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Abstract: Heatwaves are now considered one of the main stressors of global warming. As a result of
anthropogenic warming, atmospheric and oceanic heatwaves have increased in frequency, intensity
and duration in recent decades. These extreme events have recently become a major concern in
climate research due to their economic and environmental impacts on ecosystems. In this study,
we investigated the co-occurrence and relationship between atmospheric and marine heatwaves
(AHW/MHW) in the Eastern Mediterranean (EMED) over the last four decades (1982-2021). Further-
more, the spatio-temporal variability and trends of sea surface temperature (SST), near-surface air
temperature (SAT), AHW and MHW characteristics (frequency and duration) were examined. For
these objectives, we used daily gridded high-resolution satellite SST data (0.05° x 0.05°) and the fifth
generation European Centre for Medium-Range Weather Forecasts (ECMWEF-ERA5) atmospheric
reanalysis SAT and wind components (0.25° x 0.25°). The results showed an average warming
trend of about 0.38 £ 0.08 °C/decade and 0.43 % 0.05 °C/decade for SAT and SST, respectively. A
high statistically significant (p < 0.05) correlation (R = 0.90) was found between AHW and MHW
frequency. Our results showed that more than half of the MHWSs in the EMED co-occurred with
AHWS throughout the study period. The most intense summer MHW in 2021, which co-occurred
with AHW, was associated with higher positive anomalies of SAT and SST, and a decrease in the
wind speed anomaly.
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1. Introduction

The impacts of climate change have become apparent globally and are evident in
changes in various extreme weather events such as heatwaves, dust storms, thunderstorms,
and droughts [1-4]. These extreme events, particularly atmospheric and marine heatwaves
(AHW, MHW), have recently become a major concern of many studies (e.g., [5-9]) due to
their devastating economic and environmental impacts on ecosystems [10]. Heatwaves,
whether atmospheric or marine, are one of the most significant indicators of global warm-
ing [11-13]; they have become more frequent, intense, and prolonged in recent decades
in several regions [14-21]. Atmospheric or marine heatwaves are usually defined as pro-
longed periods of extreme warming during which air or sea surface temperatures exceed
the 90th percentiles of their reference period temperatures [22,23]. Prolonged periods of
extreme warming are considered to be three consecutive days for atmospheric heatwaves
(AHW) [22] and five consecutive days for marine heatwaves (MHW) [23]. MHWs have
various negative consequences on marine life, alter species distribution, and reduce car-
bon sequestration because of the high mortality of seagrasses and other species vital to
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habitats [24]. Heatwaves are not confined to the atmosphere, but are increasingly being
studied in the marine environment as well [13,25-28]. Although there are several studies
that have investigated AHWs or MHWSs independently, there are still ongoing searches for
a possible link between them, with some regional studies having taken place [28,29]. This
is critically important because the ecological and economic impacts of the coincidence of
AHWSs and MHWs could be greater than those of a single event [28]. Moreover, there is
also an increased risk of heat stress in marginal seas during co-occurring heat waves [28].
Several studies on AHWSs have been conducted in the Mediterranean region, such as in
the Eastern Mediterranean (EMED) [30], the Middle East and North Africa in 2010 [31,32],
and the Euro-Mediterranean in 2017 [33]. Similarly, MHWSs have been well documented in
the Mediterranean Sea; for example, a severe MHW occurred in the northern Mediterranean
in 2003 [15,34-38]. However, there are no published studies that investigate the combination
of AHWs and MHWs in the EMED region. The SST analysis of [37] found that since
2000, the Mediterranean Sea had the highest SST values which can be associated with
severe MHWs, such as those that occurred in 2003, 2006, and 2015. The MHW study [38]
concluded that, due to the increasing frequency of MHWs, the Mediterranean Sea is
experiencing an acceleration of ecological impacts that pose an unprecedented threat to
its ecosystems. According to [39], the 2003 MHW is considered the longest and most
severe event of this period, with the highest mean intensity and the largest extent of
the event. Ref [15] found that the mean frequency and duration of MHWSs increased
by 40% and 15%, respectively, during the last two decades of their study from 2001 to
2020. Ref [39] investigated surface and subsurface MHWs in the Mediterranean Sea using
an SST satellite from 1982 to 2020, and in situ temperature measurements from 2012 to
2020. They found that the MHW’s frequency and duration trends ranged from 1.05 to
1.77 events/decade, and 1.6 to 3.7 days/decade, respectively. Ref. [21] examined SST
variability and MHWs over the Aegean and Ionian basins from 2008 to 2021 and found that
the most intense MHWSs occurred in the summers of 2012 and 2018. The authors of [21,40]
found that the frequency of MHWs in the EMED ranged from 1 to 1.8 events/decade,
with an average of 1.2 events/decade from 1982 to 2021, and concluded that all MHW
characteristics (frequency, duration, and intensity) accelerated during the last two decades
(2000-2021), which was consistent with [15]. According to [41], which studied MHWs in the
Mediterranean Sea between 1982 and 2021, the 2019 summer MHW event was more intense
than the 2003 one. MHW study from 1987 to 2019 [42] found that the MHW frequency
was higher at the surface than in the subsurface in most basins of the Mediterranean Sea,
while the duration of MHWSs was longer in the subsurface than at the surface all over the
Mediterranean Sea. A recent study on MHWSs from 1982 to 2020 [43] found that more than
half of all MHW events in the Mediterranean were recorded in the last decade (2011-2020).
The lack of knowledge about the co-occurrence of AHWs and MHWSs in EMED moti-
vated the authors to investigate their co-occurrence over the last four decades (1982-2021).
For this purpose, we used daily high-resolution (0.05° x 0.05°) SST satellite data. In addi-
tion, we used atmospheric variables (air temperature and wind components) obtained from
the hourly gridded (0.25° x 0.25°) ERAS reanalysis dataset during the aforementioned pe-
riod. Thus, our analysis assesses the following issues: (1) investigation of the spatiotemporal
variability and trends of atmospheric and oceanic heat waves in the Eastern Mediterranean
during the last four decades (1982-2021); (2) investigation of the co-occurrence and rela-
tionship between AHWs and MHWs; (3) elaboration on one of these co-occurring events in
2021 and investigation into the anomalies of atmospheric conditions during this event.

2. Datasets and Methods
2.1. Study Area and Data Sources
The study area covers latitudes from 30° to 41°N and longitudes from 13° to 36.5°E,

as demonstrated in Figure 1. The EMED is divided into three sub-basins (i.e., Levantine,
Ionian and Aegean, see Figure 1).
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Figure 1. The bathymetric map of the EMED with the main geographic features and sub-basins.
Bathymetry and topography are from General Bathymetric Chart of the Oceans GEBCO dataset
(www.gebco.net) (accessed on 20 December 2022).

To detect MHWs and their main characteristics (frequency and total days), we used a
daily gridded high-resolution (0.05° x 0.05°) SST dataset from the Copernicus Marine Envi-
ronment Monitoring Service website (CMEMS) [44-46]. This dataset, from 1 January 1982 to
31 December 2021, is freely available on the following website: (https://resources.marine.c
opernicus.eu/?option=com_csw&view=details&product_id=SST_GLO_SST_L4_REP_OB
SERVATIONS_010_011, last access: 28 December 2022). This product merges different
satellite sensors and in situ observations to produce daily gap-free SST maps [44—47]. The
CMEMS SST reprocessed (REP) global dataset provides a reliable and consistent long-term
SST time series for the Mediterranean Sea created for climatic applications [44—47]. To
identify the AHWSs, we obtained near-surface air temperature (SAT) and wind velocity
components (ujp, vig) from the European Centre for Medium-Range Weather Forecasts
ERADS reanalysis. The ERAS5 dataset provides hourly estimates of different atmospheric
parameters with a spatial resolution (0.25° x 0.25°) [48]. The obtained oceanic and atmo-
spheric datasets cover the period from 1 January 1982 to 31 December 2021.

2.2. Detection of Atmospheric and Oceanic Heatwaves

To examine the AHWSs, we followed the definition of Perkins and Alexander [22,49],
who defined the AHW as a period of time during which the daily SAT exceeds the climato-
logical daily 90th percentile for at least three continuous days. For the MHWSs, we used the
definition of Hobday et al. [23], who defined the MHW as a period of time during which the
daily mean SST is above the 90th percentile for at least five consecutive days. Our baseline
climatology for both SAT and SST was from 1982 to 2021, which is recommended by [22,23],
which suggested that the baseline should be at least 30 years. The MATLAB software
R2020b and Marine Heatwaves toolbox (M_MHW) [50] were used to estimate trends and
to detect all heatwave characteristics (frequency and total days). The M_MHW toolbox can
be freely downloaded at this website: https://github.com/ZijieZhaoMMHW /m_mhw1.0;
accessed on 20 December 2022.

The linear trends of deseasonalized SAT and SST anomalies (SATA and SSTA) and
the characteristics of AHWs and MHWs (frequency and total number of days) were esti-
mated using the least squares method [49]. The SATAs and SSTAs were estimated relative
to the daily climatology (i.e., after removing the seasonal cycle) [51,52]. To investigate
statistically significant trends, we used the modified Mann-Kendall (MMK) test [53] at
o = 0.05 (p < 0.05) with a 95% confidence level. The purpose of the MMK test [53,54]
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is to statistically estimate whether there is a monotonic upward or downward trend. A
monotonic upward (downward) trend means that the variable is consistently increasing
(decreasing) over time. The null hypothesis for the Mann-Kendall test is that there is
no trend in the series; the alternative hypothesis is that the trend exists [51]. The trends
estimated in this paper passed the test (the null hypothesis was rejected; 95% confidence
level) [51]. Uncertainty in the linear trends of SATA and SSTA was calculated using a
standard statistical method [55]. For the correlation analysis between AHW and MHW, a
cubic spatial interpolation was applied [56] to the MHWSs characteristic to obtain the spatial
resolution of (0.25° x 0.25°) as for AHWs.

The distribution of annual events and days of AHWs, MHWs and their co-occurrence
in each year was estimated as the average incidence across all grid cells over EMED, while
their total frequency distribution was computed as an aggregate over all grid cells during
all years of the study period using the method of [28].

3. Results and Discussion
3.1. Climatological Mean and Trends of SST and SAT

Figure 2a—d show the spatial distribution of mean values and trends for atmospheric
and oceanic temperatures over the last four decades (1982-2021). The highest climatological
mean values of SAT (>20 °C) and SST (>22 °C) were found along the African coast and in
the eastern part of the Levantine Basin (Figure 2a,b), whereas the lowest values (<18 °C)
for both SAT and SST were observed in the northern part of the Aegean Sea and in the
southern Adriatic Basin (Figure 2a,b). There was a gradual decrease in both temperatures
from south to north and from east to west of the EMED, in agreement with [23,57]. Sta-
tistically significant (p < 0.05) trends were observed for both atmospheric and oceanic
temperatures over the whole EMED (Figure 2¢,d). There were significant spatial variations
in atmospheric and oceanic temperature trends, with the largest atmospheric temperature
trend (>0.45 °C) identified in the north-eastern part of the Levantine Basin. The Aegean
and Levantine Basins had larger SST trends (>0.5 °C/decade), while the Ionian basin had
lower values (<0.3 °C/decade). The maximum SST trend (>0.6 °C/decade) was observed
in the Rhodes cyclonic Gyre region, which could be due to the higher SST variability
in this area, as described by [51]. The basin average warming trends for SAT and SST
were about 0.38 £ 0.08 °C/decade and 0.43 £ 0.05 °C/decade, respectively, over the whole
study period. The spatial pattern of the SST trend was in good agreement with that re-
ported by [58]. In that study, a stronger SST trend was found in the Levantine Basin,
with values up to 0.6 °C/decade in the Cretan Arc and west and south of Cyprus, while
a much weaker warming (0.1 °C/decade) was found southeast of Crete. Our SST trend
was slightly higher than that observed by [15], which found an average SST trend of about
0.33 £ 0.04 °C/decade for the EMED basin from 1982 to 2020. This increase could be due
to the use of a high-resolution dataset (0.05° x 0.05°).

3.2. Temporal Variability of Atmospheric and Marine Heatwaves

In this section, we investigate the temporal variability of AHW/MHW days and
frequency in the EMED and their correlation from 1982 to 2021 (Figure 3). Figure 3a
shows that the highest AHW frequencies (up to 8 events) were detected in 2010, 2012, 2016,
2018 and 2021, while the highest MHW frequencies (>4 events) were observed in 2012 and
2018. Our MHW frequency results are consistent with [35,41], which found the highest
MHW frequency in 2012 and 2018 over the Mediterranean basin. The highest total days
for AHW (>50 days) and MHW (>40 days) were found in 2003, 2010, 2012, 2018 and 2021
(Figure 3b). The 2003 MHW event in the Mediterranean has been well documented in many
previous studies e.g., [23,39,41] and has been linked to atmospheric factors, whereas the
highest MHW frequencies that occurred in 2012 and 2015 are consistent with [35]. In the
last decade (2012-2021), AHWs and MHWs have become more frequent (Figure 3a) and
have lasted longer (Figure 3b) than in the previous period. More than 60% and 43% of
all AHWs and MHWs, respectively, were observed in the last decade. In addition, about
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57% and 38% of the total AHW and MHW days occurred in the last decade. A highly
statistically significant (p > 0.05) correlation between AHWs and MHWs frequency was
found (R = 0.91), while the correlation between AHW and MHW total days was about 0.89.
In summary, we found a statistically significant (p < 0.05) increase in the annual frequency
of AHW and MHW, with approximately 1.6 &= 0.4 and 1.1 &+ 0.2 events/decade, respectively,
over the entire study period (1982-2021). The total days’ trends for AHW and MHW were
about 10.5 £ 2.7 and 14.7 + 3.4 days/decade, respectively.
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Figure 2. Spatial distribution of the climatological means (a,b) and trends (c,d) of atmospheric and
oceanic temperatures from 1982 to 2021.
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Figure 3. Temporal evolution of AHWs (red bars) and MHWs (blue bars) for (a) frequency and
(b) total days over the entire EMED during 1982-2021.
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3.3. Relationship between Compound AHWs and MHWs

Figure 4a—c show the spatial distribution of annual mean AHW and MHW frequencies
and the relationship between them from 1982 to 2021. Annual AHW frequencies ranged
from 3.5 to 4.75 events, with the highest values (>4.5 events) around Cyprus and Crete
(Figure 4a). The lowest AHW frequencies (<3.75 events) were found along the African
coast of Egypt and Libya. The Ionian Basin generally has a lower AHW frequency than the
Levantine Basin (see Figure 4a). The MHW frequency was higher in the northern Ionian
and Aegean Seas (>2 events) than in the Levantine Basin (<1.4 events) (Figure 4b). These
spatial distributions of the MHW frequency findings generally agree with those of [15],
except for the southern and eastern parts of Sicily, which have a higher MHW frequency
(>1.8 events; Figure 4b). This could be due to the use of high resolution (0.05° x 0.05°)
SST data.

The frequencies of AHWs and MHWSs were highly significantly correlated (p < 0.05)
for the entire study area (Figure 4c). The highest correlation (R~0.8) was found in most
parts of the Levantine and Aegean Seas, while the lowest correlation (R < 0.5) was found
in three places in the Ionian Basin (i.e., in the area 38-39°N, 17-19°E, south of the island
of Sicily, and off the Libyan coast). This low correlation in the area 38-39°N, 17-19°E
could be an indirect effect of the Bimodal Oscillation System (BiOS) [59-63], which does
not allow a clear identification of MHWs in this region, as mentioned in [15]. BiOS is a
decadal circulation periodic reversal area from cyclones to anti-cyclones [63]. The other
two low correlation sites are in south-eastern Sicily and off the Libyan coast. These low
correlations could be due to the presence of the anticyclonic gyres of the Maltese Channel
Crest (MCC) and the Sirte, respectively. The locations of these gyres are well defined
by [64,65]. Moreover, this could also be due to the position of the Mid Ionian Jet (MIJ) [64].

Figure 5a—c depict the spatial distribution of annual mean AHW and MHW days and
the correlation between them during the study period. The annual AHW days ranged
from 18 to 28 days (Figure 5a). The highest AHW days (>27 days) were in northern Cyprus
(Levantine basin), with the lowest values (<20 days) along the Libyan coast (Ionian basin).
The Ionian Basin generally had lower MHW days than the Levantine Basin (see Figure 5b),
and the highest MHW days (>24 days) were observed in the Aegean Sea. The spatial
distribution of the correlation between the AHW and MHW days is highly significant for
most of the study area, with a correlation greater than 0.7, except for the Libyan coast
and the southern coasts of the islands of Crete and Sicily in the Ionian basin, where the
correlation is less than 0.5 (Figure 5c).

Figure 6a—d illustrate the trends in AHW and MHW frequency and the total number of
days over the EMED during the study period (1982-2021). A positive statistically significant
(p < 0.05) trend for both the frequency of AHWs and MHWs and the total days was observed
across the EMED, except for MHW in the anticyclonic MCC [64] and lerapetra gyre, which
showed a non-significant (p > 0.05) trend (Figure 6b,d). The highest positive trends of AHW
frequency (>2 events/decade) and total number of days (>15 days/decade) were found in
the Aegean and Levantine Basins (Figure 6a,c). The lowest trends in the frequency of AHWs
(<1.2 events/decade) and the total number of days (<10 days/decade) were observed in the
Ionian basin. For MHWs, the largest positive trends of frequency (>1 event/decade) and
total number of days (>15 days/decade) were detected in the Aegean and Levantine Basins
(Figure 6b,d). Furthermore, the lowest trends of MHWs frequency (<0.5 event/decade)
and total number of days (<5 days/decade) were observed in the Ionian Basin. In general,
the results of the spatial distribution of MHW frequency trend were consistent with those
of [15], which could be due to the use of the same MHW trend method and the same SST
dataset, but with higher resolution.
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Figure 4. The spatial distribution of the annual mean of (a) AHW frequency (events), (b) MHW
frequency (events), and (c) the correlation map between them from 1982 to 2021.
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Figure 6. The trend maps of (a) AHW frequency, (b) MHW frequency, (c) AHW days, and (d) MHW

days from 1982 to 2021 over the EMED region; the dotted red points show the non-significant
(p > 0.05) trend at 95% confidence level.

3.4. AHW and MHW Co-Occurrence: 2021 Case Study

In this section, we calculated the occurrence and total days of AHWs and MHWs
throughout the study period (Figure 7a,b) and then focused on the co-occurrence of events
in 2021 as a case study. During the study period, the total number of AHW events for each
year was always higher than that of MHW events (Figure 7a). The total number of MHW
days exceeded that of AHW days in the last decade, except for in 2013, 2015 and 2021
(Figure 7b). There were 172 AHW events and 62 MHW events, with 33 events of AHWSs
and MHWs occurring together, accounting for 53% of the total MHWSs events (Figure 7a,b).
This implies that more than half (53%) of the MHWSs recorded throughout the study period
occurred simultaneously with AHWSs, while the remaining percentage (47%) could be due
to other causes such as oceanic processes (i.e., heat advection by ocean currents that can
aggregate areas of warm water) rather than AHWs.

Throughout the study period, an increase in the co-occurrence of frequency and total
days was observed in approximately 0.6 £ 0.03 events/decade and 5.5 & 1.1 days/decade,
respectively (Figure 7a,b, green line). The highest frequencies of co-occurrence (>2 events)
of AHWs and MHWSs were observed in 2012, 2018, and 2021. These years had the most
active heatwaves in the Mediterranean region, according to the recent MHW study [41].
The co-occurrence of AHW days was defined as the days in which a MHW was completely
encompassed by an AHW, as defined by [28]. The stand-alone AHWs, MHWs, and their
co-occurrence across all EMED grid cells during the study period (1982-2021) are shown in
Figure 8. It can be noticed that the AHWs were generally longer than the MHWs for all
durations (total days). The co-occurrence of AHWs and MHWs accounts for about 53% of
the total MHWs (Figure 8), confirming our earlier results in Figure 7. Most stand-alone
AHWs had durations of 3 or 4 days, accounting for 56% of total AHWs, while stand-alone
MHWs of 5 or 6 days account for 36% of the total MHW events (Figure 8).
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Figure 7. Annual AHWs (continuous red line) and MHWSs (continuous blue line) and their co-
occurrence (continuous green line) over the study period (1982-2020) for (a) frequency and (b) duration.
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Figure 8. Frequency distribution of event durations of AHWs, MHWSs and their co-occurrence for all
grid cells within EMED from 1982 to 2021.
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Figure 9 demonstrates the simultaneous occurrence of AHWs and MHWs in 2021 as a
case study. This schematic figure shows that nine AHWs and five MHWSs were detected
throughout the EMED in 2021. According to the Hobday classification [49,66], the MHWSs
were classified as moderate, severe, heavy and extreme. The intensity of all heatwaves
observed in 2021 was classified as moderate heatwaves (i.e., SSTA or SATA greater than
the 90th percentile). There were four AHW and MHW events that co-occurred (see cyan
bars in Figure 9). One MHW (stand-alone) that began on 31 August 2021 and lasted 9 days
did not co-occur with an AHW (Figure 9), which may be due to other causes (i.e., oceanic)
rather than AHW.

30—
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Figure 9. The 2021 co-occurrence of AHW (upper panel) and MHW (lower panel) events; the red
shaded areas refer to the AHW/MHW events. The black solid line defines the SAT/SST (°C), the
blue solid lines indicate the SAT/SST (°C) climatology, and the green solid lines denote the 90th
percentile for SAT/SST (°C). The cyan and orange bars indicate the co-occurrence and stand-alone
events, respectively.

We wanted to gain better insight into the SST and atmospheric condition (SAT and
wind components) anomalies during the summer co-occurrence event which lasted for
8 days from 29 July to 5 August 2021 (Figure 10a—). The spatial distribution of the average
SSTA during this event (Figure 10a) ranged from [—1] to 3.5 °C, with maximum anomalies
(>2 °C) in most of the Aegean Sea and south of Rhodes Island (Rhodes gyre cyclonic
location [58]), with an average 1.52 °C over the whole EMED. The atmospheric conditions
during this event revealed warm atmospheric temperature anomalies over the entire EMED
(Figure 10b) that ranged from 0 to 5 °C. The highest SATA values (>4 °C) were observed
over the most of Aegean Sea and south of Rhodes Island, which coincide with the same
regions of the most intense MHWSs and highest SSTA (Figure 10a). There is an interesting
resemblance in the pattern between the wind speed anomaly, SSTA, and SATA, where
the locations of maximum temperature anomalies were coincident with a reduction in the
magnitude (<0 m/s) of the wind speed fields (Figure 10c). That the comparison of wind
speed patterns and temperature anomalies fields is related to the AHW and MHW extreme
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events could be related to insufficient wind speed; examples of similar findings can be
found in [15,34,67,68].
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Figure 10. The spatial distribution of (a) SSTA (°C), (b) SATA (°C), and (c) wind speed anomaly

(m/s) during the co-occurrence of MHW and AHW events from 29 July to 5 August 2021 over the
EMED region.
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4. Conclusions

We investigated the spatial and temporal trends of SAT, SST, and their corresponding
heatwave characteristics (frequency and total days) over the last four decades (1982-2021).
Moreover, this study provides a possible relationship between AHWs and MHWs and their
co-occurrence. As far as we know, there are no previous studies on the co-occurrence of
AHWSs and MHWs in the Eastern Mediterranean (EMED). We concluded that the warming
trends for SAT and SST were about 0.38 £ 0.08 and 0.43 & 0.05 °C/decade, respectively.
This warming rate was associated with an increase in the annual frequency of AHWs
(1.6 = 0.4 events/decade) and MHWs (1.1 & 0.2 events/decade) during the study period.
However, these trends were not uniform over the EMED, with maximum values in the
Levantine and Aegean basins and minimum values in the Ionian basin. More than half of
the MHWSs co-occurred with AHWSs throughout the study period. Our results showed that
the frequency of AHWs and MHWSs was strongly correlated (R > 0.8; Figure 4c), especially
over the Aegean and Levantine basins, which had high SAT and SST trends (Figure 2¢,d).
The most intense event, which occurred from 29 July 2021 to 5 August 2021, was associated
with higher SSTA and SATA patterns. During this event, there was a reduction in the
magnitude of the wind speed fields (Figure 10c).

Further work is needed to investigate the severity of AHWs and MHWSs and their main
characteristics, including atmospheric and oceanic factors. The co-occurrence of events
such as MHWs, extreme precipitation, and chlorophyll over EMED regions is also desired,
and a similar analysis could be conducted to understand such events, which would provide
a more useful reference for the risk management of these meteorological disasters.
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