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[1] Irrotational surface gravity waves approach the beach and break at a relatively high
frequency, while vorticity generated by each new wave breaking event strongly interacts
with the existing vorticity distribution at relatively low frequencies, leading to a surf
zone that is energetic over a wide range of temporal scales. This poses a challenge to any
surf zone model to accurately resolve all relevant scales. One approach to sidestep this
issue is to use a short‐wave‐averaged model, where fast‐scale wave effects are included as
forcing terms for the mean current. This is in contrast to Boussinesq wave‐resolving
models, where each individual wave is resolved along with any ambient current. In
general, these two models will predict different current fields for the same wave and
bathymetric input and therefore predict different mixing behavior of the flow. Using
Lagrangian methods, we compare wave‐averaged and wave‐resolving model results to
data from the RCEX experiment, which mapped the rip current circulation over a
rip‐channeled bathymetry using nearshore surface drifters. Absolute and pair dispersion
estimates, including the finite size Lyapunov exponent, based on virtual trajectories are
shown to be consistent with field observations, except for scales less than 5 m, where field
drifters predict greater pair dispersion than both models because of either unresolved
subgrid processes or GPS error. A simple Lagrangian stochastic model is able to reproduce
some of this short time and length scale diffusivity found in the observational data.
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1. Introduction

[2] The velocity field and its associated Lagrangian tra-
jectories _x = u(x, t) in the surf zone has a wide range of
relevant time and spatial scales. Rapidly fluctuating surface
gravity waves approach a beach and break, generating
vorticity on a wave or wave group time scale which form rip
currents [Shepard and Inman, 1950] for shore normal wave
incidence or sheared alongshore currents [Oltman‐Shay
et al., 1989] for oblique wave incidence. Rip current flow
patterns were observed by Smith and Largier [1995] and
MacMahan et al. [2004] to modulate at around 10–15 min, a
much longer period than that which characterizes the inci-
dent wave, which is on the order of 10 s.
[3] In numerical simulations of the surf zone, vorticity

generated by wave breaking cascades to larger scales which
eventually spin down due to bottom friction [Bühler and
Jacobsen, 2001], managing to persist up to 25 min

[Reniers et al., 2004; Long and Özkan‐Haller, 2009].
However, macrovortices on rip‐channeled beaches can
persist for much longer than this, due to a continuous
injection of vorticity from wave breaking at specific loca-
tions in the surf zone.
[4] In between generation and dissipation, dipoles gener-

ated by each new wave breaking event interact with existing
vorticity distributions, leading to a surf zone that is energetic
at low frequencies, which has been demonstrated numeri-
cally [Özkan‐Haller and Kirby, 1999; Chen et al., 2003] in
the case of the shear instability of alongshore currents. The
relatively long lifespan of these vortices and the well‐known
mixing capabilities of coherent vortices in two‐dimensional
turbulence [Poje and Haller, 1999] suggests that this vor-
ticity is mostly responsible for fluid mixing inside the surf
zone, which was supported by numerical work by Johnson
and Pattiaratchi [2006] and, more recently, Spydell and
Feddersen [2009] using Boussinesq wave models to simu-
late the hydrodynamics on an alongshore uniform bathymetry.
[5] After decomposing the model velocity field into its

rotational and irrotational components, Spydell and Feddersen
[2009] found that absolute and relative drifter dispersion
were dominated by rotational modes which have charac-
teristic frequencies f < 0.005 Hz. As the directional spread of
the incident waves was increased, vorticity was injected at a
wider range of length scales, due to the short crestedness of
the wavefield, leading to increased relative particle disper-
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sion. On an alongshore uniform beach, wave breaking is
randomly distributed over the entire surf zone, and so vortex
structures are not organized into coherent macrovortices
corresponding to those found on rip channeled beaches
[Brocchini et al., 2004; Reniers et al., 2004, 2008;
MacMahan et al., 2004; MacMahan et al., 2010], which are
the focus of the current paper.
[6] There are two primary types of models that are used to

simulate surf zone flows. The first approach is using a
wave‐resolving model, which resolves each individual wave
crest and which includes waves and currents in one velocity
variable, with no a priori separation between the two time
scales. The second approach is using a short‐wave‐averaged
model, where the current field is assumed to vary more
slowly than the short‐wave period, and the rotational com-
ponent of wave forcing on the current is given as either a
sum of the Craik‐Leibovich vortex force [Craik and Leibovich,
1976] and wave dissipation rate, or as a divergence of the
radiation stress tensor [Longuet‐Higgins and Stewart, 1962].
The wave averaging is either carried out in the Eulerian
framework (as in the previous two references), or the
pseudo‐Lagrangian framework [Andrews and McIntyre,
1978].
[7] On barred beaches, each type of model has been

shown to reproduce similar coherent vortex structures
[Terrile et al., 2006] in the form of rip currents. Previous
work by Reniers et al. [2009] on the RCEX field site, a
rip channeled beach at Sand City, Monterey, California,
employed a short‐wave‐averaged model that resolved inci-
dent wave groups and was able to reproduce similar mean
current fields in the surf zone as observed using acoustic
Doppler current profiles (ADCPs). In addition, they found
that advection by the mean Eulerian current velocity field
yielded drifter exit percentages >50% higher than observed,
while advection by the mean Lagrangian velocity field
yielded exit percentages consistent with field drifter data.
This was explained by noting that the Stokes drift velocity at
the edge of the surf zone, while not large in magnitude,
effectively balances the Eulerian return current just outside
of the surf zone. This results in surf zone circulation cells
that are fairly closed.
[8] There are several questions which remain unanswered

regarding model performance. First, do the wave resolving
model and wave averaged model reproduce consistent
mean field conditions present at a barred beach, including
the spatial and temporal distribution of the wave height,
current velocities at fixed Eulerian gages, as well as binned
Lagrangian measurements using virtual drifters? Does
advection and mixing predicted by each model velocity
field accurately describe relative dispersion behavior at the
field site? In particular, does the smaller grid spacing and
resolution of wave time scales in the Boussinesq model
result in increased relative dispersion estimates for fluid
mixing? If so, for what range of initial particle separation
distances does the relative dispersion between virtual
drifters in the two models and field drifters agree?
[9] The organization of the paper is as follows. In section 2,

we summarize observations at the RCEX field site on
yearday 124, when circulation was dominated by closed rip
circulation cells. In section 3, we examine the effects of
Lagrangian averaging (at fixed Eulerian locations) on fluid

trajectories. In sections 4 and 5, we review the models that
we will be comparing; the wave‐resolving model Funwave
[Chen et al., 2000; Kennedy et al., 2000] and a wave group
forced version of Delft3D [Reniers et al., 2004]. In section
6, we compare Eulerian measurements, including the com-
puted wave energy distribution generated by both models as
well as current fields. Section 7 discusses binned velocity
fields constructed from drifter deployments, drifter exit
percentages and mixing statistics (absolute and pair disper-
sion). Results from both models are compared to field
observation at the RCEX field experiment. We also inves-
tigate whether adding a stochastic part to each particle tra-
jectory can account for the larger initial relative dispersion
found in the field data. Finally, we offer conclusions in
section 8.

2. Field Drifter Observations

[10] The RCEX drifter field experiment was conducted on
seven different days in May of 2007 in Sand City, Mon-
terey, California [Brown et al., 2009; MacMahan et al.,
2010] and provided a detailed look at rip current circula-
tion over a bathymetry consisting of persistent shoals and rip
channels in a ≈100 m wide surf zone (Figure 1). In total,
symmetric rip current circulation, asymmetric rip current
circulation, meandering rip current circulation, and a sinu-
ous alongshore flow were observed. Drifter deployments on
one of those seven days, yearday 124, saw nearly shore
normal incident waves, and this resulted in drifters recir-
culating inside fairly distinct eddies. We concentrate here on
this particular day and flow configuration. The observed
wave spectra at 13 m water depth averaged over the duration
of the drifter deployment on yearday 124 is shown in
Figure 2. The wave angle � has been rotated so that � = 0°
corresponds to shore normal wave incidence. The calculated
Hmo = 0.92 m and Tmo = 10.5 s.
[11] A large fleet of 10–15 GPS drifters was deployed at

locations indicated in Figure 3 to map mean flows. If a
drifter was beached in the swash zone or traveled too far
offshore or alongshore, the drifter was returned to the surf
zone and redeployed. Drifters were deployed over a 3 h
period, and the longest drifter track on yearday 124 was
135 min. In Figure 3, we plot 57 drifter trajectories from
yearday 124. Drifters tended to cluster predominantly
around two main counterclockwise eddies located near
deployment 1 and 2 in Figure 3 and one clockwise eddy
near deployment 3. Drifters that were transported offshore
did not migrate more than 250 m offshore before swiftly
moving alongshore in the positive y direction, due to the
presence of an ambient southerly alongshore flow outside of
the surf zone [Reniers et al., 2009]. Even inside the surf
zone, however, there is a net alongshore drift in the positive
y direction, with drifters traveling on average +88 m from
their starting y location (while still inside the surf zone) for
an average net drift velocity of +0.1 m/s in the alongshore
direction.
[12] We show trajectories corresponding to each individ-

ual release site in Figure 3, where the sampling frequency
for each drifter track was 0.5 Hz. The data have been quality
controlled to remove spurious drifter velocities exceeding
three standard deviations from the mean [Brown et al.,
2009], and gaps in the time series were filled with spline
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interpolation for gaps less than 10 s, and linear interpolation
for gaps greater than 10 s. Drifters seeded at location 1
tended to recirculate inside an eddy situated just offshore of
the deployment location, with some drifters exiting and
migrating alongshore or offshore. Only one drifter had a net
motion in the negative y direction. At location 2, drifters
tended to recirculate inside the eddy centered about y = 100m
while also occasionally migrating to each adjacent eddy. The
last deployment location yielded drifters that moved sinu-
ously alongshore in the positive y direction, with a few
becoming trapped inside nearby eddies.

3. Drifter Trajectories

[13] From the field observations, we see that each indi-
vidual trajectory is composed of a slow meander that often
loops around eddies with diameters between 10–100 m, and
a much faster oscillation at a wave time scale. One way to

roughly quantify the temporal‐scale separation between the
waves and currents is by the ratio of the time required for a
drifter to complete one loop, which was between Tloop ∼ 5 –
10 min for the larger eddies, and the mean wave period
observed, or Tmo ≈ 10 s. We have Tmo/Tloop ∼ 0.01, implying
that a time scale characterizing the underlying mean vor-
ticity is much longer than the mean wave period, which
characterizes the surface gravity wave motion.
[14] After establishing this relationship, it is natural to ask

what effect the waves have on particle trajectories, and in
particular, can we time average over the waves in a suitable
way so that the mean effects of the waves are captured on
the slower current time scale. In addition, does this aver-
aging impact estimates of mixing and transport derived for
the surf zone? The advantage of time averaging the velocity
field before computing trajectories is an increase in com-
putational speed, since velocity fields need to be saved at a
fairly fine step size (Dt ≈ 1 s) to resolve the wave orbital
velocity. In contrast, it is sufficient for Dt � 1 s if only
advection by the slower current is needed.
[15] The horizontal motion of fluid particles X(t) in the

surf zone obeys the ordinary differential equation

dX
dt

¼ u X; tð Þ X t0ð Þ ¼ x; t � t0 ð1Þ

with x the initial particle location. To separate wave motions
from mean current motions, we split the trajectory as in the
work of Andrews and McIntyre [1978], with X(x, t) = x +
x(x, t), where x represents the wave motion. They assume
that � x; tð Þ = 0, with ð Þ a suitable time average. This type
of Lagrangian averaging is carried out at fixed Eulerian
locations, i.e., at X(t) = x, which is the critical aspect of the
GLM theory. Then, the GLM‐averaged and wave orbital
velocities are given by

dX
dt

¼ u X; tð Þ � uL x; tð Þ ð2Þ

d�

dt
¼ u X; tð Þ � uL x; tð Þ � ul x; tð Þ ð3Þ

such that dX/dt = uL + ul and ul = 0 as well. In contrast to
these Lagrangian mean and fluctuating quantities, the
Eulerian mean and fluctuating velocity fields are given by
u ≡ u x; tð Þ and u′ ≡ u(x, t) − u(x, t), respectively. The
velocity of the mean particle motion can be approximated in
terms of the known Eulerian velocity field [Holm, 1996]:

dX
dt

¼ u xþ �; tð Þ ð4Þ

¼ uþ � � rð Þu′ þ O �j jð Þ2 ð5Þ

with r = (∂x, ∂y). The second term on the right hand side of
the equation is the first‐order Stokes correction uS to the
Eulerian mean velocity u, which is the difference between
the mean Lagrangian and Eulerian velocities at a fixed
point. Similar manipulations show that the Eulerian and
Lagrangian wave velocities are related to first order by ul =
d�
dt = u′ + (x ·r) u. In practice, uS is estimated by using linear

Figure 1. Water depth, with blue circles giving locations of
in situ instrumentation. White numbers denote PUV loca-
tions, and red numbers denote ADCP locations.
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wave theory and knowledge of the surface elevation h(x, t)
in addition to u. In shallow water, this is uS = (h + �)−1 �u′

[Bühler and Jacobson, 2001], with h the local still water
depth. We will use this expression to infer the Stokes drift
velocity from the instantaneous velocity field in Funwave.

4. Wave‐Resolving Model

[16] The model we will use to simulate the hydrody-
namics in the surf zone at RCEX is the version of Funwave
used by Chen [2006]. Funwave is used to resolve weakly
dispersive fully nonlinear surface gravity wave motions in
shallow water. Since the model resolves the instantaneous
wavefield, wave induced currents are implicitly included in
the velocity variable ua, which is the fluid velocity at a
given elevation above the bottom. The resulting surface
elevation and current field obtained by time averaging has
shown good agreement with field and laboratory data [Chen
et al., 1999, 2003].
[17] The Boussinesq equations are an extension of the

nonlinear shallow water equations to account for weak
dispersion. The variation of the horizontal u and vertical

w velocity can be approximated by a quadratic over depth
about some reference level za by using a power series
expansion and the bottom boundary condition. The result is

u zð Þ ¼ u� � z� z�ð Þrr � hu�ð Þ � z2

2
� z2�

2

� �
rr � u� þ . . .

ð6Þ

w zð Þ ¼ �r � hu�ð Þ � zr � u� þ . . . ð7Þ

The continuity equation involves integrating this approxi-
mate expression for u(z) over the total depth H = h + h, or

@t� þr � Hhui ¼ 0 ð8Þ

with the depth averaged velocity hui = H−1 R
−h
h u(z)dz and h

the free surface. In this notation, the momentum equation of
Chen [2006] can be written

@tu 0ð Þ þ rP� hui � r � u 0ð Þ þ H�1r � �b�ð Þ þ R ¼ 0 ð9Þ

Figure 2. Wave spectrum S(f, �) in m2/(Hz × deg) from the offshore ADCP at 13 m water depth,
averaged over the entire yearday 124. Here � has been rotated so that the shore normal direction is
� = 0°.
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with nb the wave breaking viscosity, � = 1
2[r(Hua) +

r(Hua)T] [Kennedy et al., 2000], R encompassing all bot-
tom friction and subgrid mixing terms, and the potential

P ¼ g� � 1

2
u�j j2 þ u� � u �ð Þ � 1

2
w �ð Þ2� �2

2
@t r � u�ð Þ � �@t r � hu�ð Þ

ð10Þ

Once again from (6) and (7), u(h) is the approximate hori-
zontal velocity at z = h written in terms of ua and w(h) is the
vertical velocity at z = h written in terms of ua.
[18] In practice, za = −0.531h(x) below the still water

level at z = 0. In the absence of wave breaking and bottom
friction, the circulation

H
u(0) · ds around a closed loop

moving with the depth averaged velocity hui is constant.
[19] The boundary conditions for simulating the RCEX

experiment include periodic lateral boundary conditions and
wave absorbers on the beach face and behind the wave-
maker, as in the work of Johnson and Pattiaratchi [2006].
We implement directional random waves in Funwave using
the technique of Wei et al. [1999] via a source function at
the wave generation region located 350 m away from the
shoreline. We divide the observed spectra S(f, �) into 23 ×
31 bins, each with dimensions 0.0053 s−1 × 2.0°. The model
step size is chosen to be 0.1 s with a 2 × 2 m2 grid area. The

subgrid mixing coefficient is set to be cm = 0.2 and the
bottom friction coefficient is fb = 0.002.

5. Short‐Wave‐Averaged Model

[20] The previous approach involved resolving all relevant
time scales inside the surf zone. An important question is
whether these fast scales must be resolved, or if one can
average over the fast time scales in the hydrodynamic
equations (thus obtaining the Lagrangian mean velocity
directly) and if this approximation yields comparable results
to estimates of dispersion and mixing from uL from the
Boussinesq model. To differentiate between the Lagrangian
mean velocity estimated from the Boussinesq model and the
Lagrangian mean velocity generated directly from the wave‐
averaged model, we shall denote the later by UL.
[21] Short‐wave‐averaged surf zone models to simulate

rip currents [Yu and Slinn, 2003] compute wave transfor-
mation based on a WKB or ray theory approximation, then
calculate the effect of the waves on the mean flow via
forcing terms in the nonlinear shallow water equations.
Recently, models have been implemented to account for
quasi‐3D [Putrevu and Svendsen, 1999] or fully 3D
[Newberger and Allen, 2007] effects in the water column.
To compare with the wave‐resolving Funwave results, we
use model output from the fully 3D simulation of the RCEX

Figure 3. Low‐pass field drifter trajectories X, displayed according to their release locations (red dots) at
1, 2, and 3, respectively. Black dots denote final drifter locations.

GEIMAN ET AL.: ESTIMATES OF SURF ZONE MIXING C04006C04006

5 of 20



field experiment by Reniers et al. [2009], with modeling
details therein.
[22] The GLM wave‐averaged equations arise from

making the coordinate transformation x 7! x + x(x, t) in the
shallow water equations, and then time averaging over a
typical wave time scale. The form of the equations used by
Reniers et al. [2004] read in our notation

D
L
t U

L þW
L
@zU

L þ gr� þ Fþ Rm ¼ 0 ð11Þ

with UL the GLM velocity [Andrew and McIntyre, 1978], �
the short‐wave‐ averaged water level, the operator Dt

L = ∂t +
UL · r, and subscripts denoting partial differentiation. Rm is
a turbulent subgrid mixing term (including vertical mixing),
while F is the wave forcing term

Fi ¼ 1

h
rjSij � D

�
ki ð12Þ

with Sij the components of the radiation stress tensor
[Longuet‐Higgins and Stewart, 1962], D the roller energy
dissipation due to wave breaking with the dissipation for-
mulation of Roelvink [1993], k the wave number vector, and
s =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gk tanh kh

p
the intrinsic wave frequency. The equations

are closed with a suitable surface wave model. Reniers et al.
[2009] force the equations with a SWAN submodule [Booij
et al., 1999] only to compute k(x, t) at a time step of 5 min.
Then, the resulting k field is time averaged over this 5 min
interval and used to propagate E imposed at the offshore
boundary shoreward via

@E

@t
þr � Ecg

� � ¼ �D ð13Þ

with cg = ∂s/∂k the group velocity. A time series for the
wave group energy E(t) at 13 m water depth along the
offshore boundary is based on the observed directional
spectra at the field site. The k field is updated at subsequent
5 min intervals, as the mean current field changes.
[23] We note that wave‐current interaction is not included

in the calculation of E, but is included in the calculation of
k. In addition, a wave roller energy balance is calculated in a
similar manner as (13) as the waves dissipate, which imparts
an additional mean stress on the water surface. Once ob-
tained, the spatial distribution of E is then used in the cal-
culation of F at each time step. The time step for the shallow
water equations is set to 3 s, with the wave forcing term F
calculated at the shallow water equation time step.
[24] Since UL explicitly depends on the vertical z coor-

dinate (while ua does not), all comparisons between the two
model velocity fields will be taken with UL evaluated near
the middle of the water column, or z = −0.531h to coincide
with ua from Funwave. Three dimensional effects on fluid
trajectories are also ignored to limit the scope of the present
study. We will refer to ua as u for the remainder of the
paper.

6. Wave Forcing and Eulerian Velocity Fields

[25] We first make a qualitative check that both models
predict a similar spatial distribution of the time‐averaged
wave height. In Figure 4, we plot the resulting sea surface
elevation at a time step 20.0 min into the Funwave simu-
lation. Comparisons between the cross‐shore and along-
shore distribution of Hrms (averaged over 1 h) is shown in
Figure 5. The alongshore distribution of wave height inside
of the surf zone in Funwave shows less variance than the
distribution calculated by Delft3D, however the location of
the relative minimum and maximum Hrms due to variations
in bathymetry shows agreement. A comparison with Hrms

obtained from a nearly colinear PUV gauge array shows
reasonable agreement. Differences in computed wave height
between the two models could be due to diffraction, which
is accounted for in Funwave but not in (13), as well as to the
two different types of wave breaking parameterizations used
by the models.
[26] Secondly, we check that the wave groups formed by

the directional random waves generated by Funwave pos-
sess a similar group structure to what is used to force
Delft3D. The observed pressure in the experimental data is
detrended (removing tidal elevation) and the mean pressure
is removed to construct a proxy for wave elevation. The pdf
of wave height within the surf zone is constructed for both
models and the fixed pressure gage reading at PUV‐10,
located at (x, y) = (98,141) m in Figure 6. The pdf for the
wave‐averaged model is much more peaked about the mean

Figure 4. Surface elevation h(x) from Funwave. Wave
propagation is from right to left.
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wave height, while wave heights in Funwave show a
Rayleigh‐type distribution which is in accordance with the
field data. While pressure data outside of the surf zone is not
available, we compare the pdf of wave height between the
models at increasing x locations outside of the surf zone in
Figure 7. The pdf constructed from the wave‐averaged
model appears to be nearly Gaussian about the mean wave
height, while the pdf from Funwave continues to be skewed
toward larger wave heights. The larger disagreement
between the pdfs at x = 264 m could be due to transient
effects from the wave source region at x = 400 m in the
Boussinesq model, or due to inherent differences between
the two models in the implementation of the random wave
spectra at the offshore boundary [Reniers et al., 2004].
[27] A method is needed to quantify the groupiness of

incident wave trains in each model in comparison to field
data. Due to little temporal variability of wave height in the
surf zone for the wave‐averaged model, we compare a wave
height time series just outside of the surf zone for each
model. We use a modified version of the run length method
by Goda [2000], where we count the running time tg when
2∣H(h(t + t))∣ > Hc for all 0 < t < tg, with H the Hilbert
transform, or the time when the wave height envelope ex-
ceeds a specified value of the wave height Hc without falling
below this height. For the entire 1 h time series, there are a

total of 39 runs for the choice of Hc = 0.75Hrms in the
Funwave output with a mean running time of 	g = 58.0 s.
For Delft3D, there are 44 runs with 	g = 61.7 s. We show a
pdf of running length in Figure 8 for both models and field
data, with overall good agreement between the three curves.
[28] The wave breaking parameterization in the wave‐

averaged model, based on Roelvink [1993], leads to a wave
height distribution inside of the surf zone that is closely tied
to the bathymetry, with the pdf(H) being strongly peaked
about one wave height. On the other hand, the wave
breaking parameterization in the wave‐resolving model
yields a more uniform wave height distribution in the
alongshore direction (Figure 7) yet more randomized in
time. The more localized wave forcing in the wave averaged
models suggests that the mean eddies generated by Delf3D
will be more organized and stronger, a hypothesis that we
investigate in section 7.
[29] In Figure 9, we plot the stream function corre-

sponding to uL = ua
L = ua + H−1 �u�′ with ua′ ≡ ua − ua in

the Boussinesq model at 10 min increments, as well as the
enstrophy w2 = ∣r × uL∣2. We see that the underlying cur-
rent field consists of larger eddies with spacing on the order
of the rip channel spacing, along with smaller filamentary
structures associated with vortex shedding or vorticity
generated by wave breaking events. In Figure 9 (bottom),

Figure 5. (top) Hrms at y = 65 m from Funwave (blue) and from Delft3D (red) as a function of cross‐
shore location. At the field site, the measured offshore Hrms at 12.8 m water depth was 0.7 m. (bottom)
Hrms as a function of alongshore location at a fixed x = 100 m cross‐shore location inside the surf zone.
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we also plot the stream function for UL at three different
times, again at 10 min increments. Similar mean Eulerian
features to uL are observed: similar locations of rip current
dipolar vortices, along with stronger onshore flow over
the shoals than offshore flow through the rip channel.
Enstrophy in the Boussinesq model is more randomly dis-
tributed spatially inside the surf zone than in Delft3D, with
Delft3D reproducing more distinct eddies.

[30] Delft3D can be run with U or UL as the dependent
variable in the model equations, with Reniers et al. [2009]
showing the importance of using the Lagrangian mean
dependent variable when calculating surf zone advection.
We will mostly be interested in UL, but for comparison with
fixed current meters at the field site, we use the Eulerian
mean U. We plot the 1 h mean alongshore distribution of u
and U at the same cross‐shore location as the in situ PUV

Figure 6. The pdf of wave height over 1 h for both models and experimental data, at PUV‐10 located at
(x, y) = (98, 141) in the surf zone, with field data (black), Funwave (blue), and Delft3D (red). Hrms = 0.45
m (data), 0.55 m (Funwave), and 0.53 m (Delft3D).

Figure 7. Same as Figure 6 but at increasing cross‐shore location. Funwave output is displayed in blue
and Delft3D in red.
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measurements in Figure 10. We see reasonable agreement
between each model and data, with Delft3D predicting
stronger onshore flow. Rip current locations (corresponding
to offshore flow) occurs at similar locations in each model.

7. Mixing and Transport Comparison
Between u, uL, and UL

[31] We now turn to computing mixing statistics based on
u and estimates of uL from Funwave with UL from Delft3D.
This is used to determine the effect of wave averaging on
relevant mixing scales and regimes. We will investigate the
spatial and temporal distribution of the Lagrangian error
incurred by making the approximation u ≈ uL, drifter exit
probabilities, and binned velocity fields constructed from
particles advected by u and UL. Lastly, we will compute
single and two‐particle statistics for each velocity field and
compare with field drifters.
[32] To compute drifter trajectories, we store a velocity

field record sampled at a given dtr which varies depending
on the velocity field of interest. In Table 1, we summarize
these results. We found that dtr = 1 s for u was the largest
step size that could still resolve the wave orbital motion of
the smaller waves. For the wave‐averaged velocity fields,
we used dtr = 12 s. However, we took a T = 40 s centered
time average to remove the short‐wave signal from the
velocity field, and then stored at 12 s intervals. For each
velocity field of interest, trajectories are computed
numerically using a fourth‐order Runge‐Kutta ODE solver,
with cubic interpolation in space and linear interpolation in
time.
[33] Wave‐averaged models use uL to advect fluid parti-

cles, which is an approximation of the “true” wave‐resolving
velocity field. We expect that local differences in ∣u(x, t) −
uL(x, t)∣ will result in large cumulative differences in their

associated Lagrangian trajectories, and this error will
depend on the location of the fluid particle in the flow field,
as well as the elapsed time since the initial release. A sample
of 30 drifters, advected by the two velocity fields for 8 min
is shown in Figure 11. We see that for particles seeded
inside of the surf zone, separation is more rapid than those
seeded outside of the surf zone, due to the low current shear
offshore. Due to chaotic advection, small initial differences
in the two particle velocities result in large cumulative
error in the final particle locations. One way to quantify
Lagrangian particle ‘error’ is the dispersion‐like estimate

e tð Þ ¼
D
X tð Þ � X

L
tð Þ

��� ���E ð14Þ

with h i an average over all released particles and with X
and XL the ‘true’ trajectory and the trajectory estimate
based on the shallow water uL, respectively. In Figure 12,
we show a pdf of this displacement after a release of 2000
particles for 16 min. The distribution is peaked about e = 5 m,
indicating that the error away from the edges of eddies and
other high‐shear regions stays fairly small, while the large
tail of the distribution accounts for particle pairs that sepa-
rate rapidly. We investigate in section 7 whether u and uL

yield similar Lagrangian statistics despite the potentially
large error between individual trajectories.

7.1. Binned Velocity Data

[34] A spatial velocity field at the field site was recovered
by collecting Lagrangian drifter velocity measurements in
predetermined bins. Due to the high retention rate of drifters
in the surf zone, a relatively high‐resolution velocity field
was obtained. The flow pattern observed in the surf zone
this day was dominated by asymmetric rip circulation cells.
There was a strong flow over the shoals due to larger wave

Figure 8. Histogram of tg for a 1 h wave height time series in Funwave (blue) and Delft3D (red) and
field data (black), with tg giving the running time length of the wave height envelope exceeding 0.75Hrms.
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heights, while in the rip channels, the flow was weaker and
predominantly offshore.
[35] We now assess the skill of each model to reconstruct

a spatial velocity field based on isolated drifter launches. We
concurrently release virtual drifters close the same locations
as used at the field site, as illustrated in Figure 13. The
launch locations are at 1, 2, and 3 as before in Figure 3, with
13, 30 and 9 drifters released at each location, respectively.
Deployments have to be slightly farther away from shore
due to the tendency of virtual drifters to remain close to
the shoreline. Drifters are allowed to advect for up to
32 min, and displayed trajectories are low‐pass filtered with
f < 0.01 Hz to remove jaggedness in the wave‐resolving
model trajectories as well as the field drifter trajectories.

[36] We compare both reconstructed velocity fields with
binned field drifter data in Figure 14. We release 10
ensembles of three drifter clusters at 10 different launch
times at launch locations just offshore of their actual field
launch locations. Both models do a satisfactory job locating
the center of these time‐averaged eddies, except for the eddy
near launch location 3, where Delft3D does a marginally
better job of capturing the eddy. For both model velocity
fields, the predicted onshore velocities near each shoal
(situated between the rip channels) are weaker than indi-
cated by field observations. Along with the ensemble and
time‐averaged velocity in each bin, we also plot the number
of independent drifter observations Nbin in each bin (nor-
malized by the total number of drifters). Similar flow fea-

Figure 9. (top) Stream function for uL from Funwave, at three different times, with 10 min between each
snapshot. Color contours denote enstrophy ∣r × uL∣2. (bottom) Stream function for UL using Delft3D and
the associated enstrophy ∣r × UL∣2. The enstrophy field for the wave‐averaged model (Figure 9, bottom)
is much smoother than what is produced by Funwave (Figure 9, top), even though the respective stream
function contour pattern is similar.
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tures are highlighted in each model, including two main
counterclockwise eddies, minimal offshore propagation and
an alongshore jet off of the eddy centered about y = 200 m.
Both trajectories and the binned velocity fields from
Delft3D show much more distinct eddies than the wave‐
resolving velocity field from Funwave, due to the high
retention rate of drifters inside of the three main surf zone
eddies.
[37] The velocity field constructed from the wave‐averaged

model also exhibits stronger eddies than the wave‐resolving
model, with the ensemble averaged h∣UL∣i = 0.24 m/s over all
bins, as opposed to h∣u∣i = 0.13 m/s. Model results are sig-
nificantly weaker than the ensemble averaged drifter speed
in the field, which was 0.41 m/s, with discrepancies in the
cross‐shore velocity component being the major source of
error. For bins where drifters were observed in both the field
and model, we compute the r2 values for current speed and
direction. For Funwave, we have r2 = 0.68 and r2 = 0.37 for
u and v components respectively, and for Delft3D, we have
r2 = 0.66 and r2 = 0.45. Between the two models, we have
r2 = 0.83 and r2 = 0.55. Both models perform well, with
better agreement in each for the u component of the velocity.
[38] Most observations occur in the feeder channels where

drifters begin to advect offshore. In the wave‐averaged
model, drifters tended to return to the surf zone and remain
inside each eddy almost exclusively, with little exchange
between adjacent eddies. In particular, drifters that started at

launch locations 2 and 3 never migrated into the eddy
centered near launch location 1. On the other hand, drifters
in the wave‐resolving model often would migrate down-
coast between adjacent eddies with less drifter observations
in any one particular vortex. Computing the ensemble
averaged alongshore velocity over a 1 h duration, we obtain
hV Li = 0.013 m/s, while hvi = 0.040 m/s. The field data
alongshore drift velocity was 0.064 m/s. This alongshore
migration of the field drifters is not adequately captured in
either model, although the nonclosed eddies generated in the
wave resolving appear to better approximate the field flow
pattern.
[39] Numerical observations of a wave‐averaging model

(Shorecirc) producing more energetic current fields than
Funwave (for the same incident wavefield) were also ob-
tained by Terrile et al. [2006], in the context of wave‐
breaking induced circulation near a rip channel. Since
contributions from propagating bores to the Stokes drift are
not included in uL but are included in UL, this is a possible

Figure 10. (top) Here u(y) with velocities obtained from Eulerian time averaging at a fixed x = 100 m
cross‐shore location inside the surf zone. Blue line denotes Eulerian mean u(y), red line denotes Eulerian
mean U (y) from Delft3D. (bottom) Here v(y) and V (y) from Funwave (blue) and Delft3D (red), respec-
tively. Circles denote field observations.

Table 1. Output Resolution of Each Model Velocity Field

Model Velocity Field dtr (s) Min dx (m)

Funwave u 1.0 2.0
Funwave uL 12.0 2.0
Delft3D UL 12.0 3.9
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explanation for the discrepancy between the magnitude of
the onshore transport velocity over each shoal.

7.2. Drifter Exits

[40] The exclusion of the Stokes drift velocity, as noted by
Reniers et al. [2009] results in fluid material drifting off-
shore, since u will typically counterbalance uS at the edge of
the surf zone. Accurate determination of the surf zone edge

is critical in obtaining realistic particle trajectories and
mixing statistics, since fluid that drifts offshore will then
stay relatively homogeneous while fluid inside of the
breaker line will continue to experience intense mixing.
[41] One way to quantify the importance of uS is through

the probability P that drifter released near the shore will exit
the surf zone (located at x = 160 m) and remain outside of
the surf zone. Drifter exits will depend on their release

Figure 11. Sample comparison between particle positions at three instances in time estimated from uL

from linear wave theory (blue dots) with “true” X (black dots) from Funwave. Red line segments denote
the separation distance between particles initialized to the same location. The underlying stream function
is shown, with dotted (solid) lines showing positive (negative) values of the stream function. Notice how
the error for particles seeded outside of the surf zone is small.

Figure 12. The pdf(e) for 2000 particles seeded randomly between x = 70 and x = 200 and advected by
the uL and u field for 16 min. The mean error displacement is 45.7 m, while the peak in the pdf is at 5.0 m.
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location in the model velocity fields, so we release 3 × 200
drifters at locations close to what is shown in Figure 13, and
spread about the actual release points at the field site. For the
drifters that do exit, we calculate the mean exit times for the
entire set of drifters. This is performed for each velocity
field and tabulated in Table 2.
[42] The obvious effect of excluding the Stokes drift

velocity is seen in the probability of a drifter exiting the surf
zone in calculations involving u as 85% of all released
drifters exited the surf zone, compared to about 6% with uL.
Advection by velocity fields that either implicitly include
the effects of wave drift (field drifters and u) or explicitly
(uL and UL) show similar agreement in exit probability and
mean time required for a drifter to exit. The average time for
the field drifters to exit the surf zone, at 26.3 min is faster
than for u (35.7 min), uL (39.8 min), or UL (37.3 min). This
echoes the conclusions found by Reniers et al. [2009] for the
importance of using Lagrangian mean velocity field when
calculating drifter trajectories in wave‐averaged models,
rather than the Eulerian mean velocity field.

7.3. Absolute and Relative Dispersion

[43] To directly compare the wave‐averaged model’s UL

with u and uL from the wave resolving model, we compute

relative and absolute dispersion statistics for each and
compare to the field observations. The absolute dispersion is
A2(t), defined as

A2 tð Þ � h X tð Þ � X 0ð Þj j2i ð15Þ

with h i denoting an ensemble average over all particles. It is
well known that there are two scaling regimes for the
absolute dispersion: A2 ∼ t2 valid for small t in the so‐called
ballistics regime, and A2 ∼ t for large t in the diffusive or
Brownian regime. The observed absolute dispersion may be
anomalous in between these limits [LaCasce, 2008], and is
dependent on the initial launch location and details of the
flow field.
[44] To calculate statistics from virtual trajectories, we

seed 25 × 125 particles in a box x 2 [50, 100] m, y 2 [−25,
225] m. In Figure 15, A2(t) is shown for each of the model
velocity fields as well as the observed field data. We see
that the initial ballistics regime is observed in each set of
drifter trajectories for t � 100 s, and that some evidence
exists for a diffusive limit for t � 100 s. However, the
behavior of A2(t) for u is slightly more obscure, as the
initially high dispersion between 0–5 s (due to excursions
from the wave orbital velocity) relaxes to the observed dis-

Figure 13. Low‐pass (f < 0.01 Hz) drifter trajectories X for (a) field measurements, (b) Funwave, and
(c) Delft3D. All drifter tracks are ≤32 min. Notice that drifters in Delft3D are not transferred between
the two eddies situated at y = 200 m and y = 100 m; however, there is transport between these eddies in
Funwave and the field data.
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persion from uL asymptotically after one or two peak wave
periods (10–20 s).
[45] For turbulent flows, a measure of the mixing effi-

ciency of the flow is the relative dispersion D given by

D2 tð Þ ¼ h X xþ D0; tð Þ � X x; tð Þj j2i ð16Þ

with an ensemble average over all particle pairs. Often,
Richardson‐like D2 ∼ t3 behavior is observed for interme-
diate time scales and homogeneous turbulence. Deviations
from Richardson‐like behavior is often due to coherent
vortex structures and inhomogeneity.
[46] A statistical analysis of pair dispersion at the RCEX

field site [Brown et al., 2009] revealed a D2 ∼ t3/2 depen-
dency for a variety of initial separation distances. To com-
pare with field data, we plot the (squared) relative dispersion
in Figure 16. Here, we choose D0 ≤ 4 m as the initial pair
separation distance. As expected, u and uL show very close
agreement. Surprisingly, D2(t) based on UL shows similar
agreement with the Funwave velocity fields, at least until
t ∼ 103 s, where long time diffusion takes over.
[47] We also see that the relative dispersion estimated at

the field site is considerably larger, even though dispersion
asymptotes to ∼t3/2 for t > 50 s. This larger dispersion ap-
pears to be due to faster exponential growth at initial times
in the drifter data for t < 50 s. In contrast, the exponential
regime for the model drifters is for t < 100 s. Spydell and
Feddersen [2009] also observed that D2 estimates from
field drifters at initial times t < 300 s was much greater than
D2 estimates from model drifters. They attributed part of the
discrepancy to GPS position error, which was ±1 m.

[48] The wave‐averaged model appears to generate larger,
more distinct eddies while the wave‐resolving model gen-
erates a more random, smaller‐scale vorticity field. To
separate the eddy kinetic energy from the total velocity field,
which includes horizontally divergent velocity modes, we
use a Helmholtz decomposition u → uR + uI such that r ·
uR = 0 and r × uI = 0. We obtain uR using the numerical
routine by Smith [2008]. In terms of its spatial Fourier
components, u can be expressed as

u x; tð Þ ¼ 1

2


Z
k
bu k; tð Þe�ik�xdk ð17Þ

bu can be decomposed into components parallel and
orthogonal to k = (k, l)

u ¼ 1

2


Z
k
k�2 k � buð Þk þ k? � buð Þk?½ 	e�ik�xdk ð18Þ

Figure 14. Binned velocity field from (a) field data, (b) Funwave (u), and (c) Delft3D (UL), obtained
from all deployed drifters on yearday 124. Color denotes Nbin/Ntot, or the ratio of independent drifter
observations normalized by the total number of released drifters. Drifter release locations are displayed
as the open red circles in Figure 14a.

Table 2. Probability P(exit) of Released Drifters Exiting the Surf
Zone in 1 h

Velocity Field P(exit) Mean Exit Time (s)

Field drifters 0.088 26.3
U 0.095 35.7
uL 0.057 39.8
u 0.85 16.5
UL 0.067 37.3
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Figure 15. A2(t) for particles seeded inside the surf zone at the same locations in the two models, with
field observations (thick black), u (black), uL (blue), and UL (red).

Figure 16. D2(t)/D2(0) with field observations (thick black), UL (red), uL (blue), and u (black). Diver-
gence of model dispersion curves from observed dispersion occurs over the initial ≈100 s.
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with k · k? = 0. By taking the divergence and curl of (18), it
is straightforward to show that the second term is solenoidal
with nonzero curl. Then we let

uR ¼ F�1 k�2 k? � buð Þk?
� 	 ¼ F�1 buRf g ð19Þ

with F the Fourier transform. In general, the rotational part
of the velocity field is a summation of both small and large
eddies, with the smallest eddy diameter restricted to the
Nyquist limit, or kmax = p/dx and lmax = p/dy.
[49] To see how energy is distributed over various eddy

length scales in each model, we plot the kinetic energy
spectra of uR in Figure 17 for both Funwave velocity fields
and Delft3D at a fixed time step. Funwave, with its smaller
grid spacing, better resolves the smaller‐scale distribution of
eddy kinetic energy, even when using the rotational com-
ponents of uL instead of u. The slope in the inertial subrange
is ∼k−3 or ∼k−3.5, indicative of an enstrophy cascade for
scales smaller than the injection length scale which is typ-
ically 10–20 m [Spydell and Feddersen, 2009] from each
breaking wave event. The spectral slope in the inertial
subrange in the wave‐averaged model is steeper, at roughly
S ∼ k−4, with larger energy content in eddies with length
scales larger than the injection length scale.
[50] As pointed out by Poje et al. [2010], the relative

dispersion averages over all possible particle separation
distances at each time, and so the scale dependence of the
relative dispersion is hidden when comparing models with
different spatial resolution. In particular, we would expect
that the growth in the exponential regime for t < 100 s

should depend on D0. To address this issue, the finite size
Lyapunov exponent (FSLE) [Artale et al., 1997], l(d), is
used to determine how growth in the exponential regime
scales with d = D0. The FSLE is defined as the average time
for an ensemble of particles to separate from d → ad so that
a = 2 corresponds to the doubling time:

� �ð Þ ¼ log �ð Þ
h	 �ð Þi ð20Þ

Note that if D2 ∼ tb, then this implies that l ∼ d−2/b, so that a
Richardson regime corresponds to d−2/3, and D2 ∼ t3/2 cor-
responds to d−4/3. For the virtual drifters, we choose dn = 2Kn

for Kn = −3/2 + n/2, n = (1, 2, ..13) which covers d 2 [0.35,
22.6], and we choose a = 2. There are several methods to
compute the FSLE, and here we choose a first‐crossing
method and do not take “chance pairs” [LaCasce, 2008].
The first crossing method computes the time elapsed for the
first occurrence of particle pair to separate from d to ad.
[51] For d > 8 m, we see in Figure 18 that the predicted

relative dispersion in each model is similar, and follows d−4/3

behavior. For d < 2 m, (which corresponds to the grid size
in the Boussinesq model), l is mostly scale independent.
For d < 8 m, dispersion is fastest in the two Boussinesq
velocity fields, with u mixing particles separated at these
smaller scales fastest, due to the increased temporal reso-
lution and orbital velocity excursions on the order of a few
meters. As expected, for scales roughly d > 15 m, the two
Boussinesq velocity fields are correlated and result in sim-
ilar dispersion estimates. At these scales, dispersion in the

Figure 17. Kinetic energy spectra ∣uR(k)∣2 as a function of wave number k for Delft3D (red) and Fun-
wave u (black) and uL (blue). The Nyquist limit for Delft3D is kmax = 0.52 m−1 and for Funwave is kmax =
1.57 m−1. A spectral slope of S(k) ∼ k−3 corresponds to an enstrophy cascade regime.
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wave‐averaged model is slightly greater, which could be
due to the generation of stronger eddies with larger length
scales by this model. Relative dispersion for d < 8 m in the
wave‐averaged model is mostly scale independent, which is
a function of the coarser grid spacing and less energetic
eddies over these scales in Figure 17.
[52] For the field data, we take chance pairs to increase the

number of independent observations, but still compute l
with the first‐crossing method. Due to the relatively large
time step in the field data (2 s) compared to the model
drifters, and the positional error that was calculated to be
roughly ≈0.4 m [MacMahan et al., 2009], there is a limit to
the smallest value of d we can resolve in l(d) with field data.
We choose the minimum d cutoff value to be 1 m. We see
that at scales d > 10 m, each model velocity field agrees well
with the l ∼ d−4/3 dependency that is also found in the data.
For d < 10 m, the drifter data suggests that the l ∼ d−4/3

dependency continues until d = 3 m or so. For smaller scales
than this, it is difficult to draw definitive conclusions from
data.
[53] The deviation of the actual drifter trajectories from

model trajectories at smaller scales is to be expected, since
subgrid turbulence parameterization becomes important at
these scales. Model resolution, in the case of Funwave, was
2 m. The smallest eddies that Funwave could resolve with
this grid spacing was roughly r = 4 m, and so we would
expect that smaller eddies are needed to accurately predict
relative dispersion over all relevant scales.

7.4. Additive Noise

[54] Each model does not appear to capture the mixing
behavior of the flow for scales d < 10 m, even though model
resolution partially covers this range. This may be due to
GPS errors [Spydell and Feddersen, 2009], or due to model
resolution. In this section, we investigate whether a sto-
chastic element added to the deterministic portion of each
individual particle trajectory in Funwave can explain the
initial discrepancy between model and field drifters, which
may be due to drifter error or some other unresolved dif-
fusive subgrid processes.
[55] A simple “zeroth‐order” stochastic model [Taylor,

1921] is written in terms of differentials

dX ¼ u X; tð Þ dt þ
ffiffiffiffiffiffi
2

p
dW tð Þ ð21Þ

with dW(t) a random zero‐mean Gaussian variable with unit
variance, and  the diffusivity characterizing the magnitude
of the random excursions. The field drifters used had relative
positional and speed errors of O(0.01 m) and O(0.4 m/s),
respectively. The stochastic forcing of the trajectories occurs
at each dt = 1 s time step, with  chosen so that the typical
excursion magnitude is less than the model grid spacing
of 2 m. In the absence of a mean flow (u = 0) and  =
0.5 m2/s, for instance, the variance var(∣dX∣) =

ffiffiffi
2

p
m.

[56] To illustrate the effect of the Gaussian noise on the
diffusion of Lagrangian particles, we show the release of

Figure 18. The l(d) for UL (red), uL (blue), u (black) and field observations (thick black). Here log
(2)l−1 gives the time for two particles to double their initial distance d from each other. The d−2/3 depen-
dency as well as the d−4/3 dependency are both highlighted. While each model velocity field agrees well
with data at scales d > 8 m, at smaller scales there is evidence that each model underpredicts the relative
dispersion at the field site.
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three patches of fluid particles inside the surf zone with and
without the stochastic forcing in Figure 19 with  = 0.2 m2/s.
In the unperturbed case, particles tend to be stretched in long
filaments that extend offshore. The effect of the advective‐
diffusive process is to increase the diffusion at initial times,
with the long filamentary structures being homogenized into
the ambient fluid after less than 120 s.
[57] In Figure 20, we again compute D2(t)/D2(0) as in

Figure 16 with D(0) = 2 m, but with several values of  = (0,
0.1, 0.2, 0.4) m2/s, along with the field D2 estimate.  = 0 is
the case with pure advection by the velocity field u. There is
fairly good agreement between the field data and small
values of  ≈ 0.2–0.5 m2/s. The analysis presented by Brown
et al. [2009] strongly suggests that the initial diffusion is
associated with small‐scale wave‐breaking induced turbu-
lence and not with positional error. The corresponding value
for this turbulent diffusivity on yearday 124 is 0.3 m/s2,
which coincides with our estimated . At these scales, 3D

effects of both the drifter motion and water column itself are
important as well.

8. Conclusions

[58] Output from the wave‐resolving model Funwave and
the wave‐averaged model Delft3D have been compared to
better understand mixing contributions from surface gravity
wave time scales in commonly used surf zone circulation
models. Each model is able to reproduce 1 h time‐averaged
mean Eulerian velocities consistent with field measurements
at stationary current meters. The spatial distribution of Hrms

inside the surf zone was different between the models, due
to the different mechanisms for wave breaking. This yielded
a more uniform Hrms(y) in the wave‐resolving model, while
wave height in the wave‐averaged model was much more
closely tied to the alongshore bathymetry.
[59] We showed that the wave forcing generated by each

model has a similar temporal group structure by looking at

Figure 19. (top) The advection by u (from Funwave) of three fluid blobs composed of 7000 particles
each, with  = 0 at three successive times. (bottom) The effect of  = 0.2 m2/s.
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the pdf of the wave group running length. A pdf of wave
height outside of the surf zone in models yielded a similar
distribution, however the pdf of wave height inside the surf
zone was considerably different. This discrepancy was due
to wave height saturation in the wave‐averaged model
which yielded a strongly peaked distribution of wave height,
while the wave breaking parameterization in Funwave
yielded a Rayleigh‐type distribution similar to observations
from PUV data.
[60] The binned velocity fields constructed from drifter

launches in each model reproduce similar 1 h pseudo‐
Lagrangian time‐averaged velocity fields as field data,
especially the center of the larger rip current eddies which is
crucial to ensure accurate transport predictions. The main
differences between uL and UL is that Delft3D predicts
larger Lagrangian mean velocities over each shoal region
and more distinct eddies. The larger onshore velocities are
more in line with field drifter observations. Additionally, the
resulting enstrophy and vorticity field in Funwave is less
smooth, due to vorticity being injected at smaller length
scales in the Boussinesq model. The k‐epsilon model of
Delft3D can cascade this enstrophy down to the smaller
eddies, but these eddies are not as energetic.
[61] To measure the mixing efficiency of Funwave and

Delft3D, we computed absolute and relative dispersion
statistics in each model and compared this to field data. D2

in the data was greater than either model, as growth in the
exponential regime was much faster. This was explained by
breaking the relative dispersion into contributions from each
scale present, using the FSLE. We saw that deviations from
the l(d) dependence given by the field data occur at scales
smaller than d < 10 m. The wave‐resolving model, with a
smaller grid spacing and presence of eddies with length
scales ∼5–10 m, can better resolve dispersion at these small
scales, but not completely.

[62] Interestingly, weaker relative dispersion in the wave‐
averaged model at smaller scales <10 m was balanced by
stronger relative dispersion at scales >10 m, yielding a
similar D2(t) curve as the wave‐resolving model over the
observed ∼1000 s observation period. This was explained by
larger energy content for eddies with length scales ≥50 m in
the wave‐averaged model, even though the wave‐resolving
model generated much more energetic small‐scale turbu-
lence. The inclusion of a  ≈ 0.2–0.4 m2/s diffusive sto-
chastic process to the deterministic trajectories in Funwave
gives similar results as the observed field dispersion at initial
times, mimicking subgrid turbulent processes with length
scales <2 m generated by breaking waves.
[63] An interesting question is whether the two models,

tuned to exact initial conditions and grid spacing, could be
brought into closer agreement. In some sense, the relation
between u and uL represents the closest that a wave‐
resolving and wave‐averaged model can be brought into
agreement, since one is just a Lagrangian averaged version
of the other. We have seen that the FSLE based u and uL are
similar, especially for scales �10 m. However, the FSLE
reveals decreased relative dispersion for uL for scales <10 m.
The time‐averaging process ð ÞL filters the wave orbital
velocity component of the velocity field, but also removes or
smears vortical motions with time scales on the order of the
averaging period, which is usually chosen to be a few peak
wave periods. Thus, a purely temporal separation of waves
and currents, which is usually the approximation made in the
formulation of short‐wave‐averaging models, may not be
appropriate when the vorticity shares similar time scales.
[64] If a perfect initialization for the wave‐averaged and

wave‐resolving models were constructed, along with an
identical wavefield outside of the surf zone (which would
require a more sophisticated wave model than presented
here), there would still be inherent differences in the resulting

Figure 20. D2(t)/D2(0) for four values of  for Lagrangian trajectories subjected to Gaussian stochastic
forcing. Here  = 0 corresponds to pure advection by the deterministic surf zone velocity field. Also
shown is the black curve, which is the dispersion estimate of the field drifters over the first 360 s.
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current and vorticity fields. The major obstacle between a
closer relation between u or uL and UL is the wave breaking
parameterization, which is the source of disagreement in
wave height distribution inside of the surf zone. Wave
breaking by short‐crested waves in the Boussinesq model
also injects vorticity at length scales much smaller than the
curl of the radiation stress forcing, and it not clear that
refining the grid spacing in the wave‐averaged model will
account for the smaller length scale forcing.
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