in the northeast study areas (Fig. 7). The
typically warmer MLT in the northeast (~ 29°C–30 °C, Fig. S1) than the
northwest (~ 28°C–29 °C, Fig. S1) coasts during the summer, implies
smaller temperature gradients between waters advected from CRS to the
northeast compared to those advected from thenortheast tonorthwest. This

Fig. 6 | Frequency of mixing-dominated MHW onsets. Frequency of mixing-
dominated (Mixing) events during summer MHW onsets, relative to the total
number of summer events detected locally in each study area of the Red Sea, between
2001 and 2005.Note that themain, localMHWonset driver (maximumpositive heat

contribution) is calculated relative to the total warm contribution budget of each
local MHW onset period. Colours on the main map represent the bathymetric
characteristics of the basin.
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suggests contributions from Hadv may not be as efficient in changing the
MLT in the northeast (see also Fig. S8).

This could explainwhy the primarywarming effect onMHWonsets in
the broader areas of Al Wajh, Yanbu and Thuwal_Rabigh comes from
AHflux (Figs. 3 and 7). In particular, events in the eastern coasts experience
nearly double the warming due to AHflux compared to the western coast
regions (Fig. 7). This is likely due to the influence of strong northerly
Mediterranean winds during the summer, attenuating warming induced

fromradiative forcing in thenorthwest coasts26 (see alsoFig. S7).The slightly
deeper summer ML depth in the northwest (~ 10–15m, Fig. S1) also sug-
gests a broader dispersion of surface heat fluxes than in the northeast coasts,
where summerMLdepth ranges between 5 and 10m (Fig. S1). In the case of
the AlWajh lagoon though, its semi-enclosed and shallow nature facilitates
the development of pronounced cooling and warming variations, driven by
both atmospheric forcing and advectivefluxes (Figs. 3 and 4). Indeed, recent
studies reveal that extreme temperature fluctuations within the lagoon

Fig. 7 | Warming and cooling associated to MLHB terms. Average cumulative
warming and cooling of MLT due to AHflux (red), Hadv (blue), MLBot (green) and
Mixing (purple) during summer MHW onsets. The total MLT trend throughout
MHW onset is indicated in black (Tot). Note that cumulative temperature increase

or decrease is averaged over the ensemble of events from all the grid points in every
study area of the Red Sea, between 2001 and 2015. Colours on the main map
represent the bathymetric characteristics of the basin.
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during the summer are mainly driven by AHfluxes33. These temperature
differences are further amplified by water exchanges with the denser open
sea waters through the lagoon’s straits, which induce a cooling effect via
advective fluxes (Fig. 7). The heat from these density-driven temperature
differences is then redistributed by vigorous mixing, affecting the entire
water column of the shallow lagoon33. Such dynamics are characteristic of
semi-enclosed lagoons across the Red Sea34.

The warming contributions from MLBot processes remain relatively
consistent across both coasts, probably indicating this process represents the
ML response to local warming or cooling by the other processes
(Figs. 7 and S9). In comparison, warming contributions from Mixing pro-
cesses are slightly higher in the southeastern regions of the basin and in Al
Wajh lagoon (Fig. 7). This likely reflects a combination of factors, including
the higher frequency ofMixing-driven events in the south and pronounced
temperature gradients. Lateral mixing is particularly enhanced in shallow
and confined regions with limited exchanges and slow circulation (e.g., in
the South Red Sea), reducing the relative importance of advective fluxes
(Fig. S10).

Amongst the southern areas, Al Lith and Farasan also display a
relatively higher rate of MHW onset, despite the comparatively lower
warming and cooling (Fig. 1c). These south-eastern coasts are typically
influenced by a southward, summer-intensified, eastern boundary flow,
carrying warmer waters from the CRS28,29,35–37 (see also Fig. S2). This
southward flow along with the shallow bathymetry of these regions
increases their susceptibility to temperature fluctuations. On one hand,
these shallow banks are more responsive to changes in atmospheric heat
fluxes, facilitating the development of AHflux-driven events in specific
locations. On the other hand, the warming associated with Hadv-driven
MHW onsets surpasses that from AHflux-dominated ones. This is likely
due to a cumulative effect on temperatures in a shallower region,

resulting from the continuous transport of warm waters and the already
elevated temperatures in the surrounding area.

There also exists a distinctwest-east pattern in coolingmagnitude,with
the eastern coastal areas exhibitingmore pronounced cooling in contrast to
the western coastal regions (Fig. 7). Notably, AHflux emerges as the
dominant coolingmechanismacross all studyareas,whether coastal or open
waters (Fig. 7). This suggests that in the generally shallow coastal areas the
cooling effect resulting from surface heat losses outweighs the impact of cool
temperature gradients driven by horizontal advection, which plays a sec-
ondary cooling role.

MHW duration linkages with onset drivers
Wealso explore the statistical relationshipbetween thepredominant driving
factors behind MHW onsets and the corresponding duration of the entire
MHWperiod to which the onset is linked. Our analysis reveals that inmost
study areas the onsets of the longest MHWs, on average (based on median
values), tend to be driven by Hadv and Mixing, except for Sanganeb and
Farasan, where events with AHflux-driven onsets tend to be as long or
longer (Fig. 8). The eventswith themaximumduration in every area are also
more frequently linked to Hadv-dominated onsets, except for Al Lith,
Farasan, and Al-Khawkhah in the east and Sharm El Sheikh in the west. In
these areas, maximum durations are seen on events with MHW onsets
dominated by AHflux, ranging from 17 to 94 days.

MHWswith Hadv-driven andMixing-driven onsets display a tendency
for meridional distribution, where slightly longer events are observed in the
southern regions. MHW onsets primarily driven by AHflux exhibit also a
meridional pattern, their duration increasing southwards on both sides of the
basin (except for Al Khawkhah), although they appear slightly longer in the
east than on the west coast. This meridional gradient in MHW duration,
irrespective of the onset driver, supports the findings of Genevier et al.7,

Fig. 8 | Distribution of MHW duration by dominant physical process. Dis-
tribution of MHW duration grouped by the dominant physical process during
summer MHW onset, for the period 2001–2015 in each study area of the Red Sea.
Red boxplots depict atmosphere heat flux-driven (AHflux), blue boxplots depict
horizontal-advection driven (Hadv), green boxplots show MHWs driven by pro-
cesses at the base of the mixed layer (MLBot) and purple boxplots represent MHWs
driven by mixing processes (Mixing) at the base of the mixed layer. The corre-
sponding duration values are based on the entire event duration. The total number of

MHWs (NoE) is computed from all the grid point-based events of the area and the
percentage of events attributed to each driver is indicated below each boxplot.
Boxplots depict the duration of the minimum, 25th percentile, median, 75th per-
centile and maximum number of events identified. Note that duration limits differ
between rows to enhance the visualisation of variations in the duration of MHWs
driven by different physical processes. The rows are arranged in a north-to-south
direction, with the first row corresponding to northern regions, the second to central
regions, and the third row to southern regions of the basin.
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who reported longer summer events in the southern and shorter ones in the
northern Red Sea. The prolonged MHWs in the southern regions are likely
due to a combination of ineffective heat dissipation mechanisms (weaker
summer winds) and weak local surface circulation, due to shallow bathy-
metry, isolated reefs and scatter islands, contributing to lower rates of onset
(Fig. 1c) and total MLT trends (Fig. 2). In contrast, the northern Red Sea
benefits frommore effective heat dissipationmechanisms, such as intensified
northwesterly winds during the summer and enhanced circulation, leading
to shorter MHW durations despite the higher MLT trends (Fig. 2). Events
with MHW onsets dominated by MLBot processes are almost as long as
those with AHflux-driven onsets on both sides of the Red Sea and also
exhibit the tendency for longer events towards the south on the west and
towards the north on the east coast. A summary of MHW characteristics
depending on the dominant drivers of the onset period in each study area is
given in Table 1, grouped into Red Sea sub-regions.

Limitations of our study
The results of this work pertain to MHWdrivers detected using 15 years of
simulated data, which deviates from the typically recommended 30-year
period. In addition to previous studies successfully analysingMHWdrivers
using short timeseries38,39, Schlegel et al.40 demonstrated that a 10-year
dataset can produce reliable MHWmetrics, with durations and intensities
comparable to those obtained from the standard 30-year period. A com-
plementary sensitivity analysis in our study areas corroborated this finding,
showing no significant differences in MHW characteristics, when a longer

timeseries was employed (Supplementary Material, Figs. S11–S12 and
Tables S2, S3). In this context, it is likely that thedrivers ofMHWswouldnot
exhibit significant variations in their distribution and intensity if a 30-year
dataset was available, akin to the comparison between Richaud et al.39 and
Huang et al.41. Instead, using a shorter reference period for identifying
MHWs resulted in reduced intensity and duration compared to those
identified with a longer reference period (Figs. S12–S13 and Tables S2, S3).
Thismay be related to the absence of long-term trends in shorter timeseries,
which has a greater effect on MHW characteristics40. Following Richaud
et al.39 MHW drivers can be then categorised into those associated with
long-term warming trends and those related to short-term oscillations
around this warming. The analysis of longer time periods captures both
types of drivers, whereas shorter timeseries capture only the oscillatory
component.

The impact of using a short reference period (2001–2015) for identi-
fying MHWs in this study can be assessed by considering the potential
underrepresentation of their drivers due to the absence of the long-term
warming trend. Extending the time (and reference) period would likely
increase the detection of MHWs driven by all mechanisms, though the
magnitude of this increase would vary with local conditions; A longer time
frame would likely capture more intense and prolonged AHflux-driven
MHWs, particularly in the northwest and southeast areas of the basinwhere
these processes are already dominant, due to consistently higher atmo-
spheric temperatures andpotentially reducedwinds.As ocean temperatures
would also rise, more persistent temperature gradients could emerge in

Table 1 | Characteristics of MHW onsets in the Red Sea

Region Mean
Summer MLT

Mean MLT during
MHW Onset

Dominant driver of
MHW onset

Median of MHW
Duration

MHWonset cumulative
warming

MHW decay dominant driver
& cumulative cooling

Northern Red Sea

Sharm El Sheikh 28.1 °C 29.4 °C Hadv (91.5 %) 9 days 0.88 °C AHflux (−0.36 °C)

Hurghada 28.2 °C 29.4 °C Hadv (97.2 %) 10 days 1 °C AHflux (−0.51 °C)

Wadi El Gemal 29 °C 30.4 °C Hadv (82.3%) 10 days 0.59 °C AHflux (−0.24 °C)

AHflux (14.7 %) 9 days 0.24 °C

Al Wajh 30 °C 31.2 °C Hadv (58.9 %) 10 days 0.74 °C Hadv (−0.59 °C)

AHflux (28.4%) 10 days 1.10 °C AHflux (−1.0 °C)

North-Central Red Sea

Southern Egypt 30.2 °C 31.2 °C Hadv (66.8 %) 10 days 0.48 °C AHflux (−0.30 °C)

AHflux (24.6 %) 9 days 0.28 °C

Yanbu 30.8 °C 32 °C Hadv (45.7 %) 11 days 0.35 °C AHflux (−0.26 °C)

AHflux (47.4 %) 10 days 0.40 °C

Thuwal_Rabigh 31.2 °C 32.3 °C Hadv (47.3 %) 11 days 0.33 °C AHflux (−0.25 °C)

AHflux (44.4 %) 10 days 0.36 °C

South-Central Red Sea

Sanganeb 31.6 °C 32.6 °C Hadv (46.2 %) 10 days 0.31 °C AHflux (−0.26 °C)

AHflux (43.4 %) 11 days 0.30°C

Al Lith 32 °C 33.2 °C Hadv (60.4 %) 14 days 0.52 °C AHflux (−0.20 °C)

Al Lith (27.4 %) 11 days 0.29 °C

South Red Sea

Massawa_Dahlak 33 °C 33.8 °C Hadv (55.3 %) 11 days 0.36 °C AHflux (−0.28 °C)

AHflux (19.1 %) 11 days 0.20 °C

Farasan 33 °C 33.7 °C Hadv (59 %) 13 days 0.57 °C AHflux (−0.23 °C)

AHflux (15.4 %) 31 days 0.25 °C

Al Khawkhah 31.5 °C 31.5 °C Hadv (70.5 %) 10 days 0.36 °C AHflux (−0.18 °C)

AHflux (18 %) 9 days 0.25 °C

OverviewofMHWtypes in selectedstudy regionsof theRedSea, basedon themajorMHWonsetdrivers for theperiod2001–2015;Horizontal Advection (Hadv) andatmosphere heat fluxes (AHflux). Shown
here are: the mean and extreme summer temperatures during MHW onset, the frequency of dominant onset mechanisms (in percentage), the corresponding median of MHW duration (onset & decay),
cumulativewarmingduringonset and the dominant coolingmechanismwith its cooling effect duringMHWonset. In all study areas, the detected summerMHWsare initiated in July (earliest) and terminated
in November (latest).
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regions with significant coastal-open sea exchanges (e.g. Sharm El Sheikh
and Hurghada), enhancing the role of Hadv in MHWs development.
However, the long-term warming trend may also reveal stronger stratifi-
cation in coastal and shallow regions, likeMassawaDahlak and Al Lith and
Farasan, potentially reducing the efficiency of lateral mixing processes and
complicating heat redistribution in these confined areas. The increased
stratification could further reduce the influence of MLBot processes in
MHW development, particularly in deeper regions.

Uncertainty in our results may also stem from limitations inherent to
our model. Despite the high-resolution MLHB simulation successfully
reproducing physical processes in the selected areas that are consistent with
the existing literature, our results in specific locations require careful
interpretation, due to potential biases in the model’s outputs. For instance,
model validation indicated a higher bias near the coasts of Hurghada, Al
Wajh, Southern Egypt, Farasan and Al Khawkhah (Figs. S4 and S5). This
biasmay also be related to inconsistencies in the satellite dataset over coastal
areas42. Consequently,MLTand the characteristics of the associatedMHWs
may exhibit greater ambiguity in proximity to these coasts. Additionally, the
interactions with waters below the ML through entrainment, detrainment
and vertical mixing are collectively categorised under MLBot processes,
preventing their differentiation. Finally, small-scale or sub-grid processes,
such as internal wave breaking—known to induce cooling in specific
regions43 or mitigate heat stress on corals through high-frequency tem-
perature fluctuations44—are not explicitly resolved in our model. Such
small-scale, local variations could have been captured if in situ data were
available for the areas under investigation, providing further validation of
ourmodel. Overall, these limitations highlight the need for enhanced in-situ
data collection in sensitive coral regions to enhance model validation and
understanding of the thermal conditions affecting coral populations.

Ecological impact of MHWs in the Red Sea
Acute responses from marine ecosystems, including coral bleaching45,46,
may be more commonly anticipated in areas with rapid warming20 or
increased cumulative warming, which usually results in higher bleaching
severity47. The northern Red Sea exhibits the highest Ronset and strongest
temperature changes between 2001 and 2015 (Fig. 1b, c). However, coral
bleaching in this region has rarely been observed and presented asmild13. A
recent study, in fact, indicated resilient coral reefs in the Gulf of Aqaba in
response to the most severe MHW documented in the region48. The
northernRedSea is generally considered as a thermal refuge for corals, since
they appear resilient to extreme temperaturesmuch higher than their mean
summertime maxima13,49. This is usually attributed to the historical
migration of corals into the Red Sea through the Bab el-Mandeb strait,
suggesting that all corals found throughout the basin have previously been
acclimated to warmer southern Red Sea conditions49. In addition, high-
resolution Lagrangian particle-tracking models, in situ measurements and
satellite observations have shown strong coral reef connectivity between the
northern and central Red Sea, indicating a strong genetic exchange that
remains active to this day26,39,50,51. In other words, coral reefs in the northern
and northwestern Red Sea (where climatological temperatures are cooler)
receive a high level of larval recruits from reefs further south and/or east,
where temperatures are consistently warmer. This thermal refuge may
therefore represent an ongoing process, with northern corals continually
receiving recruits from reefs acclimated to warmer temperatures, a
mechanism that may persist even as Red Sea temperatures rise due to
anthropogenic warming. Indeed, a bleaching-induced experiment docu-
mented changes in themicrobiome of heat-sensitive corals in contrast to the
stability observed in heat-tolerant corals, which thrive in habitats char-
acterized by naturally elevated temperature extremes52. Given that MHWs
in the northern regions aremostly caused by the advection of warmer water
masses, they are likely driven by the same oceanographic currents—such as
boundary currents and eddy-driven transport—that also propagate coral
larvae throughout the region. Therefore, these MHWs likely present con-
ditions similar to those that all coral recruits originating from those water

masses’ sources are acclimated to, further explaining the absence of severe
coral bleaching there. However, as MHWs become more frequent, pro-
longed and more intense, even the northern reefs of the basin may become
increasingly vulnerable to temperature extremes, increasing the risk of coral
bleaching and challenging the long-term resilience of this thermal refugee.

Both the cumulativewarming and thedurationofMHWsare therefore
important indicators of bleaching severity. We observed horizontal
advection-driven and mixing-driven MHWs to persist longer on average,
yet the peak durations observed in most southern regions occurred during
atmosphere heat flux-driven events. These types of MHWs are most
common in regions that are shallow or shielded from open waters and as
they develop more slowly, they can also be long due to the lack of active
circulation. This aligns with in-situ bleaching surveys, often revealing more
severe coral bleaching inshore and midshore compared to corals
offshore11–13.This could be due to the presence of cooler waters being often
found offshore, aswell as the presence of stronger currents found at offshore
sites that may aid in the removal of harmful reactive oxygen species53,54.
Given that coral bleaching data is sparse in much of the Red Sea55, this
analysis reveals distinct signals on the predominant drivers of potentially
impactful MHWs throughout the Red Sea.

While horizontal advection was found to be the strongest driver of
MHW warming, atmospheric heat fluxes were the strongest cooling
mechanism duringMHWs over the entire basin. If wind speeds decrease in
the wider area of the Arabian Peninsula, as projected by Alsarraf et al.56,
corals in the Red Sea may experience more prolonged and/or intense
MHWs in the 21st century, due to reduced evaporative cooling. However,
the global warming impact on both atmospheric and oceanographic pro-
cesses in the region is still not fully understood. TheRed Seawill host a coral
reef ecotourism-centered giga-project from 2030 (redseaglobal.com), and
anyweakening of local coolingmechanismsdue to climate changemaypose
a threat to the coral reefs there. This study thus highlights the complexity of
MHWdrivers and the importanceof quantifying their contribution ifwe are
to understand the impacts climate change may have on coral reefs.

Methods
Study areas
Following Genevier et al.7, we select 12 regions of interest in the Red Sea,
where several coral bleaching events have been observed between 1982 and
2015 (Fig. 1a), themajority of whichwere linked to extreme SST conditions.
Our objective is therefore to elucidate the underlying mechanisms con-
tributing to the development of summer MHWs, which have frequently
affected these coral regionsof the basin in thepast.Details on thenames, and
locations of the selected areas are given in Table S1.

The Red Sea can be broadly divided into the northern (~24°N–28°N),
central (~18°N–24°N) and southern regions (north of Bab el-Mandeb -
28°N), based on its dynamic wind-driven circulation, that is also strongly
influenced by atmosphere-ocean buoyancy fluxes (as discussed in [25] and
references therein) (Fig. 1a). During the summermonths, the northern part
of the basin is characterized by pronounced air-sea heat losses, due to strong
northern winds that gradually weaken towards the southern part of the
basin57. In contrast, the southern end of the Red Sea features a more com-
plicated circulation, owing to complex topography, high spatiotemporal
variability of atmospheric forcing and a seasonal inflow through the strait of
Bab el-Mandeb28,35. This intermediate-layer freshwater input from the Gulf
of Aden propagates northward, while northwesterly winds drive a surface
boundary flow along the eastern margin from the central to the southern
end of the basin, where it bifurcates, returning partly as a northward, wes-
tern boundary current28,29 (Figs. S1 and S2). The most striking oceano-
graphic features of the season, are the intense semi-permanent anticyclonic
eddy that forms at ~18.5 °N, in response to Tokar wind jets25 and the
weakened (permanent) cyclone which dominates northern Red Sea around
25°N25,57 (Figs. S1 and S2). Additionally, buoyancy-driven stratification
leads to a shallowmixed layer depth (~10–30m) throughout the basin, with
a north-south gradient in mixed layer temperatures (MLT) (Fig. S1).
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Ocean model dataset
To identify the MHWs, daily MLT data were obtained from a regional
hydrodynamic simulation of theRed Sea that covered the period 2001–2015
and was conducted with the MIT general circulation model presented in
Krokos et al.24. Themodel covers the entireRedSeadomain, has ahorizontal
resolution of 0.01°, and uses a varying vertical resolution from 4m at the
surface to 300m at the bottom, over 50 vertical layers. It is forced by a 5-km
horizontal resolution atmospheric product, generated by downscaling the
ERA-Interim reanalysis58, using an assimilative configuration of the
Advanced Research version of the Weather Research and Forecasting
(WRF) model59.

The skill of the model to accurately represent (sub) surface circulation
features, water column characteristics and dynamical processes of the Red
Sea has been extensively validated against various datasets and applications
(e.g., Krokos et al.24,57). A further comparisonbetween the summer, remotely
sensed Operational SST and Sea Ice Analysis (OSTIA) system data and the
model-derived SST over the time period of the model simulation
(2001–2015), reveals a good temporal (Fig. S3) and almost uniform spatial
correlation (correlation coefficient >0.8) across all the study areas (Figs. S4;
S5, a, c, e, g, i, k).While the equivalentRMSEvalues range from0.4 to 1 in the
majority of regions, certain coastal locations in Hurghada, Southern Egypt,
Al Wajh, Farasan and Al Khawkhah display higher RMSE values (1.4–2),
indicating a higher systematic model bias (Figs. S4; S5, b, d, f, h, j, i). This
could be attributed to uncertainties in the bathymetry of these areas in
combination to their complex topography, which includes shallow and
relatively isolated reefs with pronounced temperature variability and scat-
tered islands25. Such conditions challenge the accuracy of both for the
remotely sensed and the modelled SST data.

Detection of marine heatwaves
The statistics associated with the detected MHWs (e.g., duration) are pro-
duced using the latest version of the Hobday et al.60 algorithm (available at
https://github.com/coecms/xmhw). To identify summer MHWs between
2001 and 2015, accounting for coral bleaching favourable conditions in the
Red Sea study areas7, we apply a seasonal, local climatological threshold of
the 95th percentile (for temperature) and aminimumduration of 7 days. As
we are also interested in events that affect the entire mixed layer, theMHW
detection algorithm is applied on the daily MLT instead of the commonly
used SST. EachMHW is characterized by an onset period (time between its
start and the day exhibiting the MHW’s peak temperature) and a decay
phase (time from the MHW’s peak to its end). Our analysis focuses on the
events’ onset phase and the physical processes that initiated summer
(July–November) MHWs, targeting the period when coral bleaching in the
Red Sea has beenmost severe andmost often observed.We then investigate
the events’ characteristics, in particular, duration in relation to the physical
drivers behind the MHW onsets

The model’s ability to detect summer MHWs is first evaluated in
specific locations of each study area, where surface events have been
documented by Genevier et al.7. This involves comparing the timing of the
locally-observed, surfaceMHWs7 with theMLT-based andmodel-detected
events, using a common baseline period of 2001–2015. We find a good
agreement between modelled and observed MHWs at a local scale across
most areas, except for Farasan, Al Khawkhah, Al Lith, Sanganeb, Hurghada
and SharmEl Sheikh (Fig. S6). Differences in the identifiedMHWs in those
regions may stem from differing temperatures used for MHW detection
(SST versus MLT) and the different spatial resolution of the datasets. The
implications of analysing a short simulation (constrained by data avail-
ability), as opposed to the recommended 30-year period, are further
explored in the discussion section.

Mixed layer heat budget computation
Temperature variability in theML is governed by heat interactions between
the atmosphere and the ocean, as well as by advective and diffusive fluxes of
heat from the general and mesoscale circulation and the deepening or
shallowing of the ML. For the first time, we evaluate here the role of the

physical processes leading to summerMHWs in theRed Seaby studying the
dynamics of the ML. We use a MLHB analysis to quantify the positive or
negative heat contributions fromAHflux, Hadv, MLBot andMixing, to the
total MLT change during the MHW onset period of every locally-detected
MHW between 2001 and 2015. The MLBot processes include the heat
transport resulting from the combined interactions between the base of the
ML and the underlying water masses, such as the entrainment or detrain-
ment of waters during ML shallowing and deepening, lateral induction,
vertical diffusion and vertical advection. Mixing processes represent hor-
izontal and vertical diffusivefluxeswithin themixed layer24. These processes
are described in the followingMLHBequation,whichwas constructedusing
daily-averaged outputs from the MITgcm simulation of the Red Sea,
between 2001 and 201524. The closed and complete budget of temperature
change at each grid cell was diagnosed according to Kim et al.61 in the
following form:

dT
dt

þ ∇ � ðuTÞ ¼ Q zð Þ
ρ0CpΔz

þ ∇ � ðkH∇4
hTÞ þ

ϑ

ϑz
kz
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� γtT

� �� �
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whereT represents themixed layer temperature at each grid point, μ the 3D
velocity,Q(z) the sum of the surface atmosphere heat fluxes (net shortwave,
net longwave radiation, latent and sensible heat flux), ρ0 = 1029 kgm−3 the
density of the seawater, Cp the specific heat capacity of seawater (3994 J/kg
C), ∇h the horizontal biharmonic operator and kH and kz the respective
horizontal and vertical diffusion coefficients. In particular, kzγ

t
T represents

turbulent non-local transport of properties. The diagnostic balance of MLT
is computed by averaging each term over the ML at each grid point and
timestep. The exact closure of the MLHB allowed for an estimation of
entrainment (or detrainment) processes and vertical advection that are
characterized as MLBot processes in addition to mixing of temperature at
the ML depth.

Diagnosing dominant drivers of MHWs
The tendency of a process to act as a warming or cooling mechanism during
MHWonset is diagnosed by statistically analysing heat contributions from the
MLHB processes during multiple events, from all grid points within a region.
For every MHW identified in a given grid point we first compute the total
warming and total cooling budgets separately, i.e., the total positive and total
negative heat contributions from all the processes acting on the development
phase of an event, and report the rate of temperature change throughout the
MHW onset period (Ronset). We then determine the dominant driver of an
event by identifying the process yielding the maximum positive heat con-
tribution duringMHWonset and its relative contribution to the total warming
budget (in percentage). The mean probability for each physical process to
govern MHW onsets in an area is determined by averaging these percentages
throughout the ensemble of events from all the grid points of that area. Based
on the large sample of MHW onsets identified from the total number of grid
points in an area we further estimate the average warming or cooling con-
tribution of each process individually to the respective total warming or
cooling budget of MHW onset. The mean heat contribution of each MLHB
physical process, as well as the dominant driver behind MHW onsets, may
change with season and region, thus justifying the importance of exploring the
local-scale mechanisms at play through a MLHB analysis.

Data availability
The remotely sensedOperational SST and Sea Ice Analysis (OSTIA) system
data used to validate the model are available at: https://data.marine.
copernicus.eu/product/SST_GLO_SST_L4_REP_OBSERVATIONS_010_
011/description.

Code availability
The codeused to analyse these data and generate the results presented in this
study can be obtained from https://github.com/coecms/xmhw (https://doi.
org/10.5281/zenodo.5112732). All figures were created using the software
package Python.
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