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Highlights

What are the main findings?

• Near-surface air temperature over the Red Sea increased at 0.4 ± 0.07 ◦C/decade
during 1990–2024, exceeding basin mean SST warming (0.31 ± 0.05 ◦C/decade).

• Atmospheric and marine heatwaves in the Red Sea became more frequent and lasted
longer over the last three decades, with about 66% of marine heatwaves occurring
during atmospheric heatwaves.

What are the implications of the main findings?

• Concurrent atmospheric–marine heatwaves represent the dominant events in the
central Red Sea, increasing ecological and socio-economic vulnerability.

• Accounting for coupling atmospheric–marine heatwaves is essential to improve re-
gional heatwave monitoring, prediction, and impact assessments under ongoing
climate change.

Abstract

Atmospheric heatwaves (AHWs) and marine heatwaves (MHWs) are intensifying under
climate change, yet their coupled behavior in the Red Sea remains insufficiently quantified.
This study investigates the spatial and temporal characteristics of AHWs, MHWs, and
their concurrent occurrence across the Red Sea from 1990 to 2024 using ERA5 surface
air temperature (SAT) and NOAA OISST v2.1 satellite-derived sea surface temperature
(SST). Remote-sensing daily satellite-derived Level-4 (L4) OISST products were used in
this study to enable spatially complete and temporally consistent detection of MHWs in
this narrow, semi-enclosed basin despite contamination and coastal sampling constraints.
Both SAT and SST exhibit statistically significant warming trends (p < 0.05), with basin
mean increases of 0.40 ± 0.07 ◦C/decade and 0.31 ± 0.05 ◦C/decade, respectively. The
strongest warming was observed in the central and northern Red Sea. This warming is
accompanied by significant increases in the frequency and duration of AHWs, MHWs, and
their concurrent AHW-MHW events, particularly after 2010, indicating a shift toward more
frequent heatwave conditions. AHWs occur more frequently than MHWs across the Red
Sea, whereas MHWs exhibit long duration, particularly in the northern Red Sea, where
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annual durations exceed 45–50 days/year. Concurrent AHW-MHW events account for
about 66% of MHWs in the Red Sea, and their characteristics show a significant increasing
trend across the entire basin. These findings identify the Red Sea as a regional hotspot
of increasing concurrent heatwave events and highlight the importance of satellite-based
monitoring for assessing evolving climate risks in semi-enclosed basins.

Keywords: atmospheric heatwaves; marine heatwaves; concurrent heatwaves; Red Sea;
climate extremes; long-term trends

1. Introduction
Extreme heat has emerged as one of the most consequential manifestations of contem-

porary climate change, exerting profound impacts on natural ecosystems, human health,
and socio-economic systems [1]. While long-term increases in global mean temperature
provide the background climate signal, mounting evidence indicates that changes in the
frequency, duration, and intensity of extreme heat events are the dominant drivers of
climate-related impacts at regional and local scales [1–3]. Previous work has shown that
extreme heat events are intensifying more rapidly than mean temperatures, highlighting
both thermodynamic warming and changes in atmospheric circulation and variability [4,5].

Atmospheric heatwaves (AHWs) are generally defined as prolonged periods of anoma-
lously high near-surface air temperature relative to local climatology, and they have in-
creased in frequency, intensity, and duration since the mid-twentieth century [6–8]. These
trends are significantly detectable in arid and subtropical regions, where persistent high-
pressure systems, clear-sky conditions, and strong radiative forcing amplify surface warm-
ing [9–12]. The growing availability of satellite observations assimilated into atmospheric
reanalysis products, such as ERA5, has substantially improved the spatial characterization
of AHWs, particularly over data-sparse regions. Reanalysis datasets such as ERA5 integrate
satellite radiances, in situ observations, and numerical weather prediction models into
dynamically consistent atmospheric fields [13].

Along with atmospheric warming, the global ocean has absorbed more than 90%
of the excess heat accumulated in the climate system, leading to pronounced increases
in sea surface temperature (SST) and the emergence of marine heatwaves (MHWs) as a
dominant mode of ocean thermal variability [14,15]. MHWs are defined as discrete periods
of abnormally warm SST persisting from days to months relative to a seasonally varying
climatology [16,17]. Although different methodological approaches exist for defining
MHWs [18], two principal frameworks are commonly applied. The first is the fixed
climatological percentile approach introduced by Hobday et al. [16], in which thresholds are
calculated relative to a fixed baseline climatology and therefore incorporate both long-term
warming and internal variability. This framework underpins most global observational
assessments of MHW trends [19,20]. The second approach removes the long-term warming
trend prior to percentile calculation, thereby isolating variability-driven extremes from
the background thermodynamic warming signal [21,22]. Long-term satellite-derived SST
records have enabled systematic global detection of MHWs, revealing robust increases in
their frequency, duration, and cumulative intensity since the early 1980s [19,20]. These
trends are primarily attributed to anthropogenic forcing, while local variability modulates
their expression and regional impacts [15,23,24].

Satellite remote sensing plays a central role in MHW detection, as consistent, basin-
wide SST observations are required to resolve spatially coherent extremes. In particular,
Level-4 (L4) SST products, generated through optimal interpolation of multiple infrared
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and microwave satellite sensors blended with in situ measurements, provide gap-free daily
coverage [25–27]. Meanwhile, Level-3 (L3) products may contain data gaps associated with
cloud contamination or sensor limitations. Accordingly, L4 datasets are generally preferred
for heatwave detection due to their spatial completeness, particularly in semi-enclosed and
cloud-prone basins such as the Red Sea. However, the interpolation inherent in L4 products
can smooth sharp thermal gradients and damp short-lived anomalies, which should be
considered when interpreting extreme statistics [25,28]. MHWs exhibit widespread impacts
on marine ecosystems, biogeochemical processes, and ecosystem services. Increasing
SST can disrupt physiological performance, shift species distributions, and increase the
likelihood of mass mortality events [29–32]. Habitat-forming ecosystems such as coral
reefs, kelp forests, and seagrass meadows are particularly vulnerable to prolonged thermal
stress, with repeated exposure reducing ecosystem resilience and increasing the likelihood
of long-term degradation [33–36]. As a result, MHWs have become a central focus of
satellite-based ocean monitoring and climate impact research [37].

Despite extensive research on AHWs and MHWs individually, these phenomena are
still commonly investigated as separate components of the climate system. This separation
persists even though the same large-scale atmospheric circulation anomalies frequently
drive both extremes, and they are physically coupled through air–sea interactions. Persis-
tent blocking high-pressure systems or intensified subtropical anticyclones can simultane-
ously increase near-surface air temperatures and suppress ocean surface cooling [12,21,38].
Under such conditions, weakened surface winds reduce evaporative heat loss and verti-
cal mixing, while enhanced downward longwave and sensible heat fluxes promote the
accumulation and persistence of SST anomalies [20,21]. Although SST represents the lower
boundary condition for near-surface air temperature, the temporal concurrence between
AHWs and MHWs is not guaranteed. Ocean thermal inertia, mixed-layer depth variability,
vertical mixing, and synoptic-scale atmospheric fluctuations can decouple SST anomalies
from near-surface air temperature extremes on short timescales [21,38]. Consequently,
understanding when and where AHWs and MHWs occur simultaneously, and when they
do not, provides insight into the strength and spatial heterogeneity of air–sea coupling
processes. In this context, it is important to distinguish between compound heatwave
events and co-occurring heatwaves. Compound events are typically defined using more
rigid criteria, such as substantial temporal overlap, event-based matching, or joint proba-
bility frameworks, and are intended to quantify interacting hazards and their combined
impacts [39]. In this study, we focus on co-occurring AHW-MHW events, defined as in-
stances of temporal overlap at the daily scale [40,41]. This definition is aligned with the
temporal resolution of the datasets and is designed to capture synoptic-scale co-variability
rather than strict compound-event dynamics. While less restrictive, this approach enables
a consistent, grid-based assessment of concurrent extremes across the basin.

The simultaneous occurrence of AHWs and MHWs gives rise to concurrent AHW-
MHW events, representing a distinct class of compound climate extremes [39]. Compound
events have attracted increasing attention because interacting hazards can generate impacts
that exceed those associated with individual extremes occurring in isolation [40,41]. While
compound heat drought events over land have been widely studied, concurrent AHWs-
MHWs remain comparatively understudied, particularly at regional scales, largely due to
the need for consistent observations across land and ocean domains [29,35,42]. Satellite
remote sensing, in combination with atmospheric reanalysis products, provides a powerful
framework for addressing this limitation. Satellite observations deliver spatially continuous
SST fields with high temporal resolution. At the same time, reanalysis datasets integrate
satellite and in situ measurements within physically consistent climate models to provide
coherent representations of atmospheric variables such as air temperature, wind speed,
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and surface heat fluxes [13,29,42]. Together, these datasets enable integrated assessments
of extreme heat across the coupled atmosphere–ocean system and are uniquely suited for
detecting and analyzing concurrent heatwaves.

Semi-enclosed seas are particularly sensitive to concurrent heat extremes due to re-
stricted circulation, strong stratification, and intense air–sea heat exchange. The Red Sea is
characterized by exceptionally high evaporation rates, negligible freshwater input, strong
radiative forcing, and limited exchange with the open Indian Ocean through the Bab El-
Mandeb Strait [43,44]. Satellite observations indicate that the Red Sea has warmed faster
than the global ocean average, with pronounced spatial variability and especially strong SST
increases in the central and northern basin [45–48]. This warming has been accompanied by
increasing MHW activity and thermal stress on coral reef ecosystems of high ecological and
socio-economic importance [31,49]. At the same time, the surrounding land regions of the
Arabian Peninsula experience frequent and intense AHWs driven by persistent subtropical
circulation, clear-sky conditions, and strong radiative forcing [9,50]. Reanalysis-based
studies revealed significant upward trends in extreme air temperature indices across the
region, consistent with satellite observations and climate model projections [51,52]. These
conditions suggest a strong potential for concurrent AHW and MHW events; however, their
temporal concurrence and spatial variability have not yet been systematically quantified for
the Red Sea. Existing studies in the region have largely focused on long-term SST trends,
MHWs, or coral bleaching impacts in isolation [45,49,53]. To the best of our knowledge, no
basin-scale, multi-decadal assessment has explicitly quantified the cooccurrence of AHWs
and MHWs in the Red Sea using consistent satellite and reanalysis datasets. Consequently,
fundamental questions remain regarding how frequently MHWs occur under AHW condi-
tions, whether the concurrence of these extremes is intensifying, and which regions of the
basin exhibit the strongest atmosphere–ocean coupling.

The aims of this study are therefore to: (i) quantify long-term trends in surface air
temperature and SST across the Red Sea over the period 1990–2024; (ii) analyze the spa-
tiotemporal distribution of AHW and MHW characteristics; and (iii) identify and quantify
concurrent AHW-MHW events and their temporal evolution. The key contributions of
this study are to provide the first basin-scale, multi-decadal quantification of concurrent
AHW-MHW events in the Red Sea, and to demonstrate the value of integrated satellite-
based approaches for advancing the monitoring and understanding of concurrent thermal
extremes in semi-enclosed marine systems.

2. Datasets and Methods
2.1. Study Area

The Red Sea is a narrow, elongated semi-enclosed basin extending approximately from
12◦N to 30◦N and bordered by northeastern Africa to the west and the Arabian Peninsula
to the east (Figure 1). With a total length of nearly 2000 km and an average width of
approximately 280 km, the Red Sea is one of the most distinctive marginal seas in the
world. The basin is connected to the Indian Ocean through the Bab El-Mandeb Strait. This
narrow and elongated passage substantially restricts water exchange and limits large-scale
ventilation, thereby exerting a dominant control on regional circulation and water-mass
properties [43,44].

The Red Sea is characterized by extremely high evaporation rates, negligible freshwater
input, and intense air–sea heat fluxes, resulting in high salinity and persistently warm
surface waters throughout the year [43,45,46]. Owing to these extreme thermodynamic
conditions, the basin is among the warmest marine regions worldwide, with mean sea
surface temperatures frequently exceeding 30 ◦C during summer, particularly in the central
and northern Red Sea [45,48].
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Pronounced spatial heterogeneity exists along the basin, driven primarily by dif-
ferences in circulation, stratification, and air–sea interactions. The southern Red Sea is
influenced by relatively cooler, fresher inflows from the Gulf of Aden, particularly during
winter, which enhance vertical mixing and moderate surface temperatures [44,46]. In
contrast, the central and northern Red Sea are more isolated from open-ocean exchange
and experience stronger surface heating, reduced ventilation, and enhanced vertical strati-
fication [43,45]. These conditions favor the persistence of surface thermal anomalies and
increase sensitivity to atmospheric forcing, making the Red Sea a suitable natural basin for
investigating atmospheric and marine heatwaves and their concurrent occurrence.

Figure 1. The bathymetric map of the Red Sea basin, obtained from the General Bathymetric Chart of
the Oceans GEBCO dataset (www.gebco.net) (accessed on 20 June 2025).

2.2. Data Sources

Daily SST data from the National Oceanic and Atmospheric Administration (NOAA)
Optimum Interpolation SST, version 2.1 (OISST v2.1) Level-4 (L4) product, covering the
period 1990–2024, are used to identify MHW characteristics. OISST provides global, gap-
free daily SST at a grid spacing of 0.25◦ × 0.25◦, using optimal interpolation of multi-sensor
satellite observations from the Advanced Very High Resolution Radiometer (AVHRR) and
microwave radiometers blended with in situ observations from buoys and ships [25,26]. The
L4 framework produces spatially complete (gap-free) fields by filling missing observations
present in Level-2 (L2) swath data and Level-3 (L3) gridded products. Gaps in L2 data
primarily arise from cloud contamination affecting infrared sensors, atmospheric water
vapor and aerosol interference, limitations in satellite overpass frequency, and retrieval
uncertainties near coastlines or under high-humidity conditions. While the underlying
causes of these gaps have remained generally consistent over time, their frequency and
spatial extent have decreased due to the integration of multiple satellite sensors (infrared
and microwave), improved orbital coverage, and advances in retrieval algorithms. The
OISST L4 product represents a foundation SST rather than instantaneous skin temperature,
providing a temporally stable lower boundary condition for air–sea interaction studies.

https://doi.org/10.3390/rs18091302

www.gebco.net
https://doi.org/10.3390/rs18091302


Remote Sens. 2026, 18, 1302 6 of 22

This reduces sensitivity to unresolved diurnal variability, which is typically smaller than
multi-day MHW anomalies. Compared with Level-3 products, which may contain data
gaps due to cloud contamination, the L4 product provides complete spatial coverage and
reduced high-frequency retrieval noise [27], making it particularly suitable for climate-
scale variability and MHW detection. The gap-filling in L4 products is achieved through
optimal interpolation, which combines satellite and in situ observations using prescribed
spatial and temporal co-variance functions to estimate missing values. While this approach
ensures spatial continuity, it introduces a degree of spatial smoothing that may dampen
sharp thermal gradients and short-lived anomalies. This makes L4 particularly suitable
for climate-scale variability and heatwave detection in semi-enclosed basins such as the
Red Sea. Although optimal interpolation may dampen fine-scale coastal variability [27],
multi-day percentile-based MHW detection has been shown to remain robust under L4
smoothing because event identification requires persistent threshold exceedance over
several consecutive days rather than single-day extremes [28,29]. To minimize potential
land contamination in narrow coastal regions and semi-enclosed basins, coastal grid cells
adjacent to land are carefully inspected. Coastal pixels with evident interpolation artifacts
are excluded from spatial statistics to avoid artificial warming signals associated with
mixed land–sea retrievals. The effective spatial coverage, therefore, represents open-water
grid cells between about 12◦N–30◦N across the Red Sea basin.

Daily near-surface (2 m) air temperature (SAT) from the European Centre for Medium-
Range Weather Forecasts (ECMWF) ERA5 reanalysis dataset is used to quantify AHW
characteristics during the study period. ERA5 provides hourly atmospheric variables at
a grid spacing of 0.25◦ × 0.25◦, through a state-of-the-art data assimilation system that
integrates satellite radiances, radiosonde observations, and surface station measurements
within a physically consistent numerical weather prediction framework [13]. Hourly SAT
data is aggregated to daily mean values prior to heatwave detection to ensure consistency
with daily SST analysis. ERA5 has been shown to reliably represent temperature extremes
and heatwave characteristics over arid and semi-arid regions, including the Middle East
and the Arabian Peninsula [51,52], where conventional observations are sparse. ERA5
temperature uncertainty over arid regions is typically on the order of 0.3–0.5 ◦C [13], again
smaller than identified AHW anomalies. To ensure spatial consistency in concurrent event
analysis, SAT data is bilinearly interpolated to match the OISST grid prior to analysis.

2.3. Atmospheric and Marine Heatwave Detection

Heatwave detection is implemented using MATLAB R2020b through the Marine Heat-
waves toolbox (M_MHW, https://github.com/ZijieZhaoMMHW/m_mhw1.0; accessed
on 28 June 2025), which follows the standardized framework of Hobday et al. [16]. The
toolbox is applied consistently to both SAT and SST time series to ensure methodological
coherence between AHW and MHW identification. The use of a unified detection frame-
work minimizes methodological inconsistencies and allows direct comparison between
AHW and MHW characteristics across the study domain.

MHWs are identified following Hobday et al. [16]. For each grid cell, a 30-year
baseline period (1991–2020) is used to compute a seasonally varying climatology. An
11-day moving window is applied following Hobday et al. [16] to reduce synoptic-scale
noise and sampling variability while preserving multi-day extreme events. Sensitivity
analysis in previous methodological evaluations demonstrates that such smoothing does
not materially alter MHW frequency or duration statistics when events are defined using a
minimum 5-day persistence criterion [28]. Spatial patterns and decadal trends in MHW fre-
quency and duration remain statistically consistent with and without smoothing, indicating
that the 11-day filter enhances robustness without biasing long-duration event statistics. A
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corresponding 90th percentile threshold is computed for each calendar day using the same
baseline period, and MHW is defined as a period of at least five consecutive days during
which daily SST exceeds this threshold [16,19]. Two principal methodological approaches
are commonly used for MHW detection: (i) a fixed climatological percentile threshold [16]
and (ii) a trend-adjusted baseline in which long-term warming is removed prior to event
detection [17,22]. In this study, we adopted the fixed baseline approach because it captures
both climate warming and short-term variability, allowing assessment of the combined
influence of climate change and natural variability on concurrent heatwaves. This method-
ology preserves the long-term warming signal and is widely used in global and regional
MHW assessments [19,37]. The trend-adjusted approach removes the long-term warming
trend before computing percentile thresholds, thereby isolating variability-driven extremes
from background climate warming [21,22]. While the trend-adjusted method is useful for
attribution studies, it may underestimate the thermodynamic contribution of ongoing cli-
mate change. The AHWs are detected using the same percentile-based framework applied
to the daily SAT dataset [6–8], with a minimum duration of three consecutive days to reflect
the shorter atmospheric response timescale relative to the ocean.

Concurrent AHW-MHW events are defined as periods during which AHW and MHW
events occur simultaneously at the same grid cell, with at least one day of temporal
overlap. This day-based definition ensures consistency with the daily resolution of the
datasets and allows identification of synchronous air–sea extreme conditions occurring on
synoptic timescales. Similar cooccurrence approaches based on temporal overlap have been
adopted in previous studies investigating concurrent heat extremes and air–sea interactions
(e.g., [41,54]). Such definitions are particularly appropriate for exploratory assessments
of concurrent events in regions where atmospheric forcing can rapidly influence ocean
surface conditions. However, it is acknowledged that this definition represents a relatively
inclusive criterion, which may capture short-lived or transient overlaps in addition to
more persistent concurrent events. Accordingly, the results are interpreted as representing co-
occurring heatwave conditions, rather than strictly defined high-intensity concurrent extremes.
More restrictive definitions (e.g., requiring substantial fractional overlap or joint exceedance
probability frameworks) may yield lower concurrent event frequencies but are not adopted
here in order to preserve sensitivity to transient air–sea interactions. To provide a more
comprehensive analysis of cooccurrence, the frequency of overlapping events and the total
number of overlapping days (duration) metrics are assessed, allowing differentiation between
frequent short-lived and more persistent cooccurrence events. In addition, standalone AHWs
and standalone MHWs are identified as events that do not temporally overlap with their
respective counterpart, allowing separation of independent and co-occurring extremes. Finally,
two relative cooccurrence metrics are also computed: (i) the percentage of MHWs occurring
during AHWs (concurrent/MHW, %), and (ii) the percentage of AHWs occurring during
MHWs (concurrent/AHW, %). These metrics provide additional insight into the relative
dependence and asymmetry of AHW and MHW interactions.

2.4. Statistical Analysis

Long-term trends are assessed for SAT, SST, and derived heatwave metrics using
non-parametric statistical methods to ensure robustness against non-normality and outliers
commonly present in climate time series. Trend magnitudes are estimated using Sen’s
slope estimator [55], which provides a median-based measure of the rate of change and is
less sensitive to extreme values. The statistical significance of all trends is assessed using
the modified Mann–Kendall (MK) test [56,57], a widely used non-parametric method for
detecting monotonic trends in hydroclimatic time series datasets.
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Because climate time series often exhibit serial autocorrelation, which can inflate the
significance of trend tests if not properly accounted for, the MK test is applied using an
autocorrelation-adjusted variance following the approach described in Wilks [56,58]. This
adjusted sample size is used to correct the variance of the MK test statistic and ensure
a more reliable estimation of trend significance. This procedure reduces the likelihood
of false detection of significant trends associated with persistence in climate data. The
standardized MK test statistic (Z) is computed using the corrected variance, and corre-
sponding two-sided p-values are derived assuming asymptotic normality, consistent with
Wilks. Trend significance is evaluated at the 95% confidence level (α = 0.05). In addition to
Sen’s slope, the Z-statistic, p-values, and effective sample sizes are retained and used to
assess the robustness of detected trends. The correlation between AHW and MHW metrics
at each grid cell is assessed using Spearman’s rank correlation [59]. This non-parametric
metric evaluates monotonic relationships between variables and is less sensitive to non-
normal distributions, outliers, and non-Gaussian behavior commonly observed in climate
datasets [60,61]. The adjusted degrees of freedom are then used to compute p-values for
the Spearman correlation coefficients. Statistical significance of correlations is assessed at
the 95% confidence level (p < 0.05), and only correlations exceeding this threshold are inter-
preted as statistically meaningful. This approach ensures that the reported relationships are
not artificially inflated due to persistence or serial dependence in the underlying climate
time series.

3. Results and Discussion
3.1. Decadal Trends of SAT and SST

The Red Sea has experienced pronounced warming in both SAT and SST over the pe-
riod 1990–2024 (Figure 2), with statistical significance assessed using Sen’s slope estimator
in combination with an autocorrelation-corrected Mann–Kendall test (p < 0.05). The spatial
patterns of these trends exhibit coherent basin-scale warming, accompanied by strong
meridional gradients. Statistically significant (p < 0.05) positive decadal SAT trends are ob-
served over the whole Red Sea, indicating persistent atmospheric warming during the study
period (Figure 2a). The magnitude of SAT trends ranges from about 0.05 to 0.45 ◦C/decade,
with a pronounced northward increasing trend gradient. The southern Red Sea (south
of 16◦N) shows the lowest SAT trends (<0.15 ◦C/decade), while the central and northern
Red Sea basins exhibit the highest positive trends (>0.30 ◦C/decade), with maximum
north of 23◦N. The basin mean SAT trend over the Red Sea basin is 0.4 ± 0.07 ◦C/decade.
These results are consistent with amplified atmospheric warming observed globally in arid
and semi-arid regions, where reduced cloud cover and strong radiative forcing amplify
near-surface temperature increases [2,62,63]. The spatial distribution of SAT trends reflects
the influence of large-scale atmospheric circulation. Persistent subtropical high-pressure
systems increasingly influence the northern Red Sea, reducing synoptic variability and
enhancing subsidence, which favors strong radiative heating and suppressed convective
cooling [2,5,11]. In contrast, the southern Red Sea remains partially moderated by monsoon-
related circulation, episodic ventilation through the Bab El-Mandeb Strait, and enhanced
atmospheric mixing, which collectively limit long-term accumulation of near-surface air
temperature [39].

The decadal SST trends indicate basin-wide warming across the Red Sea, ranging
from 0.1 to 0.4 ◦C/decade (Figure 2b), with greater spatial heterogeneity compared to
SAT. The lowest SST warming trends (<0.2 ◦C/decade) are found in the southern Red
Sea, particularly near the Bab El-Mandeb Strait. This region is strongly influenced by the
persistent inflow of relatively cooler waters from the Gulf of Aden, which enhances upper-
ocean ventilation and enhances lateral and vertical heat redistribution, thereby limiting
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long-term surface heat accumulation [43,46,64]. Previous studies have demonstrated that
advective processes at the southern boundary exert a dominant control on mixed-layer
thermal variability, effectively buffering SST trends in this region [48,65]. The central and
northern Red Sea exhibit the highest SST warming trends (>0.30 ◦C/decade), with up to
0.4 ◦C/decade in the region north of 23◦N along the western coast, exceeding the global
mean ocean warming rate [2,45]. The basin mean SST trend over the Red Sea is about
0.31 ± 0.05 ◦C/decade, consistent with previous regional assessments and indicative of
accelerated surface warming over recent decades [48,64].

(a) Decadal trend of SAT [1990–2024] (b) Decadal trend of SST [1990–2024] 

  
(c) Temporal evolution of basin mean annual SAT and SST [1990–2024] 

 

Figure 2. Spatial distribution of decadal trends (1990–2024) in (a) sea surface temperature (SST),
(b) surface air temperature (SAT), and (c) time series of basin mean annual SAT (red line) and SST
(black line). Both SAT and SST showed significant trends over the whole Red Sea basin based on the
modified MK test at the 95% confidence interval (p < 0.05).

The temporal evolution of the annual SAT and SST over the Red Sea for 1990–2024
(Figure 2c) shows statistically significant (p < 0.05) upward trends superimposed on pro-
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nounced interannual variability. SST transitioned from predominantly low values in the
early 1990s to persistently high values after the mid-2000s, with particularly high temper-
atures observed since 2015. SAT shows a similar temporal evolution but exhibits greater
interannual variability, reflecting a more rapid atmospheric response to radiative forcing.
Notably, the highest SAT periods frequently coincide with SST peaks, highlighting the
strong co-variability between atmospheric and oceanic warming at the basin scale.

This co-evolution of SAT and SST is consistent with enhanced downward long-
wave radiation, reduced evaporative cooling under weak wind conditions, and increased
background greenhouse forcing, which collectively amplify surface heat accumulation
in semi-enclosed basins [5,19,20]. In warming climates, increases in mean temperature
shift the entire distribution of daily temperature anomalies toward higher values, thereby
increasing the likelihood that moderate synoptic variability produces extreme threshold
exceedances [17,19]. Consequently, the observed strengthening of both SAT and SST trends
provides a thermodynamic foundation for the intensification of both AHWs and MHWs
documented in subsequent sections.

3.2. Temporal Variability of AHWs and MHWs and Their Cooccurrence

The temporal evolution of AHWs and MHWs and their cooccurrence over the Red
Sea during 1990–2024 exhibit marked interannual variation, resulting in a clear long-term
increase in both frequency and duration (Figure 3). All metrics shown in Figure 3 represent
basin-averaged annual values derived from the spatial average of heatwave metrics across
all Red Sea grid cells during each year. The pattern of these metrics captures the large-
scale coherence of extreme thermal conditions and highlights basin-wide responses of the
coupled atmosphere–ocean system to ongoing climate warming [5,16].

Throughout the study period, the Red Sea basin average AHW frequency consistently
exceeded that of MHW frequency (Figure 3a). Over 1990–2024, the Red Sea experienced
a mean basin of 151 AHW events, compared to 84 MHW events, indicating substantially
more frequent atmospheric extremes. During the early 1990s, basin-averaged AHW fre-
quency typically ranged from 1 to 3 events/year, while MHW frequency remained near
1 event/year. After 2010, both AHW and MHW frequencies increased markedly, with
basin-averaged AHW frequency exceeding 8 events/year in several years, including 2010,
2015, 2016, 2021, 2023, and 2024 [12,32]. This systematic difference reflects the contrasting
thermal response times of the atmosphere and ocean [5,37]. This vital difference explains
why AHWs occur more frequently, while MHWs tend to be fewer but often more persistent
once established.

Despite the lower overall frequency of MHWs, a substantial fraction of MHW activity
occurs concurrently with AHWs. A total basin average of 56 concurrent AHW-MHW
events is detected over the study period, corresponding to about 66% of all basin-averaged
MHW occurrences under concurrent AHW conditions. In contrast, only about 37% of basin-
averaged AHW occurrences coincide with MHWs. This asymmetry indicates that while
AHWs frequently provide favorable thermodynamic conditions for MHW development,
oceanic preconditioning, such as stratification strength, mixed-layer depth, and climate
SST anomalies, remains a critical requirement for the manifestation of MHWs [19,20]. The
incomplete concurrence between AHWs and MHWs reflects fundamental differences in the
timescales of atmospheric and oceanic thermal responses. The atmosphere responds rapidly
to radiative forcing and synoptic variability due to its low heat capacity, while the ocean
integrates surface heat flux anomalies over longer periods due to heat storage in the mixed
layer and advective processes [20,38]. Consequently, sea surface temperature anomalies
may persist after extreme weather events have subsided, or they may occur under a pre-
existing thermal gradient without simultaneously exceeding the atmospheric threshold.

https://doi.org/10.3390/rs18091302

https://doi.org/10.3390/rs18091302


Remote Sens. 2026, 18, 1302 11 of 22

Consistent with the frequency analysis, basin average durations of AHWs, MHWs,
and concurrent events show a considerable increase over the study period (Figure 3b). Total
basin average AHW duration increased from about 10–15 days/year in the early 1990s
to more than 110 days/year in 2023 and 2024. MHW duration follows a similar but less
pronounced behavior, rising from <15 days/year to about 75 days/year during extreme
years (2023 and 2024).

(a) Distribution of annual frequency over the Red Sea [1990–2024] 

 
(b) Distribution of annual duration over the Red Sea [1990–2024] 

Figure 3. Temporal variability of AHWs (red), MHWs (blue), and their cooccurrence (green) for
(a) annual frequency and (b) annual total duration during 1990–2024.

The basin average duration of concurrent AHW-MHW events is generally below
5 days/year before 2000, while after 2010, it often exceeds 10–15 days/year, reaching a
maximum of 35 days in 2023. Over the full period, the basin average concurrent duration of
AHWs-MHWs is 249 days, highlighting the growing persistence of concurrent heatwaves
across the basin. The marked increase in duration relative to frequency indicates a shift
toward longer-lasting heatwave events, rather than simply more frequent ones. This
behavior is consistent with global observations showing that climate warming extends
the persistence of heatwaves by increasing baseline temperatures and reducing recovery
periods between events [17,19]. Notably, Hobday [16] defined heatwaves using a seasonally
varying threshold to detect both summer and winter heatwaves, as winter heatwaves can
have a greater ecological impact on the marine ecosystem [30].
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Both the frequency and duration of concurrent AHW-MHW events exhibit statistically
significant positive trends over the period 1990–2024 (Figure 3a,b). The frequency of
concurrent events increases at a rate of +0.6 ± 0.03 events/decade, while the total duration
increases by about +5.5 ± 1.1 days/decade. These results indicate not only that concurrent
heatwaves are becoming more common, but also that they are persisting for longer periods.

Several years stand out as exhibiting particularly increased concurrent heatwave activ-
ity, notably 2010, 2016, and 2023. These years coincide with strong positive anomalies in
both SAT and SST (see Figure 2c). Similar clustering of extreme AHW and MHW events
during these years has been reported in global assessments of heatwaves [17,19,41]. These
peak years also coincide with major large-scale climate modes, including strong El Niño
events (e.g., 2010 and 2016), which have been shown to modulate regional atmospheric
circulation and upper-ocean heat content in semi-enclosed basins through teleconnected ad-
justments in wind stress and heat flux patterns [19,41]. Although the Red Sea is not directly
within the Pacific ENSO domain, remote forcing may modulate background conditions
that favor concurrent heatwaves.

3.3. Spatial Analysis of Mean AHWs, MHWs, and Their Cooccurrence

The annual mean AHW frequency exhibits a clear spatial heterogeneity across the
Red Sea (Figure 4a), with values ranging from 3 to 5.8 events/year. The highest AHW
frequencies (5–5.8 events/year) are detected in the central and south-central Red Sea
(18–23◦N), while lower frequencies (3–3.6 events/year) characterize the northern and
north-central basin and parts of the far southern Red Sea near the Bab El-Mandeb Strait
(Figure 4a). This distribution indicates that AHWs are most recurrent in the central basin,
where persistent subsidence, clear-sky conditions, and regional circulation patterns favor
repeated near-surface warming [5,11]. In contrast, the southern Red Sea is more strongly
influenced by seasonal circulation and enhanced synoptic variability associated with the
Gulf of Aden, which disrupts the persistence of atmospheric blocking and limits the
recurrence of heatwave events [65,66].

The spatial pattern of AHW duration differs from that of frequency (Figure 4b).
Annual mean durations range from about 16 to 36 days/year, with the longest AHWs
(30–36 days/year) occurring in the southern and south-central Red Sea (16–22◦N) and
a secondary maximum in the far northern basin. In contrast, shorter durations
(16–20 days/year) dominate the central Red Sea (22–26◦N).

The annual mean MHW frequency ranges from 2 to 3.6 events/year across the Red
Sea basin (Figure 4c). The highest MHW frequencies (3.2–3.6 events/year) occur primarily
in the southern Red Sea between 15 and 18◦N, with a secondary maximum in the central
eastern basin (20–22◦N), as indicated in the previous studies [36,47]. The lowest frequen-
cies (2–2.4 events/year) are detected in the northern Red Sea (22–30◦N), particularly in
the western basin along the Egyptian coast. This spatial pattern indicates a southward
enhancement of MHW occurrence and highlights strong spatial heterogeneity rather than a
simple latitudinal gradient [39].

In contrast, MHW duration displays a clear northward intensification (Figure 4d).
Annual mean MHW durations range from 25 to 50 days/year, with the longest duration
(45–50 days/year) occurring in the northern Red Sea (north of 24◦N), while the shortest
durations (25–30 days/year) dominate the southern Red Sea (south of 18◦N). This inverse
pattern between frequency and duration indicates that MHWs in the north are fewer but
substantially longer-lived. The longer MHW durations in the northern Red Sea are likely
linked to deeper mixed layers, reduced wind-driven mixing variability, and weaker lateral
heat exchange, which allow sustained heat storage and persistence of SST anomalies [35,46].
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(a) Annual AHW mean frequency  
over the Red Sea [1990–2024] 

(b) Annual AHW mean duration  
over the Red Sea [1990–2024] 

(c) Annual MHW mean frequency  
over the Red Sea [1990–2024] 

   
(d) Annual MHW mean duration  

over the Red Sea [1990–2024] 
(e) Annual cooccurrence mean frequency  

over the Red Sea [1990–2024] 
(f) Annual cooccurrence mean duration  

over the Red Sea [1990–2024] 

   

Figure 4. Spatial climatological map (1990–2024) of the annual mean AHW (a) frequency and
(b) duration; annual mean MHW (c) frequency and (d) duration; and annual mean AHW-MHW
cooccurrence (e) frequency and (f) duration.

The spatial map of AHW-MHW cooccurrence reveals patterns that more closely
resemble MHW frequency than AHW frequency (Figure 4e,f). Cooccurrence frequency
ranges from about 1 to 4.5 events/year, with the highest values (3.5–4.5 events/year)
concentrated in the southern Red Sea (17–19◦N). The lowest frequencies (1–1.5 events/year)
characterize both northern (north of 22◦N) and southern (south of 17◦N) parts of the Red
Sea basin. This correspondence indicates that concurrent events are more likely to occur in
regions where MHWs are more frequent. Similarly, the AHW-MHW cooccurrence duration
ranges from about 3 to 24 days/year, with the longest concurrent events (18–24 days/year)
observed in the southern and southeastern Red Sea (17–23◦N). The shorter cooccurrence
durations (3–8 days/year) dominate the northern basin (north of 23◦N) and southern
parts (south of 17◦N). The spatial alignment of cooccurrence frequency and duration with
AHW rather than MHW suggests that AHW persistence plays a primary role in prolonged
concurrent events across the Red Sea basin [20,39,67]. The spatial mismatch between AHW
and MHW cooccurrence metrics, particularly in the southern basin, reflects the dominant
role of ocean dynamics (e.g., horizontal advection and exchange with the Gulf of Aden),
which can decouple SST variability from local atmospheric forcing.
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3.4. Correlation Patterns Between AHW and MHW

Spatial correlation analysis is used to quantify statistical relationships between AHW
and MHW metrics across the Red Sea. Spearman rank correlation coefficients are computed
at each grid point using annual time series (1990–2024), as this non-parametric method
is more robust for non-normal, non-linear, and autocorrelated climate data. Statistical
significance (p < 0.05) is estimated using effective sample sizes that account for temporal
autocorrelation. Positive significant (p < 0.05) correlations are detected between AHW and
MHW frequency across most of the Red Sea basin (Figure 5a), with coefficients generally
ranging from about 0.2 to 0.9. The strong correlations (r ≈ 0.6–0.9) occur in the central Red
Sea (18–23◦N), while the nonsignificant (p ≥ 0.05) correlations are mostly found south of
18◦N and north of 23◦N along the Egyptian coast.

(a) Correlation between AHW &  
MHW frequency  

over the Red Sea [1990–2024] 

(b) Correlation between AHW &  
MHW duration  

over the Red Sea [1990–2024] 

(c) Correlation between AHW &  
cooccurrence frequency over  

the Red Sea [1990–2024] 

   
(d) Correlation between AHW &  

cooccurrence duration  
over the Red Sea [1990–2024] 

(e) Correlation between MHW &  
cooccurrence frequency  

over the Red Sea [1990–2024] 

(f) Correlation between MHW &  
cooccurrence duration  

over the Red Sea [1990–2024] 

   

Figure 5. Spatial distribution of Spearman correlation coefficients between (a) AHW/MHW fre-
quency, (b) AHW/MHW duration, (c) AHW/concurrent frequency, (d) AHW/concurrent duration,
(e) MHW/concurrent frequency, and (f) MHW/concurrent duration with statistically significant
correlation at p < 0.05; hatched areas indicate non-significant values.

A similar, but more coherent, pattern is evident in the correlations between AHW
and MHW duration (Figure 5b). Positive significant (p < 0.05) correlations dominate most
of the basin, with values typically ranging from 0.4 to 0.9, and the highest correlations
occur in the central Red Sea (18–23◦N). This indicates that prolonged AHWs are statistically
associated with longer MHW duration, although this relationship does not establish a
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causal mechanism. The lowest correlations (r ≈ 0.2–0.4) are detected in the northern parts
(north of 23◦N) and in the southern basin (south of 18◦N).

Correlations between AHW and AHW-MHW cooccurrence metrics are consistently
higher than those between AHWs and MHWs alone (Figure 5c,d). The correlation between
AHW frequency and cooccurrence frequency (Figure 5c) exhibits widespread significant
(p < 0.05) high correlations, typically ranging from 0.5 to 0.9, with peak correlations in the
most central parts of the Red Sea (18–23◦N). In contrast, the lowest correlations (r < 0.5)
are found in the rest of the basin. This result highlights the strong statistical association
of atmospheric forcing in the formation of concurrent heatwaves, but does not provide
evidence of physical causality. Additionally, strong correlations are detected between
AHW duration and cooccurrence duration (Figure 5d). Correlation coefficients are mostly
significant (p < 0.05) and have a range between 0.2 and 0.8, with high values in the central
Red Sea and slightly lower but still positive values (r ≈ 0.4–0.7) toward the north of 23◦N
and south of 18◦N.

Correlations between MHW and cooccurrence metrics also reveal statistically strong
coupling but with high spatial variability (Figure 5e,f). The correlation between MHW
frequency and cooccurrence frequency (Figure 5e) and duration (Figure 5f) remains high
and significant (p < 0.05) over the Red Sea, particularly in the central region (r ≈ 0.4–0.9).
These correlations weaken toward the southern basin (south of 18◦N), where the ocean
processes (e.g., horizontal advection, ventilation, and exchange with the Gulf of Aden)
could have an impact on the SST variability [65,66].

Overall, the central Red Sea (18–23◦N) consistently appears as the region with the
strongest statistical correlation between AHWs, MHWs, and concurrent metrics. Whereas,
the southern (south of 18◦N) and the northern (north of 23◦N) Red Sea exhibit compara-
tively low correlations, indicating a significant role for oceanic dynamics independent of
direct atmospheric forcing [39]. This reduced coupling in the southern basin is consistent
with stronger horizontal advection and seasonal exchange through the Bab El-Mandeb
Strait, which can introduce thermal anomalies independent of local atmospheric forc-
ing [46,65,66]. Such dynamical processes could weaken the correlations between AHW
and MHW metrics and explain the spatial heterogeneity observed in the correlation maps.
These correlation patterns indicate strong statistical co-variability between AHWs and
MHWs, particularly in the central Red Sea. Notably, correlation alone does not neces-
sarily imply physical atmosphere–ocean coupling or causality, so observed correlations
should therefore be interpreted as indicative of statistical relationships rather than direct
atmospheric control of MHWs.

3.5. Concurrent Percentage of AHWs and MHWs

In this section, we will investigate the spatial distributions of standalone AHWs
and standalone MHWs, the conditional percentages of concurrent events relative to each
heatwave type during the period 1990–2024. The spatial distribution of standalone and
concurrent heatwave events provides additional insight into the relative dependence
between AHW and MHW events (Figure 6). The total number of standalone AHW events
ranges from about 75 to 145 over the 1990–2024 period (Figure 6a). The highest standalone
AHWs are most frequent in the southern and northern Red Sea, with about 115–130 events
(Figure 6a). In contrast, the central Red Sea exhibits lower standalone AHW events, typically
below 100 events. These findings highlight that the standalone AHWs are not always
sufficient to generate MHWs, particularly in regions where oceanic heat redistribution
mechanisms remain effective [46,65,66].
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(a) Total no. of standalone AHWs  
over the Red Sea [1990–2024] 

(b) Total no. of standalone MHWs  
over the Red Sea [1990–2024] 

  
(c) Total concurrent/AHWs (%)  
over the Red Sea [1990–2024] 

(d) Total concurrent/MHWs (%)  
over the Red Sea [1990–2024] 

  

Figure 6. Spatial distribution of (a) standalone AHWs, (b) standalone MHWs, (c) percent of concur-
rent/MHWs (%), and (d) percent of concurrent/AHWs (%).

Total standalone MHW events range from about 10 to 65 events (Figure 6b). The
highest standalone MHW frequencies are most common in the southern Red Sea, espe-
cially near the Bab El-Mandeb Strait (south of 18◦N), where values commonly exceed
50 events. Low standalone MHW (35–50) events also appear in parts of the northern
basin, while the central Red Sea (18–23◦N) exhibits the lowest occurrence, typically below
15–35 events. The occurrence of standalone MHWs emphasizes that ocean dynamics can
independently govern SST extremes, particularly in regions characterized by strong circula-
tion variability and external oceanic influences [20,37]. The occurrence of the standalone
MHWs (about 34%) indicates that oceanic processes can independently generate MHWs
without requiring concurrent AHWs. Oceanic heat storage within a stratified mixed layer
allows accumulated subsurface thermal anomalies to re-emerge at the surface under weak
mixing conditions [19,44]. In addition, horizontal advection from the Gulf of Aden and
eddy-driven variability in the southern Red Sea can create SST anomalies independently of
local concurrent AHWs [65,66]. These dynamical processes weaken the linear dependence
between AHWs and MHWs and explain the reduced coupling observed in the southern
Red Sea basin.
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The percentages of relative cooccurrence of MHWs (concurrent/MHW, %) and AHWs
(concurrent/AHW, %) are shown in Figure 6. Across the basin, the concurrent/AHW
percentage ranges from 5% to 40% (Figure 6c), whereas the concurrent/MHW percentage
covers a broader range from 10% to 80% (Figure 6d). High concurrent/AHW values
(30–40%) are located in the central Red Sea (18–23◦N), indicating that MHWs are associated
with a significant fraction of AHWs in this region. In contrast, the southern Red Sea
exhibits much lower concurrent/AHW values (5–20%), implying that most AHWs do
not induce a sustained oceanic response. The concurrent/MHW percentage generally
exceeds the concurrent/AHW percentage across the basin, indicating that MHWs are
more conditionally associated with AHWs than vice versa. In the central Red Sea, the
concurrent/MHW values frequently exceed 60%, which is the consistent with the stronger
statistical correlations identified in the correlation analysis (Figure 5). Toward the southern
basin, concurrent/MHW values decrease to below 30%, indicating that MHWs often
develop as standalone events due to the greater role of ocean dynamics independent of
atmospheric forcing.

3.6. Decadal Trends in the Frequency and Duration of Heatwaves

The spatial distribution of the decadal trends in all heatwave metrics reveals signif-
icant (p < 0.05) increasing trends across the Red Sea (Figure 7). The decadal trends in
AHW frequency show basin-wide statistically significant positive trends (Figure 7a), as
determined using Sen’s slope and modified Mann–Kendall testing. The highest positive
trends, exceeding 3 events/decade, are located in the southern Red Sea, while the lowest
positive trends (<1 event/decade) dominate the central Red Sea, particularly along the
coasts of southern Egypt and northern Sudan, and some part of the northern Saudi Arabian
shoreline. Trends in AHW duration exhibit widespread statistically significant (p < 0.05)
positive values across the Red Sea basin (Figure 7b), demonstrating that AHWs are not
only occurring more frequently but are also lasting longer. The highest increasing-duration
trends are detected in the southern and northern Red Sea, where trends locally exceed
15 days/decade, while the lowest positive trends are detected in the central Red Sea basin.

Decadal trends in MHW frequency are statistically significant positive across the Red
Sea, ranging from about 0.3 to 1.3 events/decade (Figure 7c) as revealed by Mohamed
et al. [47]. The central region between western Saudi Arabia and Eritrea exhibits the
strongest positive trend in MHW frequency (>0.5 events/decade). In contrast, the lowest
MHW frequency positive trends (<0.2 events/decade) occur toward the southern basin.
Trends in MHW duration reveal a clear basin-wide statistically significant trend toward
longer-lasting MHW events, with durations ranging from 1 to 20 days/decade (Figure 7d).
The highest positive MHW duration trends (>10 days/decade) are found in the northern
basin (north of 23◦N). The southern Red Sea region displays lower positive MHW duration
trends of less than 14 days/decade (Figure 7d).

The trend of concurrent AHW-MHW events is shown in Figure 7e,f. Both the fre-
quency and duration of concurrent events exhibit spatially coherent, significant (p < 0.05)
positive trends across most of the Red Sea. The central Red Sea (18–23◦N) shows high-
frequency trends exceeding 0.5–1.4 events/decade and duration trends locally exceeding
3 days/decade, highlighting this region as a hotspot of intensifying concurrent heatwaves.
The spatial coherence of these increasing concurrent trends suggests that background
warming is progressively increasing the probability of simultaneous AHW and MHW
exceedances. As mean SAT and SST rise, fewer anomalous synoptic conditions are required
to trigger concurrent heatwaves, thereby increasing both frequency and duration [17,19,40].
This non-linear amplification mechanism has been identified as a defining characteristic of
compound climate extremes under continued anthropogenic warming.
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(a) Decadal trend of AHW frequency  
over the Red Sea [1990–2024] 

(b) Decadal trend of AHW duration  
over the Red Sea [1990–2024] 

(c) Decadal trend of MHW frequency  
over the Red Sea [1990–2024] 

   
(d) Decadal trend of MHW duration  

over the Red Sea [1990–2024] 
(e) Decadal trend of cooccurrence frequency  

over the Red Sea [1990–2024] 
(f) Decadal trend of concurrence duration  

over the Red Sea [1990–2024] 

   

Figure 7. Spatial patterns of decadal trend (1990–2024) with statistical significance at p < 0.05 in
(a) AHW frequency, (b) AHW duration, (c) MHW frequency, (d) MHW duration, (e) concurrent
MHW/AHW frequency, and (f) concurrent MHW/AHW duration; hatched areas indicate non-
significant values.

4. Conclusions
This study provides a comprehensive assessment of the spatial and temporal character-

istics of atmospheric heatwaves (AHWs), marine heatwaves (MHWs), and their concurrent
occurrence across the Red Sea during 1990–2024, based on satellite-derived sea surface
temperature (SST) from NOAA OISST v2.1 and reanalysis surface air temperature (SAT)
from ERA5. By explicitly leveraging satellite-derived foundation OISST Level-4 (L4) prod-
ucts and satellite-constrained atmospheric reanalysis, this study demonstrates the value
of integrated remote sensing frameworks for detecting concurrent AHW-MHW events in
data-sparse and semi-enclosed basins.

Both SAT and SST exhibit statistically significant (p < 0.05) basin-wide increas-
ing (warming) trends, with SAT increasing at 0.4 ± 0.07 ◦C/decade and SST at
0.31 ± 0.05 ◦C/decade. The highest statistically significant (p < 0.05) trends are observed
in the central and northern Red Sea, based on the modified Mann–Kendall test and Sen’s
slope estimation. The observed warming was accompanied by significant increases in both
the frequency and duration of AHWs and MHWs, particularly after 2010. The concurrent
AHW-MHW frequency and duration exhibit significant increasing trends, with the central
Red Sea showing the most pronounced intensification of concurrent events.
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A key finding of this study is that about 66% of MHWs occur concurrently with
AHWs, highlighting the dominant influence of atmospheric forcing in driving MHWs.
The remaining fraction (34%) of standalone MHWs could be due to oceanic processes,
such as stratification, horizontal advection, and exchange through the Bab El-Mandeb
Strait. This highlights the crucial role of both atmospheric forcing and oceanic processes
in the development of MHWs. The central Red Sea emerges as a hotspot of strong statisti-
cal co-variability, likely resulting from the combined influence of persistent atmospheric
subsidence, reduced wind-driven mixing, shallow mixed-layer variability, and enhanced
radiative heating. Conversely, the southern Red Sea shows less cooccurrence, consistent
with the dominant role of ocean dynamics, including ventilation and lateral heat trans-
port from the Gulf of Aden. These different regimes suggest that the risk of concurrent
heatwaves is spatially heterogeneous across the Red Sea basin and governed by regionally
distinct physical mechanisms. Overall, this study highlights the necessity of integrating
atmospheric and oceanic perspectives when assessing heatwave variability and compound
extreme risk in the Red Sea. The increasing frequency and duration of both standalone
and concurrent heatwaves highlight growing climate risks for this ecologically and socio-
economically important basin. Accounting explicitly for the concurrent events’ behavior is
critical for improving heatwave monitoring, forecasting, and climate adaptation strategies
in the Red Sea basin. Future work should further investigate the relative contributions
of surface heat fluxes, wind stress variability, mixed-layer depth, and large-scale climate
modes, as well as explore lagged and causal relationships, to enhance a more mechanistic
understanding and improve predictive capability of concurrent heatwave dynamics.
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