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ABSTRACT

The Lagrangian characteristics of the surface flow field arising when an idealized, anticyclonic, mesoscale,
isolated deep-ocean eddy collides with continental slope and shelf topography are explored. In addition to
fluid parcel trajectories, we consider the trajectories of biological organisms that are able to navigate and
swim, and for which shallow water is a destination. Of particular interest is the movement of organisms
initially located in the offshore eddy, the manner in which the eddy influences the ability of the organisms to
reach the shelf break, and the spatial and temporal distributions of organisms that do so. For nonswimmers or
very slow swimmers, the organisms arrive at the shelf break in distinct pulses, with different pulses occurring
at different locations along the shelf break. This phenomenon is closely related to the episodic formation of
trailing vortices that are formed after the eddy collides with the continental slope, turns, and travels parallel to
the coast. Analysis based on finite-time Lyapunov exponents reveals initial locations of all successful tra-
jectories reaching the shoreline, and provides maps of the transport pathways showing that much of the cross-
shelf-break transport occurs in the lee of the eddy as it moves parallel to the shore. The same analysis shows
that the onshore transport is interrupted after a trailing vortex detaches. As the swimming speeds are in-
creased, the organisms are influenced less by the eddy and tend to show up en mass and in a single pulse.

1. Introduction is the collision with the continental slope of an impinging
mesoscale eddy. This mechanism is relevant to offshore
exchange at the edges of the continental shelves of the
Mid-Atlantic Bight (Garfield and Evans 1987; Joyce
et al. 1992; Ramp et al. 1983; Lentz 2010; Zhang and
Gawarkiewicz 2015), the western Gulf of Mexico
(Vukovich and Waddell 1991; Frolov et al. 2004), the
northwestern Gulf of Alaska (Okkonen et al. 2003), the
Denotes content that is immediately available upon publica-  east Australian shelf (Tranter et al. 1986; Olson 1991),
tion as open access. the Antarctic shelf (Stewart and Thompson 2015), and
Georges Bank (Lee and Brink 2010). An example that
@ Supplemental information related to this paper is available at the ~ has garnered significant attention involves warm core
Journals Online website: https://doi.org/10.1175/JPO-D-19-0209.s1.

Exchange between the pelagic ocean and relatively
shallow continental shelves is a longstanding topic of
interest in physical, chemical, and biological oceanog-
raphy (Brink 1998, 2016; Lentz 2010). Among the vari-
ous processes and mechanisms that can lead to exchange
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rings that are spun off by the Gulf Stream and that
propagate westward, toward the continental slope of the
northeastern United States. Upon arrival these eddies
may strip filaments of water from the continental shelf
and/or deposit water on the shelf (Oey and Zhang 2004;
Zhang and Gawarkiewicz 2015). Such eddies potentially
impact the onshore migration of small organisms such as
fish larvae (Hare et al. 2002; Hare and Cowen 1996).
Also, cross-shelf transport of fish larvae trapped in
eddies spinning off the Florida Current was observed
and simulated in Lee et al. (1994) and Limouzy-Paris
et al. (1997), and was further linked to episodic settle-
ment of coral reef fishes (Sponaugle et al. 2005).

Slow moving, pelagic organisms may be carried to-
ward the continental shelf if they are caught in a meso-
scale eddy that is drifting in that direction, and their
trajectories can be further impacted by the complex
motion that results when the eddy encounters steep
continental slope and the shelf break—the narrow zone
of transition to the gently sloping continental shelf.
Idealized models of the interaction between an isolated
eddy and a shelf/slope topography show that the im-
pinging eddy, upon collision, is partially drained by an
along-isobath intrusion, moving in the direction of
coastal trapped waves (e.g., Shi and Nof 1993). Primitive
equation models with continuous stratification and
shelf/slope topography (Oey and Zhang 2004; Wei and
Wang 2009; Cherian and Brink 2016, hereafter CB16;
Cherian and Brink 2018) show that the intrusion is
associated with surface and subsurface secondary vor-
tices and filaments. Observations of intrusions have
been documented by Lee and Brink (2010) and Zhang
and Gawarkiewicz (2015) in the Mid-Atlantic Bight
along with accompanying secondary eddies and fila-
ments. Depending on the location of an organism im-
bedded in this circulation, the currents may enhance or
impede their journey toward the shelf.

The purpose of this work is to identify the detailed
cross-shelf transport mechanisms and pathways within
the surface flow resulting from an isolated anticyclone
colliding with the topography. Specifically, we use a
hydrodynamic model with high enough resolution that
allows generation of secondary trailing vortices, fila-
ments, and plumes to clarify the extent to which or-
ganisms that are initially trapped in an incident eddy are
helped or hindered in their journey toward the shelf. We
will do so by constructing maps and statistics that show
where and when the fluid transport onto the shelf takes
place and identify the circulation features responsible
for the material and biological transport. Since we are
interested in the Lagrangian characteristics of the
transport, i.e., tracking material and biological trajec-
tories that cross the shelf break, we rely on Lagrangian
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information to construct maps and statistics. In particular,
we use finite-time Lyapunov exponents to construct maps
that relate the transport pathways to Lagrangian coherent
structures, including stable and unstable manifolds. These
maps give an indication of the pathways onto the shelf that
are relevant for swimming and nonswimming organisms,
and they provide a basis for interpreting statistics of arrival
times for successful organisms. (For our particular prob-
lem, the methods turn out to be most informative in cases
of zero or very small swimming speeds.) Attention will be
restricted to organisms that swim horizontally at or near
the sea surface and that are able to navigate, perhaps using
light, water property gradients, or magnetic fields, and can
therefore swim directionally.

The fluid velocity fields used for our trajectory calcula-
tion are taken from the CB16 numerical simulation of a
3D, anticyclonic eddy that drifts southwestward on a
B plane until it encounters a northward-facing continental
slope and shelf. The flow far away from the eddy is as-
sumed to be initially quiescent, so we do not consider the
influence of preexisting mean circulations such as along-
shore currents over the continental shelf. Such circulations
are important in applications such as the Mid-Atlantic
Bight, where the shelf-break jet is observed to play a sig-
nificant role in interactions with Gulf Stream Rings (Zhang
and Gawarkiewicz 2015). Our study is more generic in that
it focuses entirely on the effect of topography. The initial
distribution of organisms may be broad or may be confined
to the eddy core. In the latter case, we imagine that the
organisms have previously been trapped in the eddy core
by a process such as detachment from a meandering jet, or
simply as the result of the eddy carrying the organisms
from one ecosystem to another.

2. Model

The CB16 simulation was carried out using a hydro-
static, primitive equation, B-plane configuration of the
Regional Ocean Modeling System (ROMS; Shchepetkin
and McWilliams 2005). The model output was saved once
daily for 371 days. The numerical domain (Fig. 1) consists
of a continental shelf that ranges from 20 to 55 m in depth
and is roughly 38.5km wide, a 50-km-wide continental
slope, and a 1225-m-deep offshore region with a hori-
zontal bottom. The shoreline is placed at y = 0 and pos-
itive y is the offshore direction. The eastern, western and
northern boundaries are open to let secondary flow fea-
tures exit the domain (e.g., westward radiating Rossby
waves and along-shelf jets). The domain spans 536 km in
the zonal (x) direction with the east, west, and north end
boundaries padded by 50-km-wide sponge layers (de-
marcated by the white lines in Figs. 1, 6, and 8-10). These
sponge layers have significantly enhanced lateral tracer
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FIG. 1. (a)-(c) Dye concentration for three days with corre-
sponding velocity fields superimposed. White lines represent
sponge (high viscosity) regions and black solid and dashed lines at y =
38.5km and y = 90 km mark the shelf break and the offshore edge of
the shelf, respectively. The red circle in (a) shows the radius used to
define our eddy core. The red line marks a segment of the shelf break
extending 2 eddy radii to the east from the x position of the instanta-
neous eddy center. It acts as a moving window through which transport
is calculated. The small inset in (b) shows stable/unstable manifolds in
cyan/pink in the vicinity of the hyperbolic region just onshore of the
shelf break in the lee of the eddy. Manifolds were identified as ridges
of the forward-/backward-time FTLE fields and correspond to lo-
cations with top 85% FTLE values.

and momentum diffusivities that damp boundary-trapped
waves as well as noise at the open boundaries. Despite these
modifications, small circulations spin up at the western
boundary; these are confined to the sponge layer and do not
affect the solution in the core of the domain. For compu-
tational efficiency the model grid is stretched near each of
the open boundaries such that maximum grid spacing is
always less than 2.5 km but no less than 1km. At time t = 0
an eddy is initiated with its center located approximately
one Rossby radius of deformation (here = 50km) offshore
of deep edge of the continental slope. The eddy is initialized
by superimposing an axially symmetric density anomaly on
the uniform horizontal background stratification. The den-
sity anomaly has a Gaussian distribution in the radial and
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vertical directions, with a Gaussian depth scale of 349m.
The azimuthal velocity required to geostrophically balance
the pressure perturbation caused by the density anomaly is
also imposed as an initial condition and is given at the
surface (z = 0) by

V = (2e)"*V (rIL )Exp[—(r/L,)]. (1)

Here r is the radial coordinate, and the maximum ve-
locity V,, (here 0.11 m sfl) liesatr = L,/2"%, where L, =
34km. These values are representative of moderate-
strength mesoscale ocean eddies. Compared to Gulf
Stream rings, which are among the most energetic
eddies in the global ocean and reach velocities of
1.2ms ™! at the radius of 45km (Wei et al. 2008), our
simulated eddy is smaller and weaker. Note, however, that
due to a smaller Coriolis parameter, f;, = 5 X 107%s7 1
in our simulations compared to f = 1 X 10 *s ™! in the
Gulf Stream extension region, our eddy is dynamically
similar to Gulf Stream rings in terms of Rossby number
(Ro = 0.1) and also has correct eddy depth to shelf break
depth ratio (CB16). In addition to the velocity and
density fields produced by the simulation, a passive
and weakly diffusive tracer field, initialized with the
initial value of latitude y, was computed. Figure 1
shows three select snapshots depicting the evolution
of the tracer over the first 342 days of a total inte-
gration period of 371 days. Further technical infor-
mation on the numerical run, including the treatment
of the three open boundaries, can be found in CB16
(we use simulation 8341 in their Table 1).

It is well known that an anticyclone on a 8 plane tends
to drift to the southwest (McWilliams and Flierl 1979).
This tendency is characteristic of the simulated eddy,
though the westward and southward velocity compo-
nents are not in good quantitative agreement with the-
oretical predictions for idealized eddies on a B8 plane
(e.g., McWilliams and Flierl 1979). The eddy takes ap-
proximately 150 days to reach the shelf break. For or-
ganisms that are passively advected, or nearly so, the
swirling currents within the eddy and the translation of
the eddy as a whole can be crucial to success in reaching
the shelf break. The westward and southward compo-
nents of the translation speed of the eddy center, defined
at any instant as the location of minimum surface speed,
appear in Fig. 2. There is an initial adjustment period
(0-40 days) during which the eddy moves to the south-
west, following by a period (40-150 days) in which the
dominant motion is southward toward the shelf at ap-
proximately V, = 0.64cms . At the end of this period
the eddy is positioned over the sloping topography of the
shelf and the motion becomes primarily westward, or
alongshore, though the speed is erratic. The westward
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FIG. 2. Onshore and alongshore eddy velocity based on finite
differencing the 3-day running time average of eddy center posi-
tion. Onshore transport during days 40 through 150 is shown in
blue. The average onshore velocity over the blue time frame (solid
black line) is V, ~ 0.64cms L.

direction of propagation parallel to the coast is consistent
with the image effect for an anticyclone moving along a
wall (Tur and Yanovsky 2017). During the remaining
257 days of the simulation, the westward-propagating
eddy leaves behind trailing vortices and a filamented
plume of water containing fragments of both the offshore
water that has been transported in the eddy core and then
expelled behind the eddy, as well as thin streamers of
shelf water that get stirred by the eddy and protrude
offshore in its wake. (See video SV1 in the supplemental
material.) CB16 claim that the interaction between the
eddy and the southern wall is qualitatively similar to what
happens if the eddy collided with a western boundary
with similar topography (see their Fig. 16 for an example).

3. Results

Organisms are considered to have successfully reached
the continental shelf if their trajectories cross the shelf
break at any time throughout the duration of the simu-
lation. For instance, an organism whose path crosses the
shelf break but is then pulled offshore again is still con-
sidered to be successful. Additionally, the time at which
organisms first cross the shelf is the time recorded for
their arrival; subsequent crossing times are disregarded.
Experiments are conducted using swimming speeds of
V,=0,0.175,0.875,1.75,and 8.75 cm s lor, equivalently,
relative speeds of V/V, = 0,0.27,1.37,2.73, and 13.7 with
respect to the onshore velocity of the eddy, and V,/V, = 0,
0.02, 0.08, 0.16, and 0.79 with respect to the largest azi-
muthal velocity of the eddy. These values were selected to
illustrate qualitatively different temporal and spatial re-
gimes of arrivals, and were not chosen to match the ob-
served biological behavior for specific species. However,
in order to put these numbers in perspective, we note that
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observations from laboratory tanks have shown that glass
eels—the life stage of American eel after leptocephalilarvae
and before juvenile yellow eel—can swim short term at
speeds up to 12cms™ ' (Wuenschel and Able 2008). This
estimate is roughly consistent with Tesch et al. (2003) who
estimated the overall speed of eel larvae to be 1.4 body
length per second; the American eel size at metamorphosis
is on average SO0mm (Tesch et al. 2003), giving the swim-
ming speed of 7.5cms ™', Note, however, that unlike our
simulated organisms, American eel larvae are not surface
dwellers and exhibit daily vertical migration between 350
and 550 m in daytime and between 30 and 120m at night
(Tesch 1980; Tesch et al. 1986), so their transport might
differ significantly from that of our idealized organisms.

In all cases of nonzero swimming speed (except when
explicitly stated otherwise), the simulated organisms
attempt to swim directly southward toward the shelf at
the indicated speed. Thus the total velocity of the or-
ganism is the fluid velocity plus the southward swimming
velocity. The ability to swim directionally implies navi-
gational ability, which has not been established for
American eel larvae, but which has been identified by
Rypina et al. (2014) and Rypina et al. (2016) as a factor
that contributes substantially to success in simulations.

Although we are primarily interested in the fate of
organisms initially located in the core of the eddy, we
also track trajectories initiated broadly over the offshore
region. For trajectories initiated within the eddy, we
define an eddy interior region consisting of r < R, with
Ry = 65km. This radius corresponds to approximately
one e-folding length scale from the maximum velocity
V, and was specifically chosen to be inclusive, i.e., to
encompass all locations with significant azimuthal ve-
locity at t = 0. The core region is seeded with 53078
virtual organisms, with 500-m spacing between neigh-
bors, whose trajectories are followed for the entire
duration of numerical model run (371 day). To avoid
any uncertainty associated with the stretched grid
spacing and spurious circulations in the sponge layers,
we restrict the initial positions to the part of the domain
where the model grid spacing is 1km and lateral vis-
cosity and diffusivity are minimal. For organisms seeded
over the entire offshore model domain, 469 392 initial
positions are distributed randomly offshore of the
shelf break with an average grid spacing of 500m.
Trajectories are computed in an offline mode from the
saved ROMS velocity outputs using fourth-order vari-
able-step Runge—Kutta integration scheme (“‘ode45” in
MATLAB) with bilinear interpolation in time and space
between model grid points. We have made sure that the
tolerance value of 10 ° used in our integration is suffi-
cient so that the resulting trajectories do not change
when tolerance is further decreased.



JuLy 2020

w
o
o
-
o

N
o
o

100

o

150 200 250 300
Time (Days)

o

50 100 350

# of successful organisms/Day

F1G. 3. Time histories of arrivals (blue) for passive organisms and
of the surface fluid flux [black, Eq. (2)] across the shelf break within a
window trailing the main eddy. The moving window is shown as a red
segment in Fig. 1. The arrows show detachment times for trailing
vortices, as established by viewing the video SV1.

We first consider the movement of passive non-
swimming organisms initially located in the eddy. The
blue curve in Fig. 3 gives the time history of successful
arrivals (number of successful arrivals per day), with the
first arrivals beginning on day 138 and followed by a
large group. Beginning around day 210 there is an
abrupt dip in rate of arrivals and this is followed by four
distinct pulses in arrivals centered near days 230, 264,
300, and 330, and separated by periods of very low ar-
rivals. The pulses are linked to detachment of the trail-
ing vortices seen in Fig. 1 and in video SV1. Detachment
times identified by visual inspection of the video are
marked by downward pointing arrows in Fig. 3. It can be
seen that the four major pulses at the end of the record
coincide roughly with detachments. Because the de-
tachment events occur immediately in the lee, i.e., to the
east of, the eddy, we next compared the time history of
successful crossings to the Eulerian cross-shelf flux in the
lee of the eddy. The black curve shows the Eulerian time
history of meridional fluid flux F(¢) per unit depth (as
opposed to Lagrangian particle transport) across a
sliding window, aligned in the x direction and positioned
over the shelf break (ysg = 38.5km), and extending
from the instantaneous x position of the eddy center
x.(¢) a short distance (2L,) leeward of the eddy. (This
sliding window will be discussed in detail below, but the
reader can look back to Fig. 1, where it is shown as a red
line segment). Formally the transport across the sliding
window segment is given by

x, (1) +2L,

F(t) = J WX, ygy. 1) dx, @)

x ()-2L,

where v is the meridional component of velocity. Generally,
there is a good correspondence between peaks in Eulerian
(black) and Lagrangian (blue) transport time series (Fig. 3).
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Specifically, the last four major peaks in the Eulerian
transport (at around 230, 267, 304, and 335 days) coincide
roughly with peaks in Lagrangian particle transport (at
around 233, 267, 303, and 332 days), whereas the first two
Eulerian peaks (near 165 and 190 days) correspond roughly
to the initial ramp-up in the Lagrangian transport (days 140
205). Note also that all the major peaks in both Eulerian and
Lagrangian transport time series coincide with the second-
ary eddy detachment events (indicated by arrows in Fig. 3).
Even the secondary peak in Eulerian transport on day 255
(the little bump just before the fourth major peak of the
black curve) is proximal to an eddy detachment. We thus
observe that intermittency of the time history of both
Eulerian cross-shelf transport and Lagrangian particles
crossings is closely linked to the trailing vortex detachments.

Since some organisms may be able to swim and nav-
igate, and because organisms may not necessarily orig-
inate from the eddy, we now extend the results shown in
Fig. 3 to include both complications. In particular, we
recomputed the Lagrangian time histories of particle
crossings for both passive (Fig. 4 top) and actively
swimming (Fig. 4, rows 2-5) organisms, and for both
organisms seeded inside the eddy (Fig. 4, left column)
and in the much wider domain (Fig. 4, right column).
Not surprisingly, as the swimming speed increases, the
time history shifts from being dominated by the eddy (as
in the passive case scenario in Figs. 4a and 4b) to that
dominated by active swimming. Specifically, for organ-
isms seeded in the eddy, the intermittent character of the
arrivals, which is linked to the influence of the eddy and
detachment events in its wake, remains present in the
time series for lower swimming speeds V; of 0.175 and
0.875cms ! (corresponding to about 0.25-1.3 times the
onshore eddy propagation speed V,; Figs. 4c and 4¢), but
disappears for the larger values 1.75 and 8.75cms !
(Figs. 4g,i). For the latter, the organisms are less de-
pendent upon the ocean circulation to transport them
across the shelf break, and the arrival time series are
dominated by a single large and increasingly narrow
peak (Figs. 4e,g,i), corresponding to a large mass of or-
ganisms, all initiated inside the eddy at ¢ = 0, that swim
directly toward the shelf. This conclusion is supported
by comparison of the arrival time histories with the time
of arrival of the eddy center (estimated as the initial
distance from the shelf break to the eddy center divided
by the average onshore eddy propagation speed V., red
asterisks) with the arrival of the most shoreward row of
organisms due to their swimming (estimated as the initial
distance from most shoreward organisms to shelf break
divided by the swimming speed, black asterisks). As the
swimming ability increases, the earliest arrival shifts from
the red asterisk to the black asterisk, and the width of
the peak in Fig. 4i agrees very well with Ar = 2Ry/V.
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FIG. 4. (a)-(j) Time histories of shelfbreak crossings of organisms for each day (blue curve). Each left/right pair of
panels corresponds to a particular swimming speed: V; = 0, 0.175, 0.875, 1.75, and 8.75 cm s~ from top to bottom;
the corresponding ratios of swimming speed to southward eddy translation speed (V/V,) and swimming speed to
maximum initial azimuthal eddy velocity (V/V,)) are indicated in the left panels. Of the successful organisms, those
that meet our criteria for eddy-manifold-induced crossing are plotted in red. The left column shows results for
organisms that were initialized within a 65-km radius of the center of the eddy at day zero. The right column applies
to organisms initialized in the entire domain off shore of the shelf and to the right of the left sponge layer. The two
statistics in each subplot refer to the overall percentage of organisms that succeeded and the subset percentage of
those successful organisms that are attributed to the eddy-manifold-induced transport mechanism. For organisms
initialized within the 65-km radius, the sample size N = 53 094. For the larger domain outlined above, N = 469 392.
The red asterisks are the estimated arrival time of the center of the eddy using V.. The black asterisks in the left
column represent the expected first days of arrival for organisms based on their swimming speed.
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The percentage of successful crossings over the entire
period is given in the upper right corner of each frame of
Fig. 4 and ranges from 39.3% for passively advected or-
ganisms to 100% for the highest swimming speed.

The blue curves in the right-hand column of panels in
Fig. 4 show the time histories of arrivals for organisms
seeded across the much larger region offshore of the
shelf break and including those initiated in the eddy but
excluding those initiated close to the western sponge
region. The episodic character of the time series for
nonswimming organisms (Fig. 4b) is still present but
lacks the clear separation between episodes of en mass
arrivals and those of almost zero arrivals, compared to
results for the organisms seeded only inside the eddy.
The success rate for all organisms is only 7.9%, much
smaller than for organisms seeded only inside the eddy.
This suggests that there are very few offshore regions of
success apart from the eddy core. When slow swimming
is enabled (Figs. 4d.f) we see an immediate, steady
pattern of arrivals due to active swimming from organ-
isms that are unaffected by the eddy, followed by in-
termittency associated with organisms seeded within the
eddy core, or within regions of the domain strongly
influenced by the eddy. For swimming speeds greater
than 1.75cms™', (Figs. 4h,j) the arrival histories are
dominated by the initial raft of swimmers and is largely
unaffected by the eddy. The success rate is close to 100%
in each of the latter two cases.

We now examine the spatial distribution of success
and the geometry of the transport pathways across the
shelf break. Our primary tool in this study is the finite-
time Lyapunov exponent (FTLE) A, which quantifies the
fastest average exponential separation rate between the
trajectory of an organism and trajectories of its closest
neighbors over an integration time interval 7 (Haller
2002; Lekien and Ross 2010; Haller 2015). Convenient
and fast computation of FTLEs can be accomplished via

1
—Iny/o,
7

AXy; by, T) =
where o is the largest eigenvalue of the Cauchy—Green
deformation tensor

G(x,; t,, T) = (dx/dx,)" (dx/dx,).

Here dx and dx, are the final and initial separations
between initially nearby trajectories, computed numerically
from dense grids of simulated trajectories. Superscript T
denotes the transposed matrix. For a fixed initial time #,
and integration time 7, the result of this calculation
provides A(xq; fo, T)—a snapshot of the spatial distri-
bution of forward-time FTLEs at the initial time.

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 04/15/21 08:34 PM UTC

RYPINA ET AL.

1845

A similar calculation but for trajectories computed
backward in time, from ¢, to fy — T, yields backward-
time FTLEs.

FTLEs have been extensively used (not always in a
completely rigorous fashion, see Haller 2015) in studies
of Lagrangian transport to identify organizing centers of
chaotic stirring, specifically, the stable and unstable
manifolds of hyperbolic trajectories, in geophysical fluid
flows (Rypina et al. 2009, 2010; Olascoaga et al. 2006;
Haller 2015). The stable/unstable manifolds correspond
to maximizing ridges of FTLE fields computed in
forward/backward time. The underlying reason for the
connection between the manifolds and FTLE ridges is
that, when present, the stable/unstable manifolds lead to
the fast separation of particles initially located on op-
posite sides of the manifold in forward/backward time,
thus producing a ridge in the forward/backward FTLE
field extending along the stable/unstable manifold
from a hyperbolic trajectory (trajectory that, similar to a
hyperbolic stagnation point in steady flows, experiences
strong convergence and divergence of nearby fluid in
different directions over time). A schematic showing
hyperbolic trajectories and their stable and unstable
manifolds appears in Fig. 5. In Fig. 5a, the hyperbolic
trajectory lies just inshore of the shelf break, with fluid
moving away from it along the (red) unstable manifolds,
and toward it along the (blue) stable manifolds. Figure 5Sb
shows a situation that will be described later when we
consider rapidly swimming organisms. Because velocity
shear can also lead to fast particle separation and produce
ridges, not all FTLE ridges necessarily correspond to
stable/unstable manifolds (Haller 2011, 2015). Additional
analysis is generally required to distinguish between
shear-dominated and hyperbolic-dominated behavior.
However, when the flow is relatively simple so that the
existence and general location of a hyperbolic region is
transparent from the flow geometry, such as the hyper-
bolic region located inshore of the shelf break to the east
of an eddy (or to the west of an eddy for actively swim-
ming particles) in our flow, maximizing ridges of the
FTLE fields that emanate from these hyperbolic regions
can be interpreted as proxy manifolds without additional
analysis. Note also that in some cases we simply aim to
establish a correspondence between locations of suc-
cessful organisms and ridges of FTLE fields in order to
use FTLEs as a diagnostic for regions of success, without
making inferences about the type of Lagrangian coherent
structures that gave rise to those ridges. One example of a
hyperbolic region appears in Fig. 1b, near x = 380 and y =
50, which lies in the lee (to the east) of the westward
propagating eddy and close to the shelf break. Here the
onshore (southward) movement of water or organisms
associated with the anticyclonic circulation in the eddy
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FIG. 5. Schematic diagram showing flow geometry, hyperbolic trajectory, and the associated stable and unstable
manifolds for (a) passive organisms and (b) fast-swimming organisms.

splits, with some moving east and some moving west,
after crossing the shelf break. The geometry is similar to
what is shown in Fig. 5a.

The initial locations of successful organisms for both
passive and actively swimming cases are shown by red
dots in Fig. 6. The background color shows the 371-day-
long forward-time FTLEs. In the passive scenario the
majority of successful particles are initially located
inside a ring near the perimeter of the eddy, with the
minority being distributed in narrow and long filaments
closer to the shelf break, to the south and southwest of
the eddy (Fig. 6a). The rest of the domain is entirely free
of red dots so most passive organisms do not reach the
shelf break, consistent with the low success rate estimate
(~7.9%) in Fig. 4b. The central core region of the eddy
also does not hold any successful organisms; these tra-
jectories simply wind around the center of the moving
eddy for the entire duration of the simulation, never
crossing the shelf break. In contrast, as illustrated in
Fig. 7 and in video SV2, the ring of successful organisms
(red ring in Fig. 6 and black ring in Fig. 7) initialized near
the eddy perimeter and farther from the eddy center
start to leak from the eddy after the eddy approaches the
shelf, loses its coherence and starts to shed secondary
vortices. The trajectories that start inside the filaments
to the southeast of the eddy exhibit very little motion
until the eddy approaches their location, at which point
they are stirred anticyclonically around the eddy pe-
rimeter and deposited onshore behind the eddy. The
eastmost filaments, starting with the long “stem” fila-
ment extending southward from the eddy, get deposited
onshore first, followed by trajectories in the filaments
located further west. One important observation forth-
coming from Fig. 6a is that the initial locations of all
successful nonswimming particles fall on top of the
forward-time FTLE ridges (yellow streaks). This is most
obvious for the particles in the filaments but is also true
for the red ring that is located on top of the tightly coiled
and not always well-resolved FTLE ridges. However,
the flow also contains FTLE ridges devoid of red dots,
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such as the ridges to the northwest or southeast of the
eddy; these manifolds do not serve as pathways for
cross-shelf transport and are associated with hyperbolic
trajectories located offshore of the shelf.

As the swimming speed of the organisms increases
(Figs. 6b—¢), more trajectories are able to reach the shelf
break by active swimming, as opposed to being advected
onshore by the currents. For slow swimming speed
(0.175cms ™, Fig. 6b), only organisms located relatively
close to the shelf can make it onshore in 371 days,
whereas for the fastest swimming speed (8.75cms ™!,
Fig. 6e) trajectories in the entire domain successfully
reach the shelf break over this time. Because of the di-
minishing role of eddy-mediated, onshore translation
and, specifically, disappearance of the hyperbolic re-
gions located on the shelf to the east of the eddy, the
agreement between the FTLE ridges, which highlight
the pathways (stable manifolds) leading toward the hy-
perbolic trajectories, and red dots starts to deteriorate
with increasing swimming speed (Figs. 6b—d) and is
completely lost for fastest swimming speed (Fig. 6e).
In the latter case hyperbolic regions no longer occur near
the shelf break because nearly all trajectories cross
the shelf break, and move onto the shelf and even-
tually across the shoreline. The connection between
locations of successful organisms and maximizing
ridges of forward-time FTLEs is lost. Nevertheless,
the FTLE fields still provide some useful informa-
tion about changes in Lagrangian transport with
increasing swimming speed. Two notable FTLE fea-
tures are apparent in a top to bottom comparison of
the panels of Fig. 6. First, the low-FTLE eddy core
region that was devoid of passive swimmers shrinks
to zero with increasing swimming speed—organisms
can escape the eddy’s velocity field when they swim
fast enough. Second, a strong FTLE ridge is produced
to the northwest of the eddy. This feature corre-
sponds to a stable manifold that emanates from a
hyperbolic point directly west of the eddy and results
from the balance between the offshore eddy velocity and
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FIG. 6. (a)-(e) Initial positions of a random subset of 20000
successful organisms (red dots) for different swimming speeds (see
Fig. 4 for relative velocity values), overlaid on top of FTLEs
(color). For low swimming speeds, successful organisms align well
with the FTLE ridges [(a) and (b)]. FTLEs are based on a forward
integration from day 0 to 371 and shown on day 0. The horizontal
and meridional lines are as in Fig. 1.

onshore swimming velocity at that location (see sche-
matic flow geometry in Fig. 5b). The corresponding
hyperbolic trajectory gets shifted closer to the eddy
center for faster swimming speeds.

Once the eddy approaches and starts moving westward
along the shelf break, a major conduit for the onshore
transport of passive particles seems to be the stable
manifold emanating from the moving hyperbolic region
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located just inshore of the shelf break to the east of the
eddy. When evolved forward in time (see Fig. 7 and
video SV2), the majority of the red dots from Fig. 6a
move onshore along this pathway. The existence of this
hyperbolic region is implied by the flow geometry to the
east of the eddy (see schematic flow geometry in Fig. 5a).
The stable manifold separates inner trajectories that
recirculate inside the eddy from the outer trajectories
that pass the eddy on the outside and do not recirculate;
the former/latter trajectories move westward/eastward
past the hyperbolic region. To identify and visualize the
evolution of this manifold, we produced daily images of
30-day forward-time FTLEs (video SV2; see also Fig. 8
for three representative images at different stages of the
eddy evolution). Because of the shorter integration time
used in Fig. 8 compared to Fig. 6, the segments of
manifolds revealed by the FTLE ridges are shorter. This
is because trajectories located further away along the
manifold from the hyperbolic region do not reach the
hyperbolic region and thus do not separate from each
other over 30 days. At day 0, no FTLE ridges are visible
in Fig. 8a because no significant separation between
particles occurs from day 0 to 30. When the eddy ap-
proaches the shelf, a prominent FTLE ridge corre-
sponding to the stable manifold described above forms
in the lee of the eddy. The hyperbolic trajectory that acts
as an attractor for this ridge, depicted as a black dot in
Fig. 5a, lies near x = 375 and y = 48 in Fig. 8b. As time
progresses, these features are disrupted by the detach-
ment of trailing vortices and the manifolds become in-
creasingly tangled (e.g., Fig. 8c), but a prominent stable
manifold reemerges after each such event. In Fig. 8c,
where the eddy has moved a substantial distance west-
ward along the shelf break, a bright yellow stable man-
ifold and terminating hyperbolic trajectory can be seen
near x = 145,y = 48.

The changes in the 30-day forward FTLEs with swim-
ming speed are presented in Fig. 9, which shows FTLE
snapshots at day 185 for the same five values of swimming
speed as in Fig. 6. As anticipated from Figs. 6 and 8, the
geometry of the FTLE ridges shifts from that dominated
by the above-described manifold behind the eddy (which
serves as a major cross-shelf pathway for passive organ-
isms; see Fig. 5a) to that dominated by the manifold in
front of the eddy, which emanates from the hyperbolic
trajectory at which fluid velocity is equal and opposite in
sign to the swimming velocity (see Fig. 5b). Associated
with this hyperbolic trajectory, in addition to the stable
manifold, which corresponds to the maximizing yellow
ridge in forward-time FTLEs that extends to the north-
west from the eddy in Fig. 9e, there is also an unstable
manifold that can be identified as a maximizing ridge of
the backward-time (rather than forward-time) FTLEs.
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FIG. 7. Locations of all successful passive organisms (black dots; same as red dots in Fig. 6a) every 30 days. Locations of those organisms
that cross the shelf break on a particular day are in red. Background color corresponds to 30-day forward FTLEs (same as in Fig. 8).

The geometry of Lagrangian motion for fast swim-
mers, which is schematically illustrated in Fig. Sb, with
the hyperbolic region just west of the eddy and the
stable/unstable manifolds emanating from it away/toward
the shelf, was further confirmed in Fig. 10, which shows a
superposition of the forward- and backward-time 30-day
FTLEs on day 48. We remind the reader that (with some
caveats) maximizing ridges of the forward-/backward-
FTLEs are proxies for stable/unstable manifolds.
Because of the absolute value of integration time 7 in
the denominator in the definition of FTLEs, both for-
ward- and backward-time FTLEs are positive, so to
distinguish between forward- and backward-FTLEs, we
show the difference, FTLE ckwara — FTLEforwara 1N
Fig. 10 (rather than the sum, in which case the blue
streak would have been yellow). The stable/unstable
manifold in this figure corresponds to the blue/yellow
ridge extending northeast/southwest from the eddy. The
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unstable manifold is densely populated by the red dots,
which show instantaneous locations of successful fast-
swimming organisms still remaining offshore of the shelf
break on that day. Note, that by day 48 most of the suc-
cessful fast swimmers have already crossed the shelf, in
agreement with Figs. 4i and 4j that show a sharp drop-off
from in the number of arriving organisms around day 40.
Thus, red dots in Fig. 10 identify “stragglers,” i.e., organ-
isms that started well offshore and were slowed in their
arrival at the shelf break as a result of interaction with the
eddy. For these straggling fast-swimming organisms, it is
this unstable manifold to the west of the eddy (rather than
the stable manifold to the east of the eddy as in the passive
advection case) that provides the dominant onshore path-
way (see also video SV3). All of the stragglers eventually
reach the shelf by the end of simulation (as evident from
video SV3), in full agreement with Fig. 6e, which shows
that all organisms have arrived at the shelf by day 371.
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F1G. 8. 30-day forward FTLE images for passive organisms. Red
marks the segment of the shelf break extending 2 eddy radii to the
east from the x position of the instantaneous eddy center. The
horizontal and meridional lines are as in Fig. 1. The time in each
image also corresponds to the times in Fig. 1.

We now turn our attention back to the Lagrangian
geometry of motion for the passive and slow-swimming
organisms. In this case, we have suggested that the
presence of the stable manifold in the immediate lee of
the eddy, and the associated onshore advection, are
closely associated with successful shelf break crossings.
We can quantify the importance of this link by com-
puting the number of successful crossings that take place
in the lee of the eddy when a stable manifold is present.
To qualify, a crossing must occur within two eddy radii
to the east of the instantaneous x position of the eddy
center, as indicated by the red segment in Figs. 1, 8, and
9, and must do so when a maximizing ridge of the 30-day
forward FTLE field is present within that segment.
Events satisfying both conditions are referred to as
“eddy-manifold” crossings. As an example, an organism
crossing the red segment of the shelf break in Fig. 8a or
Figs. 9d and 9e would not be considered eddy-manifold-
induced because there was no FTLE ridge crossing the
red segment of the shelf break at that time. The time
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FIG. 9. 30-day forward FTLEs on day 185 for different swimming
speeds (see Fig. 4 for relative velocity values). Red marks the seg-
ment of the shelf break extending 2 eddy radii to the east from the
x position of the instantaneous eddy center with the manifold region
in red. The horizontal and meridional lines are as in Fig. 1.

histories of the eddy-manifold-induced crossings are
shown in red in Fig. 4, with the red number in the top
right corner of each panel quantifying the percentage
of total crossings that were attributed to the eddy-
manifold-induced cross-shelf transport mechanism. For
passive organisms (Figs. 4a,b), the red curve matches
closely with the blue curve, so the percentage of the
eddy-manifold-induced crossings is very high (>75%).
This confirms that for passive organisms, the stable
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FIG. 10. Superposition of forward (blue to green) and backward
(green to yellow) 30-day integration FTLEs for organisms swim-
ming at 8.75cms ™! on day 48. Red dots represent the positions of
every fifth successful organism on this day. The horizontal and
meridional lines are as in Fig. 1. Small inset shows the stable
(unstable) manifolds in cyan (magenta) colors, identified as the
maximizing ridges (locations with 90% largest values) of the
forward-/backward-time FTLE fields.

manifold to the east of the eddy serves as the major on-
shore pathway. For actively swimming particles, the man-
ifold still contributes to depositing organisms onshore, but
its importance decreases rapidly with swimming speed
(from 79.3% in Fig. 4c to only 1.2% in Fig. 4h). The per-
centage of the eddy-manifold-induced crossings decreases
to 0% for a swimming speed of 8.75 cms ™!, confirming that
fast swimming organisms are not significantly influenced
by the eddy and its associated flow structures.

4. Discussion and summary

Our investigation fits into the broader topic of trans-
port of biological organisms from the deep ocean to a
shallow continental shelf. We focus specifically on the
collision between an isolated, mesoscale, anticyclonic
eddy and idealized slope/shelf geometry and how the
resulting fluid motion affects the success and distribu-
tion of organisms that are attempting to reach the
continental shelf from offshore. We consider passive
(nonswimming) organisms and also organisms that can
swim and can navigate directly toward the shelf. Our
model is quite idealized in many respects, some related
to the limitations of our oceanographic model, whereas
others are related to the assumed swimming and navi-
gation of organisms. Specifically, we use simplistic ba-
thymetry and assume that all fluid motion is due to a
single, isolated eddy. Motions due to the wind or
meandering shelf break jets or other alongshore flows
may be important in specific applications but are dis-
regarded here. Tides are also not included, and we use daily
(rather than more frequent) model output, which can in-
fluence the arrival of organisms from the deep ocean onto
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the shelf. On the biological side, we confine attention to
organisms that remain at or near the surface (i.e., topmost
grid cell), whereas in reality only 1% of leptocephali larvae
are found at the sea surface; they typically dwell down to a
few hundreds of meters (Richardson and Cowen 2004; Tesch
et al. 1986) and/or often undergo daily vertical migration.
Our organisms are also either passive or swim directly to-
ward shelf at a constant speed, even though real larvae might
adjust their speed and/or direction. Nevertheless, we hope
that our idealized study will help build a foundation for fu-
ture, more realistic biophysical studies of larval transport
specific to certain biological species.

The simulated eddy has a radius of approximately
30km at the location of a peak azimuthal velocity of about
10cms ™!, both of which are typical of mesoscale ocean
motions of moderate strength. The eddy is dimensionally
smaller and weaker than many Gulf Stream warm rings
but is nondimensionally quite similar to those rings in
terms of Rossby number and ratio of eddy depth to shelf
break depth (Cherian and Brink 2016). For passive
(nonswimming) organisms initially distributed over the
eddy interior, we identify a subset that will successfully
cross the shelf break within the 371-day simulation time.
This subset is mostly distributed over a ring that occupies
the outer part of the eddy. Inside of this ring is a core of
fluid that remains trapped within the eddy throughout the
simulation time and never reaches the continental shelf.
As the eddy approaches the shelf break and then turns
and moves parallel to the shelf break, the eddy advects
fluid from the ring across the shelf break. This transport
occurs in the lee (to the east) of the eddy, where the cir-
culation of the anticyclone is predominantly onshore.
Additional filaments or distinct thin streaks of organisms,
which are initially distant from the eddy and not located in
the above-described ring, are also carried inshore and
across the shelf break as a result of this motion; these
organisms stay virtually motionless until the eddy ap-
proaches them along the shelf break from the east, at
which point they get entrained into the anticyclonic mo-
tion and get deposited to the shelf east of the eddy. The
deposition of fluid on the shelf is interrupted by the in-
termittent detachment of secondary eddies in the lee of
the primary anticyclone. The onshore transport therefore
occurs in pulses, with different groups of trajectories
brought across the shelf break at different locations. Fluid
that has crossed the shelf break typically turns and flows
parallel to the coast (and sometimes leaves the shelf later
on), and does not experience substantial inshore pene-
tration further across the shelf. These fluid parcels form
an alongshore current of cross-shelf extent one Rossby
deformation radius propagating downstream in the coastal-
trapped wave direction (e.g., Cherian and Brink 2018;
Zhang and Gawarkiewicz 2015). Some degree of acquired
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swimming ability appears to be necessary for the organisms
to cross the shelf and reach the shore.

The scenario described above is supported by analysis
of the forward FTLE fields, which provide a map
showing transport pathways. Successful nonswimming
trajectories always lie on top of proxy stable manifolds
corresponding to maximizing ridges of the forward
FTLE plots. The correspondence between stable mani-
folds and on shore transport can be attributed to the fact
that the onshore flow in the lee of the eddy tends to split as
it crosses the shelf break, some turning east and some west,
thereby giving rise to a hyperbolic region. A ridge of high
FTLE values corresponding to a proxy stable manifold
extends from this region in the offshore direction. This
manifold acts as transport pathway for the onshore flow.

When the organisms are given the ability to swim to-
ward shore at a constant velocity, the influence of the
eddy remains significant provided that the swimming
speed is less than about 1cm s1 (VJV,= 1.6, VJV, =
0.1). The arrivals still occur in pulses and much of the
transport across the shelf break occurs in the lee to the
east of the eddy. However, these features become less
predominant as the swimming speed is increased, in our
case from 0.875 t0 8.75 cms ™. For the latter the majority
of organisms cross the shelf break in a large single pulse,
the timing of which is largely dictated by swimming
speed and initial location, and not advection by the
eddy. When the swimming speed reaches the largest
value considered (8.75cms ') virtually all the organ-
isms cross the shelf in a narrow pulse. A small number
of swimmers are delayed through interaction with the
westward portion of the eddy, where the currents are
offshore. Most of these delayed organisms will eventually
cross the shelf via a process that is nicely illustrated by a
pathway corresponding to the stable and unstable mani-
folds of a hyperbolic region to the west of the eddy center.

The dominance of swimming, as opposed to eddy
advection, for directional onshore swimming at speeds
more than about lcms™' brings into question the
overall importance of the eddy for all but passively ad-
vected or very slow organisms. Indeed, Wuenschel and
Able (2008) observed that glass eels can swim short-
term at speeds up to 12cms ™~ '. However, their naviga-
tion ability is unknown. The ability to maintain a given
direction and navigate directly onshore, either by hear-
ing the sounds coming from the shelf, or by detecting
gradients in ocean water salinity, or navigating by
Earth’s magnetic field, has a major influence on the
success rate of the organisms in crossing the shelf break.
Organisms, even fast-swimming organisms, which can-
not maintain onshore direction, are influenced much
more by the oceanic currents than the slow swimmers
that navigate directly onshore. Specifically, numerical
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simulations with organisms that swim at V, = 10cms ™"

(i.e., fast swimmers) but change direction every minute
(8¢t = 1 min), instead of directly swimming onshore as in
all of our other simulations, yield cross-shelf transport
similar to that for passive nonswimming organisms (i.e.,
similar to Fig. 4a). This result is consistent with a sta-
tistical prediction; specifically, for a random-walk process
with these parameters the root-mean-square distance
from the initial position of a random walker growths as
drms = Vi /8t\/T, reaching only 5 km after 1 year. Because
this distance is significantly smaller than the eddy radius,
the effects of the random swimming are minor, and the
resulting cross-shelf transport for random swimmers is
similar to that for passively advected particles.
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