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that low-energy waves can induce a rip current system over subtle alongshore
bathymetric variations. Comprehensive field measurements across a rip current that morphologically
migrated (∼ 12 m/day) through a coherent cross- and alongshore array of co-located pressure and velocity
sensors were obtained. The rip current is associated with a small bathymetric surfzone non-uniformity (1 in
300 alongshore variation). The circulation was kinematically non-uniform for ∼5% of the time over the
course of the 20 day experiment and was present at low tides associated with increases in rip current activity.
The presence of the rip current and mild-sloped rip channel induce statistically significant alongshore
variations in Hrms, wave direction, directional spreading, infragravity waves, and very low frequency motions.
Changes in the directional spreading are correlated with the presence of very low frequency motions
influenced by the presence of the rip current.

Published by Elsevier B.V.
1. Introduction

Rip currents are strong, jet-like, seaward-directedflows that originate
within the surf zone owing to alongshore gradients in wave-induced
radiation stresses and pressure (Bowen,1969; Dalrymple, 1978; Haller et
al., 2002). Long andOkzan-Haller (2005) showed that refraction ofwaves
travelling across offshore submarine canyons can create variations in
wave height alongshore that induce rip currents in the absence of local
surfzone bathymetric non-uniformity. In contrast, most field observa-
tions of rip currents to date have been coupled to variations in the
surfzone alongshore bathymetry, which induce alongshore differences in
the wave forcing (Shepard et al., 1941; Shepard and Inman, 1950; Sonu,
1972; Aagaard et al., 1997; Brander and Short, 2001, MacMahan et al.,
2005), but the development of the bathymetric non-uniformity remains
unclear. Furthermore, the degree to which surfzone bathymetric non-
uniformities induce a hydrodynamic response, in particular a rip current,
is unknown.Weshow for thefirst time that low-energywaves can induce
a rip current systemwith subtle alongshore bathymetric variations.

Within the last decade, more quantitative field and laboratory
observations of rip currents have become available (Aagaard et al.,
1997; Brander, 1999; Brander and Short, 2000, 2001; Haller and
Dalrymple, 2001; Haas and Svendsen, 2002; Haller et al., 2002;
Callaghan et al., 2004; MacMahan et al., 2005, MacMahan et al.,
submitted for publication). Most of these rip current field experiments
).

.V.
have explored rip currents on beaches that support persistent,
energetic rip currents. However, there have been few comprehensive
field observations of rip current hydrodynamics owing to the difficulty
of deploying instruments in a rip channel, and in part because of the
tendency for the rip channels to migrate alongshore. During the
Nearshore Canyon Experiment (NCEX) in fall 2003 at Torrey Pines,
California, a morphologically controlled rip current fortuitously
migrated slowly through an extensive cross- and alongshore array of
co-located electromagnetic current meters and pressure sensors over
∼10 days. The kinematics of this low-energy rip current system and
the corresponding subtle rip morphology are described.

2. Field site

2.1. In situ observations

Field observations were obtained during NCEX (October 29 to
November 18, 2003; yeardays 302–322). The beach is characterized as
near planar with a surfzone slope of 1:70 between 50≥×≥−75 and an
offshore slope of 1:50 between −75≥×≥−200, where the cross-shore
distance is positive onshore (see Fig. 1). Two primary arrays were
deployed: 1) an alongshore array of 6 pressure and bi-directional
digital electromagnetic current meters, dems, spanning approxi-
mately 500 m, and 2) a cross-shore array of 6 pressure and dems
ranging from the shoreline to a depth of 3.5 m. Incorporated into the
cross-shore array were 8 paroscientific pressure sensors (paros), 6 of
whichwere co-locatedwith the 6 cross-shore dems. Pressure and dem
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Fig. 1. Bathymetry referenced to mean sea level (MSL) for yeardays 300, 303, 308, 309, 310, and 316. Bold numbers represent co-located pressure and velocity instruments. Arrows
represent rip channel locations, which are referred to in the text.
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sensors were sampled continuously and synchronously at 15 Hz, while
the paros were sampled at 1 Hz. The dems were approximately 35 cm
off the sea bed, except PUV8, which was 1 m off the sea bed.

Directional wave spectra were measured with an upward-looking,
broad-band, acoustic Doppler current profiler located in approxi-
mately 6mwater depth (x=−246m) in linewith the cross-shore array.
During the measurement period, the significant wave height (Hmo)
Fig. 2. Wave climate measured by directional ADCP in 6 m water depth, approximately 250
direction (third), alongshore-averaged mean alongshore velocity (fourth), and tidal elevatio
ranged 50–125 cm, the mean wave period ranged 3.5–12 s, and the
meanwave direction ranged −12° to +12° (Fig. 2). Only a fewmoderate
storm events occurred during the experiment, near the onset and at
the end of the measurement period (yeardays 304, 320, and 322).
Hourly mean alongshore currents averaged over the alongshore array
ranged between −75 cm/s to +25 cm/s. Rip current activity occurred for
yeardays 303, and 306–315, duringwhich timeHmowas approximately
m offshore: significant wave height, Hmo (top), mean wave period (second), peak wave
n (bottom). Shaded region represents period of rip current activity.



Fig. 3. Time-averaged Argus video image at low tide (yearday 308) depicting the nearshore breaking wave patterns and the underlying rip current morphology. Bathymetry is in
meters. Dots represent the NPS arrays. Crosses represent the Scripps and WHOI arrays.
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50 cm, the wave direction was predominantly shore-normal, and the
alongshore current was ∼0 cm/s (Fig. 2).

2.2. Bathymetric observations

Bathymetric surveys were obtained at high tide using a hydro-
graphic surveying system composed of a GPS and sonar mounted
onboard a personal water craft. The upper beachface was surveyed at
low tide with a GPSmounted on a cart. These surveys were performed
6 times between yeardays 300–316 with the last survey performed
7 days before the end of the experiment (Fig. 1). Rip channels are
identified as perturbations on the otherwise straight bathymetry
contours, either as a depression inside the surfzone cut by the rip
current (contours indented shoreward) and as accretionary feature
outside the surfzone formed by sediment deposition from the rip
current (contours bulged seaward).

The rip currentmorphology has∼140±30mchannelwidth basedon
the bathymetry plots in Fig. 1. The rip spacing is ∼300–400 m based the
quasi-periodic dark regions located inline with the outer bar in the
rectified time-averaged video image of wave breaking intensities for
yearday 308 (Fig. 3). Depth-limited wave breaking occurs on the bar
outlining shallow regions, while the deeper sections of the rip channel
have minimal wave breaking and appear darker. Shepard and Inman
(1950) had previously observed rip currents at Torrey Pines with an
alongshore spacing of 500m. The depth variation across the rip channel
is ∼0.25 m in 75 m alongshore (Fig. 1). It is noted that the rip channel
morphology is very broad with the bathymetric variation smaller than
the camber (0.5–1%) of an athletic playing field (www.drainage.org).

The bathymetry for yearday 300 suggests that a rip channel has
developed at the 1 m (x=40 m) contour around y=2800 (Fig. 1). At
yearday 303, the rip channel increased inwidth andmigrated south to
y=2600 in the vicinity of the cross-shore array. The rip channel slowly
migrated south during yeardays 308–310. In addition, the bathymetric
contours seaward of the rip channel bend seaward suggesting
localized accretion. The rip channel system continued to migrate
south, but by yearday 316 it becomes less pronounced. No additional
surveys exist past yearday 316.
3. Morphologically-controlled migrating rip currents

3.1. Coherent alongshore array

The migration of the rip current is examined using hourly mean
cross-shore velocities computed for the alongshore array. The magni-
tude and the direction of the cross-shore flow varies at each instrument
(Fig. 4). Though a mean alongshore current (0.15 cm/s) is present for
yearday 303 two rip currents are identified in the cross-shore flow at
PUV10 and PUV 13 (∼360 m apart). At the same time a slight onshore
flowoccurs at PUV9 at low tide and returns to an offshore flowat higher
tides. The onshore flow of PUV9 is associated with cellular circulation of
a rip current at PUV10 (80 m to the south) (Haller et al., 2002). The rip
current cells of PUV10 and PUV13 are believed to be independent, as
smaller intervening offshore flows occur for PUVs 5, 11, and 12. During
the later part of yearday 303, the alongshore current reverses direc-
tion to a downcoast orientation and quickly increases in magnitude to
50 cm/s,which abruptly ceases the two rip currents at PUV10 andPUV13
(Fig. 2). The alongshore currents are believed to have caused the rip
circulation to cease, allowing subtle rip current morphology to persist
and migrate downcoast.

Following the small storm, onshore flow ceases at PUV9 and
migrates to PUV10 for a few hours surrounding low tides on yeardays
304–307 (Fig. 5), after which the flows return to an offshore
orientation, representative of undertow. The onshore flow at PUV10
is associatedwith cellular circulation of a rip current (offshore flows) at
PUV5 and PUV11 (40 and 60m to the south). The rip current is centered
near PUV11, approximately 25 m to the south of PUV5, where strong
offshore flows were measured for yeardays 306–310. Slightly smaller
offshoreflows occur at PUV5, the location of the cross-shore array, than
PUV11 for yeardays 305–309, representative of a rip current. Midday
on yearday 309, the flow reversed onshore at low tide at PUV5 for
yeardays 309–312. After yearday 310, the flow reversed to an onshore
flow at low tides at PUV 11 for the next four days, similar to PUVs 5 and
10. There was stronger offshore flow at PUV12 (100 m south of PUV11)
indicative of a rip current for yeardays 314–318. The offshore
flow during rip current activity at PUV12 is reduced in overall

http://www.drainage.org


Fig. 5. Hourly mean velocity vectors for high (left) and low (right) tide during the period when rip currents were present in the alongshore array for yeardays 306 (a, b) and 309 (c,d).
Red vectors are 0.25 m/s scale. Bathymetric contours are plotted in the background.

Fig. 4. Hourly mean cross-shore velocities (m/s) for the alongshore array. Shaded regions emphasize onshore flow. Circles represent times of kinematic non-uniformity. Arrows
highlight rip currents described in Section 3.1.
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Fig. 6. The mean alongshore bottom profile, h x0ð Þ (top), and alongshore depth variation, σh(x′) (bottom), for yeardays 300, 303, 308, 309, 310, and 316.
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magnitude comparative to the rip activity at PUV11. In summary, a rip
current is activemodifying the flow field for PUVs 5,10,11 for yeardays
306–311.

The time difference between the first onshore flow peak at PUV10
and PUV5 is approximately 4.5 days over a distance of 50 m, which
corresponds to an11m/daymigration rate. The timedifference between
thefirst onshore peak at PUV5 and PUV11 is approximately 2 days over a
distance of 25 m, which corresponds to a 12.5 m/day migration rate.
The time difference between thefirst offshore peak at PUV11 and PUV12
is approximately 8 days over a distance of 100 m, which corresponds
to a 12.5 m/day migration rate. This suggests that the rip current
migrated down-coast supporting the temporally sparser bathymetric
observations.

3.2. Low-energy rip current circulation patterns

Hourly mean velocity vectors are used to examine the nearshore
circulation during low and high tides for two rip current cases
associated with non-uniform bathymetry when the waves were
normally incident (yeardays 306 and 309) (Fig. 5). The nearshore
circulation on yearday 306 at high tide shows the strongest offshore
flows occurring closest to shore andwithin the rip channel (Fig. 5a). At
high tide, the offshore flow is qualitatively larger within the rip
channel compared to the offshore flows measured by the adjacent
instruments in the alongshore array. During low tide, both the rip
current and adjacent off-shore flows increase, but the currents within
the rip channel are comparatively larger (Fig. 5b). The localized
offshore delta identified as a seaward bulge in the 2 m contours
(Figure 5) is observed offshore of the rip current. The localized 3 m
offshore delta is observed offshore of the rip current. The delta
extends ∼1.25 surf zone widths from the shoreline at about the
same distance offshore where the mean currents decayed to zero. A
counter flow circulation is believed to have developed near the
shoreline, since PUV3 orientation is shoreward for yearday 306
(Fig. 5b) and alongshore for yearday 309 (Fig. 5d). This is similar to
laboratory observations by Haller et al. (2002), but until now has not
been observed in the field.
Rip currents systems can be classified based on their Froude number
(MacMahan et al., 2006), which is similar to quantifying the importance
of wave-current interactions (Haller and Okzan-Haller, 2002). U=Cg
within the shallowwater limit of linear theory isU/√gh, referred to as the
Froude number, where h is the local water depth and g is the gravi-
tational acceleration. The Froude number ranges 0 to 1 and is used to
evaluate the importance of wave-current interaction for a rip current
system. The mean Froude number of PUV11 was 0.08 for seaward-
directed flows indicating weak wave-current interaction. We classify
this rip current system as low energy. A maximum Froude number of
0.25 was estimated for yearday 309 during low-tide, when the rip
current velocity reached 0.5 m/s, increasing the importance of wave-
current interaction. The wave-current interactions are evaluated in
Section 5.

4. Alongshore non-uniformity

4.1. Bathymetric non-uniformity

Non-uniformities of bathymetry can induce alongshore variations
in radiation stresses and pressure gradients to drive circulation
(Bowen, 1969; Dalrymple, 1978). A measure of bathymetric non-
uniformity (Feddersen and Guza, 2003) is the along-shore depth
standard deviation, σh(x), defined

σh xð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
Ly

ZLy

0

h x; yð Þ−h xð Þ
� �2

dy;

vuut ð1Þ

whereh(x,y) is the bathymetry between −50≤×≤200 and 2200≤y≤2800,
and h xð Þ is the alongshore mean cross-shore profile. Owing to the fact
that the contour lines are not parallel to the y-axis, contour lines are
rotated (∼2°), so that 0mcontour line is parallel to the localy-axis. Notex',
y'=(0,0) in the rotated coordinate frame corresponds to x,y=50, 2500 in
Fig. 1. h x0ð Þ and σh(x′) are similar for the 6 surveys, with σh(x′) reaching
maxima values of 0.24–0.37 m in 2.6 m water depth (Fig. 6). The σh(x′)
values are greatest in the region of breaking waves, where the width of



Fig. 7. Alongshore kinematic uniformity for the cross- (left) and alongshore (right) velocity components for yeardays 302-322. Circles represent hourly events that are non-uniform.
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the non-uniformity region is associated with the horizontal excursion
(∼100 m) of the break point over a 2 m tide on a 1:50 beach slope
(Thornton and Kim, 1993). The non-uniformity of this beach is pre-
dominantly associated with the offshore rip morphology (area of ac-
cretion) and not with the surfzone rip channels.

4.2. Alongshore kinematic velocity non-uniformity

Non-uniformities of cross- and alongshore velocity components of
the along-shore array are determined by maximum hourly mean
deviation (δūmax=max(Ū−ū), δῡmax=max(V̄−υ )) of the mean of the
mean alongshore array velocities, U ¼ 1

N∑
N
1 u , where ū,υ ̄ are the hourly

mean velocities at each instrument location and N is the number
of observational locations (N=6). ūmax, ῡmax are compared with the
total hourly alongshore surfzone variability σ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=N∑N

1 σ2
u þ σ2

υ

� �q�
,

whereas Feddersen and Guza (2003) evaluated maximum alongshore
mean deviations compared to current meter noise (σ). Assuming the
velocities are Gaussian distributed, there is a 90% probability that

jδujmax=jU jz1:476
ffiffiffiffiffiffiffiffiffi
1=N

p
σ =jU j ð2Þ

jδυjmax=jV jz1:476
ffiffiffiffiffiffiffiffiffi
1=N

p
σ =jV j ð3Þ

where is N is the number of current meters, which is a slightly modified
hypothesis test onmean (Bendat andPeirsol, 2000). If greater than10%of
|ū|max/ |U| (|ῡ|max/ |V |) exceeds the alongshore variability of the system,
thehypothesis thatū,(ῡ) is alongshore uniform is rejected. The cross- and
alongshore velocities at NCEX are predominantly alongshore uniform
(circles in Figs. 4, 7 indicate non-uniformities), because Eq. (2), 3 is
rejected only 4–5% of the time for five degrees of freedom for six
observations. Non-uniformity primarily occurred between yeardays
306–311, when rip currents were active around low-tide (Fig. 4). The
pattern of increasing rip current velocities during lower tidal elevations
is consistent with previous observations of rip currents (Brander, 1999,
MacMahan et al., 2005, amongst others). The bathymetric non-
uniformity was persistent throughout bathymetric surveys, while
kinematic non-uniformity varied as a function of wave and tidal
conditions, and the alongshore location of the bathymetric non-
uniformity relative to the instrument locations.

5. Alongshore variability

5.1. Alongshore variability of waves and velocity fields

The alongshore variations of the cross-shore velocity and wave
characteristics at the alongshore array (located at ∼−1 m depth
contour) were calculated for the mean, sea-swell, infragravity, and
very low frequency (VLF) frequency bands for two rip current
(kinematically non-uniform) days for high and low tide conditions
(Fig. 8).

5.2. Infragravity rip current pulsations (0.004b fb0.04 Hz)

MacMahan et al. (2004a) determined that low frequency (infra-
gravity) rip current pulsations were forced by standing infragravity
waves for a high-energy, steep-sloping, reflective beachcharacterizedby
transverse bars with incised rip channels. This hypothesis is evaluated
for this low-energy mild-sloping dissipative beach. Coherence and
phase spectra are estimated from the average of four demeaned,
quadratically detrended (to remove tides) 15 min segments with 50%
overlap between p and u at PUV11 (in the rip channel) and PUV12 (on
the shoal) for yearday 309 (Fig. 9). The coherence (γ2) varies between 0
and 0.7 within the infragravity band (0.004b fb0.04Hz), whereas the
coherency is 1 for the sea-swell band (N0.04 Hz). The phase (θ) varies
between −90° and +90° within the infragravity band indicative of
standing waves (Suhayda, 1974), and is zero for the sea-swell band
indicative of progressive waves, consistent with previous field observa-
tions at Torrey Pines on a mild sloping beach (Huntley et al., 1981; Guza
and Thornton, 1985) and during RIPEX (RIP Current EXperiment in
Monterey Bay, CA) for a steep beach (MacMahan et al., 2004a). The
infragravity velocity is smallerwithin the rip channels at low tide owing
to the relatively greater depths of the rip channels compared with at
high tide (Fig. 8b) (see MacMahan et al., 2004a). The long wave
relationship ignoring bottom slope effects is defined as

Urms;ig ¼ ηrms;ig

ffiffiffi
g
h

r
ð4Þ

where Urms,ig is
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2
rms;ig þ υ2

rms;ig

q
, g is the gravitational acceleration,

and h is the local water depth (Dean and Dalrymple,1984). Infragravity
velocities aremodeled using Eq. (4) for low-tide. The results are similar
to the alongshore observations, decreasing in the vicinity of the rip
channel, but are slightly lower in magnitude (Fig. 8b). Thus, standing
infragravitymotions contribute to the forcing of rip current pulsations.
The rms infragravity velocity is on the order of 15 cm/s, which is
approximately 40% of the measured mean rip current flow velocity.

5.3. Very low frequency motions (b0.004 Hz)

Energy at frequencies b0.004 Hz and outside the gravity restoring
region delineated by the mode zero edge wave curve, is due to very low
frequency (VLF) motions (see MacMahan et al., 2004a,b, 2006; Reniers
et al., 2007). The VLFs have been associated with the presence of rip
currents (Smith and Largier, 1995; Haller and Dalrymple, 2001; Brander



Fig. 8. Alongshore variations of hourly umean (a), Uig,rms (b), Uυlf,rms (c), Hrms (d), σmean (e), θmean (f), and alongshore bathymetric (g) measurements within the alongshore array for
yeardays 306 (left panels) and 309 (right panels). Circles represent high tide and squares represent low tide. The dashed line represents modelled estimates of Uig,rms at low tide for
Uig,rms. Arrows indicate the rip channel.
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and Short,2001; MacMahan et al., 2004b). The source of rip current VLF
motions has been attributed to two mechanisms. The first mechanism
was identified as an instability for the case ofmonochromaticwaves and
Fig. 9. Energy, coherency (γ2), and phase (θ) spectra for pressure (solid line) and cross-shor
three sub-panels) for yearday 309.27. Dash lined for γ2 spectra represent confidence limit.
high rip current jet shear conditions in the laboratory (Haller and
Dalrymple, 2001) and in a model (Yu and Slinn, 2003). For rip current
shear instabilities, the VLF energy is predicted to be significantly larger
e velocity (dashed line) estimates for PUV11 (top three sub-panels) and PUV12 (bottom
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outside the surf zone than inside the surf zone (Yu and Slinn, 2003;
Reniers et al., 2007),whereas the laboratorymeasurements ofHaller and
Dalrymple (2001) found maximum VLF variance at the rip throat.

The second mechanism suggests that VLFs are surf zone eddies
generated by wave groups that can potentially be coupled to the rip
current morphology (MacMahan et al., 2004b; Reniers et al., 2004,
2007). Reniers et al. (2007) determined through modeling that rip
current related VLFs can be discriminated between rip current shear
instabilities and surf zone eddies by the cross-shore distribution of the
VLF velocities. For surf zone eddies forced by directionally spread
randomwaves, the VLF velocities have amaximumwithin the surf zone
and decrease shoreward and seaward (Reniers et al., 2007), whereas rip
current shear instabilities have a maximum outside the surf zone (Yu
and Slinn, 2003).

The alongshore spatial distributions ofVLFvelocities (Fig. 8c) indicate
that these motions are maximawithin the vicinity of the rip currents at
the alongshore distance 2600 m (Fig. 8c). Shear instabilities of the rip
current jet appear to contribute to a local maximum of VLF velocity
within the rip current. For RIPEX, the VLFs were alongshore uniform,
while NCEX has alongshore variability. The rip channels for RIPEX were
relatively close together (λ=125 m), suggesting rip currents were
dependentupon each other,whereas forNCEX the rip currents aremuch
further apart (λN300 m) and appear independent of each other (Fig. 4).

The generation of background VLF energy away from the rip current
is hypothesized to develop by mechanism two (Reniers et al., 2004;
MacMahan et al., submitted for publication). VLF energy increases with
increasing wave height, while increasing deep-water directional
spreading modifies the alongshore spatial scale (Reniers et al., 2004;
MacMahan et al., submitted for publication). VLF energy for NCEX is
related to the incoming sea-swell energy and modulated by the tide,
similar to results byMacMahan et al. (2004b) at RIPEX (not shown). The
rms VLF velocity was on the order 10 cm/s, which is approximately 25%
of the measured mean rip current flow.

5.4. Short-waves (Hrms)

The one-hour mean cross-shore currents show well-defined rip
currents flowing offshore at low tide and disappearing at high tide. The
largest velocity variations within the surf zone are due to tides. In
general, the rip current velocity is maximum at low tide (Aagaard et al.,
1997; Brander, 1999; Brander and Short, 2000, 2001; MacMahan et al.,
2005). It is hypothesized that the increase in rip current velocity is
due: 1) to the decrease in tidal elevation modifying wave breaking,
which affects the corresponding pressure and radiation stress gradients,
and 2) to the constriction of the rip current channel owing to continuity.

The Hrms statistically varies alongshore at the 95% level of
significance for either low or high tide (Fig. 8d), suggesting that the
Fig. 10. Directional spreading, (σθ), versus Umean (left) and Urm
alongshore pressure and radiation stress gradients are important, even
though the alongshore variability is small.

5.5. Wave direction and directional spreading

The mean wave direction (θmean) and directional spreading (σθ) are
computed utilizing the low-order Fourier moments of directional-
frequency wave spectra (Kuik et al., 1990; Herbers et al., 1999). The
measured directional spreading increases at low tide and within the
vicinity of the rip currentmaximum (Fig. 8e). Herbers et al. (1999) found
that directional spreading increases shoreward, in particular, within the
surf zone on an alongshore uniform beach. Thus, the directional
spreading increases at low tide within the saturated surf zone.

The increase in directional spreading within the vicinity of the rip
channel is hypothesized to be a result of increased wave refraction by
the rip current, bathymetry, and rip current pulsations. When the
mean rip current maximum migrates in the alongshore, so does the
maximum directional spreading (Fig. 8e). Though significantly
correlated at 95% confidence interval, the correlation between (σθ)
and Umean for the alongshore array for yeardays 305–320 is low,
r2=0.16 (Fig. 10). Henderson et al. (2006) suggested that the increase
in directional spreading within the surf zone, as observed by Herbers
et al. (1999), is due to wave refraction owing to the offshore current
fluctuations of the shear instabilities. Since the shear instabilities were
alongshore uniform, the directional spreading was relatively along-
shore uniform. Here, the rip current VLF pulsations provide current
fluctuations that increase the variability of the local wave directions,
which increases the directional spreading. The alongshore directional
spreading varies alongshore and is correlated better with Urms,υlf,
(r2=0.48), supporting the notion that the presence of the rip current
increases the Urms,υlf, which increases (σθ) (Fig. 8e, 10).

The wave direction varies within the rip channel, with a reversal in
mean wave direction about shore-normal at low tide on yearday 306
(Fig. 8f). This suggests wave convergence into the rip current as
describedbyDalrymple and Loranzo (1978) andYu and Slinn (2003), but
it was shown that the wave–current interaction had minimal affects on
the wave height at 1 m contour. The existence of the small rip current
delta at 3 m is hypothesized to provide a positive feedback on the rip
current circulation during low tide andmodify themeanwave direction
around the vicinity of the rip current observations.

7. Summary

The rip current location was coupled to a surprisingly small
alongshore perturbation on the bathymetry comprising the rip
channel. The rip channel spacing was ∼300 mwith a ∼140 m channel
width with a depth variation across the rip channel of only ∼0.25 m.
s,υlf (right) for the alongshore array for yeardays 302–322.
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The rip current and corresponding morphology migrated alongshore
at ∼12 m/day. A localized offshore delta was identified as a seaward
bulge in the 2 m contours and was observed offshore of the rip
current. The delta extended ∼1.25 surf zonewidths from the shoreline
to about the same distance offshore where the mean currents decayed
to zero.

The subtle bathymetric variation and low energy rip current
modified the alongshore variability of wave heights, infragravity
motions, VLF motions, directional spreading, and wave direction.
Infragravity rip current pulsations had minima in the alongshore in
the vicinity of the rip current owing to the deeper channels, consistent
with shallowwater longwave theory. VLFs hadmaxima in the vicinity of
the rip current. The rip current VLF fluctuations increased directional
wave spreading within the rip channel. The rip current delta is
hypothesized to modify the local wave direction. These observations
demonstrate that small bathymetric non-uniformities can have sig-
nificant effects on surf zone hydrodynamics highlighting the require-
ment of alongshorefield observations and detailed bathymetric surveys.
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