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ABSTRACT. Eastern boundary current systems are among the most productive marine ecosys-
tems, sustained by coastal upwelling that brings cold, nutrient-rich waters to the surface.
While this process fuels high primary productivity nearshore, the offshore region remains
nutrient-depleted. Mesoscale eddies (~100 km) are known pathways that transport nutri-
ents into the open ocean, yet recent high-resolution satellite imagery reveals that smaller
submesoscale eddies (~10 km) may also contain elevated chlorophyll at their cores. Here,
using multi-platform observations from in situ and airborne measurements, we show that
submesoscale eddies support primary production offshore. We extensively surveyed a sub-
mesoscale eddy about 300 km off the US west coast that transported and sustained elevated
chlorophyll concentrations over several weeks, demonstrating strong biophysical coupling at
these scales. Moreover, we find that the export flux of organic material from submesoscale
eddies is comparable to that of mesoscale eddies, indicating that submesoscale eddies are in-
tegral to eddy-driven lateral advection across gyre margins and into the depleted subtropical
gyres. This study provides observational evidence that submesoscale eddies act as localized
ecological niches that shape and sustain productivity beyond the coastal upwelling zone, and
should therefore be considered in assessments of the ocean’s carbon transport and cycling.

Eastern boundary currents support some of the most productive marine ecosystems glob-
ally. Strong coastal winds drive upwelling, supplying the coast with nutrient-rich waters that
fuel intense marine productivity [1]. In contrast, reduced nutrient availability offshore in the
subtropical gyre leads to a strong cross-shore gradient in productivity and biomass between the
continental margin and the gyre interior [2, 3]. Turbulent oceanic features such as eddies and
filaments can act as pathways for advecting coastal waters into the oligotrophic open ocean,
generating spatial heterogeneity in productivity and fluxes that translate into complex patterns
of surface chlorophyll concentration [4, 5].

In the California Current System (CCS), mesoscale eddies and upwelling filaments are tra-
ditionally regarded as the primary drivers for offshore nutrient fluxes due to their large areas
(~100 km), prevalence, and longevity [6, 7, 8, 9]. Beyond their role in water mass trapping
and transport [10], eddies can have myriad effects on marine ecosystems including modulating
vertical nutrient supply, generating biological niches, and altering predator-prey interactions
[2, 11,12, 13, 5]. Submesoscale eddies, which are much smaller (0.1-1 km) than mesoscale eddies
and evolve on timescales of days, are increasingly recognized as a key contributors to the physi-
cal and biological dynamics of coastal regions, yet remain challenging to observe [14, 15]. These
shorter-lived, smaller features arise from instabilities in the stratified flow field [16, 17, 18], and
are associated with small-scale vertical motions that strongly influence surface phytoplankton
variability [19, 20, 21]. At these spatial and temporal scales, biological processes such as phy-
toplankton growth, grazing, and natural mortality can respond to physical forcing in ways that
further shape surface chlorophyll distributions [22, 23, 24].
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Productivity at the submesoscale is shaped by interactions between biological and phys-
ical processes; yet, the relative contributions of these processes, as well as coherent lateral
transport, remain poorly quantified observationally at the submesoscale. Here, we use novel
high-resolution observations of surface currents and biological productivity within a subme-
soscale eddy to simultaneously quantify the contributions of physical and biological processes
to submesoscale surface phytoplankton variability. These observations overcome the limita-
tions of previous observations of surface currents to allow quantification of vertical velocity at
the submesoscale. We combine high-resolution observations of ocean physics with co-located
measurements of phytoplankton growth and microzooplankton grazing rates conducted in a wa-
ter mass following frame. These combined observations reveal the complex interplay between
physics and biology that occurs within submesoscale eddies and demonstrates that biological
processes and coherent trapping can act as the main drivers controlling surface phytoplank-
ton hotspots, rather than vertical nutrient flux. We show that submesoscale eddies, through
trapping of surface waters, can serve as regulators for coastal regions’ influence on surface
phytoplankton biomass and carbon fluxes in an offshore eastern boundary current region.

Methods

This study was conducted using observations from the S-MODE IOP-2, which took place
between April 9 and May 2, 2023, on board the RV Sally Ride, at approximately 300 km offshore
San Francisco (Fig.1a). We integrate co-located physical and biological measurements profiled
and sampled from the ship and other airborne instruments at the surface and subsurface. A
full description of the expedition can be found at [25].

Chlorophyll Rates of Change FEstimation We derive the rate of change of surface chlorophyll
from a Lagrangian perspective for 136 microstar (1 m drogue) and CARTHE (60 cm drogue)
drifters released during the campaign (https://doi.org/10.5067/SMODE-DRIFT). When a
drifter is found within a 1 km radius of the ship, we assign chlorophyll, temperature, and
salinity values measured from the ship (https://doi.org/10.5067/SMODE-RVECT3) (Fig.2).
Chlorophyll measurements from the ship were considered co-located with the drifter when the
ship was within 1 km of its position. The 1-km value is based on the typical spatial variability
of chlorophyll and the need to retain a sufficient number of data points for the analysis.

Since drifters are buoyant and stay near the surface, we can detect subduction of a water
parcel by observing abrupt changes in physical properties (e.g., temperature, salinity) and
only keep the time series for water parcels where those properties remain relatively stable.
Chlorophyll rates of change within moving water parcels are then estimated using:
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where the subscript h indicates that we only consider the horizontal Lagrangian derivative:

D, 0 0 0

This approach helps us isolate the impact of local processes by removing the effects of lateral

advection, allowing us to quantify intrinsic changes in chlorophyll concentration as water parcels
move horizontally with the flow.

The standard error is derived from the expected variability in chlorophyll concentration as a

function of spatial separation. Specifically, we calculated the standard deviation of chlorophyll
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differences between points along the ship track at increasing separation distances. This relation-
ship was then used to assign uncertainty based on the distance between the ship measurement
and the drifter location it was assigned to.

Surface Kinematics and Okubo-Weiss Parameter We use kinematic properties of the flow to
identify the submesoscale features. We define the relative vorticity (¢) and divergence (J) of
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FIGURE 1. Satellite, airborne, and in situ observations of a submesoscale eddy.
(a) Multi-sensor (Sentinel-3 OLCI, MODIS-Aqua, VIIRS) imagery at 4-km
resolution of chlorophyll concentration in the California Current System on
April 22, 2023, with the mesoscale surface currents from AVISO (streamlines).
The S-MODE operation area is outlined within the black polygon. The box
indicates the region shown in panels (b) and (c), which display Sentinel-3A
OLCI imagery at 300-m resolution of surface chlorophyll concentration with
surface vorticity and surface divergence (contours), respectively, with colored
contours at -1, 0, and 1. The black line in (b) marks the ship’s transect
sampling location for panels (e-g). (d) Values of vorticity and divergence
across the black line. Vertical sections of (e) absolute salinity, (f) conservative
temperature, and (g) chlorophyll concentration, with the mixed-layer depth
(red solid line).
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the flow as:

3)

szw_uy
0 =uy + vy

where u and v are the 1 m-depth full flow velocities estimated from the Ka-band Doppler
Scatterometer (DopplerScatt), which is an airborne instrument that provides simultaneous
measurements of ocean surface currents and vector winds at 200 m spatial resolution over a
24-km swath using radar backscatter. (https://doi.org/10.5067/SMODE-DSCT2-V2). Unless
mentioned, all the kinematic properties of the flow are normalized by the Coriolis parameter
f. We assume that these measurements are representative of the drifters’ depth, allowing us
to integrate them with the drifters’ Lagrangian positions.

Following Tarry et al. (2022), we obtain the vertical velocity (w) at depth by integrating
the continuity equation (u, + vy + w, = 0) from a reference level hy where w is known:

h

(4) w(z="h)—w(z=hy) = /h (ug + vy)dz

Assuming that the surface vertical velocity (w at h = 0) is negligible and that the estimated
divergence is constant within the top layer, the vertical velocity at depth A is:

(5) w(h) = —h-6

From this expression, we infer that a positive divergence indicates convergence of the surface
waters leading to downwelling, and vice versa.
The Okubo-Weiss (OW) parameter was computed from the horizontal velocity field as:

(6) OW = s2 + 52 — (2
where the normal strain (s, ), shear strain (s,) are defined as:
7) s

(8) S5 = Vg + Uy

Negative values of OW indicate rotation-dominated, coherent eddy cores, while positive values
indicate strain-dominated, filamented regions.

Growth and Grazing Rate Experiments We computed rates of phytoplankton community growth
and microzooplankton grazing on phytoplankton using chlorophyll-a analyses of dilution in-
cubation experiments [26]. 24-hour experiments were initiated between 1AM and 8AM in 3
incubators with light levels corresponding to approximately 1%, 10%, and 70% of surface PAR.
Here we utilize only experiments conducted in the 1% light level or surface water (5 m-depth).
We used dilution fractions of 10%, 33%, and 100% whole seawater. Seawater was filtered
directly from the Niskin bottles with a peristaltic pump, acid-washed silicone tubing, and a
0.1-um Acropak filter that had previously been acid washed. Incubation bottles were first filled
with the volume of filtered water and then gently topped off with unfiltered water from the
Niskin bottles to avoid physical damage to fragile protists.

Apparent phytoplankton growth rates were measured across dilution fractions and fit to the
linear model:

u(D) =m —g(1 - D),
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where (D) is the observed net growth rate at dilution fraction D, m is the intrinsic phytoplank-
ton growth rate (intercept), and ¢ is the microzooplankton grazing mortality rate (negative

slope).
When appropriate, we included either a nutrient amended experiment or added nutrients to
the full grazing profile. We used recommendations by [27] to select concentrations of 44 mM

NaNOj and 36.6 mM NaPO, to add to selected bottles. Initial chlorophyll a samples were
taken by filtering 565-570 mL of water from the Niskin onto a 25 mm diameter Whatman GFF
and final measurements were taken using 290 mL of water incubation bottles. The filters were
placed in 6 mL test tubes of 90% acetone and refrigerated at -20°C in the dark for 24-48 hours
before the measurement was read using a Turner 10-AU fluorometer. We calculated growth and
grazing rates and associated standard errors of the slope and intercept as the linear regression
between dilution fraction and apparent growth rate, as detailed in [26].

Experiments that violated assumptions of the dilution experiments laid out in [26] and
displayed a positive slope (increasing apparent growth rate with increasing fraction whole
seawater) were addressed in two ways. First, if the standard error of experiments with a
positive grazing rate contained zero in the lower bound of the 95% CI, that rate was set to
zero. If the standard error did not contain zero in the lower bound of the 95% CI, that rate
was set to NA and discarded.

AC-S: Spectral Absorption and Attenuation Measurements Underway chlorophyll-a concentra-
tions at 4-m depth were estimated using the absorption line height at 657 nm, measured by an
AC-S Spectral Absorption and Attenuation Sensor [28, 29]. These measurements were used to
validate satellite estimates of surface chlorophyll and to identify surface chlorophyll maxima in
cases where the underway fluorometer was affected by non-photochemical quenching.

Budget Analysis The budget analysis is conducted within a Lagrangian framework, which al-
lows us to ignore horizontal advective contributions and focus solely on the local changes oc-
curring within a water parcel. We consider two main biological processes: net phytoplankton
growth and grazing by zooplankton, and one physical process: vertical advection. The latter
contributes to the variability by either bringing up or drawing down planktonic matter to the
surface. The total rate of change in surface phytoplankton biomass within a water parcel can
be expressed as:
D, P

oP ,
(9) D = G-T- wo— + residual

where h indicates the horizontal derivative, G is the net growth rate of phytoplankton (in-
cluding growth, respiration, and mortality), I" is the grazing rate of phytoplankton by zooplank-
ton, and w%—}: is the vertical advection of phytoplankton. The residuals include processes that
were neglected or not measured, such as internal mixing, non-linear response of phytoplankton
to nutrient inputs, diffusion of the water parcel to its surroundings, and lateral entrainment
of surrounding waters to the water parcel. We estimate w, the vertical velocity, from surface
divergence (9). %—1: is estimated from the difference in chlorophyll concentration between 4

m-depth AC-S measurements and 18 m-depth ship measurements.

Submesoscale Eddy Count To estimate the number of submesoscale eddies in the offshore re-
gion, we used satellite chlorophyll data from two different spatial resolutions: a 300-m high-
resolution dataset and a coarser 4-km resolution dataset, both from the Copernicus Sentinel-3
Ocean and Land Colour Instrument (OLCI). We counted by hand the number of eddies smaller
than 100 km that had high concentration of chlorophyll and had crossed 124°W between 36°N
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and 39°N. Despite the difference in resolution, both datasets yielded similar counts of subme-
soscale eddies over the past years, with annual numbers ranging between 10 and 30.

Ezport Fluz Calculation To estimate the lateral export of particulate organic carbon (POC)
associated with submesoscale eddies, we computed the flux as the product of eddy velocity
(U), POC concentration (C'), and the fractional coverage of submesoscale eddies (P) across a
zonal section from 36°N to 39°N. The average surface velocity was derived from DopplerScatt
trajectories, while near-surface POC concentration was inferred from shipboard measurements.
Eddy fractional coverage, P, was estimated by counting submesoscale eddies observed daily in
satellite imagery over two years and assuming a representative eddy diameter of 5 km. The
final export flux per unit area was computed as:

(10) Flur=U-C-P

Flux uncertainty was estimated by propagating the standard deviations of each term under the
assumption that they are independent from each other.

Results

Submesoscale eddies retain and transport coastal organic material Satellite observations of sur-
face chlorophyll concentration in the CCS show a highly heterogeneous pattern (Fig.1a). As
is typical, a strong cross-shore gradient in surface chlorophyll concentration is apparent from
low spatial resolution (4 km) imagery, with elevated chlorophyll concentrations near the coast
to near-zero offshore. While the chlorophyll pattern aligns in some regions with mesoscale fea-
tures, the offshore oligotrophic region exhibits a few productive hotspots, with characteristic
sizes of ~10 km and chlorophyll concentrations of about 5-10 mg m~3 that do not align with
mesoscale velocity streamlines, suggesting an influence of submesoscale processes.

By contrast, combining high-resolution satellite imagery of surface chlorophyll with airborne
velocity observations reveals the nature of these submesoscale features (Fig. 1b). The airborne
velocity estimates are obtained from DopplerScatt, which provides the total surface ocean ve-
locity vector over 24 km swaths at 200 m spatial resolution. This is in contrast to previous
studies that have relied on geostrophic velocities or shipboard observations. We first present an
intensive study of a single submesoscale eddy over its temporal evolution before quantifying the
contribution of these types of features, which are prevalent in the California Current System,
to carbon fluxes. The surface relative vorticity, a measure of vortical motion computed through
velocity gradients, exhibits a coherent pattern that is closely aligned with surface chlorophyll
(Fig. 1d), with relative vorticity reaching values of 1.5f, values typical of submesoscale dy-
namics. We find much less correspondence between chlorophyll and the divergence field. The
divergence field, indicative of upward and downward movements of surface water masses, has
a more temporally variable spatial structure (SI Appendix, Fig. S2). At times, it has a dipole
shape with weak positive divergence values of 0.2 f near the core, suggesting a weak upwelling.
Strong negative values at the northern and southern edges of the eddy, -0.9f and -0.5f, re-
spectively, suggest downwelling at the edges. However, the core also intermittently exhibits
downwelling. These observations demonstrate the rapidly evolving nature of submesoscale dy-
namics, which can complicate assessment of their impact on ocean productivity from single
snapshots alone.

While some evidence points to increased productivity in the eddy core due to vertical trans-
port (positive divergence, which corresponds to upward nutrient and carbon flux), the physical
retention of coastal biological material appears to be the primary mechanism that contributes
to the offshore biomass hotspot within the eddy. On average over the sampling period, the sur-
face divergence was negative within the eddy, suggesting only episodic upwelling. During the
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observational period, the eddy was interacting with a filament at its northern edge, contribut-
ing to deformation and rapid dynamical changes that may affect productivity. In addition to
the coherent vorticity pattern, ship-based observations of temperature and salinity show that
water trapped within the eddy core near 36.88°N is colder and saltier than surrounding wa-
ters (Figs. le,f; SI Appendix, Fig. S1), further suggesting trapping of a distinct water mass.
This trapping of surface waters aligns with elevated chlorophyll concentrations, suggesting that
coastal planktonic material is retained in the eddy core (Fig. 1g). Although the peak chloro-
phyll fluorescence is found within the mixed-layer, discrete samples and AC-S measurements
confirm that the maximum chlorophyll concentration is at the surface.

Based on surface and transect measurements of particulate organic carbon (POC), and
assuming constant concentrations from the surface to 25 m depth, we estimate a POC inventory
of approximately 2.87 Gg (£1.0 Gg) within the coherent submesoscale eddy (see Methods).
This mass is transported offshore at an average observed velocity of 0.1 (4 0.05) ms~! during
the observation period. Assuming the eddy began with typical coastal surface chlorophyll
concentrations of around 10-20 mg m~3, the observed offshore concentration of ~5 mg m~3
suggests an e-folding decay timescale of 2-3 weeks. This timescale is longer than previously
reported loss rates of order days for the CCS [30, 31], which may indicate that slower biological
processes contribute to chlorophyll removal within submesoscale eddies. Alternatively, this
could suggest that underlying physical and biological mechanisms acted to maintain elevated
concentrations during transit, possibly with eddy-induced growth. Lagrangian rates of change
of surface chlorophyll in the offshore region across all drifter observations during the field
campaign — not limited to the coherent eddy — ranged from -6 to 5 mg m~2 day~! (Fig. 2c).

These combined biophysical, submesoscale resolving observations demonstrate that subme-
soscale hotspots of chlorophyll, defined as ellipses that are O(10 km) in radius are coherent
submesoscale eddies that propagate westward. Examining the full dataset, our observations
suggest that submesoscale coherent eddies constitute a significant lateral carbon flux in this
eastern boundary current region. Based on an analysis of Sentinel-3A OLCI satellite chloro-
phyll, we observe between 10-30 submesoscale eddies that cross 124°W (about 300 km from
the coast), per year, between 2022 and 2025 (SI Appendix, Table S1). We are unable to sys-
tematically track the eddies due to cloud cover, but we estimate that between 36°N and 39°N,
submesoscale eddies laterally transport POC at an average rate of -0.0434 4+ 0.0237 mmol
C m~2 s~ !, with the negative sign indicating westward cross-shore transport. The relatively
large uncertainty mostly reflects natural variability in the eddy velocity and the number of
active eddies at any given time. Our estimates of POC transport are conservative, as they rely
on eddy detection using daily snapshots of satellite-derived chlorophyll, which are frequently
affected by cloud cover.

Biophysical coupling drives surface phytoplankton abundance variability The observed persis-
tence of elevated concentrations at the eddy surface and subsurface after several days of propa-
gation suggests that there are underlying mechanisms responsible for this sustained productiv-
ity or that, alternatively, the chlorophyll loss processes are relatively slow, resulting in efficient
trapping and transport coastal organic material in the oligotrophic offshore region. This high-
lights the important contribution of this coherent eddy for offshore carbon flux.

Coherent submesoscale trapping is an important factor in the offshore evolution of the high
biomass feature. Coherent eddies can undergo minor deformation and stretching throughout
their lifespan allowing them to retain most of their biomass within their core [32, 33]. In
contrast, eddies that lose coherence leak their contents and gradually lose biomass to the
surrounding waters. Surface chlorophyll concentration (Fig. 3b) is highest within the core
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(~5 mg m~?) and declines to ~1 mg m~2 farther away, signifying that the eddy traps the high-
chlorophyll waters within its core despite leakage to the surrounding water. A composite of
the submesoscale eddy’s kinematic properties (Fig. 3a), constructed from five aerial snapshots
of surface currents (SI Appendix, Fig. S2), reveals a coherent structure characterized by a
strong cyclonic core and weak surface convergence. The zero contour of the Okubo-Weiss
parameter was used to delineate the eddy’s outer edge [34, 35, 36]. The consistency of vorticity
and velocity fields across multiple days suggests that the eddy maintains a stable core, which,
coupled with the observation of high chlorophyll even in the presence of downwelling, indicates
a dynamically stable structure capable of trapping and transporting material over at least days
to weeks. Indeed, the eddy trapped 5 drifters for 5 days. These drifters are used to estimate
Lagrangian rates of change of chlorophyll within the eddy.

The eddy appears to act as an incubator for phytoplankton growth. At night, when we
expect no net biological growth, chlorophyll generally declines in the core. During the day,
growth persists near the core despite downwelling. These results suggest that daytime biological
productivity within the eddy is key to sustaining chlorophyll. However, weak downwelling near
the core likely contributes to vertical export to greater depths, which can deplete surface waters
of organic material.

Although the eddy core remains coherent during the observational period, the feature inter-
acts dynamically with its surroundings, producing complex temperature, salinity, and chloro-
phyll patterns at its edges (Fig. le,f; see the warmer, fresher intrusion in the mixed layer at the
northern edge). Dynamics at the edge are substantially different from the core. At the edge,
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FIGURE 2. Tracking chlorophyll variability within water parcels. (a) Transi-
tion from a Eulerian to a Lagrangian framework, integrating drifter and ship
observations. The drifter trajectory is shown as a black line. Chlorophyll val-
ues from the ship (green circles) were assigned to the drifter when the ship was
within 1 km. The submesoscale eddy (grey circles) was mapped using Doppler-
scatt, with its core position (blue crosses) interpolated over time (dotted line).
Dashed lines represent the distance between the drifter with assigned chloro-
phyll values and the eddy core at corresponding times. (b) Full ship track as
thin black line, with the area of interest indicated by the red box. (¢) Chloro-
phyll rate of change across the green line in (b).
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F1cure 3. Composite analysis of the submesoscale eddy. Composited (a)
surface vorticity (colors), divergence (black lines), and zero-crossing of the
Okubo-Weiss parameter (yellow line), with chlorophyll rates of change aver-
aged over 12-hour periods for daytime (circles) and nighttime (squares), (b)
radially-averaged ship-based chlorophyll concentration, and (c) specific chloro-
phyll rate from drifters, specific growth and grazing from dilution experiment,
and radially-averaged divergence, against the distance from the eddy core.

there is a filamentous pattern of chlorophyll that varies day by day. Submesoscale dynamics
including cyclostrophic effects and frontal strain may cause exchange with surrounding waters
and shedding of high biomass filaments, demonstrating one mechanism by which submesoscale
eddies impact their distribution. The rate of change of chlorophyll at the edge varies on diel
and longer timescales, likely due to interactions with surrounding water in addition to diel
variability. However, on average the chlorophyll decays at the edge. Observed rates of change
of chlorophyll account just for change at the surface rather than fully Lagrangian trajectories.
As a result, we interpret the changes at the edge as due to a combination of biological processes
and downwelling of dense filaments that are shed off the cyclone.

The rates of change of surface chlorophyll with respect to the distance from the core shown
on Fig. 3c suggest complex dynamics: within 2 km of the eddy center, chlorophyll rates of
change vary widely (£ 2 per day), while values beyond 2 km of the eddy center are mostly
negative, reaching -3 per day. The negative divergence within the eddy, indicative of downward
vertical motion, points to vertical advection as a driver for loss near the core. However, this
mechanism alone cannot account for the observed gain in surface chlorophyll, implying that
other mechanisms are also influencing surface productivity. We propose that non-linear biolog-
ical responses to vertical motion within the eddy core account for the predominance of growth
in this region.



10 E BEAUDIN

Growth and grazing rates exhibit spatial variability that is comparable in magnitude to
the observed chlorophyll rate of change, although their net contribution appears to be small
(Fig. 3C). Within ~1 km of the eddy core, net specific growth and grazing rates nearly cancel
out, resulting in minimal net biomass change. At around 2 km from the core, net growth
dominates, with values up to 1.4 per day, while grazing reaches a magnitude of -1.0 per day.
Beyond 6 km, outside the eddy’s sustained influence, growth and grazing rates remain large
(0.4 and 0.6 per day), indicating persistent biological activity. While the rates may fluctuate
across the five-day observation window, net growth seems to be generally more important
than biological decay, suggesting that biological activity is an important factor contributing to
reducing the rate of phytoplankton decay inside the eddy.

Quantifying the relative contributions of physical and biological processes We computed a chloro-
phyll budget to quantify the net and respective contributions of biological processes and physical
transport to surface chlorophyll variability (Fig. 4a). Biological processes are represented as
net growth minus grazing while physical transport is represented as vertical advection of partic-
ulate carbon (w-9P/0z). We quantified the relative importance of each mechanism separately
over time, with a 12-hour integrated periods, to distinguish between daytime and nighttime
variability. The Lagrangian rate of change of chlorophyll exhibits strong variability, ranging
from -1.2 to 1.6 per day with a median value of -0.3 per day, indicating overall decay. In the
absence of strong biological growth, physical export becomes dominant in driving chlorophyll
decay.

Vertical advective flux is always negative, with a minimum value of -1.2 per day, resulting in
a loss of chlorophyll from the surface. This is due to the negative averaged surface divergence.
Phytoplankton carbon increases towards the surface, resulting in a positive gradient and a
negative (downward) flux. The decline of vertical advective flux over time is due to weakening
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FIGURE 4. Relative contributions of physical vs biological processes. (a) Time-
series of rates within 4 km of the eddy core for: specific chlorophyll growth
rate faritter averaged over 12-hours (nighttime vs daytime), net biological spe-
cific rate pqilution (growth minus grazing), and vertical advection contribution.
Shaded areas represent nighttime (6pm-6am). (b) Total range of each budget
term over the 4-day period, illustrating the relative contributions of biological
to physical processes to chlorophyll variability.
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surface divergence and is consistent with the typically short lifespan of submesoscale features
that usually persist a few days to a couple of weeks.

Overall, the net contribution from biological processes to chlorophyll change is always pos-
itive, from 0.1 to 0.3 per day (Fig.4b). Sustained positive biological contributions require
nutrient input, either through recycling or a non-linear response to upward advection. These
processes can drive significant growth, thereby sustaining higher chlorophyll concentrations
and potentially counteracting natural decay for a significant time period. Despite challenges
in fully closing the chlorophyll variability budget due to data limitations, these estimates offer
insights into the relative importance of each process in setting the surface chlorophyll within a
submesoscale eddy, suggesting on the whole comparable contributions between biological and
physical processes. This is in contrast to Lagrangian observations away from frontal zones,
which found that grazing is the dominant process controlling distributions of phytoplankton
carbon [37].

There are additional processes that should be considered to close the carbon budget. This
analysis focuses on advective processes and we did not explicitly account for horizontal diffusion,
or entrainment of surrounding waters during vertical advection, both of which could influence
the contribution of physical processes [38]. Their contributions, although potentially small,
remain an open question for future research and may be informative regarding the interaction
of submesoscale eddies with background surface waters. In addition, it is important to note that
while chlorophyll and biological rates represent integrated values over time (12 hours), vertical
advection was calculated instantaneously due to data availability. The difference in temporal
resolution may lead to an overestimation of the advective contributions to variability in our
budget. Lastly, grazing was estimated from microzooplankton only, which are recognized as the
dominant removal pathway for primary productivity globally [39]. Losses to mesozooplankton
were not considered and may therefore lead to an overestimation of the biological contributions
in our budget.

Discussion

This study shows that submesoscale eddies in the CCS can efficiently trap and transport
nutrient-rich water offshore, contributing to POC enrichment in the otherwise nutrient-depleted
region. The observed biophysical variability within the submesoscale feature arises from inter-
actions across multiple dynamical scales. While upwelling and mesoscale eddies are generally
viewed as the primary drivers of offshore productivity [5, 16, 3, 40, 31] and offshore organic
matter transport in the CCS [41, 42], we find that coherent submesoscale eddies make a quan-
titatively important contribution to offshore carbon flux and highlight the interplay between
biological and physical processes.

Submesoscale coherent eddies are commonly identified in satellite imagery as chlorophyll-
rich features. However, due to the low resolution of satellite-derived velocity fields, it has not
been previously possible to confirm whether these features are coherent submesoscale eddies,
nor to quantify the relative contributions of vertical versus lateral nutrient transport. Here,
we validate the coherence of one such feature and highlight the role of lateral trapping in the
carbon content. Synthesizing these observations with the observational record from satellites,
we estimate that submesoscale coherent eddies transport carbon cross-shore at a rate of -0.043 +
0.024 mmol C m~2 s~!. This is comparable to observed total organic carbon (TOC) mesoscale
eddies cross-shore fluxes in a modeling study at up to —0.05 mmol C m~2 s~! [6], as well as to
other estimates of lateral nutrient fluxes across the gyre margin of the CCS [43, 8, 44]. These
observations suggest that previous work may have underestimated the magnitude of carbon
lateral flux from gyre margins to the open ocean, and raise uncertainty about the mechanisms.
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Hotspots of biological productivity in the offshore region are known to be ecologically im-
portant [44] and the physical mechanisms governing their evolution and formation control their
fate and productivity. Submesoscale coherent eddies, filaments, and mesoscale eddies represent
dynamically distinct processes in this region. While an upscale energy cascade could cause
submesoscale eddies to grow into mesoscale features, their formation mechanisms and early
temporal evolution likely have important implications for biophysical processes, as we have
detailed in this manuscript. These results suggest that trapping and lateral transport of POC-
rich waters by submesoscale eddies are important mechanisms that contribute to maintaining
biological productivity in the oligotrophic subtropical gyre. By contrast, if communities were
not trapped in a coherent fashion, we anticipate that stirring into the background community
would result in altered predator-prey dynamics and nutrient competition [45, 46, 47], with
implications for plankton community structure [48, 49].

Submesoscale dynamics also significantly differ from mesoscale dynamics due to the amplified
vertical motions associated with these features [50]. In this study, we observe evidence of
vertical export of organic matter on the edges of the submesoscale eddy, which are consistent
with other observations of subduction of filaments, including filaments with high biomass,
around submesoscale or mesoscale eddy flow fields [51, 52, 53, 54]. This subduction alters the
fate of surface nutrients and can lead to a leakage of organic nutrients from the upwelling zone.

Sparse data present a challenge for observational assessment of submesoscale dynamics and
submesoscale biophysical coupling, often limiting the generalization of findings. To address
this, this study tracks a submesoscale feature over an extended period of time, allowing for
characterization of its spatial and temporal variability. Furthermore, we demonstrate how
understanding of this feature facilitates extrapolation of regional scale implications.

Conclusion

Our results emphasize the role of submesoscale eddies in shaping offshore planktonic dy-
namics and eddy-driven carbon export in eastern boundary upwelling systems, by trapping
and transporting coastal, nutrient-rich water in the oligotrophic subtropical gyre. Within sub-
mesoscale eddies, biophysical interactions bring large variability in surface chlorophyll concen-
trations. We suggest that, as it was demonstrated for mesoscale eddies [10, 6, 3], submesoscale
eddies can be important to offshore transport of organic matter and create short-lived but
dynamical ecological niches. While this study focuses on the CCS, these findings likely extend
to other Eastern boundary currents given the ubiquitous presence of submesoscale eddies in
the global ocean. Thus, their contribution to the global biological carbon pump needs to be
considered. High-resolution measurements of both physical and biological processes in Eastern
boundary currents are essential for improving our understanding of offshore marine ecosystems
dynamics and the ocean carbon cycle.

Data availability All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Materials. The code used for this analysis is available at
https://github.com/ebeaudin3/smode.
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