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Marine heat waves (MHWSs) can potentially alter ocean ecosystems with far-
reaching ecological and socio-economic consequences. In this study, we
characterize the MHWSs in the eastern tropical Atlantic Ocean with a focus on
the Gulf of Guinea (GG). The Optimum Interpolation Sea Surface Temperature
(OISST) data from January 1991 to December 2020 and PIRATA network
temperature data, from October 2019 to March 2020, have been used for this
purpose. The results show that the eastern tropical Atlantic has experienced an
annual average of 2 MHWs events in recent decades. Based on the spatial
distribution of the different characteristics of these MHWSs, we subdivided the
eastern tropical Atlantic Ocean into three zones: the northern coast of the GG,
the equatorial zone and the Congo-Gabon coastal region. The trend associated
with MHWSs events showed an increase in the number of MHWSs since 2015 in the
different zones. This increase was greater at the northern coast of the GG than at
the equator and the Congo-Gabon coast. Long-duration MHWs are more
frequent in the equatorial zone. High intensity MHWs were observed in
different areas with sea surface temperature anomalies greater than 2°C. These
anomalies are more intense at the Congo-Gabon coast. The results also revealed
that the MHWSs event at the equator from mid-October 2019 to March 2020
initially occurred in the subsurface before it appeared at the surface. These
results also suggested that ocean temperatures are a potential predictor of
MHW events.
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1 Introduction

Marine heat waves (hereafter MHWSs) are temporary periods of
exceptionally high ocean temperature that can have severe and long-
lasting effects on the structure and function of marine ecosystems
(Hobday et al., 2016). MHWSs are synoptic events. A MHW event
lasts at least 5 consecutive days and is warmer than the 90" percentile
of climatological observations (Hobday et al., 2016). These cases of
high ocean temperature can last for days or even months and can
extend for thousands of kilometers (Oliver et al., 2018). They can be
characterized according to several factors, including frequency,
duration and intensity. These extreme temperature events have
been observed at various locations in the global ocean, regardless of
the season (Hobday et al., 2018; Oliver et al., 2018; Atkinson et al.,
2020). It should be noted that MHW s can be observed in both the
surface and subsurface ocean (Hu et al,, 2021).

MHWs are largely attributed to the influence of atmospheric
and oceanic mechanisms (Schlegel et al., 2021), which directly affect
temperature variations (Oliver et al., 2021). These processes include
ocean advection, ocean-atmosphere interaction, vertical mixing (Di
Lorenzo and Mantua, 2016; Schmeisser et al., 2019; Amaya et al.,
2020), and others within the mixing layer (Holbrook et al., 2019),
which can be modulated by remote influences via teleconnections
(Oliver et al., 2018; Yao and Wang, 2021).

Studies on the impacts of MHWSs have shown that, although
they are not as dramatic as earthquakes and cyclones, they do have
an influence on the marine environment, and the ecosystem
changes can be enormous (Oliver, 2019).

; Wernberg et al, 2016). MHWSs can lead to habitat loss
(Wernberg et al., 2016), coral bleaching (Hughes et al., 2017),
mass mortality of seabirds (Jones et al., 2018), and benthic
invertebrates (Garrabou et al., 2009). It have also been observed
harmful algal blooms (Trainer et al., 2020), reduced levels of surface
chlorophyll (Bond et al,, 2015), reduced surface area of cold
upwelling waters (Kone et al., 2022) and loss of seagrass and kelp
forests (Arias-Ortiz et al., 2018; Thomsen et al., 2019). Significant
and progressive changes in the distribution of the main coastal
seaweed species in northern Spain have been described by several
studies (Fernandez and Anadoén, 2008; Miiller et al., 2009;
Fernandez, 2011; Viejo et al,, 2011; Duarte et al., 2013; Voerman
et al., 2013; Fernandez, 2016; Pifeiro-Corbeira et al., 2016; Casado-
Amezta et al., 2019; Des et al., 2020). According to Gomez-Gesteira
et al. (2008), these changes are mainly associated with the observed
increase in MHWSs in this region, among other factors. The
intensification of MHWSs due to climate change compromises the
endurance of key organisms and that of the ecosystem itself (Smale
et al, 2019). The loss of these organisms has a negative
environmental impact and threatens the maintenance of the
valuable ecological services they provide. These biological impacts
can in turn disrupt dependent human systems (Mills et al., 2013;
Frolicher and Laufkotter, 2018) with changes in fishing practices and
increased economic tensions between countries (Mills et al., 2013).

The Gulf of Guinea (hereafter GG) is a region of the tropical
Atlantic where Sea Surface Temperature (SST) variability strongly
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impacts the climate of the surrounding countries. This region is the
site of deep-water upwelling (Djakoure et al., 2014; Djakoure et al.,
2017). These upwelled cold waters are rich in nutrients, which
create conditions that are highly conducive to the development of a
rich and complex food web. The GG is the most important area for
Atlantic tuna fishing (Stretta, 1988; Koneé et al., 2017). Studies by
Koranteng and McGlade (2001); Hardman-Mountford and
McGlade (2003) and Kouadio et al. (2013) on fluctuations in SST,
along the north coast of the GG during the coastal upwelling season,
have revealed a consistent trend towards warmer surface waters
over the years. Recently, Kone et al. (2022) assessed the relationship
between MHW s and the coastal upwelling on the north coast of the
GG, and found that the cooling ocean surface weakened with the
presence of MHWs. The increasing occurrence of MHWSs and their
ecological impacts (Oliver, 2019; Smale et al., 2019) highlight the
relevance of characterizing these MHW: s in all ocean basins.

In recent years, the detection of MHWs in various parts of the
world has been widely reported (Bond et al., 2015; Caputi et al,
2016; Di Lorenzo and Mantua, 2016; Frolicher and Laufkotter,
2018; Holbrook et al., 2019). These extreme ocean temperature
events in the GG that can impact biological productivity and the
coastal upwelling supported by the food web have not yet been fully
documented. Koné et al. (2022) have shown an increase in the
frequency of these MHW events on the north coast of the GG since
2015. According to these authors, this increase in the frequency of
MHWs is consistent with the ocean warming observed and the
reduction in the cooling surface in this area. Similarly, oceanic and
atmospheric surface conditions along the north coast of the GG are
modified before, during and after MHW events (Kone et al., 2022).

The aim of this study is to provide a more detailed analysis of
the spatio-temporal evolution of the characteristics of MHWS in the
eastern tropical Atlantic from 1991 to 2020. With this in mind, the
remainder of the paper is organized as follows. The datasets and
methods used in this study are briefly presented in Section 2.
Section 3 presents the statistical characteristics of MHWSs in the
eastern tropical Atlantic and in areas within the GG, together with
an analysis of subsurface warming at the equator. Finally, a
discussion and summary are presented in section 4.

2 Data and methods
2.1 Study area

The study is conducted in the tropical Atlantic Ocean and the
GG, which is part of the eastern basin (Figure 1). The GG is
bounded to the east by the African continent and to the west at
about 10°W. It is an area of strong SST variability caused by the
various upwellings (i.e., equatorial and coastal). The large-scale
ocean circulation is composed of surface and subsurface currents.
These are the Guinea Current (GC), the Northern South Equatorial
Current, the Equatorial branch South Equatorial Current, the
Southern South Equatorial Current, the Equatorial Undercurrent
and the Guinea Undercurrent (Figure 1).
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FIGURE 1

Sea surface temperature from OISST (https://www.psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html, August, 11", 2020) for the study area
(Gulf of Guinea in blue box and the eastern tropical Atlantic Ocean in black box).

2.2 Data

In order to detect and characterize MHWSs, we use the National
Oceanic and Atmospheric Administration’s (NOAA) sea surface
temperature (SST) product, developed using optimal interpolation
(NOAA-OISST, Reynolds et al., 2007) accessible from the web page
(https://stateoftheocean.osmc.noaa.gov/sur/ind/dmi.php). NOAA-
OISST is a global, daily, high-resolution (0.25°) gridded product.
This data has a complete global grid of 1440 rows x 720 columns, or
1,036,800 grid cells. The ocean temperature included in this product
represents the upper 0.5 m of the ocean, obtained by regressing the
satellite measurement of the ocean skin layer against quality-
controlled buoy data. We analyze this product between January
1991 and December 2020. The NOAA-OISST gridded product has
been widely used in the studies of MHW s (e.g., Hobday et al., 2016;
Oliver et al., 2018; Smale et al., 2019; Holbrook et al., 2019).

In addition, we use daily in situ temperature fields from the
enhanced prediction and research buoy network (0°W, 0°N; buoy) in
the tropical Atlantic (PIRATA, Foltz et al., 2019), which are available
from September 1997 to August 2020 accessible from the web page
(http://www.pmel.noaa.gov/gtmba/pmel-theme/atlantic-ocean-pirata).
These data are derived from buoy measurements from the PIRATA
program (Servain et al., 1998; Bourles et al., 2008; Bourles et al., 2019),
which have passed quality control and do not require bias correction.
Subsurface temperature fields are interpolated on a uniform 5 m
vertical grid. Details on gap-filling procedures, error estimates and
instrument bias corrections can be found in Foltz et al. (2019). The
buoy measurements are analyzed from October 2019 to March 2020.

2.3 Methods

Several techniques are used to define and calculate MHWS,
including the use of fixed, relative or seasonally varying thresholds.
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Each of these techniques has its advantages and disadvantages
(Mohamed et al, 2022). In this paper, we characterized MHWs
according to the criteria of Hobday et al. (2016). These latter criteria
are the most widely used approach using a moving threshold. These
criteria stipulate that an MHW (i) must last at least 5 consecutive
days, (i) must be warmer than the 90" percentile of climatological
observations and (iii) must be based, at least, on a 30-year historical
reference period.

We used the NOAA-OISST data to create an annual
climatological mean. To calculate the climatological value at each
grid cell, we calculated an average temperature taking into account
the temperature at that grid cell in an 11-day window centered on
the desired day for all years of data. For example, the climatological
value for a given grid cell on January 15" is calculated by averaging
the temperature values between January 10" and 20" for all years
(i.e. 1991-2020). We repeat this process for each day of the year. We
then calculated the 90™ percentiles in the study region to determine
the presence or absence of MHW conditions. To calculate the 90
percentile at each grid cell, we also considered all the temperature
data for a given grid cell in an 11-day window for all years, as in the
climatology calculation. If the temperature at a given location
exceeds the 90™ percentile for five consecutive days, we have a
MHW event. Each MHW event is described by a set of metrics
(Hobday et al., 2016; Hobday et al., 2018) which are: average MHW
duration (average number of sequential days when the SST exceeds
the 90" percentile), MHW frequency (number of MHW events per
year), mean intensity (mean of the difference between temperature
during the MHW event and the 90t percentile threshold [ijean, °
C]), and cumulative intensity (sum of daily temperature intensity
anomalies [icymul, °C days]). Two consecutive MHW s events with
an interval of 2 days or less are considered as a single event.

To provide a better understanding of heat stress in the GG, a
categorization of MHWSs according to Hobday et al. (2016) is made.
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This categorization is based on determining the number of times
the MHW anomaly exceeds the difference between MHW
climatology and the 90" percentile threshold. A weakly positive
anomaly will be reported as a Category I or Moderate event while a
category II or Strong event corresponds to an anomaly 2 times
greater than the above-mentioned difference. Likewise, a category
III or Severe event corresponds to an anomaly 3 times greater than
the difference and a category IV or Extreme event corresponds to an
anomaly 4 times greater than the difference. Authors such as
Martinez et al. (2023) suppressed the SST trend before applying
the Hobday method for detecting MHWs. They consider that this
suppression made it possible to use a fixed climatology without
overestimating the properties of MHWSs over time. This is not
consistent with the results of Oliver (2019), which show an increase
in MHWs over the coming decades. Thus trend suppression could
lead to the detection of certain low MHWs. Taking into account the
limited study of these events in this area, we considered it
appropriate to use original detection (i.e., use of SST with trend)
in order to take into account all the MHWs likely to have occurred.

Finally, temperature anomalies are calculated from temperature
data from the PIRATA network (http://www.pmel.noaa.gov/gtmba/
pmel-theme/atlantic-ocean-pirata) at the 0°W-0°N buoy for each
day. These temperature anomalies represent the difference between
the values of its subsurface temperature by the climatology of that
day. These subsurface data were used to analyze changes in
subsurface temperature during the MHW event that had
longer duration.

As regards the division of our study area, we took into account
the average frequency, average duration and average intensity in
order to divide our study area into three zones. The trends in MHW
frequency, MHW duration, intensity and cumulative MHW
intensity were estimated at 95% significance using the Poisson
method (Gelman, 2007).

3 Results

3.1 Climatology of MHWs metrics

Figure 2 illustrates the mean annual frequency (Figure 2A),
mean annual duration (Figure 2B) and mean annual intensity
(Figure 2C) of MHWSs events in the tropical Atlantic Ocean.
These metrics have been calculated over the period January 1991
to December 2020.

The tropical Atlantic Ocean exhibits high spatial variability in
all these MHWs characteristics. The spatial pattern of the
climatological mean frequency allows us to assess the total
variability of the frequency of MHWSs over the 30 years period. It
shows that the tropical Atlantic Ocean is dominated by an average
frequency of 1.5 to 2 events per year. MHW s occur more frequently
(>2) in the equatorial zone, the region between Congo and Angola,
and from 0°E to the African coast (Figure 2A).

The mean annual duration of MWHs shows that the mean
annual duration of MHWs is between five and twenty-five days
(Figure 2B). Five days corresponds to the minimum duration of an
MHW event according to the definition. Events lasting between this
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FIGURE 2

Annual mean spatial variation in MHWs characteristics in the tropical
Atlantic Ocean from 1991-2020. The panels shown are (A) the
annual number of occurrences of MHWs, (B) the mean annual
duration of MHWs in days and (C) the mean annual intensity in °C.

threshold and 10 days typically occur in the eastern and
northwestern equatorial Atlanticc. MHWSs in the eastern tropical
Atlantic are dominated by 10- to 15-day events. MHWs events
lasting more than 15 days typically occur south of the equator
between 10°S and 0°S. Likewise, events lasting 20 to 25 days occur
south of the equator.

Finally, the average intensity (Figure 2C) varies between 0.5°C
and 3°C. These intensities show that MHW:s events in the study area
are moderate events (2°C > i, > 1°C) and strong events (3°C > iy
> 2°C). The most intense MHWSs are observed in the regions close
to the African coast, with the maximum value in the North Atlantic,
south of Senegal. Other strong events were also observed along the
Gabonese and Angolan coasts and at the equator.

To find out whether the main characteristics of the MHWs
change according to SST variability of the study area, we divided the
eastern topical Atlantic Ocean into three zones (Figure 3). Zone I,
Zone 11, and Zone III, representing areas (i) of high SST seasonal
variability and (ii)) where MHWSs events have been observed
(Figure 2A). These zones correspond respectively to the coastal
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upwelling region north of the GG (10°W-10 °E, 2N°- 5°N), the
equatorial upwelling region (30°W-12 °E, 55°- 2°N) and the Congo-
Gabon coastal upwelling area (0°E-15 °E,158°- 5°S).

3.2 Characteristics of MHWs in different
zones of the eastern tropical Atlantic
Ocean

3.2.1 Frequency of MHWSs

After dividing the study area into three zones, motivated by the
various factors defined above, we analyzed the various
characteristics (i.e., duration, frequency, average intensity, and
cumulative intensity) of MHWs in the three zones.

The frequencies of MHW occurrence per year in the different
zones are illustrated in Figure 4. The spatial representation of the
frequency in Zone I (Figure 4A) over the 30 year period shows that
the average frequency of occurrence of MHWs in the north of the
GG varies from 1 to 2.25 events per year. In this zone, MHWSs are
more frequent in the eastern part and along the coast than in the
west. The temporal distribution of these MHW: s (Figure 4D) shows
that the first MHWSs events during the study period appeared in
1998 with a frequency of at most two events per year until 2005.
From 2006 onwards, there was an increase in this frequency,
especially during the most recent years, with maximum values of
eight events in 2018 and 2019, giving a total of sixty-four (64) events
identified in Zone I during 1991 to 2020. The increase in the
frequency of MHWs in Zone I is associated with a significant
upward trend of 2.1 events per year.

According to the spatial evolution of the frequency of MHWSs
(Figure 4B), MHW s are more frequent along the equator between 2°

10.3389/fmars.2023.1293779

S and 2°N and along the east coast in zone II. MHWs events are
observed from one to 2.75 times per year. MHWs have been
occurring in Zone II, since 1991 but with a low frequency during
the period 1991-2006, when they occurred around one or two times
a year (Figure 4E). From 2007 onwards, an increase in frequency
was observed, reaching eight (8) events in 2016. One can note a total
of fifty-seven (57) events evolving according to a trend of 1.2 events
per year. This trend is statistically significant at 95% using Student’s
t-test.

Spatial evolution of the frequency of MHWs (Figure 4C) shows
that the frequency of MHWSs in Zone III varies on average between
1 and 2.5 events per year. A large part of this zone experiences at
least 2 events per year on average and, as in the other two zones,
MHWSs are more frequent at the coast. Their temporal
representation (Figure 4F) shows the existence of these events
since 1991. Their frequencies are up to 4 events in 1997, during
the period 1991-2006. From 2007 onwards, an increase in frequency
was observed. A maximum frequency of 6 events is noted in 2007
and 2016. Herewith, a total of 61 events are recorded in Zone III,
with a non-significant trend of 0.67 events per year.

Zone I is the zone with the most MHW:Ss events in 30 years, i.e.
from 1991 to 2020. This increase has an upward trend of 2.1 events
on average per year, which is around twice the trend in the
frequency of MHWs in Zone III.

3.2.2 Duration of MHWs

The spatial and temporal variations in duration associated with
the MHWs events are illustrated in Figure 5. These durations are
the number of days between the start and end dates of a MHW:s
event. According to the spatial variation, MHWSs in Zone I last on
average between 5 and 12.5 days per year (Figure 5A). Those of
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Subdivision of the study area (B): Zone | in blue (north coast of the GG) (A), Zone Il in orange (equatorial band) (C) and Zone Il in green (Congo-
Gabon coast) (D). This subdivision is made on the basis of an analysis of the different characteristics of MHWs (frequency, duration and intensity), as
well as an analysis of the eofs showing strong variability in the cooling surface in these different zones.
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longer duration are located in the western part, in contrast to the
spatial variation of higher frequency of occurrence in this zone. This
suggests that MHWS of longer duration are less frequent than those
of shorter duration in Zone I. Their temporal variation (Figure 5D)
ranges from 6 to 33 days on average. The maximum duration of 33
days was observed in 1999, one year after the first appearance of
MHWSs over the period 1991 to 2020. A decrease is then observed
from 2000 with a warming lasting between 6 and 12 days on average
until 2015 when an increase is observed. This increase has a
statistically insignificant trend of 1.7 days per year (p-value>0.05).
One can note that according to Student’s t-test, the trend is only
significant for p-values <0.05.

In the equatorial region (Zone II), long-lasting MHWSs are
observed in the south-western part of this region. A maximum
duration of 18 days on average per year is noted (Figure 5B). Like
Zone I, these long-duration MHWs are in the band where MHW's
are less frequent. The time trend (Figure 5E) shows that MHWs
lasted an average of 5 to 15 days between 1991 and 2003. From 2004
onwards, they increased in duration, reaching 49 days in 2019. This
corresponds to the maximum duration of MHWSs in Zone II over
the study period. This sharp increase in the duration of MHWSs
follows a significant trend of 5.5 days per year.

In Zone III, the annual spatial trend shows that MHW:s vary on
average between 6 and 16.5 days per year (Figure 5C). The long-
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duration events are found in the southern part of the zone where it
coincides with some areas of high frequency of MHW occurrence.
As regards temporal evolution (Figure 5F), MHWs lasted between 5
and 24 days during the period 1991 to 2001. From 2002 to 2009, this
duration reduced. From 2010 onwards the duration increased,
reaching its maximum value of 47 days in 2019. The trend
(pvalue=0.01) associated with this change in MHWSs duration is 3
days per year.

Overall, Zone 1I is the zone where MHWSs have evolved the
most in terms of duration, with a trend three times greater than in
Zone I. The year 2019 was the year in which MHWs events of the
longest duration were observed in both Zones II and III.

3.2.3 Intensity of MHWs

The spatial and temporal variations of MHW intensity for the
three different zones are shown in Figure 6. The cumulative
intensity, which is the sum of the MHW intensities per year, is
superimposed on the temporal plot (i.e., Figure 6 right panel).

The mean annual intensity in Zone I varies between 0.4 and 1.3°C
(Figure 6A). The temporal evolution of this average intensity
indicates that the maximum value was observed in 1998, the year
of the first MHW observed in this zone. The minimum value is found
in 2002 (Figure 6D). The cumulative annual intensity varies between
4.8°C in 2002 and 30°C in 2020. The mean annual intensity and
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cumulative annual intensity follow respectively trends of -0.0011°C
per year, which is not significant and 2.5°C per year, which
is significant.

In Zone II, the spatial variation shows that the mean annual
intensity varies between 0.77 and 2.4°C (Figure 6B). High intensity
of MHWs is frequent in Zone II and can reach 2.4°C. The temporal
variation of the mean annual intensity and the year-to-date gives
the maximum intensity (1.1°C) in 2015 and the minimum (0.77°C)
in 2013 (Figure 6E). The cumulative annual intensity associated
with the MHWSs varies between 4 and 48°C, with the maximum
cumulative value observed in 2019. The trend associated with the
mean intensity in this zone is non-significant and negative (-.0005°
C). In contrast to this trend, the cumulative trend shows an increase
of 4.8°C with a p-value<0.05.

The spatial evolution of MHWSs in Zone III (Figure 6C) shows
that the most intense MHWs are located in the eastern part of the
region near the coast, with a mean annual variation of between 0.8
and 2.2°C. The most intense MHWs are frequent in Zone IIL. The
temporal variation of the mean annual intensity shows that the
maximum value of 2.2°C is obtained in 1998. The minimum value
of 1.15°C is found in 1994 (Figure 6F). The cumulative annual
intensity varies between 2 and 68°C, with its highest value in 2019.
The mean annual intensity and the cumulative annual intensity
follow respective trends of -0.015°C per year, which is not
significant, and 3.9°C, which is significant.
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3.3 The most important MHWSs events in
terms of intensity

The MHW s events with the maximum intensities for the three
zones are analyzed in this section. The days with SST anomalies
greater than 2°C in Zones I and III and 1.5°C in Zone II have been
identified. They will be referred to as events. There are 2 stronger
events in Zone I, 2 in Zone II and 3 in Zone III.

Figure 7 shows the evolution of these MHWSs events described
above. In the eastern part of GG (Zone 1), a strong event occurred on
June 11", 2006 (Figure 7A). The rise in SST anomaly is up to about 2.2°
C. SST anomalies with values ranging between 0.2 and 0.5°C have been
observed in the eastern part of GG. This MHW event occurred during
the transition season for the coastal upwelling of the northern GG
(defined as June-July). This transition season is characterized by a
gradual decrease in SST to the north of the GG. On February 26™
2020, a second event (Figure 7B) is observed with a maximum anomaly
greater than 2°C. This second strong event occurred during the minor
cold season (defined as January-March). This season is characterized
by minimal seasonal variation in SST. The periods during which these
two events occurred correspond to periods when the SST varies more
or less to the north of the GG.

In the equatorial zone (Figures 7C, D), 2 strong events were
detected. The first one is on January llth, 2020 and located between
21°W-2°W. This large part of abnormally warm area recorded a
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maximum SST anomaly values up to 1.8°C. The second event
observed on February 7% 2020 is located in the 30°W-15°W
longitudinal band. This latter event occurred 27 days after the
first one. It stretched over a smaller area and recorded lower
maximum SST anomaly values than the first event. These 2 most
intense events occurred outside the equatorial upwelling season.

The strong event in Zone I1I is reported on November 13%, 1997
(Figure 7E). This warming stretched over a large area with SST
anomalies varying between 0.2°C and 3.6°C. This strong MHW
event has the greatest impact on the area south of 7°S. Another
intense event occurred on July 1%, 1998 (Figure 7F). This strong
event, with maximum SST anomalies of ~3.6°C, resulted in
significant SST increases in the eastern part of this zone. High
anomalies of SST (up to 2.6°C), are found over more than 60% of
this area. On November 11™, 2019, a significant rise in SST is observed
in almost all regions of this zone (Figure 7G). The maximum values of
SST anomalies (~3.6°C) associated with this event is located at ~9°S-10°
E. These zones of high intensity shown in Figure 7 are in agreement
with the results of section 3.2.c (see Figures 6A-C).

3.4 Subsurface warming and categorization
of MHWs in the GG

In this section, we analyze the temporal evolution of the
longest-lasting (Figure 8A) and most extreme MHWSs event in the
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equatorial zone (Zone II). The climatology of SST, the 90th
percentile and SST are represented respectively in dashed black
curve, the green curve and black solid curve. The part in red
represents the MHWs event. This event started on 15™ October
2019 and lasted until 13" March 2020. Low intensities are observed
during the period from 15™ October to 30™ October, and from 1%
November until the end of the event. High intensities are observed,
although these fluctuate to a greater or lesser extent.

The Hovmoller diagram (Figure 8B) represents the temperature
anomalies during the same MHWs event, from 1°® October 2019 to
13™ March 2020. This ocean temperature anomaly is calculated at
the equator, with data derived from the PIRATA buoy (0°W-0°N).
The temperature anomalies are positive in the subsurface (around a
depth of 40 meters) before 15" October (i.e. before the start of the
surface event). From 15" October onwards, these positive
anomalies are observed at the surface with low values of <0.5°C.
The highest values (>2°C) are located in the subsurface between 40
and 80 meters. From November onwards, between 40 and 80 meters
depth, a slight cooling is observed until the end of the event.

Over the last 30 years, the MHW events detected in the various
zones fall into two categories: category I and category II (Figure 9).
The breakdown of these two categories shows that only 9%, 4% and
10% of the MHWSs detected in Zones I, II and III respectively are
from category II. The trend in the severity of MHWs is virtually the
same in Zones I and II, which are also the zones with the highest
number of MHW events.
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4 Discussion and conclusion

MHWs in the eastern tropical Atlantic Ocean are characterized
using temperature data from OISST, from January 1991 to December
2020 and the PIRATA datasets, from October 2019 to March 2020.
This eastern tropical Atlantic region is home to MHWSs events in recent
decades. Based on the spatial distribution of the different characteristics
of these MHWs, the study area has been subdivided into three zones.
The first zone is the northern coast of the GG, the second is the
equatorial zone and the third is the Congo-Gabon coastal area.

Studies by (Oliver et al., 2018; Oliver, 2019) on characteristics such
as the duration, intensity and frequency of MHWs using a range of
climate models have shown an increase in these different characteristics.
Anthropogenic warming would be one of the major causes of this long-
term increase in MHWSs (Oliver, 2019; Marin et al., 2021). This is in
good agreement with our results highlighting high spatial and temporal
variability in all features in the eastern tropical Atlantic Ocean.

First of all, spatial and temporal distributions of annual mean
features of MHWSs were analyzed. The results showed that the
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frequency of MHWs in the GG varied from about 2.1, 1.2 and 0.6
events per year respectively from Zone 1 to Zone 3. The higher
frequencies are found at the GG north coast (> 2 events, Figure 4D)
and the lower frequencies at the Congo-Gabon coast (Figure 4F).

This zone-dependent rate of occurrence of MHWs can be
explained by the ocean conditions in these regions. The increased
frequency of MHWs at the northern GG coast suggests that the
oceanic heat introduced into this area is lost rapidly or indicates a
residence time of water mass. In other regions, rapid changes in air-
sea exchange lead to the rapid onset of MHWSs (Bond et al., 2015;
Jacox et al., 2019; Salinger et al., 2019).

The total number of days of MHWs events also varied
significantly up to 49 days (Figure 5F). Long-duration MHWs
were observed at the equator and along the Congo-Gabon coast.
They have increased over the last decade and particularly during
2019. During the latter year, events lasting more than 40 days have
been observed, from October 2019 to March 2020. This is in
agreement with a study by Costa and Rodrigues (2021). In that
study, the authors found that the presence of strong positive
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(A) Time series of SST (solid black curve), the 90™ percentile (dashed green curve) and the climatology of SST (dashed black curve); The red part
between the curve of the SST and that of the 90%" percentile. (B) Hovmoller diagram of the temperature anomaly between 0 and 500 meters depth
from at 0°W-0°N (PIRATA network) during the MHWs event detected from October 2019 to March 2020.

temperature anomalies along the equator and the Angolan coast
was detected from October 2019 to February 2020. However, the
events to the north of the GG are short-lived.

With regard to intensities, we have shown that there is no clear
trend for the mean annual intensities in the different zones. There is

also no significant change and a maximum value of -0.015°C per
year along the Congo-Gabon coast is found. But unlike the mean
annual intensity, the cumulative annual intensity show significant
positive trends of 2.5°C/year for Zone I, 2.2°C/year for Zone IT and
4.8°Clyear for Zone III. This means that the areas of highest
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intensity are those on the Congo-Gabon coast and on the northern
coast of the GG. The most intense MHW:Ss event is located on the
Congo-Gabon coast. High intensity MHWSs events are detected
during or after upwelling on the Congo-Gabon coast, whereas in the
equatorial zone and on the north coast of the GG they occur outside
the upwelling period (Djakoureé et al., 2014; Djakoure et al., 2017).

The subsurface temperature results show subsurface warming
between 40 and 80 meters depth at 0°W-0°N before the appearance of
MHWs at the surface, in October 2019. This warming observed is in
agreement with the result of Costa and Rodrigues (2021). These
authors have shown temperature anomalies (>2°C) between 40 and
60 meters depth in November and also in December 2019. These
MHWs events took place in the eastern equatorial Atlantic during the
peak of the Benguela Nifo. These strong warmings are transported to
the surface a few days later, giving way to a cooling until the
temperature returns to normal. These warmings could be caused
by the eastward propagation of an ascending Kelvin wave induced by
an ascending Rossby wave reflecting at the western boundary which is
forced by westerly wind anomalies along the equator (Nagura and
McPhaden, 2010; Costa and Rodrigues, 2021). Subsurface cooling
could explain the fluctuations observed in the intensity of the surface
event. The strong presence of MHW s from category I, observed in the
eastern tropical Atlantic, is relatively common worldwide.

This study presents the different characteristics of MHWSs and
their evolution in the eastern tropical Atlantic. It has been shown
that MHW:s in this region are increasing in frequency, duration and
cumulative intensity. The change in mean intensity remains low in
this part of the eastern tropical Atlantic. It has also been shown that
the changes in characteristics are not uniform and show regional
differences. Finally, the results suggested that ocean temperatures
are a potential predictability of MWHs.
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