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Abstract: Ocean conditions influence the economies and climate of West Africa. Based on the
30-year daily Optimum Interpolation Sea Surface Temperature (OISST) dataset during May-October,
upwelling surface variability and marine heatwaves (MHWs) at the northern coast of the Gulf of
Guinea are investigated. The cooling surface decreases more rapidly around Cape Palmas than
around Cape Three Points and extends eastward. MHWs variability exhibits a frequent occurrence
of such events since 2015 that is consistent with the observed oceanic warming and the decrease in
upwelling surface. The empirical orthogonal functions performed on the annual cumulated intensity
of MHWSs show four variability modes that include the whole northern coast, an east-west dipole
between the two capes, a contrast between the northern coast at the two capes and the meridional
section east of 5° E, and a north—south opposition. These patterns show 3-year, 6-year, and 8-year
trends, and are related to coastal upwelling at the northern coast of the Gulf of Guinea. Similarly,
surface ocean and atmospheric conditions are modified according to MHW periods. These changes
take place before, during, and after MHW events. These results could be used to understand how
this change influences the marine ecosystem, the local fisheries resources, and the extreme rainfall
episodes in West Africa.
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1. Introduction

The Gulf of Guinea is a region in which upper ocean variability is noticeable through
sea surface temperature (SST) anomalies that extend southward along the coast, and
strongly influence the hydrology and coastal upwelling of adjacent regions. SST magnitudes
on diurnal, seasonal, and interannual time scales are important when considering their
impacts on the ocean—air turbulent flow exchanges. The spatial pattern of SST, which could
be like a dipole between the southern and northern basins of the tropical Atlantic some
years and like the El-Nifio mode of the Pacific other years, could be influenced by the
upwelling signal at the African coast. Hence, understanding the variability of the ocean
conditions in this area and its relationship with the climate and atmosphere is of great
interest, (i) firstly because the Gulf of Guinea is the main source of water vapor, constituting
most of the precipitation on the continent [1,2]; (ii) secondly, because this area of the tropical
Atlantic has the largest seasonal SST amplitude of about 5-8 °C [3].

Pauly and Christensen [3] reported that upwelling areas are economically important
even though the overall surface of these regions represents less than 1% of the world
ocean. In addition, coastal upwellings have a great impact on the local climate. Particularly,
the surface conditions of the coastal ocean in the Gulf of Guinea in the northeast tropical
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Atlantic influence the West African climate [4,5]. A coastal upwelling is seasonally observed
along the northern coast of the Gulf of Guinea during the boreal winter and summer
periods, i.e., from January to February (minor upwelling) and from June to October (major
upwelling), respectively, off Cote d'Ivoire and Ghana [6,7]. June and October are transitional
periods when the major upwelling is observed and are part of the Gulf of Guinea monsoon
period [8]. These months are characterized by a progressive weakening of SST in June and
a return of warm waters in October, corresponding to the beginning and the end of the
upwelling season, respectively.

A recent report of the Intergovernmental Panel on Climate Change [9] stated that the
global temperature had increased by 1 °C compared to the pre-industrial period. This
warming has also been experienced in the tropical Atlantic. Indeed, a regional analysis
of SST trends in the tropical Atlantic [10] showed that the whole basin warmed from the
mid-1970s, with a stronger positive trend in the northern basin (~1 °C) than in the southern
basin (~0.6 °C). Particularly, this warming was important in the upwelling regions of West
Africa and along the equator in the Gulf of Guinea. In this respect, Ali et al. [5] found an
increase in positive SST anomalies at the northern coast of the Gulf of Guinea, associated
with a decrease in the coastal upwelling intensity. Odekunle and Eludoyin [11] also showed
that strong positive SST anomalies in the tropical Atlantic Ocean were associated with
rainfall in West Africa. Finally, Asuquo and Oghenechovwe [12] suggested that some of
these observed positive anomalies may be associated with the onset and the enhancement
of marine heatwaves (MHWs) in this region. MHWs are defined as a prolonged discrete
anomalously of high sea surface temperature (SST) in a particular location [13,14]. These
last phenomena differ considerably from atmospheric heatwaves [15], although they are cal-
culated according to the same convention [13]. MHWSs can occur mainly during favorable
ocean conditions such as positive SST anomalies or enhanced warm ocean currents [16-18].
Their contribution to the influence of atmospheric conditions is mainly explained by the
accumulation of heat flux in the ocean due to the weakening of the wind speed [19,20].
MHW events are classified as oceanic extreme events which could negatively and sustain-
ably influence marine ecosystems [20-22]. This situation could also negatively affect the
populations who depend on the marine environment for their food. The consequences of
these extreme oceanic events and their potential impact on the economies and climate of
West African countries make the study of the variability of upwelling and MHWs, and their
relationship with ocean—atmospheric conditions, essential for risk planning associated with
these hazards. Similarly, MHWs are poorly documented at the northern coast of the Gulf of
Guinea, and a limited number of studies have been conducted in this area [12,23].

The main objective of this study is to investigate the variability of upwelling and
MHWs at the northern coast of the Gulf of Guinea and their relationships with atmospheric
and ocean surface conditions. Section 2 presents the dataset and the method used. In
Section 3, the analysis of the upwelling variability and the trends and patterns of MHWSs
variability is performed. This section also describes the relationships between upwelling
and MHWs and presents the atmospheric and ocean surface conditions that occur during
MHW events. Finally, a discussion and conclusion are provided in the last section.

2. Data and Methods
2.1. Data

The oceanic study area is the northern coast of the Gulf of Guinea, bordering the West
African coast. It extends from 2° N to the northern coast at 6° N, between 10° W and
10° E. It includes Cape Palmas around 7° W at the border of Céte d’Ivoire and Liberia,
and Cape Three Points around 2° W at the west of Takoradi in Ghana (Figure 1). This
zone experiences two seasonal upwellings that are important for the marine ecosystem
and the fishery in this area [24-26]. Such SST enhancement was associated with extreme
rainfall precipitations in littoral areas [27] and could have disastrous consequences on
fishery resources.
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Figure 1. The tropical Atlantic Ocean. The orange box shows the northern coast of the Gulf of Guinea.

The relationships between the coastal upwelling, marine heatwaves (MHWs), and
oceanic and atmospheric conditions are established by using the sea surface temperature
(SST), horizontal and vertical winds, specific humidity, and latent heat flux. The coastal
upwelling, MHWs, and sea surface conditions are documented for the tropical Atlantic
using the National Oceanic and Atmospheric Administration (NOAA) Optimum Inter-
polation (OI) sea surface temperature (SST) daily data [28]. These data are reported on a
0.25° x 0.25° grid for 1991-2020. May-to-October periods of each year are used for this
study since they comprise the major coastal upwelling season at the northern coast of the
Gulf of Guinea. They also correspond to the monsoon period [8]. This period is character-
ized by a progressive decrease in SST in June and a return of warm waters in October. Daily
horizontal (at 2 m at the surface) and vertical wind fields, specific humidity, and latent heat
flux are extracted from the National Center for Environmental Prediction—National Center
for Atmospheric Research (NCEP-NCAR) reanalysis dataset [29] for the same periods
(1991-2020). These data are reported on a 2.5° x 2.5° grid, with 17 pressure levels from
1000 hPa to 10 hPa for vertical wind and 8 pressure levels from 1000 hPa to 10 hPa for
specific humidity.

2.2. Detection of Coastal Upwelling Indices and Marine Heatwaves

The current definition of coastal upwelling indices used in this study follows
Caniaux et al. [30]. These authors found a large interannual variability of the equato-
rial Atlantic cold tongue variability by using the spread of these indices. Based on NOAA
OISST daily data, a threshold temperature of 25 °C is chosen as it is lower than the mean
SST reached in June in the eastern equatorial Atlantic [25,31]. Then, the coastal upwelling
surface (CUS, in km?) is defined as the daily total surface reached by the grids in which
the temperature is lower than the threshold. In this study, the CUS is attributed to be zero
when the SST is above the chosen threshold.

A complementary index used is the coastal upwelling index (CUI, in °C-km?-day). For
each grid representing a pixel or a surface, the cooling is shown by the positive difference
between the threshold and SST. The CUI is then performed daily as the sum of each
difference between threshold and SST multiplied by the total surface reached by the cooled
grids. These indices can be performed daily or yearly at the northern coast of the Gulf
of Guinea (10° W-10° E; 2° N-6° N) where coastal upwelling occurs. They allow for the
estimation, each year, of the duration of the upwelling.

The original definition of Hobday et al. [13] is applied to detect marine heatwave
(MHW) events. Three occurrences of these phenomena were analyzed for different areas.
In conclusion, they suggest the use of MHWs to better understand their variability. An
MHW event is defined as anomalous ocean warming on at least five consecutive days with
an SST greater than the 90th percentile. The 90th percentile and the climatology of the SST
are calculated for each calendar day from the daily SSTs, using an 11-day window centered
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on each day of the year, and smoothed using a 31-day running average on the daily SST.
The 90th percentile varies seasonally and makes it possible to identify MHWs at any time
of the year [32]. The MHW events’ identification was performed over the May—October
period from 1991 to 2020. Four parameters are computed to detect MHW events. These
parameters are duration, frequency, intensity, and reference climatology. Let us note that
an MHW event intensity is defined as being the difference between the absolute SST and
the climatological value. In this study, the MHW intensity is attributed to be zero when no
MHW occurs during a certain period.

3. Results
3.1. Upwelling Variability in the Gulf of Guinea

Figure 2 shows the Hovmoller diagrams of the monthly cooling surface (Figure 2a)
and the monthly anomaly diagram (Figure 2b) of the cooling surface (CUS) at the northern
coast of the Gulf of Guinea. This figure is performed for the defined area (10° W-10° E;
2° N-6° N), by spatially averaging the CUS. Then, the anomalies are computed for every
month by differentiating the value of its CUS by the climatology of that month. The largest
cooling areas (>0.30 x 10° km?) are observed during the 1991-2005 period, and particu-
larly during August which represents the core of the major upwelling season in this area
(see Figure 2a). Figure 2b shows that at the northern coast of the Gulf of Guinea, the up-
welling season occurs generally from July to September, with extension in June and October
some years. The CUS alternates between decreasing and increasing during 1991-2005.
From 2006 up to 2020, there is a persistent decrease in the CUS, which could indicate a
warming at the northern coast of the Gulf of Guinea.
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Figure 2. Hovmoller diagrams of (a) monthly cooling surface (b) and monthly cooling surface
anomalies of the study area.

Figure 3 depicts the longitude—-time diagram of the CUS at the northern coast of the
Gulf of Guinea averaged over 2° N-6° N (Figure 3a). It also displays the annual evolution
of the coastal upwelling index (CUI) and its duration (Figure 3b), as well as the correlations
between the three upwelling indices (Figure 3c). The CUS evolution (Figure 3a) shows that
the coastal upwelling ranges between 7° W and 3° E with two main cores, one core being
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centered at 5° W (i.e., between 6° W and 2.5° W) around the Cape Palmas and the other
core centered at 0° E (i.e., between 2° W and 2° E) around the Cape of the Three Points. The
spatial extension of the CUS core at Cape Three Points (at 0°) is larger than that of the core
at Cape Palmas (at 5° W) most years and is consistent with previous studies [5]. These two
cores have almost the same cooling area (~28,000 km?) from 1991 to 1994. From 1995 to 2006,
the cooling surface narrows around Cape Palmas relative to Cape Three Points. The cooling
surfaces of both upwelling cores remain almost constant with 24,000 km? and 28,000 km?
at Cape Palmas and at Cape Three Points, respectively. Then, a global narrowing of the
cooling surface occurs at both cores from 2006 to 2020, where it ranges from 14,000 km? to
20,000 km?, resulting on a mean 17,000 km? surface. A comparison of the mean cooling
surface of the two cores between 1991 (~28,000 km?) and 2020 (~17,000 km?) indicates a
half drop of cooling surface during these last 30 years, i.e., a loss of about 567 km? per year.
This decrease is consistent with the warming of the southern tropical Atlantic basin since
1975 [10] and particularly with the increase in positive SST anomalies at the northern coast
of the Gulf of Guinea [8].
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Figure 3. (a) Longitude-time diagram of the cooling surface at the northern coast of the Gulf of
Guinea, (b) annual evolution of the index and duration of coastal upwelling, (c) and correlogram
between the characteristic upwelling parameters. The numbers inside the correlogram represent the
correlation coefficients and are proportional to the colors.

The evolution of the coastal upwelling index (CUI) and the duration of the phe-
nomenon (Figure 3b) agree with the CUS observations. There is a downward trend of
CUI and duration that has accelerated since 2012. The correlations (Figure 3c) between
the upwelling parameters (CUS, CUI, duration) indicate a significant positive correlation
(~0.95) between CUI and CUS, while this relationship is weak and non-significant between
duration and CUS (~0.38) and duration and CUI (~0.32). Therefore, this figure suggests a
similar evolution of CUS and CUI Hereafter, the CUS is used when referring to the coastal
upwelling at the northern coast of the Gulf of Guinea.
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3.2. Trend Analysis and Patterns of MHWs Variability
3.2.1. Temporal Variability of MHWSs

To investigate MHWs variability, daily SST anomalies were spatially averaged across
10° W-10° E; 2° N-6° N to generate a time series, for which intensities, number, and
duration of MHWSs were determined. Days with no MHWSs were assigned a value of
zero. Then, wavelets were applied to the resulting new daily series. Figure 4a displays the
interannual evolution of MHW numbers during May—October. Only one event occurred
in 1999 and 2000. From 2006, the number of events substantially increases by two to four
which is the highest value during 2015-2020 and in 2007. The linear regression shows
an increasing tendency of events which is statistically significant at 95% by using the
Student’s t-test.
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Figure 4. (a) Number of MHWSs during the May—-October period from 1991 to 2020 calculated over
10° W-10° E; 2° N-6° N. (b) Wavelet of MHWSs over the same area and period, and (c) the associated
spectrum.

Figure 4b shows the wavelets of MHWs at the northern coast of the Gulf of Guinea
during May—October. It indicates an intensification and a frequent occurrence of these
events that range between two days and eight days since 2015. The average and the
standard deviation of the duration reach 10 days and 6 days, respectively (not shown).
This occurrence of MHWs is consistent with the number of events (see Figure 4a) and the
decrease in upwelling surface during this period (see Figure 3a). During 1991-2008, MHWSs
are almost inexistent, except in 1999-2000 and 2006-2010. In 2000, MHWs are observed
with periods ranging between three and seven days. Similarly, scattered low-period MHWSs
are observed during 2006-2010. The spectrum of MHW intensities shows a weak intensity
on average (Figure 4c). These intensities reach approximately 0.7 °C for 6-day MHWs.
Thus, MHWs at the northern coast of the Gulf of Guinea could be categorized as moderate
based on Hobday et al.’s [14] classification.
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3.2.2. Patterns of MHWs Variability

This subsection outlines the patterns of MHWs variability. It is performed by using
empirical orthogonal functions (Eofs) of the cumulated annual intensities of MHWSs in
May-October during 1991-2020. Figure 4 illustrates the first four Eof spatial structures
of the cumulated intensity of MHWs (Figure 5a—d) and their corresponding time series
(Figure 5e-h). Only those Eof patterns that are physically significant are selected [33,34].
These four patterns represent 78% of the explained variance. The dotted area on Eof
structures illustrates the significant areas at the 95% confidence level of Student’s ¢-test.
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Figure 5. The first four Eof spatial patterns of MHW intensities (a-d) and their corresponding time
series (e-h). The black dots show the significant areas at the 95% level while the blue curves are the
time series.

The first Eof (~42%) (Figure 5a) shows a negative and significant area in the whole
littoral zone. Such pattern could indicate a full presence of cold waters, or a generalized
occurrence of MHWSs some years. This structure is also characterized by a weak positive
and non-significant area downstream of Cape Palmas and Cape Three Points that are the
two areas where coastal upwelling occurs (see Figure 3a). The time series of this mode
(Figure 5e) does not exhibit any MHW events in 1991-1999, which agrees with the wavelet
results. MHWSs occur during 2002-2006 and 2012-2013, but with weak amplitudes. This
time series suggests a low-frequency fluctuation, with a 4-year periodicity, characterized
by periods of MHW intensification (2002 to 2006) and upwelling periods (2007-2011 and
2014-2020) over the whole study area. Opposite scores agree with this alternation and
could indicate that MHWs are present throughout the area some years, whereas they are
practically absent other years. The highest MHW intensities are recorded in 2002, 2012,
and 2013.

The second mode (Figure 5b) represents 17% of the total variance. It illustrates an
east-west dipole between the two capes where the coastal upwelling occurs. It shows that
one cape could experience MHW events, while these events would not occur at the other
cape. For example, the associated time series (Figure 5f) shows that MHW events occur
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downstream of Cape Palmas during 2000-2001, 20092011, 2015-2016, and 2018-2019 as
scores of these years are consistent with the significant Eof structure in that upwelling area.
The years 2004-2008, 2012-2015, 2017, and 2020 exhibit MHW events in Cape Three points
as the scores of these years are in accordance with the Eof structure in that upwelling area.
Particularly, the 2020 event is the most intense, considering its score.

The third mode (Figure 5c) represents 13% of the total variance. It illustrates a contrast
between the northern coast represented by the two capes and the meridional section east
of 5° E. This mode shows negative significance in the Ghana-Benin upwelling area and
west of Cote d’Ivoire in contrast to the positive significance in the east. The time series
(Figure 5g) displays a prolonged period (2002-2016) of cooling in both capes, with the
highest value in 2007. This is consistent with Ali et al. [5] and Da-allada et al. [35], who
observed a significant cooling at the coast during this period. The high positive value in
2017 and 2020 indicates an intensification of MHWs east of 5° E

The fourth mode (Figure 5d) accounts for ~6% of the total variance. It illustrates a
weak north-south contrast. The significant positive area south of 4° N could be associated
with an intensification of MHWSs towards the tropical Atlantic cold tongue. This weak
north—south contrast is confirmed by lower scores of the time series (Figure 5h).

3.2.3. MHWs Trend Analysis

A complementary analysis of the interannual study of the Eof time series is now
conducted by using a statistical diagnostic based on linear regression [36]. This method
is used to objectively identify one or several tendency breaks in the Eof scores and when
they occur. Figure 6 displays every possible trend for each Eof and the corresponding
confidence Student’s ¢-test on each time segment from a 2-year period to a 22-year period
corresponding to the total length of the available Eof time series. For example, when
considering the first time series of Eofs (see Figure 6a), the value plotted at the point
x = 2012, y = 6 corresponds to the 6-year trend (~5 °C/year) computed over the time
segment 2006-2012. One can note that the trends with longer segments are rather weak
compared to those corresponding to shorter segments.
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For Eofl (Figure 6a), there is no long-term trend break above 10 years for this struc-
ture, even if for time segments above this period the trend remains negative. A signif-
icant negative trend is observed from 2013 to 2020, with time segments ranging from
3 to 10 years. There are significant positive 3-year and 6-year trends between 2011 and
2012. The Eof2 graph (Figure 6b) presents significant negative trends in 2004-2006 for a
time segment of 3-5 years, in 2013 for a time segment of 3 years and 6 years, and in 2016
for a time segment of 8 years. The only significant positive trend is observed in 2015 for a
3-year time segment. In the case of Eof3 (Figure 6¢), a significant negative trend is observed
in 2018 for a time segment of 3 years. The latter concerns Eof4 (Figure 6d) for which the
time segments range between 3 and 8 years. It shows significant positive trends in 2002,
2008, and 2016, and significant negative trends in 2012-2015 and 2020.

3.3. Overview of the Atmospheric and Ocean Conditions during the MHW Events

In this section, the surface oceanic and atmospheric conditions that could occur before,
during, and after MHW events are discussed by analyzing the zonal wind, vertical velocity,
and specific humidity in the troposphere (700-1000 hPa), and the LH and SST off the Gulf
of Guinea (10° W-10° E; 2° N-6° N). Atmospheric and oceanic parameter composites are
constructed by averaging daily anomalies surrounding MHW events, and by averaging
daily anomalies six days before and six days after these events. The 6-day period corre-
sponds to the standard deviation of the MHW duration. Daily anomalies of each variable
are calculated using the arithmetical difference between each daily value and the long-term
daily climatology (1991-2020) during the same calendar periods.

3.3.1. Daily Relationship between MHW and Cooling Surface

A preliminary analysis is carried out by relating the daily values of MHW intensities
to cooling surface. Figure 7 shows the lagged correlation series (Figure 7a) and the spatial
correlation between these two variables (Figure 7b). Figure 7a shows an opposite and
significant evolution between MHWs and the cooling surface. It indicates an onset of
MHWs that gradually intensify and reach their maximum values at lag 0. Thereafter, they
gradually vanish and are substituted by cold waters. These correlations are more localized,
at lag 0, off Cape Palmas (Figure 7b).

A sample evolution of the SST anomalies from 31 July to 06 August 2010 (Figure 7c)
indicates a progressive increase in SST off Cape Palmas, associated with a decrease in
the cooling surface. The warming west of Cape Palmas (~5° W) seemingly progresses
eastwards and inhibits the cooling that is observed there. Later, there is a gradual extinction
of warming and a replacement by cold water. This structure is similar to Eof2, but some
periods of SST evolution could also be similar to other Eof structures.
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Figure 7. (a) Lag correlation between the upwelling surface and MHWSs from May to October in the
northern Gulf of Guinea. The dashed red horizontal line represents a 99% significance. (b) Correlation
map determined at 99% significance (dashed line) between upwelling surface and MHWSs from
1 May to 31 October. (c) Example of the evolution of the SST anomaly and the cooling surface from

31 July to 6 August 2010.
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3.3.2. Ocean Surface and Atmospheric Conditions

Figure 8 depicts SST and CUS composites 6 days before (Figure 8a), during (Figure 8b),
and 6 days after (Figure 8c) the MHW events. Weak positive SST anomalies (>0.38 °C) are
observed prior to MHW events off the Gulf of Guinea (Figure 8a). Along Cape Three Points,
a strong warming (>0.4 °C) is noticed at 5° N; 0° E. That surface warming later intensifies
during MHW events (>1 °C) by spreading longitudinally between 5° W and 5° E, and
latitudinally between 3° N and 6° N (Figure 8b). By the end of the MHW events (Figure 8c),
the surface warming decreases significantly (<0.3 °C). This pattern of SST anomalies is
characterized by a weak spatial extension of upwelling surface before and during MHW
events, whereas it increases at the end.

6°N 6°N
&N 4N
SE 10°E 10°W  5°W  O°F SE 10°E 10°W  5°W  O°E S°E 10°E
[ , : , |
0.8 —0.4 0.0 0.4 0.8

Figure 8. Latitude-longitude composite anomalies of SST (°C) and CUS (km?) averaged during six
days before the MHW events (a), during the periods of the selected events (b), and during six days
after the MHW events (c).

LH anomaly composites (Figure 9) indicate weak evaporation, marked by positive
values between 0 and 7 W-m~2 before the events onset (Figure 9a). These values are
located in the eastern part of the study area and lie between 2.5° N and 5° N. This weak
evaporation is corroborated by wind anomalies which are almost null along the coast at
4° N or are directed offshore at 3° N. This wind anomaly pattern does not allow for any
moisture transport to the continent. During the MHW events (Figure 9b), an excess of
evaporation is noticeable in the eastern part of the study area. Positive LH anomalies
(>7 W-m~2) are observed around Cape Three Points where positive SST anomalies were
previously registered during the occurrence of MHW events. Finally, an increase in excess
of evaporation (>14 W-m~2) is observed at the end of the MHW events (Figure 9c¢). These
LH anomalies are almost two times those observed during MHW events. Similarly, they
are located in the same region (5° W-5° E, 3° N-6° N) where a large surface warming of the
SST was observed. The related wind anomalies’ structure shows vectors almost oriented
toward the shoreline, which could reflect an oceanic moisture input on the continent.
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Figure 9. Latitude-longitude composite anomalies of LH (W-m~2) and surface wind (m-s~!) aver-
aged during six days before the MHW events (a), during the periods of the selected events (b), and
during six days after the MHW events (c). The arrows on the map show the wind speed.
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Figure 10 depicts altitude-longitude composite diagrams of vertical velocity
(in 1072 Pa-s~!) averaged over 2° N-6° N along 10° W-10° E. Negative values indicate
an upward motion of air, which can carry moisture from the ocean to the troposphere,
while positive values indicate the subsidence of air. The composite of anomalies illustrates
the mean atmospheric conditions before, during, and after the MHW events. The three
panels of the composite vertical motion exhibit an upward motion in the troposphere. This
upward motion intensifies from the surface into the lower troposphere during the events,
and more after the events along the 0-10° E longitudinal band. This band coincides with
the area of excess of evaporation observed with LH. The upward motion found in the
0-10° E longitudinal band at 1000 hPa before the MHW events (<—1.229 x 1072 Pa-s~!)
increases by about 25% on average (<—1.536 x 1072 Pa-s~!) during and after those events.
Particularly, the large negative values (<—1.843 x 1072 Pa-s~!) of upward motion above
the surface move from the 0°-10° E band during MHW events to the whole 10° W-10° E
longitudinal band in the lower troposphere after those events.
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Figure 10. Altitude-longitude composite anomalies of Omega (Pa-s~!) averaged (a) during six days
before the MHW events, (b) during the periods of the selected events, and (c) during six days after
the MHW events.

Analogously to the vertical velocity analyses, composite altitude-longitude diagrams
of specific humidity anomalies (in g-kg~!) are presented for the same periods (Figure 11).
Prior to the MHW events (Figure 11, left), a weak excess of moisture (<0.15 g-kg_l) is
observed at 1000 hPa along 5° W-0°. The weak excess of moisture is likely to vanish
during the MHW occurrence phase (Figure 11, middle). This value ranges between
0 g-kg~! and 0.075 g-kg~! within the same longitudinal band. After the MHW events
(Figure 11, right), the specific humidity increases strongly. That suggests an excess of
moisture along 10° W=7° E. The specific humidity anomaly is particularly high in the
lower layers (925-1000 hPa) along 5° W-5° E, which corresponds to the area of excess of
evaporation observed with LH anomalies.
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Figure 11. Altitude-longitude composite anomalies of specific humidity (g-kg~!) averaged (a) during
six days before the MHW events, (b) during the periods of the selected events, and (c) during six
days after the MHW events.

4. Discussion and Summary

Various studies highlighted ocean warming in the tropical Atlantic related to global
warming [37,38]. This warming is particularly noticeable along the northern coast of the
Gulf of Guinea, off the coast of West African countries. This warming may be responsible
for the onset and amplification of some extreme oceanic events known as marine heatwaves
(MHWs). The study of the variability of these events and their relationship with coastal
upwelling is poorly investigated at the northern coast of the Gulf of Guinea during the
monsoon season, which includes the upwelling season. This fact motivates the present
study. It also highlights the relationship between MHW events, atmospheric, and ocean
surface conditions in this ocean area.

The use of a 30-year daily SST dataset showed a continuous decrease in the cooling
surface of the coastal upwelling. This could result in an ocean warming tendency at the
northern coast of the Gulf of Guinea as observed by Servain et al. (2014). Upwelling is
more frequent around Cape Three Points during the boreal summer, and contrasts with
an earlier weakening of upwelling intensity in the west, around Cape Palmas. In fact, the
warming is more rapid around Cape Palmas than around Cape Three Points and extends
from west to east.

The study of MHW variability indicates a frequent occurrence of such events since
2015 and a decrease in upwelling surface. This is consistent with the oceanic warming
observed over the tropical Atlantic in recent decades, although MHWs at the northern
coast of the Gulf of Guinea are listed as moderate, due to their weak intensity. The different
spatial patterns of MHW events show 3-year, 6-year, and 8-year trends that are consistent
with the SST fluctuations in the tropical Atlantic. Indeed, Serena [39] and Zébiak [40]
suggested that a significant part of the energy is projected in the 1-5 year frequency
band, and that the SST in the equatorial Atlantic also has a significant decadal component
for 9-14 year periods. However, these climate fluctuations magnitudes are significantly
lesser than those observed in the eastern equatorial Pacific, which are dominated by the
El Nifio signature.
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The relationship between upwelling and MHWs indicates an eastward progression
of these extreme oceanic events. This could be related to the transport of warm wa-
ters by the Guinea Current, which is closer to the coast. This remark is consistent with
Djakouré et al. [26], who noticed that the upwelling east of Cape Palmas disappeared in
the absence of the Guinea Current detachment that indicates the presence of warm waters,
in contrast with the upwelling east of Cape Three Points, which was still present. Such a
phenomenon occurred particularly in 2009-2011 [25].

MHW occurrences lead to an excess of evaporation at the ocean surface. The onset
of excess of evaporation during MHW events is associated with a strong deceleration of
surface winds that do not allow for the transport of generated oceanic moisture to the
surface and then localized in the lower atmospheric layers to the coast of the Gulf of
Guinea. During MHW events, the ocean surface warming associated with the wind decel-
eration could allow for more heat storage into the ocean. Such remark is consistent with
Liu et al. [41], who showed that Ocean heat uptake penetrated deeply into the Atlantic and
Southern Oceans during the recent warming. Then, the heat is released after the MHW
events. The excess of evaporation observed post-MHW events could contribute to the
ocean cooling at the northern coast of the Gulf of Guinea, and thus to the establishment of
the coastal upwelling.

As a conclusion, different spatial patterns of MHW events are related to coastal up-
welling at the northern coast of the Gulf of Guinea. Similarly, surface ocean and atmospheric
conditions are modified according to MHW periods. These changes take place before, dur-
ing, and after MHW events. Further research is required to understand how this change
could influence the marine ecosystem and local fisheries’ resources, and how it could be
quantified. Moreover, this research can help to understand how this change in weather
conditions could influence or contribute to the intensification of extreme rainfall episodes
on the continent.
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