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Abstract

The effects of surf zone eddy generated by alongshore currents on the deformation and transport of dye are still
poorly understood, and related tracer release experiments are lacking. Therefore, a tracer release laboratory
experiment was conducted under monochromatic, unidirectional incident waves with a large incident angle (30°)
on a plane beach with a 1:100 slope in a large wave basin. A charge-coupled device suspended above the basin
recorded the dye patch image. The evolution of eddy dye patch was observed and the transport and diffusion were
analyzed based on the collected images. Subsequently, a linear instability numerical model was adopted to
calculate the perturbation velocity field at the initial stage. The observation and image processing results show
that surf zone eddy patches occurred and were separated from the original dye patches. Our numerical analysis
results demonstrate that the structure of the perturbation velocity field is consistent with the experimental
observations, and that the ejection of eddy patches shoreward or offshore may be ascribed to the double vortex.
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1 Introduction

The surf zone extends from the breaker zone to the shore and
to the seaward extent of depth-limited breaking, characterized
dynamically by the importance of eddies and wave-driven flows.
At the shoreline, pollutants can enter through storm overflow dis-
charges from overloaded combined and separate sewerage sys-
tems during rainfall events, thus making the surf zone crucial for
nearshore ecosystems. Alongshore currents (Feddersen, 1998;
Longuet-Higgins, 1970; Tang et al., 2016) are induced under ob-
liquely incident wave conditions in the surf zone when wave
breaking occurs. Simultaneously, turbulence (Feddersen, 2012) is
generated, so the water column (Hally-Rosendahl et al., 2014) is
vertically mixed. Field observations and modeling indicate that
surf zone eddies (Clark et al., 2010, 2011; Spydell and Feddersen,
2012a) significantly affect the dispersion and dilution of surf zone
pollutants (Clark et al., 2010, 2011; Spydell and Feddersen, 20124,
b) and material transport (e.g., of larvae and nutrients) between
the surf zone and inner shelf (Brown et al., 2015; Hally-Rosendahl
and Feddersen, 2016; O’Dea et al., 2021; Wu et al., 2020). The
generation mechanism of surf zone eddies includes intrinsic
shear instability (Noyes et al., 2004; Oltman-Shay et al., 1989) and
extrinsic wave forcing (short crested (Feddersen, 2014; Peregrine,
1998) or wave groups (Long and Ozkan-Haller, 2009; Reniers et
al., 2004)). It was suggested that shear instability might dominate
surfzone eddy generation for highly narrowbanded frequency
and direction and obliquely large incident waves (Feddersen,

2014). However, the eddies’ evolution of surf zone tracers is
poorly understood.

According to linear stability theory, background vorticity
(0V/0x)/h (V is mean alongshore current velocity; x is the dis-
tance from the shoreline;  is water depth) arises from the long-
shore current’s shear. This vorticity response acts as a restoring
force for the perturbation. Thus, this is an intrinsic eddy genera-
tion mechanism. The instabilities of alongshore currents have
been observed in field observations (Oltman-Shay et al., 1989)
and laboratories (Ren et al., 2012), both numerically (Allen et al.,
1996; Noyes et al., 2005; Ozkan-Haller and Kirby, 1999; Slinn et
al., 1998) and analytically (Feddersen, 1998). Shear instability
motion was first observed in the field by Oltman-Shay et al.
(1989), with fluctuation periods of 50-500 s alongshore at 40-
250 m wavelengths. Elsewhere, Bowen and Holman (1989) for-
mulated the theoretical basis for the instability of the alongshore
current. They argued that it arises mainly from the cross-shore
velocity gradient of the mean alongshore current, essentially an
intrinsic eddy generation mechanism. Subsequent field experi-
ments (Noyes et al., 2004) showed that shear waves are gener-
ated primarily in the highly sheared region, just seaward of the
location of the maximum mean alongshore current velocity. Also,
strong shear instability can be observed in the laboratory on the
plane slope with gradients 1:40 and 1:100 under monochromatic,
unidirectional, and obliquely incident waves with a large incid-
ent angle (30°) (Ren et al., 2012). However, the authors did not of-
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fer a detailed discussion of the evolution and spatial characterist-
ics of separated eddy dye patches induced by shear instabilities.

Although Feddersen (2014) suggested that surfzone eddies
(vorticity) are generated through the extrinsic mechanism of
breaking wave vorticity forcing, with a 10-100 m range along-
shore, the modeling snapshot result at £ = 91.2 min showed that
simulated tracer patch meanders 0-100 m alongshore, utterly dif-
ferent with downstream dye patches (http://falk.ucsd.edu/fun-
waveC.html, HB06 dye releases example). This deduction may be
attributed to the instability of alongshore currents and the sup-
pression of surf zone cross-shore mixing by the currents (Spydell,
2016).

According to the extrinsic wave-breaking mechanism in gen-
erating surf zone eddies, the eddies coalesce to form transient rip
currents. The episodic offshore directed flows eject surf zone wa-
ter onto the inner shelf (Johnson and Pattiaratchi, 2004). Further,
the material exchange between the surf zone and inner shelf as-
sociated with transient rip currents has been studied using a nu-
merical method and field observations (Grimes et al., 2020a,
2020b, 2021; Hally-Rosendahl et al., 2014, 2015; Moulton et al.,
2021; O’'Dea et al., 2021). Therefore, these surf zone eddies are
critical to the material exchange, and exploring the generation
forced by shear instabilities is necessary.

Shoreline dye release experiments in fields have been con-
ducted to quantify the surf zone tracer transport and exchange
between the surf zone and inner shelf (Clark et al., 2010; Grimes
et al.,, 2021; Hally-Rosendahl et al., 2014, 2015). Whether these re-
lease experiments were continuous or instantaneous, long or
short alongshore, these observations show that the maximum
tracer concentration occurs roughly periodically alongshore from
the release location to the tracer front position. Correspondingly,
the tracer head in the cross-shore direction is rhythmic in the surf
zone and on the inner shelf.

Alongshore meandering (spreading) tracer patches are com-
monly ascribed to shear instability or dispersion. According to
linear stability theory, the generated shear waves have phase ve-
locities, lengths, and time scales in the alongshore direction. The
extrinsic wave-breaking mechanism in generating surfzone ed-
dies cannot sufficiently describe these alongshore current oscilla-
tions (Noyes et al., 2005; Oltman-Shay et al., 1989; Ren et al.,
2012). However, after dye release, a prolonged surf-zone concen-
tration decay y ~ 500 m was observed (Hally-Rosendahl et al.,
2014). Rip currents on beaches with longshore-uniform bathy-
metry are often transient and lack preferred alongshore loca-
tions. Therefore, it is likely due to the recirculation of inner-shelf
dye or weak eddy ejection dominated by shear instability. The
lack of quantitative field measurements of tracer evolution at
these time/space scales has prevented a detailed assessment of
this mechanism. Therefore, precise measurements may be
needed to assess the intrinsic eddy generation mechanism.

When the alongshore wave-guide current is generated (due to
the shear of the alongshore current in the cross-shore direction),
it is yet unverified whether the turbulence caused by the wave
breaking is also affected by the shear of the current. This concept
has not been studied using models that consider shear instability
and wave breaking. For weak alongshore currents or V=0, the
vertical change of the currents in the surf zone is enhanced, res-
ulting in the vertical shear of current enhancements. According
to shear instability theory, as long as there is a flow shear, the
background vorticity can be generated, driving the generation of
these eddies. Therefore, the surf zone vortex observed in the case
of a weak current is also very likely to be driven by the current
shear force and gradually evolve into a large-scale vortex.

Regarding these eddies caused by the shear instability of the
alongshore current, the corresponding tracer experiment and the
impact on the propagation and diffusion of pollutants inside and
outside the surf zone need further study. The use of pollutants or
floats for field or laboratory experiments can efficiently invest-
igate the mixing (Abolfathi and Pearson, 2017; Abolfathi et al.,
2020), the propagation of pollutants and eddy generation mech-
anism in the surf zone, observe the characteristics of the vortex in
the surf zone, and verify the mathematical model (Abolfathi and
Pearson, 2014; Clark et al., 2011; Grimes et al., 2021; Pearson et
al., 2009). The surf zone tracer diffusion and dispersion can be
studied by measuring the concentration distribution on the
cross-section (Clark et al., 2010), remote sensing (Grimes et al.,
2021), radar (O'Dea et al., 2021), and laboratory image (Abolfathi
and Pearson, 2014). The first three are more suitable for large-
scale analysis in the field, but the accuracy is relatively low.
Laboratory image acquisition has advantages in terms of accur-
acy, and the subtle processes of propagation, diffusion, and vor-
tex generation in the surf zone can be obtained in a smaller area.
Instantaneous or continuous release of pollutants in the surf
zone has been used to study the propagation and diffusion of pol-
lution inside and outside the surf zone. Still, none of these stud-
ies revealed the effect of shear instability on the propagation and
diffusion process of pollutants around or within the surf zone.

Therefore, based on the surf zone tracer laboratory experi-
ment, we studied the characteristics of surf zone eddies and
propagation driven by the instability of the alongshore current.
The paper also verifies whether the fluctuation of the alongshore
current can produce eddies in the surf zone on the alongshore
uniform slope under monochromatic, unidirectional, and ob-
liquely incident waves with a large incident angle. The research
results may provide an implication for understanding surf zone
eddy generated by shear instabilities of alongshore currents.

This paper analyzes laboratory surf zone tracer observations
on a plane beach to investigate the behavior of plumes generated
by the shear instabilities of alongshore currents. Section 2 de-
scribes the laboratory experiment, while Section 3 describes the
evolution of the eddy patch. The extension and transport of these
eddy patches are estimated by tracking. Section 4 reports the
shear instability analysis of four cases. Some study limitations, in-
cluding experimental and numerical analyses are discussed in
Section 5. The conclusions are summarized in Section 6.

2 Methods

2.1 Experimental setup

To observe the surf zone eddy generated by the instabilities of
alongshore currents, we conducted an alongshore current and
dye release experiment in the laboratory on the plane beach with
slope 1:100 under monochromatic, unidirectional, and obliquely
incident waves with a 30° incident angle. The 1:100 slope was
chosen to induce a wider surf zone and variations in longshore
current velocity gradients (i.e., significant front shear and backs-
hear) in the surf zone, which increases the shear instability.
Laboratory experiments on the shear instability of longshore cur-
rents have been carried out. For instance, Visser (1991) experi-
mented on alongshore currents on plane slopes 1:10 and 1:20.
Still, previous experimental results did not indicate the temporal
variations of alongshore currents. Measurements of the unstable
motion of alongshore currents suggested that instability occurs
on a barred beach but not on a non-barred beach (Reniers et al.,
1997). Although they observed oscillations for regular and ran-
dom waves on a barred beach, Reniers et al. (1997) suggested
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that such observations do not necessarily preclude shear instabil-
ity on a plane beach. Elsewhere, the lack of detection of shear
waves in laboratory experiments has been attributed to the lim-
ited length of the wave basin and the damping effect of bottom
friction (Putrevu and Svendsen, 1992), (i.e., the viscous damping
probably suppresses the shear instability in laboratory experi-
ments). The observations are described elsewhere (Ren et al.,
2012) and briefly introduced here. The experiment was carried
out in the 55 m x 34 m x 1.0 m wave basin at the State Key Labor-
atory of Coastal and Offshore Engineering, Dalian University of
Technology. The beach makes an angle of 30° to the wave gener-
ator, creating a large incident angle and a long beach that allows
more room for alongshore current instability to develop. Two
concrete plane profiles with 1:40 and 1:100 slopes were construc-
ted (Fig. 1).

The present study analyzed only the measurement results for
the 1:100 slope because the surf zone width is sufficient to detect
the shear instabilities as much as possible. Putrevu and Svend-
sen (1992) mentioned that it is appropriate to consider spatial
scales corresponding to this topography when discussing pos-
sible shear wave instabilities in laboratory measurements. Another
reason is that enough horizontal spatial scale can be provided to
transport the dye patch, particularly eddy patch separation. Also,
it was demonstrated that the entire process of eddy dye patch
formation on the 1:100 slope can be observed, not on the 1:40
slope (according to the present observation). The coordinate sys-
tem used has x as the cross-shore coordinate that increases off-
shore with the still water line x = 0 m, and y as the alongshore co-
ordinate. The still-water depth over the horizontal bottom was
0.45 m for the 1:40 slope experiments and 0.18 m for the 1:100
slope experiments. A wave generator consisting of individual
wave paddles was located at the offshore end of the basin, having
a total length of 24.5 m. The paddles were moved in phases.
Monochromatic, random, unidirectional, and obliquely incident
waves were generated in the experiments. Irregular waves were
generated using a JONSWAP spectrum with a peak enhancement
factor v of 2.5. To make alongshore currents recirculate within
the wave basin and produce uniform movements, a circulation
channel with a 3.0 m width at the two lateral ends and a 1.0 m

| 55m

depth (the same as in the horizontal bottom part of the basin)
was introduced around the beach.

A total of 32 two-dimensional velocity meters (VMs) in two
identical arrays of 16 (Fig. 1) measured the flow field at a 20 Hz
sampling rate. These VMs were set at one-third of the water
depth from the bottom, approximately the depth at which depth-
averaged alongshore currents occurred. The distance of the VMs
from the shoreline for the slope 1:100, x, is given in Table 1. The
strain-type velocity meters used were suitable for long-period ho-
rizontal oscillations (>2 s) and for measuring long-period un-
stable alongshore currents in the present study.

Steady and strong alongshore currents can be generated (Ren
etal., 2012). Here, four wave conditions (Table 2) were chosen to
analyze the surf zone tracer evolution. The surf-zone width and
the offshore values & =tan (8)/y/Ho/ Ly and Hy/Ly (where
tan () is the beach slope; Hy and L, are the wave height and
wave length at the wave maker, respectively) are also given ac-
cording to wave height variations corresponding to these four
cases (Ren et al., 2012). ¢, is the Iribarren number which charac-
terizes the breaker type. The &, values for the four cases were less
than 0.4, indicating that the spilling breaking occurred in the
present experiment. In addition, the monochromatic wave con-
ditions with varying wave steepness (Hy/ Ly = 1 — 2%) represen-
ted the wave conditions on gentle beaches.

2.2 Dyerelease

A dye release experiment was conducted to observe the oscil-
lation motions visually and spatially as the longshore currents
were generated. The dye (ink, in this case) was continuously re-
leased in the surf zone using a long, 0.8 cm-diameter thin tube.
The dye-release point was located at x ~ 4.5 m, y ~ 3 m for the
1:100 slope, and approximately one-third of the water depth from
the bottom. A charge-coupled device (CCD) suspended 11.6 m
above the basin recorded the dye patch image (Fig. 2).

The pixels of the image were 752 x 576, corresponding to 5 m x
7 m (denoting cross-shore and alongshore dimensions, respect-
ively). Figure 2 illustrates the image-collecting system. When the
alongshore current was stable (based on the time histories of the
current meter), the ink was released continuously into the surf

wave guide

measurement beams

wave generator

245m
34 m

X wave gauge

o velocity meter

wave guide

% dye-release position

Fig. 1. Experimental layout.
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Table 1. The distances (x) of velocity meters (VMs) from the
shoreline

VM x/m VM x/m

1 2.0 9 6.0

2 2.5 10 6.5

3 3.0 11 7.0

4 35 12 8.0

5 4.0 13 9.0

6 4.5 14 10.0

7 5.0 15 11.0

8 55 16 12.0

Table 2. Test conditions

Case Incidentwave Slope D/cm H/cm T/s X,/m L, & Ho/L,
1 regularwaves 1:100 18 2.7 15 52 3.510.11 0.01
2 irregular waves 1:100 18 24 10 6.2 156 0.08 0.02
3 irregular waves 1:100 18 39 1.0 9.8 1.56 0.06 0.02
4 irregular waves 1:100 18 5.0 1.5 10.2 3.51 0.08 0.01

Note: D, still water depth; H, mean wave height; T, peak period; Lo
and H,, wave length and wave height at the wave maker, respectively;
X, surf-zone width.

wave paddle velocity meters

D
D/3

f

Fig. 2. An illustration of collecting dye patch images using
charge-coupled device (CCD).

zone simulated by a continuous source. The ink was pulled to the
vicinity of the surf zone through a thin tube when released with
about 50 cm3/s flow. The CCD system sampled the dye patch
movement approximately every 1.0 s until the front part of the
dye patch exited the CCD acquisition range under each wave
condition.

The CCD system collects images with stricter requirements
for the brightness of the environment. To collect clear images
and coordinate transforms (transforms between world and im-
age coordinates), the beach was made of white cement, forming a
white background, and drawn 1 m x 1 m black mesh on the
beach, making it easy to accurately analyze the characteristics of
the ink patch in the surf zone.

Through experimental analysis, we found that visible eddy or
alongshore meandering patches occurred in the four test cases.
The parameters are given in Table 1.

2.3 Image analysis procedure

The image analysis procedure includes three steps. First, we
extracted the dye patch boundaries using the Matlab image
processing toolbox. In detail, this step involves subtracting the
background image (collected before dye release) from the dye
patch image (collected at some time during the dye release ex-
periment), extracting the dye patch boundaries using Matlab im-
age processing toolbox, such as colormap( ), im2bw( ), imclose( )
and so on. Thus, the dye patch boundaries can be obtained with
coordinate transform. The second step is coordinate transform.
To quantitatively analyze scales and the transport of surf zone
dye patches, one necessary requirement for quantifying the in-

formation in a dye patch image is knowing the photogrammetric
transformation between world and image coordinates. Here, we
adopted the coordinate transformation method developed by
Holland et al. (1997). These transforms require the world
coordinate and the corresponding image coordinate as inputs.
The 36 ground control points are used to transform between pixel
and world coordinates (Fig. 3). The plane beach in this experi-
ment was painted white, and square grids (1 m x 1 m denotes by
two-arrow in Fig. 4 were drawn on the surface to transform from
a pixel coordinate into a physical coordinate of identifiable
ground control points. Figure 4 shows the image at £ = 40 s for
Case 1 (left), and the dye patch boundary transformed from pixel
coordinate into the physical coordinate. At last, we focus on the
eddy dye patches (solid blue rectangular box in Fig. 9), used to
quantitatively analyze the diffusion and transport of the eddy
patch with time.

3 Results

3.1 Alongshore currents

Figure 5 shows the recorded time series of cross-shore and
alongshore current velocities for Case 1 (regular waves) at x=4.5 m
in the first velocity meter array. Large-amplitude and long-peri-
od oscillations occurred in the alongshore and cross-shore velo-
city components, also observed under all four conditions, with a
50 s period. The maximum alongshore current velocity (0.18 m/s)
present at £ =115 s, and the mean over 40 s (the alongshore cur-
rents were gradually strong) to 180 s was approximately 0.12 m/s
(Fig. 5b). The cross-shore velocity oscillated between 0.08 m/s

Fig. 3. The used ground control points in world coordinate (a)
and pixel coordinate (b).
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Fig. 4. Collected image at ¢ = 40 s for Case 1 (left) and the dye patch boundary transformed from pixel coordinate into the physical co-

ordinate (right). Star indicates the location of release.

and -0.08 m/s (Fig. 5a). To show the far infragravity motions
clearly, low-pass finite impulse response filter was then applied
to the data with threshold frequencies of 0.02 Hz for irregular
waves and 0.04 Hz for regular waves (Fig. 5).

Ren et al. (2012) compared the cross-shore profiles of the
mean alongshore velocities for the two velocity meter arrays,
demonstrating that the generated mean alongshore currents
were approximately uniform. Figure 6 shows the alongshore cur-
rents for Cases 1-4 (in meters) deployed in the second velocity
meter array close to the dye release location. Each test was re-
peated thrice throughout the experiment to obtain compelling
results; therefore, every cross-shore location had three values
(some data were broken).

The longshore current profiles for the four cases (Fig. 6) were
computed from the depth-averaged longshore momentum bal-
ance (Reniers and Battjes, 1997). The solid curves fitted to the
longshore currents velocity measurement are also given. By com-
parison, we observed that the model results did not match the fit-
ted data adequately, particularly at the shoreward side (front-
shear) or seaward side (backshear) of the velocity profile (Baque-
rizo et al., 2001). Such is attributable to the model parameters.
Nevertheless, the fitted results agreed more with the measure-

8
T4
w
g 0
2
3 4
a
78 1 1 1 1 ]
t,: dye release start time
0 h [2\ t,: 15 s after release
4 t,: 75 s after release
™ 5
E -12
© 16 b
720 ]
0 40 80 120 160 200

t/s

Fig. 5. Time series of cross-shore velocity u (a) and alongshore
velocity v for Case 1 at the ink injection location (x = 4.5 m) (b).
Solid blue line denotes the filtered results; three red lines indic-
ate the dye release start time and 15 s and 75 s after release, re-
spectively.

ments. Based on linear instability theory, the instability mode is
sensitive to the mean longshore current profile (Baquerizo et al.,
2001). Therefore, the solid curves fitted to the results were used
as input data for the linear instability analysis in Section 4. The
maximum mean alongshore currents (V,,,.x) measurements var-
ied between 0.09 m/s and 0.19 m/s for the four case examples.
For Froude criterion of gravitational similarity, assuming field
significant wave height H; = 1.0 m, for Case 2 H; = 0.027 m and
Vimax = 0.09 m/s, therefore, the length scale ratio A.=37.04 and

VP, max

the velocity scale ratio )\, = = A28 (where Vp .y is the

M, max
prototype value and Vi max is the experiment result). Thus, the

calculated field maximum of mean alongshore currents Vp p,ax
corresponding to Vi ., for Case 2 is approximately 0.55 m/s.
Therefore, we deduced that the mean alongshore currents gener-
ated in the present experiment are strong.

3.2 Surfzone eddy generation process

By observing the tracer images collected in the experiment,
we found that surf zone eddies appeared under all four test con-
ditions, and these tracer eddies gradually developed over time.
During this process, these dye patches were meandering in the
alongshore direction, similar to the HB06 modeling result at
t=91.2 min downstream of dye release from 0 m to 100 m
(http://falk.ucsd.edu/funwaveC.html, HB06 dye releases ex-
ample), with eddy ejection likely occurring at some moment.

Figure 7 shows the collected images of the dye patch at =155,
25s8,355,455,555,655s,758s,85s,95s, and 105 s for Case 1 in the
surf zone. Here, the detailed process of surf zone eddy genera-
tion was apparent. At the initial stage ¢ = 15 s (corresponding to ¢,
indicated using red line in Fig. 5, 15 s since ink release), the
alongshore current velocity was about 0.08 m/s, and the ink
patch was only transported in cross-shore direction, indicating
that the stokes drift at the release position was larger than the
alongshore current velocities. When the dye patch was transpor-
ted onshore at some location, the dye patch gradually moved in
alongshore direction due to the considerable increase of along-
shore current at this location. Simultaneously, curl deformation
occurred because the shear force oV/0x increased with the
mean alongshore current, resulting in vorticity forcing induced
by alongshore current shear. For example, at ¢ = 75 s (after re-
lease, corresponding to t, in Fig. 5, indicated using red line), the
alongshore current was approximately 0.16 m/s, enough to drive
the dye patch to move in the alongshore direction (the dye patch
surrounded by the solid red rectangular box in Fig. 7g). At this
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Fig. 6. Mean longshore current velocities for Cases 1-4. A, data; —, fitted curve; — - numerical simulation result.

time, relatively complete eddy was generated (the surrounding
part of the dashed red rectangular box in Fig. 7g) and confined to
the inner surf zone. This phenomenon may be induced by shear
instability or background vorticity. With time, the eddy patch
moved alongshore, not merging with the main part until it was
transported out of the observation area. This occurrence sug-
gests that the shear instability in strong alongshore currents per-
sistently drove the dye patch.

In Fig. 8, the collected images for Cases 2-4 under regular in-
cident waves are shown to examine the effects of wave condi-
tions on the deformation pattern of the dye patch. We observed
that these dye patches moved meanderingly in Case 2. Signific-
ant deformation of these dye patches occurred, and the front part
of the dye patch formed an eddy shape. It was ejected offshore
and shoreward for Cases 3 and 4, respectively (the solid red rect-
angular box in Figs 7b and c). In detail, these eddy shape patches
for Case 4 were presented more sufficiently and completely than
for Case 3. For Case 2, eddy shape patches were not observed,
maybe due to the limited collection area. It means that the de-
formation may occur at some location downstream or in the ob-
servation area after a long release time. The above observation
for Cases 1-4 demonstrated two types of deformation: meander-
ing and eddy shape. More importantly, the two deformations
were continuous; therefore, a persistent driving force was re-
quired.

As mentioned in Section 3.1, alongshore currents were strong
for the four cases, and the alongshore current shear may be large
enough to induce shear instability. Therefore, it suggests that the
deformations of these dye patches were dominated by shear
instability. For Cases 3 and 4, surf zone eddy shape patches
appeared in the offshore and the onshore direction, respectively,
indicating that the eddy induced by shear instability may eject
shoreward or offshore. The ejection offshore was similar to tran-
sient rip currents, characterized by concentrated and ephemeral
offshore flows that trap and advect surfzone tracers onto the in-
nershelf, resulting in an alongshore patchy innershelf tracer field
(Grimes et al., 2021; Hally-Rosendahl et al., 2014). Based on the
previous study, transient rip currents are generated randomly on
uniform beaches (Hally-Rosendahl et al., 2015). However, the
perturbation velocity field induced by shear instability was peri-
odic in the alongshore direction. That means surf zone eddies
generated by shear instability are not random. At least, the mean-
dering dye patch formation cannot be explained using the transi-
ent rip current generation mechanism.

3.3 Horizontal diffusion and transport of eddy patches in cross-
shore and alongshore direction
These surf zone eddies significantly impact the diffusion and
transport of dye patches in the cross-shore and alongshore direc-
tion. Here, quantitative analysis of the diffusion and transport
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Fig. 7. Deformation of dye patch att=15s,25s,35s,45s,5558,655s, 7558, 8558, 95 s, and 105 s for Case 1. The solid red and dashed rect-
angular boxes indicate the dye patches driven by alongshore currents and vorticity respectively.

was conducted by tracking the deformation and displacement of
the approximate centroid of the eddy patch (the solid blue rect-
angular box in Fig. 9) with time.

First, these collected images were processed to obtain their
boundaries at which the concentration was regarded as approx-
imately 5% of the maximum (Figs 3 and 8). Next, we examined
the diffusion and transport of eddy patches.

Here, diffusion velocities (Vpy, Vp,) and transport velocities
(Vg VTy) were used to assess the extension and transport of
eddy patches for the four cases. Note that diffusion here refers to
the extension of the boundary of the dye patch in the horizontal
direction and is not determined by the traditional method for dif-
fusion characteristics through concentration contours. This ap-
proach is mainly because this present study focuses on the obser-
vations and effects of unstable alongshore currents on pollutants.
In Fig. 10, related parameters are given: (Ly1, L) and (Ly;, Lyp)
are the cross-shore and alongshore length scales at two different
moments, respectively. Therefore, (Vpy, Vp,) and (Vry, Vp,) are
defined as follows:

AL

Ve = )
AL,

Vpy = E' (2)

AS,

Vo= 2, )
AS
vy = =, @

where AL, = Ly — Ly, AL, = Ly, — Ly;; At is the time interval;

. xl Lo, — _
ASy=Xc2—Xc1, ASy=Yc2— Y15 X1 =H T X=X Ye1 =

L L
N Ye =y

2

Based on the definition of diffusion and transport velocity
given, ALy, ALy, Asy, and As, were calculated by tracking the
boundaries of every image in two directions at different times.
This data was then fitted linearly (Vp,, Vp,) and (Vry, Vi) were
estimated from the linear fit's slopes. Note that every collected
dye patch under Case 2 was analyzed as a whole because separ-
ated eddy patches were not visibly observed; the eddy patches
were analyzed under Cases 1, 3, and 4.

Figures 11-14 show the fitted results for Cases 1-4. In general,
these correlation coefficients between the linear-fitted results
and the measurement results are high. In addition to the Vp,, for
Case 2 (Fig. 12b) and the Vr, for Case 3 (Fig. 13c), the two correl-
ation coefficients are very low. First, we noted that the AL, and x,
vary in the smaller range of 0.4-0.3 m in Fig. 12b (Case 2) and
Fig. 13c (Case 3), respectively. It suggested that the eddy dye
patches for Case 2 were weakly diffused alongshore and barely
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a. Case 2
b. Case 3
c. Case 4

Fig. 8. Deformation of dye patch at three different times for Case 2 (a), Case 3 (b), and Case 4 (c).

t=35s

x/m

Fig. 9. Transformed dye patch at t = 35 s for Case 4. The blue
rectangular box indicates the eddy dye patch.

transported in the cross-shore direction. For Case 3, we observed
that the eddy patches transported seaward took longer time. In
other words, eddy patches did not form completely. The diffu-
sion in the alongshore direction is dominated by longshore cur-
rents. Therefore, the weak diffusion alongshore for Case 2 (the
value of wave height is the smallest) may be due to weak long-
shore currents. Another reason is that the present analysis was
limited due to the fixed camera acquisition range; the environ-
mental light was constantly changing. To some extent, it is essen-
tial to capturing the present images, particularly at the dye front,
where the concentration was low. Therefore, the low correlation
coefficients may be attributed to the mentioned causing factors.
The estimated diffusion (Vpy, Vp,) and transport velocity
(Vry, Vi) for the selected four cases are summarized in Table 3.
In the strong alongshore current, whether these eddy patches are

X

= =
=3

cross-shore

alongshore Vi V2
Fig. 10. Definition of length scale parameters for dye patch.

of the same velocity with alongshore current velocity is still
poorly understood, especially due to shear instability. Hence, the
maximum mean alongshore current velocities (Vy,., ) shown by
Ren et al. (2012) for the four cases are also given in Table 3. Thus,
we analyzed the characteristics of the eddy part by comparing
Vmax with VDx; VDy! VTxr and VTy'

We found that Vy, is twice as large as Vr,, indicating that
alongshore currents are crucial in transporting eddy patches in
the alongshore direction, even though surf zone eddies occur.
Further, by comparing Vy, with V;,., under the same cases,
Vimax is approximately 1.1-2.6 times larger than Vr,, indicating
that the transport of eddy patches in the alongshore direction re-
duces due to the occurrence of surf zone eddies. In addition, Vp,
and Vp, are in the range of 0.015-0.052 m/s, implying that the
diffusion of eddy patches is weak relative to transport. Also, the
extension magnitude is similar to previous study results (Clark
etal.,, 2007, 2010).
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Fig. 11. Displacement of dye patch crest vs. time (diamond symbols) and its best-fit line (solid line) for Case 1. Wave condition-
monochromatic regular waves with H=2.7cmand T=1.5s.
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Fig. 12. Displacement of dye patch crest vs. time (diamond symbols) and its best-fit line (solid line) for Case 2 (wave condition-irregu-
lar waves with H=2.4cmand T =1.0s).
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Fig. 13. Displacement of dye patch crest vs. time (diamond symbols) and its best-fit line (solid line) for Case 3 (wave condition-irregu-
lar waves with H=3.9cmand T =1.0s).
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Fig. 14. Displacement of dye patch crest vs. time (diamond symbols) and its best-fit line (solid line) for Case 4 (wave condition-irregu-
lar waves with H=5.0cmand T =1.5s).
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Table 3. Estimated extension and transport velocities of eddy
patches for Cases 1-4

Case Vo/(m -s7') Vp/(m -s7") Vi/(m - s7') Vi/(m - s7)  Vawd/(m - 57
1 0.048 0.051 0.012 0.076 0.16
2 0.015 * 0.031 0.077 0.10
3 0.030 0.025 * 0.074 0.14
4 0.051 0.052 0.046 0.070 0.19

Note: * denots a very low coefficient of determination (R*).

3.4 Horizontal spatial scale

The surf zone eddy shape patches occurred under Cases 1, 3,
and 4, with an alongshore scale of approximately 2-4 m, 0.2-0.8
times the surf zone width; the cross-shore scale is roughly 1 m.
The water depth was roughly 0.045 m at the dye release location.
Therefore, the horizontal length scale was more significant than
the water depth. These ratios of alongshore length scale to the
surf zone width at the initial stage suggest that these present surf
zone eddies are drastically different from those generated
through the extrinsic mechanism of breaking wave vorticity for-
cing because they were formed at a smaller time scale. However,
transient rips generated on alongshore uniform bathymetries are
generally brief (2-5 min) and can migrate with an alongshore
current (Castelle et al., 2016).

Moreover, according to the extrinsic mechanism, surf zone
small-scale eddies due to wave breaking are hypothesized to co-
alesce and form larger eddies through nonlinear interactions,
generating vortical motions in the surf zone over a wide range of
spatial scales (Feddersen, 2014). Under similar incident wave
conditions, numerical modeling demonstrated that vorticities of
similar scales with the present occurred in the surf zone, and
shear instability was crucial in generating these eddies. Section 4
presents the linear instability theory analysis performed to illus-
trate the horizontal length scales.

The analysis of the spatial scale of the surf zone eddy is hugely
significant for validating the eddy generation mechanism. With
the extrinsic mechanism, the small-scale eddies are hypothes-
ized to coalesce and form larger eddies through nonlinear inter-
actions, generating vortical motions in the surf zone over a wide
range of spatial scales (from 10 m to 100 m) (Feddersen, 2014).
However, according to linear instability theory, surf zone eddy
can be generated more straight forwardly, agreeing with the
present observation. There is a question about why the extrinsic
mechanism can hardly explain the surf zone generation in a
strong alongshore current. Further details are needed to explore
in the future.

The 2D spatial scale of the surf zone eddy can be reflected
straight with AL, AL, (Eqs (1) and (2)) and compared with the

0.5
mCasel 4 Case3
m Case 2 Case 4
04
0.3
g 1
3 '
02 !
1
1
0.1 |
1
! a
0 | | I
0 10 20 30

t/s

width of the surf zone. Table 2 lists the width of the surf zone for
four cases. Figure 14 depicts the AL,/ xy, ALy/xb variation over
time. Overall, the evolution of the eddy patch scale can be di-
vided into two stages: the first stage ( | ) and the approximately
stable stage (II) (Fig. 15). For Cases 2-4 (irregular wave incid-
ence), the duration in the first stage is approximately 30 s and 10 s
in the cross-shore and alongshore directions, respectively. The
eddy scale in both directions is roughly 0.1-0.2 times the width of
the surf zone in the initial stage and larger than 0.2 in the stable
stage. Case 1 is distinct from the other three cases; these eddies
were more developed, and the horizontal scale can reach 0.5
times the width of the surf zone. The shoreline constrains the
evolution of these eddies due to their occurrence on the shore
side. If it occurs on the offshore side, it is possible to form larger-
scale eddies. Through numerical studies, Chen et al. (2013) found
that the surf zone eddy scale can reach 1.5 times the width of the
surf zone.

4 Numerical analysis

4.1 Shear instability theory model

Shear instability theory was first developed to explain the me-
andering motions observed in fields at 10-3-10-2 Hz frequencies
and with wavelengths whose magnitude were too short to be
gravity waves. Subsequently, shear instabilities of the mean
alongshore current have been investigated based on a nonlinear
shallow water equation with steady wave forcing (Allen et al.,
1996; Noyes et al., 2005; Ozkan-Haller and Kirby, 1999; Slinn et
al., 1998). However, the effects of surf zone eddy induced by
shear instability on dye transport patterns are poorly understood.
Therefore, this section performs numerical analysis to validate
whether the shear instability can induce perturbation velocity
fields that may dominate the eddy patch deformation in the
present strong alongshore current.

Shear instability theory has been described in detail else-
where (Bowen and Holman, 1989; Dodd et al., 2004; Putrevu and
Svendsen, 1992). Briefly, in a strong alongshore current, the un-
even distribution of the time-average alongshore current V(x) in
the cross-shore direction results in the shear of the flow

oV 9%V
(5eme
maximum growth mode is assumed to dominate the time and
length scale and perturbation velocity field patterns. Shear in-
stability theory was developed assuming that the flow velocity
field is represented by a steady longshore current V(x) with
small superimposed perturbations u'(x,y,t) = (u/(x,y, 1),

) , persistently driving far infragravity motions. The

0.6
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Fig. 15. Variations in the ratios of the cross-shore (a) and alongshore (b) eddy scale to x;, with time.
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V' (x,y, 1)) as follows:

u(x, Z t) = (u'(x, Y H,V(x) + U,(x' Y t))' Q)
where x and y are horizontal two-dimensional coordinates; the x
axis is perpendicular to the shoreline and positive offshore from
the shoreline; the y axis is the alongshore coordinate; u is the
depth-averaged current velocity; ¢ is time.

The shallow water, inviscid equations for horizontal mo-
mentum are as follows:

V- (hu) =0, ()

u+m-Viu+gvn=0, @)
where V = (0/ 0x, 0/ 0y); 5 is the average sea surface elevation;
h is the water depth; g is the gravitational acceleration.

u is represented in terms of a stream function . Further-

more, the perturbation may be assumed as follows:

u = _Yr —%exp(wit)exp[i(ky— wyt)], (8)
h h
V= 1/71; = %exp(wit)exp[i(kyf b)), )

where ) (x, y, t) is the stream function, ¢(x) is the amplitude, o,
is the angular frequency, w; is the growth rate; o = o, + iw;, k
is the wave number; and i is the imaginary unit. Then, substitut-
ing Eqgs (5), (8), and (9) into the two-dimensional shallow water
Egs (6) and (7) under the assumption of “rigid lid”, the following
equation governing the instability is derived.
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(Oxhx
h

Va
h

(V-¢) (wm—kzw— 0, (10)

) (%),

where V is the mean alongshore current, ¢ = w/k = ¢, + ic;. The
solid curves fitted to the results (Fig. 6) were used as input data
for the linear instability analysis.

4.2 Theoretical calculation results of the instability mode

For a given water depth £ (x), mean velocity profile V (x), and
wavenumber k solving Eq. (10) gives N eigenvalues of ¢ and ei-
genfunction ¢ (x). The case w; > 0 shows the shear instabilities of
longshore currents; otherwise, longshore currents are stable. Of
N eigenvalues of ¢, it is assumed that the eigenvalue with the
largest imaginary component dominates the instability of that
wavenumber. Here, we take this largest imaginary component as
the final solution for c in Eq. (10).

The velocity profile of the mean longshore currents (fitted res-
ults) for Cases 1-4 (Fig. 6) was adopted as the background shear
flows in the linear instability analysis, with the fitted lines in place
of the discrete test data. Figure 16 shows the growth rate, w;
(Fig. 16a), and the propagation speed, ¢, (Fig. 16b) of the shear
waves vs. wave number k for Cases 1-4. We observed two peaks
for all cases. The first peak corresponds to the backshear mode
(red up-arrow for Case 1 in Fig. 16a), and the second corres-
ponds to the frontshear mode (black up-arrow for Case 1).
However, the second mode for Case 1 corresponds to stronger
growth rate than the first mode, entirely different for Cases 1-3. It
demonstrated that frontshear had much more significant effects
on the instabilities for Case 1.

For Cases 1-4, the wave number (k) and the propagation
speed (c;), period (T = 2n/ (koc, ) and wavelength (L = 2x/ k,) of
the shear waves corresponding to the two modes are given in
Table 4. It is suggested that the calculated wavelength corres-
ponding to the frontshear mode agrees with the observed hori-
zontal dye patch scales, suggesting a frontshear mode for the ob-
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f: T: 0.12 \/\
MS r E ¥
< =
3 S 0.08 \\_’_L

2r 0.04 |

0 ! ! ! 0 L L L

0 0.4 0.8 1.2 1.6 0 0.4 0.8 1.2 1.6
k/(rad - m™) k/(rad - m™)
Case 1 Case 2 Case 3 Case 4

Fig. 16. Variations of growth rate (w;, a) and propagation speed (c,, b) vs. wavenumber (k) for Cases 1-4. The red arrow and black ar-

row denote the first mode and second mode, respectively.

Table 4. Numerical results of shear waves for Cases 1-4

ko Cr1 T Ly ko, Cr2 T, L,
Case -
First mode Second mode
1 0.490 0.105 122.41 12.82 1.030 0.100 60.93 6.10
2 0.460 0.062 218.92 13.65 0.990 0.054 116.88 6.34
3 0.280 0.080 279.48 22.43 0.620 0.076 133.28 10.13
4 0.280 0.121 185.48 22.43 0.560 0.116 96.72 11.21
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Fig. 17. Calculated perturbation velocity fields for Cases 1-4. The blue streamlines show the vortex velocity; the red dashed line shows

the location of the wave breaking.
served shear waves under the present four wave conditions.

4.3 Perturbation velocity field

According to this analysis, the perturbation velocity field
wW(xyt)= (v (xy1),V(xy1), corresponding to the second
mode, can be calculated using to Eqs (8)-(10). Figure 17 illus-
trates the corresponding disturbance velocity fields at the initial
time of the four cases and the location of the wave breaking (red
dashed line). The vortex velocity fields occur periodically along-
shore with a scale similar to the observed eddy patches in the ex-

periment in the surf zone. The magnitude of disturbance velocity
(0.05 m/s) is close to the alongshore transport velocity of eddy
patches (0.07 m/s) estimated in Section 3.3. Also, the disturb-
ance velocity field is approximately a single vortex pattern for
Case 1 (regular wave incidence). However, a double vortex field
occurs for Cases 2-4 (irregular wave incidence), as indicated by a
blue streamline. It may be attributed to different alongshore cur-
rent velocity profiles (or different alongshore current shears) in
the cross-shore direction induced by different incident waves.
Under irregular incident wave conditions, it is easier to induce an
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eddy field with a more complex structure owing to the larger
backshear (the inflection point occurs at the back side (seaward
side) of the velocity profile) (Baquerizo et al., 2001). The collec-
ted dye patches under test conditions 2-4, mainly generated in
the wave-breaking zone, can validate this phenomenon, present-
ing a meandering pattern or ejecting onshore or offshore. It can
be attributed to the structure of the double vortex velocity field.
More importantly, the horizontal length scales of surf zone eddy
patches are approximately consistent with the numerically calcu-
lated vortex. Therefore, this numerical analysis suggests that the
linear instability theory can correctly explain the transport evolu-
tion of observed eddy patches dominated by surf zone eddies in
the strong alongshore current.

5 Discussion

The experimental measurement duration in this study was
short, and the collecting range of dye patch movement was smal-
ler than the field scale. Compared with the field test with long dis-
tance and long measurement time, other factors (such as wind,
temperature, tide, etc.) (Kumar and Feddersen, 2017a, b) cannot
be considered. On the other hand, image collecting and proceed-
ing may bring errors in estimating the transport and diffusion
due to experimental light and treatment technology of determin-
ing surf zone eddy patch boundary. In addition, while the results
suggest the dominant plume behaviors are explained well by
shear instability theory, aspects of the surf zone plume behavior
may vary due to interaction with shelf processes, including
Stokes drift, internal waves, fronts, and adjacent plumes.

The solid curves fitted to the results (Fig. 6) were used as in-
put data for the linear instability analysis. However, the mean
longshore current’s velocity profile significantly affected the in-
stability mode (Ren et al., 2012). Also, different fitting methods
may result in differences among these calculated perturbation
velocity fields. They can be ignored due to the dominance of
backshear to the shear instability mode. In other words, selected
fitting methods have negligible effects on the backshear. Since
the mean alongshore currents are regarded as being steady, only
the calculated perturbation velocity fields are at the initial time
given. However, nonlinear numerical modeling has demon-
strated that the mixing induced by shear instability may adjust
the velocity profile of the mean longshore current with time
(OGzkan-Haller and Kirby, 1999). Therefore, in the future, related
numerical analysis should be conducted to investigate the time-
dependent evolution of perturbation velocity induced by shear
instability. In addition, numerical modeling with a phase-resolv-
ing Boussinesq-type wave model (such as funwaveC) (Feddersen
etal., 2011) and a comparison between numerical and experi-
mental results should be performed to diagnose the effect of
shear instability with a strong current on dye patch transport in
the surfzone. Such studies would allow for a more detailed un-
derstanding of the surf zone generation mechanism and address
whether the surf zone eddy is dominated by shear instability
rather than the breaking wave vorticity forcing or partly in a
strong alongshore current.

6 Conclusions

In this paper, the evolution, propagation, and diffusion char-
acteristics of surf zone eddies generated by shear instabilities
were analyzed by dye patch tracing experiments. Also, the surf
zone eddies generation mechanism was analyzed based on shear
instability theory. The results demonstrated that under mono-
chromatic unidirectional incident waves with a large angle of in-
cidence, the surf zone eddies were generated in the shoreward

and offshore directions on a plane beach. The eddy patches’
alongshore and cross-shore scale was approximately 4 m and
1 m, respectively.

We found that visible eddy or alongshore meandering
patches occurred for the four test cases during the evolution of
dye patches. These eddy patches were mainly transported in the
alongshore direction. The alongshore propagation speed was ap-
proximately twice that of the cross-shore, and the cross-shore
and alongshore diffusion speeds were weak (approximately
0.05 m/s). The development of these eddy patches can be
roughly divided into two stages: in the initial stage, the eddy scale
in both directions was about 0.1-0.2 times the width of the surf
zone; in the stabilization stage, it was less than 0.2 times.

Based on shear instability theory, the perturbation velocity
fields were obtained under the four wave conditions, showing
that the velocity field structure was approximately consistent
with the experimental observation. In addition, these velocity
fields were more likely induced under random incident waves,
which may drive double eddy. Consequently, the numerical ana-
lysis demonstrated that the linear instability theory could explain
the transport evolution of observed eddy patches dominated by
surf zone eddies in the strong alongshore current (Bowen and
Holman, 1989; Brivois et al., 2012).
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