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2 SCHMIDT ET AL: SURFZONE CURRENTS

Abstract.  Surfzone currents over irregular bathymetry were observed with
GPS-tracked drifters, and modeled with the nonlinear shallow water equations.
Trajectories of drifters released in 1 to 2 m depth sometimes defined rip cur-
rents and surfzone eddies, features that have been difficult to resolve with fixed
instruments. The drifter-deliniated surfzone circulation evolved as the tide level
changed during each 4-6 hr deployment. In one case, as the tide dropped, a shore-
normal rip current present for the first 2 hr evolved to a more shore-parallel flow.
In a second case, on a rising tide, a well-developed, bifurcated rip current was
replaced by a weak, amorphous circulation. Rip current velocities were strongest
near the surfzone edge, and decayed by an order of magnitude within 2 surf-
zone widths from the shoreline. An eddy was observed to persist over a bathy-
metric depression within the surfzone for at least 1 hr. Observed and numeri-
cally simulated trajectories are qualitatively similar. The observed and modeled
velocities differed by roughly a factor of 2, and differences in flow observed dur-
ing roughly 0.5 m changes in tide level were reproduced only if the simulated
water levels varied by about 1 m. The cross-shore momentum balance was dom-
inated by wave-forcing and pressure gradient terms of about equal magntiude
and opposite sign. In the vicinity of simulated rip currents, the residual of the
forcing and pressure gradient was balanced by nonlinear advection terms. The
alongshore momentum balance was also spatially variable, with wave forcing

balanced by alongshore pressure gradient, friction, and advective terms.
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SCHMIDT ET AL: SURFZONE CURRENTS 3
1. Introduction

Early field observations of surfzone circulation used visually-tracked foam, debris, drifters
and dye [e.g., Hite 1925, Shepard et al. 1941, Putnam et al. 1949, and Shepard and Inman 1950].
More recent observations of surfzone circulation primarily used fixed arrays of electromagnetic
or acoustic current meters [e.g., Ruessink et al. 2001 and references therein], in part because of
the difficulty in using visual methods. GPS tracking reduces the difficulty of tracking surfzone
drifters accurately, and drifter-based observations of surfzone circulation have been reported
recently [Schmidt et al. 2003, Johnson and Pattriaratchi 2004]. Here, a fleet of ten GPS-tracked
surfzone drifters are used to describe the evolution of nearshore circulation near an irregularly
shaped bar-trough feature in 1 to 2 m water depth.

Surfzone circulation observed on idealized, alongshore-variable laboratory bathymetry is
reproduced approximately by numerical simulations that include refraction, depth-dependent
wave breaking, and radiation-stress based wave forcing [e.g., Chen et al 1999, Haas and
Svendsen 2002, Haller et al 2002, and Haas et al 2003]. These experiments suggest that
the location of rip currents is controlled by depth-dependent wave breaking on the alongshore-
variable bathymetry. Existing field observations confirm the importance of alongshore variable
bathymetry to surfzone circulation [e.g., Sonu 1972, Hino 1974, Dronen et al 1999, Ranasinghe
et al 2000], including at the present study site [e.g., Shepard and Inman 1950, Schmidt et al.
2003]. Here, we show drifter trajectories suggesting features, including rip currents and surf-
zone eddies, that are qualitatively similar to predictions of an existing numerical model based

on the nonlinear shallow water equations and the observed bathymetry [Yu and Slinn, 2003].
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4 SCHMIDT ET AL: SURFZONE CURRENTS

2. Study Site and Description of the Observations

Scripps Beach, also known as La Jolla Shores, is located 400 m south of the Scripps Institution
of Oceanography (SIO) pier (Figure 1). Aerial photographs predating the present 2-km long
seawall backing the beach show a narrow arroyo cutting the low cliff in the proximity of the
study site, now the terminus of local drainage from the city storm water grid. In Shepard and
Inman [1950], rip currents were observed in this area for 4 of the 6 incident wave conditions
studied. Recent surveys often show alongshore depth inhomogeneity in the region adjacent to
the storm drain outlet, frequently the location of visually observed rip currents.

As reported in Schmidt et al. 2003, the tubular PVC body of the drifters is ballasted for
nearly complete submergence and a strong righting moment (Figure 2). A PVC disc at the
bottom of the body tube dampens the drifter vertical response to rapid changes of water level,
allowing broken and near-breaking waves to pass over without rapidly pushing the drifter ashore
(i.e., ’surfing’). Each drifter transmits differential-GPS positions (3-5 m accuracy) to shore at
0.1Hz for real-time tracking, and internally records raw GPS data at 1 Hz for non-differential,
post-processed GPS positions (sub-meter accuracy).

There were 7 deployments of 5 to 6 hr duration during the period 19-27 July 2001, and 3
deployments of 4 to 5 hr duration one year later, on 29-31 July, 2002. Bathymetry surveys of an
approximately 600-m alongshore span, with 25 m spacing between cross-shore transects, were
obtained on 18 and 27 July 2001, and on 26 July 2002, with GPS-equipped jetskis and wheeled
land vehicles. Tide data was obtained from the SIO pier end (NOAA tide station 9410230).
Bathymetry and tide data are presented relative to mean sea level (MSL). Hourly still and time-
lapse variance images of the deployment area were obtained from an Oregon State University

Coastal Imaging Laboratory (CIL) Argus video camera [Holland et al, 1997] (Figure 1 shows
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2001 image). Wave conditions immediately offshore (about 7 m MSL) of the observation region
were obtained by initializing a refraction model with data from nearby Coastal Data Information
Program directional wave buoys (W. O’Reilly, personal communication).

The locations of reference floats (1-2 m depth MSL) were selected based on the bathymetry
and visual observations of the circulation. At intervals of about 10-15 min, drifters were man-
ually carried to the reference floats and released, usually in pairs, as directed by personnel at
an elevated tracking station. Drifters were retrieved for redeployment when they progressed
offshore more than about 2-3 surfzone widths, moved up or downcoast more than about 300 m,
or came ashore. Between 40-60 individual drifters were released each day in July 2001, and be-
tween 60-80 during each day in July 2002. ”Spaghetti” plots for 19 July 2001 and 29 July 2002
(selected for detailed analysis, hereafter refered to as Case 1 and Case 2, respectively) are shown
in Figure 3, and for all deployment days in Schmidt [2003]. See Schmidt [2003] and Schmidt et
al. [2003] for additional description of the drifters, study site, deployment procedures, and data

processing.

2.1. Casel

The Case 1 deployment was conducted during a 5.6 hr period of falling tide (= —0.52 m
elevation change, between +0.40 and -0.12 m MSL). Selected Case 1 drifter trajectories show
a rip current and an eddy (Figures 4 and 5). The last (magenta) rip current drifter deployed in
Figure 4 and the first (red) eddy drifter in Figure 5 were released within 1 min and 1 m of each
other. Their initial trajectories are similar, but diverge near (z, y)=(80,-180). Maps of spatially
and temporally averaged drifter velocities suggest that the shore-normal rip current was present
during the first half of the deployment (Figure 6a,b), but ceased flowing as the tide dropped

(Figure 6¢,d). Rip current velocity maxima were closely coincident with the seaward edge of
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6 SCHMIDT ET AL: SURFZONE CURRENTS

the surfzone, and decayed by an order of magnitude within approximately 2 surfzone widths
from the shoreline.

During the last half of the deployment (lowest tide levels) the drifter trajectories define a rel-
atively strong, southward-directed, alongshore current and the counter-clockwise (CCW) eddy
(estimated eddy center (z (cross-shore), y (alongshore))=(110,-375) in Figures 5 and 6c,d).
Similar to Schmidt et al. 2003, the eddy was observed to persist for at least 1 hr entirely within
the surfzone, the diameter was estimated at 40 m, and the estimated vorticity magnitude was
0.03 s~!. However, the previously observed eddy (July 2000) rotated in a clockwise (CW)

direction. Future papers will focus on surfzone eddy dynamics.

2.2, Case2

The Case 2 deployment spanned about 4.4 hr of rising tide (=~ +0.79 m tidal change, between
-0.55 and +0.24 m MSL). Velocities of the first 30 drifters released, over roughly the first half
of the deployment (Figure 7a), delineate two shore-oblique flows that form the branches of a
bifurcated rip current . The velocity maximum of both branches are located approximately at
the seaward edge of the surfzone (red curve in Figures 7a and 8a,b), and the velocities of both
branches decay by an order of magnitude approximately 2 surfzone widths from the shoreline.
The highest variances are predominantly located within the surfzone, with the major axes of
variance roughly orthogonal to the direction of the mean flow (Figure 7a), consistant with high
shears and vigorous mixing. The widths of the south (left) and north (right) branches are 20 m
and 40 m, respectively, estimated as the flow orthonormal distance between drifter trajectories at
the surfzone edge. Simple volumetric calculations using these branch widths, 1.5 m mean depth,
and 40 cm s~! flow speed at the surfzone edge result in flow rates of about 12 and 24 m® s~! for

the south and north branches, respectively. At this rate, a triangular volume, 600 m alongshore
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SCHMIDT ET AL: SURFZONE CURRENTS 7

by 150 m cross-shore by 1.5 m vertical, could be exchanged with the nearshore coastal waters in
approximately 1 hr, and would require a alongshore and depth-averaged onshore flow of about
4 cm s~! (assuming no net inflow at the lateral boundaries).

Averaged drifter velocities during the second half of Case 2 (higher tide levels), when 33
drifters were released, suggest decreased flow in both branches (Figures 7b and 8c,d). Most
mean flows are weak (< 15 cm s™1), and are greater (less) than their respective variances outside
(inside) the surfzone. During the last 1.1 hr of the deployment, drifter velocities suggest a weak,

amorphous circulation (Figure 8d).

2.3. Case Comparison

In Case 1, the 1.5 m depth contour is roughly shore-parallel for almost 100 m on either side
of the observed rip current (Figure 9a). In Case 2, this depth contour was wedge-shaped with
the flow branches emanating from both sides of the wedge (Figure 9b). Although 1 year apart,
the surfzone bathymetries were similar and smooth (Figure 9c), except along the -1.5 m MSL
depth contour in the vicinity of the rips.

Differences in the Case 1 and Case 2 flows (at roughly the same tide level) could result
from differences in the bathymetries or the incident waves (wave heights (/) and periods (7},)
approximately 0.8 m and 9 s for Case 1, and 0.5 m and 7 s for Case 2, with approximately normal
incidence angle (O) in both cases). However, variations in the incident wave field during each
day were relatively small, (AH, < +£0.10 m in both cases, and similarly small changes in
T, and ©). The substantial variation of the flow during each Case day suggests that modest
(e.g., 0.5 m or less) changes in tidal level, and hence in the effective bathymetry, significantly

altered the surfzone circulation. Model results confirm this inference.
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8 SCHMIDT ET AL: SURFZONE CURRENTS

3. Model Formulation and Data Comparison

The effects of bathymetry and tidal fluctuations were examined with a numerical model based
on the nonlinear shallow water equations with a rigid lid, previously used in studies of time-
dependent wave-driven circulation on planar [Allen et al, 1996], barred [Slinn et al., 1998],
and alongshore varying [Slinn et al., 2000] beach topographies, and also in a rip current mod-
eling study [Yu and Slinn, 2003]. The wave-averaged forcing of the circulation by breaking
waves [Longuet-Higgins, 1970] is modeled with the bore-based model of Thorton and Guza
[1986]. Dissapation is modelled with nonlinear bottom friction [Wright and Thompson, 1983],
and lateral mixing is neglected. Finite difference methods are used to solve the depth-integrated,

nonlinear shallow-water equations,

(hu), + (h?J)y =0 (D

Up + Uy + VUy = —— + T, — — vV 2)
P h
Cr < |ulv >
vt+uvx+vvy:—&+q§”—%—yv4v 3)

where u and v are the cross-shore and alongshore velocities, respectively, averaged over water

depth and wave period, p is pressure, p is constant water density, (7., 7,

s Ty ) are the components of

wave forcing, ¢ is time, C'y is a dimensionless friction coefficient (0.01 used here), £ is the local
water depth, and v is a biharmonic dissipation term added to eliminate small scale numerical
disturbances. Wave-current interaction has been shown to significantly reduce the cross-shore

extent of rip currents [Yu and Slinn, 2003], and is included here. Boundary conditions are along-
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shore periodic and require zero cross-shore mass flux at the shoreline and offshore boundaries.

The biharmonic dissipation term requires the additional constraints that

Ugy = Vg = VUgga = 0 (4)

at the shoreline and offshore boundaries.

The measured bathymetry is centered in the 500 m (cross-shore) by 1000 m (alongshore)
model domain. To satisfy alongshore periodicity, the measured bathymetry is relaxed to an
alongshore mean within 50 m of the model lateral boundaries. Extending the alongshore do-
main to 1500 m did not significantly effect the model results. The shoreward (<~0.5 m) and
deepest (>~ 6 m) model depth contours are relaxed to shore-parallel. To satisfy mass con-
servation (1) over practical computational intervals (thereby insuring model convergence), the
measured bathymetry was smoothed, especially in less than 1 m depth MSL. Smoothing of the
bathymetry in depths greater than 1 m MSL was limited, and the measured and model bathyme-
tries are similar, especially between the 0.5 m and 4.5 m contours (MSL) (Figure 10). Numerical
results for tide levels less than MSL are not shown because the model sensitivity to bathymetric
irregularities in very shallow depths required excessive smoothing of features in 1.5 m depth
MSL. The effects of changing water depth were examined (for both cases) by comparing model
results at 4 discrete tide levels : MSL, MSL + 0.34 m, MSL + 0.68 m, and MSL + 1.02 m.
For each additional 0.34 m of water depth above MSL, a section of constant cross-shore slope
(0.017, similar to the observed slope) was added at the shoreline, shifting the MSL bathymetry
seaward by 20m. The highest water level observed in both cases was about MSL + 0.34 m
(Figures 6 and 8, center panel), and the simulations with higher tide (MSL + 0.68 m and MSL +

1.02 m) are included here to compare the modeled and observed effects of variable water depth.
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10 SCHMIDT ET AL: SURFZONE CURRENTS

The model starts from rest, and to avoid spin-up effects, model results are based on the last
2-hrs of 4-hr long simulations [Yu and Slinn, 2003]. To facilitate comparison with drifter obser-
vations, the model was extended to include Lagrangian particle tracking. Particles (10%) were
uniformly distributed in the model domain at ¢ = 0, and advected by bi-linear interpolation of
the nearest four Eulerian velocities and Adams-Bashford time-stepping (time step 0.1 s). After
the 2-hr model spin-up, drifter releases were simulated by tracking particles selected for their
proximity to the location of the actual drifter release locations (Case 1, Figure 3a, (x,y)=(90,-
150); Case 2, Figure 3b, (x,y)=(110,-220) and (110,-180)). At 10 min intervals, for 50 min, the
closest ten particles were selected and tracked for 40 min. Thus, 60 drifter releases spanning
a 1.5 hr period were simulated for each deployment location (Case 1 - 60 total, Case 2 - 120
total). The location of simulated drifter releases is shifted seaward 20 m from the shoreline for
each depth increment above MSL, thus maintaining a fixed position relative to the bathymetric
inhomogeneities. Simulated and observed drifter trajectories are analyzed similarly, allowing
comparison of observed (Figures 6 and 8), and simulated (Figures 12 and 14) maps of the aver-
age drifter velocities.

To isolate and examine the effects of varying bathymetry and tide level on the model flow
field, values of adjustable parameters in the circulation (e.g. bottom friction) and wave trans-
formation models were held constant. Wave conditions (Hg, T, and ©) were also held constant
(Case 1: 0.8 m, 9 s, 0° Case 2: 0.5 m, 7 s, 0°). On alongshore homogenous bathymetry,
the model flow vanishes with normally incident waves, so the circulations observed here result
solely from alongshore bathymetric inhomogenities. The effect of bathymetric irregularities

on the vorticity and velocity fields are localized (cf. Yu and Slinn 2003), and model results are
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shown for the ~ 300 m-long region near the domain center. To facilitate model-data Lagrangian

comparisons, Case 1 drifter simulations are shown in order of decreasing depth (Figures 12).

3.1. Model-data comparsion : Case 1

Case 1 model and observation comparisons are subtle, and the Eulerian velocity and vorticity
fields are presented separately to facilitate discussion. Model u (Figure 11a, left to right) vary
only slightly as depth is increased between the MSL and MSL + 0.34 m bathymetries. This
is roughly equivalent to the water level change between Figures 6a and 6d, in which flow was
observed to change (as depth decreased) from a well-developed rip current (Figure 6a), ~ MSL
+ 0.34 m) to a strong southward-directed alongshore current (Figure 6d), ~ MSL). However,
u does increase in the MSL + 0.34 m case at the same location relative to the bathymetry (see
arrow, about 130,-220) as in Case 1 drifter observations (cf. Figure 4). In the next two cases
(MSL + 0.68 m and MSL + 1.02 m), this trend continues, with offshore u in the last (highest
tide level) case more than doubling relative to the lowest tide level. Note also, that as the u peak
strengthens, it moves closer to the surfzone seaward edge.

A dominant feature in all four cases of the model alongshore velocities (v) (Figure 11b, left
to right) was a strong, narrow, southward-flowing alongshore current. Drifter trajectories and
velocities observed during Case 1 (Figures 5 and 6 c,d) were consistent with entrainment in a
similar flow. A more subtle feature of the flow varies significantly with increasing water depth
(see arrows). A northward-directed flow, between about alongshore (-350:-150) and cross-shore
(120:180) in the MSL case, decreases with each increase in depth, finally becoming almost
nonexistent.

The Case 1 vorticity simulations suggest strongly that the eddy is bathymetrically controlled,

as it located over a bend in the bottom contours at all four tide levels (see arrows), as in the
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12 SCHMIDT ET AL: SURFZONE CURRENTS

drifter data (Figure 5).) All other drifter-delineated surfzone eddies we observed have simi-
larly maintained position, and when bathymetry was available, were located over a bathymetric
depression (Schmidt 2003; Schmidt et al. 2003, and additional observations).

As previously noted, Case 1 simulated drifter releases (Figures 12a-d) are presented in or-
der of decreasing water depth to facilitate comparison with the observations (Figures 6a-d).
The MSL + 1.02 m case spatial means are consistent with a narrow, seaward-directed current
embedded in a more diffuse offshore flow (Figure 12a). The current is slightly oblique to shore-
normal, although it exits the surf zone in roughly the same location (y~-250) as the observed
shore-normal rip (Figure 6a). The velocity maxima occurs near the surfzone edge and the rip
current extends seaward roughly 1.5 surfzone widths from the shoreline (x = -40, not shown).
In Figure 12b (MSL + 0.68 m), the narrow seaward current has weakened, its orientation is
more shore-parallel, and the location at which it exits the surf is less distinct. The diffuse off-
shore flow is also weaker and its offshore extent is reduced. A CW re-circulation cell, so named
because it straddles the surfzone edge, exhibits spatially-variable vorticity, and does not ad-
vect drifters in closed paths, begins to entrain drifters and is centered at roughly (180,-320). In
subsequent water depth decrements (Figs. 12c,d; MSL + 0.34 m and MSL, respectively), the
simulated drifter velocities show the offshore flow continuing to weaken. Finally, the offshore
flow between alongshore (-275:225) is no longer present, while the re-circulation cell strength-
ens to become the dominant flow feature in the simulated drifter data. In place of the narrow
offshore flow seen in Figure 12a, an onshore flow of roughly equal strength and width is present
in Figure 12d, and the model drifters are advected alongshore ~200 m from their release point.

The observed drifters were also advected alongshore at lower tide levels, but were entrained in
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a CCW eddy (Figure 6d) that is present in the simulations (long arrows, Figure 11c), but which
did not entrain the simulated drifters.

Although with decreasing tide level the modeled and observed drifter trajectories both transi-
tion from a shore-normal path to an eddy-dominated alongshore motion (compare Figure 6 with

Figure 12), the water depths are different (center panels, Figures 6 and 12).

3.2. Model-Data Comparison : Case 2

The strongest simulated Eulerian offshore flow occurs at the lowest tide levels (Fig-
ures 13a, b). Maximum velocities in both branches of the bifurcated rip occur near the surfzone
edge, and both branches extend roughly 2 surfzone widths offshore (although the simulated
right branch recurves shoreward). At higher tide levels the model vorticity decreases, and the
branches become less distinct (Figures 13c, d). At the highest simulated tide level, the model
cross-shore velocities at the surfzone edge are a factor of 2 lower than at the lowest tide level
(Schmidt 2003).

The observed and modeled evolution of drifter velocities with rising tide are similar (com-
pare Figure 8 with Figure 14). At low tide levels, drifters are advected seaward in the bifurcated
rip current. At higher tide levels the simulated flow weakens, although in the model the south
branch is the more persistent (Figure 14c) whereas the north branch persists longer in the ob-
servations (Figure 8c). As in Case 1, the simulated and observed circulation patterns evolve
similarly, but the depths are generally greater in the simulation with similar circulation (cen-

ter panels, Figures 8 and 14).
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14 SCHMIDT ET AL: SURFZONE CURRENTS

4. Discussion

Model velocities and vorticities are generally lower than those observed by about a factor
of 2, with the exception Case 2 low tide (Figures 8a and 14a). Tuning the value of Cy could
presumably bring the model velocities closer to the observations. Excepting Case 1 MSL (Fig-
ures 6d and 12d), model water depths needed to reproduce the observed flows were higher, due
in part to previously discussed model domain bathymetric constraints, but possibly in part due
to parameters in the breaking wave model used to estimate wave forcing. As previously noted,
C'; and other adjustable model parameters were not altered in this series of experiments.

Differences in Case 1 and Case 2 flows result from differences in bathymetry. In MSL sim-
ulations with reversed wave forcing (e.g. Case 1 bathymetry and Case 2 wave conditions, and
vice-versa, not shown), the bifurcated offshore flow stayed with the Case 2 bathmetry, and
(southerly) alongshore flow stayed with the Case 1 bathymetry. That is, the model is more

sensitive to differences in Case 1 and Case 2 bathymetries, than to different wave forcing.

5. Case 1 Model Momentum Balances

Figures 15a-d show the spatial distribution of the first 4 terms in (2), with advective terms
grouped. Though non-uniform in both alongshore and cross-shore directions, the balance is gen-
erally between wave-forcing (7,) and the sum of the pressure gradient (dp/dy), advection, and
friction terms, with biharmonic dissipation insignificant at O(£10~7) (not shown, compare with
residual, O(£1075)). This contrasts with the case of obliquely incident waves on alongshore
homogeneous bathymetry, where wave forcing is balanced primarily by friction (cf. Ruessink
et al. 2001).

The cross-shore balance (3) is dominated by wave forcing (7)) and pressure gradient (dp/dzx),

as in recent laboratory and numerical models (i.e., Haller et al 2002 and Dean and Brown
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1995). These terms are the largest of either alongshore or cross-shore balance (O(+£ 2 x 1072)
(Figures 16a,b). A more detailed description of the cross-shore momentum balance is made by
comparing the relatively small sum of the dp/dx and 7, terms (Figure 16¢), with the friction
and advective terms (Figs. 16d, e). At this level, the balance is clearest between dp/dx+7, and
advection, with friction relatively unimportant. This same relationship can be seen with careful
examination of Haller et al 2002 (Figures 11 and 12), and Dean and Brown 1995 (Figure 16).
In the Case 1 MSL simulation, the only strong cross-shore flow was associated with the CCW
eddy centered at (x,y)=(120,-380), in rough agreement with observations. The dp/dz+T, term in
the region between alongshore (-170:-250) in the MSL case is offshore-directed, though weak,
at roughly cross-shore (70:120) (see arrow, Figure 16¢). In subsequent increasing water levels,
this feature strengthens and moves closer to the seaward surfzone edge (x~ 200) (Figure 17).
The overall balance in this region (alongshore (-170:-250)) is still clearly between dp/dx+7,

and advection, especially as u increases.

6. Conclusions

Surfzone currents on alongshore variable bathymetry were observed with recently developed
GPS-tracked drifters. Trajectories of ten drifters repeatedly released near an irregularly shaped
bar-trough bathymetric feature in 1 to 2 m water depth sometimes define rip currents and surf-
zone eddies, flow features that have been difficult to resolve with fixed instruments. Rip currents
were strongest at the surfzone edge and extended offshore about 2 surfzone widths. A bifurcated
rip current was observed to be capable of exchanging surfzone water over a 600 m alongshore
span in about an hour. A 40 m diameter surfzone eddy was observed over a bathymetric depres-

sion, and persisted for at least 1 hr.
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16 SCHMIDT ET AL: SURFZONE CURRENTS

Two days, one each from July 2001 and July 2002 (denoted Case 1 and Case 2), were se-
lected for detailed analysis. The drifter-deliniated surfzone circulation evolved as the tide level
changed during each 4-6 hr long deployment period. As the tide dropped during Case 1, a
shore-normal rip current present for the first 2 hr evolved in a shore-parallel flow. As the tide
rose during Case 2, the well-developed, bifurcated rip current observed for 2 hr was replaced by
a weak, amorphous circulation.

Circulations and model drifter trajectories, qualitatively similar to the observations, are pre-
dicted by the time-dependent, nonlinear shallow water equations forced by breaking waves and
using the measured bathymetry, although observed and modeled velocities differed by roughly
a factor of 2. The radically different circulations observed in 2001 and 2002 are attributed to
relatively small differences in surfzone bathymetry. The modulations in flow observed on two
particular days during approximately 0.5 m changes in tide level were also successfully simu-
lated, however, the simulated water levels were required to vary by about 1 m.

The cross-shore momentum balance was dominated by wave-forcing and pressure gradient
terms of about equal magnitude and opposite sign, as seen in previous studies. In the vicinity of
a simulated rip current, the residual of the forcing and pressure gradient was balanced primarily
with advection terms. The alongshore momentum balance was complicated, with about equal

contributions from wave forcing, alongshore pressure gradients, friction, and advective terms.
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1 Inc: 0 Oual:

Figure 1. Images from a CIL Argus camera, looking south towards the study site located 400 m south
of SIO pier, on 19 July 2001 (later referred to as Case 1). (top) Snapshot. (bottom) Time lapse pixel
variance, where bright regions are areas of persistent wave breaking, dark regions are areas of relatively

quiescent water or land (R. Holman, personal communication).
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GPS - Equipped Surfzone Drifter
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Figure 2. Photograph and schematic of the surfzone drifter. Surface piercing antennae for receiving

GPS signals and for radio-frequency (RF) communication with shore are molded permanently to the

drifter top cap. A 6-pin port, also integral to the top cap, permits programming and data downloading

(I/0), and battery charging without opening the drifter package.

DRAFT

April 6,

2004, 4:13pm

DRAFT



SCHMIDT ET AL: SURFZONE CURRENTS 23

500

450 19 July 2001 B

400

350

300

250

200

cross-shore (m)

150

1

100

50

_50 | | | | | | |
-600 -500 -400 -300 -200 -100 0 100

alongshore (m)

450

29 July 2002
400 .
g

350

wW
o
o

N
a
o

cross-shore (m)
— n
(o)) o
o o

e
o
o

(o))
o

_50 I I I I
-500 -400 -300 -200 -100 0 100 200

alongshore (m)

Figure 3. (top) 19 July 2001, UTC 16:24-21:35 (Case 1) and (bottom) 29 July 2002, UTC 14:20-18:48
(Case 2) drifter deployments. Thin blue curves are drifter trajectories. Thick black curves are depth

contours. Magenta circles are deployment locations.
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Figure 4. CIL time-lapse image from Case 1 (cf. Figure 1) rectified and overlain with bathymetry
(dark blue curves are depth contours (m) relative to MSL). Selected drifter trajectories (colored curves)
are consistent with entrainment in a roughly shore normal rip current. Partially-filled colored circles
denote drifter release locations. Yellow region is above tide level (i.e., the subaerial beach). Light blue
region shows the range of the mean waterline during the ~ 3-hr period. Lower left inset panel indicates
tide level for the UTC day (black curve), and for the 3-hr period (light blue curve). Inset panel at right
shows 30 sec mean speeds versus time since the first deployment shown (17:08). Cross-shore drifter

velocities are maximum near the seward edge of the surfzone (bold white curve).
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Figure 5. Selected drifter trajectories (red and green curves) for Case 1 (19 July 2001) are consistent
with entrainment in a counter-clockwise eddy centered near (cross-shore, alongshore) coordinate

(110,-375). The format is similar to Figure 4.
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Figure 6. Observed Case 1 (19 July 2001) spatially (20 m by 20 m bins) and temporally (30 s)
averaged drifter velocities. There are a minimum of 5 means in each bin. Colors denote velocity
magnitude, and arrows indicate velocity direction and relative magnitude. Dark blue regions were
not sampled by the drifters. Thin white curves are bathymetric contours (relative to MSL), red curve
is surfzone extent, and yellow curve is the mean waterline. Magenta circles show locations of drifter
releases. Time periods shown are (a) 0 to 1.4, (b) 1.4 to 2.8, (c) 2.8 to 4.2, and (d) 4.2 to 5.6 hrs after
the UTC 16:24 start time. Center panel shows tide level for entire UTC day (thin black curve), and

mean tide level of (a) - (d) (red plusses).
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Figure 7. Spatially (30 m by 30 m bins, gray boxes) and temporally (30 s) averaged mean drifter
velocities and variance ellipsi for Case 2 , 29 July 2002. (top) UTC 14:16-16:26. (bottom) UTC
16:27-18:48. There are a minimum of 5 means per bin. Arrows indicate mean velocity direction and
magnitude. Thin gray curves are bathymetric contours (relative to MSL), red curve is surfzone extent,
and light blue curve is the mean waterline. Drifter release locations are centered around (z, y)= (100,-

200) (cf. Figure 3b). Some drifters from the first half of the deployment (top) remained in the water

during the last half (bottom).
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Figure 8. Observed Case 2 (19 July 2002) averaged drifter velocities. See Figure 6 format. Time
periods shown are (a) O to 1.1, (b) 1.1 to 2.2, (c) 2.2 to 3.3, and (d) 3.3 to 4.4 hrs after the UTC 14:18

start time.
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Figure 9. (a) Case 1 bathymetry (thin black curves, relative to MSL) and location of observed
shore-normal rip (straight black arrow) and surfzone eddy (curved black arrow) and (b) Case 2
bathymetry (thick black curves) and location of bifurcated rip branches (black arrows). (c¢) Thin and

thick black curves are Cases 1 and 2 bathymetric contours, respectively.
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Figure 10. (top) Case 1 observed bathymetry (thin black curves, relative to MSL) and Case 1 model
MSL bathymetry (thick black curves). (bottom) Case 2 observed bathymetry (thin black curves, relative

to MSL) and Case 2 model MSL bathymetry (thick black curves).
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Figure 11. Case 1 time mean (2 hr) model flow parameters at tide levels of MSL, MSL + 0.34 m,
MSL + 0.68 m, MSL + 1.02 m. (a, left to right) Cross-shore velocity ( red - offshore, blue - onshore).
(b, left to right) Alongshore velocity ( red - southward (left)), blue - northward (right)). (c, left to right)
Vorticity (red - CCW, blue - CW) and velocity (arrows indicate direction and relative magnitude). Black
curves are bathymetric contours. White curve is model surf extent. Large arrows indicate flow features

discussed in text.
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Figure 12. Simulated Case 1 spatially and temporally averaged drifter velocities. See Figure 6 format.
Tide levels are (a) MSL + 1.02 m, (b) MSL + 0.68 m, (¢) MSL + 0.34 m, and (d) MSL. Center panel
shows tide level for UTC 19 July 2001 (thin black curve), tide level during Case 1 observations (cyan

curve), and discrete tide levels of the present Case 1 simulations (red asterisks).
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Figure 13. Case 2 2-hr mean model vorticity (color) and velocity (arrows) for tide levels of (a) MSL,

(b) MSL + 0.34 m, (c) MSL + 0.68 m, and (d) MSL + 1.02 m.

DRAFT April 6, 2004, 4:13pm DRAFT



34 SCHMIDT ET AL: SURFZONE CURRENTS

MSL + 0 m MSL + 0.34 m

= 0 I I 1 1 1

é -400 -300 -200 -100 0  29ulytide(UTC)  _400 -300 -200 -100 0

o

o

<

@ - 415

)

8 deployment

) MSL + 0.68 m *+ _model tide levels MSL +1.02m
- 110
- 45

-400 -300 —-200 -100 0 —-400 -300 -200 -100 0

B nodata alongshore (m) @ drifter release speed
(cm/s)

Figure 14. Simulated Case 2 spatially and temporally averaged drifter velocities. See Figure 6 format.
Tide levels are (a) MSL, (b) MSL + 0.34 m, (c) MSL + 0.68 m, and (d) MSL + 1.02 m. Center panel
shows tide level for UTC 29 July 2002 (thin black curve), mean tide level of the Case 2 observations

(cyan curve), and the discrete tide levels of the present Case 2 simulations (asterisks).
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Figure 15. Casel time mean (2 hr) alongshore momentum balance terms for tide level of MSL. (a)
Wave forcing (7,), (b) pressure gradient (dp/dy), (c) advection, and (d) friction. Color scale at right.

White curves are bathymetric contours. Biharmonic dissipation and residual terms were negligible.
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Figure 16. Case 1 mean (2 hr) cross-shore momentum balance terms for tide level of MSL: (a) Wave

forcing (7,.), (b) pressure gradient (dp/dx), (c) sum of dp/dx and 7, (d) advection, and (e) friction. The

color scales at right (upper (a, b), lower (c, d, e)) differ by about a factor of 10. White curves are

bathymetric contours. Black arrow in (c) indicates feature discussed in text. Biharmonic dissipation

and residual terms were negligible.
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Figure 17. Case 1, 2-hr mean x-momentum balance terms (left 3 columns) and cross-shore velocity u
(right column) versus cross-shore position at selected alongshore locations for tide levels of (a) MSL,

(b) MSL + 0.34 m, (c) MSL + 0.68 m, (d) MSL + 1.02 m.
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