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Modeling surfzone to inner-shelf tracer exchange
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Abstract A near-shoreline, continuous dye release at an approximately alongshore-uniform beach
(IB09 experiment) is simulated with the wave-resolving Boussinesq model funwaveC. The model gener-
ates surfzone eddies and transient rip currents but does not resolve inner-shelf vertical variation or strat-
ification. The funwaveC model reproduces well the observed surfzone and inner-shelf dye observations
over roughly 350 m cross-shore and 2 km alongshore. Dye is advected alongshore by wave- and wind-
driven currents similarly in the observations and model. Near-shoreline mean dye concentration decays
downstream as a power law with similar observed (20.33) and modeled (20.38) exponents. Observed
and modeled cross-shore mean dye profiles are similar, though modeled inner-shelf dye is somewhat
elevated. Observed and modeled alongshore dye transports agree, though with compensating surfzone
and inner-shelf errors later in the release. For times <3.5 h (before observed and modeled dye advects
beyond the model alongshore domain), observed and modeled dye budgets are similar to each other
and close to within 10%, and half the observed and modeled dye is exported to the inner-shelf. Later in
the release, surfzone and inner-shelf dye masses are under and overpredicted, respectively. Model-data
differences may be due to the model’s lack of vertical variation, stratification, or tide. The good overall
model-data agreement indicates that nearshore tracer transport and dispersion are realistically simulated
over 5 h and 2 km alongshore, and that the model transient rip currents accurately induce cross-shore
exchange between the surfzone and inner-shelf.

1. Introduction

The nearshore region, consisting of the surfzone (shoreline to xb, the seaward boundary of depth-limited
wave breaking) and the inner-shelf (xb to approximately 20 m water depth), is of vital economic, ecological,
and recreational importance. Maintaining the well-being of this region requires understanding the
exchange of tracers (e.g., sediment, larvae, nutrients, and pollutants) between the surfzone and inner-shelf,
which have dramatically different dynamical regimes. Despite the importance of this region to our economy
and health, understanding of nearshore tracer mixing and transport remains relatively poor.

Several field experiments have tracked Lagrangian surface drifters on alongshore-uniform beaches [e.g.,
Spydell et al., 2007, 2009, 2014] and rip-channeled beaches [e.g., Brown et al., 2009; MacMahan et al., 2010;
Brown et al., 2015] to explore nearshore transport and dispersion. Similarly, surfzone fluorescent dye release
experiments have also been used to investigate tracer mixing and transport [e.g., Harris et al., 1963; Inman
et al., 1971; Grant et al., 2005]. However, these observations were limited by sparse sampling. Jetski-based
cross-surfzone dye profiles improved sampling and enabled statistical surfzone cross-shore diffusivity esti-
mates [Clark et al., 2010]. However, these diffusivities were for alongshore distances generally �200 m from
the dye release and for short times when the dye was surfzone-contained. Until recently, a quantitative
coupled surfzone and inner-shelf tracer mass budget had never been performed, and dye tracer mass bal-
ance closure has remained elusive in larger-scale oceanographic contexts [e.g., Tulloch et al., 2014].

By combining a suite of dye, wave, and velocity observations from a dye release at an approximately
alongshore-uniform beach (IB09 experiment), Hally-Rosendahl et al. [2015] (hereafter HR15) closed a tracer
mass budget and showed that about half of the surfzone-released dye was exported to the inner-shelf over
5 h and 3.2 km downstream. The primary driver of this cross-shore exchange was transient rip currents,
which occur due to the coalescing of surfzone eddies generated by finite crest length wave breaking [Pere-
grine, 1998; Clark et al., 2012]. However, a coupled surfzone and inner-shelf tracer model-data comparison,
particularly over these larger scales, has never been performed.

Key Points:
� The Boussinesq model funwaveC

accurately simulates surfzone and
inner-shelf dye observations and
mass balances up to 2 km
downstream
� At this alongshore-uniform beach,

the surfzone to inner-shelf dye tracer
exchange is dominated by transient
rip currents
� Inner-shelf vertical variation (dye,

velocity, temperature) and tidal
changes may cause overpredicted
inner-shelf dye mass at long times
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Wave-resolving models include this surfzone eddy generation mechanism, but wave-averaged models do
not [Feddersen, 2014]. Wave-resolving models have been used to show that, for mean normally-incident
waves, surfzone to inner-shelf transient rip current driven exchange velocities depend strongly on the wave
directional spread [Suanda and Feddersen, 2015]. However, wave-resolving models are essentially depth-
averaged and thus do not include vertical variation or stratification effects. In Hally-Rosendahl et al. [2014]
(hereafter HR14) and HR15, dye concentration was vertically uniform within the surfzone. However, on the
inner-shelf, dye was surface-intensified due to stratification. As the surfzone and inner-shelf have such dif-
ferent dynamics, it is not clear if a depth-averaged wave-resolving model can accurately reproduce the
cross-shore exchange between these two regions.

Here, the wave-resolving Boussinesq model funwaveC [e.g., Spydell and Feddersen, 2009; Feddersen et al.,
2011; Suanda and Feddersen, 2015] is used to simulate the HR15 dye release. In moderate alongshore cur-
rents, the funwaveC model has been shown to accurately reproduce observed cross-shore tracer diffusivity
within the surfzone [Clark et al., 2011]. However, this study was limited to short cross-shore (generally
�100 m) and alongshore (generally �200 m) distances from the release when dye was surfzone-contained,
and thus the diffusivity estimates were surfzone-specific. Although the dispersion of shoreline-source trac-
ers is initially within the surfzone, tracer fate is ultimately determined by exchange between the surfzone
and the inner-shelf [e.g., HR14; HR15], occurring over longer time and larger cross- and alongshore scales
than those previously modeled.

Here, we investigate funwaveC’s ability to reproduce the coupled surfzone and inner-shelf dye observations
and dye mass budget of HR15. The IB09 dye release experiment and the funwaveC model are briefly
described in section 2. Qualitative and quantitative comparisons of observed and modeled dye are pre-
sented in section 3. A model dye mass budget is performed and compared to the observations of HR15 in
section 4. The results are discussed in section 5 and summarized in section 6.

2. Methods: Observations and Model

2.1. IB09 Observations: 13 October
The 13 October 2009 dye release [HR15] as part of the IB09 field experiment at Imperial Beach, CA [e.g., Fed-
dersen, 2012a; Spydell et al., 2014; Rippy et al., 2013] is briefly described here. Full details are in HR15. The
shoreline and bathymetry are approximately alongshore-uniform (Figure 1), with cross-shore coordinate
x 5 0 m at the mean shoreline increasing negatively seaward, and alongshore coordinate y 5 0 m at the
dye release location increasing positively toward the north. The vertical coordinate z 5 0 m at mean sea
level and increases positively upward. Fluorescent Rhodamine WT dye was released continuously at Q5512
ppb m3 s21 near the shoreline at ðxrl; yrlÞ5ð210; 0Þ m for approximately 6.5 h, with t 5 0 s defined here as
the dye release start time. While dispersing cross-shore, dye was advected alongshore by breaking-wave-
and wind-driven currents, forming a several kilometer long, shoreline-attached plume.

Waves, currents, and dye concentration were measured on a 125-m long cross-shore array of six near-
bottom frames (denoted f12f6 onshore to offshore, Figure 1, diamonds) located at yf 5 248 m. Near-
shoreline dye was measured with four thermistor-equipped ECO Triplet fluorometers (ETs) deployed at
y 5 82, 546, 1069, and 1662 m after the dye release had started. The f2 instruments (at yf 5 248 m) are used
in conjunction with these four ETs to make the near-shoreline array SA1–SA5 (Figure 1, circles and gray dia-
mond). Frame and SA observations are averaged over 30 s to filter out individual wave effects. Surface dye
concentration was measured using two GPS-tracked jetskis [Clark et al., 2009] that drove repeated cross-
shore transects from x � 2400 m to the shoreline (e.g., Figure 1) at various designated alongshore locations
between y 5 5 m and y � 2 km [HR15]. Inner-shelf upper water column dye concentration was measured
with a vertical array (z 5 21 to 22.5 m at 0.5 m spacing) of ETs towed alongshore behind a small boat.
Repeated � 2 km alongshore transects (e.g., Figure 1) were driven at roughly 1 m s21 at a mean cross-shore
location nominally two surfzone widths from the shoreline. Near-surface dye concentration was also
observed remotely from a small plane using a georeferenced multispectral camera system [Clark et al.,
2014]. The dye field was imaged from the shoreline to approximately � 350 m offshore and from the
release to � 3.2 km downstream. Quantitative aerial image analyses are confined to the inner-shelf due to
surfzone noise from wave breaking foam [HR15].
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2.2. Wave-Resolving funwaveC Model
2.2.1. Model Waves and Currents
A description of the wave-resolving, Boussinesq funwaveC model is provided here, and additional details
can be found elsewhere [Spydell and Feddersen, 2009; Feddersen et al., 2011; Suanda et al., 2016]. The funwa-
veC model equations [Nwogu, 1993] are similar to the nonlinear shallow water equations but allow for
higher-order dispersion. The mass conservation equation is

@g
@t

1$ � ðh1gÞu½ �1$ �Md50; (1)

where g is the instantaneous free surface elevation, t is time, h is the still water depth, u is the instantaneous
horizontal velocity vector at the reference depth zr 5 20.531h (with z 5 0 m at the still water surface), and
Md is a dispersive term [Nwogu, 1993]. The horizontal gradient operator $ acts on the cross-shore (x) and
alongshore (y) directions. The momentum equation is

@u
@t

1u � $u52g$g1Fd1Fbr2
sb

ðh1gÞ1
sw

ðh1gÞ2mbir4u; (2)

where g is gravity and Fd is a disper-
sive term [Nwogu, 1993]. The breaking
term Fbr is parameterized as a Newto-
nian damping [Kennedy et al., 2000;
Lynett, 2006] with standard parameters
[e.g., Guza and Feddersen, 2012]. The
instantaneous bottom stress sb is
given by a quadratic drag law,

sb5cdjuju; (3)

with nondimensional drag coefficient
cd52:2531023, consistent with previ-
ous momentum balances and Boussi-
nesq modeling studies [e.g., Feddersen
et al., 1998; Chen et al., 2003; Feddersen
and Guza, 2003; Feddersen, 2012b; Fed-
dersen et al., 2011; Feddersen, 2014].
The applied wind stress sw is along-
shore (1 y) at 8:531025 m2 s22, con-
sistent with the observed southerly
mean wind [HR15]. The biharmonic
friction (r4u) term damps instabilities
with hyperviscosity mbi50:5 m4 s21.

The alongshore-uniform model bathym-
etry is an alongshore average of the
observed approximately alongshore-
uniform bathymetry at Imperial Beach,
with an added offshore � 300 m region
of constant 7 m depth and a planar sub-
aerial beach (slope b 5 0.02) extending
2 m above mean sea level to allow
runup (Figure 2). In the constant 7 m
depth region, there is a wavemaker [Wei
et al., 1999] and a 100 m offshore
sponge layer to absorb seaward propa-
gating waves. Shoreline runup utilizes
the thin layer method [Salmon, 2002] as
described in Guza and Feddersen [2012].

Figure 1. Planview of Imperial Beach bathymetry contours versus cross-shore
coordinate x and alongshore coordinate y. Star indicates the 13 October 2009 dye
release location. Diamonds denote the cross-shore array of bottom-mounted
instrument frames f1-f6 (onshore to offshore). Circles and gray diamond indicate
the near-shoreline array SA1–SA5. Vertical-dashed line represents an idealized
boat alongshore transect driven repeatedly near this cross-shore location.
Horizontal-dashed line represents an idealized jetski cross-shore surface transect
driven repeatedly at various alongshore locations.
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A small sponge layer at the shoreward
boundary of the beach face absorbs any
runup wave energy that reaches this
location. The model cross-shore and
alongshore grid sizes are 1 m and
1.35 m, respectively. The total cross-
shore domain width is 650 m, and the
alongshore domain is 2025 m with
alongshore-periodic boundary condi-
tions for g and u. The model coordinate
system is fixed and is the same as in the
observations (section 2.1). The wave-
maker, forced at 801 random frequen-
cies [Suanda et al., 2016] spanning
0.04< f< 0.25 Hz, approximately gener-
ates the back-refracted, release-aver-
aged wave field observed at f6 (Figure
1). The realistic, directionally spread,
modeled incident wave field enables
surfzone vorticity to be generated at the
small length scales of individual short-
crested breaking waves [e.g., Peregrine,
1998; Clark et al., 2012] and at the larger
length scales of wave groups. The model
time step is 6.25 3 1023 s. Instantane-
ous sea surface elevation g, cross-shore
(u), and alongshore (v) velocities are out-
put every 2 s over the entire spatial
domain and every 1 s for select linear
transects. The simulation was run for
36,000 s, and model output is analyzed
after 3000 s, once mean-square vorticity
has equilibrated [e.g., Feddersen et al.,
2011].
2.2.2. Model Tracer
The funwaveC tracer module is used to
simulate the observed 13 October dye

release [HR15]. The model dye tracer Dm evolves according to a depth-integrated advection-diffusion equa-
tion [Clark et al., 2011],

@½ðh1gÞDm�
@t

1$ � ½ðh1gÞuDm�5$ � ½ðjbr1j0Þðh1gÞ$Dm�1Qdðx2xrlÞdðy2yrlÞ; (4)

where the breaking wave eddy diffusivity jbr is nonzero only on the face of breaking waves and is set equal
to the breaking wave eddy viscosity mbr (i.e., the tracer Schmidt number is unity). A small background diffu-
sivity j050:075 m2 s21 (applied everywhere, required to ensure non-negative Dm) is an order of magnitude
smaller than bulk surfzone cross-shore tracer diffusivities observed by Clark et al. [2010] for conditions
similar to 13 October at IB09. Model dye is released at the same rate Q5512 ppb m3 s21 and the same loca-
tion ðxrl; yrlÞ5ð210; 0Þ m as in the observations (section 2.1), and d is the Kronecker delta function.

The tracer module cross-shore domain (heavy-dashed lines, Figure 2a) is contained within the larger funwa-
veC domain (section 2.2.1). A no-flux tracer boundary condition is applied at the top of the beach, and the
offshore tracer boundary condition zeros out Dm just onshore of the wavemaker. In contrast to the periodic
alongshore boundary conditions for g and u, the Dm alongshore boundaries are open at both ends, which
allows Dm to advect out of the model domain but not recirculate back in. Model dye is released 67.5 m
away from the southern boundary (Figure 2a, star). The tracer module is turned on after 3000 s of simulation

Figure 2. (a) Planview of funwaveC model domain. Cross-shore coordinate x is
the distance from the mean shoreline (x 5 0 m, thin-dashed line). Alongshore
coordinate y is the distance from the dye release location (y 5 0 m, star). Dark
gray regions indicate offshore and onshore sponge layers. Light gray region indi-
cates the wavemaker. The cross-shore tracer domain (heavy-dashed lines) is
bounded by the wavemaker and the onshore sponge layer. Diamonds denote the
cross-shore array of frames f1-f6 (onshore to offshore). Circles and gray diamond
indicate the near-shoreline array SA1–SA5. (b) Alongshore-uniform model
bathymetry h (curve) versus x with a constant 7 m depth region for the wave-
maker and offshore sponge layer, and a planar (b 5 0.02) subaerial beach for
runup.
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once mean square vorticity has equili-
brated. Instantaneous Dm snapshots
are output every 2 s over the entire
spatial domain and averaged over 30 s
to filter out individual wave effects as
with the observations. In both the
model and the observations, t 5 0 s is
the dye release start time.

3. Model-Data Comparisons

Model-data comparisons are analyzed
first for waves and currents, and then
for various tracer quantities. Through-
out, observed quantities are denoted
with the ð Þo subscript, and modeled
quantities with ð Þm.

3.1. Waves and Currents
During the 13 October IB09 dye
release, the observed wave field is
dominated by southerly swell with
peak period Tpo

513 s. Averaged over
the release, the maximum observed
significant wave height Hso 50:87 m
occurs at f4 (Figure 3a, symbols). The

modeled wave field, forced with the back-refracted f6-observed spectrum, has maximum Hsm 50:89 m
occurring between f5 and f4 (Figure 3a, curve). The model-data Hs root mean square error (rmse) is 0.03 m.
As in HR15, the surfzone/inner-shelf boundary xb5281 m is defined as the cross-shore location of f4
(Figure 3c), where modeled and observed Hs are maximum. The observed mean alongshore current VoðxÞ is
northward at all frames with a surfzone maximum of 0:23 m s21 (Figure 3b, symbols). Observed VoðxÞ
decreases to a 0:12 m s21 minimum near the seaward surfzone boundary, and then increases slightly off-
shore due to the alongshore wind forcing. Modeled VmðxÞ has a similar profile with a 0:22 m s21 maximum
(Figure 3b, curve). Without wind forcing in the model, the inner-shelf Vm would be near-zero, and the result-
ing model-data comparison would be poor. The model-data rmse for V is 0:02 m s21, and model-data
agreement is particularly good for the surfzone where the alongshore currents are strongest.

3.2. Surfzone and Inner-Shelf Dye Evolution
The 13 October near-surface dye field was aerially observed over nearly 5 h after the start of the dye release
(Figure 4) and described in detail by HR15. Here, for convenience, time is given as hh:mm after the start of
the release. All subsequent analyses are in seconds after the start of dye release. The observed dye maps
are cross-shore-partitioned into the surfzone (SZ) and inner-shelf (IS) regions (separated by xb5281 m, sec-
tion 3.1) and alongshore-partitioned into near and far-field regions A and B (separated by the cross-shore
frame array at yf5248 m, Figure 4a). Note that due to wave-breaking foam, the aerial observations are not
able to consistently resolve surfzone dye (regions blacked out in Figure 4); aerial image quantitative analy-
ses are therefore restricted to the inner-shelf.

The aerial images (Figure 4) show the observed surfzone dye advecting alongshore at � 0:25 m s21, con-
sistent with in situ velocity observations (Figure 3b). While advecting downstream, surfzone dye is ejected
offshore to the inner-shelf in alongshore-narrow (� 50 m) transient rip currents (Figure 4). Inner-shelf dye
features advect downstream at � 0:15 m s21, slower than the surfzone advection and consistent with in
situ f5 and f6 Vo observations (Figure 3b). At y> 1000 m, inner-shelf dye has both spread further offshore
and dispersed more alongshore than near the release (e.g., Figures 4e and 4f). For example, the coherent
nearshore eddy feature in Figures 4e and 4f (at y � 1250 m and 1500 m, respectively) has an alongshore

Figure 3. Observed (symbols) and modeled (curves) time-averaged (a) significant
wave height Hs and (b) alongshore current V (with modeled alongshore standard
deviation shaded) versus cross-shore coordinate x. (c) Locations of f1-f6, with the
black curve giving the bathymetry h(x).
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length scale � 300 m, roughly six times larger than the alongshore length scales of inner-shelf dye that has
been recently ejected from the surfzone (e.g., Figures 4c and 4f, ejection features at y � 250 m).

The model Dm field has similar concentrations and evolves similarly to the observed Do field during the
� 5 h observation period (Figure 5). The Dm surfzone front propagates northward while ejecting narrow
bands of dye offshore to the inner-shelf, consistent with the observations. The modeled inner-shelf dye
cross-shore extent and alongshore advection rate are both similar to the observed dye. The inner-shelf Dm

length scales increase with downstream distance (e.g., Figure 5f), consistent with the observed trend (e.g.,
Figure 4f). However, inner-shelf modeled Dm is patchier than observed Do, with smaller alongshore length
scales. While the observed dye was vertically uniform within the surfzone, observed inner-shelf dye was
somewhat surface-intensified (roughly twice as strong at z 5 21 m as at z 5 23 m), consistent with inner-
shelf thermal stratification [HR15]. When seaward rip current driven dye ejections are confined to a stratified

Figure 4. Aerial multispectral images of observed dye concentration Do (ppb, see colorbar) versus cross-shore coordinate x and alongshore
coordinate y for six times (indicated in each plot). The mean shoreline is at x 5 0 m. Green star indicates location of continuous dye release
(starting at t5 00:00 h). Yellow diamonds indicate cross-shore array f1-f6 locations, and yellow circles indicate SA1–SA5 locations. Gray
indicates regions outside the imaged area, and black indicates unresolved regions due to foam from wave breaking. Vertical cyan line at xb

divides the surfzone (SZ) and inner-shelf (IS), and horizontal cyan line at yf divides the near and far-field regions A and B (see Figure 4a).
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inner-shelf upper layer, dye undergoes increased lateral spreading relative to a vertically uniform tracer
(e.g., funwaveC modeled dye) entering unstratified inner-shelf water [e.g., Spydell et al., 2015].

3.3. Alongshore Dye Propagation
Here, the alongshore dye propagation rate is compared between the observations and model. The north-
ward advecting dye plume leading edge is expected to be within the surfzone, where the observed and
modeled mean alongshore current V is strongest (Figure 3b). However, the poor surfzone resolution of the
aerial images precludes surfzone dye tracking for the observations. Instead [see HR15], the leading along-
shore edge of the observed dye plume ypo

ðtÞ is defined as the northernmost location where aerial-imaged
inner-shelf Do exceeds 3 ppb within 40 m of xb, where inner-shelf dye has been recently ejected from the
surfzone (e.g., Figure 4). Model ypm

ðtÞ is defined analogously with Dm (e.g., Figure 5).

Figure 5. Planview of modeled dye concentration Dm (ppb, see colorbar) versus cross-shore coordinate x and alongshore coordinate y for
six times (indicated in each plot). The mean shoreline is at x 5 0 m. Green star indicates location of continuous dye release (starting at t5
00:00 h). Yellow diamonds indicate cross-shore array f1-f6 locations, and yellow circles indicate SA1–SA5 locations. Vertical cyan line at xb

divides the surfzone (SZ) and inner-shelf (IS), and horizontal cyan line at yf divides the near- and far-field regions A and B (see Figure 5a).
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The observed plume leading edge ypo
ðtÞ increases roughly piecewise linearly over the observation period

(Figure 6, symbols) at an average rate of 0:17 m s21, consistent with in situ Vo (Figure 3b). When the dye
leading edge is within the model alongshore domain (t < 1:23104 s), modeled ypm

ðtÞ is very similar to the
observed ypo

ðtÞ (Figure 6, compare curve and symbols), consistent with the good agreement between
observed and modeled V(x). For t > 1:23104 s, when the model dye plume leading edge has advected
beyond the northern boundary (ymax51957:5 m, dashed line in Figure 6), observed ypo

ðtÞ and modeled
ypm
ðtÞ can no longer be compared. Note the faster propagation of observed ypo

ðtÞ during t > 1:23104 s;
this is discussed in section 5.3.

3.4. Near-Shoreline Dye
Near-shoreline array (SA1–SA5) dye observations are discussed in HR15. Here, SA1–SA5 model-data time
series are first compared qualitatively, followed by comparison of statistics quantifying downstream dye
dilution and dye time scales.
3.4.1. Near-Shoreline Dye Time Series
Observed SA1–SA5 data begin at instrument deployment times (after the dye plume has arrived at their
respective locations) and end shortly after the dye release stops (Figure 7, left column). Model SA1–SA5
results are available for all times (Figure 7, right column), and the model dye release spanned the simulation
(Figure 7, magenta bars). Observed and modeled dye time series are qualitatively similar across SA1–SA5.
For example, near the release at y 5 82 m, observed Do varies between 0 and 200 ppb with many intermit-
tent spikes (Figure 7ao). At y 5 82 m, the modeled Dm varies over a similar range and is also highly intermit-
tent (Figure 7am), more so than observed. At farther downstream locations, the observed and modeled D
range decreases, and the time series are less intermittent and spiked, becoming more smooth. For example,
at y 5 1662 m, observed Do varies between 4 and 12 ppb (Figure 7eo) less rapidly that at y 5 82 m. Similarly,
modeled Dm at y 5 1662 m varies over a comparable range (Figure 7em) and less rapidly than at smaller y.

This similarity between observed and modeled dye (Figure 7) motivates further quantitative comparison.
Note, in the model Dm at y 5 1662 m (Figure 7em), there is a clear dye ramp up period around t5104 s. In
addition, the model dye release was not turned off, and there is an indication at y 5 1069 m and
y 5 1662 m of continued increasing Dm trends at t > 2:53104 s (Figures 7dm and 7em). Given the good
V(x) (Figure 3b) and ypðtÞ (Figure 6) model-data agreement, near-shoreline dye tracer statistics are calcu-
lated using the same time periods for the model and the observations. Thus, quantitative model-data com-
parison is performed only over the observed time range at each of the SA1–SA5 (Figure 7, shaded regions).

3.4.2. Near-Shoreline Dye
Alongshore Dilution
Here, the observed and modeled
alongshore decay rates of near-
shoreline mean dye concen-
tration �D are compared. HR15
found that the observed near-
shoreline mean dye diluted
downstream following a power
law relationship,

�D5�D0 y=y0ð Þa; (5)

where y051 m. The least
squares power law fit to the
observed �Do (black-dashed
line and symbols, respectively,
Figure 8a) has high skill
(r2

o50:98) with best fit constants
�D0o 598ð613Þ ppb and ao5

20:33ð60:02Þ. The modeled
near-shoreline mean �Dm dilutes
downstream with y in a manner
very similar to the observations.

Figure 6. Observed (symbols) and modeled (curve) dye plume leading alongshore edge
yp (defined in section 3.4.2) versus time. Magenta bar indicates duration of near-shoreline,
continuous dye release at y 5 0 m (star in Figures 1 and 2). Horizontal-dashed line denotes
the model domain northern boundary ymax.
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The least squares power-law fit to modeled �Dm (red-dashed line and symbols, respectively, Figure 8a) also has
high skill (r2

m50:95), with best fit constants �D0m 5104ð630Þ ppb and am520:38ð60:05Þ. The observed
(ao520:33) and modeled (am520:38) power-law exponents are similar (within a standard error of each
other), although the model dye dilutes slightly more rapidly. At the farthest downstream location ySA551662
m, this results in observed �Do58:2 ppb whereas modeled �Dm56:4 ppb (Figure 8a).

Both the observed and modeled dye variability at SA1–SA5 also decrease downstream (Figure 7). The least
squares power-law fit to the observed standard deviation rDo (black-dashed line and symbols, respectively,
Figure 8b) has slope 20.88. Similarly, the least squares power-law fit to the modeled standard deviation rDm

(red-dashed line and symbols, respectively, Figure 8b) has slope 21.06. The observed and modeled near-
shoreline dye standard deviations are similar across SA1–SA5, although modeled rDm is larger than the
observed rDo at the nearest location SA1 and slightly smaller than the observed rDo at the farthest down-
stream location SA5 (Figure 8b).
3.4.3. Near-Shoreline Dye Time Scales
A near-shoreline dye time scale ~t D is defined as

~t D5
ðdD0=dtÞ2

D02

" #21=2

; (6)

where D05D2�D. For observations, the ~t Do are calculated using the full available time series, which span
time periods when dye has equilibrated at each of the SA1–SA5 locations (Figure 7, left column). Model dye

Figure 7. Observed (left) and modeled (right) dye concentration D versus time at SA1–SA5 (circles and diamond, Figures 1 and 2). Alongshore location is indicated in each plot. Magenta
bars indicate duration of near-shoreline, continuous dye release at y 5 0 m (star in Figures 1 and 2).
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concentration time scales ~t Dm are calcu-
lated over the same times as the obser-
vations (Figure 7, shaded regions).

The observed ~t Do increase from 53 s at
SA1 to 127 s at SA5 (Figure 9, black
symbols). Similarly, the modeled ~t Dm

increase from 62 s at SA1 to 150 s at
SA5 (Figure 9, red symbols). The ratio
of modeled to observed ~t D is about 1.2
across all locations. This downstream
increase in both ~t Do and ~t Dm indicates
a transition to larger surfzone along-
shore length scales as dye concentra-
tion alongshore gradients, initially
strong near the release, are reduced
downstream (e.g., Figures 4 and 5) as
dye is stirred and mixed by both indi-
vidual bores [e.g., Feddersen, 2007]
and surfzone eddies [e.g., Peregrine,
1998; Clark et al., 2012; Suanda and
Feddersen, 2015]. The downstream
increase in surfzone length scales is
also consistent with the downstream
increase in inner-shelf length scales
seen in the observed and modeled
planview images (Figures 4 and 5).
Such transition to longer length scales
is common in a variety of turbulent
environments such as flow behind a
cylinder [e.g., Tennekes and Lumley,
1972].
3.4.4. Near-Shoreline Dye Discussion
These similarities between observed
and modeled near-shoreline qualita-
tive dye time series and quantitative
dye statistics (Figures 7, 8 and 9) sug-
gest that the model is simulating rea-
sonably well the observed near-
shoreline dye evolution, although the
modeled mean �Dm is slightly too small

and the modeled Dm variability is somewhat too strong relative to the observations. The good model-data
comparison of alongshore currents V(x) (Figure 3b) and the dye plume front ypðtÞ (Figure 6) indicate that
the alongshore dye advection is well simulated. Together, this suggests that the model is ejecting dye from
the surfzone to the inner-shelf realistically as well, consistent with the similarities of the observed and mod-
eled planview dye maps (Figures 4 and 5).

3.5. Cross-Shore Dye Profiles
From Huntington Beach 2007 releases, Clark et al. [2011] showed reasonable agreement between observed
and funwaveC-modeled cross-shore dye profiles within the surfzone, but no farther than 160 m offshore
and no farther than 225 m downstream of the dye source. Here, jetski-observed (surface) and modeled
(depth-averaged) mean dye cross-shore profiles are compared up to 350 m offshore and roughly 1700 m
downstream. For this comparison, the jetski-observed surface dye Ds

oðxÞ must be normalized to a depth-
average. The observed dye was vertically well mixed in the surfzone [HR15], while inner-shelf dye was
surface-intensified with a vertical scale such that the observed depth-normalized dye

Figure 8. (a) Observed (black) and modeled (color) mean (time-averaged) dye
concentration �D (squares) versus alongshore coordinate y at the near-shoreline
SA1–SA5 (Figures 1 and 2). Best fit lines (dashed) are �Do5�D0o y=y0ð Þao and �Dm5
�D0m y=y0ð Þam for the observations and model, respectively, with y051 m. The best
fit observed ao520:33 and modeled am520:38. (b) Observed (black) and mod-
eled (color) dye concentration standard deviation rD (circles) versus alongshore
coordinate y at the near-shoreline SA1–SA5. Best fit rD power law exponents are
20.88 and 21.06 for the observations and model, respectively.
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DoðxÞ5
hdye

h

� �
Ds

oðxÞ; (7)

where hdyeðxÞ5min hðxÞ; 2:7 mð Þ [HR15].

Mean observed cross-shore dye profiles hDoðxÞi are calculated by averaging the repeated jetski cross-shore
transects at alongshore locations yj closest to the SA locations, with transects subsampled for times during
the SA observation periods (Figure 7, left column). The jetskis were driven as far onshore as possible but
were unable to sample all the way to the mean shoreline. Mean modeled cross-shore dye profiles hDmðxÞi
at the SA1–SA5 alongshore locations are averaged during the observed time periods (Figure 7, shaded),
when model dye had equilibrated at each SA location. The Dy between jetski transects and SA locations
was typically <2% of the downstream distance y, except at SA2 where Dy540 m. No model-data compari-

son is made for SA3 (just north of the
Imperial Beach pier), as the jetskis
could not operate safely near this
location.

At SA1 (y 5 82 m), observed hDoðxÞi
has a near-shoreline maximum of 50
ppb and decays across the surfzone
(Figure 10a, black). At the surfzone/
inner-shelf boundary xb (Figure 10a,
dashed vertical line), hDoi � 25 ppb.
Roughly 30 m offshore on the inner-
shelf, observed dye decays to hDoi < 5
ppb. The modeled hDmðxÞi has a simi-
lar near-shoreline maximum and
decays rapidly offshore (Figure 10a,
red). Near xb, the modeled hDmi is
weaker than observed. However, off-
shore of x � 2120 m, the modeled
hDmi and observed hDoi are again sim-
ilar, as near the shoreline. At SA2
(y 5 248 m), observed hDoðxÞi has
diluted near the shoreline (with a max-
imum of 30 ppb), and has spread far-
ther offshore onto the inner-shelf
(Figure 10b, black). The SA2 modeled
hDmðxÞi is similar to the observed,
both in the surfzone and inner-shelf
regions (Figure 10b, red). Farther
downstream at SA4 (y 5 1069 m), the
observed hDoðxÞi is roughly uniform

Figure 9. Observed (black) and modeled (color) dye time scale ~t D (6) versus alongshore coordinate y.

Figure 10. Observed (black) and modeled (color) mean dye concentration hDi
versus cross-shore coordinate x at select alongshore locations y (for the model,
the SA1–SA5 y locations; for the observations, the jetski transect locations yj near-
est SA1–SA5). Vertical-dashed line denotes the surfzone/inner-shelf boundary xb.
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across the surfzone [as in HR15] and out to x � 2120 m (about 1:5xb, Figure 10c, black). Offshore of
x � 2120 m, observed hDoðxÞi decreases to hDoi < 1 ppb at x < 2300 m, consistent with the planview aer-
ial images (Figure 4). Similarly, SA4 modeled hDmðxÞi is also cross-shore uniform from the shoreline to
roughly 1:5xb (Figure 10c, red), with magnitude slightly less than observed. Offshore, modeled dye decays to
hDmi < 1 ppb at x < 2300 m as in the observations, but the inner-shelf modeled dye decays less rapidly
than observed. At the farthest downstream location SA5 (y 5 1662 m), observed hDoðxÞi has further slowly
diluted at the shoreline, is again cross-shore uniform out to roughly 1:5xb (Figure 10d, black), and decays off-
shore in a manner similar to the SA4 observed cross-shore decay. The SA5 modeled hDmðxÞi is also well
mixed out to x � 2120 m (Figure 10d, red), but as at SA4, the SA5 modeled hDmðxÞi decays less quickly
than observed.

The hDðxÞi model-data agreement close to the release (y< 250 m), where dye is largely surfzone-contained
(Figures 10a and 10b), shows that the model accurately reproduces surfzone cross-shore tracer dispersion.
Farther downstream (y> 1000 m), where dye is spread cross-shore well beyond the surfzone boundary, the
inner-shelf has somewhat more dye in the model than in the observations (Figures 10c and 10d). Averaged
over the SA locations, the inner-shelf has 26% more cross-shore integrated dye in the model than the obser-
vations, though the modeled and observed hDðxÞi decay scales remain similar.

3.6. Alongshore Dye Transport
Observed and modeled cumulative alongshore dye transports are compared at the cross-shore frame array
yf5248 m during the observed dye release time period. The alongshore transport T yf from region A to
region B (see Figure 4a) is defined [HR15] for the surfzone,

T yf
SZðtÞ5

Z 0

xb

dðx; tÞVðx; tÞDðx; tÞ dx; (8)

and the inner-shelf,

T yf
ISðtÞ5

Z xb

xf6

dðx; tÞVðx; tÞDðx; tÞ dx: (9)

The surfzone and inner-shelf alongshore transports are estimated using 30 s averaged total water depth
d5h1g, alongshore current V, and dye concentration D. For the observations, (8) and (9) are estimated with
measurements from the near-bottom frames f1-f6 (Figure 3c), where Voðx; tÞ and Doðx; tÞ are assumed verti-
cally uniform, and cross-shore integration is performed with the trapezoid rule. Model Vm and Dm are avail-
able at all x and are vertically uniform throughout the domain.

The observed and modeled alongshore dye transports (8) and (9) fluctuate significantly (not shown here;
see HR15 for observed), consistent with the observed and modeled D(t) fluctuations (e.g., at f2/SA2; Figures
7bo and 7bm). Here, the cumulative (time-integrated) alongshore transports

R t
0 T

yf ðsÞ ds are compared
between the observations and model for the surfzone and inner-shelf regions separately and together. The
observed cumulative surfzone alongshore transport

R t
0 T

yf
SZo

ds increases approximately linearly (Figure 11,
gray dashed) and at the end of the observed dye release (t52:33104 s) totals 62% of the released dye. The
corresponding release-averaged T yf

SZo
5320 ppb m3 s21. The modeled cumulative surfzone alongshore trans-

port
R t

0 T
yf
SZm

ds is similar to the observed for t < 1:23104 s, and becomes less than the observed for t > 1:2
3104 s (Figure 11, compare gray solid and dashed). At the end of the observed release, the modeled surf-
zone

R t
0 T

yf
SZm

ds is roughly three quarters of the observed surfzone
R t

0 T
yf
SZo

ds. For the inner-shelf, the
observed

R t
0 T

yf
ISo

ds is also approximately linear (Figure 11, blue dashed) and at the end of the release
reaches 15% of the total released dye. The corresponding release-averaged inner-shelf T yf

ISo
576 ppb m3 s21,

roughly one quarter of the mean observed surfzone T yf

SZo
. The modeled cumulative inner-shelf alongshore

transport
R t

0 T
yf
ISm

ds is similar to the observed for t < 1:23104 s and becomes greater than observed there-
after (Figure 11, compare blue solid and dashed). At the end of the observed dye release, the modeled
inner-shelf

R t
0 T

yf
ISm

ds is approximately twice the observed inner-shelf
R t

0 T
yf
ISo

ds.

Overall, the total (surfzone 1 inner-shelf) cumulative alongshore transports (
R t

0 T
yf
SZ1T yf

IS

� �
ds) are very simi-

lar for the observations and the model (Figure 11, compare black-dashed and solid curves). The smaller
modeled surfzone alongshore transport is compensated by a larger modeled inner-shelf alongshore trans-
port. The model-data surfzone alongshore transport difference is consistent with weaker mean surfzone
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dye concentrations in the model than in the observations (e.g., Figures 8 and 10). For the inner-shelf, the
model-data alongshore transport difference could be due to model-data differences in region A surfzone to
inner-shelf ejection rates or to a low-biased estimation of (9) for the observations. These differences are fur-
ther discussed in sections 5.2 and 5.3.

4. Dye Mass Balances and Surfzone/Inner-Shelf Exchange

In section 3, both qualitative and quantitative model-data dye comparisons are good, motivating examina-
tion of dye mass budgets and surfzone/inner-shelf exchange. HR15 closed the first coupled surfzone and
inner-shelf dye budget. Over roughly 5 h and 3.2 km downstream, approximately 1/2 of the shoreline-
released dye was observed to be transported offshore from the surfzone to the inner-shelf [HR15]. This
transport was parameterized well using a bulk exchange velocity and mean surfzone to inner-shelf dye con-
centration difference [HR15]. Here, a model dye mass budget is examined and compared to the
observations.

Surfzone and inner-shelf dye masses over the alongshore model domain are defined for both the observa-
tions and the model as

MSZðtÞ5
Z ymax

ymin

Z 0

xb

Z g

2h
Dðx; y; z; tÞ dz dx dy; (10)

and

MISðtÞ5
Z ymax

ymin

Z xb

xoff

Z g

2h
Dðx; y; z; tÞ dz dx dy; (11)

where xoff is the offshore boundary of the aerial observations (e.g., Figure 4) or the offshore model tracer
domain boundary (Figure 2, heavy-dashed line), and the alongshore integration limits ymin5267:5 m and
ymax51957:5 m correspond to the model domain. HR15 developed a methodology for estimating observed
MSZo and MISo , calculated over the full observed alongshore extent of the dye plume, up to 3.2 km down-
stream (e.g., Figure 6). Here, the observed surfzone MSZo and inner-shelf MISo are recalculated using the
HR15 methodology, but with alongshore integration limits restricted to the model domain ðymin; ymaxÞ. The
observed dye mass estimates are available only at the times of the aerial images (e.g., Figure 4) spanning
roughly t5ð0:221:8Þ3104 s (e.g., Figure 6, symbols). Modeled dye masses are directly calculated from the
vertically averaged, highly resolved (x, y, t) model output (section 2.2.1).

For the purposes of observed and modeled dye mass balance analysis, the time period t 5 0223104 s is
separated into two. Period 1 (t < 1:23104 s) is the time prior to the observed and modeled dye plumes
reaching the alongshore extent of the model domain (Figure 6), and period 2 (t > 1:23104 s) is the time
after observed and modeled dye begins advecting beyond this region.

Figure 11. Observed (dashed) and modeled (solid) cumulative (time-integrated) alongshore dye transports at yf5248 m versus time.
Observed and modeled dye was released near the shoreline at y 5 0 m (Figures 1 and 2) throughout this time period (magenta bar).
Vertical-dashed line separates periods 1 and 2.
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4.1. Dye Mass Balance: Total, Surfzone, and Inner-Shelf
The total dye mass balance for the surfzone and inner-shelf is

MSZðtÞ1MISðtÞ5
Z t

0
Q ds; (12)

where Q5512 ppb m3 s21 is the steady dye release rate starting at t 5 0 s, and MSZ5MIS50 ppb m3 at
t 5 0 s. The observed total dye mass balance (12) closes within 10% during period 1 (Figure 12a, compare
black symbols and magenta line). During period 2 when the dye plume extends beyond ymax, the total
observed dye mass within ymin � y � ymax levels off at � 70% of the cumulative released dye mass (Figure
12a). The modeled total dye mass balance also closes well during period 1 (Figure 12a, compare black curve
and magenta line). A small fraction (<10%) of model total dye mass is lost at the upstream (southern)
boundary ymin when near-release eddies recirculate dye southward. Similar to the observations, the rate of
increasing modeled total dye mass slows during period 2, as dye being released into the domain is offset
by dye alongshore-advecting out of the domain through ymax.

Early in period 1, the observed MSZo � MISo (Figure 12a, gray and blue symbols). Starting later in period 1, as
more dye spreads from the surfzone to the inner-shelf, the observed MISo becomes larger than MSZo . During
period 2, both MSZo and MISo level off due to dye propagating beyond ymax, with the observed dye mass
remaining larger for the inner-shelf than the surfzone (Figure 12a, gray and blue symbols). For the model,
MSZm > MISm for roughly the first hour of the release (Figure 12a, gray and blue curves, respectively), as
expected with a surfzone dye source. For the remainder of period 1, modeled MISm > MSZm , with both inner-

Figure 12. Observed (symbols) and modeled (curves) surfzone and inner-shelf dye masses for regions A and B versus time. Magenta line
shows the cumulative dye mass released near the shoreline. Vertical-dashed line denotes the time when the observed and modeled dye
plumes advect beyond the model domain (Figure 6), defining periods 1 and 2, noted above Figure 12a.
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shelf and surfzone modeled dye mass magnitudes very similar to the observations (Figure 12a, blue and
gray curves and symbols during period 1). However, during period 2, the inner-shelf modeled dye mass is
larger than observed (MISm > MISo , Figure 12a, blue curve and symbols, respectively), while the surfzone
modeled dye mass is smaller than observed (MSZm < MSZo , Figure 12a, gray curve and symbols, respectively).
Overall, the total, surfzone, and inner-shelf dye masses are very similar for the model and the observations
during period 1, and less similar during period 2 (Figure 12a, compare curves with symbols). The period 2
differences are discussed in section 5.3.

4.2. Near and Far-Field Dye Masses
As in HR15, the observed and modeled domains are partitioned alongshore into the near-field region A
(y � yf ) and the far-field region B (y > yf ), where yf5248 m. For the observed surfzone dye masses, during
the early portion of period 1 when dye has not advected very far downstream (e.g., Figures 4a and 6), MA

SZo

and MB
SZo

are comparable (Figure 12b, symbols). As dye moves farther downstream during period 1 (e.g., Fig-
ures 4b–4d and 6), observed MB

SZo
becomes larger than MA

SZo
. Though dye concentrations are highest near

the release (region A), the observed downstream power law decay (5) is relatively weak (ao520:33), and
the larger alongshore extent of the dye plume in region B than region A results in MB

SZo
� 2MA

SZo
(Figure 12b,

symbols). During period 2 when dye has advected> 2 km downstream (e.g., Figures 4e, 4f, and 6), the
observed MB

SZo
� 4MA

SZo
(Figure 12b, symbols). For the modeled surfzone dye masses early in period 1, MA

SZm

> MB
SZm

(Figure 12b, curves), as dye has not yet advected far downstream (e.g., Figures 5a and 6). As dye
moves farther downstream in period 1 (e.g., Figures 5b–5d and 6), modeled MB

SZm
� MA

SZm
, with MA

SZm
some-

what greater than observed, and MB
SZm

somewhat less than observed (Figure 12b, curves and symbols). For
period 1, modeled and observed MSZ are similar in both region A and region B. During period 2, modeled
MA

SZm
is similar to observed MA

SZo
(Figure 12b, dashed curve and triangles), but MB

SZm
< MB

SZo
(Figure 12b, dot-

ted curve and squares), resulting in a period 2 modeled mean ratio MB
SZm
=MA

SZm
smaller than the correspond-

ing observed ratio MB
SZo
=MA

SZo
(Figure 12b, compare curves and symbols).

For the inner-shelf observations (Figure 12c, symbols), period 1 and period 2 ratios MB
ISo
=MA

ISo
both follow

similar trends to, but are larger than, the observed surfzone ratios MB
SZo
=MA

SZo
. Early in period 1, MA

ISo
� MB

ISo
.

Later in period 1, MB
ISo

increases while MA
ISo

remains approximately constant. During period 2, observed
MB

ISo
� MA

ISo
(Figure 12c, symbols). During period 1, the modeled and observed inner-shelf dye masses MIS

are similar in both region A and B (Figure 12c, compare symbols and curves). Early in period 1, modeled
inner-shelf dye masses MISm are similar for regions A and B, as observed. Later in period 1, modeled MB

ISm

increases at a rate consistent with observed MB
ISo

(Figure 12c, dotted curve and squares), while MA
ISm

remains
nearly constant as in the observations (Figure 12c, dashed curve and triangles). During period 2, modeled
MA

ISm
remains small and comparable to observed MA

ISo
, while modeled MB

ISm
continues increasing, becoming

larger than observed MB
ISo

(Figure 12c). This leads to period 2 total (A1B) modeled MISm larger than total
observed MISo (Figure 12a, compare blue curve and symbols).

4.3. Cross-Shore Surfzone/Inner-Shelf Exchange
Because the observed and modeled dye mass budgets close during period 1 (Figure 12a and Section 4.1),
the inner-shelf dye mass can be used to calculate the surfzone to inner-shelf cross-shore transport of
shoreline-released dye. At any time, the total inner-shelf dye mass must equal the cumulative (time-inte-
grated) cross-shore transport input from the surfzone and the cumulative inner-shelf alongshore transport
loss through ymax, i.e., Z t

0
T x

SZ=ISðsÞ ds5MISðtÞ1
Z t

0
T ymax

IS ðsÞ ds: (13)

During period 1, before ypðtÞ has reached ymax (Figure 6), the inner-shelf alongshore transport T ymax
IS is zero.

Therefore, the period 1 cross-shore transport T x
SZ=IS5

d
dt ðMISÞ and can be estimated via the best fit slope of

inner-shelf dye mass MIS. In period 1, the observed and modeled inner-shelf total dye masses agree very
well (Figure 12a, compare blue symbols and blue curve). The period 1 observed and modeled cross-shore
transports T x

SZ=IS are calculated via the least squares slopes of observed and modeled MIS, respectively, dur-
ing times spanning the inner-shelf dye mass observations (t5ð2:528:9Þ3103 s, Figure 12a, blue symbols
and blue curve). The resulting period 1 observed and modeled cross-shore transports (T x

SZ=ISo
5 382 ppb m3 s21

and T x
SZ=ISm

5349 ppb m3 s21) agree within 10%. This period 1 model-data T x
SZ=IS agreement suggests that the
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transient rip currents of funwaveC realistically simulate cross-shore surfzone/inner-shelf tracer exchange for
alongshore-uniform bathymetry and the observed wave conditions.

5. Discussion

5.1. Mechanisms of Surfzone/Inner-Shelf Exchange
For alongshore-uniform bathymetries, potential surfzone/inner-shelf cross-shore tracer exchange mecha-
nisms include transient rip currents [e.g., Hally-Rosendahl et al., 2014; Suanda and Feddersen, 2015], internal
waves [e.g., Sinnett and Feddersen, 2014], and Stokes-drift-driven flow [e.g., Lentz et al., 2008]. Based on the
13 October observed dye, dye mass budgets, and inferred exchange velocity magnitude, HR15 showed that
the observed surfzone/inner-shelf dye exchange on this day with moderate waves was dominated by tran-
sient rip currents. The depth-averaged funwaveC model includes this mechanism but does not include
internal waves or Stokes-drift driven exchange. The good model-data MIS agreement in all regions
(Figure 12) implies that the model accurately reproduces the observed cross-shore surfzone/inner-shelf
exchange T x

SZ=ISo
, confirming that transient rip currents were the dominant exchange mechanism within 3

surfzone widths of the shoreline during the observed 5 h time period. Over longer time scales or farther off-
shore of the surfzone, internal waves [e.g., Suanda et al., 2014; Walter et al., 2014], Stokes-drift-driven flow
[e.g., Lentz et al., 2008], or other inner-shelf processes may become important.

5.2. Inner-Shelf Stratification and Vertical Variation
HR15 showed that the 13 October dye field was vertically uniform within the surfzone. However, inner-shelf
dye was surface-intensified (see Figure 13 in HR15) with a vertical dye scale hdye52:7 m, potentially due to
inner-shelf thermal stratification. The vertically integrated Boussinesq and tracer models lack stratification
and vertical dye variation. Although the overall model-data agreement is good, the model’s lack of vertical
variation might be important for particular inner-shelf model-data differences.

For example, modeled inner-shelf Dm is patchier than the observed inner-shelf Do (compare Figures 4
and 5). Consider a fluid column of dye ejected by a rip current from the surfzone onto the deeper inner-
shelf. If the ejection is confined to an upper layer by inner-shelf stratification [e.g., HR14; HR15], it would be
expected to undergo greater lateral spreading (resembling elevated lateral mixing) relative to an ejection
that is able to stretch vertically over the entire water column as it moves offshore (e.g., funwaveC modeled
dye). This stratified upper layer spreading mechanism explains the difference in observed and modeled lat-
eral spreading of drifters leaving a tidal inlet [e.g., Spydell et al., 2015], and may explain the difference in
patchiness between the observed and funwaveC modeled inner-shelf dye.

Vertical variation might also be important for the inner-shelf dye mass and alongshore transport T yf
IS model-

data difference. Although the total (surfzone 1 inner-shelf) cumulative alongshore transports are similar for
the observations and the model (Figure 11, compare black-dashed and solid curves), this is due in part to
the opposing differences for the surfzone and the inner-shelf (Figure 11, compare dashed and solid gray
and blue curves, respectively). The smaller modeled surfzone dye mass and alongshore transport are con-
sistent with weaker near-shoreline mean dye concentrations in the model than in the observations (e.g., Fig-
ures 8 and 10). For the inner-shelf, the larger modeled dye mass and alongshore transport could imply that
region A dye is ejected offshore of the surfzone more quickly in the model than in the observations. How-
ever, as the Do and Vo used in (9) are near-bottom measurements, another possible explanation for smaller
observed T yf

ISo
is the low bias due to observed vertical variation of inner-shelf Do [HR15] and potential verti-

cal variation of inner-shelf Vo.

5.3. Additional Considerations
Overall, the surfzone and inner-shelf dye model-data agreement is quite good. Here, specific model and
analysis choices that might affect the model-data comparison are discussed. The wind and wave field are
stationary in the model, while the observed wind and wave field did evolve somewhat, as did the observed
alongshore current Vo (note the faster ypo

ðtÞ propagation for t > 1:23104 s, Figure 6). This might contribute
to the larger observed than modeled surfzone alongshore transport during period 2 (Figure 11, compare
gray-dashed and solid curves). However, the general model-data agreement indicates that the stationary
wave and wind field in the model is a reasonable approximation, particularly for t < 1:23104 s.
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In addition, the model bathymetry is perfectly alongshore-uniform, while the observed bathymetry had
some weak alongshore nonuniformities. Nevertheless, the model-data dye agreement suggests that use of
an alongshore-uniform model bathymetry is reasonable. Future modeling studies will examine the relative
importance of bathymetrically controlled rip currents [e.g., Castelle and Coco, 2013; Castelle et al., 2014] ver-
sus transient rip currents in driving surfzone to inner-shelf exchange.

Next, the model has no tidal variation. The observed low tide occurred at t56:83103 s (roughly midway
through period 1) and rose by � 0.7 m by the end of period 2. While the surfzone/inner-shelf boundary xb is
fixed and identical in both the model and observations, the true observed surfzone/inner-shelf boundary
may have shifted onshore by � 20 m, potentially biasing the observed period 2 surfzone and inner-shelf
dye masses high and low, respectively. This could also explain in part the differences between observed
and modeled alongshore dye transports (Figure 11). If the model had a rising tide with a fixed xb, this could
result in larger modeled surfzone transport and smaller modeled inner-shelf transport, more closely match-
ing the period 2 observations.

The model background diffusivity j050:075 m2 s21 is small relative to the surfzone breaking-wave and
eddy-induced diffusivity. Although some inner-shelf background diffusivity is expected, a priori j0 may not
be insignificant relative to the inner-shelf diffusivity induced by wave and eddy processes. However, over
the � 1:23104 s duration that a tracer parcel is within the model domain (Figure 6), j0 disperses an initial
delta function to � 40 m length scales, small relative to the observed and modeled � 200 m inner-shelf
cross-shore scales near the end of the domain (Figures 4 and 5). Furthermore, background diffusivity does
not generate the inner-shelf alongshore-patchy dye structure (Figures 4 and 5). Thus, the background diffu-
sivity is not expected to have a significant impact on inner-shelf tracer dispersion.

Last, for idealized normally incident waves and planar bathymetries, funwaveC transient rip current driven
exchange velocities depend strongly on wave height and directional spread [Suanda and Feddersen, 2015].
In these idealized simulations, the exchange velocity maxima increased with wave directional spread, sug-
gesting that the observed and modeled dye releases examined here may each have had different surfzone
to inner-shelf exchange rates if the directional spread were much larger or smaller. Future studies will exam-
ine how modeled cross-shore tracer exchange depends on incident wave conditions for realistic bathyme-
tries and wave fields.

6. Summary

A near-shoreline, continuous 6.5 h dye release on 13 October 2009 at the approximately alongshore-
uniform Imperial Beach, CA (IB09 experiment) [see HR15] is simulated with the wave-resolving Boussinesq
model funwaveC. The model generates surfzone vorticity and transient rip currents driven by finite crest
length wave breaking. However, the depth-averaged model does not resolve stratification or vertical dye
variation, which are potentially important on the inner-shelf. Here we compare the observed and modeled
surfzone and inner-shelf dye dispersion and cross-shore exchange.

The funwaveC model is initialized with the alongshore-averaged Imperial Beach bathymetry and the 13
October observed wave spectrum and mean wind. The model reproduces the observed inner-shelf and
surfzone significant wave height and alongshore current. Both qualitative and quantitative model-data
agreement for dye is good. Observed and modeled surfzone dye advects alongshore at similar rates while
being intermittently ejected offshore onto the inner-shelf. The narrow inner-shelf dye features evolve to
larger length scales as they advect downstream, with modeled dye somewhat patchier than observed. Over
1700 m alongshore, near-shoreline mean dye concentration decays downstream following a power law rela-
tionship with similar observed (20.33) and modeled (20.38) exponents. Observed and modeled near-
shoreline dye time scales increase similarly with downstream distance, consistent with the inner-shelf
downstream evolution to larger dye length scales. Mean cross-shore dye profiles are similar for the observa-
tions and the model, with near-release dye strongest at the shoreline and decaying rapidly offshore. Farther
downstream (>1000 m), observed and modeled profiles widen, with dye cross-shore well mixed out to 1.5
surfzone widths from the shoreline. On the inner-shelf, the depth-normalized observed cross-shore dye pro-
files decay more quickly than the modeled profiles, but the observed and modeled cross-shore decay scales
are similar. Surfzone and inner-shelf alongshore dye transports are each well modeled early in the release,
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while they are under and overpredicted, respectively, later in the release. The total alongshore dye transport
is well modeled at all times.

Modeled and observed dye mass budgets over the model domain (� 2 km alongshore) are very similar to
each other for times< 3.5 h, before observed and modeled dye begin advecting out of the domain. During
this time, the observed and modeled dye budgets each close to within 10% and have very similar distribu-
tions of surfzone and inner-shelf dye mass. Cross-shore dye transports for the observations and the model
agree within 10%. Later in the release, after dye begins advecting beyond the model domain, total
observed, and modeled dye masses still agree fairly well, although modeled dye mass is underpredicted in
the surfzone and overpredicted on the inner-shelf. Model-data differences may be due to the model’s lack
of inner-shelf stratification and vertical dye variation or the model’s lack of tide, biasing the location of the
surfzone/inner-shelf boundary.

Overall, the good model-data agreement indicates that the wave-resolving, depth-averaged Boussinesq
model funwaveC accurately reproduces nearshore tracer transport and dispersion over 5 h and 2000 m for
approximately alongshore-uniform bathymetry during moderate wave conditions. This confirms that tran-
sient rip currents are the dominant mechanism of the observed surfzone/inner-shelf cross-shore tracer
exchange, and suggests that funwaveC realistically reproduces the intensity, frequency, and scales of the
observed transient rip currents.
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