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Abstract. Marine heatwaves (MHWs) have been increasing
in frequency, intensity, and duration worldwide, which poses
a serious threat to marine ecosystems and fisheries. The Red
Sea (RS), a semi-enclosed marginal sea, is highly vulnerable
to climate change due to its small volume and slow rate of
water renewal. Despite the importance of the RS, MHWs in
this region remain poorly studied, and understanding of their
spatial and temporal characteristics and forcing mechanisms
is limited. This study examines MHWs in the RS over the
last 4 decades (1982–2021) and their relationship to large-
scale climate modes, with particular focus on the 2010 MHW
event in the northern Red Sea (NRS). Analysis of sea sur-
face temperature anomaly (SSTA) trends in the RS revealed
a decadal variability, with the highest warming trends occur-
ring alternately in the northern and southern regions. The RS
has experienced a significant warming trend over the last 4
decades, which has intensified since 2016. This warming has
led to an increase in the frequency and duration of MHWs
in the region, with 46 % of events and 58 % of MHW days
occurring only in the last decade. The RS exhibits a merid-
ional gradient, with decreasing mean annual MHW intensity
and duration but increasing mean annual MHW frequency
from north to south. The annual MHW frequency in the
NRS peaked in 2010, 2018, 2019, and 2021, while, in the
Southern Red Sea (SRS), the highest frequency occurred in
1998 and from 2017 to 2021. The study also examined the
correlation between MHWs and climate indices and found
that the Atlantic Multidecadal Oscillation (AMO), the Indian

Ocean Dipole (IOD), and the East Atlantic/West Russia pat-
tern (EATL/WRUS) were the three dominant modes that cor-
related with SSTAs and MHWs in the region. The North At-
lantic Oscillation (NAO) and the Oceanic Niño Index (ONI)
showed weaker and less significant correlations. Finally, the
authors conducted a case study of the 2010 MHW event in
the NRS, which was the most intense and longest winter
event of the year. Using a high-resolution ocean model and
atmospheric reanalysis data, it was found that the MHW in
late winter 2010 in the NRS extended to a depth of 120 m and
was driven by a combination of atmospheric forcings, partic-
ularly an increase in air temperature (Tair) and humidity, pos-
sibly linked to reduced winds leading to reduced latent heat
flux (LHF) and strong ocean warming, creating favourable
conditions for MHWs to occur.

1 Introduction

Episodes of very warm sea surface temperature (SST),
known as “marine heatwaves” (MHWs), have been ob-
served in all the world’s oceans and marginal seas and
have increased in frequency, intensity, and duration in re-
cent decades (Hobday et al., 2016, 2018; Holbrook et al.,
2020; Oliver et al., 2018, 2021; Sen Gupta et al., 2020).
These extreme warm-water events can be triggered by atmo-
spheric forcings, oceanic processes, large climate variabil-
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ity, or a combination of them, and these drivers can vary
based on season and geographic location (Amaya et al.,
2020; Holbrook et al., 2019; Mohamed et al., 2021, 2022,
2023; Oliver et al., 2021; Pujol et al., 2022; Sen Gupta et al.,
2020). MHWs have ecological and socioeconomic impacts,
including coral bleaching (Eakin et al., 2010; Genevier et al.,
2019; Hughes et al., 2018), declines in sea surface productiv-
ity (Hamdeno et al., 2022; Hamdeno and Alvera-Azcaráte,
2023; Le Grix et al., 2021), mortality of benthic communi-
ties (Garrabou et al., 2009; Rivetti et al., 2014; Smale and
Wernberg, 2009), and loss of seagrass beds (Carlson et al.,
2018; Chefaoui et al., 2018; Diaz-Almela et al., 2007) and
kelp forests (Arafeh-Dalmau et al., 2019).

The increasing risk of MHWs to ecosystems and
economies requires a thorough understanding of their causes,
especially in vulnerable areas such as the Red Sea (RS),
which harbours a unique ecosystem and is of great political
and economic importance (Meziere et al., 2021). The RS is
a semi-enclosed, elongated marginal sea between Africa and
Asia, connected to the Indian Ocean in the south by the Bab-
el-Mandeb strait and to the Mediterranean Sea in the north by
the Suez Canal (Fig. 1). Due to their small volume and slow
rate of water renewal, semi-enclosed marginal seas such as
the RS are particularly vulnerable to global warming (Belkin,
2009). The RS has an arid climate and a negative water bal-
ance; i.e. evaporation exceeds precipitation and river runoff
combined (Bower and Farrar, 2015; Eladawy et al., 2017; Liu
and Yao, 2022). The RS is a vital resource for fisheries, agri-
culture, tourism, and freshwater production through desali-
nation, and it is a major shipping route (Barale, 2014; Hoteit
et al., 2021).

Due to the importance of the RS, several studies have in-
vestigated its physical properties, especially SST, as it can
serve as an indicator of the thermal stress caused by global
warming, which has devastating effects on the rich and di-
verse marine life of the RS (Barros et al., 2014; Chaidez et
al., 2017; Karnauskas and Jones, 2018; Liu and Yao, 2022;
Raitsos et al., 2011; Shaltout, 2019; Trisos et al., 2020). How-
ever, only a few studies have investigated MHWs in the RS
(Bawadekji et al., 2021; Genevier et al., 2019; Mohamed
et al., 2021), and up to date there have been no studies in-
vestigating the link between climate patterns and the occur-
rence of MHWs in the RS region. Raitsos et al. (2011) used
satellite-derived SST to examine the spatiotemporal changes
in RS temperatures between 1985 and 2007 and concluded
that the RS is experiencing a strong warming that began in
the early 1990s and increased abruptly after 1994. Another
study by Chaidez et al. (2017) calculated the warming trends
in the RS between 1982 and 2015 and estimated the overall
rate of warming for the RS to be 0.17± 0.07 °C per decade,
while the SST trend in the northern Red Sea (NRS) was be-
tween 0.40 and 0.45 °C per decade, which is higher than the
global rate. A recent study by Liu and Yao (2022) examined
the long-term variations in the SST and surface air tempera-
tures in the RS and adjacent seas from 1875 to 2019. They

Figure 1. Bathymetry map of the Red Sea. Bathymetry corresponds
to the GEBCO bathymetry dataset (https://www.gebco.net, last ac-
cess: 15 June 2023).

found that the SST of the RS increased at an average rate of
0.43 °C per decade during these years, and this rate has ac-
celerated in recent decades. Furthermore, they found that the
SST anomalies (SSTAs) of the RS are positively correlated
and strongly synchronized with those of the adjacent seas and
with air temperature anomalies. According to the IPCC, the
RS is warming due to climate change and a temperature rise
of 3.45 °C is expected for the period 2010–2099 (Barros et
al., 2014; Trisos et al., 2020).

Genevier et al. (2019) established a link between the
MHWs and coral bleaching in the RS during the summer
months (July–October). Using satellite SST data from 1985–
2015, they found that MHWs in the RS can trigger coral
bleaching when their SSTs exceed the 95th percentile, which
is when the climatological average is 30 °C or higher, they
last for at least 7 consecutive days, and they occur at shallow
depths (< 150 m). Bawadekji et al. (2021) studied the gen-
eral and local characteristics of the MHWs in the RS. Their
study concluded that the RS exhibits a meridional gradient
with decreasing average annual MHW intensity and MHW
duration from north to south and a meridional gradient with
increasing average annual MHW frequency from north to
south. Finally, Mohamed et al. (2021) studied the spatiotem-
poral variability and trends in MHWs in the RS over 39 years
(1982–2020) using high-resolution satellite SST data. Their
results showed that, over the last 2 decades (2000–2020), the

Ocean Sci., 20, 1087–1107, 2024 https://doi.org/10.5194/os-20-1087-2024

https://www.gebco.net


M. Hamdeno et al.: Investigating the long-term variability of the Red Sea marine heatwaves 1089

average frequency and duration of heatwaves increased by
35 % and 67 %, respectively. Their study also showed that
the highest annual MHW frequencies were recorded in 2010,
2017, 2018, and 2019.

It is well known that the oceans are the main drivers of in-
ternal climate variability, affecting climate around the world
(e.g. Shukla, 1998). Many modes of climate variability are
coupled ocean–atmosphere phenomena, such as the El Niño–
Southern Oscillation (ENSO), which is the most important
mode of global climate variability on interannual timescales
(e.g. McPhaden et al., 2006). At the local scale, it has long
been known that the broader region surrounding the RS is
directly influenced by the North Atlantic Oscillation (NAO)
(Visbeck et al., 2001) and the Atlantic Multidecadal Oscilla-
tion (AMO) (Krokos et al., 2019), while ENSO is known to
indirectly influence the neighbouring tropical Indian Ocean
via atmospheric teleconnections (Bjerknes, 1969).

The AMO is defined as a coherent mode of natural vari-
ability in the North Atlantic with an estimated duration of
60–80 years (Zhang, 2007; Semenov et al., 2010). It is calcu-
lated based on the average SSTA in the North Atlantic basin,
typically over 0–80° N (Semenov et al., 2010; Schneider et
al., 2013). The positive AMO phase corresponds with pos-
itive SSTAs over most of the North Atlantic, with stronger
anomalies in the subpolar region and weaker anomalies in the
tropics. It has significant regional and hemispheric impacts
on climate, such as the Northern Hemisphere mean surface
temperature (Schneider et al., 2013; Semenov et al., 2010;
Zhang, 2007). The Indian Ocean Dipole (IOD) is a climate
phenomenon that occurs in the Indian Ocean, and it is de-
fined as the difference in SST between the eastern and west-
ern regions of the Indian Ocean. The IOD can significantly
affect weather patterns and climate in surrounding regions,
including parts of Africa, southeastern Asia, and Australia.
During a positive phase, warm water is pushed into the west-
ern part of the Indian Ocean, while cold, deep water rises to
the surface in the eastern Indian Ocean and vice versa dur-
ing the negative phase (Behera et al., 2021; Cai et al., 2021).
The East Atlantic/West Russia (EATL/WRUS) pattern is one
of three prominent teleconnection patterns that affect Eurasia
throughout the year. The major surface temperature anoma-
lies associated with the positive phase of the EATL/WRUS
pattern reflect above-average temperatures over eastern Asia
and below-average temperatures over much of western Rus-
sia and northeastern Africa (Barnston and Livezey, 1987).
The NAO index is based on the sea level pressure differ-
ence between the subtropical high (Azores) and the subpolar
low. Strong positive phases of the NAO are usually accom-
panied by above-average temperatures in the eastern United
States and northern Europe and below-average temperatures
in Greenland and often in southern Europe and the Middle
East (Barnston and Livezey, 1987; Chen and Dool, 2003;
Dool et al., 2000). The Oceanic Niño Index (ONI) is a pri-
mary indicator for monitoring El Niño and La Niña, which
are opposite phases of the ENSO pattern. ONI is the dif-

ference between a 3-month running average of SST over an
ocean area between 120 and 170° W along the Equator and
the long-term average for the same 3 months. El Niño condi-
tions are considered to exist when the ONI is+0.5 or higher,
meaning that the eastern and central tropical Pacific Ocean
is significantly warmer than normal. La Niña conditions are
present when the ONI is −0.5 or lower, meaning that the re-
gion is cooler than normal (Bamston et al., 1997; Hoerling et
al., 2001; Huang et al., 2017; McPhaden et al., 2006).

The objective of this study is to conduct a comprehensive
analysis of the spatial and temporal variability of MHWs
in the RS and to identify its regional patterns. The study
also aims to investigate the potential links between var-
ious climate modes, particularly the AMO, the IOD, the
EATL/WRUS pattern, the NAO, and the ONI, with the an-
nual SSTA and MHW frequency in the RS. As a case study,
we will focus on the 2010 MHWs and provide a detailed de-
scription of the spatial and vertical extent and of the potential
atmospheric drivers of the intense event of that year. The year
2010 was selected as a case study because it was one of the
warmest years with very frequent MHWs and it had a differ-
ent spatial distribution of SSTAs and marine heatwave days
(MHWDs) than other warm years.

To accomplish these goals, the study is structured into four
main sections. The first section focuses on the characteristics
and trends in SSTs and MHWs in the RS between 1982 and
2021. The second section examines the interannual variabil-
ity of SSTAs and MHWs over the last 4 decades in the RS
and its northern and southern basins. The third section ex-
plores the relationship between SSTAs and MHWs in the RS
and the different climate modes. Finally, in the fourth sec-
tion, a case study of the 2010 MHW events in the NRS is
presented.

2 Data and methods of analysis

2.1 Datasets

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

i. RS bathymetry was obtained from the current bathy-
metric dataset of the General Bathymetric Chart
of the Oceans (GEBCO), the GEBCO_2023 Grid
(https://www.gebco.net/data_and_products/gridded_
bathymetry_data/, last access: 15 June 2023). This is a
global terrain model for ocean and land that provides
elevation data in metres on a grid with an interval of 15
arc-seconds (Schenke, 2013). The bathymetry of the
RS was extracted from the global bathymetry map.

ii. Daily high-resolution SST data from 1 January 1982
to 31 December 2021 were obtained from the
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Copernicus Marine Environment Monitoring Service
(CMEMS; https://data.marine.copernicus.eu/product/
SST_GLO_SST_L4_REP_OBSERVATIONS_010_
011/description, last access: 1 August 2023) website.
The CMEMS Operational Sea Surface Temperature
and Ice Analysis (OSTIA) reprocessed analysis product
is based on an SST satellite and in situ observation
(Good et al., 2020). The SST dataset consists of daily,
gapless maps of SST and ice concentration (referred to
as the L4 product) with a horizontal grid resolution of
0.05°× 0.05°.

iii. Hourly mixed-layer depth (MLD) and water column
temperatures are obtained from a regionally tuned sim-
ulation of the MIT general circulation model (MIT-
gcm; Marshall et al., 1997) with a horizontal reso-
lution of 1 km and 50 vertical layers (Krokos et al.,
2021). The model domain covers the entire RS, in-
cluding the two gulfs (Suez and Aqaba) at the north-
ern end, with an open boundary in the Gulf of Aden.
The topography of the model is based on the General
Bathymetric Chart of the Oceans (GEBCO; Weatherall
et al., 2015) updated with available regional data. The
model is driven with hourly high-resolution (∼ 5 km)
atmospheric downscaled WRF fields (Viswanadhapalli
et al., 2017). The results of the MITgcm model for
the RS have been extensively validated against differ-
ent datasets and in different environments and applica-
tions, as described in Hoteit et al. (2021) and Krokos et
al. (2021).

iv. The normalized monthly Oceanic Niño Index (ONI),
East Atlantic/West Russian Pattern (EATL/WRUS), At-
lantic Multidecadal Oscillation (AMO), and North At-
lantic Oscillation (NAO) time series from 1982–2021
were obtained from the National Oceanic and At-
mospheric Administration (NOAA) (https://psl.noaa.
gov/data/climateindices/list/, last access: 15 Septem-
ber 2023). The Indian Ocean Dipole (IOD) data were
downloaded from the Japan Agency for Marine-Earth
Science and Technology (JAMSTEC) for the aforemen-
tioned period (https://www.jamstec.go.jp/virtualearth/
general/en/, last access: 15 September 2023).

v. Hourly atmospheric data used to examine the variabil-
ity of atmospheric conditions in relation to the vari-
ability of the SSTA over the entire study period, and
used to examine the drivers of the 2010 MHW events,
are from the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA5 dataset (Hers-
bach et al., 2020; https://cds.climate.copernicus.eu/
cdsapp#!/dataset/reanalysis-era5-single-levels, last ac-
cess: 15 November 2023). This dataset has a spatial res-
olution of 0.25°× 0.25°. The atmospheric fields include
the wind components at 10 m altitude (U10 and V10),
air temperature at 2 m altitude (Tair), dew point tem-

perature at 2 m altitude (d2m), mean sea level pressure
(MSLP), shortwave surface net radiation (Qs), long-
wave surface net radiation (Qb), sensible surface heat
flux (Qh), and latent surface heat flux (Qe). Daily mean
values of atmospheric variables were calculated by av-
eraging the hourly data.

2.2 Methods of analysis

MHWs can be characterized by different methods, each of
which has its advantages and disadvantages. These meth-
ods include the use of fixed thresholds, relative thresholds,
and seasonally varying thresholds (Hobday et al., 2016; Mo-
hamed et al., 2022). In this work, the approach of Hobday
et al. (2016, 2018) was used to define and categorize the
RS surface MHWs (between 1982 and 2021) and subsurface
MHWs (for the February–March 2010 MHW event in the
northern region as a case study). Hobday et al. (2016) de-
fined an MHW as an event of unusually high water temper-
ature lasting 5 consecutive days or longer. During a MHW,
water temperature exceeds the 90th percentile climatological
threshold. The climatological mean and threshold are calcu-
lated in each grid cell for each calendar day of the year using
daily water temperature data (at the surface and subsurface
levels of the water column) over a 40-year period (1982–
2021). MHWs can be described with a number of metrics.
Duration (in days) refers to the period between the start and
end dates of an MHW event, frequency (in events) indicates
the number of MHW events that have occurred within a given
year or period, mean intensity (°C) is the average value of
the temperature anomaly during the duration of an MHW
event, maximum intensity (°C) is the highest value of the
temperature anomaly recorded during an MHW event, cu-
mulative intensity (°C× day) is the integrated temperature
anomaly over the entire duration of an MHW event and is a
measure of the overall intensity of the event, and total MHW
days (MHWDs; in days) refers to the total number of MHW
days that have occurred in a given year/period (Hobday et al.,
2018, 2016). The MATLAB toolbox M_MHW was used to
define the MHW metrics (Zhao and Marin, 2019). To provide
a more comprehensive and detailed description of MHWs
in the RS, we have divided the RS into two regions: the
Northern Red Sea (NRS) and the Southern Red Sea (SRS).
The NRS extends from 22 to 30° N, while the SRS extends
from 22 to 12.5° N. This division was based on the north–
south spatial thermal gradient in the RS, which shows dif-
ferent characteristics of SST and MHWs between the two
sub-basins.

The winter and summer SSTs in the RS were calculated
and averaged over the study period (1982–2021) at each grid
point. The winter season was represented by the months of
January, February, and March, while the summer season was
represented by the months of July, August, and September.
The selection of winter and summer months was based on
the seasonal cycle of SST, with the 3 months of the lowest
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SSTs representing the winter season and the 3 months of the
highest SSTs representing the summer season. We focused
on these two seasons as it was observed that the most in-
tense RS MHWs occurred predominantly during winter and
summer. SSTAs were calculated by removing the historical
climatological mean (1982–2021) at each grid point from the
SST values at the same location. The strong seasonal signal
was removed from the SSTA data at each grid cell to obtain
its deseasonalized map and time series (Skliris et al., 2012).
Linear trends in SSTA and MHW metrics are estimated using
the least-squares method (Wilks, 2019), and their statistical
significance is determined using the modified Mann–Kendall
(MMK) test at the 95 % confidence level, which takes auto-
correlation into account when assessing the significance of
the trend (Hamed and Ramachandra Rao, 1998; Wang et al.,
2020).

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

To gain a deeper understanding of the relationship between
the different climate modes and the occurrence of MHWs
over the last 4 decades in the RS, spatial correlations were
examined. The correlation maps were calculated using the
Pearson correlation coefficient (r), a widely used method for
measuring linear correlations between two variables (Kirch,
2008; Patten and Newhart, 2017). The Pearson correlation
coefficient ranges from −1 to 1, where −1 stands for a per-
fect negative correlation, 1 indicates a perfect positive corre-
lation, and 0 indicates no correlation. In this study, we cal-
culated the correlation maps between the annual time series
of each climate mode and the annual MHWs (in particular,
frequency, duration, and total days) and SSTA in the RS. The
results showed a similar spatial correlation pattern between
the climate modes and the different MHW metrics, with only
slight variations in the correlation coefficient values. For the
sake of brevity, we present only the correlation results with
MHW frequency and SSTA in our results. The MHW fre-
quency was chosen for presentation because it had higher
correlations with climate modes compared to MHW duration
and total days. To test the significance of the correlations, a
two-tailed t-test was used (Patten and Newhart, 2017). The
t-test is a statistical hypothesis test that compares the means
of two samples and determines whether they differ signifi-

cantly from each other. Finally, we also compared the time
series between different climate modes and the frequency of
MHWs in the RS and its sub-basins.

In this study, we selected MHW events that occurred in
2010 for detailed analysis, focusing particularly on the most
intense and longest winter event occurred in that year. The
MHW events were identified using the methodology de-
scribed by Hobday et al. (2016) and then categorized into
four intensity levels based on the multiple of the local differ-
ence between the climatological mean and the climatological
90th percentile, which serves as a threshold for identifying
MHW. The magnitude of the scale descriptors was defined
as follows: moderate (1–2×, category I), strong (2–3×, cate-
gory II), severe (3–4×, category III), and extreme (> 4×, cat-
egory IV) (Hobday et al., 2018). The intense event (category
III MHW) that occurred between February and March 2010
was studied in detail, including its vertical extent and poten-
tial atmospheric drivers. The vertical extent of the MHW was
then defined by the first depth without MHWs. We also in-
vestigated the atmospheric conditions associated with these
MHW events by using the ERA5 atmospheric data to better
understand the potential triggers for this event. Following the
work of Thomson and Emery (2014) and the description of
Nagy et al. (2017, 2021), the net surface heat flux (QT ) in
W m−2 was calculated as expressed in Eq. (1):

QT =Qs+Qb+Qc+Qe, (1)

where Qs is the heat absorbed by the ocean from incident
solar radiation in W m−2, Qb is the heat loss from back radi-
ation in W m−2, Qc is the sensible heat loss from convection
and conduction in W m−2, and Qe is the heat loss from evap-
oration (latent heat) at the ocean surface in W m−2.

According to Alduchov and Eskridge (1996) and as de-
scribed in Bawadekji et al. (2022), the relative humidity (RH)
was calculated from ERA5 air temperature (Tair) and dew
point temperature (d2m) as expressed in Eq. (2):

RH=
100 · exp(

17.625·d2m(°C)

243.04+d2m(°C)
)

exp(
17.625·Tair(°C)

243.04+Tair(°C)
)

. (2)

3 Results and discussion

3.1 SST and MHW characteristics and trends in the
Red Sea (1982–2021)

The spatial maps of average SST over the entire study period
(1982–2021), winter months (January, February, and March),
and summer months (July, August and September) in the RS
are shown in Fig. 2. The average SST in the RS was between
23 and 28 °C throughout the study period, with a meridional
gradient from north to south (Fig. 2a). The highest tempera-
tures were observed in the SRS, and the lowest temperatures
were observed in the NRS and in the gulfs of Suez and Aqaba
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(Fig. 2a). In the winter (JFM), the average SST fluctuated be-
tween 18 and 27 °C (Fig. 2b), while in the summer (JAS) it
fluctuated between 26 and 32 °C (Fig. 2c).

The marine environment is influenced by both natural vari-
ability and global warming trends. Over time, the difference
between a fixed baseline and current temperatures can widen,
leading to an increasing number of detected MHWs. This
temporal shift can complicate long-term studies of MHW
trends and their impacts on marine ecosystems. However, us-
ing a fixed baseline simplifies the methodology for detecting
MHWs and avoids the complexity that could arise from peri-
odically updating the baseline, which could introduce vari-
ability and reduce the clarity of the detection process. A
fixed baseline provides a standardized reference period that
ensures consistency of MHW detection and analysis across
different studies and time periods (e.g. Cheng et al., 2023;
Genevier et al., 2019). This consistency allows straightfor-
ward comparison between MHW events detected using the
same criteria. In addition, a fixed baseline serves as a histori-
cal benchmark against which current and future MHW events
can be measured. This allows an assessment of how current
conditions deviate from a known historical norm. To account
for SST variability during the study period and to emphasize
the impact of external forcing on marine ecosystems, we cal-
culated MHW characteristics in the RS based on 40 years of
climatology (1982–2021).

The RS exhibits a high spatial variability in MHW charac-
teristics. The mean annual MHW frequency varied between
1.5 and 2.5 events, with the highest mean frequency val-
ues recorded in the coastal areas of the SRS and the Bab-
el-Mandeb strait (Fig. 3a). The mean duration of the MHW
ranged from 8 to more than 20 d (Fig. 3b), with longer MHW
durations observed in the NRS and in the gulfs of Suez and
Aqaba. The mean and maximum annual MHW intensities
(Imean and Imax) showed the same pattern of spatial distri-
bution with slightly different magnitudes (Fig. 3c, d). The
most intense MHWs were observed in the NRS and in the
western part of the SRS around the island of Dahlak Ke-
bir. Furthermore, the mean cumulative MHW intensity (Icum)
and the total number of heat days exhibited a north–south
gradient, with higher values in the NRS region (Fig. 3e, f).
Figure 3e shows that the mean MHW cumulative intensity
varied between 10 and 35 °C× day, with the highest val-
ues (> 30°C× day) found in the NRS and the lowest values
found in the SRS and the Bab-el-Mandeb strait. The mean to-
tal MHW days ranged from 20 to over 30 d, with the highest
values found in the gulfs of Suez and Aqaba, the NRS, and
the coastal areas of the SRS (Fig. 3f). In general, the MHWs
in the RS showed different characteristics between the north-
ern and southern basins. The MHWs of the NRS were longer
and more intense than those of the SRS, while the MHWs
of the SRS were characterized by their frequent occurrence.
The same pattern of MHW distribution was also observed
by Bawadekji et al. (2021) and Mohamed et al. (2021), even

though different datasets and baselines were used for MHW
detection.

Spatial trend maps of deseasonalized SST and MHW fre-
quency from 1982 to 2021 in the RS are shown in Fig. 4.
A statistically significant (p < 0.05) trend with a 95 % con-
fidence interval was observed across the region. The trends
in SST and MHW frequency in the RS are not uniform and
range between 0.1 to 0.5 °C per decade for SST and 0.5 to 2
events per decade for MHW frequency, as shown in Fig. 4.
The NRS experienced high SST trends, with a maximum
of about 0.4 °C per decade between 25 and 28° N. How-
ever, the highest SST trends were observed between 16 and
25° N, with a gradient that increased towards offshore wa-
ters and exceeded 0.45 °C per decade. The Bab-el-Mandeb
strait and the gulfs of Suez and Aqaba, on the other hand,
showed the lowest SST trends, with trends below 0.15 °C per
decade. The MHW frequency trends were found to be high-
est in the SRS and the gulfs of Suez and Aqaba, with a rate
of over 1.5 events per decade, while the lowest trends were
observed in the NRS and the Bab-el-Mandeb strait, with a
rate of less than 1 event per decade. Furthermore, the trends
in MHW duration and total days also displayed high spatial
variability in the RS (Supplement Fig. S1). The spatial trend
in the MHW duration fluctuated between 2 to more than 10 d
per decade, with an average temporal trend of 2.8± 1.25 d
per decade (Fig. S1a–b). The highest MHW duration trends
were observed in the central RS, some parts of the NRS,
and the northern part of the Suez and Aqaba gulfs. The spa-
tial trend in the MHW total days ranged between 15 and
more than 30 d per decade, with an average temporal trend
of 20.04± 6.88 d per decade (Supplement Figs. S1c–d). The
highest trends were observed in the SRS, some parts of the
NRS, and the northern part of the Suez and Aqaba gulfs. No-
tably, for all the MHW metrics (frequency, duration, and total
days), there is an accelerated positive trend that is more pro-
nounced in the last decade.

3.2 SST and MHW interannual variability

The temporal SSTA trends over the study period were
0.33± 0.02 °C per decade, 0.34± 0.04 °C per decade, and
0.32± 0.03 °C per decade for the entire RS, NRS, and SRS,
respectively (Fig. 5). The observed SST trends from our
study are in good agreement with Raitsos et al., 2011; Bar-
ros et al., 2014; Chaidez et al., 2017; and Liu and Yao, 2022.
The analysis of the SSTA between 1982 and 2021 revealed
three distinct phases of variability in the RS and its sub-
basins (Fig. 5). The first phase, from 1982 to 1992, was char-
acterized by negative SSTAs on average. The second phase,
between 1993 and 2015, showed a slow warming trend, but
the SSTA fluctuated around zero, suggesting a relatively sta-
ble period with increased interannual variability. The third
phase, from 2016 to 2021, was marked by a rapid increase
in SSTA, with the anomaly consistently remaining positive.
Moreover, the monthly SSTA data for the RS and its sub-
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Figure 2. The spatial distribution of average Red Sea SST (in °C) from 1982–2021 (a) over the entire study period, (b) during winter
(January, February, and March), and (c) during summer (July, August, and September).

Figure 3. The spatial distribution of average MHW characteristics in the RS between 1982 and 2021. The average MHW frequency (a), du-
ration (b), mean intensity (c), maximum intensity (d), cumulative intensity (e), and total days (f).
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Figure 4. Trends in (a) sea surface temperature (°C per decade) and (b) marine heatwave frequency (events per decade) in the Red Sea from
1982–2021.

basins show a clear warming trend that began in 1994, with
an initial SSTA of approximately 0.5 °C. The SSTA remained
relatively stable for a few years but then increased rapidly
after 2016, reaching an SSTA of 1.5 °C or higher (Supple-
ment Fig. S2a–c). This finding is consistent with the results
of Raitsos et al. (2011), who studied RS temperatures from
1985 to 2007 and found evidence of a pronounced warming
trend that began in the mid-1990s.

It was also observed that, during years when the RS expe-
rienced cold SSTs, the NRS was warmer than the SRS, es-
pecially during the winter and autumn months (Supplement
Fig. S2d). Conversely, during years when the RS experienced
warm SSTs, the SRS was warmer than the NRS (Supplement
Fig. S2d). The year 2010 was one of the warmest years in the
RS, but it was particularly warm in the NRS, with an SSTA
difference between the NRS and SRS of over 1 °C (Supple-
ment Fig. S2d). Further analysis revealed a decadal variabil-
ity in the SSTA trends between the RS northern and southern
basins (Supplement Figs. S3–4). Between 1982 and 1991, the
highest trends were observed in the NRS, with an average
trend of 0.56 °C per decade, while the average trend in the
SRS was 0.26 °C per decade. From 1992 to 2001, the spatial

pattern of the SSTA trend was altered, with the highest trends
observed in the SRS, with an average trend of 0.57 °C per
decade, and lower trends in the NRS, with an average trend
of 0.30 °C per decade. From 2002–2011, the highest trends
were again observed in the NRS, with an average trend of
0.45 °C per decade, while the SRS experienced no trend in
the SSTA during this period. Finally, over the last decade of
the study period (2012–2021), the SRS had higher trends in
the SSTA than the NRS, with an average trend of 1.35 °C per
decade for the SRS and 0.89 °C per decade for the NRS.

Over the study period, there were years that were notably
colder or warmer than the average for that period. The cold
years were 1985, 1990, 1992, 1993, 1997, 2012, and 2013,
while the warm years were 1991, 1995, 2010, and the last
6 years of the study period (2016–2021). During both the
warm and cold years, the spatial distribution of the average
SSTA and MHWDs was analysed, as shown in Figs. 6–8. In
the cold years, the NRS and the Bab-el-Mandeb strait had the
highest SSTA and MHWDs (Fig. 6). However, in the warm
years, the SRS had the highest SSTA, and the SRS and the
northern regions of the gulfs of Suez and Aqaba had the high-
est number of MHWDs (Fig. 7). The year 2010 was an ex-
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Figure 5. Temporal evolution and trend in sea surface temperature anomalies (°C) in the entire Red Sea (a), the Northern Red Sea (b), and
the Southern Red Sea (c) from 1982–2021. The blue and red shaded areas represent the cold and warm periods, respectively. The blue and
red dotted lines represent the coldest and warmest years, respectively.

ception among the warm years, with a distinct spatial dis-
tribution of SSTA and MHWDs. In 2010, the NRS and the
gulfs of Suez and Aqaba had the highest SSTA and MHWDs
(Fig. 8).

The interannual variations in MHW frequency in the RS
and its sub-basins during the study period are shown in Fig. 9.
The threshold for determining the years with the highest
MHW frequency was set at 1 standard deviation above the
mean of the annual MHW frequency. Based on this crite-
rion, any year with more than four MHW events was clas-
sified as having a high MHW frequency. In the entire RS,
the year 2010 and the last 5 years of the study period (2017–
2021) had the highest annual MHW frequency (Fig. 9a). The
NRS experienced the highest annual MHW frequency in the
years 2010, 2018, 2019, and 2021 (Fig. 9b), while, in the
SRS, the year 1998 and the last 5 years of the study period
had the highest annual MHW frequency (Fig. 9c). A total
of 78 MHW events were recorded in the RS over the last 4
decades (1982–2021), with 36 of these events (46 %) occur-
ring in the last 10 years of the study period. Furthermore,
a total of 1016 heat days were observed in the RS between
1982 and 2021, with 590 of these days (58 %) occurring in
the last decade. The findings of this study suggest that the re-
cent rapid increase in SST in the RS has led to a positive trend
in the occurrence of MHWs in the region. These findings are
consistent with those of previous studies, such as Bawadekji

et al. (2021) and Mohamed et al. (2021), which also docu-
mented the increasing trend in MHWs in the RS. This trend
is expected to continue in the future, as global warming is
projected to cause further increases in SST, both in the RS
and in other regions around the world.

To gain a better understanding of the atmospheric condi-
tions associated with the years with the highest frequency of
MHWs in the RS and its subregions, we compared the at-
mospheric variables with the annual MHW frequency. The
anomalies of wind speed (Ws), atmospheric temperature
(Tair), and total heat flux (QT ) are shown in Supplement
Figs. S5–7. It was noticed that the years with a high MHW
frequency were characterized by a specific set of atmospheric
conditions, such as reduced Ws, high Tair, and high QT ,
which may have contributed to the frequent occurrence of
MHWs in the RS during these years.

3.3 Climate modes and MHWs in the Red Sea

To investigate the potential relationship between climate in-
dices, annual SSTA, and MHW metrics (i.e. frequency, du-
ration, and total days) in the RS over the past 4 decades,
a correlation analysis was conducted between different cli-
mate modes and SSTA/MHW metrics. It was observed that
the correlation between climate modes and MHW frequency,
duration, and total days displayed similar spatial patterns
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Figure 6. Spatial distribution of the average (a) sea surface temperature anomaly (°C) and (b) marine heatwave days (days) in the Red Sea
during the coldest years of the study period (1982–2021).

with slightly different correlation values that were not sig-
nificantly different. To avoid repetition of figures and text,
this section presents the correlation of climate modes with
MHW frequency only. The significance of the correlations
was tested with a 95 % confidence interval. The analysis fo-
cused on the NOAA modes that showed a significant corre-
lation (p < 0.05) with the SSTA and/or MHW frequency, as
presented in Fig. 10.

The AMO index showed a highly significant positive cor-
relation with both SSTA and MHW frequency across the
whole RS, with a correlation coefficient of greater than 0.7
for SSTA and greater than 0.5 for MHW frequency (Fig. 10a
and b). This finding is consistent with a previous study by
Krokos et al. (2019), who reported that long-term AMO os-
cillations modulate SST trends in the RS. The IOD index also
showed a positive correlation with both SSTA and MHW fre-
quency in the RS, with a correlation coefficient of greater
than 0.5 for SSTA and ranging between 0.2 and 0.4 for MHW
frequency (Fig. 10c and d). The influence of the IOD on
SSTA and MHW frequency was stronger in the SRS than
in the NRS. A strong negative correlation was observed be-
tween the EATL/WRUS index and both the SSTA and MHW
frequency in the RS, with a correlation coefficient of ap-
proximately −0.5 for SSTA and between −0.3 and −0.5
for MHW frequency (Fig. 10e and f). This correlation was

strongest in the NRS and in the offshore areas of the cen-
tral and Southern RS. To our knowledge, no previous study
has examined the relationship between the EATL/WRUS in-
dex and the SSTA or MHW frequency in the RS. However,
a recent study by Hamdeno and Alvera-Azcaráte (2023) re-
ported a negative correlation between the EATL/WRUS in-
dex and the SSTA in the eastern Mediterranean region, which
is geographically close to the RS and is frequently affected
by systems of Mediterranean origin (Langodan et al., 2017a,
b). The NAO index showed a negative correlation with the
SSTA in the RS, with a correlation coefficient of less than
−0.3 (Fig. 10g). The influence of the NAO on the SSTA
was stronger in the NRS than in the SRS. The correlation
between the NAO index and the MHW frequency was not
significant, except in the SRS, where a positive correlation of
0.2 was observed, and in the gulfs of Suez and Aqaba, where
a negative correlation of −0.2 was observed (Fig. 10h). The
ONI showed a negative correlation with the SSTA in the RS,
which was more pronounced in the coastal areas of the cen-
tral and Southern RS (Fig. 10i). The correlation between the
ONI and the MHW frequency was not significant, except for
a correlation of about −0.2 on the western coast of the SRS
(Fig. 10j). Overall, the AMO and IOD indices showed the
strongest and most consistent correlations with SSTA and
MHW frequency in the RS, while the EATL/WRUS index
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Figure 7. Spatial distribution of the average (a) sea surface temperature anomaly (°C) and (b) marine heatwave days (days) in the Red Sea
during the warmest years of the study period (1982–2021).

showed a strong negative correlation with both SSTA and
MHW frequency, particularly in the NRS. The NAO and ONI
indices showed weaker and less significant correlations with
SSTA and MHW frequency in the RS.

The time series of various climate modes were compared
with the annual frequency of MHWs in the RS as presented
in Fig. 11. The results revealed a positive correlation between
the AMO and the annual frequency of MHWs in the RS. The
years with the lowest MHW frequency, from 1982 to 1994,
were found to align with the negative phase of the AMO.
Conversely, the years with the highest MHW frequency cor-
responded with the positive phase of the AMO, as shown in
Fig. 11a. Furthermore, the IOD was also found to have a sig-
nificant relationship with the annual frequency of MHWs in
the RS. From 1982 to 1993, the IOD was on average in a
negative phase, and the frequency of MHWs was the low-
est. In contrast, the last 7 years of the study period, from
2015 to 2021, had high MHW frequencies, which corre-
sponded with the positive phase of the IOD, as depicted in
Fig. 11b. The analysis also revealed a negative correlation be-
tween the EATL/WRUS index and the frequency of MHWs
in the RS. The years with low MHW frequency were found
to correspond with the positive phase of the EATL/WRUS
index, while the years with high MHW frequency corre-
sponded with the negative phase of the index, as shown in

Fig. 11c. However, the comparison between the NAO and the
ONI with the annual time series of MHW frequency did not
suggest a clear relationship between their occurrence. The
correlation maps in Fig. 10e–h also support this finding, as
the correlation was not significant in most parts of the RS.
In conclusion, these results suggest that the AMO and the
IOD are the primary climate modes that align with the in-
terannual variability of the MHW frequency in the RS. The
EATL/WRUS index also has a significant relationship with
the annual MHW frequency, while the NAO and the ONI do
not appear to have a substantial relationship.

In the last 4 decades, the year 2010 showed the highest
MHW frequency particularly in the NRS and had one of the
strongest positive AMO phases (i.e. the AMO was positively
correlated with the MHW frequency), while at the same time
EATL/WRUS and NAO had their strongest negative phases
during the entire study period.

3.4 Case study: 2010 MHWs in the northern Red Sea

The selection of 2010 as a case study for MHWs in the north-
ern RS is based on several reasons. Firstly, 2010 was one
of the warmest years on record, with a high frequency of
MHWs in the region. Secondly, the spatial distribution of
SSTAs and MHWDs in 2010 was found to be different from
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Figure 8. Spatial distribution of the average (a) sea surface temperature anomaly (°C) and (b) marine heatwave days (days) in the Red Sea
during the year 2010.

Figure 9. Interannual variability in marine heatwave frequency in the entire Red Sea (a), the Northern Red Sea (b), and the Southern Red
Sea (c) from 1982–2021. The red bars represent the years with the highest frequency in each basin.
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Figure 10. Correlation maps of the SST anomaly (upper panels) and marine heatwave frequency (lower panels) in the Red Sea with different
climate modes from 1982–2020. Correlations are shown with the AMO index (a, b), IOD pattern (c, d), EATL/WRUS index (e, f), NAO
index (g, h), and ONI index (i, j). Grey shading indicates areas where the correlation is not significant (p-value > 0.05).

that of other warm years. Thirdly, although the SRS is known
to be warmer than the NRS throughout the year (Fig. 2), in
2010 the SSTA of the NRS was higher by more than 1 °C
than in the SRS (Supplement Fig. S2d). Therefore, this sec-
tion aims to provide a detailed description of the spatial and
vertical extent and of the potential atmospheric drivers of the
intense MHW event that occurred in the NRS in 2010.

During both winter and summer of 2010, the NRS expe-
rienced 10 MHW events (Fig. 12). These included 1 severe
event in February and March (category III), 1 strong event
between October and December (category II), and several
moderate events (category I). In this section, we will pro-
vide a detailed analysis of the most intense and longest winter
MHW event that occurred in the NRS. This event occurred
between February and March with an SSTA of about 4 °C
above the climatological average, peaking on 12 March 2010
(Fig. 12). This event was categorized as severe (i.e. the tem-
perature exceeded 3× the threshold). To better understand
the dynamics of the event, the anomaly of the water column
temperature compared to the mixed-layer depth (MLD) and
time series of the MHW at different depth levels (surface, 25,
55, 110, and 130 m) was calculated, as shown in Fig. 13. The
results showed that the regular diurnal cycle of water tem-
perature, characterized by high temperatures during the day
and low temperatures during the night, gradually disappeared

during the days of the MHW and was completely absent dur-
ing the peak days of the event. This suggests that the ocean
temperature reached a threshold where the usual nighttime
cooling was insufficient to lower the high SSTA and where
the heat was stored in the water column for the duration of the
event. In addition, the results revealed a strong negative rela-
tionship between upper-layer temperature and MLD, with a
thin mixed layer aligned with the days of higher water tem-
perature. The time lag between the drop in MLD and the high
water temperature was approximately 4 days, indicating that
the sharp drop in MLD may have contributed to the rise in
water temperature (Fig. 13a). The results also showed that
the temperature anomaly extended vertically into the water
column, reaching a depth of approximately 120 m during the
MHW event (Fig. 13b–f). The duration of the MHW event
varied from the surface to the subsurface, with the surface
event (9 February to 18 March) being shorter than the events
at 25 and 55 m depth (9 February to 31 March), meaning that
the heat from the MHW event was stored longer in the middle
layer than at the surface. At 110 m depth, the duration of the
MHW was shortest compared to the upper layers (26 Febru-
ary to 17 March) and occurred around the peak day of the
surface event (12 March).

To better understand how atmospheric forcings may have
contributed to the development of this MHW event, the spa-
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Figure 11. Annual time series of normalized climate indices and marine heatwave frequency in the Red Sea. The (a) AMO index, (b) IOD
index, (c) EATL/WRUS pattern, (d) NAO index, and (e) ONI index are shown with annual MHW frequency in the entire Red Sea (red line),
the Northern Red Sea (blue line), and the Southern Red Sea (green line). Yellow and grey bars indicate the positive and negative phases of
the climate indices, respectively.

tial averages of atmospheric variables before (3 to 7 Febru-
ary), during, and after (10 to 15 March) the event were cal-
culated and are presented in Fig. 14. Additionally, the time
series of atmospheric variables averaged over the NRS (24–
28° N and 34–39° E) during the event are presented in Sup-

plement Fig. S8. Prior to the MHW event, the average SSTA
in the NRS was about 1 °C above average, while it was
negative in the SRS and in the Bab-el-Mandeb strait. Dur-
ing the MHW event, the SSTA increased in the NRS and
reached a local maximum of 4 °C above the climatological
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Figure 12. Marine heatwave events in the Northern Red Sea in 2010. The shaded red area indicates the duration of the event. The solid red
line represents the sea surface temperature, the solid black line represents the climatology, the solid blue line represents the threshold, and
the dotted blue lines represent the multiples of the threshold (defining the MHW categories).

Figure 13. The marine heatwave (MHW) event in the NRS between February and March 2010. (a) The vertical extent of the MHW, with
the blue line representing the mixed-layer depth (MLD). (b–f) The MHW at different water column depths (surface, 25, 55, 110, and 130 m),
with the shaded red area indicating the MHW event, the solid black line representing the sea surface temperature (SST), the solid blue line
representing the climatology mean, and the solid green line representing the 90th-percentile threshold.

average (Fig. 14a–c). The spatial distribution of the average
Tair showed higher values in the west (over Egypt, Eritrea,
and Ethiopia) than in the east (over Saudi Arabia) (Fig. 14d–
f). Over the NRS, the Tair increased by approximately 8 °C
compared to before the event. After the MHW, the Tair de-
creased but did not return to pre-MHW values (Figs. 14d–f
and S8b). The MSLP maps showed an opposite distribution

to Tair, with areas of high Tair having low MSLP and vice
versa (Fig. 14j–l). In addition, the average MSLP over the
NRS decreased during the MHW event compared to before
the event (Fig. S8c). Before the MHW event, the winds blew
from the eastern region and mainly flowed towards the SRS.
During this event, the winds blew from the south and shifted
to the west before reaching the NRS region, which experi-

https://doi.org/10.5194/os-20-1087-2024 Ocean Sci., 20, 1087–1107, 2024



1102 M. Hamdeno et al.: Investigating the long-term variability of the Red Sea marine heatwaves

Figure 14. The average spatial distribution of atmospheric variables before, during, and after the marine heatwave event in the NRS. The
upper panels show the period before the MHW event (3 to 7 February), the middle panels show the period during the MHW event (10 to
15 March), and the lower panels show the period after the MHW event (20 to 25 March). Panels (a)–(c) represent sea surface temperature
anomaly (SSTA; in °C), panels (d)–(f) represent atmospheric temperature (in °C), panels (g)–(i) represent total heat flux (in W m−2), panels
(j)–(l) represent mean sea level pressure (in hPa), and panels (m)–(o) represent wind speed (in m s−1) and wind direction.

enced very low winds (Figs. 14m–o and S8d). Furthermore,
the relative humidity rose by 10 % over the NRS during the
MHW period (Fig. S8e).

In the RS, the latent heat flux (LHF) shares a similar spatial
and temporal distribution with the QT (Nagy et al., 2021).
The majority of the net surface heat exchange variability in
the NRS is known to depend on the turbulent components
of the surface flux, primarily the LHF (Papadopoulos et al.,
2013). In our case study, before the MHW event, the LHF
ranged from −140 to −60 W m−2 and the QT ranged from
−150 to −20 W m−2, indicating that the ocean was losing
heat to the atmosphere (Figs. 14g–i and S8f). During the
MHW, the combined effect of increased Tair, humidity, and
reduced winds led to a strong decrease in the ocean latent
heat loss, signifying reduced heat loss to the atmosphere.
Particularly during the days of the MHW onset and peak,
the LHF fluctuated between −20 and −10 W m−2. This de-

crease coincided with a slight increase in net solar radiation
from 180 W m−2 before the MHW to more than 200 W m−2

during the MHW (Fig. S8f). Accordingly, the heat exchange
between the air and the ocean reversed, causing a prolonged
ocean heat gain, with QT reaching up to 100 W m−2, ulti-
mately driving the MHW (Fig. 14g–i).

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

4 Conclusions

This study aimed to analyse the characteristics and trends
of SST and MHWs in the RS and investigate their relation-
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ship with climate modes. Over the past 4 decades, the RS
has experienced a significant increase in SST and MHWs,
with a notable acceleration in the past decade. The spatial
distribution of MHWs showed high variability, with the high-
est frequency in the coastal areas of the southern region and
the Bab-el-Mandeb strait. The mean duration of MHWs was
longer in the northern region and in the gulfs of Suez and
Aqaba, while the most intense MHWs were observed in the
northern region and in the western part of the southern re-
gion. The study revealed a warming trend in the RS since
the mid-1990s, with a notable increase after 2016. A total of
78 MHW events and 1016 MHWDs were identified in the RS
over the past 4 decades, with 46 % of these events and 58 %
of the days occurring in the last decade. Considering the re-
sults of this study and the observed trends in MHWs in the
region, it is recommended that future work considers an anal-
ysis of MHW trends based on different baselines. This com-
parison is particularly important when it comes to projecting
future MHWs under different global warming scenarios, as
the selection of an appropriate baseline is of utmost impor-
tance for the detection of future MHWs and the calculation
of their trends.

The analysis of SSTA trends revealed a decadal variability
with high trends alternating between the NRS and the SRS.
From 1982 to 1991, the highest trends were observed in the
NRS, with an average trend of 0.56 °C per decade. However,
from 1992 to 2001, the spatial pattern of the SSTA trend was
altered, with the highest trends observed in the SRS, with
an average trend of 0.57 °C per decade, and lower trends in
the NRS, with an average trend of 0.30 °C per decade. From
2002–2011, the highest trends were again observed in the
NRS, with an average trend of 0.45 °C per decade, while
the SRS experienced no trend in the SSTA during this pe-
riod. Finally, over the last decade of the study period (2012–
2021), the SRS had higher trends in the SSTA than the NRS,
with an average trend of 1.35 °C per decade for the SRS and
0.89 °C per decade for the NRS. The spatial distribution of
average SSTA and MHWDs was analysed in both warm and
cold years. In cold years, the NRS and the Bab-el-Mandeb
strait had the highest SSTA and MHWDs. However, in warm
years, the SRS had the highest SSTA values, and the SRS and
the northern regions of the gulfs of Suez and Aqaba had the
highest number of MHWDs, with 2010 being an exception
among the warm years, with the northern region having the
highest SSTA and MHWDs.

Investigating the relationship between climate modes and
SSTA and MHW frequency, it was found that the AMO and
the IOD indices had high positive correlations with SST and
MHW frequency in the RS. Meanwhile, the EATL/WRUS in-
dex showed a negative correlation with both SST and MHW
frequency, particularly in the northern region. The NAO and
ONI indices showed weaker and less significant correlations
with SST and MHW frequency in the RS. The study further
examined the intense MHW event that occurred in the north-
ern region between February and March of 2010. This MHW

extended to 120 m depth and was associated with a combi-
nation of atmospheric conditions, specifically an increase in
Tair and humidity, which were possibly linked to the reduced
winds and resulted in reduced LHF and a strong ocean heat
gain, creating favourable conditions for MHW occurrence.
Interestingly, the AMO and the IOD were in a robust positive
phase in 2010, while the EATL/WRUS and the NAO were in
their most pronounced negative phase. These climate indices
have been shown to be correlated with SSTs and MHWs in
the RS, and their combination in 2010 may have contributed
to the increased occurrence of MHWs in that year.

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

Code availability. The code used to define the MHWs can be found
in the MATLAB toolbox M_MHW (Zhao and Marin, 2019).

Data availability. All data used in this study are available online,
as described in Sect. 2.1.

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/os-20-1087-2024-supplement.

Author contributions. The study was designed by MH, AAA, GK,
and IH. MH was responsible for data collection and analysis. The
interpretation of results was a collaborative effort among MH,
AAA, GK, and IH. MH drafted the initial paper, which was then
reviewed and revised by all authors. All authors contributed to the
final version of the article and approved its submission.

Competing interests. At least one of the (co-)authors is a member
of the editorial board of Ocean Science. The peer-review process
was guided by an independent editor, and the authors also have no
other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-

https://doi.org/10.5194/os-20-1087-2024 Ocean Sci., 20, 1087–1107, 2024

https://doi.org/10.5194/os-20-1087-2024-supplement


1104 M. Hamdeno et al.: Investigating the long-term variability of the Red Sea marine heatwaves

ery effort to include appropriate place names, the final responsibility
lies with the authors.

Special issue statement. This article is part of the special issue
“Extremes in the marine environment: analysis of multi-temporal
and multi-scale dynamics using observations, models, and machine
learning techniques”. It is not associated with a conference.

Acknowledgements. We express our gratitude to King Abdullah
University of Science and Technology (KAUST) for providing the
resources and facilities to carry out part of this research. We also
extend our appreciation to all the data providers who generously
shared their datasets for this study, particularly the UK Met Office
for the OSTIA data, ECMWF for the ERA5 data, and NOAA for the
climate mode data. Finally, we thank the reviewers for their valu-
able feedback and suggestions that helped improve the quality of
this paper.

Financial support. This research has been supported by the Fonds
De La Recherche Scientifique – FNRS (grant no. F.R.S.-FNRS PhD
Research Fellow [Aspirant F.R.S.-FNRS (doctorant)]).

Review statement. This paper was edited by Milena Menna and re-
viewed by two anonymous referees.

References

Alduchov, O. A. and Eskridge, R. E.: Improved Magnus Form
Approximation of Saturation Vapor Pressure, J. Appl.
Meteorol. Climatol., 35, 4, https://doi.org/10.1175/1520-
0450(1996)035<0601:IMFAOS>2.0.CO;2, 1996.

Amaya, D. J., Miller, A. J., Xie, S.-P., and Kosaka, Y.: Physical
drivers of the summer 2019 North Pacific marine heatwave, Nat.
Commun., 11, 1903, https://doi.org/10.1038/s41467-020-15820-
w, 2020.

Arafeh-Dalmau, N., Montaño-Moctezuma, G., Martínez, J. A.,
Beas-Luna, R., Schoeman, D. S., and Torres-Moye, G.: Ex-
treme Marine Heatwaves Alter Kelp Forest Community Near
Its Equatorward Distribution Limit, Front. Mar. Sci., 6, 499,
https://doi.org/10.3389/fmars.2019.00499, 2019.

Bamston, A. G., Chelliah, M., and Goldenberg, S. B.: Docu-
mentation of a highly ENSO-related sst region in the equa-
torial pacific: Research note, Atmos.-Ocean, 35, 367–383,
https://doi.org/10.1080/07055900.1997.9649597, 1997.

Barale, V.: The African Marginal and Enclosed Seas: An Overview,
in: Remote Sensing of the African Seas, edited by: Bar-
ale, V. and Gade, M., Springer Netherlands, Dordrecht, 3–29,
https://doi.org/10.1007/978-94-017-8008-7_1, 2014.

Barnston, A. G. and Livezey, R. E.: Classification,
Seasonality and Persistence of Low-Frequency At-
mospheric Circulation Patterns, Mon. Weather
Rev., 115, 1083–1126, https://doi.org/10.1175/1520-
0493(1987)115<1083:CSAPOL>2.0.CO;2, 1987.

Barros, V. R., Field, C. B., Dokken, D. J., Mastrandrea, M. D.,
and Mach, K. J. (Eds.): Climate Change 2014: Impacts, Adap-
tation and Vulnerability: Working Group II Contribution to the
IPCC Fifth Assessment Report of the Integovernmental Panel
on Climate Change, Cambridge University Press, Cambridge,
https://doi.org/10.1017/CBO9781107415386, 2014.

Bawadekji, A., Tonbol, K., Ghazouani, N., Becheikh, N., and
Shaltout, M.: General and Local Characteristics of Current Ma-
rine Heatwave in the Red Sea, J. Mar. Sci. Eng., 9, 1048,
https://doi.org/10.3390/jmse9101048, 2021.

Bawadekji, A., Tonbol, K., Ghazouani, N., Becheikh, N., and
Shaltout, M.: Recent atmospheric changes and future projec-
tions along the Saudi Arabian Red Sea Coast, Sci. Rep., 12, 160,
https://doi.org/10.1038/s41598-021-04200-z, 2022.

Behera, S. K., Doi, T., and Ratnam, J. V.: 5 – Air–sea interac-
tions in tropical Indian Ocean: The Indian Ocean Dipole, in:
Tropical and Extratropical Air-Sea Interactions, edited by: Be-
hera, S. K., Elsevier, 115–139, https://doi.org/10.1016/B978-0-
12-818156-0.00001-0, 2021.

Belkin, I. M.: Rapid warming of Large Ma-
rine Ecosystems, Prog. Oceanogr., 81, 207–213,
https://doi.org/10.1016/j.pocean.2009.04.011, 2009.

Bjerknes, J.: Atmospheric Teleconnections From
The Equatorial Pacific, Mon. Weather Rev.,
97, 163–172, https://doi.org/10.1175/1520-
0493(1969)097<0163:ATFTEP>2.3.CO;2, 1969.

Bower, A. S. and Farrar, J. T.: Air–Sea Interaction and Horizontal
Circulation in the Red Sea, in: The Red Sea, edited by: Rasul, N.
M. A. and Stewart, I. C. F., Springer Berlin Heidelberg, Berlin,
Heidelberg, 329–342, https://doi.org/10.1007/978-3-662-45201-
1_19, 2015.

Cai, W., Wang, G., Li, Z., Zheng, X., Yang, K., and Ng,
B.: Response of the positive Indian Ocean dipole to cli-
mate change and impact on Indian summer monsoon rain-
fall, Chap. 21, in: Indian Summer Monsoon Variability, edited
by: Chowdary, J., Parekh, A., and Gnanaseelan, C., Elsevier,
413–432, https://doi.org/10.1016/B978-0-12-822402-1.00010-7,
2021.

Carlson, D. F., Yarbro, L. A., Scolaro, S., Poniatowski, M., McGee-
Absten, V., and Carlson, P. R.: Sea surface temperatures and sea-
grass mortality in Florida Bay: Spatial and temporal patterns dis-
cerned from MODIS and AVHRR data, Remote Sens. Environ.,
208, 171–188, https://doi.org/10.1016/j.rse.2018.02.014, 2018.

Chaidez, V., Dreano, D., Agusti, S., Duarte, C. M., and Hoteit,
I.: Decadal trends in Red Sea maximum surface temperature,
Sci. Rep., 7, 8144, https://doi.org/10.1038/s41598-017-08146-z,
2017.

Chefaoui, R. M., Duarte, C. M., and Serrão, E. A.: Dramatic
loss of seagrass habitat under projected climate change in
the Mediterranean Sea, Glob. Change Biol., 24, 4919–4928,
https://doi.org/10.1111/gcb.14401, 2018.

Chen, W. Y. and den Dool, H. V.: Sensitivity of Teleconnection
Patterns to the Sign of Their Primary Action Center, Mon.
Weather Rev., 131, 2885–2899, https://doi.org/10.1175/1520-
0493(2003)131<2885:SOTPTT>2.0.CO;2, 2003.

Cheng, Y., Zhang, M., Song, Z., Wang, G., Zhao, C.,
Shu, Q., Zhang, Y., and Qiao, F.: A quantitative analy-
sis of marine heatwaves in response to rising sea sur-

Ocean Sci., 20, 1087–1107, 2024 https://doi.org/10.5194/os-20-1087-2024

https://doi.org/10.1175/1520-0450(1996)035<0601:IMFAOS>2.0.CO;2
https://doi.org/10.1175/1520-0450(1996)035<0601:IMFAOS>2.0.CO;2
https://doi.org/10.1038/s41467-020-15820-w
https://doi.org/10.1038/s41467-020-15820-w
https://doi.org/10.3389/fmars.2019.00499
https://doi.org/10.1080/07055900.1997.9649597
https://doi.org/10.1007/978-94-017-8008-7_1
https://doi.org/10.1175/1520-0493(1987)115<1083:CSAPOL>2.0.CO;2
https://doi.org/10.1175/1520-0493(1987)115<1083:CSAPOL>2.0.CO;2
https://doi.org/10.1017/CBO9781107415386
https://doi.org/10.3390/jmse9101048
https://doi.org/10.1038/s41598-021-04200-z
https://doi.org/10.1016/B978-0-12-818156-0.00001-0
https://doi.org/10.1016/B978-0-12-818156-0.00001-0
https://doi.org/10.1016/j.pocean.2009.04.011
https://doi.org/10.1175/1520-0493(1969)097<0163:ATFTEP>2.3.CO;2
https://doi.org/10.1175/1520-0493(1969)097<0163:ATFTEP>2.3.CO;2
https://doi.org/10.1007/978-3-662-45201-1_19
https://doi.org/10.1007/978-3-662-45201-1_19
https://doi.org/10.1016/B978-0-12-822402-1.00010-7
https://doi.org/10.1016/j.rse.2018.02.014
https://doi.org/10.1038/s41598-017-08146-z
https://doi.org/10.1111/gcb.14401
https://doi.org/10.1175/1520-0493(2003)131<2885:SOTPTT>2.0.CO;2
https://doi.org/10.1175/1520-0493(2003)131<2885:SOTPTT>2.0.CO;2


M. Hamdeno et al.: Investigating the long-term variability of the Red Sea marine heatwaves 1105

face temperature, Sci. Total Environ., 881, 163396,
https://doi.org/10.1016/j.scitotenv.2023.163396, 2023.

Diaz-Almela, E., Marbà, N., and Duarte, C. M.: Consequences of
Mediterranean warming events in seagrass (Posidonia ocean-
ica) flowering records, Glob. Change Biol., 13, 224–235,
https://doi.org/10.1111/j.1365-2486.2006.01260.x, 2007.

Dool, H. M. van den, Saha, S., and Johansson,
Å.: Empirical Orthogonal Teleconnections, J.
Clim., 13, 1421–1435, https://doi.org/10.1175/1520-
0442(2000)013<1421:EOT>2.0.CO;2, 2000.

Eakin, C. M., Morgan, J. A., Heron, S. F., Smith, T. B., Liu,
G., Alvarez-Filip, L., Baca, B., Bartels, E., Bastidas, C., Bou-
chon, C., Brandt, M., Bruckner, A. W., Bunkley-Williams, L.,
Cameron, A., Causey, B. D., Chiappone, M., Christensen, T. R.
L., Crabbe, M. J. C., Day, O., Guardia, E. de la, Díaz-Pulido,
G., DiResta, D., Gil-Agudelo, D. L., Gilliam, D. S., Ginsburg,
R. N., Gore, S., Guzmán, H. M., Hendee, J. C., Hernández-
Delgado, E. A., Husain, E., Jeffrey, C. F. G., Jones, R. J., Jordán-
Dahlgren, E., Kaufman, L. S., Kline, D. I., Kramer, P. A., Lang,
J. C., Lirman, D., Mallela, J., Manfrino, C., Maréchal, J.-P.,
Marks, K., Mihaly, J., Miller, W. J., Mueller, E. M., Muller, E.
M., Toro, C. A. O., Oxenford, H. A., Ponce-Taylor, D., Quinn,
N., Ritchie, K. B., Rodríguez, S., Ramírez, A. R., Romano,
S., Samhouri, J. F., Sánchez, J. A., Schmahl, G. P., Shank, B.
V., Skirving, W. J., Steiner, S. C. C., Villamizar, E., Walsh, S.
M., Walter, C., Weil, E., Williams, E. H., Roberson, K. W.,
and Yusuf, Y.: Caribbean Corals in Crisis: Record Thermal
Stress, Bleaching, and Mortality in 2005, PLOS ONE, 5, e13969,
https://doi.org/10.1371/journal.pone.0013969, 2010.

Eladawy, A., Nadaoka, K., Negm, A., Abdel-Fattah, S., Hanafy,
M., and Shaltout, M.: Characterization of the northern Red
Sea’s oceanic features with remote sensing data and outputs
from a global circulation model, Oceanologia, 59, 213–237,
https://doi.org/10.1016/j.oceano.2017.01.002, 2017.

Garrabou, J., Coma, R., Bensoussan, N., Bally, M., Chevaldonné,
P., Cigliano, M., Diaz, D., Harmelin, J. G., Gambi, M. C., Kerst-
ing, D. K., Ledoux, J. B., Lejeusne, C., Linares, C., Marschal, C.,
Pérez, T., Ribes, M., Romano, J. C., Serrano, E., Teixido, N., Tor-
rents, O., Zabala, M., Zuberer, F., and Cerrano, C.: Mass mortal-
ity in Northwestern Mediterranean rocky benthic communities:
effects of the 2003 heat wave, Glob. Change Biol., 15, 1090–
1103, https://doi.org/10.1111/j.1365-2486.2008.01823.x, 2009.

Genevier, L. G. C., Jamil, T., Raitsos, D. E., Krokos, G., and
Hoteit, I.: Marine heatwaves reveal coral reef zones susceptible
to bleaching in the Red Sea, Glob. Change Biol., 25, 2338–2351,
https://doi.org/10.1111/gcb.14652, 2019.

Good, S., Fiedler, E., Mao, C., Martin, M. J., Maycock, A., Reid,
R., Roberts-Jones, J., Searle, T., Waters, J., While, J., and Wors-
fold, M.: The Current Configuration of the OSTIA System for
Operational Production of Foundation Sea Surface Tempera-
ture and Ice Concentration Analyses, Remote Sens., 12, 720,
https://doi.org/10.3390/rs12040720, 2020.

Hamdeno, M. and Alvera-Azcaráte, A.: Marine heatwaves
characteristics in the Mediterranean Sea: Case study the
2019 heatwave events, Front. Mar. Sci., 10, 1093760,
https://doi.org/10.3389/fmars.2023.1093760, 2023.

Hamdeno, M., Nagy, H., Ibrahim, O., and Mohamed, B.: Responses
of Satellite Chlorophyll-a to the Extreme Sea Surface Tempera-

tures over the Arabian and Omani Gulf, Remote Sens., 14, 4653,
https://doi.org/10.3390/rs14184653, 2022.

Hamed, K. H. and Ramachandra Rao, A.: A modified Mann-
Kendall trend test for autocorrelated data, J. Hydrol., 204, 182–
196, https://doi.org/10.1016/S0022-1694(97)00125-X, 1998.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horányi, A.,
Muñoz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schep-
ers, D., Simmons, A., Soci, C., Abdalla, S., Abellan, X., Bal-
samo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M.,
Chiara, G., Dahlgren, P., Dee, D., Diamantakis, M., Dragani, R.,
Flemming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger,
L., Healy, S., Hogan, R. J., Hólm, E., Janisková, M., Keeley,
S., Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., Rosnay, P.,
Rozum, I., Vamborg, F., Villaume, S., and Thépaut, J.: The
ERA5 global reanalysis, Q. J. R. Meteorol. Soc., 146, 1999–
2049, https://doi.org/10.1002/qj.3803, 2020.

Hobday, A., Oliver, E., Sen Gupta, A., Benthuysen, J., Bur-
rows, M., Donat, M., Holbrook, N., Moore, P., Thom-
sen, M., Wernberg, T., and Smale, D.: Categorizing and
Naming Marine Heatwaves, Oceanography, 31, 162–173,
https://doi.org/10.5670/oceanog.2018.205, 2018.

Hobday, A. J., Alexander, L. V., Perkins, S. E., Smale, D. A., Straub,
S. C., Oliver, E. C. J., Benthuysen, J. A., Burrows, M. T., Do-
nat, M. G., Feng, M., Holbrook, N. J., Moore, P. J., Scannell, H.
A., Sen Gupta, A., and Wernberg, T.: A hierarchical approach
to defining marine heatwaves, Prog. Oceanogr., 141, 227–238,
https://doi.org/10.1016/j.pocean.2015.12.014, 2016.

Hoerling, M. P., Kumar, A., and Xu, T.: Robustness of the
Nonlinear Climate Response to ENSO’s Extreme Phases,
J. Clim., 14, 1277–1293, https://doi.org/10.1175/1520-
0442(2001)014<1277:ROTNCR>2.0.CO;2, 2001.

Holbrook, N. J., Scannell, H. A., Sen Gupta, A., Benthuysen, J. A.,
Feng, M., Oliver, E. C. J., Alexander, L. V., Burrows, M. T., Do-
nat, M. G., Hobday, A. J., Moore, P. J., Perkins-Kirkpatrick, S.
E., Smale, D. A., Straub, S. C., and Wernberg, T.: A global as-
sessment of marine heatwaves and their drivers, Nat. Commun.,
10, 2624, https://doi.org/10.1038/s41467-019-10206-z, 2019.

Holbrook, N. J., Sen Gupta, A., Oliver, E. C. J., Hobday, A. J., Ben-
thuysen, J. A., Scannell, H. A., Smale, D. A., and Wernberg, T.:
Keeping pace with marine heatwaves, Nat. Rev. Earth Environ.,
1, 482–493, https://doi.org/10.1038/s43017-020-0068-4, 2020.

Hoteit, I., Abualnaja, Y., Afzal, S., Ait-El-Fquih, B., Akylas, T.,
Antony, C., Dawson, C., Asfahani, K., Brewin, R. J., Cavaleri, L.,
Cerovecki, I., Cornuelle, B., Desamsetti, S., Attada, R., Dasari,
H., Sanchez-Garrido, J., Genevier, L., Gharamti, M. E., Gittings,
J. A., Gokul, E., Gopalakrishnan, G., Guo, D., Hadri, B., Had-
wiger, M., Hammoud, M. A., Hendershott, M., Hittawe, M.,
Karumuri, A., Knio, O., Köhl, A., Kortas, S., Krokos, G., Kun-
chala, R., Issa, L., Lakkis, I., Langodan, S., Lermusiaux, P., Lu-
ong, T., Ma, J., Maitre, O. L., Mazloff, M., Mohtar, S. E., Pa-
padopoulos, V. P., Platt, T., Pratt, L., Raboudi, N., Racault, M.-
F., Raitsos, D. E., Razak, S., Sanikommu, S., Sathyendranath,
S., Sofianos, S., Subramanian, A., Sun, R., Titi, E., Toye, H., Tri-
antafyllou, G., Tsiaras, K., Vasou, P., Viswanadhapalli, Y., Wang,
Y., Yao, F., Zhan, P., and Zodiatis, G.: Towards an End-to-End
Analysis and Prediction System for Weather, Climate, and Ma-
rine Applications in the Red Sea, Bull. Am. Meteorol. Soc., 102,
E99–E122, https://doi.org/10.1175/BAMS-D-19-0005.1, 2021.

https://doi.org/10.5194/os-20-1087-2024 Ocean Sci., 20, 1087–1107, 2024

https://doi.org/10.1016/j.scitotenv.2023.163396
https://doi.org/10.1111/j.1365-2486.2006.01260.x
https://doi.org/10.1175/1520-0442(2000)013<1421:EOT>2.0.CO;2
https://doi.org/10.1175/1520-0442(2000)013<1421:EOT>2.0.CO;2
https://doi.org/10.1371/journal.pone.0013969
https://doi.org/10.1016/j.oceano.2017.01.002
https://doi.org/10.1111/j.1365-2486.2008.01823.x
https://doi.org/10.1111/gcb.14652
https://doi.org/10.3390/rs12040720
https://doi.org/10.3389/fmars.2023.1093760
https://doi.org/10.3390/rs14184653
https://doi.org/10.1016/S0022-1694(97)00125-X
https://doi.org/10.1002/qj.3803
https://doi.org/10.5670/oceanog.2018.205
https://doi.org/10.1016/j.pocean.2015.12.014
https://doi.org/10.1175/1520-0442(2001)014<1277:ROTNCR>2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014<1277:ROTNCR>2.0.CO;2
https://doi.org/10.1038/s41467-019-10206-z
https://doi.org/10.1038/s43017-020-0068-4
https://doi.org/10.1175/BAMS-D-19-0005.1


1106 M. Hamdeno et al.: Investigating the long-term variability of the Red Sea marine heatwaves

Huang, B., Thorne, P. W., Banzon, V. F., Boyer, T., Chep-
urin, G., Lawrimore, J. H., Menne, M. J., Smith, T. M.,
Vose, R. S., and Zhang, H.-M.: Extended Reconstructed
Sea Surface Temperature, Version 5 (ERSSTv5): Upgrades,
Validations, and Intercomparisons, J. Clim., 30, 8179–8205,
https://doi.org/10.1175/JCLI-D-16-0836.1, 2017.

Hughes, T. P., Anderson, K. D., Connolly, S. R., Heron, S. F., Kerry,
J. T., Lough, J. M., Baird, A. H., Baum, J. K., Berumen, M. L.,
Bridge, T. C., Claar, D. C., Eakin, C. M., Gilmour, J. P., Graham,
N. A. J., Harrison, H., Hobbs, J.-P. A., Hoey, A. S., Hoogenboom,
M., Lowe, R. J., McCulloch, M. T., Pandolfi, J. M., Pratchett,
M., Schoepf, V., Torda, G., and Wilson, S. K.: Spatial and tem-
poral patterns of mass bleaching of corals in the Anthropocene,
Science, 359, 80–83, https://doi.org/10.1126/science.aan8048,
2018.

Karnauskas, K. B. and Jones, B. H.: The Interannual Variability
of Sea Surface Temperature in the Red Sea From 35 Years of
Satellite and In Situ Observations, J. Geophys. Res.-Ocean., 123,
5824–5841, https://doi.org/10.1029/2017JC013320, 2018.

Kirch, W. (Ed.): Pearson’s Correlation Coefficient, in: Encyclopedia
of Public Health, Springer Netherlands, Dordrecht, 1090–1091,
https://doi.org/10.1007/978-1-4020-5614-7_2569, 2008.

Krokos, G., Papadopoulos, V. P., Sofianos, S. S., Ombao,
H., Dybczak, P., and Hoteit, I.: Natural Climate Os-
cillations may Counteract Red Sea Warming Over the
Coming Decades, Geophys. Res. Lett., 46, 3454–3461,
https://doi.org/10.1029/2018GL081397, 2019.

Krokos, G., Cerovecki, I., Zhan, P., Hendershott, M., and Hoteit,
I.: Seasonal Evolution of Mixed Layers in the Red Sea and the
Relative Contribution of Atmospheric Buoyancy and Momentum
Forcing, https://doi.org/10.48550/arXiv.2112.08762, 2021.

Langodan, S., Cavaleri, L., Vishwanadhapalli, Y., Pomaro, A.,
Bertotti, L., and Hoteit, I.: The climatology of the Red
Sea – part 1: the wind, Int. J. Climatol., 37, 4509–4517,
https://doi.org/10.1002/joc.5103, 2017a.

Langodan, S., Cavaleri, L., Pomaro, A., V, Y., Bertotti,
L., and Hoteit, I.: The climatology of the Red Sea –
part 2: The waves, Int. J. Climatol., 37, 4518–4528,
https://doi.org/10.1002/joc.5101, 2017b.

Le Grix, N., Zscheischler, J., Laufkötter, C., Rousseaux, C. S.,
and Frölicher, T. L.: Compound high-temperature and low-
chlorophyll extremes in the ocean over the satellite period,
Biogeosciences, 18, 2119–2137, https://doi.org/10.5194/bg-18-
2119-2021, 2021.

Liu, X. and Yao, F.: Relationship of the Warming of Red Sea Sur-
face Water over 140 Years with External Heat Elements, J. Mar.
Sci. Eng., 10, 846, https://doi.org/10.3390/jmse10070846, 2022.

Marshall, J., Adcroft, A., Hill, C., Perelman, L., and Heisey, C.: A
finite-volume, incompressible Navier Stokes model for studies of
the ocean on parallel computers, J. Geophys. Res.-Ocean., 102,
5753–5766, https://doi.org/10.1029/96JC02775, 1997.

McPhaden, M. J., Zebiak, S. E., and Glantz, M. H.: ENSO as an
Integrating Concept in Earth Science, Science, 314, 1740–1745,
https://doi.org/10.1126/science.1132588, 2006.

Meziere, Z., Rich, W., Carvalho, S., Benzoni, F., Morán,
X. A., and Berumen, M.: Stylophora under stress: A re-
view of research trends and impacts of stressors on a
model coral species, Sci. Total Environ., 816, 151639,
https://doi.org/10.1016/j.scitotenv.2021.151639, 2021.

Mohamed, B., Nagy, H., and Ibrahim, O.: Spatiotemporal
Variability and Trends of Marine Heat Waves in the
Red Sea over 38 Years, J. Mar. Sci. Eng., 9, 842,
https://doi.org/10.3390/jmse9080842, 2021.

Mohamed, B., Nilsen, F., and Skogseth, R.: Marine Heatwaves
Characteristics in the Barents Sea Based on High Resolu-
tion Satellite Data (1982–2020), Front. Mar. Sci., 9, 821646,
https://doi.org/10.3389/fmars.2022.821646, 2022.

Mohamed, B., Barth, A., and Alvera-Azcárate, A.: Extreme marine
heatwaves and cold-spells events in the Southern North Sea: clas-
sifications, patterns, and trends, Front. Mar. Sci., 10, 1258117,
https://doi.org/10.3389/fmars.2023.1258117, 2023.

Nagy, H., Elgindy, A., Pinardi, N., Zavatarelli, M., and Oddo, P.: A
nested pre-operational model for the Egyptian shelf zone: Model
configuration and validation/calibration, Dynam. Atmos. Ocean.,
80, 75–96, https://doi.org/10.1016/j.dynatmoce.2017.10.003,
2017.

Nagy, H., Mohamed, B., and Ibrahim, O.: Variability of Heat and
Water Fluxes in the Red Sea Using ERA5 Data (1981–2020),
J. Mar. Sci. Eng., 9, 1276, https://doi.org/10.3390/jmse9111276,
2021.

Oliver, E. C. J., Donat, M. G., Burrows, M. T., Moore, P. J., Smale,
D. A., Alexander, L. V., Benthuysen, J. A., Feng, M., Sen Gupta,
A., Hobday, A. J., Holbrook, N. J., Perkins-Kirkpatrick, S. E.,
Scannell, H. A., Straub, S. C., and Wernberg, T.: Longer and
more frequent marine heatwaves over the past century, Nat.
Commun., 9, 1324, https://doi.org/10.1038/s41467-018-03732-
9, 2018.

Oliver, E. C. J., Benthuysen, J. A., Darmaraki, S., Donat, M. G.,
Hobday, A. J., Holbrook, N. J., Schlegel, R. W., and Sen Gupta,
A.: Marine Heatwaves, Annu. Rev. Mar. Sci., 13, 313–342,
https://doi.org/10.1146/annurev-marine-032720-095144, 2021.

Papadopoulos, V., Abualnaja, Y., Josey, S., Bower, A., Dionysios,
Raitsos, E., Kontoyiannis, H., and Hoteit, I.: Atmospheric Forc-
ing of the Winter Air–Sea Heat Fluxes over the Northern Red
Sea, J. Clim., 26, 1685–1701, https://doi.org/10.1175/JCLI-D-
12-00267.1, 2013.

Patten, M. L. and Newhart, M.: Understanding Research Methods:
An Overview of the Essentials, 10th Edn., Routledge, New York,
Routledge, https://doi.org/10.4324/9781315213033, 2017.

Pujol, C., Pérez-Santos, I., Barth, A., and Alvera-Azcárate,
A.: Marine Heatwaves Offshore Central and South
Chile: Understanding Forcing Mechanisms During
the Years 2016–2017, Front. Mar. Sci., 9, 800325,
https://doi.org/10.3389/fmars.2022.800325, 2022.

Raitsos, D., Hoteit, I., Prihartato, P., Chronis, T., Triantafyllou, G.,
and Abualnaja, Y.: Abrupt warming of the Red Sea, Geophys.
Res. Lett., 38, L14601, https://doi.org/10.1029/2011GL047984,
2011.

Rivetti, I., Fraschetti, S., Lionello, P., Zambianchi, E., and Boero,
F.: Global Warming and Mass Mortalities of Benthic Inver-
tebrates in the Mediterranean Sea, PLOS ONE, 9, e115655,
https://doi.org/10.1371/journal.pone.0115655, 2014.

Schenke, H.-W.: GEBCO, in: Encyclopedia of Marine Geo-
sciences, edited by: Harff, J., Meschede, M., Petersen,
S., and Thiede, J., Springer Netherlands, Dordrecht, 1–2,
https://doi.org/10.1007/978-94-007-6644-0_63-3, 2013.

Schneider, D. P., Deser, C., Fasullo, J., and Trenberth, K. E.: Cli-
mate Data Guide Spurs Discovery and Understanding, Eos Trans.

Ocean Sci., 20, 1087–1107, 2024 https://doi.org/10.5194/os-20-1087-2024

https://doi.org/10.1175/JCLI-D-16-0836.1
https://doi.org/10.1126/science.aan8048
https://doi.org/10.1029/2017JC013320
https://doi.org/10.1007/978-1-4020-5614-7_2569
https://doi.org/10.1029/2018GL081397
https://doi.org/10.48550/arXiv.2112.08762
https://doi.org/10.1002/joc.5103
https://doi.org/10.1002/joc.5101
https://doi.org/10.5194/bg-18-2119-2021
https://doi.org/10.5194/bg-18-2119-2021
https://doi.org/10.3390/jmse10070846
https://doi.org/10.1029/96JC02775
https://doi.org/10.1126/science.1132588
https://doi.org/10.1016/j.scitotenv.2021.151639
https://doi.org/10.3390/jmse9080842
https://doi.org/10.3389/fmars.2022.821646
https://doi.org/10.3389/fmars.2023.1258117
https://doi.org/10.1016/j.dynatmoce.2017.10.003
https://doi.org/10.3390/jmse9111276
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1146/annurev-marine-032720-095144
https://doi.org/10.1175/JCLI-D-12-00267.1
https://doi.org/10.1175/JCLI-D-12-00267.1
https://doi.org/10.4324/9781315213033
https://doi.org/10.3389/fmars.2022.800325
https://doi.org/10.1029/2011GL047984
https://doi.org/10.1371/journal.pone.0115655
https://doi.org/10.1007/978-94-007-6644-0_63-3


M. Hamdeno et al.: Investigating the long-term variability of the Red Sea marine heatwaves 1107

AGU, 94, 121–122, https://doi.org/10.1002/2013EO130001,
2013.

Semenov, V. A., Latif, M., Dommenget, D., Keenlyside, N. S.,
Strehz, A., Martin, T., and Park, W.: The Impact of North
Atlantic–Arctic Multidecadal Variability on Northern Hemi-
sphere Surface Air Temperature, J. Clim., 23, 5668–5677,
https://doi.org/10.1175/2010JCLI3347.1, 2010.

Sen Gupta, A., Thomsen, M., Benthuysen, J. A., Hobday, A. J.,
Oliver, E., Alexander, L. V., Burrows, M. T., Donat, M. G., Feng,
M., Holbrook, N. J., Perkins-Kirkpatrick, S., Moore, P. J., Ro-
drigues, R. R., Scannell, H. A., Taschetto, A. S., Ummenhofer,
C. C., Wernberg, T., and Smale, D. A.: Drivers and impacts of
the most extreme marine heatwave events, Sci. Rep., 10, 19359,
https://doi.org/10.1038/s41598-020-75445-3, 2020.

Shaltout, M.: Recent sea surface temperature trends and fu-
ture scenarios for the Red Sea, Oceanologia, 61, 484–504,
https://doi.org/10.1016/j.oceano.2019.05.002, 2019.

Shukla, J.: Predictability in the Midst of Chaos: A Scien-
tific Basis for Climate Forecasting, Science, 282, 728–731,
https://doi.org/10.1126/science.282.5389.728, 1998.

Skliris, N., Sofianos, S., Gkanasos, A., Mantziafou, A., Vervatis,
V., Axaopoulos, P., and Lascaratos, A.: Decadal scale variabil-
ity of sea surface temperature in the Mediterranean Sea in re-
lation to atmospheric variability, Ocean Dynam., 62, 13–30,
https://doi.org/10.1007/s10236-011-0493-5, 2012.

Smale, D. and Wernberg, T.: Satellite-derived SST Data as a Proxy
for Water Temperature in Nearshore Benthic Ecology, ECU Pub-
lications, 387, 27–37, https://doi.org/10.3354/meps08132, 2009.

Thomson, R. E. and Emery, W. J.: Data Analysis Meth-
ods in Physical Oceanography, 3rd Edn., Elsevier,
https://doi.org/10.1016/C2010-0-66362-0, 2014.

Trisos, C. H., Merow, C., and Pigot, A. L.: The projected timing of
abrupt ecological disruption from climate change, Nature, 580,
496–501, https://doi.org/10.1038/s41586-020-2189-9, 2020.

Visbeck, M. H., Hurrell, J. W., Polvani, L., and Cullen,
H. M.: The North Atlantic Oscillation: Past, present,
and future, P. Natl. Acad. Sci. USA, 98, 12876–12877,
https://doi.org/10.1073/pnas.231391598, 2001.

Viswanadhapalli, Y., Dasari, H. P., Langodan, S., Challa, V. S.,
and Hoteit, I.: Climatic features of the Red Sea from a re-
gional assimilative model, Int. J. Climatol., 37, 2563–2581,
https://doi.org/10.1002/joc.4865, 2017.

Wang, F., Shao, W., Yu, H., Kan, G., He, X., Zhang, D.,
Ren, M., and Wang, G.: Re-evaluation of the Power of
the Mann-Kendall Test for Detecting Monotonic Trends in
Hydrometeorological Time Series, Front. Earth Sci., 8, 14,
https://doi.org/10.3389/feart.2020.00014, 2020.

Weatherall, P., Marks, K. M., Jakobsson, M., Schmitt, T., Tani, S.,
Arndt, J. E., Rovere, M., Chayes, D., Ferrini, V., and Wigley, R.:
A new digital bathymetric model of the world’s oceans, Earth
Space Sci., 2, 331–345, https://doi.org/10.1002/2015EA000107,
2015.

Wilks, D. S.: Statistical Methods in the Atmospheric Sciences, 4th
Edn., Elsevier, https://doi.org/10.1016/C2017-0-03921-6, 2019.

Zhang, R.: Anticorrelated multidecadal variations between surface
and subsurface tropical North Atlantic, Geophys. Res. Lett., 34,
L12713, https://doi.org/10.1029/2007GL030225, 2007.

Zhao, Z. and Marin, M.: A MATLAB toolbox to detect and
analyze marine heatwaves, J. Open Source Softw., 4, 1124,
https://doi.org/10.21105/joss.01124, 2019.

https://doi.org/10.5194/os-20-1087-2024 Ocean Sci., 20, 1087–1107, 2024

https://doi.org/10.1002/2013EO130001
https://doi.org/10.1175/2010JCLI3347.1
https://doi.org/10.1038/s41598-020-75445-3
https://doi.org/10.1016/j.oceano.2019.05.002
https://doi.org/10.1126/science.282.5389.728
https://doi.org/10.1007/s10236-011-0493-5
https://doi.org/10.3354/meps08132
https://doi.org/10.1016/C2010-0-66362-0
https://doi.org/10.1038/s41586-020-2189-9
https://doi.org/10.1073/pnas.231391598
https://doi.org/10.1002/joc.4865
https://doi.org/10.3389/feart.2020.00014
https://doi.org/10.1002/2015EA000107
https://doi.org/10.1016/C2017-0-03921-6
https://doi.org/10.1029/2007GL030225
https://doi.org/10.21105/joss.01124

	Abstract
	Introduction
	Data and methods of analysis
	Datasets
	 Methods of analysis

	Results and discussion
	SST and MHW characteristics and trends in the Red Sea (1982–2021)
	SST and MHW interannual variability
	Climate modes and MHWs in the Red Sea
	Case study: 2010 MHWs in the northern Red Sea

	Conclusions
	Code availability
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Special issue statement
	Acknowledgements
	Financial support
	Review statement
	References

