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Abstract The gravitational sinking of organic particles is a vital component of the biological carbon
pump. This sinking process is strongly modulated by the spatiotemporally varying eddy field, complicating the
interpretation of particle flux measured by deep-moored sediment traps. By backtracking particles to 200 m
depth based on the outputs of a realistic eddy-resolving simulation, we characterize the origins of particles
collected at a long-term observatory site in the Northeast Atlantic and focus on the impact of mesoscale
dynamics on particle transport. Our results show that mesoscale dynamics between 200 and 1,000 m control
the statistical funnel. Over the long term, the horizontal sampling scales of traps are estimated as hundreds of
kilometers, with containment radius ranging from 90 to 490 km, depending on sinking velocities. Particle travel
time suggests that overall vertical flow acts to facilitate the export, with estimated deviations up to 1 + 2 days
for particles sinking at 50 m d~' to 1,000 m. Statistical analyses of horizontal displacements reveal that
mesoscale eddies at the site confine particle sources in a more local area. On average, particles in anticyclonic
eddies sink faster to depth than expected from purely gravitational sinking, contrary to their counterparts in
cyclonic eddies. The results highlight the critical role of mesoscale dynamics in determining particle transport
in a typical open ocean region with moderate eddy kinetic energy. This study provides implications for the
sampling design of particle flux measurements during cruises and the interpretation of deep-ocean mooring
observations.

Plain Language Summary As plants in the ocean, phytoplankton organisms transform the
atmospheric CO, into organic carbon that forms particles of various sizes sinking to the deep ocean due to
gravity. The falling particles can be collected by containers called sediment traps. However, particles may
originate far from the surface ocean directly above the trap as ocean currents horizontally transport particles.
Also, the time taken by particles to sink to the deep ocean varies due to vertical motions of seawater. To study
the impact of ocean currents on sinking particles, we use an ocean model and virtual particles. We release
particles at a fixed location, representing a sediment trap, and track particle trajectories back in time to identify
their source regions. Our results show that the size of this source region is mainly determined by currents
between 200 and 1,000 m. On average, particles tend to sink faster than expected from purely gravitational
sinking. Large whirlpools of water above the trap lead to a local source region, which suggests that the
particle flux can be better correlated to the surface production of organic carbon in this case. The finding

has implications for the sampling strategy and the interpretation of particle export measurements in regional
surveys.

1. Introduction

A vital process of oceanic carbon cycling is the biological carbon pump (BCP) which sequesters atmospheric CO,
by exporting photosynthetically produced organic carbon from the surface layer to the deep ocean (Falkowski
et al., 1998). The BCP is mainly regulated by the sinking particulate organic carbon (POC) produced in the
euphotic zone (Henson et al., 2015; Riley et al., 2012; Sanders et al., 2014; Turner, 2015). Long-term observa-
tions of the downward particle flux are available from moored sediment traps over recent decades (Buesseler
et al., 2007; Lampitt & Antia, 1997; Lampitt et al., 2010; Le Moigne et al., 2013). Traditionally, POC export
through gravitational sinking is evaluated from a quasi-one-dimensional (1D) viewpoint, which couples particle
interception by sediment traps with particle production in the surface ocean directly above the trap (Armstrong
et al., 2001; Asper et al., 1992; Deuser & Ross, 1980). However, particles are also affected by horizontal advec-
tion during their vertical sinking (Burd et al., 2010; Deuser et al., 1990; Siegel et al., 1990). Consequently,
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impacts of hydrodynamics on sinking particles challenge the link of particle collection at depth with surface
signatures (Dever et al., 2021), and hence promote the extrapolation of POC export in a spatiotemporally varying
circulation field.

The concept of the statistical funnel has been raised to construct a dynamical source region enclosing the likely
origins of particles settling to time-series sediment traps (Siegel & Deuser, 1997). The statistical funnel is often
characterized by analyzing Lagrangian particles backtracked from the trap location to the surface ocean. Waniek
et al. (2000) identified origins of particles from separated, distant regions by daily mean observed current profiles
at a quasi-time-series station in the northeast Atlantic. Siegel et al. (2008) constructed statistical funnels for a
deep-moored trap in the Pacific ocean using a combination of satellite-derived geostrophic velocities and ship-
board ADCP profiles. They estimated horizontal scales larger than 300 km for a trap at 4,000 m collecting parti-
cles sinking at 50 m d~!. Such a sampling scale is confirmed by Qiu et al. (2014) with the use of a time-dependent
3D velocity field of a circulation model. Furthermore, studies of Liu et al. (2018) and Wekerle et al. (2018) both
showed that the statistical funnels vary with the trap location and seasons, and highlighted the presence of eddies
in determining the particle sources. These studies have shown that the statistical funnel of moored sediment traps
depends on trap depth, particle sinking velocity, collection time, and regional advective processes.

Ocean mesoscale dynamics exert influences on POC export by generating a heterogeneous distribution of
primary production that produce sinking particles (Lévy et al., 2018; Mahadevan, 2016), and by directly modu-
lating particle transport (Boyd et al., 2019). Mechanisms of the physical-biological interactions at mesoscale have
been demonstrated in terms of eddy stirring, trapping, and pumping (McGillicuddy, 2016; McWilliams, 2008;
Olson, 1991). Eddies can horizontally advect and diffuse particles (Deuser et al., 1988; Siegel et al., 1990, 2008),
and add an additional advective vertical flux of POC in the eddy-related frontal region (Stukel et al., 2017). Also,
eddies can structure the subsurface distribution of particles, leading to a deep-reaching funnel of particles toward
the eddy center (Waite et al., 2016). Furthermore, mesoscale dynamics may have an impact on the POC export
at smaller scales (Klein & Lapeyre, 2009). In the horizontal, strong surface convergent zones associated with
submesoscale cyclonic fronts are found to concentrate materials into tight clusters within a short time (D’Asaro
et al., 2018; McGillicuddy, 2016; Poje et al., 2014), leading to a preferred accumulation of buoyant material into
mesoscale cyclones (Vic et al., 2022). While in the vertical, large vertical velocities generated at submesoscale
frontal structures extend from the surface down to hundreds of meters (Klein & Lapeyre, 2009; Lévy et al., 2012;
Mahadevan & Tandon, 2006). The magnitude of vertical velocity in different dynamical regimes ranges from
O(10) to O(100) m d-! (Pietri et al., 2021), comparable to the majority of particle sinking velocities account-
ing for carbon fluxes at depth (50-200 m d~!) (Turner, 2002). The control of vertical flows on the travel time
of particles is important for sediment trap measurements, especially during the period of rapid spring blooms
(Asper et al., 1992). In this manner, the local vertical velocity field may considerably affect particle export from
the upper ocean. Observations have shown elevated POC flux generated by the stretching features in the frontal
region between mesoscale eddies (Guidi et al., 2012). The elevations were mostly detected within the mixed layer,
though the mixed layer base did not appear to obstruct the particle export. Intensified mesoscale eddies may also
produce deep-reaching submesoscale fronts that penetrate well below the mixed layer (Siegelman et al., 2020;
Yu et al., 2019). Such findings suggest enormous potential impacts of mesoscale eddies and their associated
submesoscale dynamics on the fate of particle export to the deep ocean.

As an interface between the well-studied epipelagic layer (sunlight zone) and the dark deep ocean, the mesope-
lagic layer (also known as the “twilight zone”) spanning from 200 to 1,000 m is a crucial element in the rapid
removal of carbon further down to the deep ocean. However, the understanding of the role of the twilight zone
in carbon transport remains to be improved from physical, biogeochemical, and ecological perspectives (Martin
et al., 2020). Since 2019, the Joint Exploration of the Twilight Zone Ocean Network (JETZON) has been set up to
provide a new scientific understanding of the twilight zone. It coordinates a variety of international projects, one
of which is the French project Assessing marine biogenic matter Production, Export and Remineralization from
the surface to the dark Ocean (APERO), built on an upcoming intensive field program at the Porcupine Abys-
sal Plain sustained observatory (PAP-SO) in the open-ocean region of Northeast Atlantic. The PAP site allows
simultaneous studies of both upper ocean and abyssal depths, where deep-sea POC flux has been measured over
decades using a long-term sediment trap mooring. Scheduled for June 2023 when the export peaks, the cruise of
APERO follows the US EXPORTS cruise to the same location during the bloom/post-bloom period in May 2021
(Siegel et al., 2016).
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Figure 1. Snapshots of (a) kinetic energy at 1,000 m for the whole POLGYR domain and (b) a zoomed relative vorticity field at 1,000 m. The study region is in the
black box centered on the Porcupine Abyssal Plain site (white star).

Motivated by the sustained observations and upcoming APERO cruise in the PAP region, this study aims to iden-
tify the source region of particles collected by deep-ocean sediment traps, and investigate how mesoscale patterns
shape the statistical funnel of particles. We use outputs from an eddy-resolving regional ocean model to backtrack
particles from the PAP site. The findings will have implications for the design of the Process Study Stations to
be deployed during the APERO cruise. This work assesses for the first time the impact of small/medium-scale
dynamics on the dispersion of sinking particles in the mesopelagic layer (200—1,000 m), once exported below
the surface mixed layer. The paper is organized as follows. Section 2 provides information on the ocean circula-
tion simulations and Lagrangian experiment design. Section 3 presents results of particle backtracking, includ-
ing statistical funnels, horizontal and vertical dispersion, and the role of specific flow structures on particle
transport. Finally, we offer conclusions and discussion on the findings in Section 4.

2. Experiment Setup

The particle backtracking experiments are designed to reconstruct a large number of particle trajectories from
sediment trap locations to the upper boundary of the twilight zone. Our goals are to characterize statistical funnels
of deep-ocean sediment trap sampling, and to relate their spatio-temporal variability to underlying mesoscale
dynamics.

2.1. Numerical Model Outputs

Instantaneous outputs at 12 hourly intervals from a realistic eddy-resolving model are used to compute particle
trajectories. The simulation was performed using Coastal and Regional Ocean COmmunity model (CROCO)
built upon ROMS (Shchepetkin & McWilliams, 2005) which solves the hydrostatic primitive equations for the
momentum and state variables. The configuration (POLGYR) has 2,000 x 1,600 grid points covering the North
Atlantic Subpolar Gyre. The horizontal grid spacing is 2 km, much smaller than the first Rossby deformation
radius over this domain (10-20 km) (Chelton et al., 1998). There are 80 vertical sigma levels, with a variable
resolution following the topography (about 5 m at the surface and 40 m at the bottom, up to 100 m for the maxi-
mum vertical spacing in the intermediate layer). After a two-year spin-up time, the simulation is run from 2001
to 2009, and we use the seven years between 2002 and 2008. The use of 12-hourly wind forcing and the absence
of tides largely reduces the generation of internal waves and high-frequency variability.

Le Corre et al. (2020) provide a detailed description of the simulation, and validation through comparisons of the
mean circulation as well as mesoscale activity, with observations from drifters and Argo floats. In this study, we
focus on the southeastern portion of the whole domain, with a size of 1,600 X 1,600 km centered on the PAP site
(49°N, 16.5°W). The study region is characterized by moderate kinetic energy compared to the western and north-
ern parts of the subpolar gyre (Figure 1a). The mean flow in this region is around 0.05 m s~! (Le Cann, 2005);
such a weak advection enables particles initially seeded at the PAP site to stay within this subdomain for several
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months. The circulation in this region is dominated by mesoscale eddy activity. A stream of cyclonic and anticy-
clonic eddies intermittently crosses the PAP site (Figure 1b), feeding the site with an eastward meandering North
Atlantic Current branch, and flows from the European shelf (Hartman et al., 2010).

2.2. Lagrangian Particle Tracking

We use a Python/Fortran hybrid parallelized code, named “Pyticles” (Gula & Collin, 2021), to track offline
particles backward to their source locations. Particles evolve in the native Arakawa C-grid and terrain-following
vertical coordinates of the ocean model. The model fields are linearly interpolated at particle positions in space
and time. The numerical time scheme for advection is Runge-Kutta 4, with a time step of 2 min, which ensures
that the Courant-Friedrichs-Lewy condition is satisfied. The Lagrangian model has a good performance in the
reversibility of particle tracking, with errors of (9( 10‘4) m for horizontal displacement and (9( 10‘7) m for verti-
cal displacement, over a travel distance of (©(10) km. Sensitivity tests verified that increasing the frequency of
CROCO snapshots used for experiments from 12 to 1 hr, or using averages instead of snapshots, has a negligible
impact on the statistical results of particle dispersion (Figure S1 in Supporting Information S1) and vertical
velocities (Figure S2 in Supporting Information S1). Therefore, 12 hr instantaneous outputs are sufficient to
capture particle dynamics for such a typical open-ocean region where mesoscale currents dominate, and sources
of high-frequency variability such as submesoscale currents and internal waves are not fully resolved.

A series of experiments is performed to backtrack particles monthly collected over the seven years (2002-2008).
The seeding depths are chosen at 1,000 and 2,000 m, representing the bottom of the twilight zone and a standard
depth of the deep-ocean sediment traps, respectively. This study focuses on the impact of mesoscale dynamics
in the mesopelagic layer once particles are exported below the mixed layer. Hence the base of the epipelagic
layer, 200 m, is chosen as the end depth where source locations of particles are determined. This depth is also
a typical depth of the deep winter mixed layer in this region (Coatanoan, 2021; Yu et al., 2019). Four constant
sinking speeds (200, 100, 50, and 20 m d~') are assigned to particles. They are mostly endorsed by observations
at the PAP site giving the range of particle sinking rates from 30 m d~! (Villa-Alfageme et al., 2014) to 180 m
d~! (Riley et al., 2012). Particles are initialized every 12 hr within a 10 X 10 km seeding patch centered on the
PAP site, corresponding to 6 X 6 grid points with one particle located at each grid point. The choice of the patch
size implicitly considers the dispersion due to subgrid-scale mixing, as there is no parameterized diffusivity in
the Lagrangian model. We have tested that the exact location of the particles inside the patch does not impact
our results by performing additional experiments with particles randomly seeded in the patch (not shown). In
each experiment, particles are injected continuously every 12 hr over one month and are tracked until they reach
200 m. The total number of particles for a monthly analysis is 2,160 (i.e., 36 X 60).

To investigate how the dynamical regimes of horizontal advection change with depth, we also deploy depth-keeping
particles on the horizontal plane at different depths. The seeding patch and the timing of particle release in these
2D experiments are the same as in the 3D ones.

3. Results
3.1. Statistical Funnel of Deep-Ocean Sediment Traps
3.1.1. Overview of the Source Regions

The distribution of particle source regions at 200 m shows a synoptic picture of the sampling area resulting from
the integrated horizontal advection over time and space (Figure 2). Mesoscale eddies transport particles from
distant regions to the PAP site, which forms a diffuse cloud of particle sources at the export depth. Such an effect
has been indicated in Vic et al. (2018) by comparing the dispersion pattern driven by mesoscale currents to that
by the mean flow. The sensitivity experiments here indicate that the catchment area of a moored sediment trap
increases with the trap depth (top panel vs. bottom panel) and decreases with particle sinking velocity (e.g., from
(a) to (d) on the top panel). Qualitatively, changes in the sampling area with sinking velocity are more significant
than changes due to the trap depth. The area with particle density exceeding 1072% for 2,000 m trap remains
almost the same as for the 1,000 m trap, whereas the radius of this area reduces by hundreds of kilometers when
particle sinking velocity increases from 20 to 200 m d~!. It suggests that the dynamics between 1,000 and 2,000
m does not effectively alter the statistical funnel as much as that in the twilight zone (200-1,000 m).
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Figure 2. Source region at 200 m for particles collected by the moored sediment traps over the seven years (2002-2008), with different sinking velocities from two trap
depths (a—d, 1,000 m; e-h, 2,000 m). Particle positions are binned into a 10 km X 10 km grid. The color indicates the percentage, that is, the number of particles in each
bin divided by the total amount of particles. The black contour is the 200 m isobath.

Table 1

Quantitative Information for Particle Source Regions

The source regions are further quantified using a set of basic metrics (Table 1). Mean displacements (r,,,,,,) range
from 47 to 190 km for the collection at 1,000 m, with only a modest increase of <50 km for the collection at
2,000 m. The collection scale of deep-moored sediment traps is as large as 100 km, even for fast-sinking particles.
Containment radii (R,s.,), defined as the radial distance covering 95% of a source region, are 90 and 118 km for
particles sinking velocity of 200 m/d. The R, dramatically increases as the sinking velocity decreases, with
the largest value of 490 km for particles sinking at 20 m d~! to the trap at 2,000 m. Our estimates of the mean
displacement and containment radii are much larger than the estimates obtained by Siegel et al. (2008) due to
the higher-resolution velocity field and the larger subsurface EKE in our study region. The percentage of area
with probability densities larger than 1072% confirms that changes of source area with sinking velocity are more

significant than with trap depths.

Figure 3 shows the vertical structure of statistical funnels by integrating trajectories of particles from 2000
m projected on the zonal section. The funnels of particles sinking at 100 m d~! and 200 m d~! have limited
widths with less variability over depth. By contrast, the collection of the two slower sinking classes is primarily
controlled by the dynamics changing with depth, especially the twilight zone,
as indicated by the widened bounds. The broadening of funnels between
200 and 1,000 m coincides with vertical profiles of eddy kinetic energy
(EKE) and root-mean-square vertical velocity w,, - (Figures 3e and 3f). The

former indicates horizontal transport, while the latter influences the shape of

Depth [m] Weg [md™T 7, [kml Rosg [kml  Sppps 024 [%] o . Co . :

statistical funnels by affecting the sinking time of particles. The magnitude
1,000 20 190 394 41.6 . .

of EKE and w,,,  are comparable to the OSMOSIS mooring observations (Yu
1,000 50 116 230 62.5 et al., 2019). EKE shows a rapid decay from over 100 cm? s2 in the upper
1,000 100 76 146 72.8 ocean, down to 20 cm? s~2 at 1,000 m, and remains at such low level from
1,000 200 47 90 80.7 here. The vertical velocity w,, is intensified up to 40 m d~! at 200 m during
2,000 20 236 490 314 winter months when submesoscale motions are active, and at around 20 m

O .. . .

2,000 50 141 280 526 d for. autumn and sumnller when mesoscale activity dominates. The slight

linear increase of w,, with depth below 1,000 m corresponds to a bottom
2,000 100 96 194 66.1 . e . . . .

intensification of vertical flows due to interactions with topography. As such,
2,000 200 64 118 76.8

the influence of vertical flows is considerable for the 20 and 50 m d~! particle

Note. The left two columns list trap depths and particle sinking velocities.
The right three columns are mean displacement (r,,,,,). the radial distance

containing 95% of the source region (Rys,), and the percentage of source area
with PDF larger than 10~2%, respectively.

groups. Based on the two profiles, the water column below the epipelagic
layer can be divided into three layers with different regimes: Energetic layer
(200-500 m) with high EKE and large w,_, Active layer (500—1,000 m) with

rms’
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Figure 3. (a—d) Seven-year integrated particle trajectories backtracked from 2000 m, projected on the zonal section with a bin size of 10 km X 50 m. The color
indicates the percentage, that is, the number of particles in each bin divided by the total amount of particles (e and f) Vertical profiles of monthly climatology eddy
kinetic energy and root-mean-square vertical velocity w,, - averaged over 200 X 200 km domain. (g) A conceptual diagram of the three-layer structure of the water
column based on the change of dynamics.

still relatively high but decaying EKE and small w
flows (Figure 3g).

Quiescent layer (>1,000 m) with weak and relatively steady

rms?

3.1.2. Statistics of the Source Regions

A source region of particles is taken as a particle cloud for statistical analysis. We adopt the general notions
in LaCasce (2008) to quantify the variability of particle source regions. Three moments (mean, variance, and
kurtosis) are derived from the probability density function (PDF) of the horizontal displacements for monthly
backtracking of particles.

The mean describes the movement of the center of mass

M=1/M>+ M} )]
with
L
M=~ ; [xi = xi] + )
L
M, = N ; [vi = i) - 3

where (x,, y,) gives the horizontal position of particle i when it reaches 200 m depth, and (x,-o, Yio) is its initial
position.

The horizontal displacement relative to the center of mass for a single particle is given by

ri= \/[x,- = Xiy — MX]Z + [y =y - My]z' @

The variance measures how particles spread out, namely, the size of the particle cloud (also referred to as “cloud
dispersion”)
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The kurtosis is used to reflect the spatial distribution of particles

4
ST
(X 2]
A kurtosis close to 3 corresponds to a PDF following a nearly Gaussian distribution, which is the case for

randomly moving particles. In contrast, particles advected by turbulent flows tend to distribute in tight clusters,
characterized by a kurtosis higher than 3.

6

We choose particles sinking at 50 m d~! backtracked from 1,000 m as an example for the following analyses. This
choice is a good compromise between the realistic range of sinking velocity and the ability to reflect the influence
of flow dynamics in the twilight zone. The 20 m d~' sinking group is shown in the time series as well to indicate
how slow-sinking particles are affected.

The center of mass mostly moves around the PAP site within a diameter of 100 km for particles sinking at 50 m
d~! and 200 km for the sinking group 20 m d~! (Figure 4a), as shown by the source areas in Figure 2. The two
sinking groups show similar variability in the monthly statistical funnel: local kurtosis peaks appear to arise with
low mean and variance. Since the end of 2002, valleys of variance often occur with small means and large kurto-
sis, corresponding to a local source region with a center of mass adjacent to the PAP site. Kurtosis peaks larger
than 3 indicate extended tails in the PDF of horizontal displacement, which means the distribution of particles is
highly heterogeneous (Figure 4c).

The presence of mesoscale eddies is most likely responsible for shaping particle distributions. Three indicators
depict local mesoscale activity within a 100 X 100 km area centered on the PAP site (Figures 4d—4f). Sea level
anomaly (SLA) reveals eddy features at the surface, relative vorticity { = v, — u, and Okubo-Weiss parameter

OW = ¢? — {* where the strain magnitude ¢ = \/ (ux — vy)* + (vx + u,)?, indicate signatures of mesoscale eddies
at 500 m. We highlight eight periods based on their dispersion metrics showing local peaks of kurtosis with low
mean and variance, associated with distinct signals of mesoscale eddies (half anticyclones and half cyclones,
marked by the blue/red vertical lines in Figure 4). A reference period, January 2006, is chosen to compare with
the former periods. Note that the reference period is characterized by a higher variance, much lower kurtosis, and
no signature of local mesoscale dynamics.

3.2. Horizontal Advection
3.2.1. Horizontal Dispersion in the 3D Field

Source distributions of particles collected at 1,000 m during two representative eddy-dominated periods and the
reference period are shown in the top panel of Figure 5. Particle sources were highly concentrated around the
PAP site during December 2002 and May 2007, in response to the local presence of mesoscale eddies (Figures 5d
and 5f). In contrast, no particular hot-spot of particle source locations is seen embracing the PAP site in January
2006 when the vorticity does not dominate (Figure Se). This situation is representative of conditions without a
single-dominant eddy structure.

The measures in Figure 4 derived from the PDF of horizontal displacements have described the shape of statisti-
cal funnels as a result of particle dispersion. We adopt notions in Poje et al. (2010) to further describe the tempo-
ral evolution of horizontal dispersion by computing single-particle dispersion and pair dispersion (Figures 5g
and 5h). The former, also termed absolute dispersion, describes the spreading of particles. Denoting the trajec-
tory of a particle by x(a, ) where the label a = x(a, ¢,)), the horizontal absolute dispersion Ap? is defined as the
mean-squared horizontal displacement
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Figure 4. Time series of dispersion metrics derived from the probability density function (PDF) of particle horizontal displacements, for particles backtracked from
1,000 m sinking at 50 and 20 m d~': (a) mean; (b) variance; (c) kurtosis. (d-f) Monthly averaged sea level anomaly (SLA), Okubo-Weiss parameter normalized by f
and relative vorticity normalized by fin a 100 X 100 km square centered on Porcupine Abyssal Plain site. The vertical lines mark the typical months selected for further
analysis: blue for the anticyclonic eddy dominated period, red for the cyclonic eddy dominated period, and black for the reference period (non-vorticity-dominated
case). Solid lines highlight the main examples used in detailed analyses in Section 3.2, while the dashed lines mark alternative cases to firm the results presented in
Section 3.4. The x-axes are labeled with “year” at the beginning of each year.

A2(1) =< (xn(a, 1) — an)” > (7

where < > denotes the ensemble average. The horizontal relative dispersion Dfl measures particle pair dispersion
that depicts the stirring process. That is, the mean-squared horizontal separation of particle pairs initially defined
at the beginning of particle release. The relative separation of a particle pair (a,, a,) is computed as
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Figure 5. (a—c) Probability density of particles sinking at 50 m d~! to the 1,000 m trap during three example periods. (d-f) Monthly averages of relative vorticity
at 500 m with contours of sea level anomaly. (g—h) The group averaged absolute and relative dispersion. The “time” on the x-axis represents days after particles are
released, that is, particle “age”.

D (z,D0) = Do + (x(a1,1) — x (a2, 1)) ®)

with the initial distance between the two particles in a pair D, = a, — a,. Here we consider the horizontal sepa-
ration only:

D2(t) =< Dy(®) - Du(¥) > )
The horizontal absolute dispersion A, first follows a ballistic regime A,?(¢) 1> at small time scales of several
days. The non-locality indicates the dominance of mesoscale dynamics in absolute dispersion. At intermedi-
ate time scales, an anomalous dispersion regime occurs with A,%(f) « t* where a varies between 1 and 2. A
diffusive regime A,’(f) « ¢ characterized by a slope close to 1 is expected after a long time when the absolute
dispersion linearly grows in time. However, the large spatio-temporal inhomogeneities in mesoscale ocean flow
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often prevent the presence of such a regime. The slopes for December 2002 and May 2007 ultimately fall below
1 as most particles stay trapped within an eddy and cannot spread further.

Relative dispersion depicts smaller-scale motions affecting relative diffusivity. It shows less difference in slopes.
The horizontal relative dispersion D first shows an exponential growth within approximately 5 days, typically

occurring at spatial scales smaller than the deformation radius (10-20 km). In the next stage, D;,” follows a regime

D*(t) « t# with 2 < < 3 related to motions at local scales. The evolution of absolute and relative dispersion
suggests reduced particle spread when a strong eddy persists around the PAP site.

3.2.2. Dynamical Regimes of Horizontal Dispersion

Horizontal dispersion in the 3D field is also affected by vertical dispersion. Particles of the same age can vertically
separate by a few hundred meters when backtracked into the upper ocean. Particles may thus experience different
dynamical regimes over a range of depths and may also be affected by a vertical shear (Berti & Lapeyre, 2021).
Results of 2D experiments illustrate different dynamical regimes from 200 down to 4,000 m. The visual appear-
ance of particle trajectories suggests the dominance of mesoscale activity in transporting and trapping parti-
cles (Figures 6a—6c¢). Comparisons between trajectories at different depths identify that the transition depths for
dynamical regimes are 500 and 1,000 m, consistent with the three-layer structure of the water column in Figure 3.
In the energetic regime of horizontal advection above 500 m, particles from 200 km away or further can also reach
the site in the reference case (January 2006). At the base of the twilight zone (1,000 m), the regime switches from
the upper ocean with active eddies to the quiescent deep ocean. The clusters of dispersion curve for the upper
ocean, middle, and deeper depths verify the regimes categorized by 2D trajectories. At intermediate stage (about
5 days), the power-law regime D*(t) o t# with 2 < 8 < 3 is only seen at depths above 1,000 m. It underlines the
existence of small-scale motions in the upper two layers. Similar to 3D experiments, the flattening dispersion
curves starting from about 5 days after the release for December 2002 and May 2007 illustrate lower dispersion
of particles in the twilight zone, mostly confined within the 200 x 200 km box.

3.3. Vertical Advection

To evaluate the impact of vertical advection, we examine the time taken by particles to sink from the export depth
to the trap depth, termed as “travel time.” The influence of vertical flow on particle sinking can be reflected by
the travel time anomaly Az, which is the difference between the travel time 7 and the standard sinking time #,
without the presence of ocean vertical flows. The amplitude of the monthly mean At for particles backtracked
from 1,000 m can reach up to 7% (~1 day) of the expected travel time for 50 m d~! particles and 12% (~5 days)
for 20 m d~! (Figures 7a and 7b). For individual particles, the maximal amplitude can reach up to 5 days for
50 m d~! particles and 20 days for 20 m d~'. Such time lags are significant for POC measurements during
bloom/post-bloom periods when the production rapidly varies over days. On average, the negative At/t; in most
of the experiments indicates that particles take less time to reach the trap due to the acceleration by downward
ocean vertical velocity. There is no distinct seasonality found in mean Az. However, the variance V(Af) commonly
peaks in spring, in agreement with large vertical velocities between 200 and 400 m during this period (Figures 3e
and 3f). The standard deviation reaches up to 2 days for 50 m d~! particles and 6 days for 20 m d~. In Figure 7c,
the distribution of seasonal and full-period At for particles sinking at 50 m d~! shows a broader PDF in spring,
in line with the seasonal variability of V (Af). The PDF of travel time ¢ for the full period also displays slight
asymmetry toward shorter time, and the asymmetry is more distinct for smaller sinking velocities and deeper trap
depth (Figures 7d and 7e). Liu et al. (2018) found that the vertical advection in the upper 200 m largely intensifies
particle export with sinking speeds from 20 to 100 m d~'. Our results additionally show that the vertical advection
below 200 m also enhances the export of particles.

3.4. Linking the Particle Export With Specific Features

Following the work of Balwada et al. (2021), we use the joint probability distribution function (JPDF) of vorticity
and strain to decompose the flow field into regions with different dynamical features. The term “vorticity” refers
to the vertical component of vorticity normalized by the Coriolis frequency {/f, where ¢ = v, — u,. The “strain”

is the strain magnitude normalized by the Coriolis frequency o/f, where o = \/ (uy — 0,)* + (s + u,)*. The JPDF
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Figure 6. Trajectories and dispersion of particles in 2D simulations during the three example periods. (a—c) Trajectories of 200 particles randomly selected from
2,160 particles backtracked at each depth in a month. The white star in the center represents the Porcupine Abyssal Plain site. The small white square (200 x 200 km)
highlights the region with particles concentrated at all depths. The medium black square (400 X 400 km) covers most particle trajectories backtracked below 1,000 m.
The large gray square (800 x 800 km) contains all particle trajectories. The middle and bottom rows are (d—f) absolute dispersion and (g—i) relative dispersion as a
function of release time.

identifies three regions in the flow field separated by the lines of ¢ = I{]: anticyclonic vorticity dominated (AVD)
region where { < 0 and o < I{l; cyclonic vorticity dominated (CVD) region where { > 0 and ¢ < I{l; and strain
dominated (SD) region where ¢ > I{1. Figure 8 shows the JPDF of full-period Lagrangian data and Eulerian field
for the two layers of the twilight zone (200-500 and 500-1,000 m). The Lagrangian JPDF on the top row of
Figure 8 displays no distinct skewness. Hence, particles do not show a specific preference in sampling different
flow structures over the long term.

Vertical velocity patterns are qualitatively similar between the Eulerian and Lagrangian diagnostics. At all
depths, the AVD region is featured with downwelling, whereas the CVD region is dominated by upwelling, in
accord with the picture of the vertical velocity below the mixed layer in Balwada et al. (2021). In the SD region,
vertical velocity patterns change with depth. Below 500 m, vertical velocities are negative close to the line 6 = £,
corresponding to the cyclonic side of fronts, and positive on the anticyclonic side (Figure 8h). Such a pattern
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Figure 7. Metrics of vertical dispersion for particles backtracked from 1,000 m sinking at 50 and 20 m d~": (a) The percentage of mean travel time anomaly A ) to

the standard travel time #y; (b) Variance of At normalized by 7,2. The colored vertical lines are the same as those in Figure 4, which marks months with local coherent
anticyclonic eddy (in blue), cyclonic eddy (in red), and a reference case without coherent structure at the site (in black). (c) Probability density function (PDF) of the
travel time anomaly At for particles sinking at 50 md~! backtracked from 1,000 m depth, over full-period (7 years) and different seasons. (d and e) The PDF of travel
time ¢ over the 7-year full period for four sinking velocities and two trap depths.

is expected from frontal dynamics, and again in accord with results shown in Balwada et al. (2021) below the
mixed-layer. However, between 200 and 500 m, only upwelling is visible in the SD region on both sides, appar-
ently contradicting classical expectations.

An important difference in our computation is that the vorticity and strain are computed at the same depth as
the vertical velocity, which is different from the vorticity-strain space defined at the surface only in Balwada
et al. (2021). Comparisons between the w patterns depending on the depth chosen to compute vorticity and strain
are shown in Figure S3 in Supporting Information S1. If the vorticity and strain are computed at the surface, we
recover the expected signs for vertical velocity: downwelling on the cyclonic side and upwelling on the other side
at all depths (100 m, 200 m, 500 m). However, when the vorticity and strain are computed at the corresponding
depth of vertical velocity, the patterns are reversed at 200 and 500 m. This can be attributed to the presence of
numerous frontal structures with an inversion of sign for relative vorticity in the vertical, while the sign of vertical
velocity remains vertically homogeneous (Figure S4 in Supporting Information S1). This is a robust feature in our
simulation for all times and locations, and it will be addressed further in future research.

Patterns of particles and their associated vertical velocities are shown more specifically for cases corresponding
to the presence of anticyclonic or cyclonic eddies in Figure 9. On the top row, the composite distribution of parti-
cles on the vorticity-strain space for months with coherent anticyclonic eddies shows a high density of particles
along the 6 = —( line, with a preference in the SD region (Figure 9a). These particles are likely located in the
filamentary vorticity streaks along with the swirl, which highlights the footprints of particles on the periphery of
the eddy. Vertical velocities recorded by particles in Figure 9b also show upward velocities despite the dominance
of downward velocities, consistent with the full-period pattern in Figures 8b and 8d. From the PDF of travel time
anomaly Az, we find that the upward velocities are mostly associated with March 2007, which has a longer tail
toward positive At and slight skewness. It differs from the other 3 months in winter and summer with apparently
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Figure 8. Comparison of Lagrangian trajectories (sinking velocity 50 m d~!) and Eulerian field (domain size: 200 X 200 km) on the vorticity-strain space. Left column:
Joint Probability Density Function (JPDF). The x-y space is divided into three regions: anticyclonic vorticity dominated (AVD), cyclonic vorticity dominated (CVD),
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Figure 9. Composite plots of the eddy dominated periods: (a—c) Case 1: anticyclonic eddy-dominated periods; (d—f) Case 2: cyclonic eddy-dominated periods. From
left to right columns are particle count on the vorticity-strain space, the conditioned sum w, and PDF of travel time anomaly At.

skewed PDF toward negative At, as more energetic eddies in spring allow particles to sample complex flow struc-
tures. Therefore, even the same type of mesoscale features can exert different impacts on the vertical dispersion
of particles. Unlike the strain-dominated pattern in the anticyclone case, particle trajectories in cyclonic eddies
concentrate in the CVD region with only a smaller portion in the SD part (Figure 9d). The cyclonic vortex is
responsible for the majority of upward velocities recorded by particles, leading to a PDF of At significantly
extended to the positive side, especially in spring months.

Overall, JPDFs show major trends here: at monthly time scales, anticyclonic eddies accelerate the downward
transport while cyclonic eddies delay the descent of particles. However, the patchy vertical velocity patterns in
mesoscale eddies are more complicated than the classic eddy-pumping mechanism that upwelling is always in
cyclonic eddies and downwelling is always in anticyclonic eddies. This mechanism is more applicable in the
period of formation and strengthening of eddies, whereas the case of eddy decay shows opposite patterns (Klein
& Lapeyre, 2009). Furthermore, the vertical velocity patterns in eddies are not in general uniform. Instead, a
set of upward and downward cells are formed extending from the center to the perimeter (Pilo et al., 2018).
Besides, many other mechanisms including eddy propagation (McGillicuddy et al., 1995), eddy-eddy interactions
(Pidcock et al., 2013) and submesoscale processes (Brannigan, 2016) may also contribute to the vertical velocity
structure within the eddy. The complexity of mechanisms implies that a detailed analysis of individual eddies
(e.g., eddy age and status, particle location) is required to link particle export with specific features.

4. Discussion and Conclusions

In this study, we backtracked virtual particles from locations of deep-moored sediment traps to the export depth
using a realistic eddy-resolving simulation. We applied a set of dispersion metrics to characterize particle trajec-
tories and link them with mesoscale dynamical features. Here we summarize the main conclusions and discuss
the simplifications in our work and implications for future study.
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4.1. On the Simplifications
4.1.1. Export Depth

We found that mesoscale dynamics in the twilight zone (200-1,000 m) play a dominant role in shaping the
statistical funnels based on several simplifications. We choose the base of the epipelagic layer (200 m) as the end
depth of particle backtracking. The reason is that we are focusing on the fate of particles once they are formed
and exported below the productive surface layer. However, the uniform end depth in our study is not precisely
an export depth. The export depth, in reality, varies with time and space and differs for particles with different
sinking velocities.

4.1.2. Particle Sinking Velocity

Another simplification is that we use constant sinking velocities ranging between 20 and 200 m d~!. Most of our
choices fall into the common range of sinking velocities from 50 to 200 m d~! adopted in previous studies (Siegel
& Deuser, 1997; Siegel et al., 2008; Waniek et al., 2000). It is noteworthy that 20 m d~! has also been used in a
few recent studies of sediment trap catchment area (Liu et al., 2018; Wekerle et al., 2018). However, particle sink-
ing velocity is highly likely to vary with depth. Remineralization leads to a decrease in the size of particles and
possibly in their sinking velocity. Dever et al. (2021) suggests remineralization processes promote the contribu-
tion of slow-sinking particles (0.025-5 m day ') to the POC export. For the fast-sinking particles in our study, we
assume the impact of remineralization is modest due to the short travel time. This consideration is supported by
observations at the PAP site that demonstrate that fast-sinking particles were sufficient to supply deep POC flux.
In contrast, slow-sinking particles were likely to be entirely remineralized in the twilight zone (Riley et al., 2012).

Furthermore, processes including aggregation, fragmentation, and zooplankton grazing also change particle
size, density, and hence sinking velocity during particle descent (Boyd & Trull, 2007; Guidi et al., 2007; Riley
et al., 2012; Trull et al., 2008). Considering the sinking velocity varying with depth, the statistical funnel of
particles reaching the trap will be a mixture of source regions for a wide range of sinking classes. Nevertheless,
this study deals with the impact of mesoscale dynamics on the dispersion and travel time of particles assumed to
be conservative in the mesopelagic layer. Future research is required to include processes behind the changes in
particle size and sinking rate (which are beyond the scope of this study).

4.1.3. The Heterogeneity of Particle Sources

This study analyzes statistical funnels sampled by deep sediment traps without considering the heterogeneity
of particle sources. We identify the distribution of potential particle sources but do not address the temporal
and spatial variability of carbon fluxes at depth. Both satellite observations (Zhang et al., 2019) and modeling
investigations (Lévy et al., 2014) have shown undoubtedly that the dynamics at medium and small scales strongly
control the intensity of the primary production. The intensity of primary production largely constrains particle
size spectra: higher production is generally associated with larger sizes (Kostadinov et al., 2009). Although simple
relationships between particle size and sinking velocity are not straightforward (Iversen & Lampitt, 2020), to a
first approximation, these two parameters can be related by Stokes' law (Lerman et al., 1974; Laurenceau-Cornec
et al., 2020). Therefore, the next step will be to examine the impact of sinking velocity variability by weighting
the particle size distribution correlated with the PP intensity at the time and location of particle formation. The
primary production distributions could be estimated by coupling the dynamic model with a simple NPZD model.
From a model perspective, this exercise will give us the first information on the eddy-scale variability of carbon
fluxes in the deep ocean with a daily resolution. Also, it will allow a first analysis of the (de)coupling between
export production below the mixed layer and deep fluxes at mesoscales (with nevertheless, the conservation of
particles as a strong hypothesis at the first stage). In addition, by using “realistic” simulations from operational
models, these backward simulations can provide relevant information about sources and time lags of particles
collected in sediment traps during process study cruises.

4.2. Implications for Studying the POC Flux
4.2.1. Submesoscale Motions Below the Mixed Layer

From a physical perspective, the end depth of 200 m is close to the typical deep winter mixed layer depth in our
study region. As such, submesoscale processes, which are more intense within the winter mixed layer, appear to
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play a minor role in particle transport below 200 m. Previous studies have found that submesoscale dynamics can
enhance particle export through advecting slow-sinking particles (Dever et al., 2021) or restratifying the mixed
layer to reduce the impact of vertical mixing on gravitational settling (Taylor et al., 2020). The rapid accumula-
tion of particles has also been observed in the surface convergence zones associated with large vertical velocities
(D’Asaro et al., 2018; Poje et al., 2014), such areas also have the potential to be hot spots of particle export to the
deep ocean. However, how much submesoscale motions come into play below the mixed layer remains unclear.

Although highlighting the importance of mesoscale dynamics, this study points to an emergence of submesoscale
motions below the mixed layer. There is a skewness in the vorticity-strain JPDF of the Eulerian field, extend-
ing along ¢ = ¢ toward the cyclonic side of the frontal region. In addition, the asymmetry in the travel time
anomaly reflects a skewed distribution of w toward downward velocity. The two findings unveil the manifesta-
tion of submesoscale motions characterized by positive skewness of relative vorticity (Buckingham et al., 2016;
Rudnick, 2001) and an enhancement of downwelling (Dever et al., 2021; Thomas et al., 2008). Thus, higher
resolution modeling is in demand to disentangle the impact of smaller scales in the mesopelagic layer, which may
not be negligible. Yet we should keep in mind that the influence of submesoscale motions to export in this region
is limited due to the constricted overlap of strong submesoscale instabilities in winter and large particle export in
spring and summer (Erickson & Thompson, 2018).

4.2.2. The Sampling Design of a Regional Survey

This study underlines the impact of mesoscale dynamics in the twilight zone on the 3D transport of particles at
a temperate open-ocean site. The presence of coherent mesoscale eddies can effectively “trap” particles within
a local area (<100 km) over a monthly time scale. Given the smaller statistical funnel confined by eddies, the
export flux measured by the deep-ocean sediment traps is easier to be correlated to the surface production when
a coherent structure persists right above the trap. This finding has implications for the sampling design in a
regional survey, for example, the cruise scheduled in 2023 for the APERO project. As is often done during field
surveys, the location of process study stations can be identified by focusing on these coherent mesoscale patterns,
highlighted by satellite observations and modeling outputs. However, these structures only cover about 20% of
the ocean, and particles are not always completely moving with these eddies. The eight eddy-dominated months
in our analysis are based on the PDF of horizontal particle displacements. In general, high kurtosis correspond to
low variance, associated with a negative Okubo-Weiss parameter and high relative vorticity (Figure 10). It indi-
cates that coherent structures lead to hot spots of particle sources. Nevertheless, the continuum between coherent
structures and turbulent flows (high variance, small kurtosis close to 3) represents a large portion of the ocean
and should also be sampled. Thus sampling the remaining more turbulent and chaotic ocean is fundamental and
challenging.

4.2.3. Generalization to Other Regions

While we expect our results to qualitatively hold in other regions of the ocean, the size of the statistical funnel
and amplitude of the travel time anomalies will be a function of the local hydrodynamical properties, in particular
of the mesoscale turbulence. A first attempt to generalize our results can be made by casting them in terms of
non-dimensional parameters. We use the containment radii (R,s,) and normalized root-mean-square travel time
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Figure 11. Full-period monthly horizontal and vertical dispersion metrics as a function of the ratio of sinking speed (from left to right: 20, 50, 100, 200 m day~')
to the flow velocity. Top panel for particles backtracked from 1,000 m: (a) The radial distance containing 95% of the source region (Rys,,), corresponding to the ratio
of particle sinking velocity (w,,,) to the root-mean-squared (RMS) horizontal current velocity (Uy,,). (b) RMS travel time anomaly (At,,.) normalized by standard
travel time ¢, corresponding to the ratio of particle sinking velocity to the RMS vertical flow velocity (wp,,s). Bottom panel (c and d): same as a and b, for particles

backtracked from 2,000 m.

anomaly (At,, /1)) to describe horizontal and vertical dispersion of particles, respectively, and relate them with
the ratio of particle sinking velocity to the flow velocity (Figure 11). The size of particle source regions for the
trap at 1,000 m has Ry, mainly in the range of 300—400 km for w, /U, at 0.001. It decreases by half when
W,/ Upys increases to 0.003. For a much higher speed ratio like 0.007 and 0.014, the containment radii remain
at around 100 km or less. The vertical dispersion is most significant when w_/wp,,. is 1, with the percentage of
travel time anomaly close to 15% (~5 days). The deviation matters for the short-term deployment of sediment
traps during the bloom/post-bloom period. Note that the relationship between dispersion metrics and speed ratio
depends on the trap depth. For the trap at 2,000 m, the source region expands only by a few tens of kilometers
compared to 1,000 m. The travel time anomaly increases more obviously. The 75th percentile for 20 m day~! is
more than 15%, which is equivalent to 15 days. Even for 50 m day~', it is around 10% (4 days). If such relation-
ships hold for other dynamical regimes, these numbers could be a reference for estimating the source region and
time lags of particle sinking, given by the current velocity data at other locations.

Moreover, we proposed a three-layer structure of dynamical regimes, as reflected by flow properties and hori-
zontal dispersion in 2D experiments. In particular, the PAP site is characterized by a moderate mesoscale activity
compared to other regions like the Gulf of Mexico (Liu et al., 2018) and the Arctic Ocean (Wekerle et al., 2018).
The vertical structuring of particle dispersion associated with small-scale dynamics (200-500 m: high EKE and
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w, 500-1,000 m: still relatively high EKE, but small w; below 1,000 m: quiet, smooth flows) must be confronted
with different situations. It is necessary to verity the generalization of this finding in other regions. Future work
could be first at a regional scale to check the homogeneity of dispersion statistics in the inter gyre region of the
North Atlantic, near the PAP station. Second, a similar analysis could be conducted at other long-term obser-
vatory stations (e.g., BATS, HOT) and in situ experiments in Eastern Boundary Upwelling Systems, where
many dedicated cruises have been conducted. Lastly, different turbulent and dynamical regimes such as Western
Boundary Currents and the Southern Ocean, where the correlation between strong turbulent regimes and hori-
zontal velocities remains a big issue, are also hotspots worth studying.

Data Availability Statement

Coastal and Regional Ocean COmmunity ocean model is available at https://www.croco-ocean.org. The Lagran-
gian particle tracking software Pyticles is available at https://github.com/Mesharou/Pyticles and has been
published on Zenodo at https://doi.org/10.5281/zenodo.4973786.
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