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Abstract The California Current System (CCS) has intense mesoscale activity that modulates and
exports biological production from the coastal upwelling system. To characterize and quantify the ability of
mesoscale eddies to affect the local and regional planktonic ecosystem of the CCS, we analyzed a 10 year-long
physical-biological model simulation, using eddy detection and tracking to isolate the dynamics of cyclonic
and anticyclonic eddies. As they propagate westward across the shelf, cyclonic eddies efficiently transport
coastal planktonic organisms and maintain locally elevated production for up to 1 year (800 km offshore).
Anticyclonic eddies, on the other hand, have a limited impact on local production over their ~6month lifetime
as they propagate 400 km offshore. At any given time ~8% of the model domain was covered by eddy cores.
Though the eddies cover a small area, they explain ~50 and 20% of the transport of nitrate and plankton,
respectively.

1. Introduction

The California Current System (CCS) is one of the four major Eastern Boundary Upwelling Systems (EBUS),
characterized by upwelling of deep, nutrient-rich water at the coast, driving intense biological production
and important fisheries. Like in other EBUS, eddies are omnipresent in the CCS [e.g., Abbott and Zion, 1985;
Kelly et al., 1998; Strub and James, 2000; Stegmann and Schwing, 2007; Capet et al., 2008; Chaigneau et al.,
2009; Kurian et al., 2011; Chelton et al., 2011]. Forming near the coast, eddies have radii of 50–150 km, sea
surface height anomalies of 5–10 cm, and propagate westward toward the open ocean with speeds of
~2 kmd�1. Being predominantly nonlinear features [Chelton et al., 2011], eddies are able to trap coastal
water, transporting it and the associated high biological biomass offshore from the coastal upwelling region
[Logerwell and Smith, 2001; Gruber et al., 2011; Morales et al., 2012; Combes et al., 2013; Chenillat et al., 2015;
Nagai et al., 2015].

While the mesoscale eddy dynamics of the CCS have been well studied, the ecological roles of mesoscale
activity in the CCS—and more widely in EBUS—are still unclear due to practical limitations (i.e., sparse field
observations of individual eddies, observations from satellite being restricted to the sea surface, and signifi-
cant computer resources needed for eddy-resolving coupled models). Some studies, mostly using models,
have shown that eddies have a negative impact on coastal primary production by exporting coastal biomass
and nutrients and subducting them below the euphotic layer while traveling offshore [Gruber et al., 2011;
Nagai et al., 2015]. Other modeling and observational studies, on the other hand, have found that eddies
are sites of locally enhanced biological activity [Almazán-Becerril et al., 2012; Stramma et al., 2013;
Mahadevan, 2014; Chenillat et al., 2015]. This apparent discrepancy emerges from the different perspectives
used, with some studies examining the local impact of individual eddies, and others the net impact of mesos-
cale activity on biology integrated over a larger region. To clearly understand the ecological role of eddies in
the CCS, a combination of these methods is required, giving a description of the properties of biogeochem-
ical tracers averaged over multiple individual eddies. To date, there are limited studies describing average
vertical distributions of temperature and salinity in eddies of the CCS [e.g., Huyer et al., 1998; Kurian et al.,
2011; Dong et al., 2012] or in EBUS, in general [see Pegliasco et al., 2015, and references within]. Few recent
studies have focused on the regional effects of mesoscale activity on the cross-shore export of
phytoplankton-rich waters in the CCS [Gruber et al., 2011; Gaube et al., 2014; Nagai et al., 2015], and none have
simultaneously investigated the vertical structure of the ecosystem within eddies.

Here we compare spatially averaged fields to averages of individual eddies to quantify the overall effect of
thousands of individual cyclonic and anticyclonic eddies in a 10 year numerical simulation of the CCS.
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Compared to the recent studies [Gruber et al., 2011; Nagai et al., 2015], by creating eddy composites we not
only evaluate the cross-shore export of coastal material, but we also investigate the spatial structure of the
ecosystem within eddies and over the region. Our methods are described in section 2. In section 3, we
explore the contrasting roles of cyclonic and anticyclonic eddies in the CCS in locally enhancing or decreasing
biological concentrations and track those changes in depth distributions as the eddies propagate offshore. In
the CCS, cyclonic eddies are important in (1) exporting biologically rich coastal water offshore and (2) main-
taining high biological biomass that can only be explained by local vertical input within eddies. On average,
anticyclones have a weak effect on biological activity, due to the high variability among ecosystems in antic-
yclonic eddies. A summary and concluding remarks are given in section 4.

2. Methods
2.1. Ocean Circulation Model

We investigate the biological effects ofmesoscale dynamics in the CCS using the Regional OceanModeling System
(ROMS), coupled to NEMURO (North Pacific Ecosystem Model for Understanding Regional Oceanography) [Kishi
et al., 2007], which is a complex ecosystem model (two types of nutrient, two phytoplankton classes, three zoo-
plankton classes, and several detrital pools). ROMS is a three-dimensional, free-surface, hydrostatic, eddy-resolving
primitive equation ocean model [Shchepetkin and McWilliams, 2005]. The physical model configuration (including
surface forcings, boundary, and initial conditions) is the same as Capet et al. [2008], with a 5km horizontal resolu-
tion covering the entire CCS (from the coast to ~1500km offshore and from 24°N to 50°N). NEMURO has been
tuned to reproduce the mean seasonal cycles of planktonic production in the CCS [Chenillat et al., 2012, 2013].

The final state of a 30 year spin-up of the model (20 years for the physical model followed by 10 years for the
coupled physical-biological model) was used as the initial condition of a 10 year run. Five-day averages of
physical variables were archived and used to calculate the main eddy statistics in the CCS. This 5 km horizon-
tal resolution model has been shown to realistically reproduce the mesoscale activity of the CCS when com-
pared to altimetry observations [Capet et al., 2008; Kurian et al., 2011] including permanent eddies generated
from the CCS [Strub and James, 2000], and coastal eddies formed through baroclinic instabilities in the CCS
[Capet and Carton, 2004].

This coupled model showed good agreement with observations from the California Cooperative Oceanic
Fisheries Investigations (CalCOFI) program [Chenillat et al., 2015, their Figure 3]; in particular, the Chl a max-
imum is dominated by large phytoplankton (diatom-like, requiring silicon) close to shore, and by small phy-
toplankton (nondiatom-like, not requiring silicon) offshore; the planktonic assemblage in a cyclonic eddy was
dominated by small-size classes in the surface mixed layer and by large-size classes below the mixed layer.

2.2. Reynolds Decomposition

We quantified the eddy contribution to the advective flux divergence of the tracer budgets by performing a
Reynolds decomposition. The total cross-shore advection terms were decomposed into the mean and the
eddy contribution [Capet et al., 2008]:

u:c ¼ u :c þ u′ : c′

with c the tracer concentration and u the cross shore (i.e., normal to the general orientation of the coastline)
velocity field. Primed quantities are deviations from the 10 year averaged monthly mean climatology, which
is represented by overbars.

2.3. Eddy Detection Method

To quantify average mesoscale eddy properties, we detected eddies in the 10year run using the Okubo-Weiss
method [Okubo, 1970; Weiss, 1991; Isern-Fontanet et al., 2003; Chelton et al., 2007; Kurian et al., 2011], which is
based on the computation of the Okubo-Weiss parameter (W):

W ¼ S2n þ S2s � ζ 2

where Sn and Ss are the normal and shear components of the strain and ζ is the relative vorticity of the flow.
These quantities are defined by

Sn ¼ ∂u
∂x

� ∂v
∂y

; Ss ¼ ∂v
∂x

þ ∂u
∂y

; ζ ¼ ∂v
∂x

� ∂u
∂y

;
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respectively, where u and v are the eastward and the northward velocities. A vorticity-dominant field, in which
the rotation of the flow dominates over its deformation, indicates the potential location of eddies; this corre-
sponds to negative values of W. We chose a threshold value of �5×10�11 s�2 to identify eddy cores
[Chelton et al., 2007], i.e., the part of the eddy that presumably is in solid body rotation [e.g., Oh and Zhurbas,
2000; Lilly and Rhines, 2002; Yelland and Crawford, 2005; Chelton et al., 2011]. To remove noneddy structures
from the closed contour analysis, we required that an eddy must fit a circular shape with an error less than
40% (see details in Kurian et al. [2011]) and with a minimum radius of 15 km. The radius, position, and polarity
(cyclonic or anticyclonic) of eddies passing these criteria were saved. We saved eddies with a surface circulation
signature, including near-surface eddies whose dominant signature was subsurface, but still had a surface sig-
nature. We neglected eddies occurring below the surface and without a surface signature [Kurian et al., 2011;
Hormazabal et al., 2013]; such eddies have only weak effects on the biogeochemical tracers.

2.4. Eddy Tracking

Eddies were tracked automatically in the 5day average outputs by comparing eddy center positions and radii at
consecutive time steps over the entire run. To avoid the trackingmethod switching among eddies, an eddymust
travel less than one eddy diameter between successive 5day time steps. Only long-lived (>90days) eddies were
tracked to provide a clear synthetic view of the lateral eddy transport. Some eddy trajectories had a gap in time
when the eddies could not pass the identification criteria due to strong deformation events. Though trajectories
that last less than 90days were not included, our analyses are not sensitive to these restrictions.

From the eddy trajectories we calculate the speed, the direction of propagation, and the biogeochemical
properties as they evolve along the eddy paths.

2.5. Average Eddy Analysis

To quantify the vertical and radial structure of properties in the eddies, we performed an average eddy
analysis—or composite analysis—on all the detected eddies. The computed eddy radius R corresponds to
the radius of the eddy core. To include both the eddy core and the area surrounding the eddy, we extracted

Figure 1. (a) (top) Average number of surface eddies per year in 1° × 1° boxes, computed over the 10 year model run, and (bottom) eddy polarity ((Na�Nc)/(Na +Nc)),
with Na and Nc the number of anticyclones (red) and cyclones (blue), respectively. A positive (negative) polarity represents dominance of anticyclones (cyclones).
(b) Tracks of long-lived anticyclonic (top) and cyclonic eddies (bottom), with superimposed euphotic-zone-average anomalies of nitrate (left), phytoplankton biomass
(middle), and zooplankton biomass (right) within eddies compared to the local annual climatological mean. The black portions of some tracks denote a null anomaly.
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the eddy properties over a cross-shore transect centered on the eddy from �3R to +3R. The horizontal coor-
dinates were then normalized by the radius R of each eddy, and physical and biogeochemical variables were
averaged over all the eddies in this normalized coordinate system (eddy center at 0 and edge of the eddy
core at ±1). These horizontally normalized distributions included temperature, salinity, nitrate concentrations,
and total phytoplankton and zooplankton biomasses.

Along with the cross-shore average of properties across eddies, we also calculated a zonal average of all eddy
cores (from �1R to +1R), for each property. This diagnostic was performed using all individual eddies. The
distance of each eddy from the coast is known, allowing us to create cross-shore sections of (separately)
cyclonic eddies and anticyclonic eddies, these sections being averaged north-to-south along the coast.
These are the cross-shore cyclonic and anticyclonic eddy sections and contain only eddy properties. They
were compared to an annual climatological cross-shore section (averaged over 10 years) by computing the
anomalies of the eddy sections relative to the annual climatological section.

Individual eddy property anomalies were calculated relative to the annual climatological mean at each grid

point over the 10 year run (C10 years). The annual climatological mean was subtracted from the local eddy-core

euphotic-zone averages (Ceddy) to obtain the local anomaly:

ΔC ¼ ∫
zeuphotic

0
Ceddy x; y; zð Þ dz � ∫

zeuphotic

0
C10 years x; y; zð Þ dz

3. Results and Discussion

Our eddy statistics in the CCS were similar to previous investigations (Figure 1) [e.g., Stegmann and Schwing,
2007; Chaigneau et al., 2009; Kurian et al., 2011]. Over our 10 year model run, archived every 5 days, we iden-
tified a total of 16,808 cyclones and 16,553 anticyclones, i.e., an average of 168 cyclones and 166 anticyclones
per year. About 40% of the eddies were found within 200 km of the coast, which represents only 20% of the
model domain; the frequency of eddy occurrence decreased with distance offshore (Figure 1). This is consis-
tent with observations of CCS eddies that are generated near the coast and move westward [Pares-Sierra
et al., 1993; Kelly et al., 1998; Strub and James, 2000; Stegmann and Schwing, 2007; Kurian et al., 2011].
Within 200 km off the coast, cyclonic eddies were more abundant in the fall; there was no seasonal trend
for anticyclonic eddies. Higher mesoscale activity during the fall was observed in CCS altimetry data [Strub
and James, 2000], but is inconsistent with some analyses that found a peak in the winter [Stegmann and
Schwing, 2007] or no clear seasonal cycle [Kurian et al., 2011]. Differences observed with Kurian et al.
[2011], who used the samemodel, result from the eddy-identification criteria. We used all detected individual
eddies (see section 2.4), while Kurian et al. [2011] used only eddies that could be tracked for at least 30 days.
There was no pronounced north-south trend in eddy occurrence [Nagai et al., 2015]. Near the coast there is
more anticyclonic eddies north of Point Conception (~34°N) and cyclonic eddies to the south [e.g., Stegmann
and Schwing, 2007; Kurian et al., 2011; Chaigneau et al., 2009, their Figure 2b].

The average size of the cores of cyclonic eddies was ~25 km, and ~20 km for anticyclonic eddies, again similar
to Kurian et al. [2011]. Cyclonic and anticyclonic eddies had a SSH anomaly of 6 and 4 cm at 3R (i.e., at the
edge of an average eddy), respectively, the same order of magnitude as found in satellite data [Gaube
et al., 2014]. At any given time, about 4.6% of the area of the model domain was covered by cyclonic eddy
cores and 3.5% by anticyclonic eddy cores. Using Reynolds decomposition, we estimate that despite their
relatively small area, eddies accounted for 50, 18, and 24% of the offshore export of nitrate, total phytoplank-
ton, and total zooplankton from the 200 km coastal band, the remainder (50, 82, and 76%) being exported by
the mean Ekman transport.

We tracked 158 cyclonic and 121 anticyclonic long-lived eddies (>90days), all of which tended to propagate
toward the west; cyclonic eddies propagated ~5° northwest, while anticyclonic eddies propagated 15° southwest,
similar to results from Kurian et al. [2011]. This deflection is due to the beta effect [e.g., McWilliams and Flierl,
1979; Cushman-Roisin, 1994]. The average lifetimes of tracked cyclonic and anticyclonic eddies were 170 and
150 days, respectively, though some persisted for more than 1 year. Our stringent eddy criteria often caused
the tracking algorithm to lose an eddy part-way through its life, and then pick it up again later, giving shorter
overall eddy durations than tracking eddies by eye. The eddies propagated across shore at an average speed
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of ~2 kmd�1 [Stegmann and Schwing, 2007; Chelton et al., 2011; Kurian et al., 2011] and would take more than
a year to cross the 1500 km model domain. For a more complete description of the eddy dynamics from this
model, see Kurian et al. [2011].

The cross-shore average properties of cyclonic and anticyclonic eddies were quite distinct (Figure 2): cyclonic
eddies showed a signature down to 600m (not shown) with an upward doming of up to 50m of isotherms,
isohalines, and isolines of nitrate. Anticyclonic eddies had a deeper signature (down to 800m, not shown) and
relatively weak (<10m) depressions of these properties in the eddy core [Kurian et al., 2011]. This asymmetric
response may be due to the inclusion of near-surface eddies in the averaging.

The upward doming of nitrate in the core of cyclonic eddies was associated with a local doubling (relative to
the waters surrounding the eddies) of the biomass of the subsurface maxima of phytoplankton and zoo-
plankton, similar to individual eddy observations in EBUS [e.g., Correa-Ramirez et al., 2007; Almazán-Becerril
et al., 2012]. The weak hydrographic signature of anticyclonic eddies was associated with a similarly weak bio-
logical signature, with slight deficits in phytoplankton and zooplankton biomass in the eddy core, near the
surface (~15m). Variability was greater in anticyclonic eddies, leading to a smaller average anomaly signature
(Figure 2). The subsurface biomass maxima were centered at ~35m depth in cyclonic eddies, about half the
83m euphotic depth.

We found no significant latitudinal differences in the euphotic-zone-average biological properties of eddy cores,
although the temperature and salinity tended to decrease with increasing latitude. Eddies formed at the central
coast had slightly (but not significantly) more nitrate and plankton biomass in their cores (not shown).
Differences in biological properties between cyclonic and anticyclonic eddies were more pronounced at lower
latitudes (not shown).

The euphotic-zone-average biological properties of cyclonic and anticyclonic eddy cores showed no signifi-
cant seasonal differences (see the supporting information). Biogeochemical tracer concentrations tended to
be higher in cyclonic eddies than in anticyclonic eddies, although this difference was not significant. For both
eddy polarities, there was a general seasonal trend in biogeochemical concentrations that matched the

Figure 2. Average properties of (top row) anticyclonic and (bottom row) cyclonic eddies. From left to right: temperature, salinity, nitrate, phytoplankton biomass, and
zooplankton biomass. The composites represent the average profiles across eddies, with the eddy core centered at 0, and R the radius of the eddy core (positive R
represents the coastal side).
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biological seasonal variations of coastal upwelling systems (the eddy source waters), with a peak of nitrate
concentrations and plankton biomass in spring-summer (not shown) [see Chenillat et al., 2012, 2013].

Hydrographically, anticyclonic eddies were only slightly different from the climatological mean, while cyclonic
eddies were noticeably colder and saltier at depth (Figure 3). In all cases the isolines of temperature and salinity
deepened with distance offshore, although this deepening was weaker in cyclonic eddies, which maintained
cooler temperatures at shallower depths offshore than the mean. This deepening of isopycnals across shore
is consistent with previous studies [Barth et al., 2002; Bograd and Mantyla, 2005; Pegliasco et al., 2015] and
observations from the CalCOFI program (see Figure 5 of Chenillat et al. [2013]).

The anomalies of concentrations of nitrate, phytoplankton, and zooplankton (Figures 1 and 3) highlight the
spatial variability induced by eddies. As expected from our previous results, cyclonic eddies contained more
nitrate than the local average (+4mmol Nm�3) when located close to the shore; as the eddies propagated
offshore, this difference slowly decreased. Cyclonic eddies had a clear positive anomaly of both phytoplank-
ton (+0.2mmol Nm�3) and zooplankton (+0.1mmol Nm�3) over the lifetime of the eddy, although these
anomalies were sometimes negative near the coast (�0.1mmol Nm�3). These anomalously high coastal
nitrate concentrations were carried with the cyclonic eddies, fueling the ecosystem as they propagated across
shore [Chenillat et al., 2015]. Anticyclonic eddies, on the other hand, showed mixtures of positive and negative
nitrate anomalies (from�2 to 2mmolNm�3) and biological anomalies (from�0.1 to 0.05mmolNm�3), both of
whichwere weaker on average than those found in cyclonic eddies. Anticyclonic eddies contained less euphotic
zone nitrate than the local average. The anomalies developed close to shore soon after the anticyclonic eddies
were formed and tended to decay as the eddies moved offshore.

Cyclonic eddy cores had significantly enhanced biomass of all planktonic groups compared to anticyclonic
eddy cores. However, on average the relative proportions of different planktonic groups were the same in
both types of eddies: 45% and 55% of small and large phytoplankton, respectively, and 20%, 35%, and

Figure 3. Cross-shore vertical sections of anomalies of properties in (top row) anticyclonic eddy cores and (middle row) cyclonic eddy cores compared to cross-shore
vertical sections of (bottom row) climatological north-south-averages of (left to right) temperature, salinity, nitrate, phytoplankton biomass, and zooplankton biomass.
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45% of small, large, and predator zooplankton, respectively. Similar proportions were diagnosed in the
mature stage of a cyclonic eddy from a numerical simulation of the southern CCS [Chenillat et al., 2015].

Chenillat et al. [2015] showed that the enhanced productivity and biomass in a cyclonic eddy was a conse-
quence of the upward doming of the nitracline into the euphotic zone, combined with Ekman pumping of
nitrate into the euphotic zone, i.e., a local upwelling driven by the surface wind stress curl. Although the
Ekman pumping was not particularly high in the eddies relative to the surrounding waters, the shallow nitra-
cline in the eddy core allowed an increased upward nitrate flux there. This enhanced nitrate flux drove
increased biomasses of both small and large phytoplankton and zooplankton in the waters between the base
of themixed layer and the bottom of the euphotic zone. The analyses presented here show that the dynamics
revealed in the detailed examination of a single cyclonic eddy [Chenillat et al., 2015] can be generalized to all
cyclonic eddies in the CCS. The average cyclonic eddy is formed within 200 km of the coast and propagates
offshore toward the northwest. It carries with it enhanced biomasses of phytoplankton and zooplankton;
although these biomasses decay with time and distance offshore, cyclonic eddies remain significantly
enhanced compared to the local mean, or to anticyclonic eddies, over their lifetime.

The persistent local enhancement of biological properties in cyclonic eddies suggests that the influence of the
corewaters present at eddy formation continues through the life of the eddy. One conclusion is that the eddies
likely have relatively little exchangewith their surroundingwaters [e.g., Sangrà et al., 2005;Chenillat et al., 2015]:
because eddies are nonlinear features [Chelton et al., 2011], the eddy properties remain distinct compared to
surrounding waters. The regions of significant biological enhancement in cyclonic eddies were persistently
subsurface—well below the depths visible to satellite remote sensing. Thus, the biological signatures of
cyclonic eddies in particular may be consistently underestimated by satellite analyses of eddy properties.

Through eddy tracking it appears that cyclonic eddies play a fundamental role in the cross-shore export of
coastal waters and biota [e.g., Logerwell et al., 2001; Stegmann and Schwing, 2007; Gruber et al., 2011;
Nagai et al., 2015]. Furthermore, the sustained enhancement of phytoplankton and zooplankton in these
eddies—even with losses due to sinking and horizontal mixing—suggests that local physical inputs of nitrate
are an important driver of the biological dynamics during the eddy lifetime [e.g., Chenillat et al., 2015].

In contrast to cyclonic eddies, anticyclonic eddies appear to have a limited impact on the planktonic ecosys-
tem [Nagai et al., 2015]. Slight deficits in phytoplankton and zooplankton biomass propagate across shore
with the anticyclonic eddies, although these are weak relative to the local mean. This is in contrast to some
observations of a positive impact of anticyclonic eddies localized close to shore (Figures 1 and 3). However,
when averaged over the entire model domain, the anticyclonic signal is weak (Figure 2).

Our findings are consistent with field and satellite studies of individual eddies showing that both cyclonic and
anticyclonic eddies can trap costal water and enhance local production nearshore [e.g., Correa-Ramirez et al.,
2007; Almazán-Becerril et al., 2012; Stramma et al., 2013; Gaube et al., 2014]. However, in anticyclonic eddies such
intensification of biological production is not uniform, being weaker and evolving less dramatically than in cyclo-
nic eddies [Nagai et al., 2015; Gaube et al., 2014]. This local intensification of biological production in cyclones is
associated with coastal upwelling during the early stages of the formation of the eddy. Thus, cyclonic eddies
represent a key component of the spatial transport of biogeochemical tracers and of the local intensification
of biological activity far offshore. This finding complements Gruber et al. [2011] and Nagai et al. [2015], who sug-
gested that eddies drive a loss of coastalmaterial through subduction below the euphotic layer. Our investigation
showed that cyclonic eddies, in particular, efficiently transport coastal material hundreds of kilometers offshore,
maintaining elevated biological properties for up to one year (800 km offshore) and forming an efficient cross-
shelf transport pathway, confirming recent findings [Nagai et al., 2015]. However, compared to these recent
studies [Gruber et al., 2011; Nagai et al., 2015], our study offers new insights into the average vertical structure
of the ecosystem within eddies, describing the prominent role of cyclonic eddies in maintaining a relatively
constant ecosystem structure and persistently elevated biomass during its transit from the coast to the open ocean.

4. Summary and Conclusions

Biogeochemical properties in eddies of the CCS were studied using a coupled physical-biological model with
a 5 km horizontal resolution model. This model accurately reproduced both the eddy mesoscale activity
generated at the coast and the main biological properties of the CCS.
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Applying an eddy-detection and eddy-tracking algorithm to the 10 year long run allowed us to quantify
biogeochemical tracers within individual cyclonic and anticyclonic eddies. Averaging >16,000 cyclonic
eddies, we found a strong positive biological signature associated with the doming of isolines within the core.
This was in contrast to the average of >16,000 anticyclonic eddies, which showed a weak signature due to
the mixture of dynamics associated with such eddies.

While propagating offshore, cyclonic eddies are more efficient than anticyclonic in trapping and redistribut-
ing biogeochemical material from coastal source waters. However, both eddy polarities transport material
farther offshore than the long-term average total transport (which includes Ekman transport). This intense
eddy activity explains ~50 and 20% of the transport of nitrate and plankton, respectively, although the cyclo-
nic eddies cover only about 4% of the domain.

We found no clear/significant latitudinal or seasonal gradient in the frequency of occurrence or
hydrographic/biological properties of the eddies.

Because of their inherent structure, cyclonic eddies play a fundamental role inmodulating the biogeochemistry
and ecosystem of upwelling systems. Indeed, the ecosystem within cyclonic eddies benefits from both the
coastal upwelling source waters (at regional scales) and from local vertical fluxes within the eddy. Nearshore,
these complementary processes initialize cyclonic eddies with more than the regional average of biogeochem-
ical tracers. Cyclonic eddies are thus important features of coastal upwelling systems by (1) efficiently redistri-
buting material from the coastal upwelling region by trapping and transporting water and (2) fueling local
production while traveling offshore, through the combination of local upwelling and Ekman pumping.
Contrastingly, anticyclonic eddies play a weak role in the biogeochemistry and ecosystems of upwelling sys-
tems: although they can trap water, they are less efficient in transporting water offshore due to their dynamics.
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