JGR Oceans

RESEARCH ARTICLE
10.1029/2021JC017691

Key Points:

e The pattern of biogeochemical tracers
and production is determined by
trapping and isolation in cyclones and
by stirring in anticyclones

e Vertical small-scale mixing drives the
nutrient supply in mature eddies while
the vertical advective flux downwells
nutrients

e Eddy regenerated production
dominates over new production
highlighting the intense recycling of
the organic material exported offshore

Correspondence to:

E. Lovecchio,
elisa.lovecchio@noc.ac.uk

Citation:

Lovecchio, E., Gruber, N., Miinnich, M.,
& Frenger, 1. (2022). On the processes
sustaining biological production in

the offshore propagating eddies of the
northern Canary Upwelling System.
Journal of Geophysical Research:
Oceans, 127, €2021JC017691. https://doi.
org/10.1029/2021JC017691

Received 17 JUN 2021
Accepted 20 JAN 2022

Author Contributions:

Conceptualization: Elisa Lovecchio,
Nicolas Gruber

Data curation: Elisa Lovecchio
Formal analysis: Elisa Lovecchio
Funding acquisition: Nicolas Gruber
Investigation: Elisa Lovecchio, Nicolas
Gruber, Matthias Miinnich, Ivy Frenger
Methodology: Elisa Lovecchio, Nicolas
Gruber, Ivy Frenger

Project Administration: Nicolas Gruber,
Matthias Miinnich

Software: Elisa Lovecchio, Matthias
Miinnich, Ivy Frenger

Supervision: Nicolas Gruber, Matthias
Miinnich

Validation: Elisa Lovecchio, Nicolas
Gruber, Ivy Frenger

Visualization: Elisa Lovecchio

© 2022. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'.) Check for updates

V od |
LG

l ADVANCING
EARTHAND
> SPACE SCIENCE

ok

On the Processes Sustaining Biological Production in the
Offshore Propagating Eddies of the Northern Canary
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Abstract Oceanic mesoscale eddies constitute ephemeral hotspots for marine life and are pivotal for

the lateral transport of nutrients and organic matter. Here, we use a high-resolution coupled physical-
biogeochemical model to study the processes sustaining biological production and export in long-living
cyclonic (CE) and anticyclonic (AE) eddies of the northern Canary Upwelling System (CanUS). We track the
eddies for 18 months as they propagate offshore, and study their composite properties in time in a Lagrangian
manner. Our model shows that long-living CEs sustain their production with the nitrogen that they initially
trap in the nearshore nutrient-rich waters and keep isolated in their cores. The vertical input of nitrate from
below tends to be comparatively small, and is mostly driven by mixing. In contrast, AEs tend to start with low
nutrient concentrations in their core as they do not trap coastal waters, but have elevated concentrations at their
periphery. In AEs, stirring is responsible for both the building up of the positive nitrate anomaly at depth and
the enhanced lateral input of organic nitrogen in the near-surface. Compared to CEs, the input of nitrate into the
euphotic zone by vertical mixing is substantially more important. Though regenerated production dominates

in both types of eddies, new production is higher than the regional average in CE cores and at the rim of

AEs, partially compensating for the intense losses due to sinking. Both cyclonic trapping and transport and
anticyclonic stirring shape the regional pattern of organic matter and nutrients in the northern CanUS.

Plain Language Summary Mesoscale eddies are ubiquitous rotating flow structures in the ocean
with a diameter of 20-200 km. They are hot-spots of productivity and contribute to the lateral transport of
nutrients. Through the use of ocean simulations, we studied the nutrient dynamics in long-living cyclonic
(counter-clockwise rotating) and anticyclonic (clockwise rotating) mesoscale eddies that are formed near the
north-western African coast and propagate westward into the subtropical North Atlantic. We find that biological
activity in both types of eddies rely mostly on the local recycling of the already present organic matter, and

that the supply of new nutrients is sustained by small-scale vertical mixing of nutrients from below. High
nutrient concentrations in the center of cyclonic eddies are in most part trapped during the eddy formation and
preserved for a long time thanks to their lateral isolation from the surrounding water. Anticyclones, which are
characterized by lower nutrients in the center compared to the eddy periphery, are strongly influenced by lateral
stirring of the high nutrient levels at depth and by the subsequent vertical mixing of nutrients into the sun-lit
ocean layer.

1. Introduction

Oceanic mesoscale eddies are ubiquitous structures that constitute an extraordinary laboratory to study the
connection between marine physics, biogeochemistry, and biology (Falkowski et al., 1991; Mahadevan, 2014;
McGillicuddy, 2016). In spite of their relatively small size that spans from a few tens to a few hundreds of kilo-
meters, mesoscale eddies represent an intrinsic mode of flow of the ocean (Chaigneau et al., 2009; Faghmous
et al., 2015), with substantial impact on the lateral transport of momentum and material properties (Ito & Mar-
shall, 2008; Thompson et al., 2014). Even though these structures modulate biological activity in the global ocean
(McGillicuddy, 2016; NASA-OBPG, 2015), achieving a full understanding of the plethora of processes that
regulate biology in mesoscale eddies has remained elusive. This is largely a consequence of the ephemeral nature
and high spatio-temporal variability of these structures, and the complexity of the physics that governs them.
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Satellite-based observations of sea surface height (SSH) and surface chlorophyll have constituted an important
source to develop a better description of the general properties and diversity of mesoscale eddies on a global scale
(Chelton, Schlax, & Samelson, 2011; Frenger et al., 2018; Fu et al., 2010; Gaube et al., 2014). Further, in situ
studies and modeling efforts provided insights regarding the three-dimensional structure of the eddies (Chaigneau
et al., 2011; Pegliasco et al., 2015). Formed by baroclinic and barotropic instabilities induced by shear in coastal
currents or flow disturbance by obstacles such as islands (Marchesiello et al., 2003; Sangra et al., 2009), eddies
have been shown to live for as long as several years and to drift away from their region of origin for hundreds
of kilometers with the typical translational velocity of a Rossby wave (Chelton et al., 2007; Frenger et al., 2015;
Klocker & Abernathey, 2014). While propagating westward on average, these structures rotate around their center
with speeds that exceed by several times their translational velocity, potentially trapping water and tracers in their
core (Chelton, Schlax, et al., 2011).

On the large scale, the lateral and vertical redistribution of tracers by eddy processes can determine the dynam-
ics and biological activity of entire ocean regions (Amores et al., 2017; José et al., 2016; Lachkar et al., 2016;
Qiu & Chen, 2005; Zhang et al., 2014). While fueling marine production (Klein & Lapeyre, 2009; Oschlies
& Gargon, 1998), eddies impact the lateral and vertical export of organic matter (Chenillat et al., 2016; Ma-
hadevan, 2014; Nagai et al., 2015) and determine the distribution of nutrients and production in upwelling re-
gions (Barton et al., 1998; Gruber et al., 2011; Lachkar & Gruber, 2011). In the oligotrophic regions adjacent to
upwelling systems, eddies constitute important tracer reservoirs containing roughly 1/3 of the available organic
matter of the euphotic layer (Lovecchio et al., 2018). Satellite-based and modeling studies have highlighted both
regional differences in the large scale impact of mesoscale eddies and differences in the specific role of cyclon-
ic eddies (CEs) and anticyclonic eddies (AEs) in modulating biogeochemistry (Chenillat et al., 2016; Gaube
et al., 2014; McGillicuddy, 2016; Nagai et al., 2015).

On the small scale, a variety of biophysical interactions taking place within mesoscale eddies has been identified
thanks to increasingly high-resolution observations and models. At the early stages of their life, eddy intensifi-
cation drives a long-lasting shoaling (deepening) of the isopycnals in the core of CEs (AEs; Siegel et al., 1999),
inducing shallower (deeper) vertical mixing in CE (AE) cores (Dufois et al., 2016). The resulting doming of the
isopycnals in the eddy cores has been associated to a mechanism known as “eddy pumping”, assumed to drive
upwelling (CEs) or downwelling (AEs) of tracers, although the relevance of this process during the eddy life
is debated (Dufois et al., 2016; Lévy, 2003). In the late stages of the eddy life (spin-down phase), the doming
of the isopycnals decreases, potentially reversing these vertical fluxes in the eddy cores (Gaube et al., 2014).
Trapping at formation strongly influences the eddy properties (Chenillat et al., 2015; Gaube et al., 2014; Moore
et al., 2007) and favors the lateral transport of physical and biogeochemical tracers over great distances (Brochier
et al., 2014; d’Ovidio et al., 2013; Everett et al., 2015). At the eddy periphery, vertical fluxes induced by age-
ostrophic flow enhance the vertical advection and mixing of tracers (Koszalka et al., 2010; Mahadevan, 2016;
Zhong et al., 2017) through both upwelling and downwelling (Klein & Lapeyre, 2009; Martin & Richards, 2001;
Zhong & Bracco, 2013). Lateral stirring by eddies affects the horizontal gradients of tracers, creating dipole-like
anomalies and transferring spatial variability from large to small scales (Abraham, 1998; Mahadevan & Camp-
bell, 2002; Chelton, Gaube, et al., 2011). Eddies modulate the local trophic structure of plankton communities,
favoring species co-existence and shifts toward larger cells (Laiolo et al., 2016; McGillicuddy et al., 2007; Vail-
lancourt et al., 2003).

Despite the recent progress in identifying this variety of eddy processes, their relative role in modulating the
pattern and evolution of the biogeochemical properties of the eddies is still not understood (José et al., 2014; Ma-
hadevan et al., 2008). Two points require special attention. First, the degree of lateral isolation of the eddy interior
from its surrounding environment remains uncertain, with contradictory results from in situ and modeling studies
(Everett et al., 2015; José et al., 2017; Karstensen et al., 2015, 2017). Second, the dominant process driving the
vertical supply of nutrients and organic matter in eddy cores has remained elusive (McGillicuddy, 2016). Several
potential processes have been identified to drive this supply (Gaube et al., 2015; Mahadevan, 2014; McGillicuddy
& Robinson, 1997): This includes the vertical displacement of the isopycnals at the formation of eddy, continuous
mesoscale vertical advection during the eddy life, up- or downwelling generated by eddy-wind interaction, and
ageostrophic sub-mesoscale fluxes.

In the present article, we analyze and quantify the physical and biogeochemical processes that drive and maintain
biological productivity and nutrients in long-living eddies of the northern Canary Upwelling System (CanUS),
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one of the four major Eastern Boundary Upwelling Systems (EBUS) and one of the most productive conti-
nental margins (Carr, 2002; Carr & Kearns, 2003; Mackas et al., 2006). The northern CanUS is located along
the north-western African coast between Cape Blanc (21°N) and Cape Beddouza (32.5°N), contains the south-
ward flowing Canary current (CC) and is characterized by intense mesoscale activity (Pelegri et al., 2005; San-
gr, 2015). Mesoscale eddies in this system have been shown to contain about 30% of the entire organic carbon
stock in the offshore euphotic layer and to transport this organic matter offshore beyond more than 1,500 km from
the coast (Lovecchio et al., 2018). This transport substantially impacts the carbon and nitrogen budgets of the
eastern subtropical North Atlantic, which otherwise is an oligotrophic region. As a region with high mesoscale
activity and steep biological-biogeochemical gradients from the productive east to the oligotrophic west, the
northern CanUS constitutes therefore a well-suited setting to investigate the processes that shape and support
biological activity in mesoscale eddies.

2. Methods
2.1. Numerical Model Setup

We employ the UCLA-ETH version of the Regional Ocean Modeling System (Shchepetkin & McWilliams, 2005)
coupled with the Nutrient Phytoplankton Zooplankton Detritus (NPZD) ecosystem model of Gruber et al. (2006).
The model configuration (grid, forcing, boundary conditions) is identical to that used in Lovecchio et al. (2017)
and further evaluated by Lovecchio et al. (2018). A specialty of the employed setup is the Atlantic telescopic grid,
which covers the entire Atlantic Basin and is characterized by a strong grid refinement toward the north-western
African coast (Figure 1). This grid allows us to resolve mesoscale variability in the region of interest (northern
CanUS) with a resolution between 4.7 km at the coast and 18 km offshore, while modeling the circulation of the
entire Atlantic, thus avoiding the lateral boundary condition problems that affect regional setups. We define the
northern CanUS as the portion of the EBUS that is crossed by the alongshore flow of the CC and is located along
the north-western African between Cape Blanc (21°N) and Cape Beddouza (32.5°N; Figure 2).

The NPZD ecosystem model is nitrogen-based with nitrate (NO; ) and ammonia (NH}) being the two limiting nu-
trients. Their sum is equal to dissolved inorganic nitrogen (DIN), thus DIN = [NO; ] + [NH}]. Particulate organic
nitrogen (PON) is defined as the sum of the nitrogen contained in phytoplankton, zooplankton, small detritus, and
large detritus. Our model does not explicitly simulate a dissolved organic matter pool, but as discussed by Lovec-
chio et al. (2017), the impact of this limitation on the results is moderate, since the small detritus pool shares
many similarities with the dissolved pool. These small detritus particles are primarily formed by the mortality of
phytoplankton and sloppy feeding of zooplankton. Owing to their slow sinking speed (1 m day™!), they can be
transported, like dissolved organic matter, over long distances before they leave the euphotic zone. In contrast,
the fast-sinking large detritus particles (sinking speed of 10 m day~!) remain in the euphotic zone for only a few

days. These particles are formed from the feces of zooplankton and from the

coagulation of small particles. While sinking, both detritus pools are subject

SO H to remineralization. Given the fixed C: N stoichiometric ratios of 106:16 as-

S R P sumed in the model for organic matter production and decomposition, all

; / e biological nitrogen fluxes have directly corresponding carbon fluxes.

S The model is forced from the atmosphere with monthly mean climatological

L

wind stress, solar shortwave radiation, and fluxes of freshwater and heat, all

IPoN dz taken from the ERA-Interim reanalysis (Dee et al., 2011). We ran the model
DR A for a total of 53 yr, which include an initial spin-up of 29 yr, followed by 24 yr
150 of analysis run. For the present study, we used the 24 yr of model output in

the form of bi-daily means, which allowed us to have enough statistics of

the eddies in the region of study. On top of the physical and biogeochemical
quantities (temperature, salinity, velocities, and tracer concentrations), we
y output the bi-daily means of selected fluxes calculated at model run time.

40° W 32° W 24°W 16° W 8°W

Figure 1. Atlantic telescopic grid zoomed around the northern CanUS region
[21°N, 32.5°N]. The plot shows every 5th grid line. Background: bi-daily
mean of the vertically integrated modeled particulate organic nitrogen (PON)
on 10-11/02/31 of the climatological simulation.

These fluxes are: New production (NP) and regenerated production (RP); net
community production (NCP); PON sinking flux; and the mixing fluxes of
PON and DIN. The vertical advective fluxes of PON and DIN are calculated
offline as the product of the vertical velocity and the tracer concentrations.
As our model is forced from the atmosphere by prescribed wind stress, it
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Figure 2. (a) Schematic of the formation mechanism of nearshore-generated CEs and AEs by meandering of the coastal
Canary current and of the regional system of currents; color shading illustrates the mean regional pattern of tracers such as
DIN and PON, with green representing higher concentrations. Tracks of long-living eddies (>6 months) for (b) CEs and (c)
AEs in the northern CanUS plotted until their 18th month of life, and showing the north-west drift of CEs and south-west
drift of AEs. Isolines in subplots (b and c) indicate the mean age of eddies (in months) at each offshore distance.

does not account for the potential interactions between the eddies and the overlying wind, which can contribute
to the vertical transport of nutrients and organic matter in the core of the eddies (Gaube et al., 2015; McGillicud-
dy, 2016). We will discuss the implications of this model limitation in the discussion section.

2.2. Model Evaluation

The model is performing well in the northern CanUS sector, corresponding to our focus region (see the Taylor
diagram in Appendix Figure A1l including the references to the employed data sets in its caption, as well as
Lovecchio et al., 2018, 2017). Modeled sea surface temperature (SST) and sea surface salinity (SSS) have a very
high correlation with the observations, and the biases of the long-term mean SST and SSS are less than 0.5°C and
0.2°C, respectively. Surface chlorophyll and its offshore gradient also match the observations in the whole north-
ern CanUS. The model simulated vertically integrated net primary production (NPP) represents the observed
estimates with regard to both pattern and seasonality, with a low bias that affects mostly latitudes south of 25°N.
The pattern and magnitude of the modeled standard deviation of SSH and eddy kinetic energy (EKE) are very
similar to those derived from satellite data. A model high bias in EKE in the nearshore may well be explained by
the inability of satellites detect narrow upwelling filaments, that are most abundant in the nearshore region. Satel-
lite products also struggle to represent coastal EKE which is strongly driven by wind stress (Renault et al., 2016).

For this study, it is important that the model faithfully simulates long-living eddies. We, therefore, summarize
here the evaluation of the modeled eddy field presented in Lovecchio et al. (2018), while further evaluation of the
eddy tracks is provided in the following dedicated Section 2.4. The model reproduces well the numbers of large
eddies that are detected from satellite products (>50 km radius), with a slight low bias. In terms of surface, CEs
and AEs cover, respectively, 15% and 10% of the CanUS domain, summing up to ~25% of the area, in agreement
with Chaigneau et al. (2009). In line with satellite data, the fractional area covered by eddies is maximum at
250 km offshore and decreases thereafter more sharply for AEs than for CEs.
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2.3. Eddy Detection and Tracking

To identify CEs and AEs in our bi-daily output, we employed the SSH-based eddy detection algorithm described
by Faghmous et al. (2015). For each eddy, we required a minimum size of 9 grid points. Owing to the telescopic
nature of our grid, this resulted in varying minimum sizes of our eddies with increasing offshore distance, ranging
from a minimum mean diameter of about 15 km near the shore of northwestern Africa to about 60 km at the edge
of our analysis region. As our focus is on long-living eddies that tend to be on the larger end of the spectrum, this
changing minimum size has little impact on our results. For each bi-daily mean, we saved the location of all the
eddy centers as well as the coordinates of the surface grid points occupied by the each detected eddy.

Eddy tracks were built using a nearest-neighbor search algorithm. Two AEs found at time step ¢ and at time step ¢
+ 1, were identified as the same AE at different times (and therefore as belonging to the same track) if the center
of the AE found on time step 7 + 1 was apart less than a search distance D, from the center of the AE found on
time step t (and likewise for CEs). The search distance D, of about 17 km per each 2-day mean time step was
estimated as an upper limit from the average Rossby wave speed (Chelton, Schlax, et al., 2011). A tolerance of
2 days was used in this track building process, in order to reconnect the broken tracks: If a matching eddy was not
found on time step 7 + 1 the algorithm looks for an eddy also on time step 7 + 2 in a radius of 2 - D_. If then an
eddy was found on time step ¢ + 2, the missing eddy on time step ¢ + 1 was substituted by a virtual flagged eddy,
with no associated area or center location. If no eddy was found at ¢ + 2, the algorithm repeats the search at ¢ +
3in a3 - D, range, potentially adding 2 virtual eddies to the track. If no eddy was found at ¢ + 3, the track was
considered to have ended.

2.4. Track Selection and Composites Calculation

We base our Lagrangian analysis on 271 CE tracks and 201 AE tracks of long-living eddies that originate in
the nearshore (defined as the first 500 km from the northern CanUS coast) and last for more than 6 months
(Figures 2b and 2c). These long-living tracks account for 23% and 20% of all the CE and AE tracks generated
in the same nearshore region and living more than 1 month. Although these percentages are twice those found
worldwide by Chelton, Schlax, et al. (2011) for tracks of analogous duration, the cited study may underestimate
long lived eddies with small amplitudes in upwelling systems (Faghmous et al., 2015). Track properties, such as
the equatorward drift of AEs and poleward drift of CEs and their mean propagation speed (Figure 2) correspond
to those found in observation-based studies (Chelton, Schlax, et al., 2011; Morrow et al., 2004). In addition, the
pattern of the identified tracks closely corresponds to that found from the analysis of satellite products for the
same region of study (Pegliasco et al., 2015). Note that since virtual flagged eddies are discarded, the effective
total number of CEs and AEs used for the analysis may oscillate slightly along the mean eddy track lifetime (see
Appendix, Figure A2a).

The spatial pattern of the eddy imprint on biogeochemical tracers can reveal processes at play. In order to study
this pattern, we created Lagrangian composites of the CEs and AEs at intervals of a few months from the eddy
formation, that is, we averaged the eddy properties at different intervals of time according to the time since first
detection, which we interpret here as eddy age. We note that for multiple reasons we do not scale the eddy age
by the eddy's lifetime, as done in other publications (Frenger et al., 2015; Samelson et al., 2014). First, given
the relative constant westward propagation speed, an absolute lifetime perspective retains the information of the
approximate geographical position of the eddy (see Figures 2b and 2c, Appendix Figure A2b). This is important
since the biogeochemical environment varies strongly with the offshore distance. Second, the death of the eddies
in our analysis mostly occurs by eddies interaction with topography, other eddies, and frontal systems, such that
the eddy life time is primarily determined by external factors and not by the eddies spinning down. Analyzing the
results in terms of a relative eddy life age would thus tend to distort the results.

For all eddy composite calculations, anomalies of the physical and biogeochemical variables for each time win-
dow were obtained as differences from the climatological bi-daily values, computed by linearly interpolating
the adjacent monthly climatological means. Anomalies were calculated on the original model grid before any
regridding or averaging.

We built 2D and 3D composites of the eddy evolution along the tracks. To lower the computational costs of re-
gridding tens of thousand of eddies, we limited the number of calculations by building 2D and 3D composites to
the first available time window (2-day mean) of each month of the eddy's life. Thus, rather than showing monthly
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averages, the plotted eddy composites represent snapshots that are representative of the eddy state at the begin-
ning of the month.

To generate the 2D eddy composites, the 3D tracer fields of the full model domain were first vertically integrated
up to a reference depth on the original model grid, or, in the case of vertical fluxes, sliced at the reference depth.
The tracer fields were then co-located with each eddy, rescaled, and regridded onto a 2D regular grid of 3 x 3
eddy diameters. For the 3D composites, we regridded the full 3D structure of each eddy on a normalized 3D grid
of dimension 3 X 3 eddy diameters by 300 m depth without any vertical rescaling. For each eddy type and selected
eddy age separately, the resulting normalized 2D and 3D eddy fields were then averaged.

Based on the shape of the mean composite tracer fields compared to the identified eddy radii, we find that the
eddy identification-algorithm underestimates the size of the eddies at the moment of their formation (see Appen-
dix, Figure A3). This may be due to the fact that young eddies interact with coastal upwelling filaments near the
coast, which may lead to a strong initial deformation of the eddies. Fortunately, this mismatch only occurs in the
first month after the eddy formation. Plots of the eddy composites at any later stage indicate that the eddy bounda-
ry is well captured by the algorithm, that is., the maximum geostrophic velocities of the eddy composites are well
aligned with the perimeter of the normalized eddy. Due to this shortcoming, we will discuss only results past the
first month of the eddy's life, when the average structure is well defined and correctly identified by the algorithm.

2.5. Lagrangian Budgets of Inorganic and Organic Nitrogen

To analyze the origin, transformation, and fate of DIN and PON in the euphotic layer (100 m depth) of the tracked
eddies, we calculated the average tracer concentrations and tracer fluxes inside the eddy core and rim region for
each 2-day mean of the eddies' life. To avoid any interpolation errors these budget calculations were performed
on the original grid. The perimeter of the eddy core, that is, the perimeter of the 1R (1 radius) eddy mask, was
determined from the contour identified by the algorithm for each eddy snapshot belonging to a track. This 1R
eddy mask can have an irregular perimeter. We also used a wider 2R (2 radii) mask by expanding the 1R eddy
mask by a factor of two in each direction to account also for the rim of the eddy, roughly corresponding to the
region in which the eddy rotational speed vanishes. Vertically, we assumed that the eddy occupies exactly the
same longitude and latitude grid points at every depth.

For the calculations of the DIN and PON budgets in the euphotic layer of the eddies, we considered the following
processes: NCP, that is, the net conversion of DIN into PON as a balance between photosynthetic uptake of nu-
trients and remineralization of organic nitrogen, vertical sinking flux of PON (VSink), and the vertical advective
and vertical mixing fluxes, respectively VAdv and VMix, of both inorganic and organic nitrogen. Vertical mixing
fluxes represent in our model those processes that occur on sub-grid scales. Lateral fluxes are calculated as re-
siduals (Res), that is, the difference between the actual derivative of the tracer concentration and the sum of the
recorded fluxes, and their magnitude is used to determine the lateral isolation of the eddies. The resulting budget
equations for the evolution of the tracer budgets are:

‘”ZJ’IN =V Advo(DIN) + V Mix(DIN)— NCP + Res(DIN) N
dPON . .
—— =VSink(PON) +V Adu(PON) +V Mix(PON) + NCP + Res(PON) 2)

For the final budgets, the tracer concentrations and NCP are vertically integrated over the first 100 m depth
(regional mean euphotic layer depth) while physical vertical fluxes are horizontally sliced at the same depth, ob-
taining 2D fields. The 2D fields are co-located in time and space for each eddy and then averaged over the eddy
surface using the 1R and 2R eddy masks. Eddy core budgets (OR—1R range) are calculated using the 1R mask,
while eddy rim budgets (1R-2R range) are calculated using a mask obtained as the difference between the 2R
and the 1R masks for each eddy. The horizontal averaging, rather than the horizontal integration, gives the same
weight to each eddy independently of its size. Finally, mean concentrations and fluxes are averaged throughout
all the tracked eddies according to age and type, obtaining the mean evolution of the CE and AE budgets along
the eddy tracks.
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In contrast to the composite calculations, we calculate monthly mean PON and DIN budgets across the entire time
span of each month, that is, averaging across the entire set of bi-daily mean outputs available for every month of
interest. This allows us to represent the evolution of the fluxes in time throughout the eddy life. For the summary
plot of the average budget of fully developed and stable eddies, we averaged the above-mentioned monthly fluxes
between months 4 and 15 of the eddy's life, excluding the first and last 3 months, in order to account for well-
formed and stable eddies that have limited interaction with the nearshore upwelling zone.

3. Results
3.1. Physical Evolution of the Eddies

The Lagrangian analysis of the physical structure of the average long-living CEs and AEs is key to understanding
the mechanisms driving the evolution of the biogeochemical properties of each eddy type (Figure 3). The eddy
physical properties remain very coherent across one and a half years of tracking, despite a decrease in intensity.
This decrease is stronger for AEs than CEs: at month 18 the mean composite AE rim is no longer that well defined
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Figure 3. Lagrangian mean evolution of the physical properties of cyclonic (CE, left two columns) and anticyclonic (AE, right two columns) eddies. Rows show
snapshots at 2, 6, 12, and 18 months. The first and third columns depict the anomalies of sea surface height (ASSH), the second and fourth columns depict the
anomalies of the horizontal velocities (AVel).
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compared to that of the mean CE. This is likely due to the fact that AEs have a tendency to break down more
easily than CEs (McWilliams & Yavneh, 1998; Thomas et al., 2013), which also results in a smaller number of
averaged AEs compared to CEs at this life stage (see Appendix Figure A2a). The SSH-based eddy-identification
algorithm locates the 1R perimeter in correspondence of the maximum rotational speed of the structures, while
the 2R perimeter defines well the outermost boundary, where the eddy rotation is still discernible. While the
mean eddies are overall rather symmetric, there is a slight E-W asymmetry in the speed of the rotation for both
CEs and AEs throughout their life cycle, as previously observed in satellite-based studies and in situ observations
(Chaigneau et al., 2011; Liu et al., 2017).

The vertical structure of the mean CE and AE also remains remarkably coherent in our analyzed long-living ed-
dies. Thus, we show here only the vertical structure on month 6 (Figure 4). For both kinds of eddies, anomalies
are discernible across the entire water column down to more than 300 m depth, underlining the deep influence of
eddies on the structure of the water column. Temperature anomalies (Figures 4a and 4d) are highest in the subsur-
face at a depth of about 150 m for both young CEs and AEs, in accordance with Pegliasco et al. (2015). The neg-
ative temperature anomalies in CEs tend to be stronger in magnitude compared to the positive anomalies for AEs.

The vertical velocities in both CEs and AEs have a dipolar structure, with both an upwelling and a downwelling
cell (Figures 4b, 4c, 4e, and 4f). This dipole is consistent with the divergence of the horizontal eddy rotation-
al flow in both CEs and AEs (Figure 3), and is similar to what was found by Barcel6-LIull et al. (2017) in an
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Figure 4. Physical properties of (a—c) the mean cyclonic eddy (CE) and (d-f) the mean anticyclonic eddy (AE) on the first
2-day mean of month 6 of the eddy's life. Shown in panels (a, b, d, and e) are the west-east centered transects of the eddies
with black contour lines indicating isopycnals [kg m~3], while panels (c and f) show a horizontal slice of the eddies at 100 m
depth. Panels (a and d) show the temperature anomalies (ATemp), while (b, c, e, and f) depict the vertical velocity (Vert Vel),
with positive values indicating upwelling.
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anti-cyclonic mode water eddy (ACME) sampled in the proximity of the Canary Archipelago. ACMEs, however,
are characterized by a positive doming of the SSH (analogous to regular AEs) accompanied by an upward tilting
of the isopycnals in the near-surface that determines a negative ASST and ASSS (Schiitte et al., 2016). We did
not attempt to separate mode water eddies from the surface intensified eddies, but the latter tend to be rare in our
model. This is supported by the distribution of the physical properties of the analyzed eddy populations not re-
vealing a clearly distinct sub-group of AEs (nor CEs) in terms of SST-SSS signature (see Appendix: Figure A4).
We, therefore, conclude that our eddy composites are representative of regular CEs and AEs, and that this dipolar
pattern in the vertical speed is characteristic also of such types of eddies.

3.2. Lagrangian Evolution and Distribution of Organic Nitrogen in the Mean Eddy

While the eddy associated PON stock decreases significantly with time and increasing distance from the coast in
both eddy types, the spatial pattern of the PON imprint associated with the eddies remains remarkably constant
in each eddy type and differs between CEs and AEs (Figure 5). For the CEs, their high PON stock values over
the top 200 m stand out from their surroundings (Figure 5), even in the early phases, when the high values in the
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Figure 5. Lagrangian evolution of the PON stock of the top 200 m in the mean cyclone (CE, left two columns) and anticyclone (AE, right two columns). Rows show
snapshots at 2, 6, 12, and 18 months. The first and third columns depict the stock, that is, IEZOOMPON dz (in the plot simply called PON), while the second and fourth
columns show its eddy anomaly with respect to the reference mean (in the plot simply called APON). Note that the range of the colorbars decrease with age.
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surrounding waters to the east still mark the presence of the coastal upwelling. In contrast, AE cores show anoma-
lously low PON stock values. As the eddies age, another striking difference between AEs and CEs becomes more
evident. At the same ages, the waters surrounding AEs tend to have higher PON stocks than the waters surround-
ing the CEs, suggesting that the spatial distribution of the AEs is skewed toward more productive regions, and
the distribution of the CEs toward lower productive regions. This difference accentuates with increasing age, and
is coherent with the north-west drift of CE tracks and south-west drift of AE tracks combined with the regional
gradient of tracers, characterized by higher background PON in the south (Figure 2).

In the average CE, an intense positive monopole characterizes the PON stock anomaly, APON, in the eddy core,
while in the eddy rim APON is characterized by a weaker dipole structure. AEs have a similar structure of APON,
but of opposite sign and with an overall weaker signal. A persistent monopole negative APON can be found in
the core of the AEs, while the region between 1 and 2 eddy radii features a dipole. For both types of eddies, the
central monopole remains well defined at every life stage, while the positive APON at the rim up to 2 radii from
the center becomes smaller in time. This central monopole and peripheral dipole pattern in the APON signature
of both CEs and AEs indicates a strong influence of both trapping and stirring of the regional gradient.

For both types of eddies, most of the PON is concentrated in the top 100 m, that is, the productive euphotic layer,
where NP and RP are also confined to (Figure 6). However, a significant portion of PON is also found below 100 m.
This is primarily the result of vertical export in the form of gravitational sinking as well as downwelling and down-
ward mixing of PON. In terms of anomalies, CEs show a peak of APON that occurs at around 80 m, but positive val-
ues can be found well below 200 m highlighting the deep impact of PON export in the core of these eddies (Figures 6a
and 6b). In AEs, the positive APON is overall rather homogeneously distributed across depths up to 200 m, with a
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Figure 6. Vertical mean pattern of PON concentration and production in CEs (top row) and AEs (bottom row). The panels depict vertical sections of (a and e) PON;
(b and f) the eddy anomaly of PON, that is, APON; (c and g) the eddy anomaly of new production, that is, ANP, and (d and h) the eddy anomaly of regenerated
production, that is, ARP. Shown are west-east centered transects of the mean eddies for the first 2-day mean of month 6 of the eddy's life, with black contour lines
indicating isopycnals [kg m=3].
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minimum between 50 and 100 m. However, the anomalies tend to be weaker than those of CEs and shifted toward the
western periphery of the eddy (Figures 6e and 6f) in agreement with the eddy rim dipole signature.

3.3. Spatial Patterns of Production and Nutrient Concentrations

As for PON, the eddies also show an anomaly in NP and RP. In CEs, the majority of the eddy induced anomalies
in new and RP (ANP and ARP) takes place in the top 10 m and within the eddy core (Figures 6¢ and 6d). The
strongest ANP occurs on the western edge of the core, while the shallow maximum is centered for ARP. Positive
ANP and ARP extend down to 100 m in the eddy core, and, to a lesser extent, at the eastern rim of the eddy,
in analogy to APON (Figure 6b). In AE cores, ANP and ARP are mostly negative throughout the upper 100 m
with a minimum very close to the surface. ANP presents also a small positive spike at around 20 m depth in the
core. Otherwise, ANP and ARP match the APON pattern in the first 100 m depth, with positive anomalies on the
western side of the eddy (Figures 6g and 6h).

The coherence between the eddy anomalies, that is, ANP, ARP, and APON, suggest that both regenerated and NP
contribute to the anomaly of PON in eddies. For both eddy types, RP dominates and constitutes over 75% of total
production in both the rims and cores of the eddies, with a tendency of AE having a slightly larger fraction of RP,
consistent with the budget analysis above (see Appendix Figure A5a). Very young CEs show a substantially lower
ratio of RP to total production. This means that in these young CEs, the fraction of NP is significantly higher, with
an initial maximum of about 50%. However, this fraction quickly decreases during the first 2 months of their life.
The initial maximum is likely due to the initial trapping of nitrate-rich upwelled water, which supports a higher
ratio of NP (see Appendix Figure ASb). However, after the initial months, the ratio of RP to total production is
rather stable in both types of eddies until at least month 15. This is especially striking for cyclones, which largely
sustain their high RP ratio while drifting slightly north to regions characterized by lower values of RP.

While the distributions of nitrate, NO,, and ammonia, NH,, in the CEs and AEs differ from those of PON, the
eddy anomalies in nitrate, ANO,, and ammonium, ANH,, have clear similarities with APON (Figure 7). The
doming of the isopycnals in the CEs is associated with anomalously high nitrate concentrations in the center of
eddy, leading to a distinct positive ANO;, at the bottom of the euphotic zone around 100 m depth (Figure 7b).
Likewise, ANH, also shows a distinct maximum in the center of the CEs, although with a shallower and more
confined distribution than ANO,. For the AEs, the center region of the eddies are depleted in NO, down to about
200 m. Below this depth the anomalies switch sign, with the central part of the AE having a surplus of NO, that
seem to intrude from below the western side of the eddy at shallower depths, resulting in a distinct east to west
increase in ANO, (Figure 7f). AEs also show a peripheral dipole in NH,, combined with a mild positive anomaly
in the core below 100 m (Figure 7h), in analogy to the PON anomaly.

The correspondence between the anomalies in PON and ammonia is expected. NH, is the product of the local
remineralization of PON, hence its abundance is directly tied to the abundance of PON. For ANO,, the argument
is opposite, since PON is the product of the photosynthetic uptake and reduction of nitrate. Differences also occur
owing to the photosynthetic uptake of ammonia and the regional pattern of NO, concentrations that increase at
depth. Note that the maximum anomalies of new and RP are located significantly shallower in the water column
compared to the deep-reaching nutrient anomalies. This is mostly due to light limitation, which confines NP and
RP to the upper 100 m, that is, to the mean depth of the euphotic layer in the region. Further differences arise from
the fact that production tends to drive down the nutrients.

The elevated nutrient levels in the CEs provide the basis for considerably higher NP and RP compared to AEs. In
both eddy types, the dominant ammonia-fueled RP rejuvenates the organic matter pool of the long-living eddies
through the local recycling of both coastal materials trapped at formation and PON produced in the eddies at later
times. Nitrate-fueled NP, instead, allows the eddy to substitute the organic material that has sunk out of the mixed
layer with newly formed PON and has therefore a very important role in the preservation of the PON anomaly.
Throughout the life of the eddy, NP must be fueled by an adequate amount of NO,, either constituting part of
the DIN trapped at formation or supplied by either vertical or lateral input during the eddy life. Interestingly, the
shapes of the nitrate anomalies for CEs and AEs differ substantially: in CEs, the eddy core hosts the most intense
positive anomaly, which decreases at depth; in contrast in AEs the pattern of ANO, is asymmetric and intensifies
at depth, with a positive maximum on the western side of the eddy. A detailed look at the processes at play in the
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Figure 7. Same as Figure 6 but for (a and e) nitrate (NO,); (b and f) the eddy anomaly of nitrate, that is, ANO,; (c and g) ammonia (NH,), and (d and h) the eddy

anomaly of ammonia, that is, ANH,.

build-up of the distinct ANO, patterns in CEs and AEs can provide an understanding of the different processes
fueling NP in the two types of eddies.

3.4. Sustaining New Production: Physical Fluxes Driving the NO, Anomaly

In order to explain the shape of the deep-reaching NO, anomalies in both CEs and AEs, we study the horizontal
and vertical NO, fluxes at the boundary of the euphotic layer (100 m depth) and below (Figure 8). In CEs, hori-
zontal advective fluxes of nitrate maintain a radial symmetry (Figure 8a) both in the euphotic layer and, even
more clearly, below (100-200 m range), transporting the tracer cyclonically around the center of the eddy without
strong evidence of a lateral inflow. This radial symmetry suggests an important role of the efficient combined
mechanism of trapping and isolation of the NO,-rich upwelled waters in CE.

In AEs, instead, lateral fluxes of NO, show both a lateral accumulation and an inflow of nitrate on the south-east-
ern side across the 2R perimeter, suggesting that NO, gets caught within the 2R perimeter of the AE (Figure 8c).
This influx and the resulting west-east asymmetry of NOj; is a result of the anticyclonic rotation and the large
scale gradient of nutrients in the offshore region of the CanUS (Figure 2a). The continuous stirring of the region-
al gradient of NO, in AE is especially relevant as these eddies, while moving westward, drift slowly southward
(Figure 2c), therefore approaching the most nutrient rich offshore waters of the CanUS and traveling along the
sharp horizontal nutricline of the Cape Verde front.

In trying to explain, the deep-reaching signature of the eddy NO, anomalies, we must also consider vertical flux-
es. However, the vertical advective fluxes of NO, (Figures 8b and 8d) do not match nor seem to explain the pat-
terns of NO, in the two types of eddies. While potentially deep-reaching, the dipolar shape of these fluxes results
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Figure 8. Advective horizontal fluxes (hflx) and advective vertical fluxes (vflx) of NO,: (a) CE hflx, (b) CE vflx, (c) AE
hflx, (d) AE vflx. Horizontal fluxes are averaged in two ranges of depth: [0 m, 100 m] and [100 m, 200 m]. Plots of hflx
show the absolute magnitude of the flux overlaid by the relative vector field. Note that the range of the colorbars of hflx
changes between euphotic layer and below. VfIx plots are west-east centered transects with positive values indicating upward
transports and black contour lines indicating isopycnals [kg m~]. All plots refer to the first 2-day mean of month 6 of the
eddy lives.

in a pattern that is either unrelated to the NO, anomaly (CE) or it even acts against it (AE). In fact, the dipolar
pattern of the vertical velocities together with the distribution of NO, (Figures 4b and 4e) lead in both types of
eddies to a dominantly negative vertical advective flux, especially near-surface. Not even the vertical mixing flux
can explain the deep reach of the NO, anomalies. In fact, although mixing always acts against tracer gradients
and therefore contributes positively to the nitrate influx into the low-nutrient euphotic layer, its intensity declines
quickly below the MLD, reaching zero at about 200 m depth.

Therefore, deep-reaching NO, positive anomalies in the eddies are not explained by continuous vertical fluxes
throughout the life of the eddy but either by the initial priming of the eddy core with NO, rich upwelled waters
in CEs or by the deep influence of the eddy rotation. The latter is especially important for AEs, which smooth
by stirring the sharp regional boundary of the Cape Verde front, laterally redistributing nitrate from nutrient-rich
deep waters of the southern latitudes to the north. While working against this steep lateral nitrate gradient, AEs
also capture precious nutrients for NP at depth around at their rim, which may eventually find their way into the
euphotic layer via vertical fluxes.
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3.5. Inorganic and Organic Nitrogen Fluxes Throughout the Life of the Eddies: A Story of Continuous
Biological Transformations

Building on the detailed analysis of the spatial patterns of biological tracers and their fluxes in the eddies, we
now discuss the temporal evolution of the eddy budgets and fluxes DIN and PON. This allows us to quantify the
relative role of each process sustaining the delivery of DIN and production of PON to the euphotic layer of CEs
and AEs throughout the entire lifespan of the mean tracks. Processes that affect DIN and PON inside eddies are
biological uptake and release, sinking of particles, vertical mixing, and lateral and vertical transports (see Meth-
ods section). Given the differences between the spatial patterns of tracers in CEs and AEs, we separately discuss
the euphotic layer fluxes and concentrations for the eddy core (OR—1R range) and for the eddy periphery (1R-2R
range), respectively first for CEs and then for AEs.

3.5.1. Eddy Core Budgets

Our eddy-core budget analysis for CEs confirms their remarkable lateral isolation after the first few months of
their life (Figures 9a and 9b). However, despite this lateral isolation, the initially very high DIN and PON contents
of the eddies progressively decrease with time (Figures 9a and 9b, lower panels). The processes underlying this
decrease are more complex than simply the loss of PON through sinking. In fact, fixed nitrogen is rapidly turned
over inside the eddies, and the net balance is the result of both gains and losses.

The largest driver of the DIN depletion, especially for young CEs, is NCP, that is, the net biological production of
PON. While young CEs fuel most of their NCP from initially trapped DIN, the replenishment of DIN by vertical
mixing within the cores becomes increasingly relevant as the eddies age. Initially, vertical mixing supplies about
25% of the NCP, but this fraction increases to 100% for CEs older than 9 months. In our model, this vertical
mixing represents the net effect of unresolved sub-grid scale processes such as small scale convection and turbu-
lence, highlighting the role of these processes for the sustenance of production in the eddies. Yet, the substantial
vertical input by vertical mixing throughout the eddy lifetime does not fully compensate for the total losses of
DIN, resulting in its progressive decline over time.

Vertical advection adds to the loss of DIN from CE (Figure 9a). This is in contrast with the common illustration of
vertical advection constituting a source of DIN through a radially symmetric “pumping” of nutrients in the CE's
core (McGillicuddy, 2016). Two factors contribute to this result. On the one side, the dipole pattern of vertical
velocities in the eddy core shows a dominance of negative (downward) advection where tracer concentrations
are highest (Figures 4 and 7). On the other side, the large scale negative signature of the wind stress curl in the
CanUS leads to a downward Ekman pumping (Pelegri & Benazzouz, 2015). This large scale downwelling flux
is especially important in CEs, which tend to drift northwards (Figure 2) toward the areas with the most negative
wind stress curl (Bonino et al., 2021).

Despite the continued production of PON from initially trapped DIN and upward mixing of DIN, PON concen-
trations decrease through the CE lifetime. That is, the production of PON via NCP as the main source of PON is
insufficient to compensate for the losses of PON (Figure 9b). In fact, most of PON is lost through sinking below
100 m. Advection and mixing also have a negative yet very small contribution to the decrease of PON.

In summary, CEs are initialized with remarkable amounts of DIN and PON during their formation, primarily
through the trapping of upwelled waters near the coast. After this initial phase, NPP within the CE cores
is sustained in large part (about 78%, according to our model) through ammonia (RP) generated by the
local recycling of organic matter. NP of PON through the uptake of nitrate trapped at formation and input
vertically, contributes with an additional 22% of NPP to the large PON availability of CE cores. This result
highlights the importance of the CE contribution to the offshore transport of coastal PON and DIN, which,
once trapped, have little chance to escape laterally from the CE core, while they get transformed by local
biological activity.

Compared to CE cores, AE cores are characterized by smaller tracer fluxes and concentrations (Figures 9c
and 9d) and by a slightly higher contribution of RP to total production (about 81%). In the first month of the
eddy life, DIN and PON in the core of AEs are, respectively, about three to five times smaller than those of CEs.
While these concentrations also decrease in the AE as they age and propagate offshore, these declines are weaker
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Figure 9. Fluxes of DIN and PON in the euphotic layer (0—100 m) within the eddy core (OR-1R) over the eddy life-time. (a)
Upper plot: CE total monthly average DIN flux components; Lower plot: DIN monthly average concentration and tendency
dDIN/dt. (b) Upper plot: CE total monthly average PON flux components; Lower plot: PON monthly average concentration
and tendency dPONY/dt. For each tracer, residuals are calculated as the difference between tracer tendency and the sum of all
the flux components output by the model (NCP and vertical fluxes); (c) same as (a) for AE; (d) same as (b) for AE.

compared to the losses seen in CEs. The same holds for the fluxes of DIN and PON, which are also weakening
more slowly in the AE cores.

In the case of the vertical advective fluxes, their smaller absolute magnitude in the core of AEs is largely due to the
depletion of DIN in the euphotic zone of AEs. This is possibly partially associated with a southward drift of the AE
(Figure 2) towards regions of less negative wind stress curl (Bonino et al., 2021). In fact, the net contribution of vertical
advection in AE cores is not negative at all times, showing a substantially more noisy and vacillating contribution to the
budget at most stages of the eddy life, compared to CEs. The vertical mixing flux in the core of AEs is larger than that in
the core of CEs for both DIN and PON. This is likely due to deeper mixed layer depths (MLD) in AEs, which, combined
with higher DIN concentrations at depth, results in enhanced vertical mixing (Dufois et al., 2016; Gaube et al., 2019).

The residual fluxes, consisting of lateral leakage and entrainment, are generally smaller than the main sources
and sinks of DIN and PON in AE cores, although their values oscillate in time. Interestingly, these residual fluxes
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are overall larger in the AE cores compared to CEs despite the lower tracer concentrations, which also results in
a comparatively larger impact on the budgets. This is consistent with the lesser degree of lateral isolation of the
AE cores, leading to a stronger lateral exchange at their boundaries (Figure 8).

3.5.2. Eddy Rim Budgets

The budget analyses at the eddy rim permit to shed some light into the processes driving the formation and main-
tenance of the peripheral tracer dipole in the euphotic layer of both CEs and AEs (Figure 10). Major differences
between the CE core and rim fluxes are found in the role of the vertical advective fluxes of DIN, that are positive
at the eddy rim in the first few months of its life. This is driven primarily by positive (upward) anomalies in the
dipole-shaped vertical velocities at the periphery of young CEs, possibly due to the initial eddy intensification
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Figure 10. 1R-2R eddy budgets for DIN and PON in the euphotic layer (100 m). (a) Upper plot: CE total monthly average
DIN flux components; Lower plot: DIN monthly average concentration and tendency dDIN/dt. (b) Upper plot: CE total
monthly average PON flux components; Lower plot: PON monthly average concentration and tendency dPON/dt. For each
tracer, residuals are calculated as the difference between tracer tendency and the sum of all the flux components output by the
model (NCP and vertical fluxes); (c) same as (a) for AE; (d) same as (b) for AE.
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and coupling to the upwelling front. Past the fourth month of their life, however, DIN input at the CE rim is
mostly driven by mixing.

Residual DIN fluxes are also substantially larger at the CE periphery compared to the CE core, indicating that,
in these eddies, the 2R perimeter is not as laterally isolated from the surrounding tracer fields as the core. This is
likely due to the decrease in the rotational speed moving away from the 1R CE perimeter (Figure 3). Trends in the
remaining CE periphery fluxes, especially for PON are particularly close to those observed in the CE core, with
the large majority of the DIN vertical influx being supported by vertical mixing, especially after the 5Sth month
of the CE's life (Figure 10b).

For AEs, the biological and vertical fluxes in the rim DIN budget (Figure 10c) have the same signs as those
pertaining to the AE core. However, the lateral input of DIN at the rim of AEs is substantial only in the first five
months of the eddy's life, when it is still relatively close to the nutrient-rich upwelling region and the eddy wraps
upwelling water around its core. Successively, vertical mixing of deep nutrients into the euphotic layer is the main
source of DIN at the AE rim.

In contrast to the DIN budget, the AE rim PON budget (Figure 10d) is characterized by a persistent lateral input of
PON from the surrounding environment, primarily due to the high PON background concentration in the offshore
euphotic layer especially at the boundary of the Cape Verde front, along which many AE tracks run (Figures 2a
and 2c). The higher abundance of PON surrounding AEs compared to CEs is visible in the composite plots of
the vertically integrated organic material (Figure 5). In agreement with the slope of the Cape Verde front, higher
PON values are concentrated at the south-eastern boundary of the eddy. In other words, analogously to how AEs
build the nutrient anomaly at depth, stirring the deep gradient in NO, at the Cape Verde front, they also stir the
high PON concentration of the southern CanUS waters in the euphotic layer, and this way entrain additional PON
at their periphery at every stage of their life.

3.5.3. Eddy Budgets Summary

In summary, average tracer fluxes in the euphotic layer of fully developed eddies (Figure 11) show that vertical
mixing is the key source of new DIN from below in both CEs and AEs without major distinctions between eddy
core and rim, while vertical advective fluxes mostly oppose the upward mixing of deep nutrients. In addition to
the supply of new DIN from vertical mixing, CE and AE cores are primed with very different levels of DIN at
their formation, resulting in a different relative importance of vertical mixing for the DIN stock in the eddy cores:
while average mixing fluxes in AE cores add ~40% to the DIN stock each month, taking ~2.5 months to supply
as much DIN as the available stock, in CE cores this number only reaches ~12%, taking ~8 months to replenish
the local DIN stock. This further highlights the dominant role of the initial tracer trapping in CE. At the eddy rim,
mixing fluxes add to both CEs and AEs about ~20% to the local DIN stock each month.

Lateral fluxes at the CE core boundary are smaller than in AEs, indicating a better lateral isolation of the first type
of eddies from the surrounding environment. In particular, monthly mean lateral fluxes at the edge of CE cores
represent on average less than 0.2% of the DIN core concentration and 3.6% of the PON core concentration, while
for AEs these numbers rise to 5% and 8.8%. In both types of eddies sinking fluxes dominate the loss of PON from
the euphotic layer in both core and rim.

The turnover of PON and DIN through production and remineralization is intense, with both biological fluxes
exceeding by far any physical flux while also having rather similar magnitudes, therefore resulting in a much
smaller value of NCP. This highlights once more the importance of PON recycling in both cores and rims of the
eddies, with RP representing about 3/4 of the total production at the rim of both eddy types and, respectively, 78%
and 81% of the total production in the CE and AE cores (see Appendix Figure A5a). We find that biogeochem-
ical cycling (total production and remineralization) within the eddies are more intense in the core for CEs and
in the rim for AEs. Our numbers suggest that it takes about 1.5 months to rejuvenate the available PON pool in
the CE core and rim and AE rim, while AE cores feature a slightly longer rejuvenation time scale of 1.7 months.
in eddies in eddiesIn our analysis, the average long-living CE track lasts 14 months, while the average AE track
lasts 10 months, with many tracks persisting well beyond 18 months (see Appendix: Figure A2a). This implies
that the coastal organic material trapped at formation inside long-living eddies, as well as the PON generated
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Figure 11. Budgets of PON (green) and DIN (yellow) in the euphotic layer of fully developed eddies, that is, averaged

over months 4 to 15 of the eddy life. Central compartments represent the eddy core (OR—1R), outer compartments represent
the eddy 1R-2R region. The thickness of each compartment is roughly proportional to the concentration of PON and DIN
[mmoIN m~2], indicated in bold white. On each compartment, A represents the average time tendency of the tracer, that is, its
net monthly mean variation. Vertical arrows represent physical fluxes (see legend). Horizontal arrows between compartments
of the same tracer represent lateral fluxes (residuals). The lateral flux at 2R is calculated as the difference between the IR-2R
residual and the residual at 1R. Horizontal arrows that go from DIN to PON compartments represent total production, while
arrows in the opposite direction represent remineralization. Tendencies and fluxes are expressed in [mmolN m~2 month~!].
Sizes of arrows are only indicative of the relative intensity of the fluxes. The direction of the arrows indicates whether a flux
is positive (influx) or negative (outflux).

successively through nitrate uptake, is rejuvenated multiple times along the eddy track, before being delivered to
the open oligotrophic waters.
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4. Discussion

4.1. CE Drag Along, AE Stir Up Biogeochemical Tracers in the Northern CanUS

In agreement with several previous studies of eddies in the CanUS, the distribution of organic matter in the CEs
and AEs is fundamentally different, with most of the organic material being concentrated in the core of CEs and
at the periphery of AEs (Baltar et al., 2009; Basterretxea & Aristegui, 2000; Hernadndez-Le6n et al., 2007). This
difference results in great part from the dominant role of trapping in CEs and stirring in AEs. The dominance of
trapping of the coastal water for CEs is confirmed by their relatively homogeneous and cold and fresh tempera-
ture and salinity signature (see Appendix: Figure A4) reflecting the trapping of upwelled waters. In contrast, AEs
trap less efficiently during their formation, and the waters they do trap have not only a warmer and more salty
signature but also a more variable one reflecting the distribution of open water properties of the CanUS.

The key role of trapping in shaping patterns of biogeochemical tracers in CEs generated in an EBUS region was
previously highlighted by Chenillat et al. (2015), who based their conclusions on a case-study of a modeled CE
in a simulation of the California Upwelling System. Our analysis, with its mean track perspective, confirms the
importance of trapping for the tracer budget of the mean CE core throughout the entire span of the eddy life. Next
to the initial priming with upwelled waters of CE they show a remarkable lateral isolation, likely driven by the
large rotational speed of these eddies, especially compared to AEs. Thanks to this lateral isolation that allows the
continuous local recycling of the PON trapped at formation, CEs substantially contribute to the lateral transport
of coastal material properties for several hundreds of kilometers. This strengthens the results of previous studies,
while also explaining the physical mechanism behind this striking ability of CEs to deliver organic matter to the
nutrient-depleted ocean (Chenillat et al., 2016; Lovecchio et al., 2018; Yamamoto et al., 2018).

Tracer patterns in the AEs of the northern CanUS, instead, are strongly influenced by the lateral stirring of the
large scale regional gradient, especially due to the southern drift of AE tracks, which approach the biophysical
boundary of the Cape Verde front. This front, in fact, separates the nutrient-depleted offshore waters of the open
North Atlantic Subtropical Gyre from the region of the North Atlantic Tropical circulation, characterized by the
DIN rich South Atlantic Central Water and by a positive wind-stress curl fueling organic matter production also
offshore (Aristegui et al., 2009; Bonino et al., 2021). Through this lateral stirring, AEs have therefore an impor-
tant role in shaping the large scale DIN and PON distribution of the region, laterally coupling the subtropical and
tropical regions of the CanUS located respectively north and south of the Cape Verde front.

4.2. Vertical Mixing Dominates Over “Eddy-Pumping”

Among the many processes that have been proposed to drive biophysical interactions in mesoscale eddies, the ver-
tical eddy “pumping” hypotheses has been among to the most popular (McGillicuddy, 2016; Siegel et al., 1999).
In this hypothesis, the vertical excursions of isopycnals within eddies cause an effective pumping of water and
tracers up (CEs) or down (AEs) through a radially symmetric rectification process that has a maximum in the
eddy core. It has been emphasized that this process tends to be limited to the spin-up phase of the eddies when the
isopycnals are lifted up (CEs) or suppressed downward (AEs), as this brings anomalous conditions to the lower
parts of the euphotic zone within the eddy's core (Gaube et al., 2014). Despite this, the core-intensified “eddy
pumping” mechanism is often cited as a process shaping the eddy tracer distribution well beyond the formation
phase (Dufois et al., 2016). According to our results, this process is unimportant in well-formed eddies. The
model simulated vertical velocities, and therefore vertical advective fluxes in well-formed eddies, have a dipolar
structure in both CEs and AEs, with maxima at the periphery of the eddies at every stage of the eddy life. Further,
these advective fluxes mostly remove both DIN and PON from the euphotic layer in cores of both AEs and CEs.

The dipolar pattern of the vertical fluxes that we found is in agreement with previous high-resolution observa-
tional studies of the structure of vertical velocities in eddies, such as Barceld-Llull et al. (2017), which however
focused on a mode water anticyclone. The difficulty of collecting such high-resolution data makes these in situ
studies scarce if not unique, and more of such measurements would be needed for both surface-intensified CEs
and AEs. Lévy (2003) used an idealized model to study the impact of mesoscale activity on tracer gradients, and
showed that mechanisms of lateral transport could better explain the correlation between the doming of isopyc-
nals and nutrient levels than vertical fluxes, as nutrient isolines do not necessarily follow isopycnal surfaces at the
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mesoscale. Our results confirm that the eddy core “pumping” scheme, even though often cited, does not capture
the complexity of the pattern of upward and downward fluxes of DIN and PON in both CEs and AEs.

According to our results, vertical mixing is instead responsible for most of the vertical input of DIN in the euphot-
ic layer of the eddies. Mixing also leads to the ejection of PON from the euphotic layer. With a lateral resolution
of our model of about 4.7 km in the nearshore, vertical mixing in the model parameterizes sub-grid processes
including convection and submesoscale induced fluxes. Our findings are therefore in line with several studies
highlighting the key role of submesoscale and ageostrophic fluxes in both the delivery of nutrients to the euphotic
layer (Dufois et al., 2016; Klein & Lapeyre, 2009; Martin & Richards, 2001) and the export of the organic mate-
rial (Stukel et al., 2016), confirming the key role of these small scale fluxes in mesoscale eddies.

4.3. Beyond the Northern CanUS: Extending Our Results to Other Boundary Current Systems

The physical and biogeochemical processes that sustain DIN and PON in long-living CE and AE of the northern
CanUS are likely also of relevance in other regions of the world's ocean (Gaube et al., 2014; McGillicuddy, 2016).
This is especially the case for the other coastal upwelling regions that are characterized by an equatorward coastal
current, in particular the other three major EBUS, such as the California, Humboldt, and Benguela Upwelling
Systems. We also argue that the concepts should work for eddies generated by western boundary currents, al-
though dedicated studies should aim to verify it.

In contrast, the applicability might not be guaranteed in coastal upwelling regions that are characterized by pole-
ward coastal currents, since the initial priming might be rather different there. One such region is the southern
CanUS (<21°N), often known as the Mauritanian-Senegalese Upwelling System. Here, trapping at formation
by CE and AE may result in the initial eddy budgets having the opposite sign of anomalies to the ones found in
the northern CanUS, since AEs tend to entrain the upwelled nutrient-rich waters in the Mauritanian-Senegalese
Upwelling System.

Further caution is needed when considering island-generated eddies, such as those constituting the Canary Eddy
Corridor (Sangra et al., 2009). Island-generated eddies, in particular CE, can have very different properties at the
formation from nearshore-generated eddies as they do not necessarily interact with the upwelled water, while they
may trap or stir island shelf-waters. In their study of the Canary Eddy Corridor tracks, Sangra et al. (2009) found
that nearly the entire population of these eddies lives less than 6 months (Aristegui et al., 1997), which constitutes
in our analysis the minimum life-length required for a track to be considered long-living. As a consequence, the
biogeochemical evolution of the eddies generated in the northern CanUS by the Canary Archipelago may require
an additional dedicated study.

An Eulerian analysis of the same model run adopted in this study highlighted seasonal variations in the rates
of production in the core of the eddies of the CanUS (Bonino et al., 2021). These result from a combination of
factors among which large scale temporal variations in vertical fluxes of nutrients, the seasonality of upwelling
and the eddy distance from the coast. Although our annual-mean analysis captures the most important processes
regulating tracer budgets in the eddies, a more detailed analysis could take the seasonal variations into account.
Given that different EBUS are dominated by different temporal variability (Chavez & Messié, 2009), we expect
eddy fluxes to be modulated on significantly different time scales in different upwelling systems, spanning from
monthly to multi-decadal time scales.

4.4. Model Limitations

There are a number of model limitations that we need to be aware of when putting our results into perspective.
This includes (a) the neglect of the interaction between the oceanic mesoscale circulation field and the wind, (b)
the lack of consideration of the submesoscale, and (c) the simplicity of the oceanic biogeochemistry/ecological
model.

The lack of the consideration of the interaction between wind and surface ocean circulation in the eddies is ex-
pected to result in a missing core-centered upwelling and downwelling of water masses and tracers in AE and
CE, respectively (Gaube et al., 2015; Seo et al., 2016). In addition to opposing the classical “eddy pumping” flux
in sign, this eddy-wind interaction process may be relevant at any stage of the eddy life, provided the presence
of sufficient wind stress. In order to consider the potential error connected to the neglect of this eddy-wind
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interaction term, we evaluate the vertical speeds that could be induced by the wind feedback in our region.
Mean wind speeds in the northern CanUS are in the range of 6 m s~!, with positive and negative oscillations that
result in high peaks of about 10 m s~! in the nearshore during upwelling conditions (summer; Pelegri & Benaz-
zouz, 2015). This wind may result in vertical upward and downward Ekman pumping velocities of a few cm per
day, respectively in AE and CE (Chelton, 2013). Compared to our modeled eddy vertical velocities, of the order
of 0.1-0.6 m day~! (Figure 4), this Ekman upwelling is small but not completely negligible.

In the case of CE, the eddy/wind interaction may result in an increase of the vertical advective export of organic
material at depth and a decrease of the nutrient supply from below, therefore consuming faster the trapped PON
and DIN reservoir, and limiting NP. This would mostly affect the time derivative of the PON and DIN concentra-
tion, without affecting the main result of CE as highly productive trapping eddies with a tracer-rich core. For AE,
this core-centric Ekman upwelling may stimulate higher levels of (new) production in the eddy center; while this
may slightly change the radial distribution of the PON concentration, it is unlikely to affect the importance of the
stirring and mixing. Given the strong negative anomaly in the AE cores, the wind feedback is also not expected to
be able to result in a PON maximum in the eddy core, but may potentially flatten the radial gradient.

The lack of consideration of the oceanic submesoscale impacts primarily our conclusion about the processes that
govern the vertical mixing and that are so crucial in supplying nutrients to the eddies after the initial phase. As
we do not explicitly resolve the submesoscale dynamics, we would expect that in a higher resolution model the
contribution of such vertical fluxes would be even more important (Mahadevan, 2016; Zhong & Bracco, 2013;
Zhong et al., 2017). Submesoscale processes could also alter the trapping efficiency, given that frontal instabil-
ities could occur at the boundaries of the eddies, thereby shortening also the life time of eddies via dissipation
(Lévy etal., 2012). However, as this effect is expected to affect CEs and AEs equally, relative differences between
the two types of eddies are likely to be maintained.

We expect that the simplicity of the employed biogeochemical and ecological model has relatively minor impact
on the conclusions. The processes driving the eddy responses tend to primarily of physical nature, rendering the
details of how the supplied nitrogen is being transformed within the marine food-web less important. An impor-
tant exception is the lack of consideration of dissolved organic nitrogen (DON), but as already demonstrated and
discussed by Lovecchio et al. (2018, 2017), our fully considered small detrital pool resembles in many ways the
DON pool. Since particulate matter is horizontally advected in our model, this very slowly sinking pool can be
horizontally transported over great distances, analogous to DON.

5. Summary and Conclusions

Using output from our high-resolution modeling study, we determined how production and export are sustained
in the eddies of the northern CanUS. To this end, we analyzed the evolution of the DIN and PON stocks and
fluxes inside long-living mesoscale eddies as they propagate offshore. We find substantial differences in the bio-
geochemical and physical characteristics between the mean CEs and AEs in the northern CanUS that persist over
the course of one and a half years of eddy life time. These characteristics, and especially the spatial patterns are
regulated by a different set of physical processes in CEs versus AEs.

CEs are characterized by high stocks of biogeochemical tracers in their core throughout their lifetime, with the
maximum PON and DIN concentrations found at formation, when they trap the nutrient- and organic matter-rich
waters characteristic of recent coastal upwelling. The cores of these eddies are efficiently laterally isolated from
the surrounding environment, limiting the lateral exchange of tracers, while vertical fluxes drive the evolution of
the PON and DIN budgets. Vertical mixing, rather than vertical advection, is the main source of extra DIN for
the CE core. However, this vertical supply of PON and DIN is small compared to the DIN and PON that CE had
trapped at formation in the coastly upwelled waters. CEs rely mostly on their initial priming with DIN and PON
to sustain the production over their lifetime. The loss of fixed nitrogen by sinking leads to a progressive reduction
in the stock of DIN and PON.

AE cores are poor in biogeochemical tracers, while their concentrations are elevated at the periphery of the ed-
dies, between 1 and 2 eddy radii from the center. Also in AEs, vertical mixing contributes positively to the eddy
nutrient budget both in the core and at the rim of the eddies, feeding the local production of PON. In AE cores,
the vertical mixing input of DIN, favored by the local deepening of the isopycnals, is especially crucial due to the
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otherwise low tracer stocks. Lateral stirring of the strong north-south large scale gradient of PON and DIN in the
CanUS, combined to the slight southward drift of the AE tracks, is key in generating the tracer patterns at the rim
of AEs. At depth, stirring builds a deep-reaching nitrate anomaly in AEs, while in the euphotic layer it results in
significant lateral input of PON at the eddy rim.

In both types of eddies, past the first 2 months of the eddy lives, local recycling constitutes about 3/4 of the total
production. Our numbers also indicate that on average the entire PON stock is rejuvenated between 7 and 8 times
during each year of the eddy lives. As a consequence, the organic material that sinks to the deep ocean as well as
the organic material that is released when the eddies reach the end of their lifetime is the result of intense trans-
formations that have turned over the local PON and DIN stocks several times. This is especially important in CEs,
where RP reconstitutes the abundant PON stock and promotes the lateral export of the trapped coastally derived
organic matter toward the offshore waters. Future in situ observations could be aimed at studying the detailed
pattern of biogeochemical transformations driving this continuous recycling as well as potential changes in the
community composition within the eddies at different stages of their lives.

On the large scale, our results imply that both CEs and AEs have a key role in determining the regional tracer
distribution. Thanks to a high degree of lateral isolation, CEs are efficient at delivering coastal tracers toward the
oligotrophic North Atlantic Gyre, while also fueling the deep open waters with transitory bursts of sinking PON
(Lovecchio et al., 2018). AEs, instead, contribute to smooth the large-scale gradients of DIN and PON, especially
at the sharp Cape Verde front that separates the nutrient-rich tropical circulation from the oligotrophic North
Atlantic gyre.

Additional studies should be aimed at better understanding both the drivers behind the different trapping efficien-
cies of AEs and CEs and the fine pattern of three-dimensional advective fluxes in the eddies. According to our
results, while sub-grid (sub-mesoscale) fluxes are sources of nutrients for the eddies, vertical advective fluxes
have a negative net contribution to the nutrient stocks and are characterized by a dipolar pattern with maxima
at the eddy periphery. High-resolution in situ observations of these velocities are rare, however, the limited data
available are in agreement with our results (Barceld-Llull et al., 2017). This should motivate future investigations
targeting these velocity patterns in greater detail in both surface- and subsurface-intensified eddies.

Appendix A: Additional Figures

This Appendix contains five Figures. Figure A1 shows the Taylor diagram for the region of study, Figure A2
shows the mean number of averaged eddies and their mean offshore distance as a function of the eddy life time,
Figure A3 shows the average CE and AE on the first time step of the track, Figure A4 shows the mean properties
of the eddy cores across the entire ensemble of averaged CEs and AEs, and Figure AS shows the portion of total
production sustained by regenerated production in the average eddies and in the study region.
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Figure Al. Annual mean Taylor diagram for the region of the CanUS spanned by the eddy tracks ([17°N, 35°N] x

[5°W, 45°W]), climatological annual mean fields. Used data sets-Sea Surface Temperature (SST): AVHRR (Reynolds

et al., 2007); Sea Surface Salinity (SSS): CARS (Ridgway et al., 2002); Sea Surface Height (SSH): Aviso CMDT Rio05
(Rio & Hernandez, 2004); Mixed Layer Depth (MLD): Argo DT-0.2 (Argo, 2000; Montégut et al., 2004); Chlorophyll
(CHLA): SeaWiFS NASA-OBPG (2010); Net Primary Production data set 1 (NPP1): SeaWiFS VGPM (Behrenfeld &
Falkowski, 1997); Net Primary Production data set 2 (NPP2): SeaWiFS CbPM (Westberry et al., 2008); Surface Particulate
Organic Carbon (S-POC): SeaWiFS POC (NASA-OB.DAAC, 2010); Particulate Organic Carbon (POC): cruise POC data
AMT (BODC-NERC, 2014), ANT (ANT, 2005), Geotraces (GEOTRACES, 2010). Note that MLD* = MLD/2 due to the
large standard deviation (STD) that would not fit into the diagram, here plotted as half the actual STD value.
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Figure A2. (a) Number of eddies averaged per day when building the track composites; oscillations result from possible non-
considered “virtual eddies” created by the rejoining of broken tracks (see Methods section). (b) Mean eddy offshore distance
for CEs (blue) and AEs (red) as a function of the offshore distance from the CanUS coastline.
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Figure A3. CE and AE physical properties and PON concentration integrated in the first 200 m at birth (first 2-day-average step of the eddy life), when the eddy is
first identified by the algorithm. First row: anomaly of sea surface height (ASSH) and anomaly of velocities (A Vel) respect to the reference mean fields. Second row:
absolute value of IEZOOmPON dz (in the plot simply PON) and eddy anomaly A jfmmPON dz respect to the reference mean (in the plot simply APON).
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Figure A4. Mean properties of the eddy cores for each track at the moment of formation and then every 6 months. Left column:
eddies are colored by their age (months from formation). Right column: eddies are colored by the latitude of formation (LAT) of
their track. Panels description: (a and b) CEs in the space of SST and SSS; (c and d) AEs in the space of SST and SSS.
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