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The surf zone is an energetic and evolving region where waves break near the coast. This
region, the transition zone from the shoreline to the deeper waters of the shelf, is critical for
supporting ecosystems and valuable recreational and economic resources, and at the same
time, is increasingly vulnerable to anthropogenic impacts and the effects of climate change.
Breaking waves in this region drive complex circulation patterns, including eddies and rip
currents, that disperse material such as pathogens, contaminants, larvae, and excess nutrients
from terrestrial runoff.

Rip currents, an important material transport mechanism, are fast, narrow, offshore-
flowing jets driven by breaking waves in the surf zone. They occur on beaches under a wide
range of conditions and are a dominant contributor to cross-shore exchange of material be-
tween the surf zone and the shelf. Transient rip currents are ephemeral ejections associated
with surfzone eddies that can occur even on alongshore-uniform beaches. These rip currents
are less understood in comparison to bathymetric rip currents that persist at fixed locations
determined by bathymetry, but are ubiquitous on many beaches. Under directionally spread
wave conditions, waves break in finite-length — short-crested — regions, leading to spatial
variations in the breaking force and a corresponding input of rotational motion — vorticity

— to the water column. Energy associated with injected vorticity is hypothesized to nonlin-



early transfer to larger scale rotational currents — eddies — that enhance dispersion within
the surf zone, interact with other eddies, and episodically eject offshore as a transient rip
current. This hypothesis is widely discussed, however, we do not have strong observational
evidence for, or a good understanding of, the processes connecting directionally spread wave
fields to the formation of large-scale eddies. To overcome the challenges of isolating and
studying surfzone vorticity dynamics in the field, large-scale wave basin experiments with an

alongshore-uniform barred beach were conducted.

In the first chapter of the thesis, I detail the ecosystem and human health implications and
scientific knowledge gaps motivating the laboratory study of surfzone eddies. I also review the
dynamics of surface gravity waves, breaking-wave driven mean surfzone currents, including
longshore currents and bathymetric rip currents, surfzone eddy forcing and evolution, and

transient rip current formation.

The second chapter describes my work investigating short-crested wave breaking that
results from directionally spread wave conditions. I quantified wave transformation and
directional properties with a 3-d scanning lidar, stereo cameras, and in situ pressure and
velocity sensors, which yielded similar estimates. Highly resolved spatiotemporal patterns
of wave breaking were characterized by developing a remote breaker identification scheme
(RBIS) using a combination of thresholded brightness imagery and stereo camera recon-
struction of the water surface elevation. The RBIS estimated average along-crest-length of
breaking waves decreases while the number of crest ends increases with increasing directional
spread. Parameterized relationships between directional spread and crest properties exhibit
similar trends to observed breaking crest length and the number of crest ends within the surf

zone.

In the third chapter, I investigate how the wave breaking patterns characterized in the
previous chapter relate to the forces driving surfzone eddies and the subsequent eddy evo-

lution. This is hypothesized to include nonlinear energy transfers to larger scales through



an inverse cascade, similar to two-dimensional turbulence. Using stereo reconstructions of
the laboratory water surface, I applied a bore model to estimate the along-crest profile of
wave dissipation. Next, I computed the breaking force and its curl, which drives a time-rate
of change in surfzone vorticity. The estimated curl of the breaking force is highly irregular
along individual wave crests and varied from crest to crest. Averaging over many crests, the
curl of the breaking force is positively and negatively signed near opposite crest ends. The
shape of the crest-averaged curl of the breaking force varies by surfzone region, and the shape
near crest ends strongly depends on assumptions about the decay of dissipation outside of an
identified crest region. The spatial characteristics of low-frequency currents, estimated from
in situ sensors and remote particle image velocimetry, varies with wave directional spread
and is similar to expected relationships for a two-dimensional turbulence inverse energy cas-
cade. I synthesize the relationships between the short-crested wave field, estimates of the
curl of the breaking force, and low-frequency currents, and describe these relationships in
the context of a conceptual model of mechanisms leading to transient rip currents.

In the final chapter, I describe the overall findings and implications of this research,
including observational evidence for a conceptual model linking directionally spread wave
fields to large-scale, low-frequency motions in the surf zone. I also discuss future research
directions needed to improve understanding of these links, including field-based studies,
by quantifying individual eddy evolution within and beyond the surf-zone, and exploring

implications for swimmer hazard and transport of pollutants, larvae, and sediment.
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Chapter 1

INTRODUCTION
1.1 Motivation

The nearshore region consists two parts: the surf zone, extending from the shoreline to the
seaward limit of depth-induced wave breaking, and the inner shelf, which has overlapping

surface and bottom boundary layers on the continental shelf offshore of the surf zone |Lentz

\and Fewingsl, 2012]. This highly dynamic region, the boundary between land and open

ocean, hosts a rapidly increasing human population, progressively vulnerable infrastruc-

ture, degrading water quality, and coastal hazards further magnified by a changing climate

[Intergovernmental Panel on Climate Change (IPCC), 2022]. Therefore, it is essential to un-

derstand how complex nearshore processes spanning surf-shelf environments impact public
safety, economic activity, and fragile ecosystems.

Critical to human and ecosystem health, nearshore dispersion and surf-shelf exchange de-

fine the fate of materials [Moulton et al., 2023], such as excess nutrients [Prosch and McLach-
lan), [1984], larvae [Morgan et al] [2017], phytoplankton [Shanks et all, [2018], pollution [Kim
2004], and bacteria [Boehm et al) 2017]. Unfortunately, omnipresent contaminated

coastal water due to the disposal of anthropogenic waste [Halpern et al., 2008, 2012} |Boehm)
, 2017| is dispersed along coastlines via alongshore currents driven by oblique waves

or ejected into deeper waters via cross-shore exchange pathways |Clark et al., 2010; |Hally]

Rosendahl et al., 2014). These processes determine if excess nutrients from terrestrial runoff

lead to harmful algae blooms [Anderson|, 2009 |Omand et al., 2011] or if recreational swim-

mers encounter pathogens, which increase the risk of pathogen-born gastrointestinal and viral

infections [Stoner and Dorfman), 2007]. In addition, species inhabiting the nearshore, such as

larvae, exploit surf-shelf exchange pathways for recruitment and settlement, necessary to sus-



tain a thriving ecosystems |[Shanks et al. [2010; \Morgan et al.,|2018]. Comprehensive knowl-

edge of transport pathways within the nearshore can improve our ability to predict water
quality and ecosystem vulnerabilities to promote more sustainable environmental practices

[Cowen and Sponauglel [2009; | Wu et al., 2021].

Covered within this introduction, several processes augment material dispersion and ex-
change within the nearshore region. In particular, the research within this dissertation aims
to deepen our knowledge of the dynamics of surfzone vorticity — the chaotic, multi-scaled,
temporally evolving rotational flow — with the principal aim of improving our understanding
of rip-current formation and surf-shelf exchange. Rip currents — narrow, fast-moving jets of

water extending from the surf zone to the inner shelf — have the additional significance of

being the leading cause of fatalities and rescues on U.S. beaches |Brewster et al., 2019].

Cross-shore exchange between the surf zone and inner shelf is primarily driven by tran-
sient [Hally-Rosendahl et al., 2014} |2015; |Suanda and Feddersen|, 2015; |Hally-Rosendahl and
\Feddersen/, 2016] or bathymetrically controlled |Reniers et al., 2009; |Brown et al., 2015 rip

currents. Unlike bathymetric rip currents that persist at fixed channels or depressions over

timescales of hours to days [e.g., |MacMahan et al., 2006, |[2010a; Reniers et al.,2010; |Castelle

\and Coco|,2013;|Brown et al.,2015], transient rip currents occur on relatively short timescales,

O(1 — 10 min), with no preferred alongshore location [Hally-Rosendahl et al. 2014} 2015].

It is hypothesized that transient rip currents are offshore ejections of large-scale surfzone

eddies generated by nonlinear transfers of energy from vorticity injected at crest ends, simi-

lar to a forced two-dimensional turbulence system |Peregrine, [1998; |Spydell and Feddersen,

2009; |Clark et al., 2012; |[Feddersen), 2014} |Elgar and Raubenheimer} 2020]. However, much

of this process remains elusive and unobserved. For example, the breaking properties of a
short-crested wave field and the resulting vorticity injection are not well characterized, and
the consistency of surfzone vorticity dynamics with two-dimensional turbulence is not well
established. This body of research elucidates dynamics linking incident waves to large-scale
rotational motions within the surf zone that expel water offshore as transient rip currents.

Although surfzone eddies and transient rip currents are ubiquitous on many beaches,



O.H. Hinsdale Wave Research Laboratory’s Directional Wave Basin

Rip current

- | Surfzone eddies |-~ *\_
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Figure 1.1: Image of the Directional Wave Basin at the O.H. Hinsdale Wave Research Lab-
oratory. Irregular directionally spread waves were generated to study short-crested wave
breaking and surfzone vorticity dynamics that led to transient rip current ejections, such
as shown by the foam and wiffle balls ejecting offshore. This dissertation investigates the
breaking crest length and ends (arrow along bright breaking wave crest), the wave-by-wave
breaking force (grey arrows in the direction of wave propagation), and evolution of surfzone

eddies (red and blue curled arrows).

their unpredictable nature and narrow alongshore length-scales [Hally-Rosendahl et al.2014]
present challenges when studying them in the field environment. Laboratory experiments
allow for measurements of surfzone currents and eddies, without variations in wave breaking
due to local or offshore bathymetric non-uniformity or shear instabilities in strong longshore
currents that may be present in a field environment. Directional wave basin experiments,
equipped with state-of-the-art remote sensing measurements, further our grasp on surfzone
vorticity dynamics and transient rip current formation (Figure , see more details about

the laboratory setup in Section [2.2.1)).

The remainder of this chapter introduces background on wave breaking and surfzone
currents, providing a foundation of the subsequent chapters. This chapter ends with a brief

outline of the thesis.



1.2 Surface gravity waves

The surf zone is a narrow, highly dynamic region where waves break, dissipating an abun-
dance of energy that rapidly reshapes the shoreline and disperses material. Understanding
wave characteristics as they propagate from deep to shallow water and break within the surf
zone is essential to predict potential consequences to our coastal environment. This section
provides a brief overview of wave theory, bulk wave statistics, and the kinematics of depth-
limited wave breaking. Here, I focus on surface gravity waves; however, waves with longer

frequencies from infragravity waves to tides are also have strong effects on our coastlines.

1.2.1 Wawve theory basics

Energy in surface gravity waves is divided into potential and kinetic energy. Wave energy
(E) is proportional to the wave height squared:

1
E = gngQ (1.1)

where H is the wave height, p is the water density, and g is the acceleration due to gravity.
The simplest theory to describe the shape, velocity, and associated motions of a single wave
train is Airy wave theory (i.e., linear wave theory) based on potential flow. The governing

equation for displacement of the water surface (1(z,t)) from the mean water level is:
n(x,t) = acosk(x — ct + ¢) = acos(kx — ot — ¢) (1.2)

where z is the distance in the direction of wave propagation, a is the wave amplitude (H/2),
¢ is a phase shift, ¢ is wave celerity, and t is time. The wavenumber (k) is related to
wavelength (L) by k = 27/L, and the angular frequency o is similarly related to the wave
period (T') by o = 27/T. Note that if we consider waves propagating at an angle relative
to an zy—coordinate system, the water surface displacement can be written as n(x,y,t) =
acos(kx — ot + ¢) = acos(k,x + kyy — ot + ¢). The wave celerity, the speed that the wave
travels, is:

(1.3)

N~



The wave period and length are related by the dispersion relation:
o = gktanh kh (1.4)

where h is the water depth. In deep water when kh > 7/2 (h/L > 1/2) and shallow water
when kh < w/10 (h/L < 1/20), the dispersion relation and wave celerity simplify to:

deep water : o’ =gk c=12

g (1.5)

shallow water : o = k%gh c=+/gh
In reality, many wave trains exist simultaneously. Wave groups, the envelope shape of wave
amplitudes due to constructive interference, travel at a different speed (c,) owing to the

dispersive nature of waves:

cg = nc (1.6)

1 2kh
) (1 * sinh Zkh) (1.7)

For example, waves from multiple directions and periods lead to inhomogenous water surface

where:

amplitudes that are examined and compared with linear wave theory in Chapter 2. This next
section overviews statistical descriptors of wave fields with energy spread in both frequency
and direction.

Linear wave theory assumes that the wave steepness is small and wave height is infinitesi-
mally small relative to the water depth. For cases where this is not true (e.g., the surf zone),
other approaches such as Stokes, cnoidal, and solitary wave theories may be more appropri-
ate. There are a plethora of books allowing further reading about nonlinear approaches and
other aspects of water wave mechanics [e.g., |Dean and Dalrymplel [1991; |Mei et al., 2005,

among others].

1.2.2  Bulk wave statistical properties

Ocean waves that arrive at our coastlines are often generated by local or distant storms.

As the wind blows along the water surface, turbulent-eddy-induced pressure fluctuations



lead to water surface undulations that develop and grow from wavelets to waves [Phillips,
1957|. The continued growth of waves into a developed sea is due to energy transfer from the
wind arising shear-flow instabilities [Miles, |1957]. Wind-wave fields are heterogeneous with
energy distributed broadly over many frequencies and directions. Due to wave dispersion,
waves propagating away from a storm travel with different speeds [Munk et al.,1963]. Thus,
waves traveling across the ocean arrive at different times as swell with relatively narrow
spread in frequency and direction.

Irregular waves with energy distributed over many frequencies are often characterized in
spectral space. The energy distribution of these waves can be represented irrespective of
wave direction as a frequency spectrum (S(f), where f is frequency) or as a function of both
frequency and direction as a directional wave spectrum (S(f,#), where 6 is direction).

The wave spectrum or the wave variance spectral density function can be estimated
from a finite time series record of the water surface elevation with a finite discrete Fourier
transform. A full description of frequency domain analysis of a wave record can be found
in text books such as|Massel| [1996]; | Thomson and Emery [2014] and |Kamphuis| [2020]. For
practical reasons, representative wave parameters that can be computed from S(f) are used
to describe the wave field. One of the common descriptors for wave height is the significant
wave height (H,), the average wave height of the highest 1/3 of waves. Assuming a Rayleigh
distribution of wave heights, this is equivalent to four times the standard deviation of the

water surface elevation. H; is thus defined based on S(f) as:

H, =4 /S(f)df ~ 4o, (1.8)

where o, is the standard deviation of the time series, related to S(f) via Parseval’s theorem.
Depending on the modality of S(f), different descriptors of wave period may be preferred.
Here, we assume that S(f) is uni-modal and well represented by the peak wave period (7},),
simply the frequency of the maximum value of the spectra.

The JONSWAP spectrum, a parametric representation of fully developed wind waves in

the ocean, was proposed by |Hasselmann et al. |1973] based on observations in the North Sea.



An approximate form of the JONSWAP spectrum written in terms of the wave height and
period |Godal, [1988] is:

S(f) = ByHZT,* f5 exp[—1.25(T,, f) 4]yl T/ =1)%/277 (1.9)
where
0.0624

— 1.094 — 0.019151 1.10
B = 5530+ 0.03367 — 0.185(1.9 7 7)1 ol (1.10)

Ua : f S f 9
o= 8 (1.11)

Oy - f Z fp7
y=1~702~0.070~0.09 (1.12)

The peak enhancement factor () controls the sharpness of the spectral peak. For laboratory
experiments described in this dissertation, a JONSWAP spectrum with v = 3.3 was used
(Section, which is the mean value determined for the North Sea and may not necessarily
be transferable to other regions.

Inherent to all wave fields, wave energy is spread over multiple directions due to vari-
ability in wind directionality, interaction with surface ocean currents [Smit and Janssen,
2019], and refraction and diffraction around bathymetric features in shallow water |Berkhoff,
1972; |Svendsen, 2006]. The directional wave spectrum (S(f,#)) describes the state of the
superimposed directional components and can elude to characteristics such as how short-
or long-crested a wave field appears, an essential component of Chapter [2l It is typically

expressed as:
S(f,0)=5S(f)D(, [) (1.13)

where D(6, f) is the directional spreading function. S(f) is the absolute value of the wave

energy density, while D(0, f) is non-dimensional and normalized, such that:

/_: /fm DO, f)dodf = 1 (1.14)

fmin



Thus, D(0, f) provides the relative magnitude of directional spreading (oy). A common

functional form for the directional spectrum [Mitsuyasu et al., |1975] is:

_1 s— F2(S—|—1) s 0—90
D(e, f) = %22 1m COS2 ( 5 ) (115)

where 6 is the principal wave direction and s is the degree of directional energy concentration

at the peak of the S(f)). s is related to the directional spread (og) by:

9 \1/2
- 1.16
o9 <1+S) (1.16)

Directional wave proprieties can be inferred with measurements, such as pitch and roll mea-

sured by a buoy |Longuet-Higgins et al.,|1963], a pressure sensor paired with two-component
velocities |Kuik et all |1988], or an array of sensors measuring the water surface elevation
[Pawka), |1983]. Estimator methods for the directional spectrum vary in complexity from a
direct Fourier transform to the Bayesian directional spectrum estimation |Hashimoto et al.,
1988]. For laboratory analysis purposes discussed in Chapter , the directional estima-
tor selected for describing laboratory waves was the Extended Maximum Entropy Method
(EMEM), a method based on an auto-regressive process of directional waves |Hashimoto
et al.,1995], and the directional spread was estimated by both fitting a cos?® distribution to
the spectra and from moments (ag,by) from measurements from colocated pressure gauges
and Acoustic Doppler Velocimeters (see Sec . Excellent additional resources on direc-
tional spectra are |Godal [2010] and |Massel| [1996].

1.2.3  Depth-limited wave breaking

Waves transform dramatically as they propagate from deep waters, where their waveform is
approximately a sinusoid, to the onset of depth-limited breaking in the surf zone. Offshore

of breaking, energy flux is conserved:
V- (Ecy) =0 (1.17)

As waves feel the bottom in shallow waters, wave crests become more peaked and their

troughs flatten, referred to as wave shoaling. Waves gradually turn toward regions of shallow



water, called wave refraction, causing oblique waves to become closer to shore-normal near the
coastline. Snell’s law relates the wave direction (#) and celerity (¢) from offshore (subscript

0) to near the shoreline by:

inf  siné
PR7 Z PRY0 _ constant (1.18)
C Co

This can also result in directional narrowing of a wave field from offshore to the edge of the
surf zone, as seen by comparing lab estimates of directional spread offshore and in the surf

zone in Section 2.3.4]

Waves continue to steepen until the water particles at the crest exceed the velocity of

the wave [Iversen) [1952; |Adeyemol 1970], causing the crest to become unstable and break.

The breakpoint can be described by the Miche criterion |[Michaj, [1951], based on a limiting

steepness:

H
(f) = 0.142 tanh kh (1.19)

Alternatively, the depth at which waves break (hy) is often described by the breaker index
(V)

H
= h—b (1.20)
b

where H, and h;, are the wave height and water depth at breaking, respectively. Based

on Solitary Wave Theory |[McCowan), 1894], ~, is 0.78, but observations suggest that this

ratio may vary between 0.2 < -, < 0.8 depending on beach slope [Raubenheimer et al.

1996]. Many functional forms have been proposed for the breaking index formula, including
some that depend on beach slope, the surf similarity number, wave steepness, and others

[Battjes|, [1974; [ Komar and Gaughanl, [1972; |Kaminsky and Krausl, [1994; |Battjes and Stive)

11985} |Derakhti et al., 2020]. In a saturated inner surf zone, wave heights decay as a function

of the water depth and are independent of offshore wave heights |Thornton and Guzal,|1982;

Raubenheimer et all 1996]. In contrast, wave heights in unsaturated surf zones increase

with the offshore wave height [Baldock et al., |1998; |Power et all 2010]. In Section a

breaking gamma index was employed to identify actively breaking regions in water surface

elevation maps.
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Once waves break, energy flux is no longer conserved and instead is lost due to wave
dissipation (i.e., V-(Ec,) ~ —D, where D is dissipation). Accurately describing wave energy
dissipation within the surf zone is essential for predicting wave height transformation used for
coastal management applications [e.g., predicting sediment transport or runup [Kamphusis,
2020; |Basco|, [2020]. Wave energy dissipation can be modeled parametrically as a hydraulic
jump [Svendsen), |1984a] or shear stress exerted by the wave roller along the sloping front face
of the underlying wave [Duncanl [1981], as described in Section 8.2l Numerical models use
several approaches to accurately represent wave dissipation. For example, depth-averaged,
wave-resolved models typically represent dissipation by wave breaking with a depth-averaged
‘breaking force’ term (Fp,) in the momentum equations with horizontal velocities (u =

[u(z,y,t),v(x,y,t)]), such as:

ou _
e +u-Vu+p Wp=Fy — 1 — T +rVu (1.21)
—— ——— —/ ————
~~~  advection grav. force body forces viscosity
tendency

where v is the kinematic viscosity and p is the pressure, including the hydrostatic and
hydrodynamic contribution to body forces due to gravity (grav.). The right-hand-side terms
are viscous forces and additional body force terms that could include the depth-normalized
instantaneous bottom stress (73) and surface (wind) stress (7). In Boussinesqu-type modes
le.g., FunwaveC, |Spydell and Feddersen) 2009; |Feddersen|, 2014], the breaking force term
can be approximated with an eddy viscosity-type formulation, parameterized as Newtonian

dampening [Kennedy et al., |2000] where:
For = (h+10)"'V - [te(h + 1) Vu] (1.22)

The breaking wave eddy viscosity (14,) is given by:

Ve = B6*(h + n)% (1.23)

where ¢§ is a constant and B is a function of the surface slope which varies between 0 and

1. The choices of these parameters were tuned based on laboratory observations [e.g., |Chen
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2003], but have not been tuned with observations of dissipation during short-crested
wave breaking. Although this type of model is not used for this dissertation, most of the
foundational work on transient rip current processes was completed with phase-resolved

Boussinesq models. Realizations of the breaking force estimates in Section [3.4.1] are moti-

vated by a similar framework [Spydell and Feddersen), 2009 |Feddersen) [2014].

The alongshore variability of breaking crests is also consequential for runup, sediment

transport, and vorticity generation [Peregrine and Bokhove), |1998; |Reniers et al.,2004; |Guzd

\and Feddersen), 2012|, but not as well understood. Since depth-limited wave breaking is

reliant on changes in water depth (e.g., Eqn. [1.20)), alongshore variability in wave breaking

is modulated by the bathymetry [Bowen and Inmanl [1969; |[Keeley and Bowen), 1977; |Pu-

trevu et all [1995; |Slinn et all 2000]. Alongshore variability in wave heights, and therefore,

breaking crest length also manifests from wave field directional spreading [Longuet-Higgins),

1957). To date, there are still a limited number of studies examining short-crested wave

breaking characteristic, such as their length scales and dissipation properties, most of which

are numerical modeling studies [e.g., [Wei et al| [2017; |[Kirby and Derakhti,[2019]. Chapter 2

provides an in depth description of the current knowledge about short-crested wave breaking
and seeks to better characterize breaker properties based on observations. Consequentially,

along-crest variability in wave energy dissipation and the force associated with a breaker

(i.e., dissipation over phase speed) are the focus in Sections [3.4.1 and [3.5.1]

1.3 Surfzone currents and eddies

Wave breaking and dissipation within the surf zone drive complex circulation patterns and
changes in the water level. The spatial and temporal scales of these processes are highly mod-
ified by nearshore bathymetry and incident wave conditions. This section describes theory
and relevant literature related to mean currents based on radiation stress, eddy generation

and evolution within the surf zone, and transient rip-current-driven exchange.
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1.5.1 Mean currents

Mean currents are defined as circulation patterns persisting on timescales of many waves
(e.g., hours). Theory for mean water levels and longshore currents in the surf zone originated
from the concept of radiation stress |Longuet-Higgins and Stewart, 1964], the depth-averaged
excess flux of momentum due to surface gravity waves. Radiation stress is a second-order
tensor derived from the sum of the transfer of momentum associated with the particle velocity

and the wave-induced mean pressure, written as:

n(cos?+1)—1  Incosfsind

S=E (1.24)

tncosfsing  n(sin’f+1) — 3

where n simplifies to 1 in shallow water. As waves break, energy decreases. This results in
cross-shore gradients in the radiation stress that induce forces in the surf zone acting in the
wave direction. This is key to theory developed to approximate the breaking force in Section
. 2L

Gradients in the onshore-directed momentum flux (5,,) are balanced by the slope in the

mean water level (07/0x, known as ‘setup’), such that [Bowen et al., [1968|:

on 1 0Szz
= 1.25
ox pg(h+7) Ox (1.25)

The wave-induced onshore mass transport is balanced by a return flow [also referred to
as ‘undertow’ |Longuet-Higgins and Stewart, (1964, \Bowen et all [1968]. This often leads
to a vertically sheared cross-shore profile due to the vertical imbalance of these processes
[Svendsen, (1984b].

Theory for longshore currents was developed by balancing frictional forces with radiation-
stress gradients [Bowenl, [1969; \Longuet-Higgins|, 1970; | Thornton) |1970]. For long straight
beaches, the cross-shore gradient in S,, is approximately equal to the alongshore bottom

b

shear stress (7). For example, 70 can be expressed in terms of the alongshore velocity (v)

as |Longuet-Higgins, 1970; |Feddersen et al., [1998]:

0S,
Y = b = —pey(fulu) (1.26)
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where ¢f is a drag coefficient, |u| is the magnitude of the total velocity vector above the
bottom boundary layer, and () represents a time-average. Thus, oblique waves (§ >> 0°)

drive mean longshore currents, often characterized by a logarithmic vertical profile |[Apotsos

et all [2008; |Hansen et al), 2015]. For further reading about variations in expressions for

the longshore momentum balance or derivation of the cross-shore profile of the longshore

current, see |Svendsen| [2006].

Bathymetric rip currents are driven by alongshore variation in pressure gradients often
resulting from local or offshore bathymetric variations, such as variable patterns in sand bars

and troughs [MacMahan et all, |2006; Dalrymple et all 2011} |Castelle et al. 2016]. These

rip currents can persist at fixed locations on timescales of hours to days and with speeds

that are modulated by wave height and orientation, water level, and channel characteristics

[Moulton et al. |2017b]. Due to their persistent location and relative ease of measurements,

bathymetric rip currents remain the most well documented and characterized rip current

type.

1.3.2  Eddy processes in the surf zone

Low-frequency (frequency, f < 0.04 Hz) currents and eddies in the surf zone are hypothesized

to be generated by intrinsic instabilities in alongshore currents |Bowen and Holman), |1989;

\Oltman-Shay et al., |1989; Allen et al.l 1996] or forced by individual or groups of breaking
waves ﬂHaller et al.L |1999|; |Rem'e7’s et al.L |2004}, |L0ng and Ozkan HallerL |2009k |Peregm'ne|, |1998|;
\Johnson and Pattiaratchi), 2006; |Bonneton et al. [2010]. Shear instabilities in alongshore

currents due to intrinsic variability of wave-induced currents (i.e., ‘shear waves’) generate
eddies with temporal scales of O(0.01 Hz) [Bowen and Holman|, 1989; |Dodd et al.l (1992}
\Oltman-Shay et all, [1989; |Feddersen|, [1998] and were observed with length scales of 40-250
m [Ozkan Haller and Kirby, 1999; |Noyes et al., [2004).

Wave breaking may generate eddies on multiple scales. Wave-group driven alongshore

radiation stress gradients from alongshore wave-breaking variability may contribute to sur-

fzone eddy generation with length scales of [O(100 m) Haller et al. 1999; |Reniers et al.)
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|2004|; |Long and Ozkan H allerL |2009|]. During directionally spread wave conditions, vorticity

is injected at the edges of short-crested breaking waves due to the curl in the breaking force

[V X Fy, |Johnson and Pattiaratchil 2006, |Bonneton et all, [2010; Feddersen et all [2011}

\Clark et al. 2012|. The injected vortices with relatively small length scales [e.g., 4-20 m,
\Spydell and Feddersen, 2009 |Feddersen|, 2014}, |Kirby and Derakhti, 2019] may non-linearly

transfer energy to larger scales, similar to two-dimensional turbulence [see Section for a
detailed description of this process, [Kraichnan), [1967; [Spydell and Feddersen),2009; Boffettd
\and Eckel, 2012]. Vorticity injection by individually breaking waves may explain the broad

spread of vorticity over frequency and length scales observed in the surf zone, responsible for

dispersion and transport on alongshore-uniform beaches [Feddersen), |2014].

Low-frequency eddies are often characterized as depth-uniform within the surf zone and

weakly vertically dependent in the outer edge of the surf zone [Henderson et al., 2017; |Lipp-

'mann and Bowen), 2016; |Baker et al., 2021]. Recent studies suggest that the vertical struc-

ture of low-frequency eddies may alter their life-span and the efficiency of an inverse cascade

[Uchiyama et all 2017, |Marchesiello et al., 2021a]. The vertical vorticity (w,) evolution for

three-dimensional, incompressible flow with velocities (u = [u(z, vy, 2,t), v(z,y, 2,t), w(z,y, 2, t)])

is given as |Uchiyama et all 2017, Kirby and Derakhtil [2019]:

0
a—c; +(u-Vw, = &Jgﬁzw + wyayzg —guz(axu + 8yvl+?z(K@62wzz+\V X [For — Tp — Twl
N\ / V VO VO TV TV

advection vortex tilting vortex stretching vertical diffusion body forces
tendency

(1.27)
where vorticity in three-dimensions is w = V x 4 = (w,,wy,w,) and K, is vertical eddy
viscosity. If eddies are considered two-dimensional, vortex stretching and tilting as well

as vertical diffusion are neglected, resulting in more coherent and long-lived eddies [see

theoretical framework in Section [3.2[Uchiyama et al) 2017]. In contrast, depth-dependent

eddies may enhance a forward kinetic energy cascade if tilting or stretching is important

[Uchiyama et al., 2017; |McWilliams et al.,|2018]. This may be most relevant near the outer

surf zone and as eddies eject offshore.

Many aspects of surfzone vorticity dynamics remain unresolved. Vorticity injection by
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short-crested wave breaking and evolution within the surf zone is not well characterized. How
does the breaking force vary along a wave crest, and what are the resulting length scales
of injected vortices? Is our hypothesis that the surfzone exhibits characteristics similar to
two-dimensional turbulence accurate?” How do these processes vary with breaking wave

characteristics? These are a subset of questions examined within this dissertation.

1.3.8  Transient rip-current-driven cross-shore exchange

Bathymetric and transient rip currents exchange material (e.g., sediment, pollutants, and
larvae) up to two to four surfzone widths from the shoreline in observations [MacMahan
et all, 2010a; |Hally-Rosendahl et al., [2014; | Brown et all 2015; |Hally-Rosendahl et al., [2015]

and numerical models |Reniers et al., [2009; |Suanda and Feddersen| 2015]. Bathymetrically

controlled rip currents may recirculate water between the surf zone and inner shelf, resulting

in little net cross-shore exchange of material in some cases [Brown et al.,2015]. Although net

exchange of material by transient rip currents is not yet quantified, transient rip currents,
pairs of counter-rotating eddies mutually advecting out of the surf zone, are considered the
primary mechanism driving cross-shore exchange on alongshore-uniform beaches ,
2011} |Hally-Rosendahl et all, 2014, 2015].

Often cross-shore exchange is estimated as the approximate magnitude of the cross-shore

component of a wave-averaged and depth-averaged Lagrangian velocity (u; (z,y,t)), with the

sum of the mean Eulerian velocity and Stokes drift [MacCreadyl |2011;|Suanda and Feddersen|,
2015; |Grimes et al., [2020a]:

Uex(x):Liy</0 yu;(x,y,t)dy> (1.28)

where u; (z,y,t) = ur(x,y,t) when wuy, is directed offshore and u; (z,y,t) = 0 when uy, is di-
rected onshore. This quantity is integrated over a length of coastline (L,) and time averaged,

(). The rotational component of the cross-shore velocity (UZ,) depicts the contributions of

exchange due to transient rip currents |Suanda and Feddersen, 2015, |O’Dea et al., [2021b],
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following the irrational and rotational velocity decomposition method in |Spydell and Fed-
dersen|[2009]. An ensemble of numerical simulations found a self-similar relationship scaling

for transient rip-current-driven cross-shore exchange [Suanda and Feddersen) [2015]:

UT'
—= —=10.029 1+ 705, 1.29
NG ooy (14 705) (1.29)

where hy, is the water depth, oy, is the directional spread, and S, is the wave steepness at the
breakpoint (b). The cross-shore exchange via transient rip currents is strongly dependent on
wave directional spreading and weakly dependent on the wave steepness at the breakpoint
[Suanda and Feddersen), 2015]. Not included in the parameterization, wave obliquity may
suppress transient rip current activity [Spydell et al., |2007].

Results from dye exchange experiments |Hally-Rosendahl et all) 2014] and exchange pa-
rameterizations |[Suanda and Feddersen, 2015] galvanized further investigation of surfzone-
inner-shelf exchange driven by surfzone eddies. It is now well established that transient
rip currents elevate mixing within the inner shelf |[Kumar and Feddersen) |2017c, |a; |Grimes
et al., [2020b; | O’Dea et al., [2021a]. Ejected eddies may lead to irreversible vertical mixing of
the water column on a stratified shelf [Kumar and Feddersen, |2017b; |Grimes et al., 2020a).
Transient rip current contributions to exchange and mixing in the nearshore, relative to other
physical processes (e.g., internal waves, stokes drive, winds), is a prevailing topic of strong
interest with consequential implications for human and ecosystem health [Moulton et al.,
2023]. Although transient rip-current-driven exchange is not directly quantified within this

dissertation, it elicits a compelling reason to investigate eddy processes.

1.4 Outline

This dissertation describes findings from large scale laboratory experiments in the O.H.
Hinsdale Wave Research Laboratory designed to investigate surfzone vorticity dynamics.
The overarching goal of this dissertation is to assess the dynamics linking directionally spread
wave fields to large-scale, low-frequency surfzone eddies. Most of the analyses undertaken

are the first observation to address many questions regarding eddy processes within the surf
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zone.
Chapter [2] provides an in-depth description of the laboratory experiments, compares two
remote sensing techniques with in situ observations, and quantifies breaking crest charac-
teristics. The results show strong potential for lidar and visible-band stereo imagery to
investigate wave transformation within the surf zone. Also, results show that the breaking
crest length decreases and number of crest ends increases with directional spread. These
characteristics are compared with a proposed parameterization of the relationship between
directional spread and crest characteristics.
Chapter [3| investigates the wave-by-wave breaking force and resulting vorticity field. The
along-crest gradient of the breaking force is highly irregular for individual crests and depends
on surfzone region. Evidence of an inverse cascade is found with length scales that vary with
directional spread. We progress towards a conceptual model connecting wave-forced vorticity
to cross-shore exchange.
Chapter [] summarizes main conclusions, describes their significance, and discusses relevant
future topics requiring more attention. Future topics are broken down into (1) short-crested
wave breaking and vorticity injection, (2) eddy evolution and ejection, and (3) field implica-
tions for water quality, ecosystems, and human safety. The chapter ends by discussing the

role of laboratory experiments in exploring eddy dynamics.
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Chapter 2

REMOTELY SENSED SHORT-CRESTED WAVES IN A
LABORATORY DIRECTIONAL WAVE BASIN

2.1 Introduction

Waves approaching the shoreline shoal, break, and transform into bores [Bascol |1985;|Battjes|,

1988], driving setup and mean currents including undertow [Longuet-Higgins and Stewart),

11964} |Bowen et al., [1968] and alongshore currents [Longuet-Higginsl [1970]. Wave breaking

and bore propagation often have complex spatial patterns, including wave amplitude vari-

ation along wave crests. Along-crest wave height variation may be the result of alongshore

bathymetric variability [Bowen and Inmanl, [1969; |Keeley and Bowen), [1977; |Putrevu et al.,
11995}, |Slinn et al.,[2000], wave-current interaction [Battjes|, [1988], or constructive interference

of wave components from a distribution of directions |Longuet-Higgins|, |1957]. During shore-

normal wave conditions on relatively alongshore-uniform beaches, wave directional spread
— the directional distribution of wave energy around the mean wave angle — is the primary
cause of along-crest variations in depth-limited wave breaking. Sections of wave crests with
higher elevation break farther offshore, resulting in breaking along finite lengths, known

as short-crested wave breaking. The patterns of wave breaking, ranging from long-crested

to short-crested, affect mean currents and sediment transport [Reniers et all 2004], wave

runup |Guza and Feddersen), 2012], and the distribution of force on and subsequent damage

to engineered structures [Lin et al., 1986 |Song and Tao, 2007 |Ji et al) 2015, Macineira

\and Burcharth, 2016; |\ Warrick et al, 2017]. Furthermore, positive- and negative-signed ver-

tical vorticity — counter-clockwise and clockwise horizontal eddies — may be injected at the

edges of finite-crested breaking waves [Peregrine), 1998| [1999; |Buhler and Jacobson| [2001}
\Johnson and Pattiaratchi, 2006} [Sullivan et al), 2007; [Bruneau et al) 2011}, [Clark et all,
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2012; |[Wes et al., 2017, |Kirby and Derakhti, [2019]. The wave-generated vortices contribute

to mixing within the surf zone [Spydell and Feddersen| |2009; |Feddersen), 2014; Elgar and
\Raubenheimer), [2020; |0’ Dea et al), 2021b} |Baker et al,, 2021] and may lead to the genera-

tion of transient rip currents via an inverse cascade of energy to larger-scale lower-frequency
horizontal motions within the surf zone, similar to behaviors in two-dimensional turbulence

[Johnson and Pattiaratchil, 2004b; \Suanda and Feddersen),[2015; |Castelle et al.,[2016; | Kumar

\and Feddersen), [2017a; |[Moulton et all 2023]. The local rate of increase in vertical vorticity

at breaking crest ends is expected to depend on the along-crest variation in the wave height

[Peregrinel, (1998, 1999; |Buhler and Jacobson| 2001; | Bonneton et al., 2010; |Clark et al.,2012;

\Kurby and Derakhti, |2019], but the relationship between the directional properties of irreg-

ular wave fields and the along-crest length scales of breaking waves in the surf zone is not

well established.

In the open ocean, wave steepness and breaking location are affected by the interference

pattern of wave directional components [Banner et al., 2000; |Plant,[2012]. The distribution of

breaking wave crest lengths in deep water has been quantified from airborne camera imagery

and lidar observations for directionally spread wind waves [Kleiss and Melville, 2010; | Romero,

\and Melvillel |2011; \Sutherland and Melville, 2013]. Based on observations in deep water,

breaker crest lengths are expected to be shorter for incident waves with larger directional
spreads, but this relationship has not been tested with observations for irregular wave fields

in shallow waters.

Previous work has investigated sea-surface elevation patterns in shallow waters resulting

from two obliquely intersecting wave trains with laboratory experiments [Dalrymple), |1975;
\Hammack et all 1989; |Garnier et al., |2006; |Choi and Roh| 2021] and numerical modeling
[Kirby and Dalrymple, |1986; | Wei et al., 2017; | Postacchini et al., 2014]. Based on linear wave

theory, the along-crest variation in wave height for two intersecting wave trains with equiv-
alent frequencies is a function of the wavelength and angle between wave trains |Dalrymple,
1975]. However, recent numerical modeling experiments suggest that nonlinear wave-wave

and wave-current interaction may lead to shorter wave crest within the surf zone |Wei et al.,
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2017; |Kirby and Derakhti) [2019]. Although previous physical and numerical modeling ex-
periments have examined breaker characteristics for regular intersecting wave trains, these
conditions are not representative of directionally spread irregular wave fields commonly found
in the field environment. Theory suggests that crest-length characteristics of non-breaking
refracting short-crested directionally spread sea waves may depend on wavelength and direc-
tional spread [Longuet-Higgins), |1956]. However, a quantitative relationship between breaker
length scales and the directional properties for irregular wave fields in the surf zone is not

well established.

There is a lack of observations available to investigate the relationship between the direc-
tional wave properties and wave-breaking along-crest length scales in the surf zone, partly
as a result of the difficulties of measuring breaking crest characteristics using traditional
techniques such as subsurface pressure sensors [King et al., [1990; |Lentz and Raubenheimer,
1999; |Raubenheimer et al., 2001 or surface-piercing wire resistance gauges |Thornton et al.,
1976} | Thornton and Guza, [1983; |Battjes and Stivel, [1985]. Remote sensing techniques (e.g.,
visible imaging, thermal infrared imaging, radar, lidar) can be used to achieve comprehensive
spatio-temporal measurements of phase-resolved wave properties during breaking. For ex-
ample, wave breaking characteristics, such as wave energy dissipation and breaker type, can
be quantified from visible-band imagery [Holman and Haller| 2013; |Diaz et all 2018, |Carini
et al., 2021; |Saez et al., [2021]. Alternatively, lidar scanners and photogrammetry techniques
from synchronized stereo cameras can provide highly resolved measurements of the water
surface elevation. These techniques can directly measure the free surface elevation, whereas
pressure gauges require a depth-attenuation correction and commonly underestimate the free

surface due to aerated, nonlinear breaking waves [Martins et al., 2020].

Previous studies have used lidar measurements and photogrammetry techniques to map
water surfaces to study a wide range of nearshore processes. In the field environment, high-
resolution cross-shore transects measured with lidar scanners were used to measure surfzone
wave shape, cross-shore transformation, breaker type, and swashzone run-up |Brodie et al.|

2015; |Martins et al., 2017b; |Almeida et al., 2020 |Carini et all 2021; |O’Dea et al., 2021a).
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In laboratory experiments with unidirectional waves, lidar measurements captured wave-by-

wave swashzone excursions and reflections |[Vousdoukas et al., [2014; Martins et al., |2017a;

\Blenkinsopp et al. [2021] and were paired with a subsurface multibeam sonar to quantify

splash up and bubbles plumes [Bryan et al., 2019]. Additionally, stereo reconstruction, a

photogrammetry technique using synchronized cameras in the visible or infrared band, has
been used to estimate highly resolved three-dimensional properties of the sea-surface, such
as deep water directional wave spectra, statistics of extreme waves, and surface waves in-
teracting with ice [Benetazzo|, 2006; |Gallego et al., 2011} |Fedele et all 2013; |Sutherland and
\Meluvillel, 2013; |Campbell et al., [2014; Benetazzo et al., 2015} |Leckler et all 2015; |Schwen-|
\deman and Thomson), 2017; |Peureuz et al. [2018; |Malila et all [2022b]. Stereo techniques

have been used in the laboratory and field to examine nearshore wave characteristics, such

as runup, shoaling, and wave-structure interaction [Dugan et al., 2001;|Bechle and Wul,[2011;

\Palmsten and Holmanl, [2012; | Molfetta et all [2020; | Vieira et all [2020]. However, few studies

have applied stereo reconstruction techniques to measure nearshore breaking waves |de Vrie

et al., 2011; |Filipot et all 2019; |Kim et al., [2022] and no studies have used stereo methods

to evaluate wave transformation across and directional characteristics within the surf zone.

Here, laboratory experiments were performed to compare two remote sensing techniques
(i.e., lidar, visible-band stereo imagery) with in situ observations and to examine the depen-
dence of breaking crest length and number of ends on directional spread. Laboratory exper-
iments allow for repeatable wave conditions over alongshore-uniform bathymetry, controlled
lighting, and a relative ease of sampling in comparison with natural beach environments.
Experiments with a multidirectional irregular wave field incident on an alongshore-uniform
barred beach were performed in a directional wave basin. In Section 2, the design and anal-
ysis methods are described. In Section 3, remotely sensed spectral and bulk wave statistics
are compared with in situ measurements and the crest length and orientation of directionally
spread waves are quantified. In Section 4, the breaker crest length and ends are compared
with a parameterization. Additionally, Section 4 discusses the limitations and biases of differ-

ent measuring techniques and the applicability of laboratory findings to other environments.
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A summary of the findings is presented in Section 5.

2.2 DMethods

2.2.1 Laboratory experiment design
Directional wave basin

Laboratory experiments were performed in the Directional Wave Basin at the Oregon State
University O.H. Hinsdale Wave Research Laboratory (HWRL, https://wave.oregonstate.edu/)).
The basin is 48.8 m long, 26.5 m wide, and up to 2.1 m deep. The 29-board piston-type
wavemaker can simulate multidirectional irregular wave fields following second-order multi-
directional wavemaker theory |Schaffer and Steenberg, 2003]. Observations and analyses are
presented in the wave basin coordinate system, where the origin is at the center of the bot-
tom of the wavemaker with positive cross-shore (x) coordinates toward the beach, positive
alongshore (y) coordinates toward the south (right handed coordinate system), and elevation
(z) upward from the base of the basin. For this experiment, the basin bathymetry was flat
from x = 0 — 22 m and had a constant 1 : 10 slope from z = 22 — 48.8 m. An alongshore-
uniform concrete bar centered at x = 27.7 m rested on top of the metal slope (Figure )
The bar had a triangular cross section (without the bottom vertices where concrete would
be too thin and fragile) that was approximately 3.8 m long at the base (z = 25.4 — 29.2 m)
and 0.30 m tall at the apex (slope of 0.19 and -0.04 on offshore and onshore side of the bar).
For the experiments shown here (Table 2.1)), the water depth (h) in the flat region was set
to h = 1.07 m, leading to a depth at the bar crest of h = 0.19 m. Alongshore variability
of the concrete bar consisting of 28 sections were small (indentations between sections O(1)
cm) and not expected to impact the dynamics of interest. Previous studies examining finite-
crested wave breaking [Garnier et al., 2014; |Wez et al., [2017] and other surfzone dynamics
le.g., [Fowler and Dalrymplel |1991] were similarly performed on a 1:10 beach slope, but did
not include a bar and therefore had a smaller surfzone width. Although this slope may be

steeper than found on natural beaches, the surf similarity number |Battjes|, |1975] — the ratio
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Figure 2.1: (a) Plan view of the cross-shore (x) and alongshore (y) location of the surfzone
(circles) and inner-shelf (triangles) arrays of colocated pressure gauges and Acoustic Doppler
Velocimeters and the offshore wire resistance gauges (squares). The opaque color image in
the background is a rectified image from trial G1d (0p = 26°) at t = 16 : 06.3 from the center
ceiling-mounted camera, ¢2 (oblique image in Figure . The wire resistance gauge array
and the surfzone pressure sensor array were sampled for directional spectra calculations (red
squares and circles). (b) The cross-shore profile of the elevations (z) of the seafloor (shaded)

and mean water level (dashed, z = 1.07 m).
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of wave steepness to beach slope — is similar to some field environments (e.g., H; = 1 m,

T =10 s, and a beach slope of 2.5-3°).

The irregular wave fields were generated using JONSWAP spectra [Hasselmann et al.,
1973] as a function of significant wave height (Hy), peak period (7)), and a spectral width
gamma parameter of 3.3 [Hasselmann et al.,[1973]. The directional distribution of the wave
fields were generated using a cos® directional distribution |Longuet-Higgins et al., [1963]
as a function of the mean wave angle () and directional spread (oy). The second-order
multidirectional wave theory used for the physical model wave generation by the hydraulic
servo-system |Schdffer and Steenberg, [2003] may deviate from theory due to the finite basin
width, the lack of active absorption for irregular wave fields, reflections from boundaries,
wave-wave interaction, resonance of water near the wave board, or recirculating currents
within the facility. Thus, the ‘offshore’ conditions for each trial are characterized by wave
statistics observed at the wire resistance gauges (19.0 — 20.4 m onshore of the wavemaker,
Figure[2.4] squares) for the time range of 15—25 min (Table[2.1]). Each set of wave conditions
was repeated for two in situ arrays (Figure triangles and circles), with additional repeats
for some trials. The offshore significant wave heights varied from H; = 0.18 to 0.30 m,
resulting in an approximately 3.5-4.5-m wide surf zone, where initiation of wave breaking
typically occurred just offshore or near the bar crest (x ~ 27.7 m). The peak period was
either T}, =~ 2 or 3 sec. Waves had a shore-normal mean direction (6 ~ 0°) with directional
spreads ranging from nearly unidirectional to highly directionally spread (op = 2 — 30°).
Trials were grouped based on wave height and period, and here after will be referred to
by the average wave condition (e.g., G2a-e as H; ~ 0.23 m). Within a trial, there were
no statistically significant changes in wave height, and directional spread varied by a few
degrees when computed in 10-min increments for the time range of 5 — 45 min.

The laboratory was setup to optimize post-processing of imagery, including stereo re-
construction, which are sensitive to the interior lighting. Specular reflections on the water
surface can create false matches in stereo processing |Jahne et all [1994; |Benetazzo, 2000]

and were mitigated by covering all exterior windows and some reflective surfaces (including a
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Figure 2.2: Image from trial G1d (o9 = 26°) at t = 16 : 06.3 (rectified image in Figure 2.1h)
from the center ceiling-mounted camera (c2, Table with a field of view including the
bridge, beach, and basin side walls. A subset of the ground control points (red X’s) were
selected to compute the camera projection matrix during stereo processing. Diffuse lighting
on the sides of the basin and on the beach (V' & 2500 pixels) was added to decrease glare
for stereo imagery, and the beach (V' < 1800 pixels) was painted black to reduce visibility

of features on the basin floor and increase contrast with the white wave-breaking foam and

wiflle balls.
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Figure 2.3: Snapshot of the sea-surface elevation (color shading) vs. cross-shore (z) and
alongshore (y) position at ¢ = 16 : 06.3 from (a) stereo reconstructions and (b) lidar mea-
surements from trial G1d (Hs = 0.27 m, 0y = 26°). The surfzone edge was near the bar crest
(x = 27.6 m, dashed black line). Stereo reconstructions (dz,dy = 0.01 m) were mapped to a
higher resolution than lidar measurements (dz, dy = 0.5,0.25 m, parameter of the sampling
area in yellow). Directional spectra were computed from sea-surface elevation arrays sampled

from remote sensing observations (red squares).
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metal bridge) with black plastic tarps. Overhead lights directly above the basin were turned
off, while several overhead lights onshore of the basin beach remained on as they added light
from an oblique direction without producing strong reflections on the water surface. Eight
soft lights positioned around the front of the basin (e.g., V' &~ 2500 pixels in Figure
provided diffuse and oblique lighting of the water surface. In addition to lighting, subsurface
features visible through the water (e.g., instrument mounts, creases between concrete bar
slabs) were undesirable for optical water surface measurements including feature matching
in stereo processing. The visibility of subsurface features was reduced by painting the basin
beach and floor black (V' < 1800 pixels in Figure and adding additional ADV seeding
material (about 100 L, used in fresh water basins to provide sufficient backscatter for ADV
measurements) to the basin to increase the water turbidity. The black basin bottom also
provided contrast against the bright foam illuminated by the low side lighting.

Surface features, such as foam created during wave breaking, were crucial for stereo
matching. As bubbles created in fresh water dissipate more quickly than in seawater |Mon-
ahan and Zietlow| [1969], TritonX-100 surfactant was added (6 L) to the basin to increase
the lifespan of surface foam. The basin also was seeded with white plastic, perforated, hol-
low golf balls (approximately 4-cm diameter), which were transported by surfzone currents
and stood out with high contrast to the black-painted beach. In contrast to more buoyant
tracers that were tested (i.e., packing peanuts, synthetic flower petals), the balls sat low in
the water and did not appear to ‘surf’ onto shore when hit by a breaking wave. Variation in
the number of balls seeded in the basin (from 3,000 to 8,000) had a small influence on the

density of surface features and did not significantly affect the remote sensing measurements.

In situ measurements

Near-bed pressures and velocities were measured with an array of 12 colocated pressure
gauges and Acoustic Doppler Velocimeters (ADVs, Vectrino Profiler) sampling at 100 Hz
(Figure , circles, triangles). The gauges were mounted to the concrete bar or the metal

slope approximately 0.05 m above the bed elevation. The colocated gauges first were de-



28

Table 2.1: Wave conditions theoretically imposed at the wavemaker and measured onshore

of the wavemaker for shore-normal waves () with significant wave height (Hy), peak period

(T,), and directional spread (oy). Hs and T), are reported at two locations in the outer (p6,

x =284 m, y =—0.1 m) and inner (pll, x = 30.7 m, y = —0.1 m) surf zone for remote

sensing and in situ sensors. 6 and o, are reported as the surfzone average (sea-surface

elevation array, SEE-A, approach with remote sensing and in situ sensors) and surfzone

point (PUV with in situ

from lidar measurements.

sensors) estimates. The edge of the surfzone (z,) was estimated

Sensors | Location Statistic Gla GI1b Gle Gld G2 G20 G2¢ G2d G2 G3 Gla Gib
H, (m) 0.30 0.30 0.30 0.30 0.25 0.25 0.25 0.25 0.25 0.20 0.30 0.30

Wavemaker T, (s) 2 2 2 2 2 2 2 2 2 2 3 3

0(°) 0 0 0 0 0 0 0 0 0 0 0 0
oy (°) 0.0 196 28.6 362 00 10.0 19.6 28.6 362 36.2 19.6 36.2
H, (m) 028 0.27 026 027 025 0.23 022 024 023 018 0.29 0.30

Wave Offshore T, (s) 21 20 20 20 20 20 20 20 20 20 3.0 30
Gauges 0(°) -01 04 -59 -33 02 -10 08 48 21 04 -38 -23
oy (°) 24 168 252 261 24 9.6 183 242 259 276 19.5 30.0
H, (m) 0.17 0.16 0.17 0.17 0.15 0.15 0.15 0.15 0.16 0.13 0.20 0.20

In Situ Outer T, (s) 20 20 20 20 20 20 20 20 20 20 3.0 30
Sensors | Surf Zone pUve () |-05 -01 01 -14 -06 12 00 -05 -06 -09 -04 05
PUV gy (°) 11 148 147 154 102 146 16.6 17.7 174 19.7 127 12.1
H, (m) 0.13 0.13 013 0.13 0.12 0.12 0.12 013 012 0.12 0.15 0.16

In Situ | Inner T, (s) 21 19 20 20 20 20 20 20 20 19 30 30
Sensors | Surf Zone pUVe () |-04 -11 -05 -05 01 05 00 12 -01 1.0 07 -06
PUVoy (°) | 119 174 178 180 9.6 130 158 163 175 178 152 159
In Situ Across SSE-A 6 (°) | 00 -08 00 -11 -03 -21 05 -05 -04 03 -34 -29
Sensors | Surf Zone | SSE-A oy (°) | 28 13.7 166 173 27 6.6 114 165 17.8 183 120 14.0
Stereo Outer H, (m) 029 025 026 027 029 026 025 024 025 0.19 031 031
Recon. | Surf Zone T, (s) 21 20 20 20 21 20 20 20 20 20 29 29
Stereo Inner Hy (m) 0.15 0.14 0.15 0.15 0.15 0.15 0.15 0.15 0.16 0.15 0.18 0.18
Recon. | Surf Zone T, (s) 21 19 20 19 20 20 21 20 20 19 29 29
Stereo Across SSE-A 6 (°) | 05 -20 -21 -22 06 -1.0 -1.1 -1.2 03 -51 00 -54
Recon. | Surf Zone |SSE-A oy (°)| 23 11.0 159 207 23 6.3 11.7 164 225 185 122 16.1
Lidar Outer H, (m) 026 0.20 022 021 025 021 020 024 019 017 0.26 0.27
Surf Zone T, (s) 21 19 20 20 20 20 20 20 20 20 29 30
Lidar Inner H, (m) 0.14 0.13 0.13 0.14 0.14 0.15 0.14 0.16 0.12 0.14 0.16 0.17
Surf Zone T, (s) 22 19 20 20 20 20 20 20 20 20 29 30
Lidar Across SSE-A 6 (°) | 05 -22 -30 -42 04 -1.7 -03 -35 -24 33 -1.7 -33
Surf Zone | SSE-A oy (°) | 2.8 126 196 203 28 7.7 123 155 192 205 102 186
Lidar Zg, (m) 27.1 273 273 273 272 274 276 276 275 282 273 273
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ployed onshore of the bar crest in a ‘surfzone array’ consisting of two rows of sensors (xr = 28.4
and 30.7 m) spread in the alongshore (y = —8.2 to 3.2 m, Figure , circles). Then, wave
conditions were repeated with the colocated gauges reconfigured offshore of the bar crest
in an ‘inner-shelf array’ (r = 26.6 m, y = —9.8 to 9.7 m), which also included three verti-
cally stacked sensors at z,y = 24.5,—0.1 m (Figure , triangles). Velocity and pressure
measurements were cleaned, despiked, and rotated into the HWRL coordinate system. One
pressure sensor (p4, not shown in Figure : ‘surfzone array’: z,y = 28.4, —3.3 m, ‘inner-
shelf array’: x,y = 26.7, —12.4 m) was removed during post-processing as it was unresponsive
to fluctuations in the signal during many trials (i.e., only noise in the pressure signal). The
offshore wave conditions were measured with 15 surface-piercing wire resistance gauges (sam-
pling at 100 Hz) mounted on the offshore and onshore sides of the laboratory bridge (x = 19.0
m and 204 m, y = —9.0 to 9.0 m, above the flat bottom of the wave basin, Figure [2.1]a,
squares). Resistance gauges were calibrated twice daily and each time the still water level

was changed. In situ sensor locations were surveyed with a total station (0.15-cm accuracy).

Camera System

Three cameras (c1, ¢2, ¢3) were mounted to a beam on the HWRL building ceiling (z = 47.0
m, Table [2.2]) with overlapping, oblique fields of view spanning the width of the basin (y =
—13.3 to 13.3 m) from the bridge to the beach (z = 20 — 41.5 m, Figure 2.2). The center
camera (c2, y = 0 m) was pointed forward directly offshore (toward wavemaker) and the
cameras on either side of ¢2 were angled inward by 6-7° (¢l and ¢3, y = —1.8 and 1.7 m).
Camera c2 was positioned z =0.8 m below the side cameras (c1 and ¢3). The camera system
had identical cameras (Point Grey GS3-PGE-91S6C-C Grasshopper3, 9.1 MP, Sony ICX814
Color, Resolution: 3376 x 2704) and wide-angle lenses (Kowa LM6Hc 17 6 mm lenses). The
resolution of the raw images ranged from 0.05-2 cm. A secondary set of three cameras (not
shown here) were mounted farther onshore with a more oblique angle and smaller differences
between camera angles, but are not reported here as that configuration resulted in fewer

matching features during stereo processing. Each camera geometry was computed with
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Table 2.2: Extrinsic parameters including sensor location (O.H. Hinsdale Wave Research
Laboratory coordinates) and principle axes angles. The standard deviation of camera ex-
trinsic parameters across all trials were less than 0.008 m for the x,y, z-locations and less

than 0.07° for the azimuth, tilt, and roll.

Sensor z (m) y(m) z(m) Azimuth (°) Tilt (°) Roll (°)

cl 39.4 -1.7 10.8 272.6 32.3 -1.9
c2 39.3 0.1 11.0 268.7 32.8 -0.2
c3 39.3 1.8 10.8 266.6 33.1 2.0
3D Lidar 22.0 -3.5 7.3 180 47.9 2.6

ground control points (GCPs) — points in the laboratory with a known location — positioned
on the bridge, sidewalls, and beach (Figure 2.2} red X’s). GCPs (cardboard targets or
painted white circles silhouetted with a black square) were surveyed with a total station
at the beginning and end of the experiment. Differences between pre- and post-experiment

surveys were small and on the order of the total station accuracy.

Lidar System

A three-dimensional (3D) lidar sensor (Velodyne Lidar HDL-32E, 903-nm laser) collected
point clouds of the water surface-elevation at 10 Hz (about 695,000 points per second) by
computing the distance based on the time for a pulsed laser beam to travel to a target and
back. The sensor was mounted 6.3 m above the water surface on a steel beam attached to
the bridge (z,y,z = 22.0,—3.0,7.3 m) at an upward angle (~50°) relative to the horizontal.
The lidar’s 32 beams had 1.33° angular resolution and swept in the alongshore resulting in a
360° field of view from -30.67° to 10.67° relative to perpendicular from the lidar orientation.

The lidar collected measurements of the water surface spanning the width of the basin

(Figure[2.3p) as well as the building side walls and ceiling (removed during post-processing).
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The cross-shore width of the bow-tie shaped sampling area varied from 9 m below the
instrument to 13 m near the sides of the basin (the entire cross-shore extent of the basin
onshore of the bridge, Figure [2.3p, yellow outline). The orientation of the lidar provided
high-resolution alongshore measurements (< 0.05 m alongshore resolution near the center
of the tank), important for quantifying the along-crest length scales of the breaking waves,
and 0.25-0.40 m resolution in the cross-shore as a result of the cross-shore spacing at the
water surface of the 32 channels. Measurements were rotated into the HWRL coordinate
system using the surveyed position, measured orientation, and known level features in the
horizontal and vertical planes (e.g., facility side walls). Measurements were then binned
using a nearest neighbor gridding technique to a resolution of 0.50 m in the cross-shore and
0.25 m in the alongshore. Lidar returns off the water surface were strong within and outside
of the surf zone, enabling measurements of the wave field offshore of breaking. A thin layer
of ADV seeding material at the water surface led to the highest returns at the beginning of
the trial run with decreasing returns throughout the trial as the water column was mixed,
particularly near the side of the basin (y > 8 m) with most oblique angles that potentially

lead to more specular reflection away from the lidar.

Uncertainty in lidar observations may be due to the offshore position and oblique grazing
angle leading to the obstruction of the front face of the wave and deflection away from the
scanner |Brodie et all |2015]. Additionally multiple reflections off the water surface has been
shown to increase laser time of flight, resulting in lower sea-surface elevation measurements
from lidar |Vousdoukas et all [2014; |Brodie et al., 2015]. Uncertainty may also be introduced
due to errors in lidar extrinsics or movement of the scanner due to vibrations of the bridge

associated with the waves.
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2.2.2  Post-processing and analysis
Stereo reconstructions

The sea-surface elevation was reconstructed for each trial for 10 minutes with 8-Hz imagery
from 3 cameras (4800 images per camera from ¢ = 15 — 25 min) with Agisoft Metashape’s
multiframe camera functionality in HWRL coordinates (e.g., Figure ) Stereo recon-
structions were viable in the surf zone of the basin, where surface features including foam
and wiffle balls were present. Limited surface features offshore of the surf zone resulted
in few features to match between images resulting in sparse reconstructions at = < 27.5
m. Stereo processing workflow steps for each trial were (1) build a sparse point cloud from
aligned images, (2) manually select GCPs to solve for camera extrinsics, (3) filter the sparse
point cloud, and (4) build a dense point cloud from the filtered aligned points. The certainty
in aligned points was optimized by removing points in the sparse point cloud through an
iterative process based on reconstruction uncertainty, projection accuracy, and reprojection
error, leading to higher quality stereo reconstructions [Over et al., [2021]. Digital elevation
maps (DEMSs) — representations of a surface model as a regular grid of height values — were
computed from the dense point clouds and exported at 1-cm resolution. DEMs output
from Metashape were binned using a nearest neighbor gridding technique to 5-cm cross- and
alongshore resolution to remove additional noise and filtered with a 3-point temporal median
filter. The stereo reconstructions were computed over a time span of 10 minutes per trial
due to stereo processing computational constraints (3 days of processing time per 10 min of

data) on a RAID-configured Dell 7820 Tower Workstation.

Camera extrinsic parameters (location and orientation in laboratory coordinates) and
intrinsic parameters (internal properties for a particular camera setup encompassing focal
length, image sensor format, and principal point) were resolved separately for each trial run
to compensate for any movement, stretching, or shrinking of the cameras and camera lenses

between trials. Camera extrinsic parameters were computed from the manually-selected

pixel location of a subset of the GCPs (14 out of the 36, Figure red X’s) in the first
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image from each camera and set as constant for the rest of the trial. The estimated camera
extrinsics were not sensitive to the number or arrangement of selected GCPs as long as
the selected GCPs reasonably spanned the image. During step 3, camera intrinsics were
computed by an iterative process of filtering the sparse point cloud and optimizing for camera
intrinsics, which becomes computationally expensive if the optimization was attempted for
an entire trial time series. Therefore, camera intrinsics were resolved by performing the
stereo workflow with 10 image pairs from the trial run. Those intrinsics were ascribed to
the cameras in the stereo workflow and held constant for the full run at the beginning of
step 3. The intrinsics including camera affinity and non-orthogonality (skew) coefficients and
higher-order tangential distortion (3rd and 4th) and radiation distortion (4th) coefficients

were set to zero (values expected to be negligible).

Uncertainty in the stereo processing techniques may be due to reflections, instrument
geometry, and other sources during post-processing. Previous studies have suggested that
differences at a range of frequencies could result from remote sensing processing procedures,
including spatial jitter of the remote sensing pixel location and quantization errors |Bene-
tazzo, 2006 |Zavadsky et al., 2017]. During stereo processing, specular reflections from the
water surface may be detected as texture, causing false matches [Jahnel [1993; |Benetazzo,
2006]. A drawback of the approach implemented in the laboratory to reduce specular re-
flections (i.e., using diffuse side lighting) is that the bright breaking waves and foam were
occasionally overexposed in the images, prohibiting stereo-matching (Figure , x,y =31,2
m). Further, feature matching on subsurface features (i.e., the encasement for instruments,
metal slats on and creases between the concrete bars) occasionally occurred when minimal
surface foam was present and was reduced by bin averaging and filtering the output. Er-
rors may also have been introduced by uncertainty of the camera intrinsic and extrinsic
parameters (internal and external calibration error), in part owing to possible errors during

surveying and selection of GCPs.
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Wave Statistics

Wave statistics computed from the in situ gauges were compared with remotely sensed es-
timates for concurrent 10-minutes sections of each 45-minute trial (from ¢ = 15 — 25 min).
The pressure gauge measurements were corrected for depth attenuation with a tapered cutoff
frequency of 1.2 Hz |Guza and Thornton), |1980; |Bishop and Donelan, |1987]. To correct an
identified time lag between measurements from the in situ instruments, stereo reconstruc-
tions, and lidar, a time-lagged cross-correlation with each data set was computed using the
center outer surfzone sensor (x,y = 28.5,—0.1 m) as the standard. Adjustments to the
timing were typically a few seconds. For stereo reconstructions and lidar measurements,
locations with >10% of data missing from the 10-min time series were excluded from the
analysis. Typically, this resulted in passing data for all cross-shore locations from =z < 27 m
for the stereo reconstructions and between z < 24 m, —13 m< y < 8 m for the lidar. The
offshore edge of the surf zone (zy,, Table [2.1)) was defined as the cross-shore position where
the alongshore-average wave energy estimated from lidar measurements decreased to 95% of
the energy offshore of breaking at = 26 m, the farthest offshore position with lidar returns

>10% of the time for all trials.

To investigate the cross-shore wave transformation, wave characteristics were estimated
as the auto-spectra from a sea-surface elevation timeseries at individual locations with the
pressure sensors, stereo reconstructions, and lidar observations. For all measurement types,
the sea-surface elevation spectral analysis (S,,(f)) was performed using a Hanning window
period of 32 s with an overlap period of 16 s over the 10-min time series (DOF = 48), and
H, was computed from S,,(f) from 0.3 to 1.20 Hz. Additionally, colocated near-bottom
pressure and horizontal velocities were used to determine the directional moments (aq, bs)
in a single-point system [PUV approach, Kuik et al., |1988]. The mean wave angle and
direction spread for colocated sensors were computed as the energy-weighted average spread

and direction between 0.3 and 0.8 Hz (Table [2.1)).

An array of sea-surface elevation measurements was used to estimate directional wave
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properties offshore and within the surf zone. Directional wave spectra ((5,,(f,¢)), as a func-
tion of frequency (f) and direction (), were estimated using a spatial array of the sea-surface
elevation measurements computed with the in situ gauges, lidar measurements, and stereo
reconstructions. For all data types, the Extended Maximum Entropy Method (EMEM), a
method based on an auto-regressive process of directional waves [Hashimoto et al., 1995],
was used to compute S, (f,#) with directional resolution of 1° and frequency resolution of
0.0156 Hz with a Parzen window of 64 s and overlap of 36 s |Brodtkorb et al., [2000]. The
EMEM was selected due to the optimal performance relative to other directional estima-
tors (e.g., Iterative Maximum Likelihood Method) when the array geometries were tested
with synthetic wave fields and has previously been used for directional spectra estimates
from stereo reconstructions [Bechle and Wu, 2011]. The array approach was used for remote
sensing estimates, as opposed to a three-dimensional Fourier Transform of the space-time
data [Benetazzo et al., 2012 |Leckler et al., 2015], due to the relatively small wavelength to

surfzone width in the laboratory environment and for consistency with in situ observations.

The sea-surface elevation array design varied due to constraints of each instrument type.
For wire resistance gauges, the spectra were computed from a 7-sensor sub-sampled array
(Figure red squares) designed to optimize the non-redundant spatial lags between sen-
sor locations | Young, |1994] and were used to estimate offshore directional properties (e.g.,
Figure . Based on the performance of arrays with synthetic wave fields, all 11 sensors
were selected for the pressure gauges (Figure , red circles). Highly resolved maps of the
water surface from lidar and stereo reconstructions facilitated optimal array geometries to be
selected. Here, 15-16 sampling locations were selected to maximize the number of separate
lags while also resolving the range of wavelengths feasible for each remote sensing method
[Chickadel, 2007). The sampling array for stereo reconstructions was confined to the outer
to mid-surf zone to minimize substantial dissipation in the sampled region (Figure , red
squares, x = 28.3 — 30.5 m). The lidar array encompassed a longer cross-shore region due
to the larger cross-shore footprint (Figure , red squares, z = 26.5 — 30.5 m) and was

centered at y = —2 m due to intermittent returns off the water surface near the side of the
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Figure 2.4: (a-e) The directional spectra (.S, (f,6), color contours) as a function of frequency
(f, radial distance) and direction (6, angle) estimated with an Extended Maximum Entropy
Method (EMEM) estimator from the sub-sampled array of wire resistance gauges (Figure
2.1] red squares). The directional spectra integrated over all directions (f, S,,(6)) and from
0.3< f < 0.8 Hz (g, S,,(0)) for G2a~G2e (colors). Results for G2a with an EMEM estimator
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(g, black) had a higher noise floor than the Interative Maximum Likelihood Method (IMLM)

estimator (g, grey) but resulted in similar estimates of directional spread (og). Waves propa-

gating toward the shoreline have an angle of § = 0° and waves propagating towards offshore

have an angle of # = 180°. The vertical bar in (f,g) is the 95% confidence interval.
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tank farthest from the lidar (y > 5 m).

The array geometries and estimators were tested with a synthetic near-unidirectional and
directionally spread wave field with Wave Analysis for Fatigue and Oceanography software
[WAFO, |Brodtkorb et al.,; 2000]. The array geometries selected for application to the obser-
vations were able to estimate the directional spread (of the peak in onshore wave energy) of
the synthetic wave fields within 2.5°. Array geometries used for the remote sensing obser-
vations yielded directional spectra that were more consistent with the analytical directional
spectra than in situ array geometries, likely due to the more optimized array geometry. Syn-
thetic tests suggested that in situ arrays may erroneously identify energy in the offshore
direction that cannot solely be attributed to reflected energy for unidirectional waves, which
was less severe for directionally spread waves. Further, analytic testing confirmed that the
high noise floor exhibited for unidirectional conditions with the wire resistance gauge array
may be partially due to the array geometry (Figure ) For near-unidirectional wave
conditions, the noise floor was lower when an IMLM |Pawkal 1983] estimator was tested
(Figure , compare black and grey). However, for directionally spread wave conditions,
directional spectra estimated with the IMLM estimator was less consistent with the analyt-
ical directional than estimates with the EMEM estimator, partially due to erroneous peaks
in IMLM estimates |Hashimoto et al. (1995]. Because the focus of this paper is on direc-
tionally spread wave conditions, the EMEM estimator was selected to resolve the wave field
directional properties.

From each directional spectrum, the wave height and peak period were computed by
integrating the spectrum over all directions (6 = — to ) from f = 0.3—1.2 Hz. To estimate
the mean wave angle and directional spread, the spectrum as a function of only direction
(Syn(8)) was computed as the energy-weighted sum of S, (f, ) between f = 0.3 — 0.8 Hz,
constrained close to the peak frequency due to the frequency-dependent directional spread
of the wave field. Rather than computing the mean wave angle and directional spread
from directional moments (sensitive to reflected energy), a cos®* directional distribution was

fit to S, (#) to identify the width of the onshore propagating wave peak [Longuet-Higgins
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et al., 1963|. Prior to computing the directional properties, a noise floor (typically 1-2
magnitudes lower than the peak) was subtracted and S,,(f) was normalized by the total
onshore-propagating energy from = —7 /2 to w/2 [Squire and Montiel, |2016], where waves

toward shore are 6 = 0:

o / " s ()0 2.1)

—7/2

The normalized spectra (S,,(0) = S,,(0)/FE) were fit with a cos? distribution:

@A@:amﬁ(eg%) (2.2)

where s is the spreading factor, 6y is the mean wave angle, and a is a spread-dependent
constant that retains an area of f:/r 32 S,y(0)d6 = 1. The spreading factor and mean angle
were computed by varying both values and selecting the spectrum with the lowest root-
mean-squared deviation to the observed S,,(#). The directional spread (o) was computed

from the spreading factor as [Kuik et al. 1988]:

2
s+ 1

(2.3)

Op —

Results were similar (within 1°) when a was computed with a commonly used analytic
form for the normalization constant [Longuet-Higgins et al., [1963; | Mitsuyasu et all, [1975;
Hasselmann et all 1980]. However, this function behaves poorly when s > 171 (gy < 6.2°)
and thus was not used here. The angles associated with the peaks and centroid of gnn(e)
were typically within 2° of # computed from fitting the spectra. Directional spread estimates
vary by less than a degree when cos?® distribution was centered at the peak or centroid angle
rather than the fitting method. The mean angles and directional spreads typically varied by
less than 3° when two sensors were omitted from in situ arrays or sensors were shifted by 1
m for remote sensing arrays.
The percentage of energy reflected offshore was calculated as:

_E.—E

7

K %100 (2.4)
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where the incident (£;) and reflected energy (E,) were computed from the directional spectra

fo pm/2
= 0)dod )
E / / Sl )y (2.5)

ET:/fQ [/_m - (f20) d9+/ S,(f.6) d@] dodf (2.6)

as:

™
For fi; = 0.3 Hz to f, = 1.2 Hz, the reflected energy estimated from the wire resistance
gauges with the noise floor removed was 4-8% for directional spread trials (i.e., op > 10°).
Estimates of reflected energy from wire resistance gauges were higher for oy < 10° as the
directional estimates were unable to resolve the on- and offshore directed energy well for
the repeated lags in the wire resistance gauge array. However, the percent of reflected wave
energy was around 10-14% for o < 10° cases in the surf zone when estimated from the
stereo reconstruction and lidar arrays with more optimized array geometries. For all trials,
1-4% of the energy was reflected when computed from the on- and offshore directed peak of
the directional spectrum offshore and in the surf zone. When infragravity wave frequencies
(f > 0.3 Hz) were included, reflection estimates at the wire resistance gauges were similar
to those computed over surface gravity wave frequencies (f = 0.3 — 1.2 Hz), while the
proportion of offshore directed energy computed from stereo reconstructions was twice as

large as estimates only over surface gravity wave frequencies.

Breaking wave crest length, orientation, and number of ends

The dependence of the breaking crest length, orientation, and number of ends on wave
directional spread was addressed by developing and applying a Remote Breaker Identification
Scheme (RBIS) using a combination of the water surface amplitude (stereo reconstructions)
and brightness (imagery). Crests were identified in a region spanning the surf zone (x = 27
to 31.5 m, y = —13.2 to —13.2 m) at 8 Hz for 10 min for all trials (e.g., Figure [2.5)).
The offshore edge of the analysis region was positioned offshore of the surfzone edge (x,)

for all wave conditions, and the inner edge was the located offshore of where waves were
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observed to run up and down the beachface. Images were rectified into HWRL coordinates
with the solution for intrinsic and extrinsic parameters resolved during stereo processing
and maps of the z-elevations from each stereo reconstruction |Bruder and Brodie, |2020].
Prior to thresholding, stereo reconstructions and rectified images were interpolated to 0.05-
m resolution and spatially smoothed with a 0.3-m running mean in the alongshore. Results
were similar when sub-sampling the imagery at lower rates (e.g., 0.5 Hz) or varying the
choices of grid size and running mean filter size by a factor of two.

The basis of RBIS identifies breaking crests as regions that exceed an imagery threshold
and also an elevation-based breaking-gamma threshold. The following steps are performed to
identify breakers with RBIS (Figure [2.5): (1) identify a set of polygons encompassing poten-
tial breakers in imagery based on a pixel-intensity criteria, (2) separately identify potential
crest features in stereo reconstructions based on an elevation-based criteria, (3) quality con-
trol regions that meet both the pixel-intensity and elevation-based criteria and extract crest
characteristics (length, orientation, and location of ends).

Using pixel intensity as a proxy for wave breaking, wave crests were identified in each
frame of rectified black and white images from ¢2 when the pixel intensity was 20% brighter
than the 10-sec (5-wave) running mean pixel intensity (Figure 2.5p). This threshold was
selected as the optimal brightness over all the trials to identify breaking wave crests while
minimizing identification of persistent bubble plumes transported by surface currents.

Potential crest features were identified in stereo reconstructions as regions exceeding a
threshold ratio, -, of wave height to mean water depth h. Wave height was calculated as
twice the wave amplitude, which was approximated as the sea-surface elevation minus the
10-sec running mean sea-surface elevation. v was set to 0.2, which was chosen via manual
tuning by comparing identified waves in stereo reconstructions with imagery (Figure )

To quality control identified crest features that met both pixel-intensity and elevation-
based criteria, individual wave crests were only retained if the crest area was greater than
0.375 m2. This removes regions where small residual bubble plumes in imagery or elevated

features (e.g., spray) in stereo reconstructions were selected. Additionally, any identified
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crests within 0.3 m of another wave crest were designated as one continuous wave crest.
This compensates for intermittency in foam or stereo reconstructions that are not indicative
of separate wave crests and reduces any sensitivity to imagery and stereo-reconstruction
filtering scales. The crest length results from RBIS vary by 10% and 5% when the pixel
intensity and ~ thresholds where changed by 20%.

The crest length, number of crest ends, and wave orientation were estimated from the
polygon shapes of identified breaking wave crests in each frame. The breaking crest length
was estimated from a curve transecting the wave crest between crest ends (Figure ,
yellow curves). Each curve spans between the farthest alongshore extents of each wave crest,
specified as the cross-shore position equidistant between the farthest off- and onshore extent
of the crest for each alongshore grid point. The crest transects were each smoothed over
0.2 m with a running median filter to reduce the sensitivity to changes in the cross-shore
crest width. Estimating crest length as the alongshore extent of each polygon does not
account, for waves propagating obliquely to the shoreline or with curved crests and resulted
in ~ 2% shorter crest lengths than the along-crest estimates on average. Additionally, the
crest orientation was estimated as the angle relative to shore-parallel of the major axis of an

ellipse fit to each wave crest (Figure , green dashed ellipses).

Crest length and orientation were not included in crest statistics if the identified crest
extended on- or offshore of the surfzone region but were included if the crest intersected the
side wall (note that if crests intersecting the sidewall were not included, most crests would
be omitted from the near-unidirectional cases). Crest ends were counted at the alongshore
minimum and maximum position of each crest polygon and were omitted if a crest end
was within 0.2 m of the side walls or the cross-shore extent of the analysis region (Figure
, red/blue circles). For all trials, average breaking crest lengths and number of ends did
not differ significantly with differing threshold values, smoothing filters, or sampling rates.
Results were similar when computed over a larger cross-shore width (i.e., starting farther off-
shore), as RBIS method only identifies breaking surfzone waves due to the method’s reliance

on bright features that were resolved well in stereo reconstructions. As an alternative to
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the individual crest identification approaches shown here, alongshore wavenumber spectral
analysis applied to the sea-surface elevation and normalized pixel intensity lead to similar
results to the mean crest lengths identified with RBIS (e.g., the alongshore wavenumber
spectra peaks were approximately twice the identified mean crest lengths). However, along-
shore wavenumber results are not presented here due to the limitations of applying spectral
estimates in a setting where the length scales of interest were near the length of the signal

(i.e., the basin width).

Several aspects of this remote sensing technique may bias the crest characteristics, par-
ticularly for unidirectional wave conditions. Although the most commonly identified along-
crest-length (mode) for nearly unidirectional waves (Gla and G2a with oy = 2°) was the
width of the basin (y = 26.5 m), smaller-scale features identified for unidirectional waves
lead to smaller mean breaker lengths than the modes and a non-zero number of crest ends.
This may be due to reflections off the water surface from overhead lights causing alongshore-
varying brightness of wave crests or other small irregularities in breaking crests leading to

intermittency in breaker aeration (e.g., Figure [2.6p).

Constraining the crests identified in imagery with the stereo reconstructions typically
restricted the identification of residual foam as a breaker. However, occasionally bright
residual bubble plumes from an active breaking crest re-emerged at the water surface and
were coincident with an elevated water surface immediately proceeding a breaker [Masnads
et al), 2021], leading to an erroneously identified crest (e.g., Figure 2.6f). To alleviate the
impact of these erroneous crests on the overall crest statistics, identified features within 0.3
m of another feature are marked as a continuous feature. Joining these features can increase
the cross-shore width of the crest (e.g., Figure ) and therefore, can occasionally alter the
length of an individual breaking crest. However, this has little impact on the average crest

length as occurrences of this phenomena were infrequent.
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Figure 2.5: Snapshot of the Remote Breaker Identification Scheme (RBIS) workflow. Break-
ing wave crests (orange regions) were identified with a pixel-intensity based threshold in
rectified images (a, Step 1) and with an elevation-based threshold in stereo reconstructions
(b, Step. 2, colored by water-surface elevation, n) at ¢t = 16 : 14.3 from G1d (Hs = 0.27
m, oy = 26°). (c, Step 3) Crests length, ends, and orientation were characterized from the
breaking crests identified with the combined data products (inset region extending 4.5 m in
the cross-shore, x, and 26.5 m in the alongshore, y). The crest length was estimated from an
along-crest transect (yellow) and the orientation was the angle relative to shore-parallel of
the major axis of an ellipse fit to each crest (green dashed). The crest ends, where positive
and negative vertical vorticity may be generated, were the farthest alongshore extent of each

crest (red and blue circles).
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Figure 2.6: Examples of the Remote Breaker Identification Scheme (RBIS) identified wave
crests (orange region) for wave conditions with varying directional spreads. The estimated
along-crest-length (yellow curve) and crest ends (red/blue circle) in the surf zone (inset
darker region) are overlain on rectified imagery as a function of the cross- (x) and alongshore
(y) location. Trials presented here are for Hy ~ 0.24 m including G2a (a,d, oy = 2°),
G2b (be, 09 = 10°), and G2d (c,f, o = 24°). Often RBIS identified wave crests are
comparable to visual identification of crest features (a,c,e), but occasionally crests may be
misidentified due to residual foam despite filtering based on water level elevation exceedance
(d,f). Near-unidirectional (G2a) waves occasionally had alongshore-varying crest features

due to reflections of lights or variation in aerated breakers (b).
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Figure 2.7: Time series of the sea-surface elevation (n) from pressure gauges (black), stereo
reconstructions (red), and lidar (blue) in the inner surf zone (a,c, pl1l: z,y = 30.7,—0.1 m)
and outer surf zone (b,d, p6: x,y = 28.4, —0.1 m) from unidirectional waves (G1a, o9 = 2°)
(a,b) and directionally spread waves (G1d, o9 = 26°) (c,d, time series centered at snapshot in
Figure at t = 16 : 06.3). The sea-surface elevation was reconstructed from pressure gauge
measurements using a frequency-dependent depth attenuation correction (black). Three of
the times selected for the cross-shore profile snapshots in Figure ,c,d are shown (yellow

vertical lines).
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2.3 Results

2.3.1 Surfzone time series and cross-shore profiles

Sea-surface elevation time series measured with the stereo reconstructions and lidar are
correlated with pressure gauge estimates of the sea surface for unidirectional (GIa) and
directionally spread (G1d) waves in the inner and outer surf zone (Figure , correlation
coefficients, r? in Table . Three example cross-shore profile snapshots from the stereo
reconstructions (gridded to dz = 0.01 m) and lidar measurements (gridded to dz = 0.5 m)
are selected from the time series (Figure 2.7, yellow vertical lines) for unidirectional (Figure
2.8h) and directionally spread (Figure 2.8b,c) waves. As evident in the cross-shore profiles,
waves shoal as they propagate onto the beach slope and offshore edge of the bar (x < 27
m, beach profile shown with grey shaded region), break near the bar crest (r ~ 27.5 m)
in either a plunging (Figure ,b) or spilling (Figure ) shape, propagate onshore as
an aerated bore (29 < z < 31.5 m), and run up on the concrete beach (z > 31.5 m). The
remotely sensed sea-surface elevation from the lidar measurements and stereo reconstructions
are mostly consistent in the surf zone (average r* = 0.67 for G1a and G1d). The closest lidar
grid to the in situ sensor is not directly colocated with the sensor and there are small time
offsets between lidar measurements and stereo reconstructions due to the different sampling
rates, possibly explaining why lidar measurements can occasionally appear lagged relative to
the stereo reconstructions (Figure , t=17:25, Figure at x = 30.7 m). Other possible
reasons for the lagged appearance are the lower spatial resolution in lidar measurements
smoothing over abrupt changes in the sea-surface elevation or obstruction of the front-face
of the wave crest due to the lidar’s offshore position.

For the selected cross-shore profiles, the sea-surface elevation estimates reconstructed
from pressure gauge measurements are similar to the remotely sensed elevations in the inner
surf zone for all wave conditions, with a root-mean-squared deviation (RMSD) of 0.02 m
(Figure . The RMSD between remote sensing and in situ observations is larger in the

outer surf zone (average RMSD = 0.06 m). The sea-surface elevation from remote sensing
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Table 2.3: The r? and root-mean-squared deviation (RMSD) between pressure gauge, stereo
reconstructions, and lidar measurements at the center outer (p6, xz,y = 28.4,—0.1 m) and
inner (pll, =,y = 30.7,—0.1 m) surfzone sensor for unidirectional (G1a) and directionally

spread (G1d) conditions.

Outer Inner
Trial Gla G1d Gla G1d
72 RMSD (m) 72 RMSD (m)| r> RMSD (m) r* RMSD (m)
In Situ vs. Stereo | 0.27 0.075 0.50 0.053 0.75 0.022 0.82 0.017
In Situ vs. Lidar | 0.30 0.067 0.43 0.046 0.59 0.029 0.77 0.019
Stereo vs. Lidar | 0.66 0.051 0.64 0.045 0.66 0.027 0.71 0.023

and pressure gauges are similar for spilling waves in the outer surf zone (Figure ), whereas
the remotely sensed sea-surface elevation is often higher than pressure gauge estimates during
plunging breakers (Figure a,t =17 :15.8 and 17 : 22.3 s, Figure ,c). Occasionally
during time periods with small waves causing little to no breaking on the bar (not shown
here), surfzone surface foam was insufficient to achieve strong signals and returns in the

remote sensing (see Section for more details).

2.3.2  Sea-surface elevation spectra

The sea-surface elevation spectra computed from the stereo reconstructions and lidar mea-
surements are statistically indistinguishable (within the 95% confidence interval, Figure
for all surfzone regions and trials, suggesting that the remote sensing techniques measure a
similar surface envelope. Relative to the pressure gauge measurements in the outer surf zone,
the variance in the remotely sensed sea-surface elevation is 61% larger for the unidirectional

waves and 44% larger for directionally spread waves at 0.3 < f < 1.2 Hz (Figure 2.9h,c).
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Figure 2.8: Instantaneous cross-shore profiles of the elevation (z) of the sea-surface (7, still
water level shown with dashed grey line) at y = 0 m from unidirectional waves (G1a) at (a)
t = 17 : 21.4 and directionally spread waves (G1d) at (b) t = 15 : 39.9, (c¢) t = 15 : 59.6,
and (d) ¢t = 16 : 06.3 (see time series in Figure as a function of cross-shore position
(x) over varying bathymetry (h, solid gray curve and shading). Pressure gauges in the surf
zone are black circles (p6 and pl1, x = 28.4,30.7 m), stereo-reconstructed elevations are red
(dx = 0.01 m, 0.03 m spatial moving median filter applied), and lidar measurements are blue
(dx = 0.5 m). Waves break at the offshore edge of the wave crest (x ~ 27.5 m). Snapshots
are selected as the closest point in time for the instruments with different sampling rates
(e.g., cameras at 8 Hz, lidar at 10 Hz), which may lead to small differences between the lidar

and stereo reconstruction.
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Both remote sensing estimates have higher variance at low frequencies than the pressure

gauge estimates in the outer surf zone (O(0.5 — 1) magnitude greater at f < 0.3 Hz).

In the inner surf zone, the variance of the remotely sensed data is similar (within the 95%
confidence interval) to the variance of the pressure gauges at surface-gravity-wave frequencies
(0.3 < f < 1.2 Hz) for unidirectional and directionally spread waves (GIa and G1d, Figure
2.9b,d). The low-frequency variance (f < 0.3 Hz) measured by the remote sensing in the
inner surf zone is similar to the pressure gauges for directionally spread waves, however,
for the unidirectional case, the remotely sensed sea-surface elevation variance is 52% larger
than the pressure gauges at low-frequencies. These trends are similar for other trials with

unidirectional and directionally spread waves.

The decrease in sea-surface elevation variance as waves propagate toward shore and dis-
sipate within the surf is represented by all measurement methods (Figure , compare top
row with bottom row). The variance measured by pressure gauges in the outer surf zone is
lower than measured offshore (Figure ,c, compare black solid line with grey dot-dashed
line), indicating that energy has been dissipated. Consistent with the energy transfer to
infragravity frequencies in the swash zone |Guza and Thornton| [1982], the pressure gauge
measurements have more variance at low frequencies in the inner surf zone than the outer
surf zone. Similar to the pressure gauge estimates, the variance measured with remote sens-
ing decreases in the cross-shore at frequencies associated with surface waves near the spectral
peak (0.3 < f < 1.2 Hz), except in the outer surf zone for unidirectional waves where the
variance is similar in magnitude to the offshore conditions (Figure 2.9k, compare red/blue
solid line with grey dot-dashed line). Remote sensing techniques may overestimate the low-
frequency variance (f < 0.3 Hz) in the outer surf zone, leading to a decrease in the remotely

sensed low-frequency variance from the outer surf zone to the inner surf zone (see Section

2.4.2).
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Figure 2.9: Sea-surface elevation spectra (.5,,) as a function of frequency (f) were computed
from the in situ gauges (black), stereo reconstructions (red), and lidar measurements (blue)
in the outer surf zone (a,c, pll: z,y = 30.7,—0.1 m) and inner surf zone (b,d, p6: =,y =
28.4,—0.1 m) for 10-min time series (¢ = 15 — 25 min) from unidirectional (G1Ia, a,b) and
directionally spread (G1d, ¢,d) wave conditions. The offshore spectra were computed from
a wire resistance gauge at the bridge (dashed grey, wg4, x,y = 19.0, —0.04 m). The vertical

bar in (c) is the 95% confidence interval.

2.3.3 Wave height and period

For unidirectional and directionally spread waves, the alongshore-averaged wave height mea-
sured by the lidar just offshore of wave breaking is 0.26 — 0.27 m and is similar to or slightly
larger than the pressure gauge wave heights (Hy = 0.27 m at x = 24.5 m, H; = 0.24—0.25 m
at x = 26.6 m) estimated for a trial with repeated wave conditions and the ‘inner-shelf array’
of in situ sensors (Figure [2.10p,b, compare blue and black). In the outer surf zone (z = 28.4

m), the alongshore-average wave height estimated from stereo reconstructions and lidar are
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similar (Gla: Hy=0.25 m, G1d: H;=0.23 m) and higher than wave heights estimated from
pressure gauges (Gla: H=0.16 m, G1d: H,=0.17), consistent with comparisons between
measurement techniques in the time series and spectra at sensor p6 (z,y = 28.4,—0.1 m,
Figure . For unidirectional and directionally spread waves, the alongshore-average
remotely sensed wave heights are similar to the pressure gauge estimates in the inner surf
zone (Figure 2.10] z = 30.7 m). Within the surf zone, the alongshore standard deviation of
wave height from the stereo reconstructions and lidar measurements are < 1 cm and < 2
cm, respectively, for both wave conditions, indicating there was little variability in the wave

height in the along the basin.

Table 2.4: The slope (s), bias, and r? for remotely sensed (stereo reconstructions and lidar)
wave height (H) and peak period (7},) in the inner (pll: x = 30.7 m) and outer (p6:

x = 28.4 m) surf zone relative to the pressure sensors estimates for all trials in Table 2.1

H, (m) T, (s)
s bias (m) 72 |s bias (s) r?

Outer Surf Zone Stereo | 1.39 0.10 0.65 | 0.96  0.00 0.98

Lidar | 0.86 0.06 0.34 | 1.01 -0.01 0.96

Inner Surf Zone Stereo | 0.78 0.03 0.5810.99 -0.01 0.98

Lidar | 0.71 0.01 0.47 1 0.99  0.01 0.98

The significant wave height at sensors in the inner and outer surf zone (p6 and pll,
y ~ —0.1 m) are compared with the remote sensing estimates at the same location for all
wave conditions (Figure . Wave heights computed from the remote sensing are similar
to the pressure gauge estimates with a small positive bias in the inner surf zone (Table ,
Figure , circles) and a larger positive bias relative to the pressure gauge estimates in the
outer surf zone (Figure , triangles), particularly for the stereo reconstructions. Peak

periods (7},) are correlated with little bias between the remotely sensed and pressure gauge



o2

0.3—8 'g ¢ — . o In situl]

—Stereo

—Lidar ]

Figure 2.10: The significant wave height (H) computed from the in situ gauges (black
circles), stereo reconstructions (red), and lidar measurements (blue) for 10-min time series
from unidirectional (G1a, a) and directionally spread (G1d, b) waves. The alongshore average
(solid line) and alongshore standard deviation (shaded region) of H, are shown for the stereo
reconstructions and lidar. The in situ sensors include the wire resistance gauges (z = 19.0
m and 20.4 m, y = —9.0 to 9.0 m, 3-m alongshore spacing) and pressure gauge arrays in the
inner shelf (z = 24.5 and 26.6 m, y = —12.4 to 12.7 m) and surf zone (x = 28.4 and 30.7
m, y = —8.2 to 3.2 m). (c) The cross-shore profile of the bathymetry (grey) and still water
elevation (black dashed).
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measurements (Table and [2.4]). The wave heights computed from the directional spectra
(not shown) are between estimates derived from individual sensors in the outer and inner
surf zone, as expected for the sea-surface elevation sampled across the surf zone, and 7, is

consistent with estimates at individual sensors.
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Figure 2.11: The significant wave height (H,) computed from the pressure gauges in the outer
surf zone (p6, triangles) and inner surf zone (p11, circles) are compared with remotely sensed
estimates at the same locations from the stereo reconstructions (red) and lidar measurements

(blue). A one-to-one line is shown (dashed grey).

2.8.4  Directional spectra and bulk properties

Directional spectra (.S,,(f,8)) were computed from the sea-surface elevation array approach

with pressure gauges, stereo reconstructions, and lidar measurements. For all trials and
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Figure 2.12: (a-e) The surfzone directional spectra (.S, (f,6), color contours) as a function
of frequency (f, radial distance) and direction (6, angle) estimated from the stereo recon-
structions in the surf zone (see Figure for the array geometry). The directional spectra
as a function of only frequency (f, S,,(6), integrated over all directions) or direction (g,
Sin(0), integrated from 0.3< f < 0.8 Hz) for G2a-e (colors). Waves propagating toward
the shoreline have an angle of § = 0° and waves propagating towards offshore have an angle
of § = 180°. The estimated surfzone directional spread (oys,) is listed in the legend. The

vertical bar in (f,g) is the 95% confidence interval.
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measurement types, the peak of S,,(f,0) isnear f =0.5Hz (T, =2s)or f =0.33Hz (1, =3
s) and 0° (propagating towards shore) with variance more broadly distributed in direction
for directionally spread waves than unidirectional waves (example surfzone S,,(f,6) from
stereo reconstructions in Figure . For G2a-e, the surfzone directional spectra (.5,,(6),
summed over 0.3 < f < 0.8 Hz) from stereo reconstructions is centered at 0° and increases in
width and decreases in magnitude at the peak with increasing directional spread (directional
spread in the surf zone, o5, = 2 — 23°, Figure ) The spread around the peak at 0°
for unidirectional waves may be related to small alongshore variation of the wave crest due
to interactions with side walls or limitations of the array approach applied to unidirectional
waves (Figure 2.12, black line). At surface gravity wave frequencies (0.3 < f < 1.2 Hz),
reflected energy at 180° (propagating away from shore) is typically less than 14% of the
onshore-directed energy for unidirectional waves and less than 10% for directionally spread

waves (see Section [2.2.2)).

The mean wave angle () and directional spread (oy) were estimated using the sea-surface
elevation array approach by fitting a cos?* directional distribution and from colocated sensors
(at p6, pl1) using a PUV approach (see Section . The mean angles estimated from the
PUV approach are within 1.5° of 0°, while mean angles estimated with array approaches for
all instruments range from 6 = -5.9° to 4.8° (see Table [2.5| for bias and RMSD). Tests with a
synthetic analytic shore-normal wave field suggest that the non-zero mean direction estimated
with the array approaches cannot solely be attributed to the array geometry. Variation of
the mean wave direction may be associated with angular resolution of the chosen directional
arrays, uncertainties in ADV orientation and remote sensing geometry, and asymmetry in
the generated wave field.

PUV estimates of directional spread are similar to the in situ array estimates at o9 > 15°,
but yield substantially larger directional spread when oy < 15° (slope = 0.42, Table .
Directional spread may be overestimated with moment-based approaches when there is a high
signal to noise ratio |Herbers and Lentz, 2010] and may be sensitive to reflections |Gorman,

2018, which were more prominent at lower spreads (e.g., Figure compare a with b-e).



o6

The directional spreads computed from remote sensing arrays are consistent with estimates
from the surfzone in situ array for all directional spreads (r?=0.93 for stereo, 72=0.91 for

lidar).
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Figure 2.13: The surfzone directional spread (oys,) computed from the surfzone in situ array
(values on the x-axis) vs. estimates from the PUV approach at the inner (black circles)
and outer surf zone (black triangles) and the sea-surface elevation array approach from the

stereo reconstructions (red) and and lidar measurements (blue) (values on the y-axis). A

one-to-one line is shown (dashed grey).

2.3.5 Breaking wave crest length, orientation, and number of ends

The dependence of the along-crest length scales of waves in the outer surf zone (x = 29 m)

on directional spread (G2a,b,e) is evident in the temporal evolution of alongshore transects
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Table 2.5: The mean bias and RMSD in mean wave angle (6) and the slope (s), bias, and r?
in directional spread (oy) estimated from the sea-surface elevation array approaches (stereo
reconstructions and lidar measurements) and PUV directional moment estimates relative to

the in situ array estimates for all trials in Table 2.1]

0(°) a9 (°)
bias (°) RMSD (°) | s bias (°) 7?2
Stereo array | -0.33 2.35 1.14  0.52 0.93
Lidar array | -0.62 1.98 .12 1.04 0.92
PUV | 0.79 1.68 042  2.66 0.71

(Hovmoller diagrams) of the sea-surface elevation from stereo reconstructions (Figure
and normalized pixel intensity from rectified camera imagery (c2, Figure . For unidirec-
tional waves (G2a: gy = 2°, Figure , ), wave crests were nearly alongshore uniform
and break simultaneously across the width of the basin (—13.3 < y < 13.3 m). In contrast,

waves fields with larger directional spreads exhibit shorter crest length scales only spanning

a portion of the basin width (e.g., G2b and G2d: oy = 10, 24° in Figures 2.15p,c).

The lengths, orientation, and number of ends of breaking crests were quantified with
RBIS (see Section , Figure . From the identified wave crests over a 10-min timeseries,
the distribution of crest lengths and orientations were determined for each wave condition
(Figure . The average instantaneous number of wave crests (Ncrests, sum of crests
divided by number of frames) per wave crest length (lrest) Within the surf zone for G2a-e
varies with directional spread (Figure . The number of wave crests at short length
scales (lerest < 5 — 10 m) increases with directional spread. In contrast, the number of long
wave crests (loest > 10 m) is greater for waves with less directional spread (G2b: o4 = 9°).
The mode crest length for unidirectional waves (G2a) is the width of the basin (Whasin)

and wave crests spanning the full width of the basin were only identified in cases with
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Figure 2.14: Alongshore (y) transects of the sea-elevation (color shading, crests are lighter
colors; white are points with no stereo estimate) in the laboratory surf zone (x = 29 m) over
time (t) from stereo reconstructions. The alongshore structure of the temporally evolving
water surface elevation varies as a function of wave directional spread (og) including 2° (a,

G2a), 10° (b, G2b), and 26° (c, G2e).

op < 10° (Figure [2.16, red and black curves). Wave conditions with oy = 10° (G2b) had
more moderate-length crests (10 m > leesr > 20 m) than all other directional spreads. The

average crest length computed from each distribution decreases with increasing directional
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Figure 2.15: Alongshore (y) transects of the normalized pixel intensity (color shading, bright
is high intensity indicating bubbles associated with active breaking or residual foam) in
the laboratory surf zone (z = 29 m) over time (¢) from rectified images (camera c¢2). The
alongshore structure of the temporally evolving brightness signatures of the wave field vary

based on wave directional spread (oy) including 2° (a, G2a), 10° (b, G2b), and 26° (c, G2e¢).

spread from approximately 16.5 m to 4 m (Figure [2.16f, circles).

The distribution of crest orientations (6.) estimated with RBIS also varies with the wave

field directional spread (Figure ) Here, 6. = 0° are shore-normal waves and 6, > 0°(6,. <
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0°) are waves propagating toward the beach counter-clockwise (clockwise) from shore-normal.
The number of crests with a shore-normal orientation is greatest for unidirectional waves.
For directionally spread waves, the number of shore-normal crests exhibits little dependence
on directional spread. The standard deviation of crest orientations (oeest = 2—13°) increases
with wave directional spread (Figure [2.16p, horizontal bars). As demonstrated by both the
distribution of crest lengths and crest orientations (Figure and b), the average number
of crests identified per image (area under the curves) increases with directional spread for

G2a-e. Results are similar for cases with larger wave heights (G1a-d, Hy =~ 0.27).

T T T T T 0.7 o T T
025¢ (a) — G2a: 09 =2.4° : 1 (D) Hi
o —oge | L - ]
— G2b: gy =9. 0.6
2b: 09 =9.6° |; . Al
— G2c: 0y =18.3°| 1 1 3 N 20 crest
— G2d: 0y =24.2°| | 05F ]
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Figure 2.16: Histograms of the crest lengths (Icrest, bin width = 0.25 m) and crest orientations
(Ocrest, bin width = 1°) vs. the average number of wave crests within the surf zone per
snapshot (Neest). The average breaker length ((leest), circles in a) and standard deviation
of crest orientation (20est, horizontal bars in b) varies with wave directional spread (G2a-e

with oy = 2 — 26°, colors).
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2.4 Discussion

2.4.1 Breaking crest length and number of ends

The curl of the force associated with dissipation during wave breaking [Kennedy et al., 2000

\Spydell and Feddersen|, 2009; |Feddersen) 2014] may be greatest at the crest ends, where

the force varies from a non-zero value in the crest to zero outside of the crest, generating

vertical vorticity at crest ends [Peregrinel 1998} |Johnson and Pattiaratchi, [2006; |Bonneton

et all, 2010; |Clark et al. [2012; |[Wes et al., 2017]. Due to spatio-temporal variability of crest

lengths, irregular short-crested wave fields drive complex distributions of breaker dissipation
and momentum transfer to the water column, enhancing vorticity variance and dispersion

in the surf zone [Spydell and Feddersen| 2009; Feddersen, 2014} |Weur et al., 2017; |Elgar

\and Raubenheimer], [2020]. Although the precise relationship between the bulk wave prop-

erties, breaking crest lengths, and number of crest ends remains unclear, these quantities

are expected to play an important role in controlling the spatial and temporal distribution

of vertical vorticity injection in the surf zone |Peregrine, |1998; |Bihler and Jacobson, 2001}

\Clark et al.,2012]. For example, a greater number of crest ends may lead to more eddies with

length scales forced by short-crested wave breaking and alter rotational motion at larger and
smaller length scales through an inverse cascade of energy or forward cascade of enstrophy
[Spydell and Feddersen,2009; |Clark et al.,[2012; Elgar and Raubenheimer}, 2020; |Marchesiello
, . Here, the dependence of the mean crest length and number of ends on bulk

wave properties are investigated with observations and compared with parameterizations
based linear wave theory. This subsection includes a proposed nondimensionalization for the
parameterizations, a discussion of discrepancies between the observations and parameteriza-
tions, and comparisons with previous studies on depth-limited breaker characteristics.

In the laboratory observations with the Remote Breaker Identification Scheme (RBIS,
Section , the time- and surfzone area averaged breaking crest length decreases and
the number of crest ends increases with directional spread (Figure ,d, red shapes) for
all trials (Table . The mean crest length has little or no dependence on wave height
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Figure 2.17: The dependence of the (a-c) mean breaking crest length (lcest) and the (d-e)
average number of breaking crest ends (Negest—ends) in the surf zone on directional spread
for all trials (Table , legend at left: shapes represent trial groupings with similar peak
periods, T, and offshore wave heights, Hy, colored by Hy). lerest and Neest—ends are shown as a
function of the observed surfzone directional spread from stereo reconstructions (o, a,b,d,e)

or the offshore directional spread from wire resistance gauges (0g, c,f). Observations with

the Remote Breaker Identification Scheme (RBIS) are compared to |Longuet-Higgins| [1956]
(LH56) parameterizations (Eqn. in a-c and in d-f), where the cross-crest wavelength

(L) is the surfzone average wavelength given 7, and the surfzone width (W,). lerest and
Nerest—ends are presented as the basin instantaneous estimates (a,d) and nondimensionalized

values with the laboratory observed values (b,e, nondimensionalized by the average surfzone

2

T,s7

wavelength, L, g, and a crest-number scale, W = WyasinWe /L3 ,) or offshore conditions at
the wire resistance gauges, WRG (c,f, nondimensionalized by the offshore wavelength, L, g

and a crest-number scale, W = WhasinWes/ Ly oLy s2)-

(Figure [2.17}, compare red circle, squares, and triangles). The number of crest ends varies
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weakly with wave height for the small range of wave heights and surfzone widths tested here
(s, = 27.1 — 28.2 m for Hy = 0.18 — 0.27 m, Table , though future work studying a
broader range of wave heights and beach slopes may show a more significant relationship
(Figure ) An increase in wave period from T, ~ 2 to 3 s resulted in 20-30% longer
mean crest length, and led to about 40% fewer crest ends than conditions with a similar
wave height and directional spread (Figure ,d, compare triangles and diamonds).

To explain the mechanisms for changes in crest length and ends with directional spread
and other wave properties, we refer to the characterization of refracting non-breaking, short-
crested sea waves in |Longuet-Higgins [1956] (LH56 hereafter). As short-crested waves propa-
gate into shallower waters, refraction causes changes in the mean wavelength, direction, and
along-crests length. A general representation of the root-mean-squared angular deviation of

irregular sea waves around their mean direction is defined as:

o o Nmin
LH56 —
Nmax

(2.7)

where N, is the average number of times per unit distance that the water surface crosses a
line parallel to the crest and Ny, is the corresponding value for a line perpendicular to the
crest. For every wave crest, there are two crossings in the cross- and alongshore direction
and therefore, o s can be written in terms of the mean wavelength in the wavelength (L)

and along-crest-length (L,):

[\]
[\]

(2.8)

= 7 Nmin = 7 OLH56 =
Lz Ly x

t~ |@b{

Given a cos?® directional distribution, which is nearly Gaussian, opyse is analogous to the

wave directional spread, oyg. Thus, the mean breaker length (l..es;) can be estimated as:

1 1 L, 1L,
lcrest - éLy =35 - 5 _

— — 2.9
20156 209 (2:9)

The factor of 1/2 relating the breaker length (lest) to along-crest-length (L, ) assumes that,

for the surfzone average breaker length, 1/2 of the along-crest-length exceeds the crest-

identification threshold, the proxy for an active breaker. For shore-normal regular waves,
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the wavelength (L,) corresponds to the cross-shore wavelength, while along-crest-length (L,)
corresponds to the alongshore wavelength. However, for shore-normal irregular waves, waves
propagate onshore with a distribution of angles.

Following linear wave theory, l..s remains constant in the cross-shore as a result of
Snell’s law assuming a small angle approximation (i.e., sinoy ~ 0y), and thus, could be
applied for deep water values of the wavelength (L, ¢ and oy ) or values offshore of breaking.
However, since Snell’s law may not represent the directional spread within the surf zone due
to nonlinearities in the wave field and breaking processes [Herbers et al., |1999], applying
LH56 with wavelength and directional spread (L, s, and ogs,) in the surf zone may be more
representative of the breaker characteristics. Note that Eqn. is similar to forms derived
for a bi-directional wave field |Dalrymple and Lanan) |1976; Kirby and Dalrymple, 1986} |Dean
and Dalrymple, 1991; |Postacchini et al., |2014; |Wez et al., 2017; |Choi and Roh, 2021]. For
wave angles #; and 0, and applying the assumption that [ e = %Ly:

Ly

2.1
sin #; — sin 605) (2.10)

1
lcrest - 5(

This form is nearly equivalent to LH56 when 6, = —6y = %09 and the small angle approxi-
mation is reasonable.
The instantaneous number of crest ends (Nepest—enas) are approximated from the surfzone

geometry and wave properties as:

Wbasin Wsz WbasinWsz
Ncres —ends — =2 2.11
‘ d lcrest Lz,sz 70 LxLx,sz ( )

where Wy« is the alongshore width of the basin, Wy, is the cross-shore length of the surf
zone, and L, g, is the average wavelength in the surf zone of the basin.

The mean crest length and number of ends were estimated from LH56 (Eqns. and
for trials with T, = 2 and 3 s and H, = 0.18 — 0.27 m (Figure [2.17d, black curves).
For consistency with computing LH56 as a function of the surfzone directional spread (oys,),
lerest and Nepest—ends Were computed from the surfzone average wavelength (L, ,) from the

dispersion relation given the peak wave period and surfzone water depths (Figure [2.17h,d).
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Eqn. has no dependence on wave height, and thus, all conditions with the same wave
period collapse onto one line. W, was approximated as the distance between the average
observed offshore edge of the surf zone (z,) for a set of trials with similar wave heights and

the offshore extent of the swash zone, set to x = 31.5 m for all trials.

LH56 parameterizations trend similarly to RBIS observed crest length and number of
crest ends for increasing surfzone directional spread. For directionally spread wave con-
ditions (i.e., o9 > 3°) with 7, = 2 s, crest length from LH56 parameterizations are 34%
larger on average (Figure , compare red shapes to black curves), except for cases with
the largest directional spread (oy = 20°, underestimated by 13% on average). At small
directional spreads, the laboratory basin restricts the maximum observed crest length to
the width of the basin, which may reduce the mean observed crest length relative to LH56
parameterizations. For T}, ~ 2 s, the number of crest ends observed with RBIS are similar
to LH56 parameterizations at small directional spreads (oy < 15°), but are over-estimated
by LH56 by 37% at larger directional spreads (Figure , e.g., compare red triangles to
dot-dashed black line). For T}, = 3 s, the LH56 parameterizations overestimate the observed

mean crest lengths by 38% and underestimate the number of crest ends by 28%.

The mean crest length and number of crest ends are nondimensionalized to evaluate the
differences between RBIS observations and LH56 parameterizations as well as to generalize
these results to other conditions (Figure 2.17b,c,e,f). The crest length is nondimensionalized
by wavelength, L, at the same location as the directional spread estimates, and the number
of crest ends is nondimensionalized by a crest-number scale, W = WyusinWss/ Ly L, effec-
tively a ratio of the surfzone area to a quantity related to the crest-area. The normalized
estimates are presented as a function of the surfzone conditions (L, s, 0gs,) from the stereo
reconstructions as well as the offshore conditions (L, o, ) from the wire resistance gauges,
as some applications may require an estimate that is only a function of offshore wave prop-
erties. The nondimensionalized LH56 parameterizations of the mean crest length simplify to
oy I'and number of crest ends to 20y, and therefore, all conditions collapse onto one line for

LH56 parameterizations. The average crest length and number of ends estimated with RBIS
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generally collapse when normalized by the directional spread and wavelength in the surf zone
(Figure [2.17p,e, red shapes) and offshore (Figure ,f, red shapes), as well as the surfzone
width and peak wave period for each individual trial. However, the normalization collapses
RBIS results of crest length for varying wave periods better than the number of crest ends,
possibly due to the underestimation of crest ends with the LH56 parameterization for longer
wave periods or more spurious identification of residual foam as a breaker occurred for longer

wave periods (Figure compare black curve and red diamonds for b vs. e, ¢ vs. f).
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Figure 2.18: Summary of possible sources of uncertainty in the comparisons between the Re-

mote Breaker Identification Scheme (RBIS) observations and |Longuet- Higgins| [1956] (LH56)

parameterizations of crest length and ends (Figure for various trial groups (shapes,
legend at right). (a) The directional spread estimated from stereo reconstructions (ogg,) vs.
the standard deviation of ellipses fit to wave crests (Ocrest, red shapes and red 1:1 line) and
offshore directional spread at the wire resistance gauges (o). (b) The observed offshore
wave height (H;) vs. the surfzone width (W) and (c) the surfzone wavelength (L, s,) used
for LH56 parameterizations for 7, = 2 and 3 s vs. the surfzone wavelength estimated from
T, in stereo reconstructions with a 1:1 line (grey). (b,c) Trials are colored by the surfzone

directional spread (ops,) from stereo reconstructions.

The LH56 parameterizations are presented based on the average conditions observed

for different trial groupings (i.e., average T, and Wy,). Therefore, variability intrinsic to
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the comparisons between RBIS observations and LH56 parameterizations of crest length and
ends may be partially due to variation in wave statistics across trial groups (Figure ,c) or
how the angular deviation of the wave field is represented. The standard deviation of ellipses
fit to wave crests (Ocrest, possibly more congruent with oppss in Eqn. are similar to the
surfzone directional spread estimated from stereo reconstructions (op,) at small directional
spreads and plateau at around et = 10° for surfzone directional spreads (ops,) greater
than 10° (Figure , compare red shapes with red dashed 1:1 line). This may be a
consequence of fitting an ellipse to an irregular breaking crest shapes or could result from
differences between deriving directional spread from sea-surface elevations across the surf
zone vs. continuous breaking features flagged with RBIS. Due to wave refraction, directional
spreads in the surf zone are smaller than those observed offshore, but may be underestimated
by shoaling an angle of § = gy onshore (Figure , blue circles). Therefore, because LH56
applies linear wave theory to retain a constant L, in the cross-shore, LH56 parameterizations
from offshore wave conditions may over-estimate crest length and under-estimate the number

of crest ends in the surf zone.

In addition to variations within trial groupings and possible biases in observational meth-
ods (Section [2.2.2), differences between LH56 parameterizations and RBIS observed wave
characteristics may result from the simplified nature of the LH56 parameterizations, which
do not account for breaking or nonlinearities in the wave field. Possibly the largest source of
uncertainty arises from the assumption that [ .. is half the alongshore wavelength. This as-
sumption may not be representative of the average breaker length across the surf zone, where
the largest amplitude section of the wave breaks first and expands as the wave propagates into
shallower waters. This assumption may be further complicated due to wave obliquity altering
breaking patterns and the steep bar-trough bathymetry that may result in the reformation
of bores over the trough. Moreover, in an inhomogenous wave field, the mean crest length
may not be representative of the distribution of crests lengths resulting in the total number
of crest ends within the surf zone (e.g., Figure 2.16p). For example, the LH56 theory does

not reflect how wave properties may vary with the spread in frequency of the wave field (e.g.,
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the JONSWAP spreading factor for narrow swell conditions vs. broad-banded wind waves).
Furthermore, nonlinearities in the wave field may lead to reduced crest lengths relative the
linear approximations due to the nonlinear interaction of wave components [Johannessen
and Swan, 2001], wave-current interaction with complex surfzone currents |Longuet-Higgins
and Stewart, |1961; |Hasselmann), |1971], and directional broadening due to the scattering of
energy during breaking |Herbers et al., [1999]. Additionally, side walls, reflections, and reso-
nant patterns in the laboratory setting may alter crest length and number of ends and are

discussed in Section 2.4.3]

The breaking crest characterizations for an irregular short-crested wave field in the lab-
oratory presented here are the first set of observations of the response of depth-limited
breaker along-crest-length characteristics to varying wave directional spreads. These obser-
vations can aid our understanding of depth-limited breaking, building on previous numerical
modeling and laboratory experiments of crossing wave trains in shallow water |Dalrymple,
1975; | Dalrymple and Lanan), [1976; |Kirby and Dalrymple, 1986 |[Dean and Dalrymple, 1991}
Postacchini et al., 2014; |Garnier et al., 2014; |Wez et al., 2017; |Chot and Roh), 2021] and
regular short-crested waves [Kirby and Derakhti, 2019]. The limited influence of wave height
on breaking crest length in RBIS observations and LH56 parameterizations is consistent
with previous simulations of crossing-seas with a nonlinear shallow-water equation solver
[Postacchini et al.,2014). Their results suggest that the breaker length only depends on the
wave incidence angles and two constants, but does not vary with wave period. However, it
is unclear if their framework for bi-directional crossing seas is transferable to directionally
spread irregular waves. Highly-resolved nonlinear numerical models that simulated crossing
wave trains and regular waves |Wei et al., [2017; |Kirby and Derakhti, |2019] provide insight
into why the breaker length may be overestimated with linear wave theory. In these nu-
merical experiments, nonlinear wave interactions led to the bifurcation of individual short
crests — the division of a wave crest into two crests — within the surf zone for barred and
planar bathymetry. Even though it is unclear if bifurcation would play a dominant role in

wave crest characteristics for irregular wave fields, their results emphasize the contribution
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of nonlinearities in the surf zone to altering breaker length characteristics.

Findings presented here suggest that the directional spread of the wave field plays a dom-
inant role in defining the crest length, consistent with linear wave theory |Longuet-Higgins,
1956]. Future work could explore how along-crest breaker characteristics vary with wave
obliquity and spectral shape (e.g., a narrow frequency spread, common for swell-dominated
conditions), as well as the influence of bi-modal wave conditions with both a local-sea and
swell. The implications of breaker characteristics during varying sea-states on vorticity gen-

eration, surfzone dispersion, and cross-shore exchange are topics for further inquiry.

2.4.2 Remotely sensed sea-surface elevation and array-based wave field characterization

Reconstructing the free surface from the subsurface pressure using linear wave theory does
not represent non-hydrostatic effects that typically occur in the aerated region of steep
breaking bores |Van Dorn| 1978 |Elgar et al., |1988|, possibly leading to an underestimation
of the maximum elevation of wave crests in the surf zone [Martins et al. 2020]. In contrast
to subsurface pressure measurements, remote sensing techniques estimate the free surface
elevation and can capture the free-surface signature of nonlinear, non-hydrostatic processes
(e.g., wave asymmetry, wave-wave interactions) during depth-limited wave breaking. Wave
directional spectra, typically computed with a single instrument (i.e., heave-pitch roll or
PUV) or a sparse array of in situ sensors, may be augmented with high-resolution sea-surface
elevation measurements that can be sub-sampled at locations not defined a priori and are not
limited by the number of available sensors. However, when interpreting the remotely sensed
free-surface estimates, it must be considered that they may include the surface elevation
signature of spray and splash up, the aerated water surface (foam), and the surface above
an air cavity (plunging breakers), in contrast to pressure measurements that assume a single
vertically connected domain. Due to these differences, remote sensing and pressure gauge
measurement techniques may produce different estimates of wave dissipation, particularly
for plunging wave conditions, and each may be better suited for distinct science questions.

Remote sensing observations used in this study rely on surface features, such as foam, to
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map the water surface elevation. Here, remotely sensed wave heights are similar to in situ
observations in the inner surf zone and larger than in situ observations in the outer surf zone
(Table 2.1 Figure 2.11). Particularly near the onset of breaking (Figure at x = 28.4
m), the remote sensing estimates may have more variance near the peak wave frequency due
to the presence of aerated bore-fronts and plunging breakers with a void shape and splash
up [e.g., Figure , Peregrine, 1983; |Basco|, [1985; |Coz and Shin) 2003], and also due
to spurious low elevation estimates in wave troughs during periods with less steep waves
(e.g., smaller wave sets, Figure [2.19b) resulting in less persistent residual foam [Callaghan
et al., [2013] and increased visibility of subsurface features. See stereo reconstructions in the
darkest troughs observed in imagery by comparing Figure [2.14] vs. [2.15] These processes
resemble a periodic impulse or square wave, with the amplitude varying on timescales of
wave groups due to the modulation of breaker type and foam with wave height. Thus, these
affects may also contribute to the higher variance observed at frequencies higher or lower than
the spectral peak. The modulation of breaker type, foam, and splash up over wave-group
timescales was more prolific for unidirectional wave conditions (compare depth-attenuation
and hydrostatic corrected pressure gauge measurements with remote sensing in Figure ,
leading to greater discrepancies between in situ observations and remote sensing relative
to directionally spread wave conditions. Additionally, the lack of harmonics at frequencies
higher than the first harmonic in remote sensing may be due to the running median filter
applied to these observations or inherent noise and cannot be compared to in situ sensors

due to the frequency cutoff in the depth-attenuation correction (Figure , f > 1.5 Hz).

Similar differences between lidar and in situ observations have previously been identified.
The higher variance measured by a lidar than colocated pressure sensors is consistent with
field observations in the outer surf zone during plunging breakers [Martins et all [2020)]
and in the inner surf zone with aerated wave rollers |Brodie et al. [2015]. Two laboratory
flume experiments that compared in situ observations and stereo reconstructions during
spilling breakers found that differences were small [less than 10%, |de Vries et al., 2011; | Kim

et al., [2022], consistent with comparisons presented here in the inner surf zone. Further,
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previous studies applying stereo processing techniques in deep or intermediate water have
also observed a similar overestimation of variance at low frequencies | Wanek and Wuj, 2006;
Leckler et al., |2015]. However, previous studies have not explored the consistencies between
stereo reconstructions and in situ observations during plunging breakers. The comparable
spectra and wave height estimates between remote sensing techniques in the outer surf zone
suggest that biases observed in previous lidar observations during plungers may be consistent
with biases for stereo reconstructions. Additional studies could provide insight into how the
differences between remote sensing and in situ sensors vary with differing laboratory setups

(e.g., lighting, surface features) and wave fields (e.g., breaker type).

Estimating frequency-directional wave field characteristics via array-based approaches has
advantages over single-point approaches, and spatially dense remote sensing sea-surface ele-
vation measurements offer the ability to easily design lagged arrays for such approaches. Sur-
fzone directional spread from array-based approaches are larger than spreads estimated via
applying analytical linear wave shoaling to the offshore wire resistance gauges (not shown),
possibly due to breaking induced spreading of energy [Herbers et all|1999] and wave-current
interaction [Battjes, 1988|]. Lagged array approaches might be affected by sub-optimal lags
for the pre-defined in situ sensor locations | Young, |1994], significant dissipation (breaking)
within the array and phase-locked reflections in the laboratory setting |Huntley and David-
son), |1998]. Similar to the laboratory findings presented here, previous estimates of the mean
direction from lidar observations near breaking found better agreement with in situ observa-
tions from array-based approach than with PUV estimates (root-mean-square error of about
8°), but did not test the directional spread [[rish et al., 2006]. Airborne scanning lidars
[Walsh et all |1987; |[Hwang et al., 2000; |Jahanmard et al., [2022] and stereo-photogrammetry
techniques from imagery [Bechle and Wul, 2011} |Benetazzo et al., 2012; |Leckler et al., 2015;
Malila et al., 2022a] have been applied to estimate directional spectra with an array of single
point measurements, similar to estimates herein, and three-dimensional Fourier transforms
of space-time sea-surface elevations in intermediate and deep waters. However, a comparison

between in situ observations, stereo reconstructions, and lidar measurements has not other-
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wise been tested in the surf zone. Further research into the sensitivity of directional spectra

results to array geometries and estimator selection in varying settings would be valuable.
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Figure 2.19: Time series (f) of the sea-surface elevation (1) during trial G1a with nearly
unidirectional (o = 2°) wave conditions for time periods with large plunging breaking waves
at the peak of a wave group (a) and small non-breaking waves with little surface foam
(b) observed with the in situ gauges (grey: hydrostatic reconstruction, HR, black: depth
attenuation correction, DAC), stereo reconstructions (red), and lidar measurements (blue)
in the outer surf zone (pll: z,y = 30.7, —0.1 m). Rectified images from the center camera
(c2) as a function of the cross- (z) and alongshore (y) position during (c) a plunging breaker
at time t, (yellow vertical bar in a) and (d) a small set of waves at time t;, (yellow vertical

bar in b). The location of sensor pl1 is overlain on the images (c,d, red circle).
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2.4.83 Laboratory experimental conditions and applicability

The laboratory directional wave basin experiments presented here were used to study direc-
tionally spread wave fields that were normally incident on alongshore-uniform bathymetry,
without some of the complexities commonly found in a field environment including local
and offshore alongshore bathymetric variations and mean alongshore currents and associ-
ated shear instabilities [Bowen and Holman) 1989; |Allen et al., 1996; |Oltman-Shay et al.,
1989]. In addition, the repeatable wave conditions generated by the wavemaker, ease of
deployment of in situ sensor and camera arrays, and controlled surfactant and lighting were

important in achieving the highly resolved dataset and resulting findings.

The closed boundaries and steep beach in the laboratory basin interact with the wave
and flow fields, which may limit the ability to use the basin results as a model for exten-
sive alongshore beaches with shallower slopes that are often studied in field environments.
For example, particularly for the unidirectional wave cases, strong reflection occurred at
surface-gravity and infra-gravity frequencies, leading to interactions with incoming waves
and modulation of the breaker type. Directionally spread wave fields reflect off of the hard
side walls and back into test area, which may lead to differences in the wave field relative to
an open coast; alternatively, the reflected energy may beneficially reduce shadowing effects
that would occur for more dissipative sidewalls |Mansard and Miles|,|1994; |de Reilhac et al.,

2008; |Dalrymple, [1989; |Gilbert and Huntington), [1991].

Another consequence of the reflective sidewalls was the generation of seiching patterns,
which led to the exclusion of trials with longer periods from this study (smaller ratio of
the alongshore wavelength to basin width) for which pressure gauge records showed strong
seiching. Analysis of in situ velocities suggest that seiching modes were small for trial
conditions analyzed here and there is no evidence of modes growing throughout the trial run.
Some of the wave components in the forced irregular wave fields satisfy the dispersion relation
for free edge waves — laterally traveling waves near the shoreline |Bowen and Inman) 1971

Guza and Inman, |1975; [ Holman and Bowen), [1984] — however, the short wavelengths relative
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to the basin width were unlikely to excite lower-mode, higher-energy edge waves |Guza and
Dawis, 1974; |Guza and Inman), 1975]. Randomness of the irregular wave frequencies may
significantly reduce the subharmonic edge wave amplitude [ Vittori et al.,2019]. Furthermore,
wave breaking leads to broad-banded noise in the fluid motion and may inhibit the excitation
of subharmonic edge waves |Guza and Inman, 1975; | Guza et all [1976; | Abcha et al., 2017].
Given these considerations, further work is needed to determine how the relationships
identified here may be adapted for open-coast field environments. Similar to the analyses
performed here, field measurements of the water surface elevation on a relatively alongshore-
uniform beach using stereo imaging or lidar, paired with observations of nearshore bathymetry
and offshore wave conditions, could be used to investigate the dependence of breaking wave
crest statistics on offshore wave conditions, with the added complexity of varying bathymetry
and other factors. In addition, numerical simulations of the transformation of directionally
spread wave fields could assess the behavior of the breaking wave patterns for a range of
wave conditions and geometries, including a long beach with periodic boundary conditions

or a finite laboratory basin with reflective walls.
2.5 Summary and Conclusions

Short-crested wave breaking leads to the injection of vorticity in the surf zone, influences
sediment transport processes, and alters runup and forces on structures. The along-crest-
lengths of breaking waves in the surf zone are expected to be shorter when waves are more
directionally spread, but this relationship had not been quantified. Additionally, few studies
have assessed the feasibility of applying remote sensing, including stereo reconstruction and
lidar, to measure wave transformation in the surf zone. Here, laboratory experiments at the
O.H. Hinsdale Wave Research Laboratory are used to investigate remotely-sensed breaking
wave properties, including the distribution of breaker along-crest-lengths and ends during
multidirectional irregular wave conditions.

Stereo reconstructions and lidar measurements of the sea-surface elevation are compared

with in situ observations in and just offshore of the surf zone of the basin for 12 trials. The
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remotely sensed cross-shore transformation of wave height is similar to in situ observations
offshore of wave breaking and in the inner surf zone. Near the onset of wave breaking,
larger wave heights are measured by the remote sensing than by the in situ sensors due
to differences in measurement techniques. For example, plunging breakers may lead to dif-
fering measurements, because remote sensing resolves the top of an aerated water surface
whereas the pressure gauges measure the height of the surface below an air pocket. Further,
directional spread estimated with sea-surface elevation arrays extracted from remote sens-
ing observations are similar to estimates from in situ sensor arrays for all wave conditions
and are smaller than single-point PUV directional estimates for wave conditions with small
directional spreads.

The average along-crest length scales of surfzone waves were quantified with the Remote
Breaker Identification Scheme to identify individual crests via thresholding of imagery and
stereo reconstructions. As wave directional spread increases, the length of breaking crests
decreases and the number of crest ends increases. In contrast, as the wave period increases,
the along-crest-length increases and number of crest ends decreases. Decreasing the sig-
nificant wave height led to little or no change in along-crest-length and a decrease in the
number of crest ends. The observed crest length and number of crest ends follow a similar
relationship with directional spread to parameterizations of crest characteristics based on
Longuet-Higgins| [1956] (LH56). The LH56 parameterizations are larger than the observed
crest length for most cases, except for cases with the largest directional spreads. For 2-s
waves, the number of crest ends estimated by LH56 parameterizations is consistent with
observations at small directional spreads, but larger than observations at larger directional
spreads. A nondimensionalization is proposed to generalize expected breaking along-crest-
length and number of crest ends for other wave and bathymetry conditions. Further work
may refine the relationship between wave field bulk properties and the distribution of crest
length scales and assess the translatability of the finite wave basin results to field environ-

ments.
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Chapter 3

LINKING DIRECTIONALLY SPREAD WAVEFIELDS,
SHORT-CRESTED WAVE BREAKING, AND SURFZONE
EDDY PROCESSES IN A LABORATORY BASIN

3.1 Introduction

The nearshore region consists of the surf zone, extending from the shoreline to the sea-
ward limit of depth-induced wave breaking, and the inner shelf, which is directly offshore
of the surf zone where turbulence extends throughout the water column |Lentz and Few-
ings, |2012]. Essential commercial and recreational resources within this nearshore region are
often compromised by degraded water quality due to pathogens, viruses, or excess terres-
trial nutrient runoff disrupting coastal ecosystems |Halpern et al., 2008; |Boehm and Soller,
2013], causing gastrointestinal and viral infections for swimmers |Priss|, 1998 |Colford et al.,
2012|, and prompting beach closures [Boehm et all| 2002]. Furthermore, the dispersal of
plankton and larval subsidies via surfzone currents affect the growth and reproduction of
filter-feeding invertebrates, a foundation of intertidal ecosystems [Shanks et al., [2010; |Mor-
gan et al, [2017]. The transport and dispersion of these materials within the surf zone and
between the surf zone and inner shelf are in part driven by wave-driven surfzone eddies and
rip currents |Hally-Rosendahl et all 2014, 2015; |Hally-Rosendahl and Feddersen, [2016]. Ac-
curately characterizing these processes is essential for recreational activities and nearshore

ecosystem health.

As waves propagate shoreward and break within the surf zone, they inject turbulence into
the water column |Feddersen|,[2012] and drive complex circulation patterns with varying spa-
tial and temporal scales. Oblique waves drive mean alongshore surfzone currents, transport-

ing material along the coastline |Longuet-Higgins, 1970], and bed return flow often promotes
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the seaward return of material |[Svendsen) 1984b|. Bathymetric rip currents, resulting from

alongshore variation in pressure gradients, contribute to cross-shore exchange of material on

alongshore-varying beaches [[nman et al. 1971; |MacMahan et al., 2006; |Dalrymple et al.

2011} |Castelle et al.,2014]. Additionally, surfzone eddies — horizontal rotational motions with

lower frequencies than surface gravity waves — drive rapid dispersion and transport of mate-
rial within the surf zone [Spydell and Feddersen| 2009; |Clark et all 2010} |Feddersen et all,
2011} |Clark et all 2011} |Spydell and Feddersen), |2012; |Hally-Rosendahl et all, 2014} 2015].

Ephemeral offshore ejections of surfzone eddies, known as transient rip currents, induce ex-

change between the surf zone and inner shelf [Johnson and Pattiaratchi, 2004b; \Suanda and

\Feddersen), 2015, [Kumar and Feddersen), [2017d, [a], b} [Grimes et al) [2020a] b]. Despite the

importance of surfzone eddies, the generation mechanisms and temporal evolution of surfzone

eddies remain elusive.

Wave breaking |Peregrinel |1998; |Reniers et al., [2004] and shear instabilities in mean

alongshore currents [Bowen and Holmanl,|1989; |Dodd et al., 1992; |Oltman-Shay et al., [1989;

\Feddersen), 1998 generate low-frequency rotational motion and eddies with length scales

spanning 10s-100s m and frequencies less than 0.04 Hz [Spydell et al., 2007, 2009]. Wave-

breaking-forced eddies may be generated by wave-group driven alongshore radiation stress

gradients ﬂHaller et al.|, |1999|; |Rem'er5 et al.|, |2004|; |L0ng and Ozkan HallerL |2009|] and indi-

vidual breaking waves |Peregrine and Bokhove, [1998; |Peregrine), 1999]. Evidence from field

observations suggests that horizontal eddies with a broad distribution of length scales are

ubiquitous on alongshore-uniform beaches |[Noyes et al.l [2005; |Spydell and Feddersen), |2009;

\Hally-Rosendahl et al), 2015]. In tandem, numerical model results suggest that individual

breaking waves with finite crests are responsible for the observed eddy field [Feddersen)|2014].

Crucially, eddies generated by individual wave breaking with finite crests are hypothesized

to evolve within the surf zone, leading to larger-scale rotational motions that can enhance

transient rip-current-driven cross-shore exchange |Peregrinel (1998 |Spydell et all 2007, |Spy-

\dell and Feddersen, 2009; |Feddersen) 2014]. However, the processes connecting the wave

field to eddies that can eject material from the surf zone into deeper waters remain poorly
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understood.

Directionally spread waves inject vorticity into the surf zone. Wave directional spread

— the directional distribution of wave energy around the mean angle — is a significant

source of wave-field spatially inhomogenous amplitudes [Longuet-Higgins, |1957]. On nearly

alongshore-uniform beaches where bathymetric variability contributions are smaller, wave
directional spread is the primary source of wave amplitude variability along the coast. As
waves propagate into shallow water, the largest amplitude sections of the waves break first,

resulting in breaking along finite lengths, known as short-crested wave breaking. Based on

theory |Peregrine, 1998} |Peregrine and Bokhove| |1999], numerical modeling [Buhler and Ja-|
\cobson,, |2001; |Spydell et al., 2009; |Wei et al. |2017; |Kirby and Derakhti, [2019], and limited

observations |Clark et all,|2012; |Choi and Roh [2021], the gradient in wave dissipation along

a wave crest may generate rotational motions at lower frequencies than the momentum from
waves. Positive and negative vertical vortices — counter-clockwise and clockwise horizontal
eddies, respectively — are hypothesized to be generated near crest ends due to the along-
crest gradient in the wave breaking force [scales with dissipation over bore speed, Figure
[3-Th, [Bihler|, [2000; [Bonneton et all,[2010; [Kirby and Derakhti, 2019; [Clark et all 2012} [Fed
2014]. The largest vorticity-injection-forcing may occur in the regions with the most

wave dissipation [e.g., bars crests or the shore face, |[Feddersen) 2014]. The length scales of

wave-breaking-injected vertical vorticity, termed “vorticity injection” here, are not known,
but numerical modeling studies suggest that injection lengths may scale with the width of

the breaking region |Kirby and Derakhti, 2019] and vary with directional spread [3.1p,

\dell and Feddersen),[2009]. In one field experiment, the breaking force was parameterized to

estimate vorticity injection based on a single estimate of wave height, water depth, and an

assumed alongshore length scale |Clark et al. 2012]. Parameterized injected vorticity was

consistent with measured vorticity near crest ends for regions with intense dissipation, but

was larger than measured values when the array was positioned at other regions of the surf

zone [e.g., a bar trough |Clark et al. |2012]. To date, no observations exist of the gradient in

the breaking force along an entire wave crest (Figure ), nor the associated forcing length
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scales of short-crested-wave-vorticity for individual breakers (Figure [3.1p), or their depen-
dence on wave field characteristics. Further examination of the wave forcing is necessary to
understand the vorticity injection length scales and circulation as well as the implications

for vorticity evolution within the surf zone.

Vorticity evolves within the surf zone. Once injected into the water column, vortices may
interact with other vortices, waves, mean currents, and bathymetry, resulting in a complex
multi-scaled eddy field. Bores propagating shoreward may theoretically continue to inject
same-signed vorticity at each crest end, interacting with the trailing vorticity strip [e.g., the

rolling up vorticity strip in Figure [3.1p, [Peregrine|, [1999; [Bihler and Jacobson|, [2001]. In

an irregular wave field, successive individual waves and wave trains may inject vorticity

at different locations along the beach, interacting with the vorticity field generated from

previous bores or neighboring bores along the beach [Figure , \Johnson and Pattiaratchil,

2006]. Remarkably, this seemingly random forcing by shore-normal directionally spread

waves may lead to more organized, coherent eddies [Johnson and Pattiaratchi, [2000].

Energy from wave-breaking-injected vorticity is hypothesized to non-linearly transfer to
lower-frequency, larger-scale horizontal motions, similar to a forced two-dimensional turbu-
lence system [e.g., Figure \Bihler and Jacobson), |2001; |Spydell and Feddersen), 2009;
\Feddersen/, [2014; |Elgar and Raubenheimer| 2020, |Marchesiello et al, [2021a]. Energy asso-

ciated with low-frequency rotational motions have been shown to increase with increasing
wave-field directional spread and were larger than offshore of the surf zone [Spydell et al.
2007, 12009; [Spydell and Feddersenl, 2009} [Feddersenl, 2014, [Spydell, 2016 |[Elgar and Rauben-|
, , consistent with the hypothesis that short-crested wave breaking may lead to

greater low-frequency eddy activity. These large scale eddies enhance dispersion within the

surf zone [Spydell and Feddersen), [2009; Clark et all, 2010} |2011; Feddersen et al., 2011} |Fed-

\dersen), [2014; |Hally-Rosendahl and Feddersen|, 2016] and pairs of adjacent, counterrotating

surfzone eddies may mutually-advect offshore with a jet-like ejection as a transient rip current

[Figure 3.1k [Johnson and Pattiaratchil [2004al, [b; [Kumar and Feddersen|,[2017d, la], enhancing

exchange between the surf zone and the inner shelf [Suanda and Feddersen), [2015]. Despite
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the relevance of an inverse energy cascade mechanism within the surf zone, there are a lim-
ited number of modeling studies [Spydell and Feddersen| 2009; |Feddersen, [2014; Marchesiello
et al., [2021a] and a single observational study |Elgar and Raubenheimer}, 2020] assessing the
dynamical relevance of a two-dimensional turbulence system for surfzone processes.

Here, we seek to characterize the processes connecting the incident waves to low-frequency

surfzone eddies by addressing the following questions:

1. How does the breaking force vary along an individual wave crest (Figure )?
2. What are the vorticity injection length scales driven by breaking waves (Figure )?

3. Is there a nonlinear transfer of energy from breaking-wave-injected vorticity to larger

scale, low-frequency eddies within in the surf zone (Figure ), and if so, over what
length scales (Figure [3.11)?

To address these questions, we performed experiments in a laboratory wave basin with
a multi-directional wave field. The relationship between incident waves and breaker prop-
erties was assessed previously in |Baker et al| [in review|. Here, we apply findings about
the remotely sensed short-crested wave field to estimate vorticity injection by along-crest
variability in breaker dissipation and eddy evolution within the surf zone. In Section we
describe theory pertaining to two-dimensional turbulence dynamics and vorticity-injection-
forcing via individual breaking waves. Section describes the experimental setup and
observations used to address the posed questions. Results assessing the along-crest variabil-
ity in the breaking force, vorticity injection length scales, and low-frequency eddy activity in
the surfzone are in Section 3.4l Section [3.5] discusses connections between the short-crested
breaking wave generated eddies and large-scale rotational motions. A brief summary and
conclusions are in Section [3.6, Through this body of work, we provide a better understand-
ing of the dispersion and transport of pollutants, larvae, and other passive material within
the nearshore and provide key insights into the mechanisms leading to transient rip current

formation.
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Figure 3.1: Schematic of the hypothesized vorticity injection and evolution within the surf
zone. (a) The along-crest (y.) variability in the breaking force (Fy,, grey arrows) in the
direction of wave propagation (z.) at an angle 6, relative to the fixed cross-shore coordinate
(x) of a short-crested breaking wave (white feature) generates negative (blue) and positive
(red) vertical vorticity (w) near crest ends, where N, is the number of crest ends. (b) The
length scale over which there is an along-crest gradient in the breaking force (L,) may be
related to vorticity injection length scales (a), the crest length (L.), spacing between proximal
crests (L, ), wavelength (L, ), vortex length (L), and the surfzone width (W;,). (c) Energy
associated with wave-breaking-injected vorticity may be non-linearly transferred to larger-
scale rotational motions (curled arrows) and counter-rotating eddies may mutually advect
offshore, exiting the surf zone as a transient rip current (arrows offshore of black dashed line).
(d) In a forced two-dimensional turbulence system, the second-order alongshore velocity
structure function (S(Ay), green curve) has two inertial ranges separated by the vorticity
injection length scale (I;): the direct enstrophy (£2) cascade from dissipation length scales
(Ip) to I; with the spectral scaling ~ (Ay)?, and the inverse energy (&) cascade from I; to
the maximum length scales of the system (ly) with the scaling ~ (Ay)?/3. The length scales
associated with these inertial regions may be altered by the processes in (b) as well as the

bore depth (h,).
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3.2 Vorticity dynamics in the surf zone

Surfzone eddies with horizontal length-scales much larger than the water depth are hy-
pothesized to evolve analogously to vorticity in a forced two-dimensional turbulence system
in shallow waters |Peregrine and Bokhove, 1998; |Spydell and Feddersen), [2009; |Feddersen,,
2014; |Elgar and Raubenheimer, 2020]. These eddies may become quasi-two-dimensional in
the outer edge of the surf zone, particularly for the highest frequency rotational motions
[Lippmann and Bowen), 2016; |Henderson et al., 2017; |Baker et al., 2021]. Although certain
aspects of the turbulence are still governed by two-dimensional turbulence dynamics in a
quasi-two-dimensional turbulence system, vortex tilting, vortex stretching, and vertical dif-
fusion may lead to more rapid decay of eddies than expected for solely two-dimensional eddies
|Uchiyama et al., 2017; McWilliams et al. [2018]. For simplicity, in our study focused on the
surf zone we emphasize flow kinematics often used to characterize a forced two-dimensional
turbulence system. In particular, we seek to test the hypothesis that surfzone eddy energy
is non-linearly transferred from small spatial scales characterized by wave breaking prop-
erties to large spatial scales through an inverse cascade. This section begins with a brief
review of two-dimensional turbulence dynamics and then provides a theoretical framework
for characterizing surfzone vorticity length scales and circulation.

The depth-averaged horizontal momentum equation for an incompressible fluid with hor-

izontal velocities (u = [u(x,y,t),v(z,y,t)]) assuming constant atmospheric pressure is:

ou 1
§+u-Vu+;Vp=Fbr+Fs (3.1)

where ¢ is time, p is a constant density, and p is the pressure, including hydrostatic and
hydrodynamic contributions. The right-hand-side terms are body forces, such as the depth-
averaged wave breaking external force (Fy,) and a sink term (Fy) representing friction
(e.g., 7, the bottom stress normalized by water depth, h) and viscous forces (e.g., vViu,
where v is the kinematic viscosity). Assuming that the flow is primarily two dimensional
(i.e., neglecting vortex stretching and tilting), the momentum equation can be rewritten for

the scalar vertical vorticity field, w = V x w [Salmon, 1998; |Kellay and Goldburgl, 2002;
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Boffetta and Ecke, [2012]:

%—‘Z+u.wzvX[Fbr+Fs] (3.2)

where %—‘; is the tendency term, representing the time rate of change of vorticity and w-Vw is
the vorticity advection, which is responsible for non-linearly spreading turbulent fluctuations
to other length scales. The rotational components of the body forcing terms are retained on
the right-hand-side.

For a forced, steady, strictly two-dimensional turbulence system, vorticity is continually
injected at an intermediate scale at length (I;) by external rotational forcing (e.g., V X Fp,
in Eqn. . In three-dimensional turbulence, vortex stretching and strain self-amplification
result in a forward energy cascade from [; to smaller length scales |Tsinober and Madylam,
2009], where energy is eventually dissipated by viscous forces. However, in two-dimensional
turbulence, there is no axis perpendicular to the flow and thus, vortex stretching is absent
[Kellay and Goldburg, 2002|. Instead, energy is non-linearly transferred from [; to larger
scales by an inverse energy cascade and eventually constrained by the size of the system at
length scale ly. Vorticity gradients, however, are not bounded in two-dimensions, enabling
a direct cascade of enstrophy (€ = 1(w?), spatial average of vorticity squared) from [; to
smaller length scales (Ip), where the enstrophy is dissipated by viscous forces. In the surf
zone, it is hypothesized that the wave-breaking-injected vortices with length scales at or
near [; [Spydell and Feddersen) 2009] may either dissipate due to bottom friction [Feddersen,
2014] and viscous forces at relatively small length scales [p. Otherwise, energy associated
with injected vortices may be non-linearly transferred to longer length scales (ly) that are
constrained by the surf zone geometry (e.g., the surfzone width, Wj,) or that eject offshore
as a transient rip current (Figure B.14).

Over the two inertial ranges with lengths of [y < | < [; and [; < | < lp, specific spectral
scalings are expected. As implemented in previous idealized two-dimensional turbulence
experiments [Smithr and Yakhot|, [1994; |Boffetta et al., [2000; |Kellay and Goldburgl 2002]
and studies of the surf zone |Spydell and Feddersen) 2009; |Elgar and Raubenheimerl, 2020],

structure functions can be used to investigate two-dimensional flow characteristics, including
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classifying the direct enstrophy cascade and inverse energy cascade inertial ranges. Here, we
write the second-order alongshore structure function (S(Ay)) in terms of the instantaneous

alongshore velocity (v) as a function of the alongshore position (y):

S(Ay) = ([v(y + Ay) — v(y)]*) (3.3)

where Ay is the spatial lag between observations and (-) is the temporal average. By dimen-
sional arguments similar to Kolmogorov’s derivation for 3D turbulence |Kraichnan, 1967],
the structure function for both initial ranges are expected to follow [Kellay and Goldburg,

2002]:

inverse energy cascade : S(Ay) ~ (eAy)?3, 1y > Ay >1; (3.0
3.4

direct enstrophy cascade :  S(Ay) ~ f73(Ay)?, ;> Ay >1p
dQ _de

where [ is the enstrophy injection rate, § = and € is the energy injection rate, € =

dt dt

with kinetic energy per unit mass, £. These structure function scalings are analogous to those
derived for energy-wavenumber spectra (E(k)), where the inverse energy cascade scales with
E(k) ~ k=3 and the enstrophy cascade scales with E(k) ~ k=3, Above the largest length
scale of the flow (ly), velocities are uncorrelated and the structure function asymptotes to
a constant that is twice the velocity variance. The transitional regime between the inverse
energy cascade and the enstrophy cascade may indirectly provide evidence of the injection
length scales [Spydell and Feddersen, 2009; Elgar and Raubenheimer) |2020]. Alternatively,
the rotational component of the external forcing can be directly computed on a wave-by-wave
basis to assess vertical vorticity injection length scales.

In a directionally spread wave field, the curl of the spatial inhomogeneity in the wave
dissipation drives rotational currents. From Eqn. [3.2] the effect of the short-crested breaking
waves on the time-rate of change in vertical vorticity (w) at vorticity injection scales can be

approximated as the gradient of the depth-averaged breaking force (Fy,;):

Ow 8Fbralc
— & Fo,~— =<
ot =V x Eb 0.

(3.5)
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where advection and sink terms (e.g., bottom stress) are assumed to be small [Spydell and
Feddersen), 2009; |Clark et al. |2012]. As the breaking force is in the direction of wave propa-
gation (z.), the along-crest (y.) component of the breaking force (Fy, ,. ) may be considered
negligible (i.e., (C)Fab% ~ 0). Here, the crest coordinate system (z.,y.) is related to the
cross- and alongshore coordinate system by a local, along-crest varying breaker angle (6.,
Figure ) Thus, in the crest-following coordinate system, vorticity is generated due to
the along-crest gradient in the cross-crest component of the breaking force (Eqn. , right).

Theory suggests that the breaking force in the direction of wave propagation (Fy, ;)
can be approximated as the dominant component of radiation stress (S,.,,) divergence in

breaking waves [Dingemans et all 1987, Buhler and Jacobson) 2001]:

1dSse(y) 1 d 3

= —-F .
h da, ohdr.a b W) (36)

Fbr,a:c (yc) -

where E(y.) is the wave-averaged energy at a given along-crest position and p,, is the water
density. For the small discrete section of crest propagating at angle 6., the off-diagonal
component of the radiation stress (e.g., Sy.y.) is zero and the flux of momentum occurs in
the direction of wave propagation, x.. Similar to previous studies, the spatial derivative can
be transformed to the temporal derivative using the bore velocity (c;) [Bonneton et al., 2010
Clark et all 2012]. Thus, for an individual breaker, Fy, .. can be approximated at a given

along-crest position as:

1 d3 3D(y.)
—ZE(y,) = - =2
puwhey dt 2 (ve)

Fbr,xc (yc) = (37)

B 2 Pthb

where the D(y,) is the wave-averaged dissipation for a given along-crest position (i.e., £ =
dD/dt). Note that this result extends the derivation in |Clark et al. [2012], which assumed
waves were shore-normal and did not consider along-crest variability in the crest orientation.

The along-crest dissipation profile can be estimated with Duncan’s wave roller dissipation
model [Duncan), 1981]. This approach relates the dissipation of wave energy to the shear
stress exerted by the wave roller along the sloping front face of the underlying wave. The

shear stress (7,) in the direction of wave propagation can be expressed as the weight of the
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aerated bore with a cross-sectional area (A) and a density (p,):
T, = prgAsing, (3.8)

where 6 is the roller angle (Figure 3.2). For a fully developed breaking and steady state
wave, the geometry of the breaking region is empirically self-similar as the wave propagates
shoreward. Laboratory observations suggest that the ratio of the average breaker thickness
(A/L,) to the roller length (L) is approximately 0.110.01, such that A = 0.11L? [Duncan,
. Thus, the wave-averaged dissipation (D) due to breaking corresponds to the shear

stress (7,.) over the wave period (7):

r 1 .
D = % = TO.llprgL? sin 6, (3.9)

where T' is the wave period. Duncan’s wave roller model has been employed in many studies
to approximate roller dissipation due to wave breaking in a steady state bore [Dally and

\Brown), (1995} |Lippmann et al., 1996; |Walstra et al., 1997, |Ruessink et al., |2001; |Carini
et all,[2015; |Flores et al., 2016} |Haller and Cataldn) [2009], including a study extracting crest

characteristics from a cross-shore scanning LiDAR [Martins et al. |2018].

Another approach to assess vorticity injection at a specific length scale is with the Kelvin

Circulation theorem |Peregrine), 1998; |Peregrine and Bokhove|, [1999; |Peregrinel, 1999} |Pizzo,

\and Melvillel 2013], which may be favorable to measure vorticity directly [Clark et al.,[2012].

Regardless of the approach to assess vorticity injection, it is anticipated that the along-crest

non-uniformity in dissipation rate or the breaking force over an along-crest length scale L,

may be largest near the ends of breakers |Peregrine and Bokhove|, [1998; |Peregrine), 1999,

where there may be an abrupt demarcation between the breaking crest and an unbroken
water surface. Nevertheless, low-frequency surfzone eddies may be governed by a broader
distribution of injection scales than solely described by L, (Figure [3.1b,d).

Although examining the length-scales of L, is the primary focus here, the following
processes may alter vorticity injection and evolution (Figure ) The crest length (L)

and spacing between proximal crests (L,) varies as the bore propagates shoreward, where
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Figure 3.2: Schematic of the cross-crest profile (x.) of a broken wave. The cross-sectional
area of the aerated breaker (A) was approximated from the angle (6,) from horizontal at
the toe of the breaking wave (yellow dot) to the crest (red dot) and roller length (L,). The
cross-wave extent of the aerated bore was identified with the RBIS method (orange region
in Figure[3.4). The average depth (k) at the crest is the difference between the mean water
elevation (dashed grey) and seafloor (solid grey) below the crest of the breaker. The wave
period (T') is the time between the trough preceding and following the breaking wave, and

the bore celerity (¢;) is the speed in the cross-wave direction.

they may continue to inject the same-signed vorticity at different locations, resulting in a
vortex strip that can roll up with scales (Ls). The number of crest ends (/N.) may limit
the number of injection sites. Maximum length scales may be limited by the surfzone width
(Ws.), while minimum length scales may be limited by the water depth (h.), because eddies
with length scales less than this are not two-dimensional. The wavelength, L., also may be
an important scale, governed by wave period and water depth. For the same wave height and
period, our previous study found that the crest length decreases and number of breaking crest

ends increases with directional spread [Baker et al., [in review|. Therefore, the directional
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spread (oy) alters the number and distribution of locations where vorticity is generated within
the surf zone. However, the role of these mechanisms in surfzone vorticity dynamics remains
unknown. We advance our understanding of these processes by examining the along-crest

variability in the breaking force.

3.3 Laboratory observations

3.3.1 FExperimental setup and in situ sensors

Laboratory experiments were performed in the Directional Wave Basin at the O.H. Hinsdale
Wave Research Laboratory (HWRL), Oregon State University, USA. The basin dimensions
are 48.8 m in the cross-shore direction, 26.5 m in the alongshore direction, and up to 2 m
deep. The origin of the basin coordinate system is centered along the width of the basin at
the bottom of the wavemaker. The positive coordinate in the cross-shore (x) is to the west
toward the beach, alongshore (y) is toward the south (right handed coordinate system), and
elevation (z) is upward from the base of the basin. The basin bathymetry was configured
with a flat region from 2 = 0 —22 m (¢ = 0 m) and a planar 1 : 10 sloping beach from
xr =22 —48.8 m. An alongshore-uniform concrete bar with a triangular cross-section rested
on the metal slope and extended from z = 25.4 — 29.2 m with a 0.30-m tall apex (Figure
[3.3). The water depth (h) of the bar crest was h = 0.19 m when the basin still water level
was set to h = 1.07.

The piston-type wavemaker consisting of 29 segments can simulate multidirectional wave
fields following second-order multi-directional wavemaker theory [Schaffer and Steenberq,
2003]. The wave field was generated using a JONSWAP spectrum given a significant wave
height (H,), peak wave period (7,), and a spectral width gamma parameter set to 3.3
|Hasselmann et al., [1973] and a cos* directional distribution from a mean wave angle (6)
and directional spread (oy). Wave conditions offshore of the toe of the beach slope (x = 19.0
m and x = 20.4 m) were measured with 15 surface-piercing wire resistance gauges (Figure

3.3} squares). Trials are reported in terms of the offshore wave conditions estimated from
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a sub-sampled array of the wire resistance gauges (z = 19.0 m and 20.4 m) from minute
15-25 of each 45-min trial (Table , grouped by wave heights less than or greater than
0.25 m). The offshore H, varied from 0.22-0.30 m, where the onset of breaking typically
occurred just offshore of or near the bar crest (z = 27.1 — 28.2 m), and 7}, was 2 s. Wave
conditions were near shore-normal (6 ~ 0°) with directional spreads ranging from narrow to
large (09 = 2 — 30°). More details about the experimental setup and methods to compute
offshore wave conditions are described in |Baker et al.|[in review].

On the beach slope, near-bed pressure and velocities were measured with a 12-sensor
array of colocated pressure gauges and Acoustic Doppler Velocimeters (ADVs, Vectrino Pro-
filers) mounted about 0.05-m above the bed. Colocated sensors were first deployed in two
alongshore transects in the surf zone (z = 28.4 m and 30.7 m, y = —8.2 m to 3.2 m, Figure
, blue and pink circles) and then re-deployed for repeated wave conditions in the inner
shelf (Figure , red and black circles). The inner-shelf array consisted of an alongshore
transect spanning the width of the tank (y = —9.8 m to 9.7 m) just offshore of the surf zone
(x = 26.6 m) and the vertically stacked sensors farther offshore (x,y = 24.5,—0.1 m). All
in situ sensors synchronously sampled at 100 Hz. In situ calibration, quality control, and

surveying details are described in |Baker et al| [in review]|.

3.3.2  Remotely-sensed water surface elevation and crest features

Three cameras mounted to the building ceiling (z = 47.0 m) captured images at 8 Hz with
overlapping fields of view. The center camera (y, z = 0.0,10.1 m) was pointed in the offshore
direction with an oblique view of the water surface from the shoreline to the bridge (268.8°
azimuth, 22.8° tilt, 0.1° roll). The camera resolution of the basin water surface ranged from
0.05 cm in the surf zone to 2 cm near the bridge. The geometry of each camera was computed
from known locations on the beach, bridge, and side walls. Stereo processing techniques were
applied to 8-Hz trinocular camera imagery to reconstruct the water surface elevation at 1-cm
resolution in the surf zone (x = 27 to 35 m, y = —13.3 to 13.3 m), the region where sufficient

surface features for stereo processing were persistent |Baker et al., in review].
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o Colocated press. gauge & ADV
o Wire resistance gauge

Figure 3.3: (a) Plan view of the cross-shore (z) and alongshore (y) location of the surfzone
(pink and blue circles) and inner-shelf (red and black circles) arrays of colocated pressure
(press.) gauges and Acoustic Doppler Velocimeters (ADVs) and the offshore wire resistance
gauges (white squares). The opaque color image in the background is a rectified image from
trial G1d (o9 = 26°) from the center ceiling-mounted camera. (b) The cross-shore profile of

the elevations (z) of the seafloor (shaded) and mean water level (dashed, z = 1.07 m).
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Table 3.1: Wave conditions measured onshore of the wavemaker at the wire resistance gauges
(Figure [3.3), including the significant wave height (H), peak period (7,), mean wave angle
(0), and directional spread (og). The offshore edge of the surf zone (z,,) was estimated from

the LiDAR cross-shore profiles.

Trial | Hs (m) T, (s) 6(°) o9 (°) x4 (m)

Gla 0.28 21 -0.1 24 27.1
G1b 0.27 2.0 0.4 16.8 27.3
Glc 0.26 20 59 252 27.3
G1d 0.27 20 -33 261 27.3
G2a 0.25 2.0 0.2 2.4 27.2
G2b 0.23 20 -1.0 9.6 274
G2c 0.22 2.0 0.8 18.3 27.6
G2d 0.24 2.0 4.8 242 27.6

For crest identification and Particle Image Velocimetry (PIV) processing, images from
the center camera were rectified into HWRL coordinates with the stereo-processing-resolved
solution for intrinsic and extrinsic parameters and the z-elevation from reconstructed surface
elevation maps in the surf zone and set to the still water elevation offshore. Individual
breaking wave crests in each frame were identified with the Remote Breaker Identification
Scheme [RBIS, |Baker et all [in review|, a method designed to detect active breaking and
exclude residual foam. RBIS extracts regions encompassing breakers based on regions that
exceed an intensity threshold of 0.2 applied to visible-band imagery and also an elevation-

based breaking-gamma threshold of 0.2 applied to stereo reconstructions.
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3.3.3 Remotely-sensed surface velocities

In the surf zone, foam and bubbles generated by wave breaking result in bright features in
visible-band imagery that contrast with darker non-breaking regions. The conspicuous signal
of an active breaker has been used to estimate phase-velocity, energy dissipation, and other
crest characteristics |Puleo et al., [2003; |[Holman and Haller, [2013; |Diaz et al., 2018; |Caring
et all, [2021; |Saez et al. 2021]. The residual foam following an active breaker advects with
surface currents, often imparting a rich signal to track mean alongshore currents |Chickadel
et all 2003; |Perkovic et all 2009; |Almar et al.l 2016] and mean velocities [Anderson et al.,
2021].

Here, highly-resolved horizontal, surface velocities were derived by tracking shifts in co-
herent surface texture (tracer such as bubbles generated during active breaking, residual
foam, and wiffle balls) across a sequence of visible-band images with a feature-based PTV
technique developed by |Chickadel et al.|[2011]. PIV was performed on the 8 Hz, 1-cm reso-
lution rectified imagery from the center camera for a field of view spanning the width of the
tank (y = —13.3 m to 13.3 m) from the shoreline to just offshore of the surf zone (x = 25 to
33.5 m). This PIV technique uses a phase correlation between image pairs to better refine
feature motion given large-scale background variation |Adrian, 2005]. Sub-pixel refinement
was achieved by computing the peak of a two-dimensional Gaussian fit to the phase map
[Eckstein et al), 2008]. A multi-pass approach with decreasing interrogation windows and
50% overlap started with 256 x 256 pixels, followed by 128 x 128 pixels, 64 x 64 pixels, 32 x
32 pixels, and culminated with 16 x 16 pixels. This resulted in an 8 Hz timeseries of cross-
(u) and alongshore (v) velocities with an effective spatial resolution of 8 cm in the cross-
and alongshore. Velocity estimates were omitted if the signal to noise ratio fell below 0.68,

indicative of insufficient image contrast for optimal PIV performance.

PIV-derived velocity signals were comprised of processes spanning frequency and spatial
scales, including breaker celerity and low-frequency horizontal motions. Low-frequency PIV

velocities (f < 0.2 Hz) were used to analyze surfzone eddy processes. To reduce contamina-
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tion of the low-frequency signal by surface-gravity waves, regions encompassing crest features
identified with RBIS in the subsequent frames and enlarged by 20-cm on all sides were re-
moved from the PIV instantaneous estimates. The remaining PIV velocities were filtered
with a time-space moving median filter over 8 s and 24 cm in the cross- and alongshore
direction (9-point spatial median). Grid locations with PIV observations less than 50% of
the time were omitted. For comparisons between surface and in situ velocities, in situ ob-
servations were also median filtered over 8 s (Appendix . After filtering, there were few
gaps without PIV velocities within the surf zone (< 5% for the inner surf zone and <15%
in the outer edge of the surf zone). Vorticity was estimated from gridded low-frequency
velocity components from PIV using a central-difference approach [Patankar, |1980]. For
coherence estimates between the PIV and in situ sensors, the auto-spectra and cross-spectra
from the cross- and alongshore velocities were computed using a Hanning window period of
64 s with an overlap period of 32 s over the 10-min time series (degrees of freedom, DOF =
25). For spectral analyses, missing measurements in the PIV velocities were filled via linear

interpolation.

Median filtered surface PIV velocities were correlated with 8-s median bottom mounted
ADV velocities at the nearest PIV-resolved location (Appendix, with higher correlations
(r) in the inner surf zone than outer surf zone due to the more dense, temporally persis-
tent foam in the inner surf zone and higher signal-to-noise ratios (e.g., alongshore velocities
for trial G2d: outer surf zone r = 0.41, inner surf zone r = 0.82). Root-mean-squared-
deviations (RMSDs) between PIV and in situ sensors were smaller for alongshore velocities
than cross-shore velocities, likely due to an onshore bias in cross-shore velocities introduced
by bright breaking waves (e.g., trial G2d inner surf zone— RMSD: u = 0.08 m/s, v = 0.05
m/s, bias: v = 0.02 m/s, v = 0 m/s). Additionally, PIV velocities were more coherent
at low-frequencies, especially for the alongshore velocity component (Figure . Overall,
given potential differences due to different sampling locations in the water column, the sur-
face velocity estimates with PIV agree reasonably well with near-bottom in situ estimates

at low-frequencies and are viable for analyses of eddy processes. See Appendix for de-
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tailed comparisons between the PIV and in situ velocities and discussion on PIV-estimate

sensitivities to different median filter designs.

3.3.4  Breaking force estimates

The wave-by-wave along-crest profile of the breaking force (Fy, ,,, Eqn. for each breaking
wave crest was estimated with wave geometric and kinematic properties from sea-surface
elevation maps and surface velocities. For each RBIS-identified breaking crest, a local crest
coordinate system was defined based on the local crest angle (6.), estimated as the curvature
of the roller toe, the onshore edge of the identified crest regions (dy = 5 c¢cm) with a 45-
cm moving along-crest average. The along-crest coordinate, as opposed to the alongshore
coordinate, was used to account for breakers with crescent shapes or obliquity. The following
procedure to estimate the along-crest profile of the wave energy dissipation and breaking force
was completed at locations along each wave crest with an angle 6, at 5-cm alongshore spacing
for each identified wave crest in the surf zone (27 < x < 31.5 m) over an approximately 10
min time series (15-25 min).

Along-crest wave-averaged dissipation was estimated with Duncan’s roller model (D,
Eqn. based on remotely-sensed roller properties. The roller density was set to 60% of
the density of fresh water [i.e., p./pw, = 0.6, Duncan, 1981]. Roller geometry was extracted
from cross-wave transects (Az. = 5 c¢cm) of the sea-surface elevation from 5-cm resolution
stereo reconstructions. Each transect extended 2-m offshore and 1-m onshore of the roller
toe at an angle 6. relative to the cross-shore axis (black cross-wave transects in Figure
3.-4h,c). The bore crest was the highest elevation measured onshore of the first zero-crossing
of the cross-crest sea-surface elevation slope (i.e., the trough offshore of the bore). The
roller and crest elevation were smoothed with a 0.35-cm median filter along the wave crest.
The height of the bore (L,,) was estimated as the distance between the elevation of the
roller and crest, and the plan view length of the bore (L,,) was the distance along the

transect between the roller toe and crest. Thus, the roller length and angle were readily

computed as L, = \/ (Lyz)? + (Lyy)? and 6, = arctan(L, /L, ) (see Figure . The wave
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period for each identified crest was computed as the time between the trough preceding and
following the roller. To determine this, 2-s sea-surface elevation timeseries centered at the
instantaneous snapshot were extracted at the locations of the roller toe along the wave crest.
The troughs preceding and following the roller were the first zero crossings of the along-crest
average slope of the sea-surface elevation before and after the roller.

For the breaking force calculation (Fy, .., Eqn. , the mean water depth (h) was
estimated as the average difference between the tank floor and the mean sea-surface elevation
in stereo reconstructions across the roller. To estimate the bore celerity (¢;) along each crest,
the 8-cm resolution PIV cross- and alongshore velocities from the preceding and current
frame were extracted over a region 50 cm offshore of the crest and 15 cm on either side
of the position y.. The velocities were rotated into the local crest coordinate system with
the angle 6., and cross-crest velocities below 30 cm/s were omitted. Then, the bore celerity
at a given along-crest position was approximated as the average of the largest 5% of cross-
crest velocities. See comparisons between PIV-derived bore celerity and solitary wave theory
estimates in Appendix [3.7]

Along-crest gradients in the breaking force are sensitive to noise in the breaking force
estimates. Therefore, the roller length, angle, mean water depth, and bore celerity were
sub-sampled as the median every 15 cm and smoothed via a 45-cm moving average prior
to computing the dissipation with Eqn. [3.5] and the breaking force with Eqn. 3.7 Given
the assumption that zero dissipation occurred outside of extended crest region, the breaking
force was padded by zeros on both ends of the crest. Finally, the along-crest gradient in the
breaking forces was computed along each crest (0Fy, ., /0y.), which is approximately equal
to the time rate of change vorticity (Ow/0t from Eqn. [3.5]).

The ‘total external vorticity forcing per wave” was computed as the sum of the absolute
value of the along-crest gradient of the breaking force from the average along-crest profile
(N1 ST |0F,:/0ye|). The ‘total external vorticity forcing per surf zone’ (3 |0Fy,:/dy.|) was
the sum of all the total external vorticity forcing per wave crests per snap shot in time,

yielding a 10-min timeseries of estimates per trial.
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Figure 3.4: Snapshots of the (a,c) cross-crest breaking force (Fy, ,, ) overlain on a sea-surface
elevation (1) map from a stereo reconstruction and (b,d) the along-crest gradient in the

Fbr,xc

breaking force (8 T ) overlain on a rectified image estimated for the identified breaking
wave crests (orange regions). Fy, .. and 0Fy, ;. 0y, along the wave crest (color contour along
breaker toe) were plotted as a function of the cross-shore (z) and alongshore (y) position
and were estimated with wave geometric properties along cross-crest transects (black lines

crossing crests and plotted at Ay = 0.45 m in (a,c)). These examples are from trial G2d at

time, ¢ (s after 10 min).

The average along-crest profiles of D, Fy, .., and 0Fy, . /0y. for each trial were computed
by normalizing each crest length (g.) and neglecting any values that were within 1.25 m of

the side walls or extending outside of the defined surfzone region (—12 < z < 12 m). Average
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along-crest profiles were similar when wave crests touching side walls or exiting the analysis
region were completely omitted. Gaussian curves with form y = Z?Zl a;e~(@=b)/e)* were
fit to the dissipation and breaking force profiles from y. = —0.5 to 0.5 along the normalized
crest, where the coefficients, a;, b;, and ¢;, were selected to minimize differences between the
observed and fit profile. The modeled along-crest gradient in breaking force was computed
from the Gaussian fit for the breaking force. Results did not vary significantly when sampled

at 2 Hz, instead of 8 Hz.

Note that results were similar when the dissipation profile was estimated by equating
dissipation across a borefront to the total dissipation across a hydraulic jump using the water
depth at the crest and trough [Svendsen|,|1984a]. Average along-crest profiles estimated with
the hydraulic jump approach had a similar shape with 30% lower dissipation values than
estimated with the roller model, on average, consistent with previous studies [Carini, 2014).
As the roller length in Eqn. was based on the presence of bright features (bubbles)
indicative of a breaker, a tapering crest end may have been better characterized with the

Duncan model.

The Duncan model and hydraulic jump approximations were both established for a well-
developed bore within the surf zone. Thus, there may be limitations in applying this formula-
tion near the onset of wave breaking. Intense dissipation during breaking as a plunging wave
[Lamarre and Melville, 1991}; | Blenkinsopp and Chaplin|,[2007; |lafratil,[2011] or dissipation es-
timates per unit length [Phillips, 1985] were not accounted for in the wave-average Duncan
model dissipation estimates used here. Additionally, these estimates relied heavily on the
stereo reconstructions which had higher sea-surface elevation variance than in situ sensors
at all frequencies in the outer surf zone particularly for smaller directional spreads [Baker
et al., [in review]. The discrepancies between in situ sensors and stereo reconstructions are
attributed to higher water surface estimates during plunging breakers with a discontinuous
water column and lower estimates in troughs when less surface foam was present. The higher
water surface estimates may slightly alter the roller length and angle (L, 0,), occasionally

leading to higher dissipation rates in the outer surf zone.
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3.3.5 In situ and remotely sensed low frequency spectral and spatial analysis

Low-frequencies were defined as f < 0.2 Hz, while very low-frequencies were defined as
f < 0.02 Hz, defined based on previous literature defining these ranges in field conditions
[Lippmann et al., 1999; | MacMahan et al.,[2010b] and scaling the 2-s wave in the laboratory to
typical wave conditions in the field (i.e., waves with a peak frequency of 10 s). Auto-spectra
from the pressure sensors (S,,, corrected for depth attenuation) and cross- and alongshore
velocities (Syuu(f), Sww(f)) were analyzed to detect very low-frequency variance and tank
seiching modes. The spectra were computed using a Hanning window period of 256 s with
an overlap period of 128 s over a 35-min time series (540 min, DOF = 45). The very
low-frequency (VLF) velocity power (07;) was estimated as the integral of Sy, (f) + Syu(f)
over very low-frequencies (DOF = 270), where rotational motion were dominant [Figure
B.21 [Lippmann et al) [1999; [MacMahan et oll, [2010a} [Feddersen et all, [2011}; [Elgar et al,
2019]. There was no cross-shore seiching patterns at VLFs observed for any wave conditions
(Appendix [3.8)).

The second-order alongshore velocity structure functions (Eqn. [3.4 S(Af)) from all pos-
sible alongshore lags (Ay) were computed from 8-s median filtered in situ sensors and PIV
velocities over a 10-min time series with the mean removed. Alongshore velocity structure
functions were computed with the outer and inner surfzone array of ADVs (x = 28.5,30.7 m,
Figure , blue and pink). Additionally, structure functions from optically-derived along-
shore velocities were computed from locations between y = —8 to 8 m at each cross-shore
position from x = 28 to 31.5 m. The surfzone averaged structure function was computed as
the cross-shore average from x = 28 to 31.5 m with estimates every 8 cm in the cross-shore.
In strictly two-dimensional turbulence, the direct enstrophy cascade scales with S ~ Agy?,
and the inverse energy cascade scales with S ~ Ay?/3. To test how well the structure func-
tion curves fit theory, the least squares fit to C'Ay* was performed for the direct enstrophy
cascade from Ay = 0.08 to 0.3 m and inverse energy cascade from Ay = 0.3 to 6 m, where

the exponent (a) and constant (C') vary per trial and between inertial ranges. The exponent
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for the inverse energy cascade was not sensitive to small changes in the lower and upper
bounds of the inverse energy cascade region (e.g., estimates from Ay = 0.5 to 5 m yielded
similar results).

Constraining the structure function analysis region to the center of the tank reduced any
signals due to the concrete side walls, such as near-wall pressure gradients that led to weak
mean circulation patterns from y < —10 m and y > 10 m (Figure that could alter
eddy processes. Computing structure functions with low-frequency alongshore velocities,
as opposed to low-frequency cross-shore velocities, conservatively reduces any effects on the
velocity signal due to cross-shore seiching patterns as opposed to surfzone eddy processes and
also allows estimates at longer lags, consistent with [Spydell and Feddersen), 2009; Elgar and
Raubenheimer],|2020] Regardless, cross-shore seiching patterns at low-frequencies were small
for directionally spread waves, and there was no evidence of alongshore seiching patterns
(Appendix . Moreover, computing structure functions with alongshore velocities was
critical to resolve the necessary lags, because PIV-derived velocities were limited near the
surfzone edge due to a lack of sufficient surface foam, and the alongshore PIV velocities

generally have better agreement with in situ measurements (Appendix [3.7)).

3.4 Results

3.4.1 The along-crest gradient in the breaking force

The along-crest profile of the wave energy dissipation (D), breaking force (Fy, ,,), and along-
crest gradient in the breaking force (0F,/0y.) were computed for each RBIS-identified wave
crest over 10-min time series for all trials (Table with Eqn. (see Section [3.3.4). Dis-
sipation is found to be highly irregular along individual wave crests and to vary substantially
from crest to crest (Figure [3.5). To demonstrate this, three example waves from trial G2d
(o9 = 24°) are selected both onshore and offshore of the deepest region of the trough at
x ~29.5 m (i.e., termed the ‘inner’ and ‘outer’ surf zone hereafter).

Dissipation estimated with the Duncan roller model (Eqn. is a function of the roller
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length (L,) and roller angle (#,). For trial G2d, the average roller length for all wave crests
at all along-crest positions in the outer (inner) surf zone is 0.49 m (0.34 m) with a standard
deviation (o,) of 0.20 m (0.14 m). The average roller angle is 12.7° with 10° standard
deviation in both the outer and inner surf zone. The average wave energy dissipation is 15.9
J/s (8.3 J/s) with a standard deviation of 15.1 J/s (7.2 J/s) in the outer (inner) surf zone
(Figure ,j). The cross-shore integrated dissipation estimates are typically less than bulk
energy estimates based on linear wave theory and higher for unidirectional wave conditions
than wave conditions with large directional spreads (not shown). There is typically a clear
demarcation between the dissipation values within the RBIS-identified crest and regions just
outside of it that are set to zero dissipation. From dissipation, the breaking force (Eqn.
is computed with the bore celerity (¢,) and mean water depth at the crest (h.). Bore
celerity was on average 1.6 m/s across the surf zone with a standard deviation of 0.6 m/s
(Appendix . Water depths vary along-crest due to the oblique angle of crescent shaped
waves. Breaking force estimates are larger in the outer surf zone (average: -0.07 m/s?)
than in the inner surf zone (average: -0.03 m/s?) and have similar along-crest patterns to
dissipation estimates (e.g., Figure compare ¢ and f).

The along-crest gradient in the breaking force varies significantly from crest to crest

2 inner surf zone op = 0.11 s72) as well as along

(OFbrz./0Yyc: outer surf zone op = 0.27 s~
individual crests. Due to the highly irregular breaking force profile, the along-crest gradient
in the breaking force changes signs along the wave crest. There are many mechanisms
that could lead to along-crest variations in the breaking force. Short-crested waves may
dissipate rapidly as a plunger near the center [lafrati, [2011], but may have alongshore-
varying breaker characteristics (e.g., not plunging near the sides or varying in void size),
resulting in complex along-crest breaking force (e.g., Figures and , dark blue).
Oblique sections of crests may simultaneously occupy cross-shore positions with differing
water depths, altering breaking patterns and bore celerity (e.g., Figure [3.5,l). Breaking

waves occasionally intersect or interact with reflected waves, resulting in highly along-crest

variable breaking characteristics. Despite the wave-by-wave differences, some trends emerge.
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Typically, the values are negative and positive at left and right crest ends. On average,
dissipation and breaking force estimates are larger in the outer surf zone than the inner
surf zone, but vary along each crest (Figures and [3.5k,f vs. L, m). Due to the significant
along-crest variability, the external vorticity forcing per crest, estimated as the sum of the
absolute value of the breaking force gradient for each crest (N> [0Fp;../0yc|), may be
larger for longer wave crests, particularly near the onset of breaking (e.g., compare blue vs.
yellow lines in Figure [3.5).

The total external vorticity forcing per surf zone () |0Fy, 4, /0y.| for all waves per snap-
shot in time) is estimated for each wave condition (Trials to assess the relationship
between the breaking force gradient and the crest length and number of ends. The peak of
the probability density function for the per-surfzone total external vorticity forcing increases
with increasing directional spread (Figure ) Unidirectional wave conditions occasionally
have the largest observed total external vorticity forcing, due to along-crest variability near
the onset of breaking along long crests spanning the tank. At most times, however, there is
little or no total external vorticity forcing within the surf zone for unidirectional waves. In
contrast, wave conditions with larger directional spreads nearly always have non-zero total
external vorticity forcing. Although the magnitude range of the total external vorticity forc-
ing is much greater than the number of crest ends, both the total external vorticity forcing

and number of crest ends per surf zone sort by directional spread (Figure .

3.4.2  Low-frequency, large scale rotational motion in the surf zone

Surfzone mean circulation patterns, the time-averaged median filtered velocities from PIV
and in situ sensors, are typically small away from side walls (u < 0.05 m/s). Just onshore
of the bar crest (x = 28.4 m), there is a near-bottom return current measured with in situ
sensors (u varies from -0.1 m/s to -0.04 m/s) and near zero surface flow estimated from
PIV velocities, suggesting that the water column is strongly sheared. There is no evidence
of a strongly sheared water column in the inner surf zone (z = 30.7 m). A weak mean

circulation pattern is evident near side walls in PIV estimates (i.e., onshore directed flows
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Figure 3.5: Six example along-crest (y.) profiles, three from the outer surf zone (colors in
the left column) and inner surf zone (colors in the right column), of the roller length (a,h,
L,), roller angle (b,i, 6,.), dissipation (c,j, D), bore celerity (e k, ¢;), crest water depth (e,l,
h.), breaking force (fm, Fy,,. ), and breaking force gradient (gn, 0F, ., /0y.) from trial
G2d. (gn) Negative and positive values of the breaking force gradient indicate negative and
positive injected vorticity (w). Examples are from the time (¢, s after 10 min) and average
cross-shore position ((x)) in the outer surf zone: ¢ = 115.9 s and (z) = 29.3 m (blue, also
in Figure B.4h,b), ¢ = 60.6 s and (z) = 29.1 m (green), and ¢ = 281.3 s and (z) = 28.3 m
(yellow). Examples in the inner surf zone: t = 9 s and (z) = 30.8 m (blue), t = 195.1 s and
(z) = 31.3 m (green, also in Figure B.4k,d), and ¢ = 402.4 s and (z) = 30.8 m (yellow). Note

the differing y-axis ranges in (j,m,n).
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Figure 3.6: Probability Density Functions of the number of crest ends (a, N, bin width =
2 crest ends) and total external vorticity forcing per surf zone (b, > |0Fy,; .. /0y.|, bin width
= 0.05 m?s72) for varying directional spreads (oy, colors). (b) In the probability of near zero

total external vorticity forcing (bin = 0.05 m?s~2) is 0.24 for gy = 2°.

near side walls with little mean current near the center of the tank). Stronger mean currents
near the swash zone (z > 32 m, u < 0.1 m/s) and offshore edge of the bar crest (z < 27 m,
u < 0.1 m/s) may be biased due to the crest removal workflow that was not developed for the
swash zone and occasionally misses breakers in regions near the surfzone edge, where stereo

reconstructions were poorly resolved. Importantly, the mean currents are much weaker than
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Figure 3.7: The mean velocities (u) from surface PIV (red to blue arrows, colored by the
mean alongshore velocity, (v), plotted at Az = Ay = 0.6 m) and near-bed in situ sensors
(magenta) over a 10-min time series for G2b (a) and G2d (b) overlain on a wave averaged
image as a function of the cross- () and alongshore (y) coordinate. The in situ arrays in
the surf zone and inner shelf are from two trials with the same wave conditions. Turbulent
processes may vary for repeated trials, but mean circulation patterns are similar based on

inspection of repeated trials with the same surfzone array.
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low-frequency velocities within the tank (compare Figure and .

The low-frequency PIV velocity field (8-s median filtered, Section includes ro-
tational, coherent structures with varying spatial scales and temporal persistence (Figure
3.8b-c). Visually identified spatial scales of coherent, rotational structures, occasionally in-
cluding pairs of counter-rotating vortices, vary from less than 1 m in diameter to the surf
zone width in the cross-shore and occasionally exhibit longer alongshore scales. Structure
functions computed from low-frequency PIV and in situ alongshore velocities vary with wave
directional spread (Figure . For unidirectional waves (G2a, Figure ), the scales and
magnitudes of the structure functions are similar across the surf zone (z = 28 — 31.5 m).
The scales and magnitudes of the structure functions for directionally spread wave conditions
(i.e., G2b,d, Figure ,c) are cross-shore dependent for lags greater than 0.5 m.

The consistency of the surfzone cross-shore averaged structure functions with a two-
dimensional turbulence inverse energy cascade varies with wave directional spread (Figure
3.9 compare black lines with dashed red). Strictly two-dimensional turbulence exhibits a
scale of ~ Ay?/3 between the injection length scale and maximum length scale of the system
(see Section. The scale of the surfzone-average structure function at Ay > 0.5 m is nearly
zero for unidirectional waves (G2a), suggesting that alongshore velocities are uncorrelated at
these lags (Figure ) The inverse cascade region scale of the surfzone-average structure
functions over lags of Ay = 0.5 — 6 m is more consistent with a two-dimensional turbulence
cascade for wave conditions with larger directional spread. For example, the spectral scaling
is ~ (Ay)"/® for G2b with oy = 10° and the scale is ~ (Ay)3/* for G2d with oy = 24° (Figure
,c compare red dashed lines over Ay = 0.5 — 6 m). Additionally, the maximum lags
at which alongshore velocities are correlated (scale of surfzone-average S(Ay) is non-zero)
decrease with directional spread (i.e., inflection point for G2b is Ay ~ 11.5 m and for G2b
is Ay ~ 5.5 m). In the enstrophy-cascade inertial regions (Ay < 0.3 m), the scales for the
structure functions are ~ (Ay)3/2, less steep than expected for an enstrophy cascade ((Ay)?).
The 24-cm median filter likely influences correlation between velocities over these lags.

The structure function estimates from in situ sensors in the inner surf zone are on average
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3 times larger than estimates from in situ sensors in the outer surf zone (z = 28.54 m). PIV
estimates are larger than the in situ estimates at the concurrent lags, especially in the outer
surf zone (Figure 3.9 compare triangles and circles). In situ observations in the inner surf
zone reveal more similar structure-function spectral scalings to those identified with PIV
alongshore velocities. In contrast, the velocity variance measured by the near-bottom in
situ sensors in the outer surf zone is less correlated along the beach (nearly flat structure
function). This may be due to depth dependent low-frequency variability, especially in the
outer surf zone where the water column is sheared (Figure [3.7]) or biases in PIV estimates
leading to higher variance. The depth-variable low-frequency fluctuations are consistent
with observations and numerical simulations suggesting that vertical variability in very low-
frequency currents are more significant near prominent bar-trough features in the outer

surfzone |Lippmann and Bowen), [2016; |Henderson et al., |2017; | Baker et al. 2021].

For directionally spread wave conditions, rotational motion was dominant over irrota-
tional motions at very low-frequencies (VLF, f < 0.02 Hz) in the wave basin surf zone
(Appendix . The average power of VLF motions (02 s> integral of the surfzone velocity
variance over very low-frequencies) computed from in situ sensors at each cross-shore posi-
tion is surfzone-region dependent and varies with wave directional spread and height (Figure
. Here, VLF motions are analyzed with only in situ sensors over 35 min as the length
of the PIV time series was insufficient to assess VLF velocities (10 min). The average VLF
power is smallest for the stack of sensors at the toe of the beach slope (x = 24.5 m) and 3-4
times larger just offshore of the surf zone (Figure [3.10} compare red and black). Just offshore
of the surf zone, total VLF power is on average 1.5 times larger for trials with larger waves,
where the surfzone edge is farther offshore (Table , Figure , compare red triangles
and circles). VLF velocity power is typically 3-4 times larger within the surf zone than just
offshore of the surf zone (Figure compare blue/pink with red) for directionally spread

wave conditions (gp > 9°) and 2-3 times larger for unidirectional conditions.

In the outer surf zone (x = 28.4 m), the VLF velocity power increases with directional

spread from oy = 2 — 18° and plateaus or decreases for oy > 18° (Figure |3.10, blue) for all
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Figure 3.8: A rectified image and snapshots of low-frequency surface particle image velocime-

try (PIV) velocities within the surf zone (mean removed) for directionally spread waves in
trial G1c. (a) Waves break near the surf zone edge at the cross-shore position (z) around
27.3 m, generating bright surface foam used to track surface currents along (y) the tank.
(b-d) The optically-derived velocities vary over time (¢) and are depicted by the vector field
(legend in d) and colored by the vorticity (w). The red and green regions represent positive

and negative vortex structures.
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Figure 3.9: Structure functions computed from alongshore velocities (S(Ay)) as a function
of the alongshore lag (Ay) computed with PIV (circles) and in situ sensors (triangles) for
trials (a) G2a, (b) G2b, and (c) G2d (wave directional spreads, oy in figure). PIV estimates
are plotted every 32 cm in the cross-shore (z, colored by cross-shore position) and for the
surfzone average (black, average of x = 28 — 31.5 m). In situ sensor estimates are shown
for the outer (z = 28.5 m) and inner surf zone (z = 30.7 m). The lines of least squares
fits with form C'Ay® are shown (red dashed and red text labels) for the direct enstrophy
(Ay = 0.08 — 0.3 m) and inverse energy cascade (Ay = 0.3 — 6 m) inertial ranges. (c) The
line of least squares fit to CAy?/3 and CAy? are shown (blue dashed and blue text), where
2/3 and 2 are the expected exponent for the inverse energy cascade and direct enstrophy

cascade in strictly two-dimensional turbulence.
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wave heights. Trends are similar in the inner surf zone (Figure m, pink), but the shift
from positive to zero or negative slope in directional spread vs. VLF velocity power occurs
at smaller directional spreads (0yp = 2—9°) for 24-cm waves (G2a-d) and is not well resolved
for larger waves due to the absence of wave conditions with gy = 10°. Within the surf zone,
there are no significant differences in total VLF power between the two wave height groups
(Figure , error bars represent alongshore standard deviation of total VLF power). The
exception to this is in the inner surf zone for the largest directional spreads (x = 30.7 m,

0g ~ 25°), where there is more total VLF power for trials with larger wave heights.

—— (71a-d
1 |--e- G2a-d
—xr =245m
d|[—x=26.6m
—x = 28.4 m
||z =30.7m

Figure 3.10: The alongshore-average (shape) and standard deviation (error bar) of the total
velocity power (02 s» integrals under curves at very low-frequencies, Figure ) per surf
zone region (colors) as a function of directional spread (og) for GIa-d (solid line, triangles)

and G2a-d (dashed line, circles).
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3.5 Discussion

3.5.1 Vortex length scales and wave-field dependencies

Along-crest gradients in wave height during short-crested wave breaking are hypothesized
to generate vertical vorticity within the surf zone [Peregrinel 1998; |Buhler, 2000; Johnson
and Pattiaratchi, [2006f | Wei et al., [2017]. The time-rate of change in vertical vorticity may
be approximated by the curl in the breaking force [Eqn. , Spydell and Feddersen), 2009
Feddersen), [2014; |[Kirby and Derakhtil, 2019]. Thus, the length-scales over which there is an
along-crest gradient in dissipation may play a role in the vorticity injection length scales.
Previous field observations have assumed a pre-defined length scale (L, a distance with an
along-crest gradient in the breaking force) that resulted in wave-breaking-injected vorticity
without prior knowledge of how the injection length scales varied across the surf zone on a
wave-by-wave basis [Clark et al.l 2012].

Here, we find that along-crest variability in the breaking force is highly irregular on a
wave-by-wave basis with some dependencies on surfzone region (Figures and . This
gradient in the breaking force is sensitive to variations in breaking force estimates that are
ubiquitous along wave crests. However, some trends emerged. Generally, there are significant
peaks in the injection magnitude near crest ends at the demarcation between breaking and
an unbroken water surface, with smaller-scale fluctuations along the wave crest. Also, the
breaking force gradient is more often negative on the right-hand-side and positive on the
left-hand-side of the wave crest from the perspective of an observer at the breaking wave
crest looking onshore. The time-rate of change in vorticity due to a breaking wave can be
approximated by the negative along-crest gradient in the breaking force (—0F, .../0y., Eqn.
. Thus, to explore these trends in the wave-forced vorticity injection, the average along-
crest profiles of the breaking wave force and gradient in the wave force were computed by
averaging over all crests in each wave condition, normalizing each crest by length prior to
averaging.

In the outer surf zone of trial G2d (Figure[3.11a, 0y = 24°, 28 < 2 < 29.5 m), the average
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Figure 3.11: The observed (a-c,e-g, black) and fit (a,d,e,h, gold) average wave breaking
force (a,e, Fiyp.) and along-crest gradient in the breaking force (c-e,f-h, dFy, .. /dy.) along
the normalized along-crest profile (g.). The average profiles for the outer surf zone (a-d,
28 < x < 29.5, 6964 wave crests) and inner surf zone (e-h, 27 < x < 29.5, 11078 wave crests)
from trial G2d (op = 24°) with an average crest length of 4.5 m over a 10-min time series.
(a,b) Gaussian curves are fit to the average profile (gold). The along-crest gradient of the
Gaussian fitted-curve for breaking force (dFy, ;./dy.) is shown in (d,h). (c,g) The y-axis near
zero is enlarged to show the observed along-crest profile. (c-d,f-h) The positive and negative
regions of dFy, . /dy. are colored red and blue and are an approximation for the time-rate
of change in vorticity by Eqn. 3.5l Note that the width of the observed breaking gradient at
crest ends is due to the normalization of varying crest lengths and altering the normalized

distances to the neighboring grid with no dissipation (dy = 0.15 m in observations).
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along-crest profile of the breaking force is arced, displaying a maximum breaking force near
the center of the wave crest. Then, the breaking force drops to zero at crest ends if the
transition between breaking and non-breaking is abrupt at the edge of the visibly identifiable
wave crest (i.e., edge of the bright foam passing the RBIS-threshold, orange region in Figure
. This gradually-varying along-crest profile results in a non-zero breaking force gradient
along the wave crest over a length-scale (L) that is approximately half of the crest length
(L.), while also spiking near the crest end, where the largest gradient in the breaking force
occurs (Figure ,c). Thus, near the onset of breaking, the average injected vorticity
(i.e., dw/dt, the time-rate of change in vorticity from Eqn. is negative and positive
along the left and right side of the wave crest, respectively. Additionally, injected vorticity
may have length scales L, ~ %Lc with the largest values near crest ends on average (Figure
3.12a).

In contrast to the outer surf zone, there is little along-crest variability in the average
breaking force in the inner surf zone, where bores are typically well developed (Figure )
This results in a near-zero breaking force gradient in the center of the crest, spanning over
half the crest length (L, < Z—lch). Thus, the distance over which vorticity injection occurs
(L.,) may be much smaller in the inner surf zone than in the outer surf zone (Figure [3.12p).
For example, based on the average crest length for trial G2d (L. = 4.5 m) and average
breaking force gradient profiles, the average outer surf zone injection scales would be 2.3
m, while the inner surf zone would be less than half that length. If L, decreases to length
scales at which injected vortices cannot be considered two-dimensional (e.g., possible when
L., = h., water depth), turbulence fluctuations may dissipate due to bottom friction or other

dissipative processes rather than contributing to an inverse energy cascade.

An abrupt demarcation between an aerated, dissipating crest and an unbroken water
surface results from computing dissipation with a model for a well-developed bore over a
brightness-identified region |Duncan| 1981]. However, some dissipation may be occurring
outside of the bright region, i.e., dissipation that does not entrain sufficient air to be visual-

ized |Zappa et al. 2001]. To represent a more gradual transition between the breaking and



(a) Surfzone-average profile with
an abrupt demarcation at ends

(b) Inner-surfzone-average
profile for saturated bore

(c) Surfzone-average profile with
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(d) Irregular, directionally spread
wave field

Breaking
force along-
crest profile

Vi

€

e A e MLQJ
L o d
Vp
Dissipation ’y __'__wc 1Ue
and/or -D -D
force = Fbr 1 i 1 _Fbr = Lz
2 multi-scaled

breaking I

Along-crest

f;adient in 7 x +1. V % Y V x e
e

breaking Fbr Fbr Fbr

force

i&%z‘ 2 % 5 —w& :ﬁ#—w
—w W

Figure 3.12: Example models of the relationship between the along-crest profiles (y.) of the

Vorticity
injection

dissipation (D) or the breaking force (Fy,, grey arrows in the schematic top row, example
profile second row) and the gradient in breaking force (0Fy, 4, /0y, third row) and potential
vorticity injection (w, forth row). Four options of potential breaking force profile are (a)
along-crest gradually varying or (b) nearly constant breaking force with zero breaking force
outside the identified crest as well as (¢) Gaussian profile and (d) along-crest variable breaking
force with a gradual decrease to zero near crest ends. Depending on the along-crest profile

and crest end assumptions, the length over which there is a breaking force gradient (L)

may vary with crest length (L), which alters the vorticity injection length scales.

non-breaking, a Gaussian is fit to the average breaking force, resulting in dissipation slowly
tapering crest ends (Figure ,e, gold). Although the total external vorticity forcing per
wave crest (N1 Y7 |0F ;.. /Oy.| for the average wave profile) is independent of the crest-end
assumption, the implications for vorticity injection length scales may vary significantly (Fig-
ure , compare a vs. ¢). L, for the Gaussian fit is nearly twice the length of the abrupt
crest-end in observations (Figure , compare ¢ vs. d, g vs. h). For example, for a wave

with a crest length of 4.5 m (i.e., the average crest length for G2d), the length over which
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there is a breaking force gradient would vary from 2.3 to 4.5 m. The abrupt demarcation
at crest ends in direct observations and the Gaussian fit provide bounds on the relevant
vorticity injection length scales, L.

Similar to waves with oy = 24° (trial G2d), the average along-crest profile of the break-
ing force and breaking force gradient along the normalized crest length for smaller spread
(i.e., op = 10°, trial G2b) is along-crest varying in the outer surf zone and nearly indepen-
dent of along-crest position in the inner surf zone (Figure[3.13p-d). The similar shapes of the
breaking force gradient suggest that L, would increase with increasing L. (i.e., L. increases
from about 5 to 7 m from G2d to G2b). For waves in the outer surf zone, the breaking force
for the trial with oy = 10° and a longer average crest length (L. = 7.7 m) is 25% higher
than for the trial with gy = 24°, resulting in a larger breaking force gradient. Conversely,
there is little difference in the profiles within the inner surf zone for differing directional
spreads. Average trends for different directional spreads are similar across all trials (not
shown). The average along-crest breaking force estimated for trials with larger wave heights
(i.e., Hy = 0.27 m, Gla-d) is 30% larger for waves in the outer surf zone, and similar to trials
with smaller wave heights in the inner surf zone. The along-crest profile of the dissipation
and breaking force for unidirectional wave conditions does not exhibit the same arced shape
as seen in directionally spread wave conditions (not shown). For unidirectional waves (G1a,
G2a), the average along-crest profile is highly irregular, partially due to averaging over a
small number of crests (n = 6051 and 6500, 30% of waves relative to directionally spread
cases).

On average, wave conditions with lower directional spread and longer crest lengths have
larger external vorticity forcing per wave crest in the outer surf zone (e.g., Figure , a
similar profile for longer crest length indicates greater external vorticity forcing per crest,
NS |0F b . /Oye|). Small-scale along-crest variability in the breaking force for long waves
may amount to larger external vorticity forcing per wave crest (e.g., Figure black curves),
occasionally leading to much larger total external vorticity forcing per surf zone (e.g., see Fig-

ure , grey curve). However, it is unclear if the small-scale, cross-shore evolving variability
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in the crest-by-crest breaking force amounts to injected vorticity that can cascade to larger
scales (Figure , e.g., small scale features along wave crests vary as the wave propagates
shoreward). Turbulence fluctuations with scales similar to the water depth (i.e., not consid-
ered two-dimensional) may instead dissipate through the direct energy cascade (if considered
three-dimensional) or enstrophy cascade (if still considered two-dimensional) |Boffetta and
Eckel, 2012].

These crest-by-crest attributes do not account for the increase in the number of crests with
increasing directional spread (Figure ) At any given time, trials with larger directional
spreads often have more individual waves that each contribute external vorticity forcing.
For example, trials with lower directional spread and longer waves are characterized by
intermittent large external vorticity forcing across the surf zone between times with near-zero
external vorticity forcing (Figure , o9 = 2°, grey). In contrast, trials with larger directional
spread nearly always have significant external vorticity forcing within the surf zone (Figure
, compare gy = 10° and 24°). Due to the intermittency and non-Gaussian distribution
of forcing, it is unclear if the average magnitude of the breaking force gradient along a
normalized crest is indicative of forcing that contributes to low-frequency eddy activity within

the surf zone.

Lab observations of the along-crest gradient in the breaking force suggest that L, varies
widely between individual waves and surfzone regions and depends on the assumed dissi-
pation profile near crest ends. Previous observations with a 10-m diameter ring of ADVs
employed Kelvin’s circulation theorem [Peregrinel [1998] to measure the vorticity injection
at crest ends on a wave-by-wave basis [Clark et al. 2012]. The predicted vertical vorticity
based on wave height, water depth, and an alongshore length scale was consistent with ob-
servations of vorticity near crest ends for regions with intense dissipation, but over-predicted
when the array was positioned at other regions of the surf zone [e.g., a bar trough |Clark
et al), |2012]. The lab-observed cross-shore dependence of the along-crest profile and rami-
fications for vorticity injection may provide context for past observations, elicit the need to

assess vorticity at multiple length scales, and prompt further consideration of the along-crest
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Figure 3.13: The observed (a-c,e-g, black) and fit (a,d,e,h, gold) average wave breaking force
(a,e, Fy; ., ) and along-crest gradient in the breaking force (c-ef-h, dFy, ., /dy.) along the
normalized along-crest profile (7.) for trial G2b (og = 10°, solid curves) and G2d (oy = 24°,
dashed curves). The average profiles for the outer surf zone (a-d, 28 < x < 29.5, G2b: 4746
wave crests, G2d: 6964 wave crests) and inner surf zone (e-h, 27 < x < 29.5, G2b: 7172
wave crests, G2d: 11078 wave crests) with an average crest length of 7.7 m for G2b and
4.5 for G2d over a 10-min time series. (a,b) Gaussian curves are fit to the average profile
(gold). The along-crest gradient of the Gaussian fitted-curve for breaking force (dFy, .. /dy.)
is shown in (d,h). (c,g) The y-axis near zero is enlarged to show the observed along-crest
profile. (c-d,f-h) The positive and negative regions of dFy, ;. /dy. are colored red and blue

and are an approximation for the time-rate of change in vorticity by Eqn. [3.5
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dissipation profile near crest ends.

Similar to the average along-crest profile of the gradient in the breaking force here, re-
sults from numerical simulations of directionally spread wave fields over alongshore-uniform
bathymetry found that the injection length scale decreased with increasing directional spread
[lengths scales ranged from 4-20 m, |Spydell and Feddersen| 2009; |Feddersen, |2014] scaling
with the breaking crest length |Kirby and Derakhti, 2019]. Furthermore, a set of field obser-
vations found evidence that the inverse energy cascade may span to length scales down to 10
m for some surfzone regions |Elgar and Raubenheimer, 2020|. Based on the|Longuet-Higgins
[1956] formulations for non-breaking along-crest wavelengths that were adapted for breaking
wave crests [Baker et all in review|, the average L. for wave conditions simulated in |Fed-
dersen| |2014] (e.g., about T, = 8 s, 09 = 10 — 30°) with a depth of 1 m would range from
18-70 m. Thus, numerically simulated vorticity injection length scales are likely significantly
less than the average L. [Feddersen| |2014]. Based on visual inspection of three-dimensional
numerical simulations of regular waves and two intersecting wave trains, length scales of
the vertical vorticity at crest ends were about 1/4-1/2 of L. |Wei et al. 2017; |Kirby and
Derakhti, 2019]. However, it is unclear how mutual advection in the small gap between wave
crests altered vortex length scales relative to irregular, directionally spread wave conditions.

The contrast between the dissipation and breaking force profiles in the outer surf zone and
the inner surf zone, suggest that the wave-injected vorticity may substantially vary across
the surfzone. The along-crest variability near the onset of breaking may be due to an along-
crest dependence in the void size of plunging waves |Ting and Kirby, (1995 |lafrati), 2011],
non-linearities in the wave field [We: et al., [2017; |Kirby and Derakhti, |2019], or along-crest
varying breaking onset location and type (e.g., plunging initially, then surging or collapsing
near crest ends as waves propagate into shallower waters). Within the inner surf zone, steady
state bores have less along-crest variability, possibly because wave heights may be depth-
limited and primarily a function of water depth [Thornton and Guzal [1982], in contrast to
the offshore along-crest varying wave amplitude.

For the irregular, directionally spread wave field in the laboratory, breaking characteristics
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and onset location vary from crest to crest. However, for simplicity, we employ only the
Duncan dissipation model for a steady-state bore [Duncan), 1981]. Based on scaling of wave
conditions in the laboratory, estimated roller length, angle, and dissipation are typically
within the range observed in the field at a single cross-shore transect [Martins et all 201§].
Despite this, the Duncan roller model may not appropriately represent some of the energetics
near the onset of breaking, especially for plunging breakers [[afrati,|2011]. Neither approaches

were developed to assess along-crest variability.

Additional uncertainty in the breaking force estimates may be attributed to biases im-
parted by stereo reconstructions or limitations of the laboratory setting. Along-crest de-
pendence in stereo reconstruction biases could be due to brighter foam near the center of
crests leading to over-exposed imagery, noise or post-processing spatial filters in the stereo
estimates, or differences between remote-sensing observations and those ascribed by in situ
sensors [e.g., during plunging, |Baker et al., [in review|. Although the surf similarity number
[Battjesl, 1974] was similar to some field environments, the bathymetry was steeper than
found on natural beaches and included a steep bar-trough feature that was dissimilar to pre-
vious studies of wave-breaking injected vorticity dynamics on a planar beach [e.g., |Spydell
and Feddersen), 2009; |Suanda and Feddersen|, 2015]. Thus, waves occasionally break as a
plunger near the bar crest, reform over the trough, and break as a well-developed bore on
the beach face. Similar to many field environments, this leads to two distinct regions of dissi-
pation where wave-breaking injected vorticity may be more ubiquitous, as well as a relatively
deep trough that may enhance eddy interaction and nonlinear transfers of energy [Bihler
and Jacobson), [2001]. Due to the removal of observations near side walls, it is unlikely that
the side-wall-constraints altered the primary findings related to the breaking force gradient
for directionally spread wave conditions.

The vorticity injection in the water column was not directly measured to relate with
the breaking force estimates. Future work should compare the breaking force estimates
to measurements of vorticity to assess the contribution of breaking force gradients along

varying spatial scales to the inverse energy cascade. More observations of the along-crest
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variability in dissipation for more idealized conditions as well as in field settings would
help better characterize the expected vorticity injection on a wave-by-wave basis and inform
model parameterizations of the breaking force. Further examination of along-crest dissipation
characteristics could improve dissipation and breaking force parameterizations in numerical
models, most of which have not been tested for along-crest variability [e.g., |Chen et al.|
2003] and often rely on a free tuning parameter to represent the physics |Kennedy et al.,

2000].

Here, we focused on the along-crest gradient in the breaking force to approximate the
expected instantaneous vorticity injection length scales, (L) and showed that it varies with
the breaking crest length (L.). However, other physical processes may define the injection
length scales (I;) that result in a non-linear transfer of energy to longer length scales through
an inverse cascade (Figure ,d). As injected vorticity must have characteristic injection
length scales with dimensions that are longer than the vertical dimension of the flow to be
considered two-dimensional, the water depth at breaking (h.) may be a minimum injection
length scale that results in an inverse cascade. As waves propagate shoreward with length
scales modulated by the water depth, they may inject same-signed vorticity near crest ends,
resulting in a vortex sheet that can roll up with increasing circulation and differing length
scales constrained by the vortex sheet [Lg, |Peregrine and Bokhove|, (1999; |Peregrine, [1999;
Bonneton et all 2010]. Theoretically, vortices could remain attached to the crest end until
they are shed from the wave when breaking subsides, either at the shoreline or in a deeper
trough region |Peregrinel 1999]. At this point, vortices may self- or multi-advect within
the surf zone, continuing to interact with the ambient vorticity field and proceeding or
neighboring waves. Other relevant length scales are the gaps between breaking crests (L),
that could constrain whether vortices mutually advect or interact with neighboring wave-
breaking injected vortices rather than the opposite signed vortex from the other end of the
consecutive wave. Additionally, the wave period defines the timescale that vortices evolve
before interacting with a subsequent wave and wave-injected vortices. For a directionally

spread irregular wave field, these processes may result in forcing at a variety of length scales
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that contribute to the presence of large-scale, low-frequency rotational flows. Future work
could examine the relative contributions of these processes to surfzone vorticity variability
as well as their implications for mixing and dispersion within the surf zone and cross-shore

exchange via the formation of transient rip currents.

3.5.2  Surfzone eddy evolution consistency with two-dimensional turbulence

Once vortices are injected by a breaking wave, they interact with other waves, vortical
motions, and mean currents within the surfzone. Vortices with some range of length scales
(L, explored in Section are hypothesized to non-linearly transfer energy to larger
scale low-frequency motions within the surf zone [Peregrinel |1999; |Bonneton et all, 2010
Spydell and Feddersen|, 2009; |[Feddersen| 2014 |Elgar and Raubenheimer, 2020|. Here, we
contextualize the in situ and optically-derived measurements of surfzone eddies in the wave
basin to determine their consistency with a two-dimensional turbulence system and the
variability with wave field characteristics (Figure [3.1,d).

At very low-frequencies (scaled to the basin wave field), vortical motion is dominant
in the surf zone for directionally spread wave conditions, consistent with field observations
le.g., |Lippmann et al), 1999; |Elgar et all [2019]. Similar to previous results from field
observations and numerical modeling [Kennedyl 2005; |Spydell et al., |2007; |Spydell and Fed-
dersen), |2009; |Feddersen| 2014], very low-frequency rotational motions are more energetic
within the surf zone than just offshore of the surf zone (Figure . This supports the
hypothesis that energy is transferred from short-crested wave-breaking injected vorticity to
lower-frequency currents. However, unlike previous studies that suggested that low-frequency
velocity variance increases monotonically with directional spread [Elgar and Raubenheimer,
2020; |Suanda and Feddersen), [2015], we find that large-scale eddy variability increases with
directional spread initially, but then reaches a limit of maximum variance and even slightly
decreases with directional spread. If there is too much random forcing in a two-dimensional
turbulence system, the formation of large-scale coherent eddies may be disrupted, limiting

the likelihood of an inverse energy cascade [Kellay and Goldburg, [2002]. Additionally, veloc-
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ity variance associated with very low-frequency rotational motions is generally homogeneous
across the surf zone, with slightly larger velocity variance in the outer surf zone for 24-cm
waves (Trial G2d).

The lack of dependence of large-scale rotational motions on the wave height may be due to
energy dissipation and resulting vorticity injection for the largest waves on the offshore side
of the bar crest (r < 27.7 m), resulting in similar wave-breaking injected vorticity onshore
of the bar crest and possible saturated wave conditions within the surf zone [Sallenger and
Holman/, 1985; |Raubenheimer et al., 1996]. Breaking may cease while waves propagate over
the deep trough onshore of the wave crest, potentially resulting in the trailing vorticity to roll
up and self- or mutually advect into deeper waters, rather than advecting onshore with the
wave crest [Peregrine, 1999]. This may explain the higher variance measured just outside
of the surf zone for increasing wave heights (Figure compare red dashed and solid).
Alternatively, the higher VLF velocity power just offshore of the bar crest for trials with
H, ~ 0.27 m may be due to enhanced cross-shore exchange for larger waves |Suanda and
Feddersen), [2015]. Undoubtedly, the steep bar-trough profile in the laboratory may alter
vorticity dynamics relative to other beach profiles [Bihler and Jacobson, [2001].

The surfzone-average alongshore velocity structure functions estimated from optically-
derived velocities are nearly indistinguishable from each other at Ay = 0.6 — 3 m and
satisfy the S ~ (Ay)?/? scaling for trials with large directional spread (Figures [3.9|and [3.14)),
including Gle-d (Hs ~ 0.27 m, 09 = 25 — 26°) and G2¢-d (Hs ~ 0.24 m, 0y = 18 — 26°).
The structure function scalings are less consistent with an inverse energy cascade for lower
directional spreads, where the least squares fit is S ~ (Ay)"/® for trials G1b (H, ~ 0.27 m,
op = 18°) and G2b (H ~ 0.27 m, gy = 10°). The structure function for both unidirectional
trials (G1a, G2a) are uncorrelated for Ay > 0.5 m.

Field observations from alongshore arrays of ADVs also found that the structure function
satisfied the scaling for an inverse cascade |Elgar and Raubenheimer, |2020], but did not
reveal how the scaling of S ~ (Ay)?/3 varied with the wave conditions. Alongshore velocity

structure functions computed from phase-resolved, depth-averaged numerical simulations
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Figure 3.14: The surfzone-average structure function computed from 8-s median filtered PIV
alongshore velocities (S(Ay) from 28 < z < 31.5 m) as a function of the alongshore lag (Ay)
for trials Gla-d (27-cm waves, solid curves) and G2a-d (24-cm waves, solid curves) with
directional spreads (oy, curve colors) from 2-26°. The theoretical scalings for the second-
order velocity structure function in strictly two-dimensional turbulence are shown (red lines),
including a direct enstrophy cascade (S ~ Ay?) and inverse energy cascade (~ Ay?/3, blue

dashed lines).

over alongshore-uniform bathymetry [Spydell and Feddersen, 2009] were more consistent

with an inverse cascade for larger directional spreads for Ay = 5 — 100 m (o9 = 14, 20°).
Additionally, they found that structure functions exhibited scalings less consistent with an
inverse energy cascade for smaller directional spreads (op < 7°), similar to lab observations.
The better consistency with an inverse energy cascade for large directional spreads relative to
smaller directional spreads suggests there may be an optimal forcing length scale or spatial

distribution of injected vorticity that enhances the nonlinear transfer of energy to larger
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scale rotational motion [Peregrine, [1999]. The steeper scalings for small directional spreads
(i.e., ~ Ay™/® in Figures and may be due to the presence of additional dynamics
enhancing nonlinear interactions between eddies and vortices or the presence of anisotropy
in the flow. This could be due to fluctuations of mean circulation patterns extending towards
the center of the tank or infragravity wave modulations due to interactions with side walls
during low directional spreads (Figures and. Similar to numerical modeling and field
observations [Spydell and Feddersen),[2009; | Elgar and Raubenheimer, 2020], the magnitude of
the structure function is larger within the inner surf zone, where significant wave dissipation
occurs. Note that the other intense dissipation region is the offshore edge of the bar crest,
offshore of the outer-most structure function estimate. These results are more consistent with
an inverse energy cascade than previous numerical simulations with an alongshore current
|Feddersen, 2014], where the scalings of an alongshore-wavenumber spectra of vorticity were

only occasionally consistent with expected scalings for two-dimensional turbulence.

These optically-derived estimates are the first set of observations to characterize the
longest length scale of eddies in the surf zone (ly), the maximum length scale at which
velocities are correlated. Here, [y decreases with directional spread, consistent with numerical
simulations [Spydell and Feddersen|, |2009], and weakly increases with wave height (Figure
3.14)). 1y decreases from 7 to 4 m from oy = 17 — 26° for H, ~ 0.27 m (trials G1b-G1d)
and 12.3 to 3.5 m from oy = 10 — 16° for Hy; ~ 0.24 m (G2b-G2d). Similar to numerical
simulations [Spydell and Feddersen|, [2009], the largest alongshore length scales of the flow
are on the order of the surfzone width (W, ~ 4.4 — 4.9 m, Figure ) for wave conditions
with large directional spread. Thus, it is possible that the surfzone width sets the longest
length-scales of the flow (e.g., Figure ) This is further supported by the larger [, for
larger waves with a wider surf zone (Table [3.1).

In contrast to cases with large directional spreads, [y for small directional spreads is 2-3
times the width of the surf zone. Assuming that the eddy cross-shore length is determined
by the surfzone width (i.e., eddies are not extending outside of the surf zone), this suggests

that eddies may be anisotropic with longer alongshore length scales than cross-shore length
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scales (e.g., the negatively-signed vortex structure in Figure ) An alternative hypothesis
is that the crest length (L.) or gaps between waves (L,) controls the longest length scales
(Figure ) For directionally spread waves, [y from structure functions are approximately
L.. Hypothetically, this length-scale-dependence could be explained by the average along-
crest varying breaking force profile with Gaussian fit for crest ends (i.e., where L, ~ L.,
Figure ) However, this does not account for injection length scales varying across the
surf zone (i.e., Figure avs. b). As vortex scales may be limited by neighboring vortices of
opposing signs, it is also possible that L, is a limiting factor on the largest scale of generated
vortices (L, = L, — L., where L, is the alongshore wavenumber). Despite the relevant
scales associated with L, and L4, this would suggest that the turbulent fluctuations could
be injected at the maximum length scales of the system, thus limiting the relevance of an

inverse cascade.

Previous studies have hypothesized that the scales of injected vorticity (/;) can be esti-
mated as the intersection of the enstrophy cascade (S ~ (Ay)?) and inverse energy cascade
(S ~ (Ay)*3) |Spydell and Feddersen, [2009; |Elgar and Raubenheimer, 2020]. Previous
numerical modeling results suggest that the intersection between the two inertial ranges de-
creases with directional spread [Spydell and Feddersen) 2009]. The intersection of the two
inertial ranges with the least squares regression curves does not decrease with increasing
directional spread from gy = 10° to gy = 24° for 24-cm waves (Figure ,C), and may
be due to limitations of PIV estimates at small lags given that a 24x24-cm spatial median
filter is applied to PIV estimates. Alternatively, if scalings expected for the enstrophy and
inverse cascade were enforced when fitting the structure function curves as done in |Spydell
and Feddersen| [2009] (e.g., blue dashed lines in Figure [3.9c), /; from laboratory observations
would decrease with directional spread from 0.6 m to 0.3 m (not shown). Due to large vari-
ation in injection length scales on a crest-by-crest basis (Section , it is doubtful that
vorticity injection is limited to the length scales indicated by intersection between scale for

the enstrophy and inverse energy cascade (i.e., broad yellow range in Figure )
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3.5.8 Progress towards a conceptual model connecting directionally spread waves to cross-

shore exchange
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Figure 3.15: The relationship between directional spread (oy) and (a) the average breaking
crest length (L.), (b) average number of crest ends (N,), (¢) median total external vorticity
forcing (> |V x Fy,|) across the surf zone for a given instance in time. (d) These charac-
teristics related to vorticity forcing are compared with the average total very low-frequency
velocity power across the surf zone ((07;;)s,). Estimates are shown for trials G7a-d with

H, =~ 0.27 m (black circles) and G2a-d with Hg ~ 0.24 m (red triangles).

Progress towards a conceptual model is proposed based on laboratory observations for a



126

barred beach. As the directional spread of the wave field increases, the breaking crest length
decreases and number of crest ends increases within the surf zone [Figure m, Baker et al.,
in review|. When short-crested breaking occurs, vorticity injection is driven by the curl of
the breaking force (estimated here as the along-crest gradient of the cross-crest component
of the breaking force, OF}, ,./0y.). The largest stereo-derived breaking force gradient is typ-
ically near crest ends, and gradients along the crest are ubiquitous for irregular directionally
spread wave fields, altering vorticity injection length scales (Figure . The vorticity injec-
tion length scales differ by surfzone region and depend on the assumptions about breaking
dissipation near crest ends, but may range from scales of the wave crest (i.e., Figure )
to much smaller scales (i.e., Figure ,d), especially for steady-state bores in the inner
surf zone. On average, longer waves in the outer surf zone contribute more external forc-
ing (gradient in the breaking force) than short waves in the inner surf zone (Figure .
However, directionally spread waves consistently drive significant vorticity forcing (Figures
and ,b), resulting in an increase in the median total external vorticity forcing with

directional spread as well as wave height.

An increase in the number of crest ends and the total external vorticity forcing may be
imperative to provide an input that is acted on by an inverse energy cascade, as indicated by
the increase in surfzone-average very low-frequency velocity power with directional spread.
Interestingly, larger total external vorticity forcing across the surf zone for larger wave heights
does not result in an increase in large-scale low-frequency rotational motion. This could
suggest that the number of crest ends, which exhibit little dependence on wave height, may
play a more significant role in defining very low-frequency eddy activity. Alternatively, the
steep barred bathymetry may alter the dependence of very low-frequency eddy activity on
wave height. Further experiments with more wave heights and differing beach profiles should
explore this relationship.

These findings have strong implications for dispersion within the surf zone and cross-shore
exchange between the surf zone and the inner shelf. Visual examination of PIV velocities

and imagery of wiffle ball ejections (Figure [3.16)) suggest that the frequency of transient rip
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Figure 3.16: Example transient rip-current-ejection of wiffle balls from the surf zone onto the
inner shelf. Low-frequency velocities (#) estimated with particle image velocimetry (arrows,
plotted every 0.55 m) are colored by the vertical vorticity (w) and overlain on an image as a

function of the cross- (z) and alongshore (y) position at time, ¢.

current ejections may increase from moderate to large directional spreads. For example, the
frequency of visually identified ejections over a 10 min time series increased from 4 to 7 for
24-cm waves with gy = 10° to 24° (trials G2b and G2d). Notably, preferential eddy ejection
sites may have been altered by the mean circulation pattern near the side walls (Figure .
For example, the cross-shore velocity estimates from PIV show offshore directed cross-shore
velocities that persist within the middle 2/3 of the wave basin from y ~-10 m to 10 m
(not shown). Future work should explore the relationship between the wave conditions and

ejection frequency and speed without limitations due to side walls.

In addition to the wave-averaged vorticity injection, other length scales and processes may
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be relevant for surfzone eddy evolution and transient rip current ejections, such as the sheet
of vortices injected by a wave across the surf zone (e.g., relevance of a vortex strip roll up), the
spacing between waves, and wave-current interaction (Figure ) Furthermore, this paper
focused primarily on vertical vorticity and the relevance of two-dimensional turbulence within
the surf zone. However, there are a numerous reasons why the surf zone may not be consistent
with a strictly two-dimensional turbulence system. The surf zone has a sloping bottom,
a short cross-shore extent relative to the alongshore domain, an open offshore boundary,
unsteady forcing (i.e., short-crested wave breaking vorticity injection may vary in space and
time), and mean circulation features that may alter the flow-field. The impact of these
differences on the circulation of eddies are not known, but likely result in more complex
dynamics and energy-transfers than can be explained by two-dimensional turbulence. A few
recent studies suggest that wave-forced vorticity may be more similar to an applied surface
stress [Kirby and Derakhtil, [2019] and that vertical variability of wave-forced vorticity may
be relevant to the efficiency of an inverse energy cascade [Uchiyama et al. 2017; \McWilliams
et al., [2018; |Marchesiello et al) 2021b]. Thus, the three-dimensionality of these processes
may play a role in surfzone dispersion and exchange processes.

Although results from the laboratory observations support many findings consistent with
field-scale numerical model simulations and one set of field observations, the finite width
of the laboratory and steep bathymetry may differ from the field environment, discussed
in detail in [Baker et all in review]. Future work should explore the sensitivity of the
inverse cascade, maximum length scales, and ejection sites to varying bathymetry and wave

conditions in the field.
3.6 Summary and conclusions

Energy associated with wave-breaking-injected vorticity, ubiquitous for short-crested wave
fields, may be non-linearly transferred to large scale eddies that enhance transient rip-current-
driven exchange. Laboratory experiments in a directional wave basin with a combination

of in situ and remotely-sensed observations permitted quantification of surfzone vorticity
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dynamics.

A theoretical framework using along-crest coordinates to assess the curl of the breaking
force is proposed and applied to laboratory observations. Using stereo reconstructions of
the laboratory water surface, the along-crest dissipation and breaking force were estimated
with a roller model. The breaking force and its curl, which drives a time-rate of change
in surfzone vorticity, are highly irregular along individual waves and vary from crest to
crest. The curl of the breaking force is positively and negatively signed near opposite crest
ends. Averaging over many crests, the shape of the crest-averaged curl of the breaking force
varies by surfzone region and crest length, indicative of the vorticity injection length scales.
Also, the assumptions about the decay of dissipation outside of an identified crest region
may significantly alter the along-crest breaking force profile. The total external vorticity
forcing (sum of the absolute value of the curl of the breaking force across the surf zone) is
consistently large for more directionally spread waves. In contrast, waves with small spreads
typically have small external vorticity forcing, with the exception of sporadic estimates of
large vorticity input due to the highly along-crest variable breaking force for long waves near

the onset of breaking.

The spatial characteristics of low-frequency currents, estimated from in situ sensors and
remote particle image velocimetry (PIV), vary with wave directional spread and are similar
to expected relationships for a two-dimensional turbulence inverse energy cascade. Very low
frequency power increased from small to moderate directional spreads, but the relationship
may be nonmonotonic, possibly due to a maximum forcing that leads to an enhancement
of large-scale eddies. Alongshore velocity structure functions varied by surfzone region and
between measurement types, which could be due to depth-variable low-frequency currents.
Structure function scalings were more consistent with an inverse energy cascade for larger
directional spreads, and the enstrophy cascade regions were not well resolved with PIV
estimates. The maximum length scale of the inverse energy cascade increases with decreasing
directional spread, varying from length scales of the surfzone width (large directional spreads)

to several multiples of the surfzone width (moderate directional spreads), suggesting that
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the eddies may be anisotropic.

Progress towards a conceptual model linking wave conditions to transient rip current
formation is proposed. As directional spread increases, crest length decreases and number of
ends increases [Baker et al., [in review], leading to continuously large total external vorticity
forcing. The forcing leads to heightened low-frequency eddy activity, which is typically
linked to a greater cross-shore exchange driven by transient rip currents. This effect is most
pronounced when the directional spread is small to moderate, and it levels off or diminishes
when the directional spread is large. These findings harbor strong implications for material
dispersion mechanisms and transport pathways within the nearshore. Despite this progress,
there are many additional questions regarding wave-injected vorticity and surfzone eddy

evolution that require further attention.
3.7 Appendix A: Comparison between in situ and PIV velocities

The optically-derived surface velocities excluding crest regions with an 8-s median filter (Sec-
tion compared with bottom mounted ADV velocities at the nearest velocity estimate
on the PIV grid. For directionally spread 0.24-m waves (trial G2d), the PIV estimates gen-
erally capture the velocity fluctuations (sign and temporal variability) observed with in situ
sensors for both the cross- and alongshore velocities in the outer (Figure [3.17k,d) and inner
surf zone (Figure [3.18f,d). The in situ and PIV velocities are correlated in the outer and
inner surf zone (see correlations in Figures[3.17p, [3.18pb) with a root-mean-squared deviation
(RMSD) of 0.03-0.04 m/s and no bias. Results for cross-shore velocities are slightly less
correlated with positive bias and a RMSD around 0.1 m/s (Figures [3.17h, [3.18h). Surface
velocities are more coherent with in situ sensors at low-frequencies (f < 0.2 Hz), particularly
for the alongshore velocity component in the inner surf zone (Figure ) Sheared cross-
shore flows, for example due to onshore mass flux the near surface and return flow at the
bottom, may limit the coherence of low-frequency velocity signals at different positions in the
water column. Cross-shore velocities are more coherent at surface-gravity wave frequencies

(f = 0.5 Hz).
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Figure 3.17: Example 8-s median filtered in situ and PIV velocities over a 10-min time series
(subsampled at 0.5 Hz) with the mean removed for a location in the outer surf zone (p7,
x,y = 28.4,1.6 m) for trial G2d (Hs = 0.24 m, 0y = 24°). (a,b) The in situ (x-axis) vs. PIV
(y-axis) velocities for the (a) cross-shore (u) and (b) alongshore (v) velocities with a 1:1 line
(dashed). (c,d) Time series (t) for the in situ (black) and PIV (red) (c) cross-shore and (d)
alongshore velocities. The root-mean-squared deviation (RMSD), correlation (r), slope (s),
and bias (positive indicates larger PIV estimates) are reported for the cross- and alongshore

velocity time series.

These trends are consistent for other in situ sensors at the same cross-shore position and
generally similar for different wave conditions. For a subset of trials (Gla, G1c, G1d, G2d)
with varying wave height and directional spread, the RMSDs between PIV and in situ veloc-
ities are typically lower for alongshore velocities than for cross-shore velocities (Table .
RMSDs are similar in the outer and inner surf zone for cross-shore velocities, while they are
smaller in the outer surf zone for alongshore velocities. PIV cross- and alongshore velocities
during smaller waves are better correlated with in situ estimates, while correlations are bet-
ter in the outer surf zone for larger waves, where breaking (and thus, foam generation) starts
farther offshore. Due to lack of persistent foam (inhibiting tracking), correlations between in

situ and PIV estimates are lower for unidirectional waves. Additionally, alongshore velocity
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Figure 3.18: Same as in Figure [3.17], except for a sensor in the inner surf zone (pll, x,y =
30.7,—0.1 m).
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Figure 3.19: The average squared coherence (A\?) as a function of frequency (f) between the
8-Hz in situ observations and PIV estimates for the cross-shore (u, black) and alongshore (v,

red) velocities in the (a) outer surf zone (z = 28.4 m) and (b) inner surf zone (x = 30.7 m).

fluctuations during unidirectional waves are small (v = £0.05 m/s) and on the order of
PIV-estimate uncertainties.
Median filtered PIV velocities are less consistent when crests are not removed. PIV

estimates in the outer surf zone are slightly improved when the distance around each removed
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wave crest was expanded from 20 to 30 cm (i.e., expanding RBIS-identified crest region only
changes comparisons by < 5%). Removing a larger region around breaking crests did not
significantly change median filtered PIV estimates in the inner surf zone. Lowering the
threshold values for the RBIS-identified crests (i.e., selecting more crest features or larger
regions) did not improve PIV estimates. The processing workflow was optimized for reducing
differences between in situ and PIV estimates and maximizing the number of points retained.
PIV vs. in situ comparisons were similar for longer median filters (e.g., 6 or 8 s). Shorter

median filters resulted in larger RMSD between the PIV and in situ velocities.
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Figure 3.20: Two-dimensional histogram comparing the average bore celerity (c,, bin width
= 0.1 m/s) per wave crest measured with PIV vs. bore celerity estimated with solitary wave
theory (cswi, Eqn. estimated with the along-crest mean water depth and height per
wave crest. The plot is colored by the percent of waves for a 10-min timeseries from Trial

G2d.

Bore celerity from PIV are used to estimate the wave breaking force (Section m, Eqn.
3.5). Here, we compare the bore speeds identified directly with PIV with estimates based

on solitary wave theory. For Trial G2d, the average PIV-derived bore celerity (¢;(y.)) along

each crest of RBIS-identified crest are of a similar average magnitude to average celerity
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Table 3.2: The root-mean-squared deviation (RMSD), correlation (r), slope (s), and bias
(positive indicates larger PIV estimates) of the PIV velocity estimates relative to the in situ
measurements. Statistics for the cross- (u) and alongshore (v) velocities are the average of

sensors in the outer (x = 28.5 m) and inner (x = 30.7 m) surf zone for all trials (Table [3.1).

Measurement | Statistic Gla Glc¢ Gi1d G2d

Offshore u RMSD (m) | 0.10 0.09 0.10 0.11
r (m) 0.32 051 043 0.41
S 0.34 049 037 0.29
bias (m) | 0.06 0.01 0.04 0.07
Offshore v RMSD (m) | 0.03 0.05 0.05 0.04
r (m) 020 0.54 0.56 0.53
S 0.24 0.87 097 0.62
bias (m) | 0.00 0.04 0.0 0.00
Onshore u RMSD (m) | 0.10 0.10 0.10 0.08
r (m) 0.63 044 055 0.56
s 059 0.71 0.96 0.93
bias (m) 0.08 0.00 0.03 0.02
Onshore v RMSD (m) | 0.03 0.08 0.08 0.05
r (m) 0.07 0.62 0.62 0.82
S -0.04 096 0.99 0.99
bias (m) 0.00 0.02 0.00 0.00
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along each crest calculated with solitary wave theory (cgys, Figure [3.20)):

— H
Cswt = 1| gh (1 + f) (3.10)

where h is the mean water depth at the bore crest |[Stringari et al.,[2019] and H is the wave
height estimated from stereo reconstructions. Solitary wave theory may be a better approx-
imator of surfzone wave celerity than linear wave theory [Postacchini and Brocchinil, 2014).
The PIV bore celerity estimates have a larger spread than the solitary wave theory (Figure
3.20)), which may be expected due to wave-current interaction and other processes. Here,
we choose to use the PIV estimate to represent a realistic range in celerity, acknowledging
that the PIV speeds rely on surface foam and are sensitive to the method developed to select

velocities of gridded estimates along the wave crest.

3.8 Appendix B: In situ velocity and pressure spectral analysis

The relative contribution of rotational and irrotational motions as well as the seiching pat-
terns were analyzed with in situ velocity and pressure sensors. These relationships were
found to be qualitatively consistent across sensor locations in the inner and outer surf zone.
Here, a representative example is described from a 35-min time series (5-40 min) from a
sensor in the outer surf zone (x,y = 28.4, —6.2) for unidirectional and directionally spread
wave conditions (trials G2a,d: oy = 2° and 24°).

At very low-frequencies (f < 0.02 Hz), the velocity spectral levels (Sy, + Sy,) are 5
times larger than sea-surface elevation spectral levels converted to equivalent velocity using
the linear finite-depth dispersion relationship (S, * g/h, where h is the mean water depth
and g is gravitational acceleration, Figure ) This suggests that currents are primarily
rotational at very low-frequencies [f < 0.02 Hz |Lippmann et al. [1999; |MacMahan et al.,
2010a; |Feddersen et al., 2011; |Elgar et al., 2019].

Cross-shore seiching modes at low-frequencies decrease with increasing directional spread
(f < 0.2 Hz, Figure , gold region) and decreasing wave period (e.g., from T, = 4 to

2 s, not shown). The 2-s directionally spread wave conditions do not exhibit significant
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cross-shore seiching patterns (Figure , black curves). For example, the most significant
cross-shore seiching mode at f = 0.8 Hz, apparent in the unidirectional case, is nearly absent
for directionally spread waves. Despite this, analysis over low-frequencies conservatively used
solely alongshore velocities (i.e., structure function analysis), where there is little evidence
of significant seiching modes in the alongshore velocities (Figure , solid curves).
Cross-shore seiche modes at 23.4, 13.7, 8.6, and 6.8 s are slightly longer than periods
computed with the Merian’s formula for a rectangular basin with uniform depth [i.e., 21.0,
10.5, 7.0, and 5.2 s for n = 1 — 4 |Rabinovich, 2009]. As there is a slope starting at = =22
m from the wavemaker, Merian’s formula may not produce the exact seiching periods [e.g.,
estimates for a triangular basin with akin geometry have slightly longer seiching periods,
Rabinovich), |2009]. Notably, there is a cross-shore seiche node for f < 0.04 Hz along the
in situ array near = 28.4 m (Figure [3.21a) and possibly an anti-node near z = 30.7 m
that may alter breaking patterns and currents. When shorter time series over the 45 min
trial were analyzed, there was no evidence that seiching patterns grew throughout the trial
run. For example, Empirical Orthogonal Function (EOF) analyses of in situ sensors from
the pressure gauges, ADVs and wire resistance gauges show no evidence of modes growing

over time (not shown).
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— Sy * g/h —S
_"Suu + sz,' _"Suu
—y = 2° —0y =2
—op = 24° oy — 24°

Figure 3.21: (a) The velocity spectra (dashed curves, sum of cross- and alongshore-auto
spectra, Sy, + Suw) and sea-surface elevation spectra converted to equivalent velocity using
the linear finite-depth dispersion relationship (solid curves, S, * g/h, where h is the mean
water depth and ¢ is gravitational acceleration) as a function of frequency (f) are compared
at very low-frequencies (VLF, blue shaded region, f < 0.02 Hz). (b) The cross- (S,., dashed
curves) and alongshore velocities (.S,,, solid curves) are compared at low-frequencies (LF,
brown shaded region, f < 0.2 Hz). (a,b) This example is from in situ sensors in the outer
surf zone (x,y = 28.4, —6.2 m) for trials G2a (grey curves, oy = 2°) and G2d (black curves,

0p = 24°) over a 35 min time series. The 95% confidence intervals (error bar) are shown.
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Chapter 4
IMPLICATIONS AND FUTURE DIRECTIONS

4.1 Short-crested wave breaking and vorticity injection

Short-crested wave breaking alters dissipation patterns |Kirby and Derakhti, 2019] and in-
jects vorticity into the water column |Clark et al. 2012], enhancing dispersion |Spydell and
Feddersen), 2009; |Clark et al., [2012]. The results from laboratory experiments established
that as directional spread increases, the number of crest ends and total wave forcing in-
creases, while breaking crest length decreases (Chapter [2)). These insights are an initial step

in connecting the wave field characteristics to vorticity injection, but many question remain.

4.1.1 How does dissipation and the breaking force vary with breaker characteristics across

the surf zone?

Other than the findings in this thesis, there have not been observations of the along-crest
variability of dissipation and the breaking force for short-crested waves. These processes are
highly irregular on a wave-by-wave basis (Chapter [3) and the treatment of dissipation near
crest ends is unclear. Most parameterizations for wave-by-wave energy dissipation during
the onset of breaking |Ting and Kuirbyl (1995; lafratil 2011] or in a well developed bore
[Svendsen),|1984a; |Duncan/, [1981] are derived and tested without regard to variability along a
wave crest [Martins et al., 2018 |Carini et al. [2015]. However, the along-crest variability in
dissipation and breaking force patterns have strong implications for vorticity injection during
breaking. Further research is necessary to develop a framework for quantifying and exploring
the along-crest variability in wave energy dissipation and the breaking force. Currently, we
still lack understanding of dissipation and the breaking force for short-crested wave fields in

the following contexts: profiles near crest ends, variability between long- and short-crested
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(a) Single shallow water bore with finite length

(b)A gap between shallow water bores with finite length

HI

Figure 4.1: Schematic modified from [Peregrine| [1999] of theoretical vortices injected near

crest ends for an (a) single wave crest and (b) gap between two wave crests. Waves inject
vorticity across the surfzone as they propagate shoreward, resulting in a vortex strip that
rolls up and can detach when breaking ceases at the shoreline or over deeper waters (e.g., a
trough). In the absence of other currents, (a) vortices on either side of a crest may advect
shoreward with the wave until they reach the shoreline and propagate parallel the beach with
their image. (b) Vortices interact in the gap between breaking crest ends, causing mutual

advection in the direction opposite of the wave crest propagation.

waves, sensitivity to the beach profile and bathymetric variability, implications for sediment
transport and runup, and accuracy of current numerical model parameterizations. Some of

these topics are currently being investigated with a phase-resolved numerical modeling

let al., [in prep].
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4.1.2  How does the curl in the breaking force relate to low-frequency vertical vorticity gen-

eration?

It is assumed that the time-rate of change in vertical vorticity is equal to the curl of the
breaking force [Spydell and Feddersen), [2009; |Feddersen, 2014]. The only set of field ex-
periments that tested this found discrepancies between observed vortical vorticity and a
highly-simplified parameterization of the alongshore gradient in the breaking force |Clark
et al. 2012]. Furthermore, two recent numerical modeling studies suggest that vertical vor-
ticity injected at crest ends may be better represented as an applied surface stress than
a depth-uniform process |Kirby and Derakhtil, [2019], which has important implications for
vorticity evolution in the surf zone |[Marchesiello et al.,2021a]. The laboratory observations
here could not test this relationship between the curl of the breaking force and the time-rate
of change in vorticity nor with the depth variability due to a lack of observations of vorticity
at the timescales of individual wave crests. However, these observations surfaced pressing
questions about how these process are conceptualized. For an irregular directionally spread
wave field, the curl of the breaking force is highly irregular on a wave-by-wave basis (Chapter
3)). We still do not know how this translates to vertical vorticity that can cascade to larger
scales or the implications of the vertical variability in injected vortices. What characteristics
length scales are necessary to quantify wave-generated circulation in the field setting? What
are there limitations of measuring vorticity injection with Kelvin’s circulation theorem at a

pre-defined length scale [Peregrine and Bokhove, [1998; |Clark et all 2012]7?

4.1.3 How do individual wave-forced vortices evolve within the surf zone?

The vorticity injected at a crest end at one instance in time may not fully capture the nature
of wave-forced vorticity across the surf zone. As proposed by |Peregrine| [1999], as waves
propagate shoreward, they may inject same-signed vorticity into the surf zone, resulting in a
vortex strip that can roll up with different length scales and circulation than the individual

vortices (Figure . These vortices may self- or mutually advect within the surf zone
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depending on the length scales on individual breakers or spacing between breakers (Figure
. Furthermore, in the field, the vortices are injected into a surf zone with a pre-existing
complex vorticity field. A few theoretical and numerical modeling studies have explored the
evolution of individual vortices |Bonneton et al., 2010; |Buhler, 2000; |Buhler and Jacobson,
2001]. The length scale dependencies of injected vortices, interaction with other vortices or
changing bathymetry, and implications for an inverse energy cascade remain unknown (see

more discussion in Section [3.9)).
4.2 Eddy evolution and ejection

Vortices injected by individual breaking waves may cascade to larger scales that eject off-
shore as a transient rip current |Johnson and Pattiaratchi, [2006; | Hally-Rosendahl et al.l2014;
Hally-Rosendahl and Feddersen, |2016; |Hally-Rosendahl et all |2015], resulting in cross-shore
exchange between the surf zone and inner shelf [Suanda and Feddersen) [2015; | Kumar and
Feddersen), [2017¢, [a]. In laboratory experiments (Section , the spatial characteristics of
low-frequency currents suggest that a nonlinear transfer of energy from injected vorticity to
low-frequency large-scale rotational motions occurs within the surf zone for wave conditions
with large directional spreads. However, there are still many unknowns pertaining to the
physical mechanisms enhancing or disrupting the likelihood of a nonlinear transfer of en-
ergy to larger scales and many questions relating to transient rip-current-driven surf-shelf

exchange.

4.2.1  How well does an inverse enerqy cascade describe surfzone eddy evolution within the

surf zone?

Despite recent studies [Spydell and Feddersen, 2009; |Elgar and Raubenheimer, |2020] and
laboratory observations herein identifying some spatial and temporal tendencies consistent
with two-dimensional turbulence, the extent to which the surf zone exhibits properties con-
sistent with a forced two-dimensional turbulence environment are not well established. Dis-

crepancies between surfzone vorticity variability and two-dimensional turbulence have been
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found in some numerical simulations [Feddersen, 2014]. Additionally, depth variability in
low-frequency eddies may alter the efficiency of an inverse energy cascade |Uchiyama et al.,
2017; |McWilliams et al.l 2018; |Marchesiello et al., |2021a]. In contrast to a strictly two-
dimensional turbulence system (e.g., Figure , the surf zone has a sloping profile, a short
cross-shore extent relative to the alongshore domain, an open offshore boundary, unsteady
forcing (i.e., short-crested wave breaking vorticity injection may vary in space and time),
variable bathymetry (e.g., a steep bar crest in the laboratory experiments, Figure , and
mean circulation features that may alter the flow-field. The impact of these differences on the
magnitude and structure of surfzone eddies and the efficiency of the inverse cascade is still
not well understood. These processes vary with directional spread, wave height, and mean
wave angle [e.g., Chapter and in |Spydell et al., [2007; Spydell and Feddersen, [2009; Suanda
and Feddersen|,|2015], but a complete understanding of the mechanisms leading to these ten-
dencies is unknown. Several characteristics of the wave field may alter the likelihood of an
inverse cascade, including the strength and relative distribution of the forcing. For example,
if there is too much random forcing (e.g., possibly high directional spreads), the formation of
large-scale coherent eddies may be disrupted |Kellay and Goldburgl, 2002]. Moreover, in the
absence of bathymetric variability, the maximum length scale of eddies within the surf zone
are not well understood and may be related to the surfzone width [e.g., Fig. , Spydell and
Feddersen), |2009] or other processes if eddies are anisotropic. The length scale distribution

may have implications for mixing along the surf zone and the likelihood of offshore ejections.

4.2.2  When do eddies eject from the surf zone, and how do they evolve once they exit the

surf zone onto the inner shelf?

Numerical model results suggest that transient rip-current-driven exchange may increase with
directional spread [Suanda and Feddersen, 2015], but strikingly, suggest that the distance
cross-shore decay scale is inversely proportional to the directional spread. Based on this, it
could be hypothesized that more ejections occur for higher directionally spreads. However,

this may not mean that there is more net exchange of material when waves are more spread.
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Although it is hypothesized that pairs of counter-rotating eddies mutually advect offshore as
a transient rip current |Johnson and Pattiaratchil 2004bl |2006], the dynamics leading up to
an ejection remain unclear. Do counter-rotating dipoles appear near each other randomly, or
is there proximity due to other processes related to wave forcing or wave-current interaction?
Once ejected offshore, eddies become quasi-two-dimensional |Uchiyama et all, 2017|, where
vortex stretching and tilting may transform the eddies into three-dimensional processes that
can readily collapse to smaller eddies through a forward energy cascade (e.g., Figure .
These processes may induce vertical mixing on a stratified inner shelf [Kumar and Fedder-
sen), 2017b; |Grimes et al., [2020a] and drive mean inner shelf circulation [e.g., Figure ,
Grimes and Feddersen), [2021]. Due to challenges of studying this process in the field, most
of the foundational work on transient rip-current-driven exchange was addressed with nu-
merical modeling that relied on parameterizations to simulate vertical mixing and did not
include two-way coupling between transient rip currents and onshore propagating wave fields.
Although significant progress has been made to understand transient rip current driven ex-
change processes, there are still many questions regarding the decay of eddies in the inner

shelf and implications of vertical variability on exchange pathways.
4.3 Field implications for water quality, ecosystems, and human safety

It is well established that surfzone eddies and transient rip currents play an important role
in driving mixing and exchange on fairly alongshore-uniform beaches [Spydell et al., 2007
Clark et al. 2010; |Hally- Rosendahl et al.l 20145 |Spydell and Feddersen), [2009; Spydell et al.,
2019]. The role of these processes in differing field environments as well as the implications

for material transport and rip current hazards should be further explored.
4.3.1 How relevant are these processes to dispersion and exchange in varying field environ-
ments?

Low-frequency surfzone eddies are ubiquitous on many coastlines, enhancing surfzone dis-

persion |Clark et al., 2010; | Hally-Rosendahl et al., 2014] and surf-shelf exchange [Suanda and
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Feddersen), [2015]. However, many open questions remain regarding the relative dominance
of these processes for driving exchange and mixing in field environments with alongshore-
variable bathymetry, differing dominant wave conditions (e.g., oblique wave conditions), and
other relevant physical processes (e.g., freshwater input, strong winds, tides). Unlike the
fairly uniform beaches of Southern California, the bathymetry in other regions can be highly
alongshore variable, driving mean circulation patterns, such as bathymetric rip currents. Re-
cent numerical modeling studies have found that alongshore bathymetric variability enhances
the alongshore length scales of large surfzone eddies, while small length-scale eddies are inten-
sified by wave directional spread |O’Dea et al.,2021b; |Baker et al.2021]. The implications of
these dependencies for exchange and surfzone dispersion remain unknown. A better under-
standing of the primary exchange processes for the continuum between alongshore-uniform
morphology with transient eddies to channeled morphology with bathymetrically driven rip
currents would help fill this gap [McCarroll et al., 2018]. Similarly, surfzone eddy-enhanced
dispersion and transient rip current driven exchange on eminently barred beaches, rocky
shorelines, or regions with reef systems have not yet been examined. The relative role of
transient surfzone eddies in differing environments could better inform predictions of material

transport.

4.3.2 How do surfzone eddy processes and transient rip-current-driven exchange alter the

transport of pollutants, larvae, and sediment?

Material exchange and dispersion driven by surfzone eddy processes has largely been explored
through dye or drifter studies [Spydell et al., [2007; |Clark et al. [2010; |Hally-Rosendahl et al.,
2014] or numerical modeling [Spydell and Feddersen), 2009; |Kumar and Feddersen, [2017c;
Spydell et all [2009]. These studies use Lagrangian and Eulerian statistics to study nearshore
hydrodynamics, but do not account for the characteristics of the particles, such as their
buoyancy and behavior [e.g., ability to sink or swim, |Moulton et all 2023]. In addition
to wave-driven shoreward mass fluxes and bed return flow [Garcez-Faria et al., 2000], the

uncharacterized ability for low-frequency eddies to rapidly disperse particles within and
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offshore of the surf zone may depend on particle characteristics, with strong implications
for intertidal subsidies and larval recruitment [Morgan et al. 2017; |Shanks et al.l 2010].
Also, few studies have explored the influence of surfzone eddies on sediment suspension and
fluxes |Miles et al., |2002]. The role of surfzone eddies in the fate of phytoplankton blooms,
neutrally or positively buoyant particles, and contaminated nearshore waters requires further

examination.

4.3.3 Do transient rip currents heighten hazards for recreational swimmers?

Each year, rip currents cause hundreds of deaths at beaches worldwide and thousands of
rescues |da F. Klein et al.l 2003; |Hartmann, [2006]. Present US predictive models of rip
current hazards (e.g., National Weather Service (NWS) rip current forecasts) were trained
in North Carolina [Dusek and Seim), 2013; |Moulton et al., 2017a], where bathymetric rip
currents may be dominant, Therefore, the model may miss hazardous transient rip currents
more common in other areas, such as Southern California. The swimmer hazards associ-
ated with transient rip currents are still unknown due to their less predictable nature and
challenges of operationally delineating rip current types. Furthermore, research has mainly
focused on constraining bulk exchange driven by transient rip currents [e.g., |Suanda and
Feddersen), |2015], rather than individual ejection frequency (spatial and temporal), speeds,
and trajectories that may be better indicators of human hazard. Ongoing work is applying
bathymetric and transient rip current parameterizations [Moulton et al., 2017bt |Suanda and
Feddersen), 2015] to test the NWS rip current forecasts [Casper et all, [in prep|. Future re-
search could explore the characteristics of hazardous ejection events and their likelihood for

a variety of beaches.
4.4 The role of laboratory experiments in exploring eddy dynamics

Most of our knowledge pertaining to vorticity injection, evolution, and ejection is from
numerical models that parameterize breaking dissipation |[Kennedy et al., |2000], and verti-

cal mixing |Warner et al. [2005; |[Kumar et al., 2012, and often cannot simulate two-way


https://oceanservice.noaa.gov/news/apr21/rip-current-forecast.html
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interaction between breaking waves and surfzone currents [Kumar and Feddersen), [2017a;
Grimes et al., 2020b]. The lack of observations is largely due to the challenges of obtain-
ing adequate spatial and temporal measurements that constrain these processes. Physical
experiments are advantageous for exploring a phenomenon without simplifying assumptions
or unknowns required in analytical or numerical modeling, while avoiding complexities of
the field. Thus, this body of work was performed in the laboratory setting with alongshore
uniform bathymetry, the absence of strong mean circulation patterns, repeatable and wave
conditions spanning a wide parameter space with a range of expected vorticity injection, and
an optimal setup for remote sensing observations. However, the laboratory environment is
not without limitations that may alter the dynamics of interest.

Some may view a clear delineation between the idealized, controlled lab environment
and the unpredictable, multi-faceted field setting, but perhaps there is a space between.
Here, we studied stochastic processes imparted by a random directionally spread wave field
generated by a mechanical wave maker in a basin constrained by side walls with a steep
slope. Waves collided with and reflected off walls as they propagated shoreward. There
was a weak mean current that may have caused preferential ejections away from side walls
and seiching patterns that interacted with the wave and current field (see more in Section
. Yet, we were able to address questions that may not otherwise be feasible in more
idealized lab experiments nor the field. The previous three sections outlined current gaps
in our knowledge pertaining to surfzone eddy processes that may be best addressed with
differing and, ideally, multiple tools. Here, I provide several examples of questions prime for
experimentation in the laboratory that are ordered by more idealized] and complex physical
experiments.

Idealized laboratory experiments are primed for addressing questions about short-crested
wave dissipation, vorticity injection, and evolution of individual vortices across the surf zone.

Most of of our current parameterizations for wave dissipation were vetted in the laboratory

'Here, I refer to idealized laboratory experiments as those omitting forcing from an irregular, directionally
spread wave field and that may be possible in smaller facilities.



147

setting [e.g., |Svendsen) |1984a; |Duncan, (1981; |[Lamarre and Melville, |1991]. Experiments
of individual finite breaking crests could elucidate the along-crest variability in dissipation
and the breaking force as well as the depth-dependence and evolution of coherent vortex
structures injected during breaking (Figure ) Two intersecting |Garnier et al., 2014]
or pseudo-intersecting |Chot and Roh), 2021] wave trains could be employed to study the
interaction between vortices, acceleration and decay of hydrodynamically-forced rip currents,
and other wave-(rotational) current interaction processes (Figure[f.1p). Similar experiments
could explore particle trajectories and mixing due to horizontal eddies and rip current-like
flows. Potentially, vertical and horizontal mixing driven by ejected surfzone eddies on a
stratified shelf could inform parameterizations or test numerical model predictions (Figure
. Simplified experiments with vortices generated by mechanisms other than surface
gravity waves could inform our knowledge of eddy evolution in the surf zone.

In addition to examples provided above, large scale experiments could be used to explore
the evolution of randomly forced eddies by irregular directionally spread waves. Informed by
laboratory observations herein, future experiments could improve our understanding vorticity
field characteristics (e.g., velocity variance and length scale distribution) and their sensitivity
to differing beach profiles or a broader set of wave conditions. The contribution of eddy
processes to surfzone mixing in the presence of variable bathymetry or an alongshore current
(feasible in some facilities) could be explored. Sediment suspension via short-crested breakers
or the possible feedback between morphology and low-frequency currents may be feasible in
a large scale facility.

While the uncertainties that proliferate this field of study have partially been resolved
herein, building on a strong foundation of prior work, the progress here has only begun to
set the stage for future curious minds to solve the crucial yet elusive questions that define

surfzone processes.
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Figure 4.2: A schematic of two counter-rotating vortices ejecting onto the inner shelf. (a)

The plan view as a function of the cross- (z) and alongshore (y) position shows positive (red)
and negative (blue) vortices with a variety of length scales within the surf zone (dashed black
line) to the shoreline (brown feature). Two counter-rotating vortices are ejecting from the
surf zone with density, ps,, onto the inner shelf (offshore of dashed black line) with density,
psz1- (a) A cross-shore transect (yellow line) extending from the shoreline to offshore is
shown for (b) a surf zone with less dense or equivalently dense water than the inner shelf
and (c) a two-layer stratified surf zone with less dense water near surface (pis1) than near
bottom (pis2). The difference in water densities could be due to temperature or a possible
freshwater input. The transient rip current drives vertical mixing (black arrows representing

horizontal vorticity) in the inner shelf.
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Chapter 5
SUMMARY

Chapter[Z Breaking characteristics of short-crested wave fields quantified with remote sens-

ing techniques vary with directional spread.

e Wave transformation observed with stereo reconstructions and LiDAR measurements

are similar to in situ observations.

e Average breaker along-crest length decreases and the number of crest ends increases

with increasing directional spread.

e Parameterized crest length and number of ends trend similarly to observations.

Chapter[3 Progress towards a conceptual model of transient rip current formation is pro-
posed by linking wave field directional spread, breaking crest characteristics, vorticity forcing,

and low-frequency eddy activity.

e The breaking force and its curl, which drives a time-rate of change in surfzone vorticity,

is highly irregular along individual waves and varies from crest to crest.

e The crest-averaged curl of the breaking force varies by surfzone region and strongly

depends on assumptions about the decay of dissipation near the crest ends.

e The spatial characteristics of low-frequency currents vary with wave directional spread
and are similar to the expected relationships for a two-dimensional turbulence inverse

energy cascade.

Chapter [} Further investigation of vorticity injection by short-crested wave breaking, surf-

zone vorticity evolution, and transient rip current ejections is required.
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