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Abstract.

The circulation patterns in the confluence of the North AttaSubtropical and Tropical gyres delimited by the Capedeer
Front (CVF) were examined during a field cruise in summer 20%& collected hydrographic data, dissolved oxyg@s)(
and inorganic nutrients along a sampling grid configuringpaed box embracing the Cape Verde Frontal Zone (CVFZ). This
allowed, for the first time, estimating transports of wat@sses(), and inorganic nutrients from the surface to 200@eep.
The detailed spatial (horizontal and vertical) distribatiof the CVF was analyzed, allowing to estimate indepenygéhé
transports at the subtropical and tropical domains. Olextitentral levels a net westward transport d§viwas observed,
while at intermediate levels a neS2 transport northward was obtained. We obserJgdand inorganic nutrients imbalances
in the domain consistent with; consumption and inorganic nutrients production by orgamatter remineralization, resulting

in a net transport of inorganic nutrients to the ocean intdyy the circulation patterns.

1 INTRODUCTION

The Cape Verde Basin (CVB) is located in the eastern bourafdhg North Atlantic Ocean at the meeting point of the suftro
ical and tropical domains. This area is influenced by thetseastern extension of the North Atlantic subtropical gi&SG
(Stramma and Siedler, 1988), the north-eastern extensitve dorth Atlantic tropical gyre, NATG (Siedler et al., 289 and

the upwelling region off NW Africa (Ekman, 1923; Tomczak,789 Hughes and Barton, 1974; Hempel, 1982). In the central
waters level (from 100 to 650-700 m depth) within this doméie Cape Verde Frontal Zone (CVFZ) extents from Cape Blanc
to Cape Verde Islands as a northeast-southwest boundavgdresubtropical and tropical waters (Zenk et al., 1991a.ddi-
tion, the Coastal Upwelling Front (CUF) along the Mauritancoast, until Cape Blanc/Cape Verde in summer/winteragpsa
stratified oceanic waters and nearly homogeneous slopesyathe CVB (Benazzouz et al., 2014a, b; Pelegri and Benezzo
2015a). These two frontal systems also act as a dynamicesofiroesoscalar and submesoscalar variability relatedéo-in
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leaving mixing processes and filaments associated with tie (Pérez-Rodriguez et al., 2001; Martinez-Marrero e2808;
Capet et al., 2008; Thomas, 2008; Meunier et al., 2012; Haskgt al., 2017).

The northern side of the CVFZ is mainly occupied by an enserabsubtropical waters, generically denominated as East-
ern North Atlantic Central Water (ENACW), which flows southddransported by the Canary Current (CC). Once the CC
approaches the CVFZ, it turns offshore as the North Equat@urrent (NEC) (Stramma, 1984), giving rise to a shadow
zone of poorly ventilated waters (Luyten et al., 1983). Aiddially, long-lived eddies generated downstream of thaaba
Islands (Sangra et al., 2009; Barceld-Llull et al., 201 gn#icantly contribute to the westward circulation withimet CVB
(Sangra et al., 2009). Between the Canary Islands and Cape Blhe steady trade winds force a permanent upwelling
(Benazzouz et al., 2014a), which in turn triggers an intesmgthward coastal jet, the Canary Upwelling Current (CUC)
(Pelegri et al., 2005, 2006). Below the CUC and over the nental slope, the Poleward Undercurrent (PUC) flows north-
ward with remarkable intensity (Barton, 1989; Machin antk@e, 2009; Machin et al., 2010).

The South Atlantic Central Water (SACW) is the main water naghe southern side of the CVFZ. SACW is formed at
the subtropical South Atlantic and it largely modifies itertimohaline features along its complex path northward taC¥iB
(Pefa-lzquierdo et al., 2015). The northern branch of thelNBquatorial Counter-current becomes the Cape Verdee@urr
(CVC) at the African Slope carrying SACW (Pefia-lzquierdalet 2015; Pelegri et al., 2017). Following, the CVC flows
anticlockwise around the Guinea Dome (GD) to the southerngfahe CVFZ (Pefia-Izquierdo et al., 2015; Pelegri et al.,
2017). A seasonal pattern has been documented, wherebtheénsifies in summer as a result of the northward penetrati
of the Inter-Tropical Converge Zone (ITCZ) (Siedler et 4992; Castellanos et al., 2015). In addition, the northviboa
along the African coast intensifies also in summer due todlaxation of trade winds south of Cape Blanc, so the Maugetan
Current (MC) and the PUC increase their northward progoessi just south of Cape Blanc (Siedler et al., 1992; Lazagd. gt
2005).

The encountering of southward-flowing CC/CUC with northavlowing PUC/MC leads to a confluence at the CVFZ
which fosters the offshore export of mass and seawater giepewith its maximum strength in summer (Pastor et al0g0
Subtropical and tropical waters exported along the CVF4tsidistinct physical-chemical properties. ENACW is aatalely
young, salty and warm water mass with low nutrient and higjgex concentrations. SACW is an older water mass fresher and
colder than ENACW, largely modified while traveling througbpical regions; hence, SACW at the CVFZ is a nutrient-gnd
oxygen-poor water mass (Tomczak, 1981; Zenk et al., 1994toPat al., 2008; Martinez-Marrero et al., 2008; Pastot.et a
2012; Peina-lzquierdo et al., 2015). The CVF drives nutnigiit SACW into the southeastern edge of the nutrient-pcssq,

a process that boosts a high primary production area offsherevealed by the giant filament at Cape Blanc (Gabric,et al.
1993; Pastor et al., 2013).

Intermediate levels~¥700-1500 m depth) are essentially occupied by modified Atitaintermediate Water (AAIW), a rel-
atively fresh and cold water mass with high inorganic natrgnd lowO, concentrations. At this latitude, AAIW flows north-
ward at 700-1100n depth along the eastern margin of both the NASG and NATG (lifeehal., 2006; Machin and Pelegri,
2009; Machin et al., 2010).
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The distribution ofO, and inorganic nutrients below the euphotic layer is deteethiby biogeochemical and physical
processes (Pelegri and Benazzouz, 2015b). The main bilogimizal processes are related with the availability of oiga
matter,0, and inorganic nutrients at the source regions and also wittirreralization processes; on the other hand, the main
physical processes are associated with both the vertidaldétween surface and subsurface waters and also withtthe la
eral transports at subsurface waters (Pefa-lzquierdo &Ml5; Pelegri and Benazzouz, 2015b). As a consequere€,th
and inorganic nutrients concentrations may vary dependmghe interplay between the local rate of organic matter-rem
ineralization and the rate of water supply (Pelegri and Beoiaz, 2015b). In other words, the different dynamics betwe
subtropical and tropical regions separated by the CVFZ,mtebeen oceanic and upwelling regions separated by the CUF,
establish distinct biogeochemical domains with subsahdtfferences in theif), and inorganic nutrient patterns at the CVB.
In the last two decades, several authors focused o®thand inorganic nutrient distribution considering both thygical
properties of water masses and the dynamical processdsadvat varying scales (Pelegri et al., 2006; Machin et 8062
Pastor et al., 2008; Alvarez and Alvarez-Salgado, 2009aReduierdo et al., 2012; Pastor et al., 2013; Pefia-lzdaiet al.,
2015; Hosegood et al., 2017; Burgoa et al., 2020).

Here we address the circulation patterns and the physioakpses behind the distribution©f and inorganic nutrients at
the dynamically complex CVFZ. To achieve this goal we useld fabservations obtained during the FLUXES-I cruise, and
applied an inverse model to estimate the mass transportktidwhl methods are applied to asses the water massabuatistn
both horizontally and with depth, to extend the classicéihiteon of the CVF, in order to separate consistently th@ital and
subtropical sides.

2 DATA AND METHODOLOGY
2.1 The oceanographic cruise

FLUXES (Carbon Fluxes in a Coastal Upwelling System — Camn&| NW Africa) project performed two cruises during
2017 labeled as FLUXES-I and FLUXES-II. The cruise FLUXEfrdvided the dataset to conduct the analyzes presented in
this manuscript. It was carried out from July 14th to August 8017 aboard the R/V Sarmiento de Gamboa. A grid of 35
stations was selected to form a closed box (pink dots, Fig. Atleach station we sampled the water column with a SBE 38
rosette sampler equipped with 24 Niskin bottles ofilZemperature, conductivity and oxygen were measured witrtical
resolution of 1 dbar down to at least 2000 m by means of a CTD $BE. The average distance between neighboring CTD
stations was about 84m. Shallow stations 1 and 29 were discarded from the analyfizessample grid was split into four
transects: the northern transect (N) spanned zonally ftatios 2 to 12 aR3°N; the western transect (W) was locate@6tW
from station 12 to 19; the southern transect (S)7a5°N extended from station 19 to 28, while the eastern tranggatlfsed
the box approximately &t’.57°W from station 28 to 3.

A second observational dataset consisted of 39 expendalitgtbermograph probes (XBT, T5 by Sippican) deployed
between most CTD stations (blue dots, Fig. Al). WinMK21 asijon software was setup to sample down to 2000a
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sampling aided by a reduced boat speed during XBT deploy&eht). Some XBTs (12, 19, 30, 31, 38, 39 and 40) were
discarded due to malfunction during recording.

Practical salinity £, UNESCO (1985)) was calibrated after analyzing 51 watergdesnwith a Portasal model 8410A
salinometer, attaining an accuracy and precision withinvllues recommended by WOCE. An oxygen sensor SBE43 was
interfaced with the CTD system during the cruise, whose mlasens were later calibrated with 417situ samples providing
afinal precision of£0.53 umol kg 1.

Regarding dissolved inorganic nutrients (nitraf€€);, phosphates?O,, and silicatesSiO4H,), 419 water samples were
collected by Niskin bottles and transferred to2%. polyethylene bottles. These samples were frozen &tCGaiefore their
analysis using a segmented flow Alliance Futura analyzéoviahg the colorimetric methods proposed by Grasshoff et al
(1999).

2.2 Supplementary datasets

The Ekman transport was estimated with daily global windlftédservations produced with the scatterometer ASCAT liesta
on the EUMETSAT METOP satellite. This dataset presents éisgdp@solution of0.25° (Bentamy and Fillon, 2012) and
are made available by CERSAT (ftp://ftp.ifremer.fr/ifrenfcersat/products/gridded/MWF/L3/ASCAT/Daily/). Fnegter flux
was calculated from the average rates of evaporation amipfiegion extracted from the Weather Research and Faiagas
model (WRF, Powers et al. (2017)) provided with a spatialltggm of 0.125° and a temporal resolution of 12 h.

The climatological mean depths of the neutral density fieldnd) the summer season were evaluated from the climat#bgi
temperature and salinity fields extracted from the World abcatlas 2018 (WOA18, Locarnini et al. (2018); Zweng et al.
(2018)). WOA18 was also used to produce a climatologicatraédensity field during the summer season to estimate a
climatological geostrophic velocity field. Summer WOA18des were used to extend transects N and S up to the African
coast (green dots, Fig. Al). Finally, two WOA stations wegkested to apply the methodology developed in this manpiscri
to unveil the vertical location of the CVF (see section 2ig, R2).

SEALEVEL _GLO_PHY_l4 REP_OBSERVATIONS0O08 047 product issued by Copernicus Marine Environment Mon-
itoring Service (CMEMS, http://marine.copernicus.ew)\pded Level-4 Sea Surface Height (SSH) and derived vasabab
surface geostrophic currents, measured by multi-s&allitmetry observations over the global ocean with a spaslution
of 0.25°. These data captured the mesoscale structures and wefd beelalidate the near-surface geostrophic field produced
by the inversion.

GLORYS 12V1 (GLOBAL_REANALYSIS_PHY001_030) outputs from 25 years also issued by CMEMS were used to
estimate a summer climatology for the velocity field, tenapere and salinity, with a horizontal resolution bf12° at 50
standard depths.

Data treatmentsir situ, operational and modelling), interpolations with Datéehpolating Variational Analysis (DIVA,
(Troupin et al., 2012)), graphical representations, aedritierse model were coded in MATLAB (MATLAB, 2019). Finally
the Smith—Sandwell bathymetry V19.1 (Smith and Sandw8B,7) was used in all maps and full-depth vertical sections.
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2.3 Merged hydrographic dataset

A high resolutionin situ temperature fieldT() was produced after merging the CTD and XBT profiles. The ieimg variables
were interpolated to this same new high resolution grid téopen additional data treatments.

Sp, Oz, NO3, PO4 and SiO4H4 were optimally interpolated with DIVA. This interpolatiomas performed as follows:
initially, DIVA was applied to theT field at each transect independently, to validate the teatpes interpolated to the XBT
positions and set the signal to noise ratl) &nd the horizontal and vertical correlation lengths éndL,). This validation
provided a relative error between the interpolated profilé that measured by the XBT well below 10%. Hence, the inter-
polations of the remaining hydrological and biogeocheiniesiables were carried out with the following parameters: 4,

L, =110—-135 km andL, = 50 m. Despite the fact that each variable behaves differenfigdding on its physical, chemical
or biological nature, the correlation scales were considiéhe same due to the limitation of the sampling resolufidre
relative error of the interpolatefi field did not exceed 1.5% in any case. Besides, DIVA provideorenaps for the gridded
fields of each variable which allowed us to check their acueand spatial distribution to discard any interpolatedigalwith
relative errors higher than 10%.

Once the interpolations were performed, Absolute Saligfity, McDougall et al. (2012)), Potential and Conservative Tem-
peratures{ and©®, McDougall and Barker (2011)) were calculated (I0C et &1@. In addition, neutral density,
Jackett and McDougall (1997)) was used as the density \tariab

2.4 Tracking the Cape Verde Front

One of the main goals of our study was to estimate the latered$lin the tropical and subtropical sides of the Cape Verde
Front. For this, we have first to uncover the location of trafrboth in depth and along its spatial distribution withire t
domain. The classical definition places the CVF where thiedkoe 36 meets the 150 m isobath. Here we have developed a
method to extend this definition vertically as follows: twio@tological profiles from WOA18 representative of the EQW
and SACW consistent with the definitions given by TomczalB(l)9vere selected (Fig. A2a). Those selected climatolbgica
profiles provide an average relationship betwéen 6, and depth, which reveals that the traditional definitiorthaf front
is based on a salinity value (36) that corresponds indeedjtalecontributions (50%) of ENACW and SACW at 150
depth. Following the same reasoning of equal contributiencalculated the climatological salinity that would defihe front
location at standard depths from 100 to 650 m (Fig. A2b).

Finally, three linear, quadratic and cubic relationshipsaeen salinity and depth were used to infer the salinityweaild
define the front location at any given depth. The quadratationship was finally chosen due to its tight fit to obseiwasi
(R? = 0.998) keeping the polynomial order as low as possible (Fig. AZbus, the front location could be uncovered at the

depths occupied by the three layers of central waters (CW).
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2.5 Water masses distribution

An optimum multiparameter method (OMP, Karstensen and Zai¢1998)) was used to quantify the contribution to the ob-
servations of the following water types: upper and lowertNdtlantic Deep Water (UNADW and LNADW); Labrador Sea
Water (LSW); Mediterranean Water (MW); AAIW; Subpolar Mode t&fa(SPMW); SACW 0f12°C and18°C (SACW12 and
SACW18); ENACW 0f12°C and15°C (ENACW12 and ENACW15); and Madeira Mode Water (MMW). The hyephic
variables used for the analysis wé#eSp, SiO4H4, andNO (VO = O2 + Ry * NO3 , whereR y = 1.4 is the stoichiometric
ratio of organic matter remineralization, Anderson anch8anto (1994)) (Broecker, 1974). The reference valueseddtvari-
ables at the source region of each water type were extractedifie literature (Pérez et al., 2001; Alvarez and AlvaBaigado,
2009; Lagnborg and Alvarez-Salgado, 2014) and WOA13 (Ldoaet al., 2013; Zweng et al., 2013; Garcia et al., 2014a, b).
A linear system of normalized and weighted equation®fd$», SiO4H,, NO and mass conservation was solved to obtain
the water type proportions in the observations. Considetlie measurement error, the relative conservative nahdete
variability of each variable, the weights assigned to tHarze ofSiO,Hy, NO, §# andSp were 1, 2, 10 and 10, respectively. A
weight of 100 was imposed to the mass conservation equatgamang the mass is fully conserved. On the other hand, &rord
to solve this undetermined system of equations, the wapestyvere grouped in a maximum of 4 according to oceanographic
criteria. In this way the unknowns were reduced from 11 to thwhe following groups of water types: 1) MW - LSW - UN-
ADW — LNADW; 2) SPMW — AAIW - MW — LSW; 3) SACW12 - ENACW12 - SPMW - AAV; 4) SACW18 - ENACW15 -
SACW12 - ENACW12; and 5) MMW - SACW18 - ENACW15. Surface waterd Q0dbar) were excluded from the analysis
due to their non-conservative behavior. This OMP with higkedmination coefficientsi? > 0.97) and low standard errors
of the residuals ofl, Sp, SiO4H,4, andNO reproduced realistically the thermohaline and chemicadiduring FLUXES-I
(Valiente et al., in prep.).

2.6 Inverse model setup

The lateral geostrophic velocities were calculated at thendaries of the volume closed by hydrographic stationes@ephic
velocities were referenced 1g, = 27.962 kg m—2 (~ 2000 m) as it was the deepest common isoneutral for all the statisss
an initial guess, the velocities at the reference level weose estimated from the climatological summer mean peally
GLORYS.

An inverse box model (Wunsch, 1978) was then applied to eséira set of unknowns based on the assumption of mass, salt
and heat conservation within a closed volume. The unknowiise system are an adjustment of the initial reference lerel
locities, an adjustment of Ekman transports and the fresdnflax. The reference level velocity field was then used tiorege
the absolute water mass transport through each transeut aftise, a method that has been widely applied in the Adlant
Ocean (Martel and Wunsch, 1993; Paillet and Mercier, 19%haghaud, 2003a; Machin et al., 2006; Pérez-Hernandez et al
2013; Hernandez-Guerra et al., 2017; Fu et al., 2018; Buegah, 2020).

The cruise was carried out over 25 days, a time lag large énforghe structures to evolve during the sampling. This time
lag is not generally an issue that would introduce a relelsgas in the calculations; however, in this case we have adlos
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volume composed by four hydrographical legs, so trying tenect the eastern section with the northern one might intted

a large bias in the observations and consequently in thetrgpbsc velocity field. Hence, to avoid any issues relatethwi
the temporal evolution of structures, the volume is closét Vand instead of with the eastern transect. To do so, WOA18
climatological nodes were used to extend the transects NSagalstward (green dots in Fig. Al), where the climatological
summer mean of GLORYS was also included at the referenck Teverefore, the geostrophic velocities at the refereagell
were modified with the inversion in transects N, W and S, wimilansect E those velocities kept their initial climaugilzal
summer mean values from GLORYS.

The model was made up of 8 layers bounded by the free surfac@ ispneutrals (26.46, 26.85, 27.162, 27.40, 27.62, 27.82,
27.922 and 27.96Rg m—?), reproduced essentially from those defined by Ganachd@Bé) for the North Atlantic Ocean
(Fig. A3). The inverse model considered mass conservationsalinity anomaly conservation per layer and also over the
whole water column (Ganachaud, 2003b). Heat anomaly wasdinted only in the deepest layer where it was also congldere
conservative. Salinity and heat were added as anomaliesgmoyve the conditioning of the model and reduce the linear
dependency between equations (Ganachaud, 2003b). Tieerfe inverse model was composed of 19 equations (9 for mass
conservation, 9 for salt anomaly conservation and 1 for heamaly conservation). Those equations were solved using a
Gauss-Markov estimator for 69 unknowns, comprised of 6éregice level velocity adjustments, 3 unknowns for the Ekman
transport adjustments (one per transect), and 1 unknowthédreshwater flux.

It was necessary to providgepriori the uncertainties related to the noise of the equati®g Y and the unknownsk,,.) in
order to solve this undetermined systeR),, and R, values are compiled in Tab. A1l. The noise of each equatioertép
on the layer thickness, on the density field, and on the viitiabf the velocity field (Ganachaud, 1999, 2003b; Machimle,
2006). Thus, an analysis of the velocity variability wasfpemed in the mean depths of the 8 layers. The velocity vagaat
each layer was estimated from summer months in the 25 ye@EORYS data. These variances were transformed into trans-
port uncertainty values multiplying by density and the ioaitarea of the section involvedz(,,, in Tab. Al). The uncertainty
assigned to the total mass conservation equation was thefsiine uncertainties from the 8 mass conservation equatidres
equations for salt and heat anomaly conservation dependtbritie uncertainty of the mass transport, on the variantieese
properties and, specifically, on the layer considered (Glaanad, 1999; Machin, 2003). Therefore, the uncertaintiesdlt and
heat anomaly equations were estimated as follows (Gandch@89; Machin, 2003)R,,,,(Cq) = axvar(Cy)* Ry, (mass(q))
whereR,,,,(Cq) was the uncertainty in the anomaly equation of the propesit 6r heat anomaly)jar(C,;) was the variance
of this property;a was a weighting factor4(in the heat anomaly,000 in the salt anomaly anti® in the total salt anomaly)
andq was a given equation corresponding to a given layer. Thesethariability estimates were included in the inverse mode
as thea priori uncertainty on the noise of equations in terms of variantesass, salt anomaly and heat anomaly transports.

The variance of the velocities in the reference level wasl @sea measure of thepriori uncertainty for these unknowns.
These variances were also calculated from the summer meelihsities provided by GLORYSH,,,. in Tab. Al). It is worth
noting that Machin et al. (2006) concluded that the final madgslance is quite independent on both the reference level
considered and also on thgriori uncertainties in the reference level velocities.
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The initial Ekman transports were estimated from the avergigd stress during the days of the cruise. A 50% uncertainty
was assigned to the initial estimate of Ekman transporiatee to the errors in their measurements and to the vaitiabfl
the wind stress. An uncertainty of 50 % of the initial valuelod freshwater flux, which was 0.098%, was also considered
(Ganachaud, 1999; Hernandez-Guerra et al., 2005; Maclin €006). Both the Ekman transports, the freshwater fluk an
their uncertaintiesR,,. in Tab. A1) were added to the inverse model in the shallovassrlfor mass and salt anomaly, and
also in the total mass transport and total salt anomaly p@hgquations.

Dianeutral transfers between layers were considered t@gkgible as compared to other sources of lateral transpsot
they were not included in the inversion. Furthermore, tiverise model provides information only from the box bourekri
and cannot be used to provide any spatial details of diaalefliixes for a given interface between layers but just anaayesr
value for the whole interface (Burgoa et al., 2020).

The resulting absolute geostrophic velocity field allowedt@ calculate transports @, and inorganic nutrients. Those
transports were obtained by multiplying their concentratimes mass transports, so their concentrations weraliyiinter-
polated to the positions where the absolute geostrophicitiels were estimated.

3 RESULTS
3.1 Hydrography and water masses

The main water masses sampled during FLUXES-I were ENACWdimg MMW, ENACW15 and ENACW12) and SACW
(SACW18 and SACW12) below the mixing layer and above #Q0modified AAIW and MW from 700 up to 170&; and
North Atlantic Deep Water (LSW and UNADW) belot$00 m (Zenk et al., 1991; Martinez-Matrrero et al., 2008; Pastai.et
2012) (Figs. A3, A4 and A5 — S 4 definitions proposed by Tomczak (1981) for the salty and wAaNACW and the fresh
and cold SACW (straight lines in Fig. A4) were used to idgn@W in all transects: the main water mass sampled in tramsect
N and W was ENACW 4 36.15 gkg—! at 300m), while SACW was dominant in transect § §5.65 gkg~! at 300m).
Both ENACW and SACW were registered along transect E. Watesses were also well defined at intermediate levels, with
colder and fresher AAIW over warmer and saltier MW. MW was plad mainly in transect N and at smaller proportions in
the northern part of transects E and W, while AAIW was the miater mass recorded at transects S, E and W (Fig. A4).
Figure A3 presents the high resolutign field once the XBTs were considered. The upper four layersrarted surface
waters (SW, first layer above 26.46m~3) and CW between 26.46 and 27.k9m~3; intermediate waters (IW) flowed
along the next three layers between 27.40 and 2719223, while deep waters (DW) did so at the deepest layer below
27.922kgm 3.
The overall distributions 005, NO3, PO4 andSiO4H4 at CW were highly variable and closely related to the locatid
the different water masses. In transects N and W, where ENA@8/dominant, th€, concentrations were higher than in
transects S and E where SACW was found, with minin@gnvalues lower than 60rgol kg~ at 300m (Fig. A6). In contrast,
the concentrations of the three inorganic nutrients indHast two transects were higher than in transects N and W at CW
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levels, with concentrations around 27-3@¢i kg~ for NO3, 1.5-1.7 pmol kg ~! for PO, and 7.5-9.9 ol kg —! for SiO4H,
at 300m depth (Figs. A6 and A7).

At IW, the O, distribution was quite uniform in all transects, presegtrslight increase with depth. With respect to inorganic
nutrients, their concentrations at transect N were lowen #t the remaining transects, which were occupied by arlargeunt
of AAIW. Indeed, the largesNO3; andP O, concentrations were registered associated to AAIW aro@@d in in transects
S and E (Figs. A6 and A7). Finally, at the deepest layer, higihcentrations ofD, and inorganic nutrients were found.
Specifically, the highest concentrationsse®©,H, were recorded at this deepest layer.

The hydrological and biogeochemical characteristic ofilager masses are summarized in Figures A8 and A9, where the
relationships betweem situ measurements of 4, Oz, NO3 andPO, are displayed. These property-property distributions
might be used to define the characteristic values of the wassses in the domain (Emery, 2001). At CW, inverse tight
relationships are obtained fofO3; and PO, with S4, while the relationship is direct and looser fop with S4. At IW,
the relationships betweexO3; andPO4 with S4 is much less defined, with a 'S’-like pattern. In all cases, itslationships
betweenO, with NO3 or POy are rather tight and inverse.

The previous distributions are presented from a largesquaispective. A second reading on the dataset might berpesto
emphasizing the role played by mesoscalar structuresnbtarice, an intrathermocline anticyclonic eddy centaretiition 4
was detected i®, S 4, Oz, NO3 andPO,4 (Figs. A5, A6 and A7). On the other side, the CVF was also detkio transects S
and E as a sharp transition in all properties (Figs. A5, A6And In particular,0, presented two remarkable minimum values
of 60 pmol kg~ between 100 and 156 when the frontal area was crossed (Fig. A6). Just below thesminima, the local
maxima ofNOj3, PO, andSiO4H, were recorded (Figs. A6 and A7).

3.2 CapeVerdeFront

The CVF has historically been defined at only one depth, whiegeisohaline 36 (or 36.15kg~!, Burgoa et al. (2020))
intersects the isobath 150 m (Zenk et al., 1991). Followirag definition, the CVF could be located during FLUXES-I betw
stations 23 and 24 in transect S, whexeS, > 0.70 gkg~! andA CT > 1.92 ° C were observed between both sides of the
front; CVF was also detected between stations 33 and 34rise E with lowerA S, > 0.30 gkg™! andA CT >1.10°C
values (Fig. A5).

The method developed in this manuscript to estimate theaélbcation of the front depicted a complex spatial dizition
(Fig. A10). The climatology produced with GLORYS outputsiged to present the front spatial distribution within thendn.
CVF is represented by several isohalines associated tdfispipths. These isohalines unveil that the front was alroos-
pletely vertical in transect E, while at the W-S corner itgmeted a notable slope with its surface end located south déep
end. Hence, the front was oriented from north-east to saugt$t-at near surface layers, while it presented a roughlyveast
orientation at 698n depth (Figure A10a). On the other hand, the CVF locationgiresl with this methodology is indicated
along the transects (pink lines), revealing a remarkabkeimaith the distributions of the maximum contributions NACW
(MMW+ENACW15+ENACW12) and SACW (SACW18+SACW12) estimated wihie OMP (Figs. A10b and c).
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3.3 Inverse model solution

The inverse model provided absolute geostrophic velacitietransects N, W and S, extended to the coast with WOA nodes
Mass transports are then evaluated to estimate the maskmbavithin the closed box. Figure A1l presents the magss-ra
ports accumulated along transects N, W and S, grouped leyeliff water levels (upper panel) and also the transpoegriated
per layer and transect (lower panel). Note that positigdtiee values represent outward/inward transports frothé closed
box (1Sv=10° kg s~!). The mass transport imbalance in every water level washigurgro once it was accumulated along the
box, indicating that the mass was highly conserved (Fig.a.1A slight imbalance was observed in the net transport ijain
associated with the first and third layers (black line in Riglb), likely related to mesoscale structures under-sachglring
the cruise.

The largest transports are obtained at SW and CW levels,laadrethe first layer of IW. In the two shallowest layers the
mass exchange is basically from north and south to the wastjicg some 3.%v. In the third and fourth layers, transports
continued entering from the south and leaving westwardlestansports reversed on transect N, flowing a total of sofe 1
At IW levels, the estimated transports were moderately hpginallel to the coast and northward witts2 (transport through
transect W was comparably weaker). At DW levels, the integianass transports are below 85 with an exchange from
the western to the northern transect.

The results obtained from the inversion are validated with independent databases: transports from altimetry amd-r
ports from the numerical model GLORYS (Fig. A12). These sports are calculated by multiplying the velocity at suefac
times the vertical area covered by the first layer in the iswenodel. Accordingly, in the case of the inverse model we hav
used the accumulated mass transports in the first layer. Wdralbtransport structure is rather similar for all threeses, in
particular between the inverse model and the altimetry. BYS might not be recovering the mesoscale signal and its low
response to this variability is likely deviating it from tlo¢her two databases. In all cases, the final imbalance is gintilar
and about 1.5-3v.

3.4 Geostrophic velocity

The previous result is now applied to present the geostcoptipcities along the three transects developed to perfbem
inverse model. Figure A13 displays the absolute velocity fierpendicular to each transect with a geographic caitgros-
itive velocities are northward and eastward). The absolatecity field might be described as alternating verticdlsceith
velocities in the range from -0.25 to 0.25s~'; the largest velocities are mainly found in the upper 200-30depth.

This velocity field helps to identify several mesoscale dest captured during the cruise. Besides the intratheineocl
anticyclonic eddy located between stations 3 and 5, anaffeonic eddy was centered between stations 5 and 7, nekéto t
first eddy. Transect N was also crossed by a second anticg@ddy between stations 9 and 12. The main mesoscale sgactu
sampled in transect W were a meander between stations 158aaddlalso an intrusion found between stations 18 and 19,
which actually entered the box through corner W-S. A secantlgf this intrusion is observed at transect S, where itredte
the box between stations 19 and 20 and left between statbas@ 21. From stations 22 to 26, some additional meandering
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was observed along transect S. A cyclonic eddy had a notajgiatine velocity in the middle part of the transect S centerte
station 27.

3.5 Inorganic nutrient and O» transports

The transports (integrated per water level and transectpfo NO3, PO, and SiO,H, are presented in Figure A14 and
compiled in Table A2. At IW and DW levels, the transports fthpaoperties are nearly balanced and may be described &s a ne
northward transport with a slight contribution from the veza transect. The weak transports at DW levels are likdated to

the low velocities at those water levels.

However, the transports at SW and CW levels present an imbadbdistribution that can not be fully related to imbalance
in the mass transports, as mass transports are nearly bdlahthose water levels. Transports present a distribwitogre
O, enters the box through transects N and S; a lower amou@déaves the box through transect W revealing a@et
decay within the box. The higheéX, transports are obtained at SW levels, as a combined effdatg# velocities and high
04 concentration at the photosynthetic layer in contact withatmosphere. Finally, the pattern in the transportsiloligion
is quite the same foNO3, PO, andSiO4Hy: nutrients leave the domain through transects N, W and $, avitny amount
getting in the box through transect N at SW and CW. The lowassports for inorganic nutrients are obtained at the S\&tjay
as a consequence of nutrient depletion within the photierlayhile the highest transports are observed at CW and I\&ldev
A large imbalance is obtained at CW levels, providing a nétient increase within the box at CW levels.

Biogeochemical budgets can be obtained for the entire vealemn, once we have produced the net lateral transports of
O, and inorganic nutrients (Table A2). To do so, first we stileddo estimate th€, exchange between the sea surface
and the atmosphere. We have proceeded as documented byiiWain2014), using an average wind speed for the whole
domain (/, ms~!) and the Schmidt number (Sc) fox, to estimate the gas transfer velocity ¢émh~') ask = 0.251 < U2 >
(Sc/660)’0'5. Then, we estimated the average Apparent Oxygen Utiliag#d®U), and estimate th®, transport from the
sea surface to the atmospherefas- —kAOU A/1000, where A is the surface area of the domain®mThese calculations
provide anO, export to the atmosphere of 113.5#ols~t. This number indicates that the totah consumption within
the box is 297.kmol s, as the lateral transport integrated for the whole sampleémcolumn was -410.64mols~'. On
the other hand, the inorganic nutrient positive balancdg#ie that the domain is producing inorganic nutrientsljikas a
consequence of remineralization below the photic layernilitrient import from the atmosphere are considered ribtgigs
compared to their lateral transports, according to cliogfoal values reported by Fernandez-Castro et al. (20 ce, this
domain would be acting as an heterotrophic box, as reveglétenet oxygen consumption, with remineralization of Nng a
Si below the photic layer.

4 DISCUSSION

We have presented the dynamics related to the water masgebeinO, and inorganic nutrient content in the transition
between the eastern NASG and the NATG during summer 201 7water masses distribution in the CVFZ during FLUXES-
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35

| is consistent with that documented before (Hernandez+@uet al., 2005; Pastor et al., 2012; Pefa-lzquierdo e2@l.2;
Burgoa et al., 2020): a latitudinal change between ENACWS#AGW below the mixing layer and above 7@0was detected
from north to south (Pelegri et al., 2017), while a seconituidinal transition was observed at IW between AAIW and MW
from south to north (Zenk et al., 1991), being AAIW the donmihevater mass. The characteristic of these water masses are
conditioned by their origin and path followed in their waytte CVB. While transects N and S present well defined water
masses, transects W and E reflect a water masses transitioeelnetransects N and S. The large variability registeresiét
and CW levels is related to the position of the CVF, with thequmity of the CUF north of the domain and with the meso- and
sub-mesoscale structures associated with these two lfigystems, as the upwelling filaments off Cape Blanc (Meusiiex.,
2012; Lovecchio et al., 2018; Appen et al., 2020). ENACW aAQ®/ property distributions presented in Figure A8 compare
well with those reported by Pastor et al. (2008) and PelegtiBenazzouz (2015b). At IW levels, the variability is mginl
related to the AAIW flowing northward to the Canary IslandsihaMachin and Pelegri, 2009; Machin et al., 2010). The
shadow zone documented by Luyten et al. (1983) and the dewelot of an oxygen minimum zone (OMZ) within CW and
IW levels was centered in transect S between 100 anch8@@pth with its core around 40 between isoneutrals 27.1 and
27.3kgm~3 (Karstensen et al., 2008; Brandt et al., 2015; Thomsen,e2@19). That distribution matches well with the one
provided by Pefia-Izquierdo et al. (2015) with high concaigns ofNO3z; andPOy.

A major contribution from this manuscript is the developinainan extended version for the classical methodology adpli
to locate the CVF. Following the definitions for SACW and ENAGeported by Tomczak (1981) and the interpretation of
the CVFZ by Zenk et al. (1991), the front 3D structure from 18@®50 m depth has been produced combirimgitu and
GLORYS data (Fig. A10). Fist of all, we would like to highligtihe consistency between the results produced fronmtkiéu
observations when compared to the results from the GLORY&md he front spatial disposition reveals that the CVF is a
complex meandering front with several associated meso$ealures, showing a variable geographical orientatiaifferent
depths (Barton, 1987; Martinez-Marrero et al., 2008; Ratal., 2008, 2012). The vertical distribution of the CVFables
the interpretation of the imbalances in lateral transpafrteass O, and inorganic nutrients at both sides of the front (Tab. A3).
The predominance/lack of SACW/ENACW in transect S suggésitisthe CVF may be functioning as a barrier against lateral
transports across the front. The CVF also influenced itscadfawaters, as observed for example in the minim@efand
the maxima ofNO3; and PO, sampled just below 15@ in the tropical side of the front, that might be indicatingozadl
remineralization (Fig. A6) (Thomsen et al., 2019).

The main limitations in the present analyzes were relatethéohigh relative importance of mesoscale features in the
domain. These features modify the thermohaline field witlingéensity capable of inducing transports within the santeor
of magnitude as those related to the large-scale circuldtiolkov et al., 2008; Zhang et al., 2014). On the one sid#hef
mesoscale field is under-sampled, it might induce large lamo&s when quantifying the large-scale transports. Owottiner
side, the important dynamics associated with the mesosuglet also produce a lack of synopticity when the samplikgsa
longer than 15-20 days. These two effects might be resplensflthe main limitations found in the dataset, as mesoscala
structures were observed in almost all hydrographic segtim turn, mesoscale structures impact on the physicahatal
variables in the domain, that might end up significantlyralde(Appen et al., 2020).
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The velocity field has a direct implication in the exchangeédgfand inorganic nutrients at intermediate and deep water
levels. The net balanced northward transport carries s@@&mhols—' of Oy, 68kmols—' of NOs, 5kmols~! of PO, and
60 kmols—! of SiO,H,. These values are well above the horizontal advection agtinfrom climatological data reported
by Fernandez-Castro et al. (2019) at intermediate and deefsl However, the net horizontal transports presentdmbiin
analyzes have very small values close to zero in intermediad deep waters.

On the other hand, at surface and central levels the roleeglay biogeochemical processes also needs to be considered
to outline the full picture of the processes forcing the ability in the O, and inorganic nutrients transports. A westward
imbalanced transport @b, is observed at SW and CW levels, with a deficit of some Kbl s—! related to the loweD,
concentration in the outflowing as compared to the inflowirmgess (Fernandez-Castro et al., 2019). With respect toemisr
at these levels, the domain acts as a source with net outwagports through the three transects of somekid8ls—!
for NO3, 8.5kmols~* for PO, and 66kmols~! for SiO,H,. The western section presents the highest outward tratsspor
for the three nutrients at SW and CW as in Fernandez-Cas#io @019); our transports, however, are much larger than th
climatological values provided by these authors. The dalimns performed for the whole box, where tbg export to the
atmosphere was considered, somehow define a pattern foffsher@ export of inorganic nutrients as a consequend@-of
consumption followed by nutrient remineralization beldve photic layer. In this case, we would not expect the resuiit t
within the Redfield ratio as we are working with the whole bosgtead of differentiating between the surface layer (where
oxygen production and nutrient consumption dominate) aeddyers below (when net oxygen consumption and inorganic
nutrients mineralization occurs). To do so, we would neatk@ separately with the surface layer and estimate thelajed
by vertical advection and turbulence, an approach beyamdadbpe of this study.

Despite the eastern section was not part of the inverse miodéll may provide insights about the transports withire t
domain in a location quite close to the coastal upwellingFé A15). Mass transports indicate eastward transpoi\aasd
CW levels, while at IW and DW levels the transports reversstward. Transports related @, and inorganic nutrients reflect
a similar patternO, transports are close to zero at SW and CW levels, likely asultref the high relative importance of the
OMZ in this eastern section. Nutrients at these depths pté®& onshore transports probably related to nutrientetem at
these levels. At IW and DW levels, a straight relationshiglé® observed foD, and inorganic nutrients when compared with
the mass transports pattern. Hence, at this eastern sé@cEems that the physical forcing has been the dominatictgrféo
explain the variability in the transports.

Finally, the development of a frontal zone provides the opputy to perform the transports analysis at both sidesef t
front, in the tropical and subtropical domains within CWdks/(Tab. A3). The mass transport imbalance is close to zero i
both sides of the front. The pattern associated with trans consistent with a south-westward transport in theéreplcal
side and a westward transport in the tropical domain, ctergisvith previous authors as Pastor et al. (2008). Onc®thend
inorganic nutrient transports are estimated at both sities, behavior is quite similar with a n€l; decay and a net increase
of inorganic nutrients. The main difference between botlesiis related to the transports©$, which is about eight times
lower in the tropical side, presumably related to the lasggension of the OMZ in this particular area.
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5 CONCLUSIONS

In summary, the circulation in the transition zone betwdendoastal upwelling and the interior ocean, in the vicioityhe
Cape Verde Front is described as a westward flow at centrelsleat both the tropical and subtropical sides of the front,
transporting about 4v. Below, at intermediate levels, the circulation is markeubrthward carrying about 8v. Mesoscale
features constitute a main source of variability in the dition at these water levels. On the other hand, the CapgeVer
Front has been featured from 100 to 7@0depth in the whole domain sampled; it presents a large meagdstructure
with an orientation varying with depth. Finally, tli&, and inorganic nutrient transports at central levels aralitiomed by
biogeochemical processes with a decreage-0énd an increase of inorganic nutrients. At intermediatelthe variability

in the O, and inorganic nutrient transports are highly conditiongghysical factors. Once th@, export to the atmosphere is
accounted for, the domain has revealed as an heterotroggtens due t@®- consumption, with a remineralization of inorganic

nutrients.
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Figure A3. ,, vertical section during FLUXES-I cruise produced with the CTD-XBT geet dataset. White dashed isoneutrals limit the
different water type layers. The direction chosen for the representatitne transects is the course of the vessel. Distance is calculated with
respect to the first station (2). The section is divided as follows: trads&om east to west (from station 2 to 12), transect W from north
to south (from station 12 to 19), transect S from west to east (from sgati®rto 28) and transect E from south to north (from 28 to 3).
The N/W, W/S and S/E corners are indicated with three vertical pink lines tadrstal 2, 19 and 28, respectively. The sampling points of

dissolved oxygen and inorganic nutrients used in this work are repessinblack dots.
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intermediate and deep water levels. Straight lines represefit thé 4 relationship for ENACW and SACW equivalent to that proposed by

Tomczak (1981).
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chosen for the representation is the same as in Fig. A3. The N/W, W/S armb®¥&'s are indicated with three vertical pink lines at stations
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nutrients used in this work are represented in black dots. Sections aratestiomly with the CTD-XBT merged dataset.
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Figure A6. Sections ofO- (left) andNO3 (right) with respect to depth (upper line) and (lower line) during FLUXES-I cruise. The
direction chosen for the representation is the same as in Fig. A3. The N/8Vakld S/E corners are indicated with three vertical pink lines
at stations 12, 19 and 28, respectively. In depth sections, the isdseutiah delimit the surface, central, intermediate and deep water are
represented by white contours.4n sections, the depths of 150, 698 and 1GY are also shown. The sampling points®f andNO3 used

in this work are represented in black dots.
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three layers of CW with the percentages of ENACW (b) and SACW (c),thedront location superimposed by pink lines. The direction

chosen for the representation is the same as in Fig. A3. The N/W, W/S arab®/&'s are indicated with three vertical grey dashed lines.

Three layers are also separated by two horizontal grey dashed lines.
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Figure A11. a) Accumulated mass transports per SW+CW, IW and DW levels and I3 trzamsports integrated per transect at north, west,

and south, estimated by the inverse model during FLUXES-I cruise @imgu/VOA stations in transects N and S). Negative/positive values
indicate inward/outward transports in both plots. Mass conservation in thkeydbmain closed to coast is shown by the black line. The N/W

and W/S corners are indicated with vertical dashed lines at stations 18andhk accumulated mass transports (a). The horizontal bars in
each layer represented in the net mass transport are the errorsedtoyahe inverse model (b).
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Figure A12. Accumulated mass transports in the first layer of SW estimated along d¢tardeW and S (without WOA stations) with
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Negative/positive values indicate inward/outward transports as in Fig. i N/W and W/S corners (at stations 12 and 19) are indicated
with vertical dashed lines.
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Figure A13. Sections of the absolute geostrophic velocity perpendicular to eachdtavitie respect to depth (upper panel) apd(lower
panel) during FLUXES-I cruise (including WOA stations). The velocity sigrs selected on geographic criteria (positive sign northward
and eastward). The direction chosen for the representation is the samEig. A3. Zero contour line is the thick black line. The N/W and
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the net transport of each biochemical variable. See Tab. A2 to dbeckO3, PO4 andSiO4H4 transports values at each layer per transect.

Negative/positive values indicate inward/outward transports as in Fig. A11
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vided/multiplied by 10.
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Table Al. A priori noise of equations corresponding to the SW, CW, IW and DW lemetsuncertainties of all unknowns of inverse model.

WATER LEVELS Ron [SV?]
SW and CW [2.13 — 3.34]°
AW [2.88 — 3.49]?
DW [1.70)°
UNKNOWNS Rua
Velocities [107* —1073)% [ms™']?

Ekman transports

Freshwater flux

[107° —1074)% [Sv?]
0.0042 [Sv?]
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Table A2. Mass transports and their errorsSr and transports 002, NO3, PO, andSiO4H, in kmols™" with their errors relative to
mass transport for SW, CW, IW, and DW across northern, westeathern and eastern transects for FLUXES-I cruise (with WOA stations).

Positive/negative values indicate outward/inward transports. Total f@aah inorganic nutrient dD- is its integrated transport in all the

water column. The last column is the disajust or imbalance of each waédr lev

TRANSPORT | WATER LEVEL NORTH WEST SOUTH IMBALANCE
Sw 2194054 2.48+0.58 —0.95+0.42 ~0.66+0.90
| cwisy | cw | —026+100 | 222+114 | -135+126 | 060£202 |
| | W | 218+188 | —028+104 | -—186+181 | 003322 |
| | DW | oasxort | —ossxor7 | —oo2xom2 | oosz1s |
| | totaL | o21x231 | 404x245 | —418+236 005411 |
| | sw | 558.32+£130.11 | 40457£95.13 | —5454+24.01 | —208.28:+ 13286 |
| 0, kmols™] | cw | —205.224846.15 | 133.73+68.80 | —134.53+£125.55 | ~206.03+433.33 |
| | W | 35231620601 | ~76.06+522.97 | ~280.92£281.66 | —13.67+732.36 |
| | DW | 1001516278 | ~86.55+176.80 | —5.26+233.49 | 17.34+152.14 |
| | TOTAL | —302.084921.65 | 375.60+227.95 | —484.25+273.08 | ~410.64+874.60 |
| | sw | 10774268 | 24134567 | 14624644 | 27.97£17.84 |
| NOs (kmols™] | cw | 31.65+13048 | 67.04+3449 | 22872135 | 12156+255.68 |
| | W | 573044822 | 82145647 | 455044420 | 359+192.45 |
| | DW | 104541559 | -856+17.50 | 12245107 | 067587 |
| | TOTAL | 8871414000 | 74.39+4514 | 9314525 | 15379432056 |
| | Sw | 0664016 | 158+037 | 1004044 | 193123 |
| PO kmols™] | cw | 2024835 | 403208 | 1524142 | 75841505 |
| | W | so1s2s | 0312212 | 2014288 | 06943674 |
| | DW | 069+103 | 054111 | 0054207 | 010085 |
| | totaL | 5963008 | 476280 | —043+024 | 10204008 |
| | sw | —460+£115 | 7.86+£185 | 4664205 | 791505 |
| Si04H, (kmols™] | cw | 220340082 | 27.04+13.96 | 004843 | 5820412242 |
| | W | 472343068 | 62544200 | 342043322 | 67836317 |
| | DW | 113441691 | 88841814 | 1366037 | 110968 |
| | TotAL | 75.09+100.55 | 19.87+£12.06 | —21.86+1233 | 74.00+383.40 |
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Table A3. Imbalances of mas€)2, NO3, PO4 andSiO4H,4 transports in the subtropical and tropical areas separated by the QY€ at
three CW layers. Imbalances on one side and on the other of the CVBtanaied from the integrated transports in one and other side of
the front and considering transports between WOA stations.

SUBTROPICAL TROPICAL
TRANSPORT IMBALANCE IMBALANCE
CW[SV] 0.48+1.13 0.12+1.29
O, [kmols™!] —182.20+742.48 | —23.824+107.78
NO; [kmols™'] 51.79 + 105.74 69.76 + 62.81
POy [kmols™'] 3.15+6.58 4.4244.04
SiO4H, [kmols™'] | 26.5070.63 31.70 + 30.42
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