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Abstract

Coastal physical processes are essential for the cross-shore transport of meroplanktonic larvae to their benthic
adult habitats. To investigate these processes, we released a swarm of novel, trackable, subsurface vehicles, the
Mini-Autonomous Underwater Explorer (M-AUEs), which we programmed to mimic larval depth-keeping
behavior. The M-AUE swarm measured a sudden net onshore transport of 30-70 m over 15-20 min, which we
investigated in detail. Here, we describe a novel transport mechanism of depth-keeping plankton revealed by
these observations. In situ measurements and models showed that, as a weakly nonlinear internal wave propa-
gated through the swarm, it deformed surface-intensified, along-isopycnal background velocities downward,
accelerating depth-keeping organisms onshore. These higher velocities increased both the depth-keepers’ resi-
dence time in the wave and total cross-shore displacement, leading to wave-induced transports twice those of
fully Lagrangian organisms and four times those associated with the unperturbed background currents. Our ana-
lyses also show that integrating velocity time series from virtual larvae or mimics moving with the flow yields
both larger and more accurate transport estimates than integrating velocity time series obtained at a point
(Eulerian). The increased cross-shore transport of organisms capable of vertical swimming in this wave/back-
ground-current system is mathematically analogous to the increase in onshore transport associated with hori-
zontal swimming in highly nonlinear internal waves. However, the mechanism described here requires much
weaker swimming speeds (mm s™' vs. cm s™') to achieve significant onshore transports, and meroplanktonic lar-
vae only need to orient themselves vertically, not horizontally.

Meroplanktonic larvae of coastal benthic organisms, such
as barnacles, mussels, and oysters, must either remain in or be
transported back to the nearshore environment for recruit-
ment to adult populations. Simple hydrodynamic models that
assume larvae to be completely passive and vulnerable to
ocean currents tend to overestimate dispersal distances, both
in the cross-shore and alongshore directions, when compared
to estimates inferred from in situ larval abundance (Largier
2003; Shanks 2009). Accounting for simple behaviors such as
vertical swimming can reconcile some of these estimates
(Shanks and Brink 2005). By regulating their depths, for
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instance, organisms can exploit vertical variations in cross-
shore velocities (Peterson et al. 1979; Morgan et al. 2009), or
limit offshore transport (Shanks and Brink 2005). Such
physical-biological interactions have been suggested to occur
in internal gravity waves (Shanks and Wright 1987; Pineda
1999). However, less attention has been focused on the impli-
cations of internal waves interacting with depth-varying back-
ground flows for the transport of depth-keeping organisms.

As they propagate through a stratified ocean, internal
waves deform isopycnal surfaces. Because background currents
flow mainly along isopycnals, internal waves similarly deform
the background velocity field, and more precisely its stream-
lines (Stastna and Lamb 2002; Klymak et al. 2006). Using mea-
surements collected by a swarm of novel, subsurface larval
mimics, the Mini-Autonomous Underwater Explorers (M-
AUEs) (Jaffe et al. 2017), combined with simple models, we
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will show that this deformation has a significant impact on
the transport of depth-keeping vs. passive larvae, particularly
when the background horizontal currents are vertically
sheared. To avoid any ambiguity associated with the term
Lagrangian, we use the terms “passive” to refer to fully
Lagrangian organisms, that are organisms that are advected by
both horizontal and vertical velocities, and “depth-keeping”
for organisms that are advected by horizontal velocities, but
which resist vertical velocities.

Shanks (1983) demonstrated the potential of internal waves
to transport plankton by deploying drifters in visible surface
slicks—the surface expression of internal waves. Although the
surface drifters occasionally showed no net horizontal dis-
placement, at other times they were displaced as much as
1-2 km onshore in a few hours. Since then, a number of field
studies have shown plankton and larvae to be concentrated
above internal wave troughs (e.g., Shanks and Wright 1987;
Pineda 1999; Lennert-Cody and Franks 2002; Omand et al.
2011), and theoretical arguments have shown the potential
for internal waves to both accumulate (Franks 1997; Lennert-
Cody and Franks 1999; Jaffe et al. 2017) and transport (Lamb
1997; Helfrich and Pineda 2003; Scotti and Pineda 2007)
organisms with vertical swimming behaviors. Planktonic lar-
vae have been shown to respond to a number of environmen-
tal cues that could orient them vertically—a necessary
condition for these physical-biological interactions to occur.
Scallop larvae, for instance, exhibit negative geotaxis and
swim faster with increased pressure (Cragg 1980), while other
invertebrate larvae aggregate in surface or bottom waters based
on water temperature and stratification (Daigle and Metaxas
2011). Gastropod and oyster larvae sink or actively dive when
encountering turbulence (Fuchs et al. 2004, 2013), a behavior
that has been suggested to increase shoreward transport in the
surf zone (Fujimura et al. 2014; Morgan et al. 2017).

The timing and strength of internal waves, including the
internal tide, can be highly variable due to interactions with
background stratification and velocities (e.g., Nash et al.
2012). Nonetheless, internal waves with frequency on the
order of the local buoyancy are common in stratified, shallow
coastal waters, where waves are refracted by the sloping
bathymetry and propagate largely in the onshore direction
(incidence angles < 25°) (Richards et al. 2013; Colosi et al.
2018; Sinnett et al. 2018).

Many studies have focused on internal-wave transport of
water parcels; these results can be applied to passive organ-
isms, but not to swimming organisms (e.g., Wunsch 1971;
van den Bremer et al. 2019; but note the exceptions of Dewar
1980 and Franks et al. In press). Using linear wave theory in
the absence of background flows, Franks et al. (In press)
showed that both the direction and magnitude of transport
experienced by passive and swimming organisms in internal
waves depended on the organism’s depth and vertical swim-
ming ability. Sinusoidal, linear internal waves alone, however,
are not expected to induce significant net transport of
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organisms: positive horizontal velocities are matched in mag-
nitude by negative velocities, and integrate to zero at a fixed
depth. In these linear waves, any net transport can thus be
attributed to Stokes drift (Thorpe 1968; Dewar 1980), which
tends to be weak.

Unlike linear internal waves, the wave velocities associated
with highly nonlinear internal waves of depression are both
larger in magnitude as well as persistently in the direction of
the wave’s propagation at the surface, that is, onshore for
onshore-propagating waves, and negative/offshore at depth
(Apel et al. 1985). The associated surface transports are thus
expected to be greater than transports due to linear internal
waves, particularly because the large isopycnal depressions
drive strong surface velocities (e.g., Lamb 1997). For instance,
surface transport distances calculated for nonlinear internal
wave packets on the New Jersey shelf averaged to 1-2 km, but
reached as much as 10 km for a particularly large-amplitude
wave event (Shroyer et al. 2010). On other continental
shelves, nonlinear internal waves have been found to account
for sustained horizontal transports of 0.2-0.5 m? s~! inte-
grated over the surface layer (Inall et al. 2001; Zhang
et al. 2015).

High densities of larvae of benthic organisms can be found
within ~5 km of the coast (e.g., Shanks and Brink 2005;
Morgan et al. 2009), suggesting that internal-wave-induced
transport could return surface larvae to the nearshore habitat
and maintain recruitment in some populations. Translating
internal-wave-induced transport estimates to studies of larval
displacement directly, however, is challenging because (1) esti-
mates often focus only on wave-induced transport, not total
transport, (2) the methodologies are based on passive water
parcels, not swimming organisms, and (3) estimates are typi-
cally Eulerian and not along an organism’s path.

To assess the total transport associated with an impinging
internal wave, both the background currents and planktonic
swimming must be taken into account, as they modify the res-
idence time of organisms in a wave (Shanks 1995; Lamb 1997;
Pineda 1999). Internal waves and background currents, how-
ever, do not act independently: during their passage, internal
waves deform the vertical structure of background currents
(Stastna and Lamb 2002; Klymak et al. 2006), while back-
ground currents modify the shape of internal waves and affect
their propagation speeds.

Here, we focus on describing a novel cross-shore transport
mechanism specific to depth-keeping organisms. This mecha-
nism was revealed by the 3-D, underwater positions collected
in situ by our larval mimics as they encountered a weakly
nonlinear internal wave. Using data analyses and simple wave
models, we show that the sudden increase in the mimic’s
cross-shore transport can be explained by the deformation of
surface-intensified, onshore-flowing waters downward to the
depths of the mimics. We also demonstrate that the internal
wave deformation of vertically sheared background flows will
influence the transport of depth-keeping organisms, but not
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that of non-motile organisms. Thus, where internal waves
deform an onshore-flowing surface layer downward, depth-
keeping has the potential to increase onshore transport of lar-
vae, potentially aiding their recruitment to suitable nearshore
habitats.

Materials and methods

Field site

Experiments were conducted in June 2016 using small boats
within 3 km of Mission Beach, California (Fig. 1). The coastline
at Mission Beach roughly aligns in the north-south direction,
and the shelf bathymetry is smooth and shore-parallel. The
uniform alongshore bathymetry facilitates comparisons with
simple 2-D internal wave models. These characteristics, and the
proximity to Scripps Institution of Oceanography, have led to
the use of the region as an internal wave laboratory for more
than 50 yr (Armstrong and LaFond 1966).

Deployments targeted water depths < 30 m where trains of
onshore propagating internal waves have been previously
observed (Lerczak 2000; Lucas et al. 2011a). Given the local
quasi-two-layer stratification, high-frequency internal wave
trains have properties that agree well with linear theory, with
phase speeds on the order of 10-20 cm s~ (Lerczak 2000). The
present study took place in similar conditions to previous
experiments in the region.

Larval mimics

The M-AUEs are novel subsurface vehicles designed to mimic
larvae and other plankton (Fig. 2a): they are small (1.5 L) and can
be programmed with vertical swimming behaviors (Jaffe et al.
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2017). Because the vehicles’ 3D underwater positions can be
determined on spatial scales of meters and temporal scales of tens
of seconds, the M-AUE:s are ideal for studying biological implica-
tions of high-frequency physical processes. To control their verti-
cal positions, the M-AUEs use small piston adjustments to
regulate their buoyancy relative to a target pressure/depth (Jaffe
etal. 2017). The vehicles are equipped with pressure and temper-
ature sensors to characterize their physical environment, an
internal clock, and a hydrophone to record acoustic ranging
pings emitted by a moored array of surface buoys.

In the present instance, the M-AUEs were programmed to
maintain an approximately constant depth to simulate the ten-
dency of some larvae to swim against vertical velocities, as
inferred from cross-shore concentration surveys (Shanks and
Brink 2005), and confirmed by tracking individual plankters
both in situ (Genin et al. 2005) and in a laboratory flume
(DiBacco et al. 2011). Seven plankton mimics were deployed for
approximately 2 h near the surface (3-m target depth), where
internal-wave-induced horizontal currents were expected to be
large. To ensure the M-AUEs were above the pycnocline, the tar-
get depth was selected immediately prior to deployment based
on real-time water column data transmitted via cellular network
every 20 min from a moored, profiling Wirewalker (Rainville
and Pinkel 2001; Pinkel et al. 2011; Lucas et al. 2011a). We focus
here on the analysis of one particularly well-resolved wave event
on the afternoon of 27 June 2016.

Pinger array
The underwater positions of the M-AUEs were estimated
using time-of-flight measurements of acoustic pings from a
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Fig. 1. Map of field site. (a) Bathymetric contours at every 20 m (0-100 m depth) and at every 200 m (> 100 m depth). Red box shows location of inset
(b). (b) Bathymetric contours at every 10 m are shown, as well as locations of the T-chain, ADCP, pingers, and mean M-AUE start and end positions for

the wave event described in this study.
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Fig. 2. M-AUE deployment on the afternoon of 27 June 2016. (a) Underwater picture of one M-AUE being deployed from a small boat. (b) M-AUE
tracks, with color showing the temperature (°C) recorded by each vehicle. Stars show the location of the M-AUEs at the end of the wave of interest. (c)
M-AUE tracks showing the wave event isolated for this study in black. Black “Xs” show the start of the wave. (d) Same as (b), but color shows time since
the start of the deployment (min). (e) Vertical displacement (m) (right axis), temperature anomaly (°C) relative to temperature recorded at the start of
the wave, and smoothed cross-shore velocities (m s™') (left axis) experienced by the M-AUEs during the wave event highlighted. Time is shown from

when the wave first reached each M-AUE, shown by the black “Xs” in (c).

moored pinger array (Jaffe et al. 2017). Five acoustic pingers
were mounted just below the water surface on separate moor-
ings, each with continuous GPS navigation (Fig. 1). The pen-
tagonal pinger array spanned isobaths from 10 to 50 m, and
was about 3 km in diameter. Each pinger emitted a GPS-time-
scheduled ping every 12 s, and pings between adjacent pingers
were separated by 2 s; there was a pause of 4 s between each
five-ping sequence (Jaffe et al. 2017). The horizontal positions
of the M-AUEs deployed inside the pinger array were then cal-
culated postdeployment by trilateration, using the time delays

between ping emission and its recorded arrival time at the
M-AUE (Jaffe et al. 2017). Under optimal conditions, the hori-
zontal position of each M-AUE could be obtained every 12 s.
However, the noise from the M-AUE piston motor occasion-
ally obscured the recorded ping, reducing the temporal resolu-
tion of the M-AUE navigation. Keeping only the sequences for
which all five pings were properly recorded resulted in success-
ful localizations every 12 s more than 50% of the time. Over-
all, vehicles were located on average every 19-25s, so their
positions were interpolated to a common time vector with
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30-s time intervals. Vehicle velocities were derived from the
tracks, and smoothed with a LOESS filter (Cleveland and
Grosse 1991) and a 12.5-min window. The precision of the
position estimates varied from one vehicle to the other and
depended on sea state, but using an error of £ 5 m horizon-
tally encompassed >95% of the residuals in estimated dis-
tance from each pinger, based on a test deployment that
presented more localization issues (not shown). Residuals were
calculated by subtracting the distances between each pinger
and vehicle, estimated by trilateration, from the distances cal-
culated using the time delays. The 2-h duration of the M-AUE
swarm deployment was set by the time it took the M-AUEs to
drift out of the 3-km wide pinger array, as estimated from ini-
tial test deployments.

Moorings

To characterize the physical and hydrographic environ-
ment, an acoustic Doppler current profiler (ADCP) and therm-
istor chain (T-chain) were deployed within the pinger array in
20 m of water (Fig. 1). The bottom-mounted, upward-looking
five-beam Teledyne RD Instruments Sentinel V ADCP sampled
at 2 Hz with vertical bin sizes of 0.25 m. Adjacent to the ADCP
was a taut mooring T-chain with 15 RBRsolo temperature sen-
sors secured every meter along a line; at the top and bottom
positions were Sea-Bird Scientific SBE-56 temperature sensors,
while the middle position held an RBRduo temperature/pres-
sure recorder. The ADCP and T-chain were deployed on the
same isobath and were separated by 25 m in the cross-shore,
and 105 m in the alongshore direction. The T-chain was con-
figured to be taut relative to the bottom, and thus in the same
frame of reference as the ADCP. Because the M-AUEs
referenced their depth relative to the surface, which varies rel-
ative to the bottom as a function of the surface waves and
tide, both the ADCP velocity records and the T-chain measure-
ments were converted from distance above the bottom to
depth below the surface. The velocity data were then linearly
interpolated to a fixed-depth grid, with a vertical resolution of
0.25 m, and filtered in both the forward and backward direc-
tion, with a moving average window of 60s in time, and
3 bins in depth. This filtering method was selected to avoid
phase distortion of the signal. Temperature data for each T-
chain logger were filtered using a 10-s moving average filter,
and decimated to a common 10-s time vector before also
being linearly interpolated to the same fixed-depth grid as the
velocity data. Isotherm depth was estimated using linear inter-
polation between sensors. Because there was a small horizon-
tal offset, the temperature and velocity time series of the
moorings were aligned based on their respective internal wave
arrival times.

Minute-averaged wind data were obtained from the Scripps
Pier weather station, located 25 km to the north of the site, as
measured with a RM Young 05106 anemometer and recorded
using a Scripps DL4 Hydroclimate data logger.
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Wave model

The Korteweg-de Vries (KdV) equation is one of the models
commonly used to study shallow-water, weakly nonlinear
internal waves (reviewed in Apel 2002). The better-known soli-
tary wave solution to the KdV equation describes weakly
nonlinear, nonsinusoidal internal waves. Cnoidal functions,
cn, can be used to extend the KdV solutions to oscillatory
waves with a broader range in nonlinearity (Apel 2002):

0(%,2,t) =+ Nmaxp(Z)en® (y (x=ct);m) +d, (1)

where 7. is the crest elevation (m), nmax iS the maximum
isopycnal displacement (m), ¢(z) is the wave’s vertical struc-
ture function, ¢ is the wave propagation speed (ms™), t is
time (s), m is the modulus of the Jacobi function cn, d is the
mean value of n over a period, and

Z_a”max
"= Tomp (2)

In this case, x (m) is positive in the direction of wave propa-
gation, and z (m) is positive up. Both the crest elevation and
the wave propagation speed can be related to the complete
elliptical integrals of the first and second kind, K(m) and E(m),
respectively using

equation 1,
et (1om-) ®
and
c=co+doc+0mr3naX <2r—nm_3rfl(<r(nn)1)). (4)
equation 2.

Given this solution, the wavelength A = 2K(m)/y, with period
T =2/c.

As presented by Shroyer et al. (2009) and Grimshaw et al.
(2004), the nonlinear and dispersive coefficients, a and p
respectively, can be calculated from the linear wave propaga-
tion speed, co, and a background velocity profile, ug, using

3
3 tco-un)* (*5) dz (5)
a= =
ZJE)H(C()—LIB) (%) dz

and
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Here, ¢ and ¢, were calculated from our observed background
stratification and velocities using Smyth et al.’s (2010) Taylor-
Goldstein equation solver, following the method of Shroyer
etal. (2011). Because the profiling Wirewalker showed that tem-
perature dominated the vertical and temporal variability of den-
sity (not shown), we calculated the background stratification
from temperature using a salinity of 33.5. The ADCP did not
cover the top 3 m of the water column, so we varied the extrapo-
lation of cross-shore velocities to the surface until the KdV flow
field best matched the distribution and magnitude of cross-
shore velocities measured at 3 m. We set d to zero, and used the
computed values for co, @, and g, as well as our observed #max
and T to estimate m iteratively.

Wave-induced velocities are commonly defined as velocity
anomalies relative to the unperturbed background velocity
profile (e.g., Stastna and Lamb 2002), that is, they include
contributions from the propagating wave and the deformation
of the background velocities. We separate the wave- and
background-velocity contributions to total velocities by using
a tilde to denote the velocities associated with the deformed
background profile (i3, wg) and reserve ug for the un-deformed
background profile ahead of the wave (Fig. 3). We calculate
the wave velocities (1w, ww) by subtracting background veloc-
ities interpolated along isopycnals from total velocities (ur,
wr) (Shroyer et al. 2010):
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(7)

Uy = Ut —1ig,
and

Ww=Wr+ V~VB , (8)
where ui5(z) =ug(z-7), and wp =0 due to negligible background
vertical velocities.

Modeled organisms

To assess the effects of vertical swimming on horizontal
transport, we introduced virtual organisms into the theoretical
wave flow field. These organisms covered a range of swimming
strategies, going from (1) Passive/Lagrangian, that is, they
were advected by the wave and background horizontal and
vertical velocities, to (2) Depth-keeping, that is, they exactly
countered external vertical velocities, but were advected by
horizontal velocities (see Scotti and Pineda 2007 for comments
on depth-keeping vs. directed swimming).

Results

M-AUE transport

The M-AUE records revealed a 15- to 20-min time period
with elevated temperatures that coincided with the M-AUEs’
downward displacements and increased horizontal velocities
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onshore (Fig. 2). These data are consistent with an internal
wave of depression propagating through the swarm, as the
downward isotherm displacement will draw warm near-surface
water past the depth-keeping M-AUEs. However, the M-AUEs
were not perfectly depth-keeping, as can be seen by their
~1m vertical excursions (Fig. 2e). Noting that the M-AUEs
exhibited a time lag in their response to vertical displacement
by the wave (Fig. 2e), and assuming that the wave’s downward
and upward vertical velocities were equal (as would be the case
with a sinusoidal wave), the M-AUEs’ maximum swimming
speeds were estimated by subtracting their upward and down-
ward velocities. Overall, the M-AUEs’ vertical swimming veloc-
ities were < 0.15 cm s™".

As the wave trough passed, the seven M-AUEs were advected
onshore, with net cross-shore displacements ranging from 30 to
70 m (mean of 50 m). None of the M-AUEs returned to their ini-
tial horizontal locations after the wave’s passage (Fig. 2b,d), as
would be expected in a linear internal wave without back-
ground currents. Because the Stokes drift in linear internal
waves tends to be small compared to transport by strongly
nonlinear waves (Lamb 1997), a reasonable hypothesis would
be that a nonlinear internal wave moved the M-AUEs onshore.
However, the maximum isotherm displacement during wave
passage was small compared to the water depth (~ 10-15%),
consistent with a linear or weakly nonlinear wave. These obser-
vations suggested that some other mechanism contributed to
the observed cross-shore transports.

Background velocities

A spectral analysis of our ADCP time series of cross-shore
velocities showed that variance was elevated in both the near-
fand M2 tidal frequencies (Fig. 4). A band-pass filter centered
between 1/14.5 and 1/11 cycles h™ was used to isolate the M2
velocities (Lerczak 2000). Over the 14-d period, depth-
independent (barotropic) cross-shore tidal velocities reached a
maximum of 0.03 m s}, while the amplitude of the mode-1
baroclinic (internal) tide reached a maximum of 0.08 m s~!
(Fig. Se). Although the barotropic tidal velocity was onshore
during the M-AUE deployment, baroclinic velocities in the
upper half of the water column were negative (offshore), and
background cross-shore velocities at 3-m depth were only
0.02m s~ (Fig. 5c). Background velocities alone can, there-
fore, account for only about half of the ~ 50-m mean M-AUE
cross-shore transport (Table 1). The observed background
velocity profile was within the variability of hourly averaged
currents measured throughout the 14-d deployment
(Figs. 5¢, 6).

Wave event

Nearly 50 min after propagating through the M-AUE
swarm, the internal wave event was recorded at both the
ADCP and T-chain (Fig. 5b, Wave). Based on these arrival
times and the 10.5-min wave period, T, measured at the
ADCP, the wave’s cross-shore propagation speed, ¢, and its
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cross-shore wavelength, 1, were estimated to be 0.3 m s~! and

190 m, respectively. At the T-chain, the wave had a maximum
isotherm displacement of ~ 3 m. Although an internal wave
appears to have preceded the wave of interest (Fig. 5b), we
focus on the second wave because of its stronger and more
complete signal in the M-AUE record.

Prior to the wave’s arrival, background cross-shore velocities
were negative/offshore approximately between 3- and 8-m
depth, and positive/onshore below (Fig. 5b, Background). Back-
ground cross-shore velocities above 3-m depth appeared to be
positive/onshore, possibly due to the afternoon sea breeze blow-
ing onshore (Fig. 5a). As it propagated past the ADCP and T-
chain, the internal wave appears to have vertically deformed
this along-isopycnal, surface-intensified, onshore background
flow downward, drawing positive/onshore velocities downward
to depths as great as 6 m (Fig. 5b, Wave). The total transport
experienced by the M-AUEs was, therefore, a combination of
both the wave’s velocities and the deformed background
velocities.

KdV model

To address the lack of ADCP coverage in the top 3 m, vari-
ous extrapolations of cross-shore background velocities
toward the surface were tested to find the best match of the
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Fig. 5. Wave and background flow properties. (a) Thirty-minute moving
average of east component of the wind (ms™') measured at the Scripps
Pier. Negative values indicate wind blowing from the west (i.e., onshore).
The M-AUE deployment time is shown by the gray box. (b) ADCP time
series. The black rectangles show the wave of interest (right box), as well as
the time period over which the mean background velocity and stratification
profiles were calculated (left box). (€) Mean cross-shore background veloci-
ties (m s™"), calculated every 0.25 m (black line), and extrapolation of back-
ground velocities to the surface, as described for the KdV 2 model (red line)
(Fig. 7). The shaded areas show the envelopes containing 100%, 90%, and
50% of the low-pass filtered velocity data (< 1 cycle h™") shown in Fig. 6.
The dotted line shows zero cross-shore velocity. (d) Background density
profile (kg m~3). () Maximum cross-shore velocity amplitude of the M2
baroclinic tide. This vertical structure explains 85% of the M2 baroclinic
variance. The dotted line shows zero cross-shore velocity.

KdV model to observations. A constant extrapolation of back-
ground velocities measured at 3-m depth to the surface pro-
duced a wave of elevation from the KdV model (Fig. 7, KdV 1),

Novel cross-shore transport mechanism

Table 1. Total cross-shore transport experienced by
depth-keepers at 3 m depth, over a wave period. Values are posi-
tive onshore.

Source of estimate Ax (m) 7 (min)
M-AUEs (n = 7) 30-70 15-20
KdV simulation
Full simulation, uw + Ug 95 17
Using wave velocities alone, uy 25 12
Using background velocities 25 17*
alone*, ug
ADCP
Integrated 55 10.5
Propagated with c= 0.3 ms™' 90 15

*Time of integration determined by residence time in the full wave.

while observations indicate that a wave of depression propa-
gated through the M-AUEs. Experiments showed that positive,
surface-intensified velocities above 3 m were necessary to
reverse the polarity predicted by the model from a wave of ele-
vation to a wave of depression such as was observed
(e.g., Fig. 7, KdV 2). Testing a range of cases, it became clear
that an extrapolation of the vertical shear to 2.5 m, with
velocities then held constant to the surface (Fig. 5c) best
reproduced the distribution and magnitude of cross-shore
velocities measured at the ADCP (Fig. 8). The observed wave
period was best reproduced when m = 0.13; however, the cal-
culated 5. had to be set to zero for isopycnals to return to their
unperturbed depths at the internal wave crests, as observed
(Fig. Sb). It is unclear whether isopycnals did indeed return to
their unperturbed depths, or if this impression was a result of
the background being calculated at a time when isopycnals
were raised, despite appearing flat. Nevertheless, the flow field
associated with the modeled wave of depression in Fig. 7 (KdV
2) was an excellent match to observations, and subsequent ref-
erences to a theoretical/KdV flow field will imply this specific
solution. The 0.23 ms™' wave propagation speed associated
with the KdV solution selected was 25% less than the field
estimate based on the wave arrival times at the M-AUEs and
mooring; however, it is not uncommon for theory to underes-
timate wave propagation speeds (Lien et al. 2012). The calcu-
lated value of m was small, supporting the hypothesis that the
observed wave was only weakly nonlinear.

Transport of modeled organisms

To estimate total cross-shore transport of organisms in the
wave, virtual organisms with swimming behaviors ranging
from completely passive to depth-keeping were seeded at 3 m
depth in the theoretical flow fields generated from the KdV
equation (Fig. 7, KdV 2). The total cross-shore transport
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Fig. 6. Low-pass filtered (< 1 cycle h™") cross-shore velocities (m s~') measured at the ADCP during the full 14-d deployment. The black triangle shows

the time of the M-AUE deployment. Positive velocities are onshore.
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Fig. 7. Observation and model comparisons. The background velocity
profile in KdV 1 has the velocity measured at 3-m depth held constant to
the surface, while in KdV 2 the background vertical shear measured at
3 m is extrapolated to 2.5-m depth, with velocity then held constant to
the surface. Red colors are positive onshore and in the direction of the
wave propagation. The gray lines show isopycnals every 0.15 kg m~3,
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Fig. 8. Total cross-shore velocity (ms™') at 3-m depth. The gray line

shows 30-s smoothed ADCP measurements, while the black line shows
the KdV 2 velocities (Fig. 7).

distance experienced by modeled depth-keeping organisms
was ~ 95 m, with a residence time in the wave, 7, of ~ 17 min
(Fig. 9). Propagating virtual depth-keepers in the velocities
captured by the ADCP during the wave event yielded a trans-
port estimate of ~90 m with residence time of ~ 15 min,
showing good agreement with the theoretical estimate.

Horizontal transport of modeled passive organisms in the
same wave flow field and depth was estimated to be ~ 50 m,
with a residence time of ~ 14 min. Transport distances and res-
idence times for weak swimmers fell somewhere between
those associated with passive and depth-keeping organisms
(Fig. 9). In comparison, the total cross-shore transport of the
M-AUEs ranged approximately from 30 to 70 m (mean 50 m),
with residence times from 15 to 20 min. Seeding passive and
depth-keeping organisms throughout the water column of the
KdV flow field yielded residence time estimates ranging from
9 to 17 min, with cross-shore transport ranging from roughly
—25 to 95 m onshore (Fig. 10).

Discussion

A drifting swarm of M-AUE larval mimics programmed to
maintain 3-m depth was observed to suddenly move onshore,
with net horizontal displacements of 30-70m over
15-20 min. The anomalously warm waters recorded by the M-
AUEs were consistent with them being transported in the
trough of an internal wave. However, the amplitude of the
internal wave indicated that it was not a highly nonlinear
wave. Data analysis and modeling support the hypothesis that
the M-AUEs were advected onshore in a combination of wave-
generated currents, and wave-deformed background currents:
a weakly nonlinear internal wave brought surface-intensified
onshore currents down to the depths of the M-AUEs, boosting
them onshore. This mechanism not only led to enhanced
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the maximum cross-shore transport experienced by the M-AUEs (70 m).

onshore velocities of the M-AUEs, it also extended the time
the M-AUEs spent in the wave, further enhancing their
onshore transport.

(a) (b)

-—-- Passive'
o | == Depth-keeping

Depth of organisms (m)

5 10 15
Residence time (min)

-50 0 50 100 150
Horizontal displacement (m)

Fig. 10. (a) Residence time (min) and (b) total cross-shore displacement
(m) experienced by passive/Lagrangian (dashed) and depth-keeping
organisms (solid) in the KdV 2 theoretical flow field (Fig. 7). Depth is
based on vertical position at the crest of the waves. The thin gray line in
(b) shows zero net transport.
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Mechanisms of transport

As the wave of depression propagated through the M-AUEs
and past the moorings, the downward deflection of the iso-
therms also drew the surface-intensified, along-isopycnal back-
ground horizontal velocities downward (Fig. 11). Above 6 m,
background cross-shore velocities at any given depth were
increased by this downward deformation of the fast-moving
near-surface currents (Fig. 5b, Wave). The M-AUEs and any
organisms that could maintain depth in the wave’s trough
thus experienced total cross-shore velocities that were a com-
bination of the wave’s velocities at that depth, and the higher
background velocities, 13, drawn downward by the wave from
shallower depths. Passive organisms, on the other hand,
would have felt only the wave velocities embedded in a steady
background velocity. Thus, in this vertically sheared, wave-
perturbed flow field, any depth-keeping behavior would have
exposed organisms to nonsteady, onshore, background veloci-
ties and resulted in increased cross-shore transport (Fig. 11).

The largest transports experienced by the M-AUEs were
within the range expected for plankton with vertical swim-
ming speeds of ~ 0.05-0.1 cm s~ (Fig. 9a). Swimming speeds
on the order of 0.1-1 cm s~ are well within the abilities of
many larvae (Mileikovsky 1973; Chia et al. 1984; Weidberg
et al. 2014), and zooplankton such as the Antarctic krill
(Murphy et al. 2013). With vertical swimming speeds
<0.15cms™!, the M-AUEs are thus representative of fairly
weak swimmers; stronger swimmers would have experienced
even larger cross-shore transports in the observed wave.
Although the maximum vertical velocities associated with the
wave were ~ 1-2 cm s, our results show that swimming
speeds of ~0.25 cm s™' would have been sufficient to experi-
ence the same onshore transport as the strongest depth-
keepers (Fig. 9a).

The total cross-shore transport of any organism over a wave
period, Axqg, can be calculated by summing the wave’s cross-
shore velocities and any additional contribution to cross-shore
velocities experienced over time (Lamb 1997). In our case, we
assumed no horizontal swimming, so additional contributions
are limited to the background current:

)

t2
AXorg = J [”W (Xorg, Zorg) t) +1ip (Xorgr Zorg) t)] dt,
t1

where x,¢ and z,4 represent the horizontal and vertical posi-
tion of the organism, respectively, and f1 and t2 are times
immediately as the organism enters and exits the wave,
respectively. Importantly, because of the wave’s deformation
of the vertically sheared background current, the 1z experi-
enced by even weakly depth-keeping organisms will vary sig-
nificantly over the wave’s cycle.

An important result arising from Eq. 9 is that the total
transport of planktonic organisms cannot be estimated by
summing the total transport due to the wave and to
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Fig. 11. Schematic of plankton transport induced by internal-wave deformation of a surface-intensified, vertically sheared background current (black
arrows and shading). As the internal wave train propagates to the right, it deforms along-isopycnal background velocities. Passive phytoplankton (circles)
are moved up and down by the waves and experience constant background velocities, while depth-keeping zooplankton (lobster larvae) are exposed to
higher background velocities. Overall, depth-keeping plankton experience greater onshore transport than passive plankton due to both increased veloci-
ties and increased residence time in the waves. The black dash-dot line shows the organisms’ initial horizontal positions.

background currents independently (e.g., Table 1). Rather,
Eq. 9 shows that because the background current influences
the position of an organism with respect to the wave, both
wave and background velocities must be integrated simulta-
neously along the organism’s path over time. Obtaining sub-
surface, time-varying, three-dimensional trajectories in the
ocean at spatial and temporal scales relevant to high-
frequency internal waves is technologically challenging. Using
mooring (i.e., Eulerian) velocities to predict transport, how-
ever, must be done with caution. Equation 9 relies on the
velocities as experienced by the organisms; substituting a time
series of measured mooring velocities for uw and u will not
account for how organisms experience the flow, that is, their
residence time in various parts of the wave.

The important difference between Eulerian and Lagrangian
frames of reference can be illustrated using time series from the
virtual depth-keeping organisms seeded in the KdV theoretical
flow field (Fig. 12). Though the results are specific to this simu-
lation, the principles apply to any wave field. Integrating the
total velocities as sampled by a virtual mooring at 3-m depth
over a wave period (Fig. 12c, solid line) predicts an onshore
transport of ~40m, in contrast to the ~95m transport
obtained for depth-keeping organisms seeded at the same depth
in the same flow. Comparing the velocity time series obtained
from the mooring (Fig. 12c, solid line) and the velocity time
series of an advected organism (Fig. 12b, solid line) shows the
difference between the two measurements: organisms traveling
with the wave spent more time in the wave’s trough where the
directions of the wave and background velocities aligned.

Stokes drift is derived from the difference between predic-
tions of travel paths and Eulerian measurements over a wave
period. It is important to note, however, that the duration of a
“wave period” experienced by an organism is distinct from
the wave period itself, and also depends on background cur-
rents. For instance, in our simulation, background currents
increased the residence time of depth-keepers in the wave to
~17 min (Fig. 3b, solid line, Table 1), compared with a
~ 12-min residence time associated with the wave velocities
alone (Fig. 3b, dashed line, Table 1). This phenomenon arises

from Doppler shifting of the wave in a moving reference
frame (the background current). We note that the compari-
sons between results derived from the full flow field vs. the
wave velocities alone are for illustrative purposes and neglect
the fact that without background currents, the wave shape
would be different.

Depth-keeper at 3-m

o
(9}

10
Time (min)

15

Fig. 12. Cross-shore transport and velocity of depth-keepers and at a
simulated mooring over a wave period, using the KdV 2 theoretical flow
field (Fig. 7). (a) Cross-shore displacement of 3-m depth-keepers associ-
ated with wave velocities alone (black dashed line), and with total veloci-
ties over a wave period (black solid line). Gray lines show the
displacement associated with the unperturbed background current alone,
at 2 m (dotted) and 3 m (solid) depth. (b) Cross-shore velocity of 3-m
depth-keepers when propagated using wave velocities alone (dashed line)
and using total velocities (solid line), over a wave period. Positive veloci-
ties are onshore and negative velocities are offshore. (c) Cross-shore veloc-
ity at 3 m depth, as sampled by a mooring. Wave velocities are in dashed,
and total velocities are in solid.
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In general, any background current will affect the transport
of both depth-keeping and passive plankton by modulating
the total velocities these organisms experience. These
background-influenced velocities will in turn influence the
time the organisms spend in the wave. When wave propaga-
tion speed estimates can be obtained, numerically propagating
virtual organisms in a wave-perturbed flow measured by an
ADCP will yield better larval transport estimates than simply
integrating ADCP velocities (Table 1). Including horizontal
swimming of 1-5 cm s~ in realistic numerical simulations of
the central California upwelling system has been shown to
increase larval supply to the nearshore (Drake et al. 2018);
although neglected here, horizontal swimming in the direc-
tion of wave propagation could also enhance an organism’s
residence time in the wave and thus total transport (Shanks
1995). However, we have shown that a wave-deformed, verti-
cally sheared background current obviates the need to invoke
any directed horizontal swimming by the plankton.

Vertical structure of velocities

Overall, transport estimates are sensitive to the magnitude,
direction, and vertical structure of the background current,
the period and direction of the wave, as well as plankton hori-
zontal and vertical swimming behavior (Lamb 1997; Franks
et al. In press). For waves of depression, enhanced onshore
transport will occur when the background currents above
swimming organisms are in the onshore direction, as they
were with the M-AUEs in this study. This can be seen from
the virtual organisms seeded throughout the water column in
our theoretical flow field (Fig. 10). Because of the depth-
dependence of both background and wave cross-shore veloci-
ties, the total transport experienced by both depth-keeping
and passive organisms was strongly dependent on their release
depth (Fig. 10). The background current yielded greatest hori-
zontal transport for depth-keeping organisms at some depths,
and for passive organisms at other depths. In comparison,
wave velocities alone would generate weaker transports
throughout the model water column for both depth-keeping
and passive organisms (Franks et al. In press).

An earlier study slightly north of our field site documented
cross-shore variation in concentrations of barnacle nauplii
and cyprids: the concentrations of the nauplii increased with
distance from shore, while the concentrations of the cyprids,
which are stronger swimmers, were higher closer to shore
(Hagerty et al. 2018). This pattern was consistent with other
studies (Tapia and Pineda 2007; Weidberg et al. 2014), and
was more pronounced in spring-summer when stratification
would support internal waves. Our observations suggest a pos-
sible mechanism driving these differing distributions: passive
nauplii may experience weak onshore/offshore transport due
to internal waves, while near surface depth-keeping cyprids
are brought onshore by the combination of internal waves
and deformed, surface-intensified background currents. Like-
wise, the variability in transport of surface drifters reported by
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Shanks (1983), which was attributed to linear vs. nonlinear
internal waves (Shanks 1995; Pineda 1999), may also have
arisen from a wave-current interaction similar to that
described here.

The vertical structure of background velocities will be deter-
mined by a variety of dynamics on timescales longer than the
high-frequency internal waves, including the sea breeze, the
internal tide, and other lower-frequency flows. In regions
where the sea breeze drives a strong onshore surface flow, such
as the coast of California (Hendrickson and MacMahan 2009),
the phasing of the sea breeze, the internal tide, and high-
frequency internal wave activity will vary from day to day,
leading to variations in larval transport (Hill 1998). Tapia and
Pineda (2007), for instance, reported higher cyprid settlement
after a day of sustained onshore winds. Alternately, where
background velocities are predominantly driven by the inter-
nal tide, nonlinear wave trains may be phase-locked with pref-
erentially onshore surface currents, as observed in the South
China Sea (Alford et al. 2010). Prior studies at our site found
cross-shore velocities on the shelf to be predominantly driven
by a near-inertial response to the diurnal sea breeze and semi-
diurnal baroclinic tidal motions (Lerczak 2000; Lucas et al.
2011b). Spectral analysis of our ADCP time series confirmed
elevated cross-shore variability at both the near-f and M2 tidal
frequencies, but the direct effects of the sea breeze could not
be distinguished from higher tidal modes due to a lack of
velocity data in the top 3 m.

Although this study focused on the transport implications
of internal waves deforming background velocities specific to
depth-keeping plankton, it is worth noting that the vertical
structure of background velocities will also affect the shape
and period of the internal waves planktonic organisms will
experience (Fig. 7), and thus their transport.

Conclusions

A deployment of seven subsurface vehicles, the M-AUEs,
programmed to mimic planktonic depth-keeping behavior
showed a pronounced onshore transport during the passage of
an internal wave. In situ data and results from simple models
showed that depth-keeping organisms can experience
increased cross-shore transport through an internal wave-
mediated deformation of a vertically sheared background cur-
rent. By displacing isopycnals and high-velocity surface waters
downward, internal wave troughs can increase both the resi-
dence time and total transport of organisms capable of even
weak depth-keeping behavior. A KdV model, parameterized
with mooring data, reproduced transport of the M-AUEs
remarkably well: both model and observations showed that
onshore transport on the order of 100 m could take place over
15-20 min, as internal waves displaced faster background
cross-shore surface velocities downward to the M-AUE depths.
The increased cross-shore transport associated with the time-
varying background velocities experienced by organisms
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capable of vertical swimming is mathematically analogous to
the increase in onshore transport associated with horizontal
swimming in highly nonlinear internal waves (Shanks 1995;
Lamb 1997): “residence time” in the wave is increased relative
to a case without swimming or vertically sheared background
velocities. However, to experience a similar enhancement in
transport, exploiting the deformation of a strongly sheared
background flow requires much weaker swimming speeds
than swimming horizontally, and is thus energetically less
costly to organisms.

Predictions of larval transport will be improved by
quasi-Lagrangian measurements of high-frequency physical
processes and better understanding of plankton swimming
behaviors (Metaxas and Saunders 2009). Given the predictabil-
ity of the diurnal sea breeze in many areas, including the coast
of Southern California (Dorman 1982; Lerczak et al. 2003), it
is conceivable that populations of some organisms have
adapted to exploit the interacting wind and internal wave
velocity fields to enhance their onshore transport. Other
mechanisms could also drive a vertically sheared background
current in other areas; larvae located near riverine input, for
instance, could maintain depth at optimum salinity concen-
trations and benefit from internal waves propagating offshore
for dispersal (Nash and Moum 2005). Ultimately, the direction
of the transport boosts will be set by the shallower back-
ground currents advected by internal waves to the depths of
the depth-keeping organisms.
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