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The Eastern Boundary Upwelling System off northwest Africa is among the most productive regions of the ocean.
In 2019, two merchant ships equipped with an underway CO; system sampled the region following exactly the
same track from 10°N to 36°N. We determine the sources and sinks of CO3 and the seasonal cycle along the track.
A weak permanent upwelling (WPU), a permanent upwelling (PU) and an open ocean regions are identified. The
WPU (26°N to 33°N) is a source of CO3 in summer and autumn, and a sink of CO in winter and spring. Ther-
modynamic warming and cooling processes mainly drive the COy variations in this region. The PU (20°N to
26°N) is a sink of CO2 in spring and a source of CO; in other seasons. This region is the most productive and
exhibits the largest variability of the CO2 flux. The supply of CO5 from subsurface waters dominate over the
carbon uptake by biology, which leads to a strong outgassing, especially in winter and autumn. A sink of CO5
occurs in spring only in the PU. Near Cape Blanc (20°N) in July 2019, a source of CO3 is observed around 20°N
within + 1° of latitude and becomes a sink of CO5 a few days later when the ship samples back the same area.
South of 18°N, out of the influence of the coastal upwelling, the region is a sink of CO, in winter only and the
region is mainly controlled by physical processes. Using voyages from 2010 to 2022, seawater fCOj significantly
increases at a rate ranging from 1.82 patm yr ' to 2.10 patm yr—! close to the atmospheric increase. This is
associated with a pH decrease between 0.0016 and 0.0022 yr’l. Nevertheless, there is no clear trend of the CO5
flux in any region.

1. Introduction productivity (Aristegui et al., 2009). With the wind blowing alongshore
along the coast of Africa, the surface water moves offshore and sub-
surface water upwells, supplying nutrients and COs-rich waters to the

surface ocean. The input of nutrients leads to strong biological activity,

The four Eastern Boundary Upwelling Systems (EBUS), California,
Humboldt, Canary and Benguela upwelling systems, are highly pro-

ductive regions despite their small areas (<1% of the ocean), sustaining
major fisheries (1995). They are important for biogeochemical cycles as
upwelled water are enriched in nutrients and supersaturated with
respect to atmospheric COs. The Canary Current Upwelling System
(CCUS), extending from the Iberian peninsula to Guinea, 43°N to 8°N, is
the second most productive EBUS (Carr, 2001; Demarcq and Somoue,
2015) and with the small pelagic fish resources that continue to increase
(Failler, 2020). From 10°N to the Strait of Gibraltar (36°N), the up-
welling presents different characteristics along the coast of Africa
depending on the wind forcing and the shape of the coast (Pelegri and
Pena-lzquierdo, 2015). The variability of the upwelling along the coast
and the nutrient concentrations explain the large regional differences in
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which decreases the CO5 content of surface waters. The two mechanisms
are antagonistic and whether eastern boundary upwelling systems are
sinks or sources of COj3 is unclear (Kampf and Chapman, 2016b).
Based mainly on upwelling features, Wooster (1976) identified sea-
sonal upwelling from January through May in the 12°N-20°N region,
strong upwelling throughout the year between 20°N and 25°N and
strongest upwelling from June through October between 25°N-43°N.
Although the boundaries of the regions vary slightly, several studies
identified three main subregions (e.g. Aristegui et al., 2009; Cropper
et al., 2014; Lathuiliere et al., 2008; Mittelstaedt, 1983). From 10°N to
19°N, a weak seasonal coastal upwelling occurs in winter-spring. In the
northern region, from the Canary islands to the Strait of Gibraltar, the
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upwelling occurs year-round, is weak in winter-spring and intense in
summer-fall (Pelegri and Benazzouz, 2015). From 21°N to 26°N the
coastal upwelling is also permanent and more intense in summer, but it
is stronger than from 26°N to 35°N (Cropper et al., 2014; Diogoul et al.,
2021). The stronger intensity in summer is associated with the seasonal
migration of the trade winds (Cropper et al., 2014). The 19°N-21°N
latitudinal band is a transition zone between the seasonal coastal up-
welling and the permanent coastal upwelling zones.

At interannual timescales, the North Atlantic Oscillation (NAO) and
the East Atlantic (EA) patterns are the main drivers of the CCUS vari-
ability (Bonino et al., 2019; Georg et al., 2022; Gémez-Letona et al.,
2017). The NAO intensifies (weakens) the winds and upwelling in its
positive (negative) phase. The EA is similar to the NAO and consists of a
north-south dipole, southeastward to the NAO. Both climate indices can
act isolated or connected, intensifying or weakening the effects of winds
and upwelling in the CCUS region.

The strong productivity of the coastal upwelling is visible from space
as depicted by high chlorophyll concentrations. For the CCUS, Lath-
uiliere et al. (2008) describe the surface chlorophyll distribution using
satellite observations from SeaWiFS (Sea-viewing Wide Field-of-View
Sensor) from 2000 to 2004. They report different patterns of chloro-
phyll concentrations in roughly the same three subregions defined as
subtropical gyre (24°N to 33°N), inter-gyre (19°N-24°N) and recircula-
tion gyre 10°N to 19°N. In the subtropical gyre, the chlorophyll is low,
confined to the coast and presents a weak seasonal cycle. In contrast, the
inter-gyre region off Cape Blanc shows the maximum offshore extension
of chlorophyll with the highest concentrations. Bonino et al. (2021)
showed that the upwelling seasonality in the CCUS drives the offshore
organic carbon variability hundreds of kilometers from the coast
through cross-shore redistribution of production. Using chlorophyll data
provided by Copernicus Marine Environmental Monitoring Service
(CMEMS), Siemer et al. (2021) detected a decrease of chlorophyll con-
centrations in the weak permanent upwelling, between 26°N and 33°N,
and in the permanent upwelling, between 20°N and 26°N, from 1998 to
2018.

There are not many estimates of the air-sea CO5 flux for the Atlantic
coastal upwelling systems. Along the Iberian coast, Borges and Frank-
ignoulle (2002) found net sinks of CO, for the atmosphere in summer,
during the upwelling season, in the Galician upwelling system
(42°N-43°N). In the Mauritanian-Cap Vert upwelling region,
Gonzalez-Davila et al. (2017) found an increase of CO3 outgassing due to
upwelling intensification between 2005 and 2012. Further north, the
region of the Canary Current, from 28°N to 36°N, is a sink of CO3 in
winter and a source in summer 2019, mainly controlled by thermody-
namic variations (Curbelo-Hernandez et al., 2021). EBUS are complex
and variable systems, which makes their source or sink of CO, status
unclear. Thus, the central and northern Chile is a source of CO; (e.g.
Torres et al., 2002) while the Benguela system south of 20°S is a sink of
CO; (e.g. Gregor and Monteiro, 2013; Monteiro, 2010; Santana-Casiano
et al., 2009).

In addition to the seasonal source or sink patterns of coastal up-
wellings, the evolution of the air-sea CO5 flux over time is unclear. Using
a regional ocean model, Lachkar and Gruber (2013) made sensitivity
simulations under increased upwelling-favorable winds. In particular,
they examined the biological response and its impact on the air-sea CO2
flux. They found that, under upwelling intensification, CO would in-
crease over time due to reduced biological efficiency of carbon uptake in
the southern Canary Current system near Cape Blanc. In contrast, they
found a large increase in production compensating the upwelling driven
CO;, outgassing in the central and northern Canary Current system. They
attributed these different responses to the different nutrient limitation
states and to factors controlling biological growth. Similarly, Lachkar
(2014) made sensitivity simulations in the California and in the Canary
current systems to examine the effect of upwelling intensification on
ocean acidification based on the volume of water undersaturated in
aragonite. He found that doubling CO» concentration and wind stress
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would offset each other so that the volume of aragonite-undersaturated
water did not change much. These sensitivity studies highlight the
complexity of predicting the evolution of air-sea CO5 flux in EBUS.

Data obtained by Voluntary Observing Ships (VOS) provide high
frequency surface ocean measurements generally on repeat routes.
Many such routes are offshore of the upwelling regions and/or exhibit
some longitudinal variability, which makes it difficult to determine the
behavior of the coastal upwelling zones. As they are highly dynamic
regions, addressing whether they are sources or sinks of CO, requires
high resolution CO3 monitoring within the same area. However, in 2019,
the Cap San Lorenzo (the France to Brazil VOS) sailed closer to the Af-
rican coast in the 10°N-36°N region and repeated exactly the same track,
crossing the weak and permanent upwelling areas. The M/V Maersk
Raleigh (a UK to Falklands VOS) also sampled the region on the same
track in January 2019 and completes the dataset. The objectives of this
study are to determine the seasonal cycle, the drivers of the COy vari-
ability, and to estimate the sources and sinks of CO; along the track. In
addition, we selected observations collected from 2010 to 2021 to detect
any trend of the CO» flux.

2. Materials and methods
2.1. Study area

The study area covers the region from 10°N to 36°N. We have
selected the VOS cruises that sail most closely to the African coast and
that follow the same track over time (in red on Fig. 1). The ship sails
from the Strait of Gibraltar (36°N), east of the Canary Islands and east of
the Cape Verde Arquipelago. Siemer et al. (2021) identified three pro-
ductive upwelling regions (the Permanent Upwelling PU, the Cap Juby
Weak Permanent Upwelling, CJWPU, and the Cape Ghir Weak Perma-
nent Upwelling CGWPU) indicated in black on the map. The colored
background gives the mean chlorophyll concentration provided by the
Copernicus Marine Environmental Monitoring Service (CMEMS). The
main surface currents are indicated in white.

The coastal surface circulation is dominated by the Portugal current
(PC), the Canary Current (CC) and the Mauritanian Current (MC). The
PC and CC flow southward along the coast. Near 20°N, the CC detaches
from the coast and feeds the westward North Equatorial Current (NEC).
Between 5°N and 10°N, the North Equatorial Counter Current (NECC)
flows eastward, across the Atlantic, from the American coast to the Af-
rican coast. When it reaches the African coast, part of the NECC flows
northwards forming the MC (e.g. Aristegui et al., 2009; Pelegri and
Pena-Izquierdo, 2015). In January, February, and April to December
2019, the ships sample the CGWPU and the CJWPU.

Two main water masses feed the nutrient-rich upwelling ecosystem:
the North Atlantic Central Water (NACW) and the South Atlantic Central
Water (SACW). From 20°N off the coast of Africa to the Cape Verde
Islands, the Cape Verde frontal zone constitutes the boundary between
the NACW and the SACW (Pastor et al., 2015). The NACW is saltier than
the SACW and both water masses exhibit a large range of temperatures
and salinity. The origin of the eastern NACW and SACW are located
around 20°W-35°W, 39°N-48°N and 0°E-15°E, 30°S-40°S respectively
(Liu and Tanhua, 2021).

2.2. In situ and satellite data

The Cap San Lorenzo merchant ship sailing from France to Brazil has
been equipped with an underway CO; system from General Oceanics to
monitor the surface fugacity of CO; in the ocean and in the atmosphere.
The fugacity of CO5 (fCO>) takes into account the non-ideal behavior of
CO;, gas. It differs numerically by a few micro-atmospheres from the
partial pressure of CO» (pCO2) so we often confuse them. Measurements
have started in 2008 and are averaged every 5 min. The description of
the CO; system, based on infrared detection, and the data processing are
described by Pierrot et al. (2009). A wet box including a shower-head
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Fig. 1. Map of the study area with the tracks of the
Cap San Lorenzo for the voyages of 2019 (in magenta)
and of the Maersk Raleigh in January 2019 (in or-
ange). The main surface currents (in white, PC
Portugal Current, CC Canary Current, MC Maur-
itanian Current, NEC North Equatorial Current, and
43 NECC North Equatorial Counter Current) are super-
imposed on the year-round chlorophyll concentration
averaged over 1998-2020. The black contour lines
indicate the isobaths 500 m, 3000 and 4000 m. The
polygon boxes close to the African coast correspond
to the Permanent Upwelling (PU), the Cape Juby
Weak Permanent Upwelling (CJWPU) and the Cape
1 Ghir Weak Permanent Upwelling (CGWPU) zones
defined by Siemer et al. (2021). The European Station
for Time-Series in the Ocean of the Canary Islands

"’E (ESTOC) (Llinas et al., 1994; Santana-Casiano and
o Gonzalez-Davila, 2015) is also indicated (yellow
E  star).
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equilibrator is installed in the engine room of the ship. The dry box is
installed near the wet box and includes a non-dispersive infrared ana-
lyser (Li-7000 by LICOR®). Three standard gases with known concen-
trations of CO2 and a zero-gas (nitrogen) are run every 3 h to calibrate
the detector that measures the molar fraction of CO3 (xCO5). The ship is
also equipped with a thermosalinograph to measure sea surface tem-
perature (SST) and salinity (SSS) underway.

fCO2 was measured on the MV Raleigh Fisher (formally Maersk
Raleigh) using duplicate Pro-Oceanus CV sensors with a gas permeable
interface and a non-dispersive infrared detector CO, analyser. The gas
stream circulating in the closed measurement loop equilibrates with the
sample and then is measured by the detector. This means that the raw
readings are the mole fraction of CO; in wet air at the tank temperature.
The system is described by Jiang et al. (2014).

To maintain the factory calibration an automatic zero-point cali-
bration (AZPC) is applied every 6 h, where the gas stream is routed
through CO; absorbent to provide a zero ppm CO; measurement.

There are various processing steps for the carbon dioxide data similar
for both systems and described in details by Pierrot et al. (2009).
Initially, the raw CO3 values for each sensor are adjusted for differences
between the temperature they were measured at and the sea surface
temperature. These values are then used together with the pressure
measurement to calculate pCO2. The internal humidity sensor is used in
conversion to dry measurements and the amount of CO5 dissolved in the
seawater is calculated by taking into account the solubility coefficient
(that depends on temperature in situ and salinity (Weiss, 1974),). The
final conversion to fCO5 uses the atmospheric pressure.

Additionally, daily water samples were collected on board the MV
Raleigh Fisher to validate the measurements of conductivity and the

measurements of pCO5 (by calculation of pCO, from measurements of
Total Alkalinity (TA), by titration, and Total Dissolved Inorganic Car-
bon, by coulometry, made on the water sample using a Vindta, Versatile
Instrument for the Determination of total inorganic carbon and Total
Alkalinity, at the National Oceanography Centre). Precision and accu-
racy for replicate analyses was better than +4.0 pmol kg™ and +3.9
umol kg ! for DIC and TA respectively.

The fCO4 data are archived in the SOCAT database (www.socat.info).

Seawater samples were taken during several PIRATA (Prediction and
Research moored Array in the Tropical Atlantic) cruises in the Atlantic,
from 2005 to 2019, for TA analyses. The cruises covered the region
10°N-36°N, east of 35°W. The samples were analyzed using a closed-cell
potentiometric titration method by Edmond (1970). The system was
calibrated by the Certified Reference Material distributed by Prof. A.
Dickson (Scripps Institution of Oceanography, San Diego, CA, USA). The
accuracy of TA was estimated at +3 pmol kg~ *.

The chlorophyll concentrations come from the Copernicus Marine
Environmental Monitoring Service (CMEMS) website (https://resource
s.marine.copernicus.eu, http://marine.copernicus.eu/documents/QUI
D/CMEMS-0C-QUID-009-030-032-033-037-081-082-083-085-086-
098.pdf, level 4 product OCEANCOLOUR_GLO_CHL_L4 REP_OBSER
VATIONS_009_082). The monthly product at 4 km resolution is chosen
to provide the biological conditions of the region. Different sensors
(SeaWiFS, MODIS-Aqua, MERIS, VIIRS and OLCI-S3A) are used to pro-
duce the chlorophyll observations, which eliminates the data gaps that
often occur with the products taken from one sensor only. Chlorophyll
data are collocated along the track of the ship by taking the closest
chlorophyll pixel to the geographical position of the ship. Monthly
chlorophyll data are taken at the representative month of the ship
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observations. Then, in order to compare chlorophyll concentrations with
in situ data, all datasets are binned by 0.25° of latitude along the track of
the ship from 10°N to 36°N.

The 6-hourly wind speeds, at 0.25° spatial resolution, from the cross-
calibrated multi-platform version 2 (CCMP2 Wentz et al., 2015) are
averaged monthly and are used to calculate the sea-air CO5 flux.

Satellite SST and SSS are compared to observations by collocating the
satellite data along the cruise tracks. The SST comes from the MODIS
(Moderate-Resolution Imaging Spectrometer) Aqua on a 4 km grid. The
sea surface salinity fields are 18-day Gaussian means from SMOS (Soil
Moisture and Ocean Salinity Satellite) at a resolution of 25 km (CATDS
CEC LOCEAN debias V4.0, doi: 10.17882/52804).

2.3. Calculation of the COy flux and carbon parameters

The flux of CO5 across the sea-air interface is calculated according to
the following formula:

F=k*So * (fCOZ SW _fCOZ alm) (1)

where k is the gas exchange coefficient of Wanninkhof (2014), param-
eterized as a function of wind speed U and Sc is the Schmidt number, a
function of temperature:

k = 0.251 <U*> (Sc/660) %3 (2)

So is the solubility of CO in seawater of Weiss (1974) and fCOasy and
fCOgqatm are the surface fugacity of CO5 in the ocean and in the atmo-
sphere respectively. The atmospheric fCO2 (fCO2,tm) recorded by the
ship is compared to the fCOo,y calculated using the monthly molar
fraction of COg, xCOq, recorded at the atmospheric station, Izana, Ten-
erife, (28.31°N, 16.50°W).

An empirical total alkalinity-salinity relationship has been developed
for the region 10°N-36°N, east of 35°W, using 124 seawater samples
collected from 2005 to 2019 during PIRATA cruises (Lefevre et al.,
2021):

TA = 60.07 (£1.24) * SSS + 201.51 (£45.13), r* = 0.95 3)

Equation (3) gives a RMSE (Root Mean Square Error) for TA of £6.3
pmol kg~ !. For comparison, the more global relationship of Lee et al.
(2006) gives a RMSE of +8.5 pmol kg1,

Total inorganic carbon (TCO,) and pH are calculated using SST, SSS,
fCO4 and TA, estimated by equation (3), and the CO2SYS program for
Matlab (Sharp et al., 2020) using the dissociation constants of Mehrbach
et al. (1973) refitted by Dickson and Millero (1987).

2.4. Calculation of thermal versus non-thermal processes on fCO2

We estimate the relative importance of thermal (T) over non-thermal
processes (B) following the method of Takahashi et al. (2002). The
temperature effect is removed by calculating the fCO, normalized to the
mean annual temperature Tpean:

JCO2_Tean = fCO; exp[0.0423*(Tpean — SST)] 4

The seasonal range of variations of fCOy normalized to Tpean iS
attributed to other processes than thermodynamics, such as biology or
mixing. The effect of temperature is calculated by the difference be-
tween the mean and observed temperatures applied to the mean fCOy

(fCO2 mean):
SCO,_therm = fCO; mean €xp[0.0423*(SST — Trean)] ()

The seasonal range of variations of fCO,_therm represents the vari-
ations of fCO, caused by surface warming or cooling. The T/B ratio gives
the relative importance of thermal over non-thermal processes:

T/B = [(fCO2_Tmcan)max - (fCOZ_Tmcan)min] / [(fCOZ_therm)max - (fCOZ_'
therm) iy | (6)
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Values of T/B higher than 1 indicate that temperature effects
dominate over biological and mixing processes.

2.5. Statistical and data analyses

The difference between two groups of data is assessed using a t-test if
the distribution follows a normal law. If not, a non-parametric test is
used instead. The non-parametric test of Mann-Whitney-U test is used to
determine whether two groups come from the same distribution by
testing if the medians are equal. The tests are performed with Matlab.
Some of the cruises are outside the polygons defining the coastal up-
welling area, especially in the permanent upwelling zone near 22°N-
26°N where the ship further offshore (Fig. 1). In the following, the
permanent upwelling zone is considered to include all the voyages of
2019 between 20°N and 26°N. The Mann-Whitney-U test show that the
monthly means of fCO5 between 20°N and 26°N are statistically similar
to those located exactly in the permanent upwelling zone. The monthly
means of MODIS SST and SMOS SSS in the upwelling polygons are not
significantly different (two-sample t-test for normal distributions or
Wilcoxon rank sum test) from the monthly means of the SST and SSS of
the Cap San Lorenzo calculated for the same latitudinal band. Therefore,
the voyages of the Cap San Lorenzo are considered as representative of
the upwelling areas CGWPU, CJWPU and PU.

The seasonal distributions of fCO,, SST and SSS are for the year 2019
when the Cap San Lorenzo sampled the area at nine different months. In
January 2019, the data from the Maersk Raleigh complete the dataset.
Only the months of March and June 2019 are missing. As shown by
previous studies (e.g. Park and Wanninkhof, 2012), the seasonal cycle of
fCO4 and SST can be well represented with a harmonic fit of the form:

X =a + b sin (2 1 mo/12) + ¢ cos (2 ® mo/12) @)

where mo is the month varying between 1 (January) and 12 (December),
and a, b and c are the fitting coefficients. The fit is determined using all
the 2019 voyages in the 26-33°N, 20°N-26°N and 10°N-18°N regions.
The a, b, c coefficients are given in Table S1.

The evolution of seawater fCO, over time is examined by calculating
fCOy anomalies using all the voyages of the France-Brazil line that
sampled the same regions as the ones studied for the year 2019. They
consist of cruises sailing east of the Canary Islands and east of the Cape
Verde Arquipelago made by the Rio Blanco, the Santa Cruz and the Cap
San Lorenzo. For the selected cruises, the observations range from 2010
to 2022. A seasonal cycle is calculated using monthly averaged data
from 2010 to 2022 in each region. Monthly anomalies are then calcu-
lated by subtracting this seasonal cycle to the monthly observations over
the 2010-2022 period. The trend is calculated by linear regression on
the monthly anomalies.

3. Results
3.1. Seasonal variability along the ship track in 2019

In order to describe the seasonal cycle along the ship track, we focus
on the year 2019, as data are available almost every month during that
year. Fig. 2 shows the comparison between the data collected from 2010
to 2022, excluding those in 2019, and the observations collected in 2019
grouped by month. No anomaly is detected in 2019. The data of 2019 are
generally close to the median, which suggests that 2019 may be
considered as a typical year to determine the seasonal cycle in this
region.

Using all the voyages of 2019 between 10°N and 36°N, the molar
fraction of CO; in the atmosphere averages 410.4 + 3.2 ppm and com-
pares well with the mean xCO5 value of 411.1 + 2.2 ppm at the Izana
atmospheric station in 2019. The minimum values are observed in
September—October whereas the maximum values are in April-May. The
conversion of xCO3 to fCO gives a mean value of atmospheric fCO, of
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Fig. 2. Distribution of fCO,, SST, SSS and CO; flux grouped by month using all the observations from 2010 to 2022 except 2019. The central mark of the box
corresponds to the median with the bottom and top edges of the box indicating the 25th and 75th percentiles. The whiskers extend to the extreme data points and the
red pluses are considered as outliers. The black stars are the observations of the year 2019.

398.1 + 4.9 patm for the voyages of the Cap San Lorenzo made in 2019.
Using all the voyages along the VOS line from 10°N to 36°N, including
those sailing further offshore the African coast, we calculate an atmo-
spheric fCO, increase of 2.53 =+ 0.07 patm yr! over the 2010-2022
period.

The variations of seawater fCO,, SST and SSS along the track of the
Cap San Lorenzo are plotted from 10°N to 36°N for each season of 2019
(Fig. 3).

The representative month of each voyage is given in Table 1.

Overall, the seawater fCO, is very variable during each season
(Fig. 3a-d). The highest fCO, values (>550 patm) occur in the upwelling
zone from 20°N to 26°N in winter and autumn (Fig. 3a and d) with the
maximum value reaching 634 patm in November 2019. The lowest fCO»
values are in summer, in the same upwelling zone, with the lowest fCO»
of 242 patm measured in July 2019 (Fig. 3c). In contrast, the regions
from 26°N to 33°N exhibit much lower variability with fCO, values
ranging from 350 patm in summer to 440 patm in autumn 2019. On
average, seawater fCO; below the mean atmospheric fCO, are observed
in winter and spring (381 and 390 patm, respectively) and increase to-
wards summer and autumn (409 and 406 patm, respectively). In the
south, from 10°N to 18°N, the amplitude of fCO, variations is about 90

patm, which is similar to the north, but the lowest fCO5 occurs in winter
and the highest in summer, whereas in the north, the lowest fCO is in
summer and the highest in autumn. South of 20°N, the ship sails further
offshore (isobaths >3000 m) and samples surface waters outside the
coastal upwelling region.

The SST decreases steeply from 10°N to 20°N. A smaller amplitude of
SST variations is observed from 20°N to 36°N throughout the year
(Fig. 3e-h). In each season, from 10°N to 20°N, the SST amplitude is over
5 °C and is significantly warmer than in the northern part of the transect.
Overall, the surface water is significantly warmer in summer and
autumn (>23 °C averaged over 10-36°N) than in winter and spring
(<21.5 °C). From 20°N northward, the SST fluctuates by about 2-3 °C
but does not present a strong decreasing trend as in the southern part.
From 26°N to 33°N, SST gradually increases from winter to autumn with
a mean SST of 18.48 £ 0.78 °C to 21.62 + 1.22 °C respectively.

Surface waters are usually fresher south of 20°N than north of it. In
spring and summer 2019, pronounced increase of SSS near 20°N-21°N is
observed (Fig. 3j and k) usually over 0.5 but it reaches 1 in May-June
with SSS varying from 36 to 37 (Fig. 3j). In the 10°N-18°N region, the
mean SSS is lower than 36 in autumn and winter and lower than 36.2 in
summer and spring. After the SSS increase near 20°N, SSS usually
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Fig. 3. Variations of fCO,, SST, SSS and TCO,, along the Cap San Lorenzo track and Maersk Raleigh, from 10°N to 36°N in winter, spring, summer and autumn 2019.
Winter corresponds to December, January and February, spring to March, April, May, summer to June, July, August and autumn to September, October, and
November. The dashed line (in panels a, b, ¢, d) corresponds to the mean atmospheric fCO, value for the season.

remains over 36.4 north of 26°N at each season (Fig. 3i-1).

At each season, TCO, concentrations are lower from 10°N to 20°N
than north of 20°N (Fig. 3m to p). Near 20°N, TCO; concentrations vary
strongly with lower values in summer (<2000 pmol kg~! in July) and
higher values (>2150 pmol kg™ !) in autumn and winter. The north-
south difference of TCO; is not observed in fCO5 (Fig. 3a to d). For
example, in winter 2019, fCO, is slightly below the atmospheric value

Table 1

with a mean of 374 + 8 patm from 10°N to 18°N and a mean of 379 + 7
patm from 26°N to 36°N. Normalizing fCO2 to a constant temperature
(NfCOy) leads to a similar latitudinal distribution to TCO2 with lower
values in the southern region than in the northern one (Fig. 4).

South of 20°N, SST is much higher than north of 20°N, which in-
creases fCOs in the southern region. As a result, the temperature impact
on fCO4 is masking the north-south difference of carbon content. The

VOS voyages from 10°N to 36°N with dates, name of the ship, latitudinal range and representative month for the year 2019.

D Dates of the voyages ship Min lat Max lat Representative month
1 3-8 January 2019 Maersk Raleigh 10°N 33°N January

2 5-10 February 2019 Cap San Lorenzo 10°N 35°N February
3 8-11 April 2019 Cap San Lorenzo 10°N 35°N April

4 8-12 May 2019 Cap San Lorenzo 10°N 36°N May

5 28 May-2 June 2019 Cap San Lorenzo 10°N 35°N May

6 2-6 July 2019 Cap San Lorenzo 10°N 36°N July

7 24-28 July 2019 Cap San Lorenzo 10°N 31°N July

8 26-31 August 2019 Cap San Lorenzo 10°N 36°N August

9 17-22 September 2019 Cap San Lorenzo 10°N 36°N September
10 21-25 October 2019 Cap San Lorenzo 10°N 35°N October
11 13-17 November 2019 Cap San Lorenzo 10°N 30°N November
12 16-19 December 2019 Cap San Lorenzo 22°N 36°N December
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Fig. 4. Normalized fCO at a constant temperature of 22 °C in winter, spring, summer and autumn 2019.

supply of carbon is particularly visible in autumn and winter from 20 to
26°N on both the TCO and fCO- distributions (Fig. 3a, d, 3m, 3p). The
large CO5 decrease occurring in July 2019 is also observed in both
variables (Fig. 3c, 0).

Fig. 5 shows the monthly chlorophyll concentrations of 2019 collo-
cated along the track of the Cap San Lorenzo, from 10°N to 36°N.

The highest chlorophyll concentrations are located in the permanent
upwelling (PU) zone and occur throughout the year. The highest con-
centrations (>3.7 mg m’3) occur at 20°23'N in summer 2019 and

decrease rapidly with latitude to become lower than 0.2 mg m~> near

22°N. During this season, the peak of high concentrations (>2 mg m™>)
is shifted southward compared to months closer to winter season and
extends from 18°N to 21°N whereas, at other seasons, the high con-
centrations tend to spread between 20°N-24°N. The mean seasonal
concentrations, along the track from 20°N to 26°N, are always above
0.62 mg m°. In winter 2019, the mean chlorophyll averages 1.10 +
0.44 mg m™° in this region (N = 963). The lowest concentrations occur
in the northern part of the transect (26°N-36°N). South of 18°N, the

GlobColor Chla along the Cap San Lorenzo track
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Fig. 5. Monthly chlorophyll concentrations in 2019, along the track of the Cap San Lorenzo from 10°N to 36°N.
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chlorophyll concentrations are relatively low with seasonal values,
averaged between 10°N and 18°N, ranging from 0.20 to 0.29 mg m >,
but they are slightly higher than the chlorophyll concentrations aver-
aged between 26°N and 36°N where mean concentrations range from
0.14 in summer to 0.28 mg m™~2 in winter 2019. The comparison of the
annual concentrations of chlorophyll between 10°N-18°N and 26°N-
36°N are significantly different (non-parametric one-tailed test, p-val-
ue< 0.0001) with chlorophyll concentrations ranging from 0.17 to 0.47
mg m > and averaging 0.25 + 0.06 mg m " in the south, whereas in the
north, they vary between 0.12 and 0.35 mg m™> with a mean of 0.19 +
0.05 mg m~>. On seasonal time scales, chlorophyll concentrations are
similar between the two regions in autumn only.

3.2. Sources and sinks of CO2 in 2019

Each voyage of 2019 is binned into 0.25° of latitude and grouped by
season to determine the sources and sinks of CO; along the track of the
Cap San Lorenzo at each season (Fig. 6).

In winter, the regions 10°N-12°N, the SCV, CV, MA are sinks of CO»,
in contrast to the CT, CB and the PU zone that are sources of CO5. Further
north, the CJWPU, CGWPU and 33°N-36°N are sinks of CO3 like the
southern region. Overall, during this season, three distinct patterns of
the CO; flux emerge with a sink of CO5 from 10°N to 18°N, a source of
CO;, from 18°N to 25°N and a sink of CO, from 25°N to 36°N (Fig. 6a).
These three zones correspond roughly to the main regions identified by
Cropper et al. (2014). The regions proposed by Menna et al. (2016) can
be grouped together as some regions show the same seasonal source and
sink patterns. From 10°N to 16°N, a source of CO, occurs in spring
(Fig. 6b), summer (Fig. 6¢) and autumn (Fig. 6d) whereas the region is a

Table 2
Seasonal CO, flux (mean and standard deviation, in mmol m 2 d™1) along the
track of the Cap San Lorenzo in 2019.

Region Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)
10°N-18°N  —2.60 +£0.78  0.41 + 0.46 1.59 + 0.63 1.73 £ 0.29
20°N-26°N  4.31 £ 2.95 —1.34+0.95 0.90 + 1.39 4.76 + 3.14
26°N-33°N —1.86 + 0.37 —1.95 4+ 0.93 1.85+1.01 0.75 + 0.51

sink of CO; in winter. The southern region from 10°N to 16°N includes
the SCV, the CV and the MA regions. Between 18°-20°N, the CT region
has similar features to the permanent upwelling zone in winter, spring
and autumn. In summer, CT is a sink of CO5 whereas the southern and
permanent upwelling regions are sources of COz (Fig. 6¢). This sink of
CO4, coincides with the high chlorophyll concentrations shifted south of
20°N in this season (Fig. 5). The permanent upwelling zone is a source of
CO; (Fig. 6a, ¢, 6d) except in spring when it becomes a sink of CO,
(Fig. 6b, Table 2). The weak upwelling zones of Cape Juby (CJWPU) and
Cape Ghir (CGWPU) can be grouped with the area north of 33°N. These
three regions are sinks of CO5 in winter and spring (Fig. 6a and b), and
sources of CO3 in summer and autumn (Fig. 6¢ and d). The highest CO4
fluxes occur in winter and autumn (Fig. 6a and d) in the PU with values
over 4 mmol m 2 d! (Table 2).

3.3. Drivers of the seasonal variability of fCOg in the main regions

The CO5 source and sink patterns along the track of the Cap San
Lorenzo highlight three main regions, with a transition zone at Cape
Timiris (18°-20°N), that correspond roughly to the latitudinal separation
made by Cropper et al. (2014) and Lathuiliere et al. (2008). Each voyage
of 2019 is averaged on a daily basis in the CGWPU, CJWPU, PU and
10°N-18°N regions to determine the seasonal cycle using equation (7).
The coefficients of the equation are given in Table S1 for each param-
eter. As the seasonal cycles in CGWPU and CJWPU are similar (p <
0.0001), CGWPU and CJWPU are merged into a Weak Permanent Up-
welling (WPU) region extending from 26°N to 33°N. In this region, fCO,
ranges from 375 patm in winter to 415 patm in summer (Fig. 7a).

In the WPU, the fCO, follows the same variations as SST (Fig. 7b).
The salinity averages 36.48 + 0.10 and its amplitude is less than 0.3.
The upwelling is expected to lower the surface salinity as subsurface
waters are fresher (Vélez-Belchi et al., 2017). The monthly fCO, obser-
vations are strongly correlated with SST (r2 = 0.90 and RMSE = 4.5
patm) in WPU. The salinity does not improve the correlation, which
suggests that SST controls most of the CO5 variations. The relationship
between fCO5 and SST corresponds to an increase of fCOy of about
2.2%/°C, which is lower than the thermodynamical increase of 4%/°C if
warming is the only process affecting the CO, variations (Fig. 8).



N. Lefevre et al.

Deep-Sea Research Part I 200 (2023) 104130

26-33°N 26-33°N 26-33°N
450 30 37
a)  WPU 28 b)
€ .
= 36.5
E ; +1
- 400 %
Q
) 36
350 35.5
Jan Apr Jul Oct Jan Jan Apr Jul Oct Jan Jan Apr Jul Oct Jan
20-26°N 20-26°N 20-26°N
600 30 37
550 D 28| €) B
£ ru o 36.5
© 500 o . % . F
™ 450 7 % , a - %
8 o 22 \ 36
400 20 * £
e f)
Jan Jan  Apr Jul Oct  Jan Jan  Apr Jul Oct  Jan
10-18°N 10-18°N 10-18°N
450 30 37
28 h) : ﬂ$ i)
_— i 3
E 526 N 365
= 400 =24 ¥ @ .
o h i 7] s
8 » 22 36 |+ :
20 7
Open Ocean &
350 35.5
Jan  Apr Jul Oct Jan Jan  Apr Jul Oct Jan Jan  Apr Jul Oct Jan

Fig. 7. Seasonal cycle of fCO,, SST and SSS for the WPU (26-33°N), PU (20-26°N) and open ocean (10-18°N) in 2019. Note the different scale in panel d) for fCO,.
The black curve corresponds to the seasonal cycle represented by the harmonic fit. The means and standard deviations of the observations are in red.

WPU
450 T T T T T g

* Data o
440 Linear fit ’,.0
"""" Increase 4%/°C K

430

420

410

fCO2 {patm)

400

390

380

370 . . . . .
20 21 22

SST (°C)

23

Fig. 8. Observations of fCO, as a function of SST in 2019 in the WPU region.
The black line corresponds to the linear fit between fCO, and SST. The increase
of fCO, with SST is lower than the thermodynamic increase of 4%/°C
(dashed line).

In the PU zone, the fCO, variations do not follow the seasonal cycle
of SST. As very high fCO values are encountered in this region, the scale
of Fig. 7d is different from the other regions. The lowest fCO; occur in
June and the highest fCO, are in autumn-winter (Fig. 7d) whereas the
SST peaks in August (Fig. 7e) and is minimum in February. The lowest
fCO4 are observed at the period of highest chlorophyll concentrations
(Fig. 5). The variability of fCO, in PU is twice as large as the one in WPU
but the amplitude of SST is similar and less than 4 °C. The salinity av-
erages 36.42 + 0.12 with an amplitude less than 0.4. The largest CO5
source in PU (black line in Fig. 7d) is associated with the lowest SST and
reveal the signature of the upwelling although the correlation is low
(—0.22, p-value <0.0001). The correlation between the seasonal cycles
of fCO, and SSS is significantly higher with a coefficient of —0.86. The
relationship between observations of fCO5 and both SST and SSS gives a
determination coefficient r* of 0.79 and a RMSE of 15 patm.

In the open ocean section of the transect, fCO, averages 404 + 22
patm, and presents a maximum in August and a minimum in February
(Fig. 7g) as in the WPU (Fig. 7a). The SST seasonal cycle is shifted by a
month, compared to fCO2 and to SST in the other regions, with a min-
imum in March and a maximum in September (Fig. 7h). This region is
much warmer with a mean SST of 25.32 + 1.82 °C and the salinity is
lower with a mean of 36.05 + 0.11. Observations of fCO3 are correlated
with SST (r = 0.66) but SST explains only 44% = 0.44) of the fCO,
variations. The fCO, data can be expressed as a function of SST and SSS
(r? = 0.85, RMSE = 10 patm).
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The calculation of the relative importance of thermal processes over
non-thermal processes on fCO, indicates that the thermodynamical
processes dominate in the WPU and in the southern part of the transect
with the ratio of thermodynamic over other processes, T/B values, of
2.11 and 1.39 respectively. On the contrary, in the PU, biological and
mixing processes are dominant with T/B lower than 1 with a value of
0.61.

Using the data binned by 0.25° of latitude, we examine the spatial
correlations between fCO, SST, SSS, TCO, and the chlorophyll con-
centrations in 2019 within each season. For example, all the data of the
transects realized in winter 2019 (December, January and February
2019) are gathered to examine the correlations between the pairs of
parameters in each region. In the WPU, fCO, and TCO; are negatively
correlated with chlorophyll in spring (r = —0.38, p < 0.05) and summer
(r=-0.83, p < 0.0001 for fCO3 and r = —0.57, p < 0.005 for TCO3) but
chlorophyll concentrations are lower than 0.3 mg m ™2 in this part of the
transect. In the PU, high chlorophyll concentrations occur throughout
the year (Fig. 5). Values of fCO5 are also high, especially in autumn and
winter (Fig. 7d) leading to strong outgassing (Fig. 6a and d), which is
characteristic of colder and COs-rich upwelled waters. The correlation
fCOy-chlorophyll is positive in winter, with a value of 0.81 (p < 0.0001).
A negative correlation occurs in summer only with a coefficient of —0.67
(p < 0.0005). However, a stronger correlation is observed with TCO4
and chlorophyll in summer and spring with coefficients of —0.90 (p <
0.0001) and —0.89 (p < 0.0001) respectively. As for fCO,, the correla-
tion of TCO4 with chlorophyll is positive in winter (r = 0.72, p = 0.0001)
but the TCO,-chlorophyll correlation is not significant in autumn (r =
0.06, p = 0.78). The biological impact on the inorganic carbon param-
eters are examined at a higher spatial resolution (Figs. S1-S6) and
confirm the results obtained here. In July, the ship sampled the region

10

twice and a strong decrease of fCOg is observed when the high chloro-
phyll concentrations extend offshore (Figs. S1, S5, S6). In the southern
region, 10°N-18°N, there is no significant correlation between fCO, and
chlorophyll. TCO; is positively correlated with chlorophyll in winter
(0.68, p < 0.0001) and spring (0.70, p < 0.0001) but chlorophyll con-
centrations are, on average, lower than 0.30 mg m3,

3.4. Temporal trends of fCO in the upwelling regions and in the open
ocean section

In this section, we evaluate whether a long-term trend can be
inferred from the analysis of the selected voyages in the WPU, PU and in
the open ocean section (Fig. 9a). The longitudinal variability between
the voyages in each region is less than 2°. The trends are calculated from
the monthly anomalies of fCO5 over the 2010-2022 period. In each re-
gion, the seawater fCO increases significantly over time (Fig. 9b-d). In

Table 3
Trends of fCO,, SST, SSS, TCO, and pH in the WPU, PU and 10°N-18°N regions
calculated using the ship observations from 2010 to 2022.

Trends WPU PU 10°N-18°N
fCO, (patm yr—1) 2.10 + 0.26 1.82 + 0.64 1.91 + 0.34
SST (°Cyr Y —0.04 + 0.02° —0.13 + 0.04 —0.04 + 0.03°
ssS (yr 1) —0.019 + 005 —0.017 + 007 —0.002 =+ 007"
TCO, (pmol.kg ™! 0.70 + 0.23 1.14 + 0.51 1.24 + 0.53
yrh)
pH (yr 1) —0.0020 + —0.0016 + —0.0016 +
0.0002 0.0005 0.0003
Chla (mgm3yr')  0.006 + 0.002 0.008 + 0.009° 0.008 + 0.002

 The trend is not significant at the 5% level.
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the same way, the trends are calculated for SST, SSS, TCO,, and pH
(Table 3). The trend of the chlorophyll concentrations are calculated
over the same period, 2010-2022, using the satellite data.

The increase of fCO, is not significantly different from one region to
another. As expected, the increase of fCO, corresponds to a significant
decrease of pH in each oceanic region and to an increase of TCO». In the
WPU, the SST decrease is not significant at the 5% level. In the open
ocean region, there is no trend in SST and SSS. In the regions with very
low chlorophyll concentrations, WPU and 10°N-18°N, chlorophyll in-
creases slightly over time. In the PU region, no significant trend of
chlorophyll is detected.

The rates of increase of seawater fCO- in each region are not statis-
tically different from the atmospheric increase of 2.53 4 0.07 patm yr—*
over the 2010-2022 period (p-value >0.07).

With the oceanic and atmospheric fCO, increasing at about the same
rate in each region, the difference of fCO, between the ocean and the
atmosphere does not present any trend. In addition, no significant trend
is detected in the CO5 flux over 2010-2022.

4. Discussion
4.1. Impact of the upwelling on the COz flux variability and its drivers

The underway SST and SSS measured during the voyages of the Cap
San Lorenzo and the Maersk Raleigh are in good agreement with the
satellite SST and SSS averaged monthly in the weak and permanent
upwelling regions. Therefore, the observations collected by the ships are
assumed representative of the processes occurring in these two up-
welling regions.

In the WPU, the seasonal variability of fCO5 is mainly driven by SST
patterns with maximum values in summer. The thermal effect is
confirmed by a value of the T/B ratio higher than 2. These results are in
good agreement with the work of Curbelo-Hernandez et al. (2021) who
estimated the seasonal CO; flux using data from a volunteer observing
ship from February 2019 to February 2020 between the Strait of
Gibraltar (36°N) and the Canary Islands (28°N). Although their VOS line

a) trend in WPU
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sails a bit further offshore than the Cap San Lorenzo, slightly outside the
WPU area, the fCO, values measured between 28°N and 36°N are similar
(Table S2). They also report SST as the main driver of seasonal fCO5
variations with an increase of fCO, with SST lower than the thermody-
namical relationship of 4%,/°C, as observed in the WPU. In the WPU, the
chlorophyll concentrations are low and fCO5 values remain close to open
ocean values. Satellite images of chlorophyll show that high concen-
trations (up to 9 mg m™>) are confined to the shelf as previously reported
(Lathuiliere et al., 2008). In 2019, the monthly chlorophyll concentra-
tion in the whole WPU area is below 0.63 mg m™°. In this region, the
origin of the upwelling water is the NACW that is relatively poor in
nutrients, whereas, south of Cape Blanc, the origin of the seasonal
coastal upwelling is the SACW, much richer in nutrients (Demarcq and
Somoue, 2015). The Cape Verde frontal zone separates the northern
subtropical water from the water of tropical origin in the south (Kampf
and Chapman, 2016a). Between 10°N and 18°N, chlorophyll concen-
trations are relatively higher than from 26°N to 36°N along the track of
the ship. However, the chlorophyll concentrations remain low as the
ship sails further offshore the productive region. TCO; is also signifi-
cantly lower than in the upwelling regions (Fig. 3), especially south of
the Cape Verde Arquipelago (~15°N). The warm waters with low
chlorophyll and TCO5 concentrations could be explained by advection of
surface waters from the NECC. The NECC is a zonal current flowing
eastward across the tropical Atlantic from the coast of South America to
the coast of Africa. During its journey, it is affected by high precipitation
associated with the Intertropical Convergence Zone (ITCZ). A
north-south gradient of TCO, has been reported between the NECC and
the westward NEC flowing further north of the NECC. Due to the in-
fluence of the ITCZ, the NECC is fresher and lower in carbon content
than the NEC (e.g. Bonou et al., 2016). The TCO4 gradient between the
upwelling regions and the open ocean region does not appear so strongly
on seawater fCO,. The high SST encountered in the tropical region in-
creases fCO, which reaches similar values as in WPU. In both regions,
SST is an important driver of fCO4 variability but the salinity is also an
important driver of fCO5 at seasonal scale in the open ocean region. This
is probably associated to the different northern and southern water
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Fig. 10. SST anomalies (SSTA) from 1982 to 2019 in the a) WPU region and b) in the PU region. The dashed line corresponds to the trend over the whole period, the

red line from 1982 to 2009 and the blue line from 2010 to 2019.

11



N. Lefevre et al.

masses mixing near the Cape Verde Frontal Zone.

Unlike the WPU and the southern region, the PU region has a T/B
ratio lower than 1, which excludes thermodynamics as the dominant
process here. The spatial extension of the chlorophyll concentrations is
maximum in the PU zone (Lathuiliere et al., 2008) and the ship samples
the highest values between 20°N-26°N as shown by the Hovmoller di-
agram (Fig. 5). However, the carbon uptake by the phytoplankton is not
sufficient to cause a CO5 drawdown and the fCO; values and the CO5 flux
are the highest in the PU. Overall, along the track of the ship, chloro-
phyll and fCO,, are correlated in winter (r = 0.92) and autumn 2019 (r =
0.78) as both strong carbon supply and biological activity are occurring.
The Mercator-Ocean model simulations at 1/12° resolution (Lellouche
et al., 2021) show that the mixed layer depth is deeper in autumn and
winter compared to spring and summer in both PU and WPU regions.
Despite the high productivity, overall the CO5 flux in PU is much larger
than in the WPU and in the open ocean. Closer to the coast, along 18°N,
Steinhoff et al. (2012) measured values reaching 650 patm because of
the upwelling. They observed decreasing values as the ship sailed
offshore with near-equilibrium conditions near 17.5°W. In this region,
along the track of the Cap San Lorenzo, strong local sinks of CO, were
observed. In July 2019, fCO; decreased from 433 + 12 patm on the 3rd
of July to 294 + 41 patm on the 26th of July, below the atmospheric
value of 396.2 + 1.8 patm for July 2019, between 20°N and 21°N.
Similarly, Loucaides et al. (2012), following an upwelling filament
moving offshore, reported that phytoplankton depleted seawater carbon
dioxide concentrations far below the atmospheric level.

In the PU region, the fCO, variability is mainly driven by the up-
welling, with highest CO2 values in autumn and winter. It is a highly
productive region and the offshore chlorophyll extension affects the COy
distribution. The fCO, variability in the WPU is mainly driven by tem-
perature variations as chlorophyll concentrations remain low. In the
open ocean part of the transect, temperature and salinity are governing
the CO,, variations.

4.2. Trends in COz and upwelling over the 2010-2022 period

The evolution of the COz flux in the WPU and PU regions will be
likely affected by physical processes, such as the intensification or
reduction of the coastal upwelling, and changes in productivity.

In the PU region, we observe a significant decrease of SST -0.13 °C
yr~! from 2010 to 2022 (Table 3). An intensification of the upwelling
would lead to a cooling of coastal waters, which would be detected by a
decreasing SST trend, and more CO,-rich water coming up to the surface
layer. This is what is observed by Gonzalez-Davila et al. (2017) who
found a negative SST trend of —0.2 °C yr™! at Cape Blanc (21°N) and
Cape Verde (15°N) over 2005-2012 using observations from their
QUIMA VOS line. This upwelling intensification was associated to an
increase of seawater fCO; of 2.5 + 0.4 patm yr~!, which is higher than
the increase of atmospheric fCO». This corresponds to a decrease of pH
of 0.003 = 0.001 yr L.

The monthly SST fields from MODIS, at 4 km resolution, confirm the
decrease of SST in the upwelling regions over 2010-2022. SST decreases
significantly at a rate of —0.03 & 0.01 °C yr ! in WPU and —0.07 +
0.02 °C yr~ ! in PU. These results are consistent with the trends calcu-
lated from the ship observations (Table 3). The decrease in the 10°N-
18°N band is not significant. Over a much longer period (1982-2019),
Siemer et al. (2021) found a warming trend in the WPU and PU regions.
They found significant increasing SST trends, ranging from 0.0023 to
0.0114 °C yr’l, in the CGWPU, CJWPU, PU regions (cf their Table 1)
over the 1982-2019 and 1992-2019 periods, associated with a decrease
in chlorophyll concentrations, from 1998 to 2018, and in net primary
production from 2003 to 2018. This warming trend is consistent with the
results of Barton et al. (2013) who detected SST increase at a rate of
0.01 °Cyr ! from 1967 to 2007 and twice this rate for the shorter period
1985-2007. In both studies, the rate of SST increase differs according to
the length of the time series. Using the same SST fields over the
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1982-2019 period, there is evidence of a decrease of SST in WPU and PU
over the 2010-2019 period, consistent with our observations (Fig. 10).
In 2010, the North Atlantic Ocean experienced an anomalous surface
warming leading to an increase of seawater fCOy (e.g. Ibanhez et al.,
2017). The anomalous warming is clearly visible on the series of SST
anomalies with a positive SSTA higher than 0.5 °C in WPU and over 1 °C
in PU (Fig. 10). With a start date of the trend characterized by a strong
positive anomaly, the SST trend calculated from 2010 is decreasing with
a slope reaching —0.135 =+ 0.002 °C yr~! in the PU region over the
2010-2019 period.

Further offshore the WPU region, monthly fCO5 has been monitored
at the ESTOC station located at 29°10° N, 15°30° W. The seawater fCO,
at ESTOC has increased at a rate of 1.9 + 0.3 patm yr * and pH has
decreased at a rate of 0.0019 + 0.0003 yr! from 1995 to 2014 (San-
tana-Casiano and Gonzalez-Davila, 2015), which is not significantly
different from the fCO, and pH trends observed in the WPU (Table 3).
This is in agreement with the results of Roobaert et al. (2019) who found
similar patterns with the coastal region and adjacent open ocean.

In the PU region, despite SST and wind trends suggesting an up-
welling intensification, the rate of seawater fCO, increase is similar to
the atmospheric CO5 increase. Overall, there is no consensus as whether
the intensity of the CCUS is increasing (Abrahams et al., 2021; Benaz-
zouz et al., 2015). Varela et al. (2015) pointed out that the study area,
the season, the length of the time series and even the database used
might explain the diversity of trends, hence the contradictory results.

The variability associated with climate modes could also explain the
different trends observed at various time scales. The CCUS is mainly
affected by the North Atlantic Oscillation (NAO) and the East Atlantic
(EA) patterns (Georg et al., 2022). The NAO index indicates the differ-
ences in atmospheric pressure patterns in the North Atlantic, charac-
terized by low pressure over Icelandic and high pressure over the Azores
(Hurrell, 1995). During the positive NAO phase, the westerly winds
intensify, strengthening the upwelling and deepening the mixed layer
along the coast. In its negative phase, this is the opposite. The EA pattern
consists of a north-south dipole of anomalies, shifted southeastward
relative to NAO. According to Georg et al. (2022), both NAO phases are
intensified in years with a coupled opposite phase of the EA pattern,
mainly in winter, when both indices effects are intensified.

Analyzing the signals of NAO and EA indices with a 12-month low-
pass filter, we identified a positive trend of 0.04 yr ! in the NAO
index and 0.21 yr~! in the EA index for the period from January 2010 to
September 2022. However, NAO has been trending in a negative phase
since 2019. During 2019, the NAO index was in its negative phase
(~—1), and EA was in its positive phase (~+1). Following the potential
temperature composite analyses performed by Georg et al. (2022) for
opposite NAO and EA phases, in the case of a combination of NAO+ with
EA-, it suggests a weakening of the upwelling spatial extension in the
CCUS region during 2019. Using numerical simulations, Brady et al.
(2019) conclude that the CCUS has anomalous outgassing during a
positive phase of the NAO. On a longer time scale, 1993-2014,
Gomez-Letona et al. (2017) show a stronger impact of the NAO on
seasonal SST in the PU zone in winter and autumn.

The trends found here are calculated on a short period, from 2010 to
2022, when CO, observations are available. A negative trend of SST is
detected in the PU region only over this time period whereas Siemer
et al. (2021), for example, found warming trends in WPU and PU and a
decrease of chlorophyll concentrations. The study of pCO; trends of Fay
and McKinley (2013) shows that the trend depends on the time period as
well as the start date and the end date of the time series. According to
Barton et al. (2013), for SST or wind series shorter than 30 years, the
trends vary widely and might even change sign. This explains the
negative trend of SST observed over 2010-2022, and by
Gonzalez-Davila et al. (2017) over 2005-2012, whereas Siemer et al.
(2021) report a warming trend in WPU and PU.

Although we observe a negative SST trend in the PU zone, the up-
welling intensification is not strong enough to lead to a noticeable
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increase of CO- outgassing and seawater fCO, increases at a similar rate
as the atmospheric fCO, over 2010-2022. A longer time series of
seawater fCO5 in the CCUS is required to detect robust trends and to
better understand the sensitivity of the CO5 fluxes to the different modes
of climate variability.

Although voluntary observing ships are sampling surface waters
only, they are very useful for dynamical systems, such as coastal up-
wellings, because of their repeat voyages. Observations at seasonal
scales would be difficult to achieve with oceanographic cruises only. A
growing dataset will enable us to get better insights in the variability and
trends of fCO, in these complex systems.

5. Conclusions

In 2019, the voyages of two merchant ships sailing close to the Af-
rican coast, on the same tracks, between 10°N and 36°N, highlighted
three main regions with different seasonal patterns of the air-sea flux of
CO,. The open ocean transect (10-18°N) is a sink of CO5 of —2.60 +
0.78 mmol m~2d~! in winter (DJF) only. The permanent upwelling re-
gion (20-26°N) is always a source of COy except in spring when bio-
logical consumption dominates, which causes a sink of CO5 of —1.34 +
0.95 mmol m~2d ™!, The strongest sources of CO5 occur in this region in
autumn (4.76 + 3.14 mmol m 2d™1) and winter (4.31 + 2.95 mmol
m~2d™1). This region is dominated by upwelling dynamics including
supply of carbon and biological CO, drawdown. High chlorophyll con-
centrations occur throughout the year, and spread offshore, making it
the most productive region.

The weak permanent upwelling region (26-33°N) is a sink of CO5 in
winter and spring (MAM) and a source of CO; in summer (JJA) and
autumn (SON) with CO; fluxes ranging from —1.95 + 0.93 mmol
m~2d~! in spring to 1.85 + 1.01 mmol m~2d~! in summer. High pro-
ductivity and strong cooling are restricted to the continental shelf. At
seasonal scale, the CO, variability is mainly controlled by thermody-
namical processes. Although strong CO, outgassing is observed in the PU
zone in 2019, the coastal upwelling is probably weak because the NAO is
in negative phase in 2019.

From 2010 to 2022, seawater fCO, increases significantly in each
region but the rate of fCO, increase does not present statistical differ-
ence from the rate of increase of atmospheric CO; and the CO; flux does
not exhibit any significant trend. Longer time series (>30 years) are
required to detect robust trends, which highlights the importance of
programs of long term monitoring of fCO,.
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