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Abstract

The equatorial Atlantic cold water tongue plays a key role in regulating the
climate of the West African continent and the marine ecosystems of the equa-
torial Atlantic. This study examines its vulnerability to the increasing fre-
quency of marine heatwaves between 1993 and 2025. Using an approach com-
bining climatological analyses and decomposition into empirical orthogonal
functions, we quantify the spatiotemporal evolution of its cooling surface. The
results reveal a marked spatial asymmetry, with the central and western equa-
torial sector (15°W - 5°W) emerging as the dynamic core of the system, but
also proving to be the most vulnerable to thermal contractions. Event-based
analysis shows that the presence of significant negative anomalies (-68.000
km?) two weeks prior to the peak of marine heatwaves highlights a precondi-
tioning effect, whereby a prior weakening of upwelling facilitates the trigger-
ing of the heatwave. During marine heatwaves, the average reduction reaches
-110.000 km?. The key finding lies in the post 2015 break, manifested by the
ongoing transition of the primary mode of variability (71.5 per cent of the
variance) towards a state of chronic contraction. Coupled with incomplete re-
silience during the relaxation phase (—56.000 km?), this trend shows that, un-
der the influence of local warming and increased stratification, the thermo-
cline’s readjustment time now exceeds the return period of the MHWSs. Rather
than merely a temporary resistance, the cold water tongue is undergoing a
chronic spatial decline, ultimately threatening the regional biogeochemical
balance.
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Change

1. Introduction

Over recent decades, anthropogenic climate change has led to unprecedented
warming of the upper layers of the global ocean, profoundly altering heat fluxes
and fluid dynamics on a global scale [1] [2]. This global thermal forcing is now
compounded by an increase in extreme weather events. Among these are Marine
Heatwaves (MHWs). MHWs are standardised as prolonged positive anomalies in
sea surface temperature (SST) exceeding the 90th historical percentile for at least
five consecutive days [3]. In recent years, they have emerged as a crucial area of
study in oceanography. These events, once considered exceptional, are seeing their
frequency, peak intensity and duration increase continuously across the globe as
a result of thermodynamic feedback from the atmosphere [4].

Against this backdrop of widespread thermal anomalies, the tropical Atlantic
Ocean and more specifically the Gulf of Guinea (GoG) is experiencing an alarm-
ing increase in the frequency of these thermal extremes [5]-[7]. The occurrence of
these repeated MHWs is likely to severely disrupt regional hydrodynamic systems,
particularly upwelling processes [5]. Whilst the GoG is home to several cold-water
upwelling systems, including coastal upwellings (the Ivorian Ghanaian, Congo
Gabonese and Benguela upwellings), this study focuses on equatorial upwelling, a
major dynamic structure known as the Atlantic Cold Tongue (ACT) during MHWs.
The ACT is a major seasonal thermal structure that extends along the equator
(generally between 20°W and 0°E) and peaks during the northern hemisphere sum-
mer, from June to September [8]. This is a region whose dynamics are governed by
a highly non-linear ocean atmosphere coupling, analogous to the Bjerknes mech-
anism described in the Pacific [9] [10]. Under the influence of the south-easterly
trade winds, which strengthen during the northern hemisphere spring, equatorial
Ekman divergence and wind stress force the upwelling of cold, nutrient-rich sub-
surface waters [11] [12]. This upwelling process is intrinsically linked to the ver-
tical structure of the open ocean, in particular to fluctuations in the thermocline
slope induced by the propagation of equatorial planetary waves Kelvin and Rossby
waves [13] [14] and to the horizontal advection associated with the Equatorial
Undercurrent (EUC), a powerful eastward-flowing subsurface jet [15]-[17]. How-
ever, this seasonal cycle plays a fundamental role in regulating temperature and
climate on a continental scale [8]. The thermal gradient that develops between the
ACT and the overheated West African continent constitutes the essential thermo-
dynamic driver for the onset and penetration of the West African monsoon, thereby
modulating precipitation patterns across West Africa [8] [18] [19]. At the same
time, the influx of nutrients into the euphotic zone makes this region one of high
primary productivity, supporting the upper food webs and the vital fisheries of

the countries bordering the GoG [20]. However, intensifying local warming, com-
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bined with the occurrence of MHWSs which are often modulated by interannual
variability linked to the Atlantic Zonal Mode or Atlantic El Nifio [21] [22] now
threatens to disrupt the delicate physical balance that governs this structure. Whilst
the characteristics of MHW:s are increasingly well documented by satellite obser-
vations in this region, their impact on the intrinsic dynamics of the EAT remains
largely unknown. Most existing studies are limited to a descriptive statistical char-
acterisation of surface MHW3s, neglecting to analyse their impacts on the seasonal
cooling of the Equatorial Atlantic. It is precisely this scientific gap that this research
addresses. The main objective of this study is to assess the impact of MHWs on
the spatial extent of the ACT over the last three decades. To this end, we employ
robust statistical methods, including the standardised detection algorithm devel-
oped by Hobday et al [3] and empirical orthogonal functions. Ultimately, the aim
is to determine whether the ACT retains its capacity for dynamic resilience, or
whether it is heading towards chronic and structural weakening under the influ-

ence of increasingly intense and invasive MHWs.

2. Data and Methods
2.1. Study Area

The Equatorial Atlantic is a fascinating region of the Atlantic Ocean that extends
on either side of the equator between 5°N and 5°S (Figure 1). It is a crucial tran-
sition zone connecting the North Atlantic and the South Atlantic, playing a key
role in regulating the West African climate [8]. From an oceanographic perspec-
tive, this zone is particularly dynamic and complex, with a current system com-
prising major currents such as the northern and central branches of the South Equa-
torial Current (nSEC and ¢SEC), which drive surface waters westwards [16]. Just
below this flows the Equatorial Undercurrent (EUC), a veritable underwater river
moving in the opposite direction, towards the east. Furthermore, due to the Cor-
iolis force which cancels itself out at the equator but deflects the waters just to the
north and south the surface waters diverge. This causes deep, cold and nutrient-
rich waters to upwelling, a phenomenon particularly evident in the GoG during the

summer [8].

2.2.Data

The temperature data used in this study are taken from the Copernicus Marine
Environment Monitoring Service’s global ocean reanalysis (product GLOBAL_
MULTIYEAR PHY_001_030, dataset cmems_mod_glo_phy my 0.083deg P1D-
m) at 5 m. These daily mean fields, based on the MERCATOR GLORYS12V1 con-
figuration from Mercator Ocean, provide a global simulation at a high spatial reso-
lution of 1/12° (approximately 8 km). These data were extracted via the Marine Data
Store’s MyOcean portal from the Copernicus Marine at https://data.marine.coper-
nicus.eu/viewer/expert/. They have been the subject of several studies in the Atlan-
tic, such as those by Qingyang Song and Hidenori Aiki [23], and are sufficiently well

characterised in this oceanic region by the work of Drévillon et al. [24].
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Study area: upwelling of the equatorial Atlantic
SST August 12
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Figure 1. Map of the Atlantic with a close-up of the tropical Atlantic. The area outlined in
red represents the study area, showing the average daily temperature on 12 August 2012,
with the northern and central branches of the South Equatorial Current shown as solid
lines flowing westwards and the Equatorial Counter-Current shown as a dotted line flowing
eastwards. South Equatorial Current (nSEC and ¢SEC) and Undercurrent (EUC).

2.3. Methods

2.3.1. Calculation of the Cooling Surface

To determine the cooling surface area, the methodology developed by Caniaux et
al. [8] was applied. This approach involves integrating, on a daily basis, the area
of all grid cells where the SST is below a predefined threshold value, using the
formula below. This thermal threshold is set at 25°C, a characteristic value as it is
lower than the average ocean temperature measured in June in the eastern equa-
torial Atlantic, a key period for the development of upwelling [8]. According to
these same authors, the cumulative area thus obtained must exceed a critical
threshold set at 0.40106 km?.

US =, H.(25C-SST(x)}dA [8]

where US is the upwelling area, /. is the Heaviside function (/. = 1 when SST <
25°C and 0 otherwise), A is the domain from 17°W to 12°E and from 2°S to 2°N,
and SST is the daily mean temperature.

Secondly, the daily surface anomaly is simply the difference between the ob-
served surface value and the climatological value for the corresponding calendar
day. This climatology is established over the entire study period (1993-2025). Thus,
a positive anomaly indicates an upwelling area greater than the daily normal, whilst

a negative anomaly indicates a deficit relative to this reference.

2.3.2. Empirical Orthogonal Functions

To analyse the spatio-temporal variation in the upwelling area, we used Empirical
Orthogonal Function (EOF) analysis. This method, which is an extension of Prin-
cipal Component Analysis (PCA) to spatio-temporal fields, has established itself
as a robust statistical tool in oceanography and climatology. It enables the dimen-
sionality of large, multidimensional datasets to be reduced by decomposing the
signal into orthogonal modes of variability [25]. These modes, ranked according

to their contribution to the total variance of the system, allow spatial structures
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and their associated temporal amplitude coefficients to be isolated [26]. In prac-
tice, most of the physical variance is concentrated in the first three or four modes,
which capture the dominant dynamic processes, whilst higher-order modes are
generally regarded as background noise. Readers may find further details on this
method in the work of Shields et al. [26].

2.3.3. Detection of MHW Periods

To analyse the impact of MHW s on the upwelling area, we determined the MHW
period using the method developed by Hobday et a/ [3], which has become the
international standard in oceanography [4]. It is based on a rigorous statistical
approach that enables events to be identified from daily temperature time series
spanning at least 30 years [27]. This approach, which has already been validated
in the tropical Atlantic for the study of MHWs, is based on the definition of a
moving seasonal climatology and a temperature threshold set at the 90th percen-
tile of the local historical distribution [5]-[7]. For the present study, the impact of
MHWSs on the upwelling area is examined over the fifteen days preceding, during
and the fifteen days following the MHW period. The choice of this time window
is based on the work of Garfinkel et al. [28], which demonstrates that such a du-
ration allows for the optimal capture of the responses of oceanic parameters in-
duced by MHWSs. This approach is also consistent with the methodologies used
in recent studies of the region, which analyse oceanic and atmospheric conditions
before, during and after MHW events in order to understand their impacts [5]
[6]. In order to confirm the statistical robustness of the impact of MHW:s on the
ACT, a composite approach is applied over the period 1993-2025, supported by a
non-parametric bootstrap analysis (2.000 resamples) of the detected MHW events,

providing 95 per cent confidence intervals for each phase.

3. Results

3.1. Spatio-Temporal Variability in the Area of Cold Water Tongue
from 1993 to 2025

The Hovmoller plots (Figure 2) show the seasonal and interannual variability in
the spatio-temporal extent of the cooling (expressed as area: 10° km?) within the
cold water tongue region (17°W - 12°E and 2°S - 2°N) from 1993 to 2025.

Figure 2(a) shows an extremely pronounced and regular seasonal pattern of the
cold-water tongue throughout the 33 years of observation. It indicates that the
cooling begins to manifest itself tentatively in May (M), intensifies rapidly in June
(J) to reach its maximum spatial extent in July (J) and August (A), with cooling
areas regularly exceeding 70.10° km? to 80.10° km? A relaxation phase is also ob-
served in September (S), followed by an almost complete disappearance of the
surface signature between October (O) and April (A). This behaviour is consistent
with the classic dynamics of upwelling induced by the seasonal strengthening of
the trade winds. Figure 2(a) reveals significant interannual variability, resulting

in years of intense upwelling during the period 1993-2006. Conversely, several
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years, such as 2007, 2008, 2016 and 2021, show a dramatic weakening of the cool-
ing surface area, with values rarely exceeding 50 - 60 x 10° km?, indicating weak
or aborted upwelling. Figure 2(b), which shows the evolution of the area as a
function of longitude and time, highlights a marked east-west asymmetry in the
extent and intensity of the cooling. Figure 2(b) reveals that the centre of the cool-
ing is located between 15°W and 5°W. Indeed, in this zone the cooling is at its
maximum, covering an area of 7.000 to over 10.000 km?. Moving eastwards to-
wards 3°W to 10°E, the extent of the cooling decreases drastically (<4.000 km?).
The interannual variability shown in this figure indicates that the period 1993-
2005 was one in which the western core was particularly active. During this period,
two major peaks in extent were observed: in 1993-1997 and, in particular, between
2000 and 2002, when the area exceeded 10.000 km?* Furthermore, a second period,
2006-2015, corresponds to a transitional phase during which the core remained
stable around 10°W, with a notable secondary peak in 2013-2014. However, the
overall spatial extent is slowly beginning to contract horizontally compared with
the previous decade. A break is observed in 2016, with the core at 10°W almost
completely disappearing between 2016 and 2023 halving the cooling area, which
falls below 6.000 km? From 2024 to 2025, a rebound is observed, corresponding
to a sudden resurgence of cooling towards the end of the 2025 period, centred on
10°W.
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Figure 2. Hovmoller plot of the upwelling surface (US) of the ACT by month-year (a) and longitude-
year (b) during the period 1993-2025.
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3.2. Principal Modes of Variability of Cold Water Tongue from
1993 to 2025

Applying EOF analysis to our time series from 1993 to 2025 enabled us to extract
the principal modes of variability of the ACT surface over this period. Of the
modes obtained, only the first three were retained, as they account for the majority
of the system’s total variance. The first mode (Figure 3(a), EOF1, 71.5% of vari-
ance) reveals an overall negative signal across the entire basin, with values ranging
from 0 to -2.450 km?* and maximum amplitude at the heart of the cold water tongue.
This mode represents an overall contraction or suppression of upwelling. PC1
(Figure 3(d)) shows a dramatic interannual transition: prior to 2015, it indicates
a signal with strongly negative values (1996, 2000), which, when combined with
the negative spatial pattern, points to phases of very widespread upwelling. From
2016 onwards, PC1 becomes almost consistently positive, peaking at an absolute
maximum in 2021. A positive PC1 multiplied by a negative EOF1 yields a strongly
negative result, indicating a drastic and continuous reduction in the area of upwelling
over the past decade. Furthermore, Mode 2 (Figure 3(b), 9.4% of the variance)
reveals, through its spatial structure (EOF2), a very distinct zonal dipole. This di-
pole is characterised by negative anomalies in the west (—800 km?) and positive
anomalies in the east, near the African coast (+1.200 km?). The PC2 (Figure 3(e))
of this mode captures high-frequency variability with marked oscillations in 1993,
1996, 2005, 2010 and 2021, with strong positive peaks, and in 1998, 2000 and 2002,
with negative peaks. Furthermore, mode 3 (Figure 3(c), 4.3 per cent of the vari-
ance) has a spatial structure (EOF3) that shows a meridional banding pattern or a
heart-shaped pattern. The centre of the ACT exhibits positive values of over 1.200
km?, whilst the northern and southern edges (particularly in the south-west) show
negative values exceeding —300 km? The PC3 (Figure 3(f)) associated with this
mode shows high variability with extreme phases, particularly at the very start of
the 1993 period, and marked troughs in 1999 and 2014.

3.3. Trends in the Cold Water Tongue before, during and after the
MHWs from 1993 to 2025

To characterise the direct impact and temporal signature of MHWSs on the ACT,
surface upwelling anomalies were composite analysed according to three key phases
(Figure 4). However, MHW events separated by <2 days were merged into a single
episode; the others, including those with overlapping Before/After windows, were
retained individually for the composites.

The first phase is the precursor phase, corresponding to 15 days before the
MHWs, and it shows that the negative anomaly is often already present 15 days
before the MHW, with the exception of the years 1994, 1996, 2009, 2010, 2013,
2014, 2022 and 2025. This indicates that the ACT was already weakening, creating
conditions conducive to the onset of the MHWSs. During the MHWS, the surface
deficit of the cold-water tongue reaches massive proportions. Historical lows were

recorded in 2007, with a record collapse of over —30.000 km?, in 1999 at around
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—230.000 km?, in 2003 at over —250.000 km?* and, more recently, in 2021 at around
—270.000 km?. Values recorded after MHW:s are almost always higher than those
recorded during MHWs. This shows a tendency towards resilience: once the MHW's
have ended, upwelling tends to resume and reduce its negative anomaly. However,
recovery is rarely complete; values remain negative, often fluctuating between
—50.000 and —100.000 km?, indicating a thermal memory effect in the surface
ocean, which takes time to dissipate the accumulated heat. Furthermore, prior to
2015, the significant events were distinct but spaced out over time (1999, 2003 and
2007).

Principal Component 1 (PC1)

EOF Mode 1 (71.5% of variance)

b £ %) |
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Figure 3. Spatio-temporal trends in the main modes of variability of the Equatorial Atlantic CTD surface from 1993 to 2025.
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Annual changes in upwelling surface anomalies by MHW phase (1993-2025)
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Figure 4. Changes in the ACT area 15 days before the MHWSs (grey curve plus circle),
during the MHWs (red curve plus square) and 15 days after the MHWSs (blue curve plus
triangle) from 1993 to 2025. The horizontal dotted line indicates the zero value.

3.4. Composite of the Cold Water Tongue before, during and after
the MHWs from 1993 to 2025 Based on Bootstrap Resampling
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Figure 5. Composite of the ACT surface based on bootstrap resampling 15 days before the
MHWs (grey box), during the MHW:s (red box) and 15 days after the MHWSs (blue box)
during the period 1993-2025. The vertical lines represent error bars and the (p) values cor-
respond to p-values.

In order to confirm the statistical robustness of the impact of MHW:s on the ACT,
a composite windowing tool combined with a bootstrap resampling method (95%
CI, n = 2.000) was applied across the entire 1993-2025 period. The results (Figure
5) demonstrate with high statistical significance (p < 0.001) that MHWSs are ac-
companied by a systematic collapse in the upwelling area. During the pre-event

phase (Before), the average negative anomaly is already nearly —68.000 km? Dur-
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ing the active phase (During), which corresponds to the peak of the impact, MHW s
reduce the ACT by an average of nearly —110.000 km? over the entire study period.
Finally, the post-event phase (After) shows a persistent anomaly of —56.000 km?.
Although there is a marked improvement compared with the active phase, the
anomaly does not return to zero. Furthermore, for all three phases, the anomaly
is significantly different from zero with a confidence level of over 99.9 per cent (p
<0.001). The error bars for the “Before” phase (from —47.000 to —90.000 km?) and
the “After” phase (from —40.000 to —73.000 km?) overlap considerably; by con-
trast, the amplitude of the “During” phase extends much further down to —142.000
km?.

4. Discussion

This study, which examines the resilience or weakening of the ACT under the
influence of the warming observed in recent years, began with an analysis of the
temporal distribution of the ACT extent (Figure 1). This analysis highlights the
robustness of the seasonal cycle of the cold water tongue, the extent of which in-
variably peaks in July and August due to the strengthening of the trade winds and
the onset of the monsoon [21]. However, this basic climatological signal is subject
to significant interannual variability, with years of intense upwelling, such as 1996
or 2000, alternating with “warm spells” characterised by a drastic reduction in
surface cooling, such as in 2016 or 2021. When the longitudinal dimension is taken
into account (Figure 2), it can be seen that this weakening is not uniform, but
reveals a clear east-west spatial asymmetry. The central and western equatorial
sector (15°W - 5°W) stands out as the true thermal and dynamic heart of the ACT.
It is precisely in this transition zone, where the thermocline normally begins to
deepen towards the west that the system is at its most vulnerable, undergoing the
most severe spatial contractions during warm anomalies. Furthermore, to better
isolate the driving mechanisms behind this variability, the EOF decomposition
(Figure 3) formalises these dynamics through three principal modes. The first
mode (EOF1, 71.5% variance) reflects an overall, homogeneous negative thermal
constraint, the principal component of which (PC1) reveals an abrupt break ob-
served after 2015. The onset of a quasi-permanent positive phase of PC1 after 2015
is consistent with the results of Koné et al. [5]. This result demonstrates that the
ACT is shifting towards a new, altered mean state, driven by global warming and
increased vertical stratification of the mixing layer [1] [29]. This background sig-
nal is modulated at high frequency by the second mode (EOF2, 9.4% variance),
which captures a dynamic zonal oscillation (east-west dipole). This oscillation
mode, governed by wave-wind interactions and Bjerknes feedbacks [9] [30], dic-
tates the fine-scale geographical structure of upwelling and shifts the thermal front
of the ACT in response to equatorial Kelvin wave forcing. Mode 3, although minor
in terms of explained variance (4.3%), reveals a mechanism for morphological ad-
justment of the ACT. The dipolar spatial structure of EOF3 suggests a process of

contraction or pulsation of the ACT, rather than simply uniform warming. Posi-
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tive phases of EOF3 correspond to a concentration of the ACT in its central re-
gion, whilst negative phases result in an expansion towards the periphery, partic-
ularly to the south-west. PC3 shows a strong interannual signal, with major neg-
ative anomalies coinciding with years of intense upwelling or abnormal wind forc-
ing. To better understand the evolution of the ACT, an event-scale analysis (Fig-
ure 4) enabled the spatial structures of the ACT to be directly linked to the chro-
nology of MHWSs on a year-by-year basis, covering the weeks before, during and
two weeks after. The superimposition of these phases highlights the ocean’s role
as a preconditioner over the selected time interval. Indeed, the systematic presence
of negative surface anomalies 15 days before the peak of the MHW:s (the “Before”
phase) suggests that a prior weakening of upwelling dynamics whether through
wind relaxation or warm-structure waves sets the stage for the triggering of the
MHWs [31]. However, whilst the active phase of the event (During) causes an
immediate and maximal collapse of the ACT, sometimes exceeding -250.000 km?,
the relaxation phase (After) shows incomplete recovery, confirming that a warm
thermal signature persists in the mixing layer well after the end of the crisis [32].
Finally, the synthesis of these processes is statistically validated by the global com-
posite analysis (Figure 5). By quantifying the average area losses over the three
decades, the bootstrap analysis confirms with a high level of significance (p <
0.001) the destructive impact of the MHWSs, which reduce the ACT by an average
of nearly —110.000 km? at their peak. Furthermore, the persistence of an average
deficit of —56.000 km? in the post-event phase provides statistical evidence of a
memory effect or thermal hysteresis. Furthermore, a post 2015 climate regime has
been identified, characterised by a sharp increase in the frequency of MHWs [4],
with the thermocline taking more than two weeks to readjust, which could lead to

a chronic and permanent contraction of the ACT.

5. Conclusion

Ultimately, these results suggest that the ACT is no longer merely experiencing
transient warm anomalies, but is evolving towards a chronic and structural reduc-
tion in its surface area. In the future, this change in the mean state of the surface
ocean could profoundly alter ocean-atmosphere coupling at the regional scale,
disrupt the African monsoon and have severe ecological and socio-economic con-

sequences for marine ecosystems and local fisheries.
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