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Three-dimensional circulation in the nearshore region is critical for contaminants, sediment,
and larvae dispersion along the coast and transport between the surf zone and the inner
shelf. In the surf zone, eddies generated by short-crested wave breaking, wave-group forcing,
and shear instabilities are associated with energetic vortical motion at very low frequencies
(f ~ 0.005 Hz), but the horizontal length scales and vertical structure of these vortical
motions are poorly understood. Here, a three-dimensional phase-resolving numerical model,
Simulating WAves till SHore (SWASH), simulates wave propagation and three-dimensional
circulation patterns on a barred beach near Duck, North Carolina. Modeled wave statistics
and nearshore currents are consistent with field measurements collected in Oct. 2015. The
model accurately simulates the cross-shore wave height gradient, mean alongshore currents,
and offshore-directed meanders within the surf zone for a range of offshore wave condi-
tions. Simulated eddy length scales, quantified using the alongshore wavenumber spectra
of vorticity, suggest that large-scale eddies (O(100) m) occur for both alongshore-variable
(observed) and alongshore-uniform (alongshore mean of observed) bathymetry, and may be
enhanced by surfzone bathymetric variability. Small-scale eddies (O(10) m) generated by

short-crested breaking and wave-group forcing have similar eddy variance for simulations
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with alongshore-uniform and alongshore-variable bathymetry. The depth dependence of the
alongshore wavenumber spectra of vorticity magnitude and peak length scales varies with
cross-shore location and bathymetric variability. The complex vertical structure of the en-
ergy, coherence, and phase of very low-frequency vortical motion for both alongshore-variable
and alongshore-uniform bathymetry may be associated with the vertical structure of eddy

injection, instabilities, mean shear, and bottom boundary layer dynamics.
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Chapter 1

INTRODUCTION

The nearshore is a transition region from the land to the ocean that extends several
kilometers offshore and consists of the surf zone (from the shoreline to the seaward extent of
depth-limited wave breaking) and the inner shelf (seaward from the surfzone edge to about
1.5 km offshore). Understanding circulation dynamics and tracer dispersion in the nearshore
is critical given the concentration of recreational, commercial and ecosystem resources in
this region |Boehm et al. 2017]. Species inhabiting the nearshore (e.g., intertidal inverte-
brate gametes) exploit cross-shore circulation for recruitment and settlement [Pineda et al.,
2007; |Shanks et all 2010]. Pollutants and pathogens causing gastrointensial infections and
requiring beach closures may be diluted or concentrated by nearshore currents [Stoner and
Dorfman/, 2007]. In addition, excess nutrient supply from terrestrial runoff may lead to eu-
trophication in coastal zones, creating hypoxic conditions that threaten benthic organisms

and ecosystem health.

The surf zone and the inner shelf are dynamically distinct regions. Inner-shelf circulation
is driven primarily by cross- and alongshore winds, barotropic and baroclinic tides, and
submesoscale dynamics. In contrast, surfzone circulation is driven by complex interactions
between surface waves, bathymetric irregularities, and bottom boundary layer dynamics.
Mean cross-shore flows in the surf zone are characterized by a balance between radiation
stress gradients, barotropic pressure gradients, and a weaker contribution from bottom stress,
resulting in wave setup and an offshore return flow [i.e., ‘undertow’, |[Longuet-Higgins and
Stewartl, [1964; |Bowen et al., 1968; |Stive and Wind), 1982; |Raubenheimer et al.,2001]. Wave-
induced alongshore currents result from cross-shore gradients of the off-diagonal component

of the - radiation stress-tensor |Longuet-Higginsl |1970; |Feddersen et al.l (1998 |Garcez-Faria
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et all [1998], primarily balanced by the bottom stress [Visser| 1986} [Simons et all 1992}
\Reniers et al., [2004b].

The vertical structure of both cross- and alongshore velocities depends on the vertical
distribution of the momentum flux generated by surface-wave breaking, bottom friction,

and the interaction with three-dimensional circulation induced by bathymetric irregularities

[Putrevu et all,|1995; MacMahan et al., 2004a]. Wave breaking over alongshore bathymetric

variations drives bathymetric rip currents and meandering alongshore currents including

cell-like circulation patterns [MacMahan et al., |2006; |Dalrymple et al., [2011]. The mean

circulation (timescales of hours) varies with changes in the wave forcing [Reniers et all,

2004a; [MacMahan et all 2004b] and the tidal elevation [Thornton and Kim) 1993] over

spatial scales over which wave conditions and bathymetry vary ﬂLong and OzkanHallerl,

2005]. Multiple field and numerical modeling studies have investigated the vertical structure

of mean flows, including the parabolic vertical profile of undertow |Garcez-Faria et al., [1998]

and the logarithmic vertical structure of mean alongshore currents [Garcez-Faria et al., 2000

\Reniers et al.,2004b]. However, only a few field and numerical modeling studies investigate

the three-dimensional structure of complex nearshore currents in a field environment with
alongshore-varying bathymetry, and little is known about the vertical structure of flows at

timescales shorter than the mean circulation.

1.0.1 Surfzone vortical motion

Low-frequency eddy activity contributes to dispersion and mixing, thus affecting the trans-
port of traces along the coast as well as between the surf zone and the inner shelf |[Spydell
\and Feddersen|, [2009; |Clark et al., 2010, 2011} |Suanda and Feddersen), [2015]. Low-frequency

infragravity motion (0.004 < f < 0.04 Hz) is linked to wave groups [Guza and Thornton,

11985}, |Elgar and Guzd), |1985] and alongshore propagating edge waves generated by free-

surface gravity waves [Eckart), |1951; | Bowen and Guza), |1978]. Vortical motions with periods

of 200 s and greater (f ~ 0.005 Hz), referred to as very low-frequency (VLF) motion, may
abilities |Bowen and Holman), 1989; |Oltman-Shay et al., [1989;
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\OzkanHaller and Li, 2003, wave-group forcing [Haller et al.,|1999; |Long and Ozkan Haller,
2009, and finite-crested wave breaking |Peregrine, 1998 |Johnson and Pattiaratchi, 2000
\Bonneton et al., [2010].

Field measurements from the SUPERDUCK experiment revealed eddy activity at fre-
quencies of 0.002-0.02 Hz, with length scales of 40-250 m, which was attributed to shear
instabilities in mean alongshore current driven by obliquely incident waves
et all [1989]. Shear-instability generated eddies have also been studied with numerical mod-
eling [Longuet-Higgins, [1973; |Allen et all [1996; Peregrine, [1999] and theoretical framework
[Bowen and Holman), [1989; | Dodd et al., 1992; |Feddersen), [1998§].

Wave-group driven alongshore radiation stress gradients from alongshore wave-breaking
variability may also contribute to surfzone eddy generation with length scales O(10 — 100)

m |Haller et al., 1999 |Reniers et al.l 2004a; |Long and Ozkan Haller) 2009]. Surfzone eddies

formed by obliquely incident wave groups are advected by mean alongshore currents with

similar frequency-wavenumber characteristics to shear instabilities [Long and Ozkan Haller,

2009]. Wave-averaged numerical models with wave-group forcing explain observed surfzone

eddy-induced velocities on rip-channeled beaches for near shore-normal wave conditions with

near-zero alongshore mean flow [Reniers et al., 2007, [2009; | MacMahan et al., [2010].

Injection of vorticity into the surf zone at length scales of O(10) m by individual finite-

crested breaking waves |Peregrine), |1998; |Johnson and Pattiaratchi, 2006; |[Bonneton et al.,
2010] has been measured in the field |Clark et al., |2012]. Short-crested wave-breaking gen-

erated vorticity is hypothesized to coalesce to larger scales of O(100) m due to an inverse

energy cascade |Kraichnanl [1967; |Rutgers), |1998; |Boffetta and Ecke| 2012]. Low-frequency

surfzone current measurements had a peak in energy at 0.005 Hz, suggestive of a hypothe-

sized inverse cascade [Elgar et al. 2019]. Eddy-injection and evolution in strongly sheared

alongshore currents also have similar frequency-wavenumber characteristics to those due to

shear instabilities |Feddersen), 2014]. Cross-shore mixing and tracer dispersion due to short-

crested breaking is found to be suppressed in presence of strong alongshore flows |Spydell,
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The vertical structure of VLF vortical motion in the surf zone is not known, in part
because field measurements often sample flows at a single elevation, and vortical motions are
difficult to estimate given the horizontal spacing of sensor arrays. Two recent field studies in
Duck, NC have investigated the depth dependence of low-frequency eddies in the surf zone
[Lippmann et al., 2016; |Henderson et all [2017]. A cross-shore array of vertically stacked
electromagnetic (EM) current sensors sampling at 8 Hz measured the vertical structure of
the cross- and alongshore currents during the Duck94 experiment. The vertical structure of
energy, phase, and rotary spectral quantities at VLF frequencies indicate substantial depth
variability linked with bottom boundary layer dynamics and shear in alongshore velocities
[Lippmann et all, 2016; |Lippmann and Bowen), [2016].Low-frequency motion measured with
Acoustic Doppler Profilers was relatively depth-uniform within the surf zone [Henderson
et all [2017]. Depth dependence in the eddy structure was observed outside of the surf
zone, and depth dependence decreased in regions with strong wave breaking in the surf zone

[Henderson et al., 2017].

1.0.2 Nearshore circulation modeling

Phase-averaged models of nearshore circulation simulate the evolution of the wave energy
spectrum (e.g., SWAN) and have been used extensively to study the role of wave-energy
dissipation in driving mean flows in the surf zone. These models are skillful at reproducing
wave-induced dynamics, including rip-current circulation, alongshore currents, and wave
setup [e.g., |Reniers et al.,[2004b;|Uchiyama et al., 2010; |Kumar et al.,[2012]. However, phase-
averaged numerical models do not directly simulate the wave-induced vorticity associated
with energy dissipation from short-crested wave breaking, and parameterizations of these
processes have not been tested thoroughly.

Phase-resolving models, which simulate individual wave propagation, are often based on
vertically integrated, time-dependent mass and momentum balance equations, and can sim-
ulate eddies generated by finite-crested wave breaking. Phase-resolving Boussinesq models

(€xgafunwave/funwaveC) solve equations similar to the nonlinear shallow-water equations,
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while also including higher order dispersive terms [Okey, 1993|, and have been used to study
eddy generation dynamics and the associated cross-shore exchange [Feddersen), 2014; Hal-
lyRosendahl and Feddersen, 2016]. However, these models do not account for stratification
effects or resolve vertical variability of horizontal velocities, which are important for cross-
shelf exchange. Furthermore, length scales associated with vortical VLF motions have been
explored for depth-integrated flows in alongshore-uniform beaches [e.g., |Feddersen et al.,
2011} |Feddersen), [2014; |Kumar and Feddersen), 2017], but have not been explored for depth-

varying flows on a beach with complex bathymetry.

Coupled ocean-circulation and phase-averaged models (e.g., COAWST) simulate verti-
cally varying surfzone circulation [ Warner et al.,2010; Kumar et al., 2012]. One-way coupling
between three-dimensional circulation models with depth-averaged phase-resolving models
(e.g., funwaveC) include patterns of bulk vorticity injection similar to that resulting from
short-crested wave-breaking |[Kumar and Feddersen| 2017]. However, this approach may
result in aliasing of the rotational wave forcing due to the smaller time steps in the phase-
resolving simulations, and does not include two-way coupled wave-current interactions be-
tween three-dimensional eddies and propagating waves. Additionally, non-hydrostatic pres-
sure perturbations, which may be important for eddy interaction with stratification, are not
included in hydrostatic phase-averaged modeling approaches.

A three-dimensional phase-resolving model, such as Simulating WAves til SHore (SWASH)
or NHWAVE includes the physics needed to study three-dimensional VLF motion forced
by dynamics such as short-crested wave breaking. SWASH, a three-dimensional phase-
resolving non-hydrostatic numerical model developed to study transformation of dispersive
surface waves from offshore to the beach, simulates wave-forced eddy generation and three-
dimensional circulation |Ziglema et al., |2011]. SWASH solves nonlinear shallow water equa-
tions including non-hydrostatic pressure to allow for conservative transport of temperature,
salinity, and suspended sediment [Zijlema and Stelling, 2005|. The second-order accuracy
allows for more computationally efficient simulations than Boussinesq models, while cor-

recting.for-frequency-dispersion through the addition of more vertical layers [Zijlema et al.,
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2011]. SWASH has been used extensively to study nearshore wave breaking [Smit et al.,
2013], infragravity wave dynamics |Rijnsdorp et al., 2012, [2014], nonlinear infragravity-wave

interactions [de Bakker et al. 2016, run-up oscillations [Ruju et al. 2014] and nonlinear

wave-dynamics [Smit et al., 2014]. However, the ability of SWASH to accurately simulate

three-dimensional surfzone circulation had not been tested previously.

In this paper, SWASH is used to simulate three-dimensional wave propagation and circu-
lation on a beach with complex alongshore-varying bathymetry. The model is compared with
observed hour-average wave statistics and circulation from Duck, North Carolina for three
time periods spanning a range of wave conditions. The alongshore length scales and vertical
structure of vortical motion in the surf zone are quantified for a simulation with observed

bathymetry and contrasted against those for simulations with less alongshore bathymetric

variability.
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Chapter 2

METHODS
2.1 Field Experiment

2.1.1 FExperiment Overview

Field observations were collected on an alongshore-inhomogeneous barred beach near Duck,
North Carolina at the United States Army Corps of Engineers Field Research Facility (FRF,
http://frf.usace.army.mil /frf.shtml) as part of the BathyDuck2015 Experiment, a large effort
to evaluate and improve coastal numerical models [Smith et al., [2017]. Measurements from
this experiment include offshore wave sensors at water depths of 11 m (x = 1295 m, y = 978
m) and 6 m (x = 606 m, y = 937 m) and an array of collocated pressure sensors and acoustic
current meters in the surf zone, sampling at 2 Hz (Figure . The coordinate system used
here is the FRF coordinate system, in which the cross-shore coordinate, x is positive offshore,
the alongshore coordinate, y is positive to the north, the vertical component, z is positive
upward and referenced to the NAVDS88 datum (approximately local mean sea level), and
time is reported in local time (EDT'). Two cross-shore transects of four collocated ADVs and
pressure sensors were deployed from z = 1.5-3.5 m, separated by 125 m in the cross-shore
and 75 m in the alongshore (Figure . In addition, two sensors were deployed south of
these arrays close to the FRF' pier. The nearshore sensors were positioned 0.5 to 1 m above

the bed.

2.1.2  Bathymetry

Bathymetry data was collected on October 14, 2015 with the Lighter Amphibious Resupply

Cargo-(LARC) vehicle using.a single-beam acoustic sonar and RTK GPS. The bathymetry
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measurements spanned 0.9 km cross-shore (z = 50-950 m) to a depth of 9 m and 1 km
alongshore (y = -100-1100 m) (Figure 2.1). On October 14, the average shoreline position
was approximately x = 108 m, and the beach had a bar near x = 225 m with an alongshore-
variable trough near = 150 m. A scoured channel was located under the pier at y = 500
m. Sub-regions of the domain (z = 62-626 m, y = 548-980 m) surveyed with the Coastal
Research Amphibious Buggy (CRAB) on October 19 and 30, 2015 show that the large-scale
patterns with bar-trough (y = 650-800 m) and plateau (y = 800-850 m) regions persisted
through the end of October (not shown here). Bathymetry data collected with the LARC for
the entire region on November 16, 2015 shows less alongshore variability nearshore (e.g., y
= -100-500 m) than measured during the previous survey, a 10 m shoreward shift of the bar
crest (from y = 600-1100 m), and a southward shift of bathymetric features (e.g., trough y
= 650-800 m, not shown here).

2.1.8 Wave Conditions

ADV measurements were quality controlled [Elgar et al., 2005] and used to compute nearshore
hourly bulk wave parameters (e.g., significant wave height, mean currents, wave direction,
and directional spread), reported as the average of six 512-second data collections over each
hour. A frequency-dependent correction for depth using linear wave theory was applied
to nearshore pressure measurements to estimate sea-surface elevation statistics |Guza and
Thornton,, [1980]. The wave conditions measured by an offshore wave sensor at 11 m water
depth and a nearshore sensor at 2 m water depth are shown in Figure[2.2] The tidal elevation
(n) measured by a NOAA tide gauge in 6 m depth (x = 582 m, y = 509 m) varied from 1 to
1.6 m (Figure 2.2h). Significant wave heights (/) were computed by integrating the energy
spectral density over frequency bands from 0.05 to 0.30 Hz. The energy-weighted wave angles
(0) and directional spread (oy) were computed for the same frequency range using directional
moments. Incident waves from counter-clockwise (from the north-east) and clockwise (from
the south-east) of shore-normal are reported as # > 0° and 6 < 0°, respectively. The offshore

significant.wave height-ranged from 0.3 to 2.0 m during the experiment (Figure 2.2b). The
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wave incidence angles at the offshore wave buoy varied from -45° to 50° (black, Figure )
The offshore wave directional spread was between 25° to 40° (black, Figure 2.2[1) and the
offshore peak wave periods ranged from 4 to 12 s (not shown). The maximum hourly-average
nearshore current speeds were approximately 0.8 m/s. Two large wave events occurred during
the experiment with significant wave heights of 1 to 2 m. During the first large wave event
on October 18 to 20, the waves were predominantly from the north-east (6 > 0°) whereas
during the second large wave event on October 26 to 30, the mean wave direction was within
15 degrees of the shore-normal for the majority of the wave event. The wave energy spectrum
was bi-modal from October 14 10:00 to October 17 23:00 EDT with peak frequencies near
0.13 and 0.25 Hz.

2.2 Numerical Modeling

2.2.1 Model Description

Nearshore circulation and wave propagation was simulated using Simulating WAves till SHore
(SWASH), an open source non-hydrostatic wave-flow model [Zijlema et al.,[2011]. This three-
dimensional model solves the nonlinear shallow water equations including horizontal momen-
tum equations with non-hydrostatic pressure and a vertical momentum equation |Zijlema and
Stelling, 2005]. SWASH, based on an explicit, second-order finite difference method for hori-
zontally staggered grids, conserves mass and momentum at discrete levels for incompressible
fluid with a constant density, which enables an efficient scheme to simulate individual wave

propagation and breaking with high spatio-temporal resolution. The momentum equations

are
du;  Ouu; 19(pn + Prn) O7i;
_ _19n+pun) 0Ty 2.1
ot Oz, p O g7 O; 2
and
an
/A 2.2
s 0 (2.2)

where u; and u; are horizontal and vertical velocity components. Here, ¢ is time, p is den-

sitysmg-is-gravitational.aceceleration, p, and p,; are hydrostatic and non-hydrostatic pressure
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components, and 7;; are turbulent stresses. The time evolution of the surface elevation is

determined by continuity,

on o [" B
E—l—a—%/_hujdz—o (23)

where h is the stationary bottom boundary and 7 is the moving free-surface.

The vertical turbulent mixing of momentum and material (e.g., salt, heat and suspended
sediment) is parameterized through a two-equation turbulence closure model (k — €). The
bottom friction is provided as a shear stress term. The vertical eddy viscosity allows for
diffusion of this stress into the water column including coupling between vertical layers, and
also increases numerical stability [Smit et al) 2013]. The surface and bottom kinematic

boundary layers constrain particle motion, providing the constraints at the fixed bottom,

In
Uj = —lig - (2.4)
and the free-surface,
on on
=4y 2.
uj = + u; oz, (2.5)

where there is a constant pressure (p, = p,, = 0) and no surface stresses at the free-surface.
The bottom boundary shear stress, 7, is based on a quadratic friction law, with the drag

coefficient, ¢y determined from the Manning-Strickler formulation such that
c¢; = 0.015(k/h)"/3 (2.6)

where k is the apparent roughness |[Smit et al., 2013].

SWASH simulates wave breaking using a hydrostatic front approximation, similar to
disabling dispersive terms in the Boussinesq equations [Tissier et al., 2012; |Tonelli and
Petti, 2010], and by prescribing a hydrostatic pressure distribution in the model around the
discontinuity of a breaking wave. The turbulent wave-front is regarded as a sub-grid flow
feature where the vertical accelerations are not resolved and the non-hydrostatic pressure is
set to zero. The hydrostatic front approximation is initiated when local surface steepness

exceeds a fraction of the shallow water celerity,

% > an/g(h+n) (2.7)
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where « is a parameterized value. The spatial persistence of wave breaking is achieved by
labeling a mesh-point for hydrostatic computation if the neighboring grid point has been la-
belled for hydrostatic computation and the local steepness exceeds a fraction of the shallow
water celerity (Equation where the parameterized value is replaced with . This ap-
proach, combined with the conservation of momentum, leads to appropriate levels of energy

dissipation on the front face of a breaking wave [e.g., |Peregrine, |1983].

2.2.2  Model Testing Setup

In this study, SWASH is run on a 2-m-resolution horizontal grid spanning 1.5 km alongshore
and 0.9 km cross-shore from the shoreline to 9 m water depth. Simulations were run with
5 vertical layers, resolving depth-varying flows while maintaining simulation efficiency and
stability. All simulations were conducted for 2 hours with an initial time step of 0.04 seconds
and a cycle length (repeated length of the time series realization) of 1 hr. The first hour is
allotted for model spin up, and 1 Hz output for the second hour is used for analysis. SWASH
simulation results are presented in the FRF coordinate system.

The simulation stability was improved by discretization with flux-limited (shock-resolving)
vertical advective terms indicated with the first-order upwind scheme. The MUSCL limiter
is introduced for water depth in velocity points and for the horizontal advective terms in the
horizontal and vertical momentum equations. A 1072 m?/s background eddy viscosity was
introduced to simulations to account for unresolved vertical mixing enhancing stability in
the model, specifically in the swash zone. This value is small compared with the vertical vis-
cosity computed by the standard k£ — € model. Wave breaking is controlled with a threshold
parameter for initiation of wave breaking at a mesh-point, & = 0.6 |Lynett Patrick J.,2000]
and for the neighboring mesh-points, § = 1.0. Non-hydrostatic pressure gradients in the
vertical momentum equations are approximated with the Keller-box scheme [e.g., |Lam and
Simpson, [1976]. Explicit time integration is performed using a specified Courant number
between 0.05 and 0.3, and the vertical time integration uses the implicit Euler Scheme. A

logarithmie roughness with.a, 1-mm roughness length was applied for bottom friction.
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Simulations were run with the observed bathymetry from the survey closest to the date of
the simulations (October 14) interpolated to the model grid with the hour-averaged tidal el-
evation applied. Periodic boundary conditions were used on the north/south domain bound-
aries. The domain was extended alongshore on the northern and southern boundary by
124 m, converging exponentially to an alongshore averaged bathymetry to allow for periodic
boundary conditions. The model was forced at the offshore boundary with H, T}, 8, and oy
measured at 11 m water depth. The model generates a JONSWAP spectrum from these bulk
wave inputs. The peakedness parameter, v; for a JONSWAP spectrum was calibrated to
match the observed spectra. Several model simulations were conducted for wave conditions
representative of the range of hourly observed conditions to test SWASH’s ability to simulate

processes in and near the surf zone for a variety of conditions.
2.3 Very Low-Frequency Flow Analysis

Frequency and rotational statics are computed with 1 Hz time series from the second hour
of each simulation (3600 - 7200 s) to investigate eddy length scales and depth dependence.
SWASH divides the computational domain into a fixed number of vertical time-evolving
terrain-following sigma layers. The horizontal velocities at the sigma layers are interpolated
to specific elevations between the mean sea-surface elevation and the bed. Near-surface ve-
locities are selected at the fixed vertical grid point that is one half of the alongshore averaged
significant wave height below the mean sea-surface elevation. Near-bottom velocities are se-
lected at the vertical grid coordinate closest to 3 cm above the bed, typically outside of a
wave bottom boundary layer. Temporal velocity spectral analyses are performed using a
Hanning window length of 512 s with an overlap length of 256 s for a 3600 s velocity time
series yielding a Af = 0.002H z with the lowest bin centered at f = 0.002 Hz. The low-pass
filter provides the cross- (u) and alongshore (v) velocity at very low-frequencies (VLFs),
defined as as 0.003 < f < 0.007 Hz, which are used to compute the root mean squared
(rms) VLF velocities relative to the rms near-surface velocity (wrms/%ormss Urms/V0.rms)-

The. VLE spectral-density(Sy., Syv) is computed as the sum of the frequency bins centered
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at f = 0.004 and 0.006 Hz. The VLF velocity squared coherence (\?

u?

A2) and phase relative
to the near-surface VLF velocity (¢, ¢,, positive and negative phase indicate leading and
lagging surface velocities) is computed as the average over those bins.

The extent to which energy associated with surfzone horizontal motions is explained by
sea-surface fluctuations under linear shallow-water surface gravity wave theory is assessed
by comparing the sea-surface elevation spectrum (S,,) multiplied by the gravity (g) over the
time-average water depth (h) with the sum of the cross- and alongshore velocity spectrum
(Suus Svw) (Figure . At frequencies where horizontal motions are consistent with surface
gravity waves (e.g., swell and infragravity waves), Sy, * g/h is similar in magnitude to S, +
Syp- Conversely, at lower frequencies, where surfzone energy may be dominated by vortical
motion (e.g., the VLF band) that is not associated with large sea-surface variations, Sy, + Sy,
is much greater than S, * g/h. Within the VLF band, the velocity variance is 20 to 40 times
greater than the variance from surface motions, suggesting that vortical motion is dominant.

In addition to spectra of horizontal velocities and pressure, rotary spectra are computed
to isolate the rotational motion associated with surfzone eddies. The rotary spectra are
estimated by decomposing the horizontal velocity components into clockwise (CW) and

counter-clockwise (CCW) components [Gonella), [1972]. The complex velocity is defined as
R=u+1w (2.8)
When a Fourier decomposition of v and v,
u(t) = ay cos(wt) + by sin(wt) (2.9)
v(t) = ag cos(wt) + by sin(wt) (2.10)
is substituted into the complex velocity (Equation (2.8))), this yields,
R=R e 4 Rl = (R + R7) cos(|wlt) + (R~ + RT)isin(|w|t) (2.11)

where R~ is the CW velocity and R* is the CCW velocity. By applying trigonometric

identities, the components can be further decomposed into
1

R+ == 5 ((ll + bg + i(ag - bl)) (212)
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R = % (a1 - bg + i(ag + bl)) (213)

The VLF rotational motion spectra (S,,;) shown in the results are the sum of the CW
and CCW rotational components, indicating the total variance in rotational motions. The

squared coherence (\2,,) and phase (¢,.;) relative to the near-surface are shown as the average

rot
of the results for the CW and CCW rotational components, indicating average patterns of
these quantities. The rotary coefficient (Cg) describes the relative magnitude of CW and
CCW rotary components and is computed as:

Sew — Secu

B Sew + Secw

(2.14)

where —1 < Cg < 1 indicating CW (Cr > 0) and CCW (Cr < 0) rotation.
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Figure 2.1: Locations of ADVs and pressure gauges (red symbols) and bathymetry measured
on October 14, 2015 (z, color contours) versus cross-shore (z) and alongshore coordinates

(y). The alongshore-varying sandbar-trough and terrace system is interrupted by channels.
The deep channel at around y = 500 m is formed from scour near the FRF pier.
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Chapter 3
RESULTS

3.1 Numerical Modeling Trials

The data collected for a wide range of wave conditions (Figure is used to assess the
capability of SWASH to simulate nearshore circulation over complex bathymetry. Here,
the model-observation comparison results are discussed for three simulations with forcing
representative of the range of observed conditions, including directionally spread small and
large waves with a large directional spread with a mean direction that is normally incident or
oblique to the beach (Table . Simulation S1 and S2 were selected to compare oblique and
shore-normal directionally spread low-energy wave conditions. Simulation S3 has normally
incident high-energy wave conditions, which drive strong surfzone currents. The outer edge
of the surf zone (xg,) is defined here as the cross-shore location with the maximum cross-
shore gradient in the alongshore-averaged significant wave height, d(H),/dz (Figure 3.3
white dashed).

The numerical framework and stability of SWASH impacted the selection of the test
cases. For conditions with highly oblique directionally spread waves (> 30°), alongshore
banding of the significant wave height resulted from interference of the limited directional
components that could be included in the domain geometry, and thus, these highly oblique
conditions are not represented in this analysis. In addition, SWASH became unstable in the
swash zone for large oblique waves conditions not shown here. Simulations were forced with
a JONSWAP spectrum generated by bulk wave parameters, and therefore, time periods with
bi-modal wave spectra, including early in the experiment from Oct. 14 to 18, 2015 were not
chosen for SWASH simulations. Differences in the spatial patterns of modeled and observed

nearshore - waves-and-currents are expected as the surfzone bathymetry evolved through the
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experiment while constant bathymetry measured on October 14 is used all of the simulations.

Table 3.1: Simulated observed conditions at three times during the experiment with an hour-
average tidal elevation (n) and offshore (11-m depth) significant wave height (H), peak wave
period (7,), incident wave angle (# = 0° is shore-normal, § < 0° indicates waves from the
southeast), directional spread (oy), and the JONSWAP gamma value (;). The cross-shore

location of the seaward edge of the surf zone is z,,.

Sim. No. | Date | Time (EDT) | n (m) | H (m) | T}, (sec) | 8 (°) | 0o (°) | 77 | Ts: (m)
S1 Oct. 20 10:00 -0.03 | 0.62 7.8 -3.4 | 308 | 1.9 180
S2 Oct. 20 15:00 0.13 0.51 8.8 -15.0 | 29.5 | 1.8 158
S3 Oct. 28 00:00 -0.32 1.95 8.0 -2.1 286 |14 260

3.2 Comparison of Observed and Modeled Nearshore Conditions

3.2.1 Wawve Spectra

Modeled wave spectra are compared with observed spectra at the offshore boundary and
in 6 m depth (Figure . The model is forced at the offshore boundary by a JONSWAP
spectrum generated by the model based on the bulk spectral input parameters for conditions
observed in 11 m depth (Table 3.1). The generated JONSWAP spectra applied as a bound-
ary condition are similar to the observed spectra (Figure [3.1] black curves). The modeled
and observed spectra in 6 m depth also are similar, with similar peak frequencies and spec-
tral distributions (Figure red curves). However, differences between the observed and
modeled spectra at 6 m depth may result from a combination of differences in the offshore
spectrum (Figure black curves), inaccurate representation of the spatial variability in

theamoedel-bathymetryor-uncertainties in the observed spectra.
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Figure 3.1: Hour-averaged spectra from modeled simulations (solid lines) and observations
(dashed lines) at offshore (black curves, model is alongshore-averaged on the offshore bound-
ary, observation is 11 m depth) and 6 m depth (red curves, Figure locations for simula-
tions S1 (a), S2 (b), and S3 (c).

3.2.2  Bulk Wave and Velocity Statistics

The observed and modeled significant wave height, cross- and alongshore velocity, mean
wave direction, and directional spread are compared (Figure . Significant wave heights
are correlated (R* = 0.54), however the model over-estimates the wave height (bias = 0.28
m), especially for large-wave conditions (S3, Figure 3.2h, blue dots). The wave breaking
parameters, o and [ were set to standard values from the literature and were not tuned to
this dataset. The average velocities at model grid points closest to the sensor locations have a
small average bias (bias = 0.06 m/s), however the correlation is somewhat weak (R? = (0.24)
and at some locations the model velocities are much larger than the observed velocities,
particularly for the large-wave simulation (S3, Figure [3.2b, blue symbols). The modeled
simulates the observed sign of the mean wave angle in the surf zone (Figure ) However,
there is a large bias (R? = 0.37, bias = 8.1°), which may result from errors in the model
bathymetry or compass errors in the observed wave forcing. The magnitude of the simulated

and-observed.directional-spreads are similar (Figure ) The use of a constant model
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bathymetry measured one to two weeks prior to the simulated time periods is likely a large
source of the model data disagreement due to the sensitivity of wave direction, spreading,

and breaking patterns to local bathymetric irregularities in the surf zone.

3.2.3 Three-dimensional flow patterns

Modeled and observed wave breaking patterns (Figure —f) and resulting breaking-wave
driven currents (Figure [3.3p-c) are compared, and the vertical structure of modeled mean
flows is investigated (Figure . The simulations and observations show similar patterns of
wave heights, with decreasing heights with wave breaking on the surfzone bathymetry (Figure
[3.31d-f), and wave refraction occurs near the pier (y = 500 m) and over the complex surfzone
bathymetry. The observed and simulated flows include alongshore flows that are strongest
near the shoreline and meander around prominent bathymetric features, along with strong
offshore-directed flows resulting from bathymetric rip-current circulation (Figure [3.3p-b). S1
and S2 reproduce the observed alongshore flow and offshore-directed meanders near channels
and other bathymetric features, as well as weak flows in the center of the circulation cell (y
= 740 m). The simulated flows in S2 are stronger than the observed flows for the sensors at
the outer edge of the surf zone (x = 250 m). For S3, the modeled circulation is shifted in
the positive alongshore direction relative to the observations, possibly due to migration of
bathymetric features resulting from longshore currents present from Oct 18th to 20th.
Cross-shore transects of the hour-average horizontal velocity and vorticity indicate com-
plex vertical structure in the flow field (e.g., Figure . For the simulated and observed
velocities of the case with large wave conditions (S3, Table [3.1)), this cross-shore transect (y
= 740 m, near stations p21-24) intersects the center of a 200-m wide circulation cell, with
strong average alongshore velocities in the inner surf zone that weaken and change sign in
the trough (Figure ) The modeled Eulerian mean cross-shore velocity is primarily off-
shore, likely a combination of an offshore-directed current as part of a circulation cell and a
near-bed return flow (undertow) balancing Stokes drift (Figure[3.4h). On the shoreward side

of -the bar creststhe-eross-shore velocity changes from onshore near the surface to strongly
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offshore near the bottom, which may result from the vertical distributions of wave forcing
and pressure gradients. The modeled alongshore average velocities do not change sign in the
vertical, but do vary in magnitude in the vertical within the surf zone, where the strongest
flows are in the inner surf zone (100< z <150 m, Figure ) as part of a meandering along-
shore flow (Figure [3.3¢). The modeled velocities have similar sign and spatial variations to
the measured near-bed velocities (Figure ,b, symbols). Discrepancies between the mod-
eled and observed velocity may be resulting from differences in the model bathymetry and
the actual bathymetry (not measured) at the time corresponding to the wave conditions in
the simulation.

The magnitude of the mean vertical vorticity varies with depth, and the sign fluctuates
from negative on the on-shore side of the trough to positive on the on-shore side of the bar
(Figure[3.4k). The variable vertical and cross-shore structure of the mean flow is an example
of complex three-dimensional mean circulation that occurs near nonuniform bathymetry in

the surf zone.
3.3 Eddy Length Scales

The length scales of horizontal eddies and their temporal fluctuations are not well understood
in alongshore-variable surf zones. Here, the alongshore length scales of surfzone eddies are
quantified by averaging 1 Hz estimates of alongshore wavenumber spectra of vertical vorticity
(Sww With spatial mean removed) at each cross-shore grid location (Az = 2 m) over the
second hour of a simulation. The vertical vorticity for the depth-average and at vertical
layers is estimated from gridded velocity components using a central-difference approach
[Patankar, |1980]. The estimates are computed for alongshore eddy length scales >10 m
(k/2m > 107'm™!) and for cross-shore positions offshore of the region where swash-zone
dynamics are expected to be dominant (mean depths < 0.5 m). The cross-shore coordinate
is normalized by the surfzone width Lg,, where x/L;, = 0 is the mean shoreline position
(where the alongshore-averaged seafloor elevation is equal to the mean sea-surface elevation)

ald-&/ Lgp=-l-is-the outer.edge of the surf zone at position x,.
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3.8.1 Spatial Variability of Alongshore Wavenumber Spectra of Vorticity

The cross-shore variability of depth-averaged alongshore eddy length scales is quantified
for energetic oblique wave conditions (S3) over the highly alongshore variable observed
bathymetry (measured Oct. 14) (Figure [3.5). The observed bathymetry has a maximum
standard deviation of the alongshore bathymetry in the surf zone (o, s,) of 1.07 m. In the
inner to outer surf zone (0 < z/L,, < 0.75), the morphology includes bar-trough patterns
(e.g., y = 650-800 m) and variable terraces (e.g., y = 550-650, 800-875 m, Figure [2.1)). To
contrast the eddy length scales associated with the incident wave field (e.g., short-crested
wave breaking) and those associated with the bathymetric variability, S, is computed for
two additional SWASH simulations, one using bathymetry with half of the variability of the
observed bathymetry (5S4, o, ;. = 0.54 m, Figure|3.5h, arrow), and another using alongshore-
averaged observed bathymetry (S5, 0. = 0 m, solid black, Figure [3.5h) and otherwise the
same forcing as in S3 (see Table [3.1)).

The total variance of S, for S3, S4, and S5 is computed at each cross-shore location
for all length scales, and for small (L<100 m) and large (L<100 m) length scales (Figure
-d). The total variance of all length scales is largest in the surf zone, and drops by
an order of magnitude outside of the surf zone (Figure [3.5b). The total variance of small
alongshore length-scale eddies (L < 100 m) is similar for all simulations, and therefore rel-
atively independent of alongshore bathymetric variability (Figure ) In the outer surf
zone where wave breaking is strong, the variance of small length-scale eddies is much greater
than that of large length-scale eddies (Figure compare ¢,d). In the simulations with less
alongshore variability, there is a narrower (cross-shore) peak in small length-scale eddy vari-
ance, whereas for the observed bathymetry there is no clear peak, possibly resulting from
greater cross-shore spread in the surfzone width. These results suggest that the presence
small eddies may be most strongly related to the incident wave field, including eddy genera-
tion from short-crested breaking wave vorticity injection, rather than a function of surfzone

bathymetric variability.
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In contrast to small length-scale eddies, the total variance of eddies with large alongshore
length scales (L > 100 m) increases with increasing bathymetric variability, where the largest
spread between the simulations occuring in the surf zone (Figure 3.5d). The increased
variance for the alongshore variable bathymetry may be the result of fluctuations in mean
circulation cells or enhanced eddy coalescence in the deep trough regions present in the
alongshore variable bathymetry cases. The small increase in variance outside of the surf
zone for higher bathymetric variability simulations could be the result of fluctuations in
bathymetric circulation patterns that extend outside of the surf zone (e.g., rip current jets)

or ejections of surfzone eddies.

The magnitudes of the alongshore wavenumber spectra of vorticity varies as a function
of cross-shore position and the bathymetric variability in each simulation (color contours,
Figure —c). The largest magnitude of vorticity variance occurs for the largest eddies
(L > 160 m), where S, is primarily white (i.e., flat, Figure , small wavenumbers),
with less variance and a red spectrum (i.e., decreasing with larger wavenumbers, similar
roll-off for all simulations) at length scales L < 80 m (Figure [3.6] large wavenumbers). At
smaller length scales, the magnitude of S, is relatively independent of the bathymetric
variability, and the magnitude is smallest outside of the surf zone, increases near the outer
edge of the surf zone, and decreases in the inner surf zone. This suggests that the energy
associated with smaller length scale eddy generation may be related to wave induced eddy
generation, which is similar for all simulations.

In contrast, the magnitude of larger eddy length scales (L > 100 m, smaller wavenumbers)
increases with bathymetric variability (Figure , compare solid, dot-dashed, and dashed
curves of the same color for L™ < 1072). For all simulations, the largest variance occurs for
longer eddy length scales (L > 160 m) in the inner surf zone (0.25 < z/L,, < 0.75), where
deep trough and terrace bathymetric features are present. The variance of large eddies is 1.5
to 2 times less for the alongshore-uniform bathymetry (S5) than the observed bathymetry
(S3). Near the shoreline (0 < x/Ls, < 0.2), the maximum variance of the S, occurs at

length.scales.>-100.mwhere.swash zone processes along a variable shoreline may dominate
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the vorticity field (Figure [3.6h,b) of the bathymetrically variable simulations (S3, S4).

3.3.2  Depth Variability of Alongshore Wavenumber Spectra of Vorticity

While depth-integrated wave-resolving models can be used to study cross-shore variability of
eddy length scales, the vertical variability of these length scales is not known. Here, using the
three-dimensional phase-resolving model simulations, the alongshore wavenumber spectra
of vorticity at different elevations (S, computed with interpolated horizontal velocities,
Section 2.3) are used to investigate the vertical variability of eddy length scales. Similar to
the depth-averaged analysis, S, are computed over the second hour at several cross-shore
positions and elevations in the water column (Figure , S3: top row, S5: bottom row, S4
not shown).

Consistent with the depth-averaged velocity S, estimates, the depth-varying S, at
larger length scales (L >100 m) have larger magnitudes for the alongshore-varying (S3) than
the alongshore-uniform (S5) bathymetry at all cross-shore locations (compare top to bottom
row, Figure . For S3, the maximum variance of S,,, is in the inner surf zone (> 0.5Ls,)
at large length scales (>100 m) for all elevations (Figure [3.7h), and the variance at large
length scales decreases from the inner surf zone to outside of the surf zone (Figure —
d). For simulation S4, the peak eddy alongshore length scale remains near 60-100 m at all
cross-shore locations (Figure —h). For length scales of 60-100 m, the magnitude of S,
is largest near the outer to edge of the surf zone (x = 0.75 — —1.0Lg,) in both simulations
(Figure [3.7p-c,f-g).

For both simulations, the depth-varying analysis indicates that for all simulations, the
spectral magnitude of S, decays with depth within the surf zone, whereas there is nearly no
depth variability at the edge of the surf zone and outside of the surf zone (Figure . In the
outer surf zone (i.e., x = 0.75Ls,) of the alongshore-variable bathymetry (S3), the magnitude
of S, drops by over 30% over 1 m in the water column for eddy length scales ~ 80 m (Figure
3.7b), while the magnitude increases with depth by only 5% over 3 m outside of the surf

zone.Notably: the.magnitude of S, decays with depth in the surf zone for all alongshore
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length scales in S5, whereas in S3 only length scales <160 m show a decay with depth. This
suggests that large eddies may be more depth dependent in the presence of bathymetric
variability than for alongshore uniform bathymetry, indicating that bathymetric variability
may play a role in homogenizing the largest length-scale eddies over the water column.

In the surf zone, the vorticity spectra for all simulations exhibit a peak wavenumber that
varies with depth. Specifically, the peak eddy length scales in the surf zone increase with
depth. For S3, in the outer surf zone (0.75Lg,), the peak length scale near-surface is ~100
m and increases to ~130 m at 1 m lower in the water column (Figure [3.7b). For S5, the
shift in peak eddy length scale with depth is largest in the inner surf zone (0.5Lg,), where
the peak eddy length scale is ~70 m near-surface and increases to ~90 m 0.5 m lower in the
water column (Figure ) These changes of peak length scale with depth may be related

to bottom boundary layer dynamics or the vertical distribution of eddy injection.
3.4 Vertical Structure of Very Low-Frequency Motion

SWASH simulations, which include vorticity generation by a range of mechanisms (i.e., shear
instabilities, wave-group forcing, and short-crested wave breaking vorticity injection), show
depth dependence of VLF (0.003 < f < 0.007, Section 2.3) horizontal and rotational flow
within and immediately outside of the surf zone. Here, three example transects are shown
for terraced (y = 813 m, transecting stations p11-14) and barred (y = 740 m, transecting
stations p21-24, Figure beach profiles of the observed bathymetry simulation (S3) as
well as the alongshore-averaged bathymetry simulation (S5) (Figure [3.8] [3.10} [3.9).

The VLF spectral density of the cross-shore and rotational velocity is highest and de-
creases with depth most strongly in the outer surf zone (0.5 < Ly, < 1.0) (Figure 3.10}
a,c). The VLF alongshore velocity variance is smaller than the cross-shore variance, and
is strongest near the shoreline with a weaker maximum in the outer surf zone (Figure ,
, b). The horizontal and rotational velocity coherence decay with depth is largest in
the outer surf zone and offshore of the surf zone for all transects (Figure [3.8] [3.10} d-f).

The.alongshoreuniform-bathymetry (S5) exhibits a larger drop in coherence within the surf
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zone than the similarly terraced observed beach profile (S3, Figure d-f). The barred
beach profile exhibits a drop in coherence in the trough for both horizontal components of
velocity and near the bar crest for the alongshore velocity (S3, Figure d,e). Within the
surf zone of all transects, the VLF cross-shore velocity phase difference from surface flows
is small and most often positive, indicating a near-bottom flow that slightly leads the sur-
face flows, whereas the alongshore velocity phase alternates sign (Figures , , g,h).
Cross-shore velocities are more variable near the surface than near the bottom onshore of
the onset of wave breaking (on the terrace edge and immediately onshore of the barcrest,
Figure 3.8 j). The near-bottom VLF alongshore velocity alternates between more
and less variable than the near-surface velocity for all simulations (Figure k).
These transects show similar depth dependence for the alongshore-averaged bathymetry
(S5) and the similarly terraced observed profile (S3). The barred beach profile (S3) has
the strongest vertical structure of all transects, suggesting that the presence of a deeper
trough may lead to enhanced vertical variability of VLF motions. The large depth decay of
coherence in the trough of the barred beach and near the outer edge of the surf zone of the
terraced beach suggests that the VLF velocity is depth dependent within and immediately
outside of the surf zone for both the alongshore-uniform and alongshore-varying bathymetry.
The rotary coefficient, Cr (Equation , describing the direction of dominant VLF
rotation, varies vertically within the surf zone, suggesting a flow field that is turning and
changing behavior with depth (Figure 1). For the majority of the surf zone, the
rotary coefficient is positive (CW rotation is more energetic than the CCW rotation), which
suggests that interactions with the bathymetry, waves, mean flows, or mean shear/vorticity
may reinforce a particular eddy circulation direction. However, further work is needed to

understand these relationships.
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Figure 3.2: Observed (y-axis) versus modeled (x-axis) (a) significant wave height, H, (b)
cross- and alongshore velocities, u and v, (c) wave incidence angle, 6, and (d) directional
spread, oy for simulation S1 (black), S2 (red), and S3 (blue).
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Figure 3.3: Observed (left: red arrows, right: filled circles) and modeled (left: black arrows,
right: color contours) (a) significant wave height (H) and (b) time-averaged velocity ({u))
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and the approximate outer edge of the surf zone (all panels: dashed white line) are shown.
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Figure 3.5: (a) The Oct 14 observed (S3, grey profiles plotted every 8-m in the alongshore)
and alongshore-averaged (S5, black curve) bathymetry versus cross-shore coordinate nor-
malized by the surfzone width. The alongshore standard deviation of the bathymetry (o, .)
within the surf zone is denoted with arrows for S3 and S4. The variance of the alongshore
wavenumber spectra of vorticity for all alongshore length scales (b) and length scales less
than (c) and greater than (d) 100 m versus normalized cross-shore position for the observed
bathymetry (S3, solid lines), a synthetic bathymetry with half of the observed variability
(S4, dot-dashed lines), and alongshore-averaged bathymetry (S5, dashed lines).
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Figure 3.6: Alongshore wavenumber spectra of vorticity (.S, color contours) for (a) observed
bathymetry (S3), (b) half of the observed bathymetric variability (S4), and (c) alongshore
averaged bathymetry (S5) as a function of the normalized surfzone width z/L,,, where
x/Ls, = 0 is the mean shoreline and z/Lg, = 1 is the outer edge of the surf zone. The
alongshore wavenumber spectra of vorticity (d) in the inner surf zone (0.25L,,, black curves),
outer surf zone (0.75L,,, red curves), and outside of the surf zone (1.25L,, green curves) for
S3 (solid lines), S4 (dot-dashed lines), and S5 (dotted lines).
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Figure 3.7: The alongshore wavenumber spectra of vorticity (.S,,,) versus normalized cross-
shore position at 0.25 to 3 m below the mean sea-surface elevation (colored curves, leg-
end inset, lighter curves nearer to the bottom) for observed bathymetry (S3, top row) and
alongshore-uniform bathymetry (S5, bottom row) in (a,e) the inner surf zone at 0.5L,,, (b,f)
the outer surf zone at 0.75L,, (c,g) the edge of the surf zone at 1.0L,, and (d,h) outside of
the surf zone at 1.25L,.
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Figure 3.8: Cross-shore transect for the observed bathymetry simulation (S3) at y = 813
m of the cross-shore (left), alongshore (center), and rotational (right) VLF velocity spectral
density (a: Syy, b: Sy, € Spor), squared coherence (d: A2, e: A2, f: A2 ), phase shift (g: ¢,
h: ¢y, I Prot), and the rms (j: Upms/Uormss K: Urms/V0rms) Telative to the rms near-surface,
and the rotary coefficient (I: Cg) with the mean sea surface elevation (blue) and edge of the

surf zone (dashed grey).
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Figure 3.9: Cross-shore transect of VLF velocity parameters for a barred beach profile of the
observed bathymetry (S3) at y = 740 m (details in Figure [3.8| caption).
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Figure 3.10: Cross-shore transect of VLF velocity parameters for alongshore-uniform
bathymetry (S5) at y = 813 m (details in Figure caption).
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Chapter 4

DISCUSSION

Previous studies have simulated surfzone circulation dynamics using depth-integrated
wave-resolving Boussinesq models [e.g., funwaveC, |Spydell and Feddersen, 2009; Kumar and
Feddersen), 2017]. For alongshore-uniform planar and barred beaches, these studies found
that the alongshore wavenumber spectra of vorticity (S,., computed from depth-averaged
velocities) is primarily red at length scales of 10-500 m, and white at longer length scales,
with a peak in S, at length scales of approximately 100-500 m [Spydell and Feddersen),2009;
Kumar and Feddersen), 2017]. For the range of bathymetry patterns simulated here (Figure
), the vorticity spectrum in the surf zone has a similar shape to these previous studies
(Figure , however, the peak in S, occurs at smaller length scales (60-100 m), and a
decrease in energy at larger length scales occurs for the alongshore uniform simulation. In a
previous study using a wave-averaged linear wave group model with alongshore homogenous
bathymetry, VLF eddy alongshore length scales were found to be O(50-1000)m, however
this modeling approach neglects nonlinear energy transfers [MacMahan et al), 2010]. The
alongshore length scales in the alongshore-uniform simulation (S5) overlap with this range,

however, here the variance is concentrated between length scales of 60-100 m (Figure [3.6).

In a previous study that analyzed drifter trajectories observed in the surf zone and simu-
lated surfzone flows with a Boussinesq model, the magnitude of the alongshore wavenumber
spectra of vorticity was found to be dependent on wave field directional spread for an along-
shore uniform beach with shore-normal waves [Spydell and Feddersen, 2009]. While the
dependence on wave conditions was not explored in detail here, the similar roll off and mag-
nitude of S, at shorter length scales for several simulations with the same wave forcing and

a-range-of bathymetryvariability (e.g., S3, S4, and S5) is consistent with previous results
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Figure 4.1: The average total variance of small (a, L<100 m) and large (b,L>100 m) eddy
length scales for the inner surf zone (SZ) (circles, 0.2< x/L,, <0.5), outer surf zone (squares,
0.5< z/Ls, <1), and offshore of the surf zone (triangles, 1< x/Ls, <1.5) versus the along-
shore standard deviation of surfzone bathymetric variability for each simulation (S3, S4, S5).
A linear fit is shown for each region (grey dashed lines).

that variance at these scales may be controlled by the incident wave field (Figure. Short-
crested directionally spread waves, such as the wave conditions in the simulations here, inject
vorticity during breaking at length scales >20 m, which may be transferred to longer length
scales through an inverse cascade or dissipated through bottom friction |Kraichnan, 1967
Rutgers, 1998; |Boffetta and Eckel |2012]. In addition to short-crested wave eddy generation,
wave-group driven alongshore radiation stress gradients from alongshore wave breaking vari-
ability may contribute to the total variance at small eddy length scales |Haller et all [1999;
Long and Ozkan Haller, 2009)].

While previous studies have investigated the role of wave directional spread and wave
groups in VLF eddy variance, the role of bathymetric variability had not been investigated in
detail. Here, the variance and length scales of eddies in the inner surf zone (0.2< /L, <0.5),

outer sutf zone (0:D<-@/dsz<1), and offshore of the surf zone (1< z/L,, <1.5) are related
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to the maximum alongshore standard deviation of the bathymetry in three simulations with
the same wave forcing and different bathymetric variability (S3, S4, S5, Figure [4.1). The
maximum total variance of small eddies (Lj100 m) occurs in the outer surf zone, a location
corresponding to maximum wave dissipation (Figure , squares). The total variance
of small length-scale eddies is independent of bathymetric variability offshore of the surf
zone and at the outer edge of the surf zone (triangles, squares, and linear fits with slopes =
—0.04x10* and —0.01 x 10~*m~'s72, respectively), consistent with previous studies showing
the variance of small length scales is dependent on wave conditions. In the inner surf zone,
the variance of small length-scale eddies exhibits a moderate dependence on bathymetric

variability (slope = 0.41 x 107 m~1s72).

In contrast, the eddy variance at large length scales (L>100 m) increases strongly with
alongshore bathymetric variability in the inner surf zone (Figure , circles and linear
fit with slope = 1.26 x 107 m~!s72). There is a weaker increase of eddy variance with
bathymetric variability in the outer surf zone and offshore of the surf zone (slopes = 0.56 x
107* and 0.17 x 107" m~!s72, respectively). The intensified generation of large-scale eddies
in the simulations with larger bathymetric variance may be due to the presence of alongshore
varying bathymetric features (Figure ), including deep troughs where eddies may coalesce
[Kraichnan|, 1967, |Rutgers, (1998; |Boffetta and Eckel, 2012]. Bathymetric features such as
deeper troughs may enhance eddy rotational speeds due to reduced bottom friction in larger
water depths, eddy acceleration when entering deeper regions, and trapping of eddies in
troughs [Bhler and Jacobson), 2001]. In addition, the highly variable observed bathymetry
modulates wave breaking patterns, driving meandering mean flow patterns (Figure ),
which may pulsate at very low frequencies including wave-group timescales and may shed
large eddies due to shear instabilities [MacMahan et al., [2004a; Reniers et al.l |2007; | Geiman
and Kirby, [2013]. Previous simulations with a wave-averaged wave-current model also have
indicated that bathymetric variability is an important factor in intensifying eddy kinetic
energy |Uchiyama et al), [2017]. The presence of alongshore inhomogeneous bathymetry,

which. causes-variable.wave breaking and meandering mean circulation, may be associated
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with complex nonlinear interactions between eddies of different length scales, mean flows,
and bathymetry that may modify eddy length scales or reinforce a specific eddy rotational
direction.

While previous studies have quantified surfzone eddy variability with alongshore arrays
of electromagnetic current meters at one elevation in the water column |Oltman-Shay et al.,
1989; |Noyes,, [2004], the depth variability of eddies in the surf zone has been investigated in
only a few studies, and no previous numerical modeling experiments have investigated the
depth variability of vortical motion with a fully 3D phase-resolving model. Model simulations
using a quasi-3D phase-averaged model exhibited vertical structure of shear instabilities
[Zhao et all 2003], however, this model assumes regular waves and does not account for
wave-forced eddy generation, which may be an important source of eddy energy, and thus,
may play a role in the vertical structure of eddies |Zhao et al.l 2003; |Newberger and Allen,,
2007).

Recent field studies investigating the vertical structure of vortical motion on a barred
beach found significant vertical structure [Lippmann et all 2016; |Henderson et al., 2017).
Consistent with observations, the SWASH simulated spectral energy of the VLF cross-shore
velocity at the seaward side of the bar crest decays with depth and the coherence drops
by as much as 80% within the water column [Lippmann et al. 2016]. While prior studies
noted that phase shifts increased with decreasing coherence |Lippmann et al., 2016, no clear
relationship between the coherence and phase is evident here. Near-bottom velocities both
led and lagged near-surface velocities within the surf zone of SWASH simulations, consistent
with previous work |Henderson et al., 2017], suggesting that inconsistent phase relationships
documented in different observational studies [Lippmann et al., 2016; | Henderson et al.,2017]
may be due to differing bathymetric condition and the limited number of wave conditions
sampled.

SWASH simulations are consistent with previous results that identified strong depth de-
pendence of eddies immediately outside of the surf zone [Henderson et al., 2017; |Lippmann

et-al2016]-In-contrast-te.prior observations, SWASH simulations show significant vertical
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structure within the trough of a barred beach (Figure and during strong wave condi-
tions |Lippmann et all 2016; Henderson et al., [2017]. The vertical structure of eddies in
the surf zone may result from instabilities and bottom boundary layer dynamics, as pre-
viously proposed with a theoretical model for eddy depth dependence in the presence of
a depth-uniform alongshore mean current |Lippmann and Bowen) 2016]. These solutions,
which include bottom friction and linearized lateral momentum advection, suggest that eddy
vertical structure may depend on vertical mixing, eddy scales, and the magnitude of shear
from an alongshore current, but do not address the role of variability in wave forcing in a
phase-resolved framework.

Here, the SWASH simulations indicate complex horizontal and vertical structure of vor-
tical motions that have not been resolved in most previous modeling and observational
studies. The simulated eddy variance decays with depth (magnitude of S,,,) and exhibits
an increase in the peak eddy length scale with depth (Figure , indicating that eddies are
depth dependent within the surf zone for both bathymetrically variable and uniform beaches.
Furthermore, horizontal and rotational very low-frequency (VLF) velocity components have
significant depth dependence for simulations with and without alongshore bathymetric vari-
ability. These results suggest that the depth dependence of surfzone eddies may be important,
and thus, indicate that measurements characterizing surfzone eddies may be sensitive to the
vertical position of the sensor, even in the absence of alongshore bathymetric variability.
Further investigation is necessary to understand the complex three-dimensional structure of
VLF motion in the surf zone, including the sensitivity to a variety of wave and bathymetry

conditions, and the implications for cross-shore exchange.
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Chapter 5

CONCLUSIONS

Three-dimensional circulation patterns and resulting mixing and dispersion of tracer in
the nearshore are sensitive to the three-dimensionality of eddies generated in the surf zone,
however few studies have investigated three-dimensional surfzone eddies, and no previous
studies have investigated these dynamics in three-dimensional phase-resolving model. In this
study, a three-dimensional phase-resolving model, SWASH, is used to simulate surface wave
transformation and circulation patterns on an alongshore-inhomogeneous barred beach at
Duck, NC. Model simulations reproduce the magnitudes and patterns of the observed wave
statistics and nearshore flows with reasonable skill for three test cases with directionally
spread shore-normal and obliquely incident waves. Observed spatial patterns, including
the cross-shore wave height gradient, the mean alongshore currents, and the meandering
circulation features are reproduced in simulations with obliquely incident waves (S1, S2).
Differences between modeled and observed spatial patterns for shore-normal waves (S3) may

be related to inaccuracies in the bathymetry.

The three-dimensional simulations illustrate the complex spatial structure of vortical
motion in the surf zone. Eddy length scales quantified using the alongshore wavenumber
spectra of vorticity, S, suggest that intensified formation of large alongshore length-scale
eddies, O(100) may increase with bathymetric variability. The variance of small length-scale
eddies, O(10) m is independent of alongshore bathymetric variability in the outer surf zone
and just offshore of the surf zone, suggesting that vortical motion with short alongshore
length scales may be related to the incident wave field (i.e., wave forced by wave groups and

short-crested wave breaking).

With-and-witheut-bathymetric variability, modeled eddy energy and peak length scales
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are depth dependent, and the horizontal and vertical structure of very low-frequency (VLF)
motions have complex patterns. Further investigation is necessary to understand the complex

three-dimensional VLF vertical and horizontal variability in the surf zone.
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