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Abstract In the surfzone, breaking-wave generated eddies and vortices transport material along the coast
and offshore to the continental shelf, providing a pathway from land to the ocean. Here, surfzone vorticity is
investigated with unique field observations obtained during a wide range of wave and bathymetric conditions on
an Atlantic Ocean beach. Small spatial-scale [O(10 m)] vorticity estimated with a 5 m diameter ring of 14
current meters deployed in ~2 m water depth increased as the directional spread of the wave field increased.
Large spatial-scale [O(100 m)] vorticity calculated from remote sensing estimates of currents across the
surfzone along 200 m of the shoreline increased as alongshore bathymetric variability (channels, bars, bumps,
holes) increased. For all bathymetric conditions, large-scale vorticity in the inner surfzone was more energetic
than in the outer surfzone.

Plain Language Summary Circular, rotating flow features, such as eddies, swirls, and vortices mix
and disperse material throughout the ocean. Here, circular flow features that can transport sediments, pollutants,
and biota from the shore to the continental shelf were investigated using field observations from a 5 m diameter
ring of current meters in 2 m depth and from tracking naturally occurring ocean foam visible in optical images of
the surfzone (where waves break) spanning 200 m of the coast. The observations show that small-scale flow
patterns become more energetic as ocean waves arrive from a wider range of directions and that large-scale flow
features become more energetic as the seafloor becomes more nonuniform (including holes and channels).

1. Introduction

In the shallow surfzone, waves shoal and break along the coast, generating eddies and vortices that contribute to
mixing and dispersion, and transport materials from the shoreline to the inner continental shelf, and along the
coast (Brown et al., 2019; Clark et al., 2010; Feddersen, 2007; Feddersen et al., 2011; Hally-Rosendahl &
Feddersen, 2016; Hally-Rosendahl et al., 2014, 2015; and others). These processes affect the distribution of
bacteria, larvae, pollutants, and sediment (Boehm, 2003; Feddersen et al., 2021; Grant et al., 2005), and thus are
important to human (Boehm et al., 2017; Moulton et al., 2023) and ecosystem health (Morgan et al., 2018).
Determining how surfzone vorticity is generated and evolves is necessary for understanding, and thus modeling,
the fundamental physics of circulation in the nearshore coastal ocean.

In the shallow waters of the surfzone short-crested breaking waves (0.05 < f < 0.25 Hz, where fis frequency) have
been hypothesized (Biihler, 2000; Peregrine, 1998, 1999) to be a source of small [O(10 m)] length-scale eddies.
Specifically, the wave breaking-induced change in vertical vorticity Awy is (Peregrine, 1999):

24E,

Aw _[ 2h, ]
¢ ghy(hy + hy)

where h; and h, are the instantaneous water depths in front of and behind the breaking wave, respectively, E,; is
the breaking dissipation, and y, is the distance in the along-crest direction. The along-crest change in dissipation
(dE,/dy,) is greatest at the end of a breaking wave (crest end) where there are adjacent regions of breaking and
non-breaking (Figure 1). Numerical simulations also suggest that short-crested breaking waves can generate
vorticity, and that vorticity variance and dispersion increase with the number of crest ends (via directional spread)
(Baker et al., 2021; Bonneton et al., 2010; Bruneau et al., 2011; Biihler, 2000; Biihler & Jacobson, 2001; Geiman
& Kirby, 2013; Johnson & Pattiaratchi, 2006; O’Dea et al., 2021; Spydell et al., 2009; Wei et al., 2017).

Recent numerical model studies have investigated vorticity in the surfzone, with emphasis on the roles of
breaking waves and the underlying bathymetry. Field data to validate results are limited, in part due to the
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challenge of deploying and maintaining in situ instrumentation in the surf-
zone, and the limited spatial resolution of measurements. Phase-resolving

Short-crested breaking wavesl

wave models that simulate currents and vorticity on idealized bathymetry
(Baker et al., 2021; O’Dea et al., 2021) suggest that the energy of small-
spatial scale [O(10 m)] surfzone vorticity increases with increasing direc-
tional spread of the wave field (more injection due to short crested breaking),
and that larger-scale [O(100 m)] vorticity (rip currents and circulation cells)
increases as the variability of the bathymetry increases (Baker et al., 2021;
Kennedy et al., 2006; O’Dea et al., 2021).

Here, during a wide range of incident wave conditions, small spatial-scale
[O(10 m)] vorticity in the surfzone was estimated (Clark et al., 2012) with
a unique 5 m diameter ring of current meters, allowing comparison with the

Figure 1. Photograph of short-crested [O(10 m) length scales] waves corresponding statistics of the wave field, in particular the spread in directions

breaking in the surfzone that generate rotational forcing that injects negative
(blue) and positive (red) vorticity into the water column.

from which waves arrive. In addition, large spatial-scale [O(100 m)] vorticity
was estimated from remotely sensed currents every 3.2 m across the surfzone
along 200 m of the shoreline, allowing the effects of bathymetric variability to be investigated with field ob-
servations for the first time.

2. Observations

In 2013, a 5 m diameter ring of 14 current meters was deployed in ~2.0 to 2.5 m water depth in the surfzone
(Figure 2) for 29 days to measure mean vertical vorticity at the U.S. Army Corps of Engineers Field Research
Facility (FRF) on the Atlantic Ocean in Duck, NC. The current meters were sampled at 8 Hz, resolving vorticity
injection by individual waves. Vertical vorticity within the ring of current meters (Figure 2) was estimated using
Kelvin's circulation theorem @ = A~ y§u - dl, where A is the area inside the array, u is the horizontal velocity
vector estimated from the current meters, and / is the closed path around the perimeter of the array (Clark
et al., 2012; Thomson, 1910). Vorticity averages and variances were considered across 60 min periods.

Remotely sensed imagery for estimating surface currents was collected during daytime hours using optical
cameras mounted on a ~40 m tall tower overlooking the surfzone. Nearshore flows were estimated from the
imagery using naturally occurring foam as a tracer for surface currents and the Particle Image Velocimetry (PIV)
algorithm (Dooley, Elgar, Raubenheimer, & Gorrell, 2024 and references therein), resulting in 2 min mean flow
estimates every 3.2 X 3.2 m across the surfzone (Figure 3). Vorticity @ was estimated from this flow field from the
curl of the velocity (@ = V X i), where the partial derivatives of the velocity are estimated using finite dif-
ferences (color contours, Figures 3a and 3c). To reduce errors in velocity estimates that can increase with distance
from the camera and obliqueness of the viewing angle (Dooley, Elgar, Raubenheimer, & Gorrell, 2024), only the
200 m of coastline closest to the camera were analyzed. Data were collected in 2013 during the ring deployment
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Figure 2. (a) Bathymetry (contour curves every 0.5 m) on 1 October 2013 as a function of cross- and alongshore coordinates
at the USACE Field Research Facility, Duck, NC. The coordinate system originates at the shoreline and the edge of the
camera field of view. The grayscale background is a 10 min time-averaged image of the surfzone, where lighter areas indicate
foam caused by breaking waves. The current meter ring is indicated by the red circle. (b) Current meter ring before
deployment by helicopter into the surfzone (3 of the 14 Acoustic Doppler Velocimeters (ADVs) are indicated by the arrows).
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Figure 3. Remotely sensed estimates of 2 min mean surface currents (arrows point in the direction of flow with length
proportional to speed, only every third vector is shown) as a function of cross-and alongshore coordinates for high
bathymetric variability on 1 October 2013 (a), (b) and low bathymetric variability on 29 August 2021 (c), (d). Currents are
superimposed on color contours of vorticity (scale on top) (a), (c) and bathymetry (scale on right) (b), (d). The red dashed
lines enclose the surfzone. The current meter ring was located at cross- and alongshore coordinates 60 and 100 m during the

2013 experiment (Figure 2).

(Elgar et al., 2023; Elgar & Raubenheimer, 2020), and during 2018, 2021 (Chen et al., 2024; Salatin et al., 2024;
Straub et al., 2023), and 2022 (Dooley, Elgar, Raubenheimer, & Gorrell, 2024) across varying bathymetries.

Mean hourly vorticity estimated at the current meter ring is correlated with the vorticity estimated using remote

sensing with 7% = 0.6 (n = 117 points). The largest differences occur when strong offshore flows (undertow) were

measured at the current meter ring (~2 m depth), consistent with variations between surface currents and mid-

water column flows. For 2 min mean vorticity, results are less correlated, likely owing to noise in remote

sensing estimates at short length and time scales. Incident conditions measured at the ring concurrent with remote
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Figure 4. Vorticity variance versus wave directional spread estimated at the
current meter ring at 8 Hz for 1 hr periods. Points are averaged into bins (8-
38 points) where the circles indicate the mean value within each bin and the
vertical bars are one standard deviation. The black dashed line corresponds
to the best linear fit of the un-binned data, with r* = 0.71 (n = 168).

sensing periods (daylight hours with sufficient foam to track at the ring)
included significant wave heights that ranged from 0.5 to 1.5 m, centroidal
frequencies that ranged from 0.12 to 0.18 Hz, and directions that ranged from
—3° to +30° relative to shore normal with spreads from 12° to 24°.

Bathymetry was measured intermittently, when wave conditions permitted,
throughout each experiment using survey vehicles along cross-shore transects
separated by ~45 m in the alongshore, with one survey in 2013 at ~13 m
resolution (Figure 2a). To examine the relationship between bathymetric
inhomogeneity and observed vorticity, remotely sensed flow estimates were
considered for imagery collected within 1 day of a bathymetry survey. In
addition, data were filtered to remove instances of insufficient foam coverage
(e.g., large gaps in tracer between the shoreline and the edge of breakers). The
contrasting requirements for remote sensing (larger waves generating
adequate foam tracer) and bathymetric surveying (smaller waves safe for
human transit) results in a dataset of 7 days. The observations include a range
of bathymetries, varying from highly alongshore inhomogeneous (Figure 3b)
with channels, crescentic sandbars, bumps, and holes to relatively alongshore
uniform (Figure 3d).

Observed circulation patterns (Figure 3) often persisted for many days,
modulating with the tide and incident wave conditions. Major changes in the
strength and patterns of the currents occurred after storms with large incident
waves (>3 m) that drove strong alongshore currents (>1 m/s), causing sig-
nificant changes to the underlying bathymetry.
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Figure 5. Spectral density of vorticity versus alongshore wavenumber for
(a) high bathymetric variability (red curve, bathymetry in Figure 3b) on 1

October 2013 and low bathymetric variability (blue curve, bathymetry in

Figure 3d) on 29 August 2021, (b) the inner (red dashed curve) and outer (red
dotted curve) surfzone with high bathymetric variability on 1 October 2013,
and (c) the inner (blue dashed curve) and outer (blue dotted curve) surfzone
with low bathymetric variability on 29 August 2021. 95% confidence levels
for (conservatively) 100 (a) and 50 (b), (c) degrees of freedom are indicated
by the vertical bars (2 min spectra at each alongshore row, averaged over an
hour (30 estimates) and the width of the full, inner, or outer surfzone (19
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3. Results

The variation in vorticity was estimated at the current meter ring at 8 Hz for a
period of 7 days during which the directional spread measured at the ring
varied between 11° and 22° and there was sufficient breaking for the current
meter ring to remain within the surfzone across tidal cycles. Significant wave
heights at the ring ranged from 0.5 to 1.3 m, centroidal frequencies ranged
from 0.11 to 0.16 Hz, and directions ranged from +6° relative to shore
normal. Bathymetric conditions were complex (Figure 2a), with corre-
sponding complex large-scale circulation patterns (Figures 3a and 3b). The
variance of vorticity estimated at the current meter ring increases with
increasing directional spread (Figure 4, r* = 0.7), suggesting that small
length-scale vorticity is injected into the water column by short-crested
breaking waves, consistent with previous numerical simulations for some-
what limited and ideal conditions (Baker et al., 2021; Bonneton et al., 2010;
Bruneau et al., 2011; Biihler, 2000; Biihler & Jacobson, 2001; Johnson &
Pattiaratchi, 2006; O’Dea et al., 2021; Spydell et al., 2009). Vorticity variance
was uncorrelated with other incident wave characteristics, including signifi-
cant wave height. For the same period of wave conditions, but reduced to
when remote sensing estimates were available (43 hr), the variance in 2 min
mean vorticity estimated at the ring increases with increasing directional
spread with > = 0.4, whereas the vorticity estimated using remote sensing is
uncorrelated with spread with 7* = 0.1, suggesting the accuracy and resolution
of remotely sensed estimates used here may not be sufficient to resolve in-
jection by 8-10 s short-crested breaking waves.

To investigate if large-spatial scale vorticity is related to inhomogeneities in
the bathymetry (Baker et al., 2021; O’Dea et al., 2021), vorticity at larger
spatial scales was estimated from the remotely sensed currents that spanned
the surfzone along 200 m of the shoreline (Figure 3). The alongshore
wavenumber spectra of 2 min mean vorticity were calculated for alongshore
transects (every 3.2 m) from the shoreline to the breakers, temporally aver-
aged over an hour, and spatially averaged across the inner 50%, the outer 50%,
and the full surfzone (Figure 5). Vorticity spectral energy at long wavelengths
is higher for strongly alongshore varying bathymetry (Figures 3b and 5a) than
it is for smoother bathymetry (Figures 3d and 5a). For cases of both high
(Figures 3b and 5b) and low (Figures 3d and 5c) bathymetric variability the
inner surfzone vorticity (dashed curves in Figures 5b and 5c) is more ener-
getic than the vorticity estimated in the outer surfzone (dotted curves in
Figures 5b and 5c), consistent with model results for narrower ranges of
bathymetric variability (Baker et al., 2021; O’Dea et al., 2021).

Across the six measured bathymetries, vorticity variance (the area under the
alongshore wavenumber spectra of vorticity) at long length scales
(L > 100 m) is correlated (* = 0.8) with alongshore bathymetric variance
(Figure 6), suggesting O(100 m) nearshore vorticity is dominated by waves
and currents interacting with bathymetric features. Bathymetric variance was
evaluated as either the mean value of the variance of the measured alongshore
bathymetry averaged over alongshore rows spaced every 3.2 m in the cross-
shore spanning the surfzone (Figure 6) or as the area under the alongshore

wavenumber spectra of bathymetry, with similar results (> = 0.8, spectra of bathymetry were averaged over ~19
alongshore rows to provide ~38 degrees of freedom). Bathymetric and vorticity variance changes during ob-
servations corresponding to a single bathymetric survey because the domain of analysis fluctuates with changing
tidal water levels and the associated surfzone widths. Some variation occurred within the 2 min mean spectra

included in each 60 min averaging period (standard deviation bars, Figure 6), with the highest variation occurring

for observations with the most inhomogeneous bathymetry.
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Alongshore bathymetric variance (m®)
Processes that may affect vorticity in the surfzone remain uncertain, including
Figure 6. Vorticity variance at long length scales (L > 100 m) versus interactions between bathymetric and short-crested forced vorticity, vorticity

alongshore bathymetric variance for observations across different

generation by bathymetry and short-crested breaking with overlapping length

bathymetries (different colors correspond to different days, given in the scales, and the evolution of the coupled hydrodynamic-morphologic system

legend), with vertical bars the standard deviation of the 2 min means in each
60 min average (circles). The black dashed line corresponds to the best linear

fit, with * = 0.82.

from uniform flow and bathymetry to eddies and alongshore variable
morphology. For example, breaking-wave-induced small-spatial scale
vorticity can participate in a two-dimensional inverse energy cascade that
transfers energy to larger-scale rotational motions (Baker et al., 2023; Elgar
et al., 2023; Elgar & Raubenheimer, 2020; Spydell & Feddersen, 2009), and thus scales of vorticity forced by
directionally spread waves may overlap with those owing to variable bathymetry. It is uncertain whether inter-
action of vorticity at these scales will result in more surfzone mixing, dispersion, and transport.

Obtaining spatially dense field estimates of vorticity to address these topics requires novel methods, such as the in
situ current meter ring, the optical remote sensing used here, and other remote sensing techniques including radar
and infrared sensing. Future applications of these techniques may improve the understanding of both the dy-
namics of the surfzone and interactions with shelf processes. Preliminary examination of the observed temporal
changes of vorticity suggests that some complex circulation patterns may remain nearly stationary (perhaps tied to
bathymetric features), whereas others may move (not shown). Thus, it also is important for future studies to
examine the evolution and transient features of vorticity. For example, surfzone vortices can form dipoles that
episodically are ejected offshore, forming concentrated flows (transient rip currents) extending seaward of the
surfzone to the shelf (Grimes & Feddersen, 2021; Kumar & Feddersen, 2017; Suanda & Feddersen, 2015; Wu
et al.,, 2021). These vorticity-generated flows could be an important mechanism for exchange between the
surfzone and the inner shelf and can cause baroclinic circulation cells that extend into stratified deeper water
(Grimes & Feddersen, 2021; Kumar & Feddersen, 2017). The observational methods presented here may enable
studies of the combined effects of changing bathymetry and incident waves on transient rips. Continued obser-
vation of surfzone vorticity at a diversity of field sites would provide new data to further the understanding of
nearshore dynamics.

5. Conclusions

Field observations of vorticity in the surfzone were investigated for a wide range of incident wave fields and
nearshore bathymetries that varied from relatively alongshore homogeneous to strongly inhomogeneous with
channels, crescentic sandbars, bumps, and holes. Small-scale [O(10 m)] vorticity estimated with Kelvin's cir-
culation theorem and measurements from 14 current meters evenly spaced around a 5 m diameter ring deployed in
~2 m water depth increased with the directional spread of the wave field. Large-scale [O(100 m)] vorticity
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estimated from the curl of remotely sensed currents every 3.2 m across the surfzone along 200 m of the shoreline
increased as the bathymetric variability increased, and the energy of the inner surfzone vorticity was greater than
that in the outer surfzone. The results here help determine how surfzone vorticity is generated and evolves, which
is necessary for understanding, and thus modeling, the fundamental physics of circulation in the nearshore coastal
ocean.
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The current meter data from the ring and the high-spatial resolution survey can be found here: https://doi.org/10.
17603/ds2-c9p4-7264 (Elgar & Raubenheimer, 2019). The other surveys and offshore wave conditions can be
found on the FRF THREDDS server: https://chlthredds.erdc.dren.mil/thredds/catalog/frf/catalog.html. The
remote sensing data are available at: https://doi.org/10.5281/zenodo.11581091 (Dooley, Elgar, &
Raubenheimer, 2024).
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