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[ 1 ] Wave and current measurements are presented from a set of laboratory experiments
performed on a fixed barred beach with periodically spaced rip channels using a range of
incident wave conditions. The data demonstrate that the presence of gaps in otherwise
longshore uniform bars dominates the nearshore circulation system for the incident wave
conditions considered. For example, nonzero cross-shore flow and the presence of
longshore pressure gradients, both resulting from the presence of rip channels, are not
restricted to the immediate vicinity of the channels but instead are found to span almost the
entire length of the longshore bars. In addition, the combination of breaker type and
location is the dominant driving mechanism of the nearshore flow, and both are found to
be strongly influenced by the variable bathymetry and the presence of a strong rip current.
The depth-averaged currents are calculated from the measured velocities assuming
conservation of mass across the measurement grid. The terms in both the cross-shore and
longshore momentum balances are calculated, and their relative magnitudes are quantified.
The cross-shore balance is shown to be dominated by the cross-shore pressure and
radiation stress gradients in general agreement with previous results, however, the rip
current is shown to influence the wave breaking and the wave-induced setup in the rip
channel. Analysis of the longshore balance shows that the overall strength of the longshore
feeder currents is governed by a balance between longshore pressure gradient forcing and
an opposing radiation stress gradient. In addition, the longshore feeder currents show
maxima in the bar trough region, providing experimental evidence that longshore pressure
gradients can shift longshore current maxima shoreward from the bar crest. Finally, since
the longshore radiation stress gradient in the surf zone is governed by the amount of wave
dissipation on the rip current, there exists a positive feedback mechanism whereby a
strong rip current can weaken the radiation stress gradient opposing the feeder currents
and lead to even stronger feeder currents and rips. INDEX TERMS: 4546 Oceanography:

Physical: Nearshore processes; 4512 Oceanography: Physical: Currents; 4560 Oceanography: Physical:

Surface waves and tides (1255); KEYWORDS: nearshore, rip current, longshore current, sand bar, rip channel

1. Introduction

[2] Rip channels are local depressions in the nearshore
bathymetry that are created by the erosive action of strong
offshore-directed flows called rip currents. These currents
have been observed on a wide range of beach types but
are particularly common on beaches that are dominated by
a longshore bar-trough morphology [Wright and Short,
1984]. In general, rip currents are contained within coher-
ent nearshore circulation cells that are driven by periodic

longshore variations in the incident wave field [e.g.,
Bowen, 1969]. These longshore variations in the incident
wave field may arise on an initially longshore uniform
beach owing to a wide range of causes including edge
waves [Bowen and Inman, 1969], the superposition of
wave trains [Dalrymple, 1975; Fowler and Dalrymple,
1990], or surf zone instabilities [Dalrymple and Lozano,
1978; Falqués et al., 1999]. However, as the rips erode
distinct rip channels, the necessary longshore variability in
wave height becomes topographically controlled, and
therefore the circulation can remain long after the initial
source of variability has diminished [McKenzie, 1958]. In
fact, Aagaard et al. [1997] report observations from the
coast of Denmark, which indicate the existence of rip
channels and longshore bars that remain stationary for
periods of several months.
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[3] The influence of rip currents on nearshore circulation
has been observed qualitatively in the field for many
decades now [see Shepard et al., 1941; Shepard and Inman,
1950]. It is evident that the presence and persistence of rip
currents modifies the incident wave environment, the cir-
culation of water in the surf zone, the magnitude and
direction of sediment transport, and, ultimately, the shape
of the coastline. Since rip currents serve as highly efficient
drainage conduits that release back to sea water that is first
brought shoreward and piled up on the beach by breaking
waves, the size, number, and location of rips are influenced
by the ambient wave conditions. McKenzie [1958], citing
observations made on sandy Australian beaches, noted that
rip currents are generally absent under very low wave
conditions but are more numerous and somewhat larger
under light to moderate swell. With increasing wave con-
ditions the increased volume of water moving shoreward
requires the rips to grow in size and activity. These
observations suggest a direct relationship between rip cur-
rent flows and wave-forcing parameters, and this relation-
ship has important consequences for the nearshore sediment
budget and beach profile equilibrium, since variations in
current strength will significantly affect the erosional power
of rips.
[4] Field observations have also shown the influence of

tides on rip currents. Cooke [1970] conducted a study at
Redondo Beach, California, that concentrated on the role of
rip currents in the nearshore sediment transport system. He
noted that at this site, stationary rip channels were com-
monly present, but well-defined rip currents were only
present during falling or low tides. The prevalence of rip
currents during falling tides was also noted by McKenzie
[1958] and was attributed to the concentration of the drain-
age system into the current channels, resulting in stronger
current flows.
[5] Despite the qualitative knowledge of the importance

of rip currents in the nearshore circulation, a comprehen-
sive data set of nearshore circulation in the presence of rip
currents is not presently available. Since, in the field, rip
currents are often transient, they tend to elude investigators
intent on measuring them with stationary instrument
deployments, though quantitative measurements do exist
[e.g., Sonu, 1972; Bowman et al., 1988a, 1988b; Aagaard
et al., 1997; Brander and Short, 2000]. However, because
of the large scales of rip circulation systems and the
difficult nature of rip observations, field studies have as
yet been unable to obtain a comprehensive map of water
surface elevations and currents in rip systems under a
range of wave conditions. Instead, most field studies have
concentrated on the morphologic evolution of the beach in
the presence of rip currents, and the measured current data
are generally sparse and limited to very near the rip
current. It is clear that a comprehensive rip current data
set will aid in the improved understanding of the overall
hydrodynamics of rip systems and is needed in order to
make further advances in predicting their sediment trans-
port characteristics.
[6] The controlled environment of the laboratory is ideal

for studying rip current systems. The extent of laboratory
data involving rip currents on longshore-varying bathyme-
try is limited to two brief studies [Hamm, 1992; Drønen
et al., 1999]. To the authors’ knowledge, the present study

is the first that provides a comprehensive map of the
nearshore waves and currents, including the details of the
mean water level variations, on a barred bathymetry with
multiple rip channels combined with a quantitative analysis
of the nearshore momentum balances calculated from the
measurements.
[7] In section 2 we describe the physical model and the

experimental conditions. In section 3 we will present maps
of the nearshore circulation and demonstrate that the
longshore variability of the bathymetry and the current
field significantly affects the nature and location of wave
breaking. By applying the conservation of mass across the
measurement grid, we calculate the depth-averaged current
fields and show that the presence of the rip channels
influences the nearshore circulation system along the
entire bar-channel system. In section 4 we calculate the
cross-shore and longshore momentum balances. The bal-
ances in both directions are shown to be dominated by
gradients in pressure and radiation stress; however, the
influence of an opposing rip current on the wave dissipa-
tion in the rip channel is also shown to significantly
influence the nearshore dynamics. The results are sum-
marized in section 5.

2. Experimental Setup

2.1. Physical Model

[8] The laboratory experiments were performed in the
directional wave basin located in the Ocean Engineering
Laboratory at the University of Delaware. A plan view and
a cross section of the wave basin are shown in Figures 1a
and 1b, respectively. Figure 1a also shows the coordinate
axes; the origin is located in one corner where the wave
maker and one sidewall meet. The internal dimensions of
the wave basin are approximately 17.2 m in length and
18.2 m in width, and the wave maker consists of 34 paddles
of flap type. The beach consists of a steep (1 : 5) toe located
between 1.5 m and 3 m from the wave maker with a milder
(1 : 30) sloping section extending from the toe to the wall of
the basin opposite the wave maker. Three ‘‘sandbar’’
sections were constructed in the shape of a generalized
bar profile from sheets of high-density polyethylene (HDP).
The completed bar system consisted of three sections: one
main section spanning approximately 7.32 m longshore and
two half-sections spanning approximately 3.66 m (long-
shore) each. In order to insure that the sidewalls were
located along lines of symmetry, the longest section was
centered in the middle of the tank, and the two half-sections
were placed against the sidewalls. This left two gaps of
approximately 1.82 m width, centered at 1/4 and 3/4 of the
basin width, that served as rip channels. The edges of the
bars on each side of the gaps were rounded off with cement
in order to limit wave reflections. After each bar section was
completed, all exposed joints and the contacts between the
HDP and the beach were sealed with caulking meant for
underwater use. After all the bar sections were installed, the
bathymetry was accurately measured using survey equip-
ment. The seaward edges of the bar sections were located at
approximately x = 11.1 m with the bar crest at x = 12 m and
their shoreward edges at x = 12.3 m.
[9] The experimental setup was not designed to be an

exact replica of a particular field beach; however, it is
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important to note that the present bar-trough geometry is a
reasonable approximation of similar beach types observed
in the field. Depending on the still water level for a given
test, the ratio of rip current spacing to surf zone width varied
between 2.7 and 4.0 during these experiments, which falls
within the range of 1.5 to 8.0 estimated by Huntley and
Short [1992] from a large data set of field observations.
Another ratio of interest is rip channel width to rip current
spacing. During these experiments this ratio was fixed at
1/5; this also compares favorably with the field observations
of Aagaard et al. [1997] and Brander and Short [2000].
Finally, if we consider the experiments as an undistorted
Froude model of field conditions with a length scale ratio of
1/50, then the experimental conditions correspond to a rip
spacing of 450 m, rip channel width of 90 m, breaking wave
heights of 1.3–3.8 m, wave periods of 5.7–7.1 s, and mean
offshore velocities of 1.0–2.1 m/s in the rip neck.

2.2. Data Collection

[10] Ten capacitance wave gauges were used to measure
time series of water surface elevation during the experiments.
These gauges have nearly linear response of output voltage
versus water level at the gauge wire and performed well
during the experiments. The wave gauges were calibrated

quite often. Usually, they were calibrated every morning and
repeatedly during the day whenever the gauges were moved.
Nine gauges were mounted on a mobile carriage that spanned
the basin in the longshore direction; the tenth gauge was
mounted on a separate quadripod which moved around the
basin to provide offshore reference measurements.
[11] Three two-dimensional side-looking acoustic Dop-

pler velocimeters (ADVs) were used to obtain time series of
horizontal currents. These probes are designed to work in
water depths as small as 3 cm and are hardwired to a
dedicated PC for data acquisition. This PC was linked, also
by cable, to the mainframe that acquired the wave data, so
that the onset of data acquisition for all sensors was
synchronized. The ADVs do not require calibration, and a
mounting system was designed that allowed them to be
mounted either on the beam holding the wave gauges or on
separate aluminum box beams that could be oriented in both
the x and y directions and rigged to the carriage at various
locations.
[12] For all experimental runs, data were sampled at

10 Hz by all sensors, and data acquisition was started at or
very near the onset of wave generation. During wave
generation, 16,384 data points were sampled by each sensor,
except for a few tests of longer duration. For this analysis,
the first 1024 points of all wave and velocity data were
removed before processing in order to remove wave maker
startup effects. Individual wave heights were determined
from the water surface elevation records using a zero-up
crossing method and then averaged to determine the mean.
[13] As the experimental work proceeded, the measuring

location plan for all the sensors evolved. The locations of
the wave gauges and the ADVs are shown in Figures 2–3
for all tests. The first test (test B) contains the most
extensive spatial map of currents. This test, in addition to
earlier pilot experiments, suggested that the circulation
fields associated with the two rip currents were reasonably
equivalent and behaving independently; therefore the meas-
urements were concentrated into one half of the basin. The
subsequent test (test C) concentrated on measuring the flow
field of one of the rip currents in detail, and the remaining
tests (tests D–G) obtained general velocity measurements in
the longshore current and in the rip. All tests contain a
reasonably extensive map of the wave heights since there
were many more wave gauges, whereas the current meas-
urements were always at a premium because of the lack of
sensors. In general, the ADV measurements were made
3 cm from the bottom, but certain offshore measurements
were made at locations higher in the water column.
[14] The total water depth in the basin was measured by a

depth gauge located near the wave paddles. This gauge was
demarcated at 0.1 mm intervals; however, the total water
level in the basin could vary ±1 mm from run to run. For
further information regarding the experimental procedures
(the entire data set is publicly available via ftp from the
Center for Applied Coastal Research, University of Dela-
ware) and the model basin the reader is referred to Haller
et al. [2000].

2.3. Wave Conditions

[15] The test conditions typically consisted of monochro-
matic, normally incident waves with a period of 1 s, except
for test E (0.8 s period) and test F (10� incidence). Specific

b)

Figure 1. (a) Plan view and (b) cross section of the
experimental basin.
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parameters such as wave height near the crest of the center
bar, equivalent deep water wave height (calculated from
linear theory), wave period, incident angle, water depth at
the bar crest, shoreline location, and mean rip velocity are
given in Table 1. The tests can be divided into two
categories: (1) varying wave forcing with constant water
depth (tests E, C, and D) and (2) similar wave forcing with
varying water depths (tests B and G). A final test (test F)
considered waves incident at a slightly oblique angle.
[16] The regular waves were generated using the (linear)

theory of Dalrymple [1989] assuming longshore uniformity.
The mean beach profile used for the wave generation code
was obtained by averaging cross-shore transects from the
survey data that contained the bars. For all the tests the
wave maker theory was used to generate a uniform plane
wave of target amplitude at the seaward edge of the bar
system. For test F the wave maker theory was designed to
utilize sidewall reflections in order to generate a uniform
obliquely incident wave train at x = 11 m. Typically, the
criterion of a uniform plane wave offshore of the bars was

fairly well met. However, certain small longshore variations
in the offshore wave height were evident during all tests.
Some of these variations were attributed to a longshore
modulation in the beach due to settling of the concrete,
especially at the centerline of the tank. Also, smaller-scale
variations in the amplitude were present and became more
pronounced with increasing offshore wave height. These
can be attributed to several factors, including nonlinear
wave effects, noise due to the gaps between paddles, and
high-frequency basin seiche modes.
[17] Since it was necessary to repeat a given test a

number of times in order to obtain an extensive spatial
map of the current fields, it was important to estimate the
repeatability of the test conditions. Since there were many
more wave gauges than ADVs, it was possible to repeat a
number of wave measurements at the same location and
under the same specified wave conditions. A statistical
analysis of the repeated measurements (see Appendix A)
demonstrated very little variability offshore of the surf zone
with variability increasing in the surf zone especially within

Figure 2. Wave gauge sampling locations for (a) test B, (b) test C, (c) tests D–F, and (d) test G; the still
water shoreline is shown as the solid line near x = 15 m.
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�1 m of the rip currents. On the basis of the measuring
locations with the highest variability it is estimated that
deviation of the mean wave heights was always less than
�4% with most locations deviating by less than 2%. The
deviations of the mean water line (MWL) were always less
than �0.02 cm and generally less than 0.01 cm. Other
sources of experimental error include spatial errors due to
inexact positioning of the sensors; these errors are estimated
to be less than 1 cm and lead to a corresponding uncertainty
in the still water depth of less than ±0.04 cm. Also, the
position of the ADVs relative to the bottom is estimated to
be accurate within 0.5 cm.

3. Results

3.1. Overview

[18] The nearshore dynamics are dominated by the pres-
ence of the bars and rip channels on this experimental
beach. A common feature of all the tests was the contrast
between the wave evolution observed through the rip

channels and that observed over the bars. The incident
long-crested waves formed steep plunging breakers as they
propagated over the bars, and the breaking on the bars was
confined to a fairly narrow region (11.8 m < x < 12.4 m).
There was minor reshoaling in the bar troughs and an

Figure 3. Current meter sampling locations for (a) test B, (b) test C, (c) tests D–F, and (d) test G; the
still water shoreline is shown as the solid line near x = 15 m.

Table 1. Table of Experimental Conditionsa

Test Hbar, cm H0, cm T, s q deg, cm hc, cm xswl, cm Ur , cm/s

E 4.17 4.52 0.8 0 2.67 1430 14.33
C 4.94 5.22 1.0 0 2.67 1430 18.82
D 7.56 8.26 1.0 0 2.67 1430 30.33
B 4.41 5.12 1.0 0 4.73 1490 14.2
G 6.79 7.43 1.0 0 6.72 1540 15.91
F 2.63 3.59 1.0 10 2.67 1430 19.94
aWave height Hbar measured near the offshore edge of the center bar (x =

10.92 m, y = 9.23 m), deepwater wave height H0, wave period T, angle of
incidence q (positive angles indicate that the wave propagation direction has
a component in the positive y direction), average water depth at the bar crest
hc, cross-shore location of the still water line xswl, and the mean (averaged
in time and in y) rip velocity Ur measured at the rip neck.
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additional narrow breaking region very near the shoreline.
In contrast, as the waves approached the rips, they steep-
ened faster owing to the presence of the opposing current.
As the waves propagate through the channel, the breaking is

often less intense compared to the rapid breaking over the
bars. However, if the rip current is of sufficient strength, the
wave breaking in the channel can be equally as intense as
that over the bar.

a) b)

c) d)

e) f)

Figure 4. (a–c) Contours of wave height (interval 0.5 cm) and (d–f) contours of MWL (interval
0.1 cm) with vectors of mean currents. Vector at upper left equals 10 cm/s and is shown for scale; still
water shoreline is shown as dotted line.
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[19] Figures 4–5 show the spatial variability of wave
height and MWL measured during all the tests. Offshore of
the breaking regions, there is slightly larger wave setdown
near the rip channel because of the larger wave heights in

that region. Shoreward of the bars, longshore variations in
wave setup are present owing to the stronger breaking on
the bars, which raises the water level in the trough region
and causes the MWL to slope downward toward the rip

Figure 5. (a–c) Contours of wave height (interval 0.5 cm) and (d–f) contours of MWL (interval
0.1 cm) with vectors of mean currents. Vector at upper left equals 10 cm/s and is shown for scale; still
water shoreline is shown as dotted line.
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channels. Thus the presence of the bars and channels
induces longshore variation in the cross-shore wave forcing;
this generates longshore pressure gradients, which in turn
drive feeder currents that converge at the channels and turn
offshore as rip currents. The longshore driving forces will
be discussed further in section 4.2.
[20] The presence of the rip current and the associated

feeder currents is clearly evident in the mean circulation
vectors shown in Figures 4d–4f and Figures 5d–5f, and it
is apparent that the flow vectors tend to be oriented along
the local gradient of the MWL. Figure 5d also indicates
that a secondary circulation system exists near the shore-
line. This secondary circulation is forced by the breaking
of the higher waves that have propagated through the
channels. As these waves break close to the shoreline, they

drive longshore currents away from the rip channels in the
shallowest depths. The spatial extent of this secondary
circulation is directly influenced by the degree of high-
wave penetration through the rip channel and was visually
observed during all of the tests. However, it is only clearly
evident in the data from test B because that was the only
test in which ADV measurements were obtained close
enough to the shoreline. It is important to note that the
velocities measured in the rip channel exhibited RMS
fluctuations of approximately 5–10 cm/s at timescales of
30–100 s during the tests. These fluctuations have been
attributed to a rip current instability [Haller and Dalrym-
ple, 2001], but their effects are not considered herein since
all data have been averaged over a much longer timescale
(�1500 s).

Figure 6. Cross-shore profiles of (left) wave height and (right) H/h. Tests C (crosses) and D (asterisks)
represent strong rip current cases, and tests B (circles) and G (diamonds) have weaker rips. Tests E
(pluses) and F (triangles) are shown for completeness; h is the total water depth including wave setup.
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[21] Figure 6 compares cross-shore profiles of H and H/h
from transects over the center bar and through the center
of the rip channel. It is apparent from Figure 6 (left
panels) that with increasing rip strength the waves
approaching the rip channel are increasingly steepened
relative to those approaching the bar (unless the rip
current is not aligned with the wave vector as in test F).
The figure also shows that the experiments covered a
fairly wide range of offshore wave heights, yet the wave
heights measured in the bar trough show less variation
from test to test. Comparing the individual tests, wave
heights in the trough appear well correlated with the total
water depth.
[22] It is known from previous studies that H/h at the

onset of breaking is larger for plunging breakers than for
spilling breakers [e.g., Dally et al., 1985]. For regular
breaking waves in the laboratory, H/h < 0.78 is generally
the spilling regime, and H/h > 1.0 is the plunging regime;
however, the influence of currents on H/h at breaking is
unclear. Though it seems likely that an opposing rip current
will tend to shift spilling breakers toward the plunging
regime, therefore H/h at the breakpoint will increase.
[23] Considering the case of a strong rip versus a weak

rip as shown in Figure 6 (right panels), it appears that for a
weak rip there is little longshore variability in H/h at the
breakpoint despite the large difference in the breaking
intensity (and breaker type) between the bar and the
channel. However, the relatively low measured value of
H/h over the bar is partially attributed to the fact that the
measuring points are offshore of the bar crest. Indeed, it is
likely that the actual values can be approximated by Hbar/hc
as listed in Table 1, which are much larger (0.93, test B;
1.01, test G). The value of H/h falls rapidly as the waves
enter the bar trough because of the rapid increase in the
water depth, but H/h increases again as the waves reshoal
and breaking ceases. In contrast, the waves in the channel
continue dissipating shoreward of the bars, and H/h remains
fairly constant as would be expected from spilling breakers
on a constant beach slope.
[24] If we consider Hbar/hc for the strong current case

(1.85, test C; 2.83, test D), then H/h shows an even stronger
longshore variation at the breakpoint. The measured values
of H/h near the bar show an increase from the weak current
tests, since the offshore wave heights are larger and the still
water depth is lower, and therefore the bar points are closer
to the breakpoint, and the high values at the bar crest are
better resolved. The values in the channel are also some-
what higher for the strong current case owing to the break-
ing being closer to plunging. Most importantly, the
shoreward evolution of H/h in the channel when the current
is very strong (test D) is markedly different from the other
tests. This suggests that the nature of the wave dissipation
on a spatially varying current is quite different from typical
depth-limited breaking. This causes a large longshore var-
iation of H/h, even offshore of the bar where the depth is
longshore-uniform.
[25] These results suggest that longshore variable bathy-

metry and opposing currents significantly influence breaker
type (and therefore H/h at the breakpoint) and the shoreward
evolution of the breakers. Since, in general, wave breaking
is the primary driving mechanism of nearshore circulation
(in section 4.2 we will discuss the influence of wave

breaking on feeder current strength), this also suggests that
significant longshore variability of H/h in the breaking
region may need to be accounted for in the modeling of
rip current systems.

3.2. Rip Current Flow

[26] Previous observations have made it clear that the
existence and relative strength of rip currents are related to
the forcing provided by the incident wave field. The
influence of water depth variability (due to tides and
bathymetry) is slightly less direct, since it is first manifested
in the waves, which in turn drive the rips. It is apparent,
however, that bathymetry tends to control the location and
spacing of the rips and the tidal cycle will modulate the
strength of the flow [Aagaard et al., 1997; Brander, 1999;
Brander and Short, 2000]. In our experiments the bathy-
metry was fixed, but the wave forcing and still water depths
were varied. In order to evaluate the relationship between
the wave forcing and the rip current strength we compare
the following parameters:

Hr=hc , Ur
0;

Qw , Qr;
ð1Þ

where Hr is a representative wave height, hc is the water
depth at the bar crest, U 0

r is the mean rip velocity
normalized by the linear wave phase speed in the rip
channel (U 0

r = Ur /Crip), and Qw is the wave volume flux
per unit width given by linear wave theory as

Qw ¼ 1

8

gH2
r

Cbar

; ð2Þ

where g is the gravitational constant and Cbar is the wave
phase speed near the bar crest. The mean volume flux per
unit width in the rip current is given by Qr = Urhrip.
[27] Figures 7a and 7b show the relationship between the

rip forcing parameters (Hr /hc, Qw) and the rip flow param-
eters (U 0

r, Qr). The effects of tides, or in this case the still
water level, appear most directly in Hr /hc. Figure 7a shows
an approximately linear relationship between U 0

r and Hr /hc
when the wave height just offshore of the bar (Hr = Hbar) is
used. The case with oblique incidence (test F) appears to
deviate strongly from this linear relationship and shows an
abnormally strong rip velocity. Aagaard et al. [1997]
observed a similar effect at small oblique incidence and
attributed it to a ‘‘wind-enhanced’’ longshore current. It
seems that a more likely explanation is the additional
radiation stress forcing in the longshore direction due to
the breaking of obliquely incident waves at the bar crest.
This additional forcing generates a relatively stronger long-
shore current behind the center bar (see Figure 18f) and a
stronger rip velocity in the downstream channel. An addi-
tional influence may be the reduction of the opposing force
of the waves on the rip, owing to the slight change in the
wave direction. However, it is unclear to what degree the
present results are influenced by the downstream sidewall.
Model studies suggest that at large incidence angles the
feeder currents may have enough inertia to bypass the
channel altogether and completely suppress the rip currents
[Svendsen et al., 1999].
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[28] For comparison, the relationships in equation (2)
were examined using the offshore wave height H0 since
this may be an easier parameter to measure in the field.
Figure 7a indicates that U 0

r also appears to vary linearly with
H0/hc. However, it is unlikely that either of these linear
trends are valid for low values of Hr /hc since they show
nonzero intercepts. The rip flow should tend to zero with the
wave height; in fact, it is likely that at some small nonzero
value of Hr /hc the waves would cease breaking at the bar
crest and all breaking would occur very near the shoreline.
In this scenario the bars would essentially no longer affect
the nearshore dynamics, and the rip currents would not be
present. Figure 7b compares the volume flux in the rip
current with the volume flux of the waves near breaking
using both Hbar and H0. For both choices of wave height the
offshore rip flux varies linearly with the the wave volume
flux. Again, test F shows an increased flux that deviates
from the linear trend.

3.3. Depth-Averaged Flow

[29] The present set of velocity measurements were
obtained at a single vertical location and do not capture
the vertical variability of the nearshore currents. For
example, the shoreward wave mass transport is mostly
limited to the upper reaches of the water column and is
therefore poorly resolved in measurements taken below
trough level. Additionally, the presence of a bottom
boundary layer will significantly affect the horizontal
velocities measured very close to the bottom. Below
trough level the cross-shore component of the flow (the
undertow) often exhibits strong vertical dependence, espe-
cially near the crests of bars [Garcez Faria et al., 2000].
On the other hand, it is usually a reasonable approximation
to assume that the longshore component of the flow is
depth-uniform in the surf zone.
[30] Since it is difficult to resolve the depth dependence of

the cross-shore flows with the measurements, we will
calculate the depth-averaged flows by assuming conserva-

tion of mass across the measurement grid in order to examine
the nearshore momentum balances. The depth- and time-
averaged cross-shore and longshore velocities (U and V,
respectively) can be related using the continuity equation

@

@x
Uhð Þ þ @

@y
Vhð Þ ¼ 0; ð3Þ

where h is the total water depth including wave setup h and
@h=@t has been assumed negligible. We will also assume
that V is depth-uniform and given by the measurements;
therefore we are neglecting the longshore component of the
wave mass transport. However, the longshore mass
transport is zero everywhere for normally incident waves
except for near the rip channel, where some wave refraction
and diffraction occurs. Using the measurements of V and h,
equation (3) can be integrated to calculate U. The
integration requires a boundary condition for U given by
the no-flow condition at the shoreline. The integration is
stepped in the offshore direction and requires measurements
of V reasonably close to the shoreline (further details of the
integration are given in Appendix B). These measurements
were available shoreward of the center bar for all tests and
over an even larger region for test B.
[31] The extensive ADV measurements from test B allow

us to calculate the depth- and time-averaged currents
throughout the study area as shown in Figure 8. In order
to make comparisons between each test simpler, we will
nondimensionalize the coordinate system. The cross-shore
coordinate is normalized by the distance from the bar crest
to the still water shoreline, such that the origin is at the crest
and the still water shoreline is at x0 = 1. The longshore
coordinate is normalized by the rip spacing, such that
the midpoint of the central bar is at y0 = 0 and the rip
channel centers are located at y0 = ±0.5 (channel extents are
�0.6 < y0 < �0.4 and 0.4 < y0 < 0.6).
[32] The depth-averaged currents in Figure 8 clearly

show a circulation pattern consisting of broad regions of

Figure 7. (a) Nondimensional rip velocity versus wave height to water depth ratio determined using
Hr = H0 (circles; test F, plus sign) and Hr = Hbar (asterisks; test F, cross) and (b) offshore volume flux in
the rip channel versus wave volume flux determined from Hr = H0 (circles; test F, plus sign) and using
Hr = Hbar (asterisks; test F, cross).
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shoreward flow over the bars on either side of a narrow
offshore-directed rip current. It is interesting to note that in
the center bar region, relatively far from the rip channel, the
depth-averaged cross-shore flow is nonzero. It is commonly
assumed that longshore variability can be neglected in
regions where the bathymetry is locally longshore-uniform;

this assumption would imply that depth-averaged cross-
shore currents are zero locally. The presence of nonzero
cross-shore flows in the midbar region suggests that the
effects of longshore nonuniformity are not localized to the
rip channel area.
[33] The influx over the center bar for each test is shown

in Figure 9. The data from test B show that shoreward
directed flux extends from near the still water shoreline to
approximately one surf zone width offshore of the breaker
line. The data also indicate that the maximum shoreward
flux occurs near the bar crest; tests G and D exhibit the
strongest cross-shore flux.
[34] The variation of the cross-shore volume flux along a

longshore transect just shoreward of the crest is shown in
Figure 10. The figure indicates that the magnitude of the
flux over the bar is approximately 20% of the maximum
rip flux. The influx is fairly constant, with the maximum
occurring near the midpoint between the bar center ( y0 = 0)
and the rip channel ( y0 = 0.5). If this rip current exists inside
an independent circulation cell, the mean cross-shore flux
within 0 < y0 < 1 should be zero. Since the data do not
extend all the way to y0 = 1, in order to do the integration it
was first necessary to linearly interpolate the value at y0 = 0
based on the two nearest data points and then assume that
the flux at y0 = 1 equals the flux at y0 = 0. The calculated
mean flux is �0.14 cm2/s, which is less than 1% of the
mean offshore rip current flux at this cross-shore location.
This indicates that the circulation cell is indeed closed. The
result is not necessarily surprising, but it is also useful as a
check on the procedure for calculating the depth-averaged
currents.

4. Nearshore Hydrodynamics

[35] Next, we will examine the nearshore momentum
balances using the measured data. In particular, we will
compare the cross-shore balance at the center bar with the
balance in the rip channel, and we will estimate the
important parameters in the driving of the longshore feeder
currents and examine the effect of the degree of wave

a)

b)

Figure 8. (a) Measured currents, test B, and (b) depth-
averaged currents, test B, calculated using equation (3).
Vectors at upper left equal 10 cm/s and are shown for scale;
MWL is shown as a dotted line.

Figure 9. Depth-averaged cross-shore flux over the center bar versus cross-shore distance. Longshore
locations are as follows: test E, y0 = 0.12 (pluses); test C, y0 = 0.12 (crosses); test D, y0 = 0.12 (asterisks);
test B, y0 = 0.07 (circles); test G, y0 = 0.12 (diamonds); and test F, y0 = 0.12 (triangles).
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breaking in the rip channel on the driving of the circulation
field.

4.1. Cross-shore Momentum Balance

[36] For steady flow the depth- and time-averaged cross-
shore momentum equation can be written as

@

@x
U2h
� �

þ @

@y
UVhð Þ ¼ �gh

@h
@x

� 1

r
@Sxx
@x

þ @Syx
@y

� �
� tbx

r
; ð4Þ

where r is the fluid density, Si,j represents the components
of the radiation stress tensor, t x

b is the component of bot-
tom stress acting in the x direction, and we have neglected
both turbulent mixing and the dispersive mixing caused by
the vertical variation of the currents [Svendsen and Putrevu,
1994]. The first three terms in equation (4) can be calculated
from the depth-averaged currents and the measured surface
elevations. The cross-shore radiation stress Sxx is given by

Sxx ¼
1

8
rgH2 n cos2 qþ 1

� �
� 1

2

� �
þ rgH2 0:9h

L

� �
; ð5Þ

where

n ¼ 1

2
1þ 2kh

sinh 2khð Þ

� �
;

k = 2p/L is given by the linear wave dispersion relation, and
q is the local wave incidence angle. The first term on the
right-hand side of equation (5) represents the radiation stress
induced by the waves (linear theory), and the second is the
radiation stress induced by the presence of the surface roller
[Svendsen, 1984].
[37] For the remaining terms in equation (4) we assume

that @Syx /@y will be of limited importance since the waves
were normally incident for the tests analyzed in this section.
This term is likely nonzero in the region very near the rip
current owing to current-induced refraction and wave dif-
fraction through the gap in the bar. Nonetheless, it is hoped
that this term is small relative to the other terms considered

here. In any case, we cannot directly calculate this term or
the mixing terms from the present measurements. The
bottom stress term is given by

tbx ¼ pcf uj juh i; ð6Þ

where cf is an empirical coefficient, u is the total near-
bottom velocity vector, and u is the cross-shore component
of the near-bottom velocity vector. It is difficult to specify
the coefficient cf with specific certainty for these
experiments as it is likely to have some spatial variability
owing to the different bottom roughness of the bars and
the beach. Haas et al. [1998] estimated a range of 0.005 <
cf < 0.018 for this experimental basin. Instead of getting
bogged down in the details of the friction coefficient we
assume a constant value of cf = 0.02, which should
represent an upper bound for laboratory-scale currents. For
u and u we will use the measured currents, as opposed to
the depth-averaged currents, since they are a better
representation of the near-bottom velocity. Note that the
calculated bottom stress term includes (as it should) the
effects of the orbital current motions, since no filtering has
been performed on u.
[38] The extensive wave and current measurements from

test B allow us to calculate the value of the terms in
equation (4) over a wide area (see Appendix C for the
calculation procedure). Figure 11 shows the longshore
variation of the flow terms ((@/@x)(U2h), (@/@y)(UVh), and
tx
b/r) at separate cross-shore locations for the region

bounded by the seaward edge of the bars and the shoreline.
The figure shows that all of the terms are generally small
(O(1 cm2/s2)) except near the rip current. This result is
corroborated by the circulation systems shown in Figures
4d–4f and Figures 5d–5f, which indicate that the largest
flow magnitudes and strongest flow gradients are found
near the rip channel for all tests. The bottom stress is
generally much smaller than the nonlinear terms, even in
the rip current, although the nonlinear terms are often of
opposite sign and will tend to cancel out.
[39] Figure 12 shows the longshore variation of the

pressure gradient and radiation stress terms, gh @h=@xð Þ

Figure 10. Cross-shore volume flux versus longshore distance, for test B along x0 = 0.08.
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and (@/r@x)Sxx, calculated at similar cross-shore locations
as the flow terms. These two momentum terms also show
a significant variation based on their proximity to the rip
channel. At the offshore line (x0 = �0.23), @Sxx/@x is
weaker in the channel because of the milder breaking on
the current as compared to over the bar. However, there is
comparatively stronger breaking shoreward of the channel
than shoreward of the bars. The pressure gradient term
shows a similar variation. At the offshore line it is smaller
near the channel than over the bars, and shoreward, the
opposite is true. It is evident from Figures 11 and 12 that
the pressure gradient and radiation stress terms are gen-
erally significantly larger than the nonlinear terms in the
areas away from the rip channel, and all four terms are of
comparable magnitudes near the channel. This is in agree-
ment with the modeling results of Haas and Svendsen
[2000].
[40] It is difficult to examine the summation of the

individual momentum terms at a given location in order

to determine if these terms represent a closed balance. This
is because the ADV locations were often somewhat differ-
ent from the wave gauge locations and, moreover, the
nonlinear flow terms are calculated at the midpoints
between the longshore locations of the ADVs. Attempts to
close the momentum balance using linear interpolations so
that all the terms were calculated at the same locations
showed significant scatter and were generally unsuccessful.
This is likely attributed to the differences in the measuring
locations and also the inherent uncertainty in defining cf. So
instead, here we are interested in the general character of the
momentum balance and a description of which terms are
important in a given location.
[41] The results shown in Figures 11 and 12 suggest that

the dominant terms in the cross-shore momentum balance
over the bars should be the radiation stress and pressure
gradients. Similar conclusions were drawn by Svendsen and
Buhr Hansen [1986], who modeled the case of normally
incident waves and an artificially induced shoreward flow
over a longshore uniform bar (V = Sxy = 0). Their results

Figure 11. Longshore variation of nonlinear terms (@/@x)
[U 2h] (circles) and (@/@y)[UVh] (crosses) and bottom
stress term tx

b/r (asterisks) at several cross-shore locations,
test B.

Figure 12. Longshore variation of the pressure gradient
gh @�h=@xð Þ (circles) and radiation stress forcing [@/(r@x)]Sxx
(crosses) at several cross-shore locations, test B.
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suggested that both the inflow over the bar and the bottom
stress had only a limited effect on the wave-induced setup.
Instead, the dominant effect of the cross-shore current was
to influence the wave height variation, which, in turn,
influenced the setup. This suggests that the setup should
be governed by

@�h
@x

¼ � 1

rgh
@Sxx
@x

ð7Þ

as first shown by Longuet-Higgins and Stewart [1962]. This
balance is tested for the present bar and channel system by
comparing the MWL predicted by

�hiþ1 ¼ �hi �
1

rghi
Sxxiþ1

� Sxxi
� �

; ð8Þ

where the radiation stress is calculated from the measured
wave heights using equation (5), with the measured MWL
along cross-shore transects across the bar and through the
channel.
[42] Figures 13–17 compare �h predicted from equation

(8) with the measurements. The effect of the roller was
included only across (cross-shore) intervals where the
waves were actively breaking. This includes the interval
spanning x0 = 0 over the bar and all intervals demonstrating
wave decay through the channel. In order to quantify the
agreement between the model and measurements we calcu-
late an error function, given by

� ¼

PN
i¼1

�hmeasi
� �hpredi

� 	2

PN
i¼1

�h2measi

2
6664

3
7775

1=2

; ð9Þ

where �h meas are the measured MWL values and �h pred are
the predicted values. The figures show that the error
between �h meas and �h calc is generally small over the bar
(panel b of Figures 13–17); however, the setup at the
shoreline tends to be underpredicted. This is consistent with
previous results on longshore uniform barred beaches in the
laboratory [Reniers and Battjes, 1997] and in the field
[Raubenheimer et al., 2001].
[43] The errors between ��h meas and �h pred are typically

larger through the channel than over the bar. The maximum
setdown and (in contrast to the barred region) the setup at
the shoreline tend to be overpredicted owing to the presence
of the rip current. Test D shows large differences between
�h meas and �h pred in the initial breaking region. This is likely
due to the presence of very large plunging breakers induced
by the rip. It appears that the breaking transition region is
much larger in this test, and therefore the increase in �h meas

is shifted shoreward as the wave momentum is first redis-
tributed into the roller before it is dissipated and transferred
to �h meas. The total setup at the shoreline, however, is well
predicted.
[44] In summary, the details of the cross-shore variation

of the MWL near the rip currents are dependent on the
current-induced breaking. Since spatial MWL gradients are
a driving force of the nearshore circulation, these results
suggest that rip current effects on breaker type and

location may have a feedback effect on the rip current
strength.

4.2. Longshore Momentum Balance

[45] A specific topic of interest involves the role of long-
shore variability (i.e., rip channels in longshore bars) in the
forcing of longshore currents on barred beaches. Field obser-
vations on barred beaches under oblique wave attack often
show that the strongest longshore current occurs in the trough
between the bar and the shoreline [e.g., Bruun, 1963; Green-
wood and Sherman, 1986; Smith et al., 1993]. In contrast to
the measurements, longshore current models that assume
longshore uniformity tend to predict longshore velocity
profiles withmaxima near the bar crest. Early studies [Bowen,
1969; Mei and Liu, 1977; Dalrymple, 1978] had suggested
that longshore variability could play a significant role in the
distribution of nearshore currents. Recent numerical model
studies [Putrevu et al., 1995; Reniers et al., 1995; Sancho
et al., 1995; Slinn et al., 2000] have analyzed the importance
of longshore pressure gradients on the longshore current, and
the combined efforts demonstrate that small longshore pres-
sure gradients can drive strong longshore currents, especially
when wave incident angles are small.
[46] Figures 4d–4f and Figures 5d–5f suggest that much

of the nearshore circulation on this bar-channel topography
is being driven by MWL gradients. For normally incident
waves the longshore pressure gradient is the only available
driving force for the generation of the longshore feeder
currents that converge at the base of the rip current.
Figure 18 shows the cross-shore profiles of the feeder
currents shoreward of the center bar for each test. The
feeder currents ramp up from near zero at y0 = 0 to their
maxima near y0 = 0.30–0.34. At locations even closer to the
rip channel the longshore flow decreases. Also, the data
show that the current maxima were of similar magnitude for
most of the tests; test D exhibits the strongest feeder
currents and rip currents and the highest waves.
[47] The cross-shore locations of the current maxima are

generally between x0 = 0.25 and x0 = 0.45, which is signifi-
cantly shoreward of the bar crest. This clearly demonstrates
that longshore feeder currents, induced by the periodic
depressions in a longshore bar, have maxima shoreward of
the bar crest. The data from test F, with mildly oblique wave
incidence, show two relatively large current maxima, one in
the trough and one near the bar crest. The second maximum
is driven by the oblique wave breaking at the bar crest, and
this increased longshore flow had the added effect of causing
the rip current to exit the channel at a significantly oblique
angle (see Figure 5f ). These data provide strong experimen-
tal evidence that longshore bathymetric variability can play a
significant role in the nature of longshore current profiles on
barred beaches and can shift the longshore current maximum
shoreward of the bar crest. However, it should be noted that it
is still unclear how longshore current maxima will be
affected in regions where pressure-driven (feeder) currents
flow against the wave direction.
[48] The depth- and time-averaged longshore momentum

equation can be written as

@

@x
UVhð Þ þ @

@y
V 2h
� �

¼ �gh
@�h
@y

� 1

r
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@y
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�
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y

r
; ð10Þ
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Figure 13. Wave height and MWL versus cross-shore distance (a and b) at the center bar and (c and d)
at the rip channel, for test E. Measured values, circles; calculated MWL from radiation stress gradients,
asterisks.

Figure 14. Wave height and MWL versus cross-shore distance (a and b) at the center bar and (c and d)
at the rip channel, for test C. Measured values, circles; calculated MWL from radiation stress gradients,
asterisks.
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Figure 15. Wave height and MWL versus cross-shore distance (a and b) at the center bar and (c and d)
at the rip channel, for test D. Measured values, circles; calculated MWL from radiation stress gradients,
asterisks.

Figure 16. Wave height and MWL versus cross-shore distance (a and b) at the center bar and (c and d)
at the rip channel, for test B. Measured values, circles; calculated MWL from radiation stress gradients,
asterisks.
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where, for normally incident waves, the longshore radiation
stress component is given by

Syy ¼
1

8
rgH2 n� 1

2

� �
; ð11Þ

Sxy is again neglected, and ty
b is the component of the

bottom stress acting in the y direction given by

tby ¼ 0:02r uj jvh i: ð12Þ

Figure 19a shows the amplitude of the longshore pressure
gradient forcing just shoreward of the bar crest. Initially, one
might expect that feeder current strength would scale with
the pressure gradient. However, it appears that this is not
entirely true. The pressure gradients in the region shoreward
of the center bar are generally similar for all the tests, but
tests B and G show the largest gradients. This is somewhat
puzzling since their feeder currents are not nearly as strong
as those of test D.
[49] Some insight is gained by looking at the wave height

contours shown in Figures 4a–4c and Figures 5a–5c and
the opposing radiation stress forcing shown in Figure 19b.
The wave height contours show that, while wave breaking
occurred in the channel for all tests, at higher water levels
(tests B and G), high waves penetrate farther shoreward past
the bars. The degree of high-wave penetration through the
rip channel governs the longshore wave height variation
shoreward of the bars and will influence the longshore
forcing of currents in this region. Tests B and G show an
increased level of opposing radiation stress forcing shore-

Figure 17. Wave height and MWL versus cross-shore distance (a and b) at the center bar and (c and d)
at the rip channel, test G. Measured values, circles; calculated MWL from radiation stress gradients,
asterisks.

Figure 18. Cross-shore profiles of measured longshore
current for (a) test E, (b) test C, (c) test D, (d) test B, (e) test
G, and (f) test F.
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ward of the bar crest, which may explain why these tests do
not show an increased feeder strength. Additionally, test D
has essentially zero radiation stress gradient available to
oppose the feeder current.
[50] The gradients measured even closer to the shoreline

(Figure 20) offer further insight. The pressure gradient
reverses sign close to the rip for tests B and G, and this
positive pressure gradient drives the secondary circulation
that flows away from the channels close to shore. For test
G the sign reversal of the pressure gradient occurs farther
from the shoreline. In fact, the positive pressure gradient
extends over more than half of the surf zone width. Test G
also shows the largest radiation stress gradient driving
flow away from the channel at the most shoreward
measuring location; therefore test G has the largest secon-
dary circulation. The increased secondary circulations in
test B and G also imply that the feeder currents are
reduced in width with respect to x0, as can be seen in
Figures 18d and 18e. In general, the secondary circulation
must also exert a shear stress on the feeder currents and is
likely an additional factor limiting the feeder current
strength.
[51] In order to simplify the analysis of the longshore

driving forces, let us integrate equation (10) from the
midpoint between rips ( y0 = 0) to the rip centerline ( y0 =
0.5), which gives the following:

I1 x0ð Þ þ I2 x0ð Þ ¼ �I3 x0ð Þ � I4 x0ð Þ � I5 x0ð Þ; ð13Þ

where
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The details of this integration are given in Appendix C.
Figure 21 shows the cross-shore profiles of the nonlinear
terms (I1 + I2), the net forcing (I3 + I4), and the bottom stress
(�I5) for test B. It is only possible to examine the variation
of these sets of terms, as opposed to calculating the
complete balance, since they are not all calculated at the
same locations. Also, there remains the inherent uncertainty
in the bottom friction coefficient.
[52] Comparison with Figure 18d shows that the bottom

stress profile is quite similar to the longshore current profile.
According to the balance given by equation (13), I1 + I2 + I3
+ I4 = �I5; however, it appears that this balance may not be
complete. For example, it is clear that the net forcing has a
maximum near the bar crest while the current maximum is

a)

b)

Figure 19. (a) Longshore pressure gradient gh @�h=@yð Þ
and (b) radiation stress gradient [@/(r@y)]Syy versus long-
shore distance shoreward of the bar crest for test E, x0 = 0.21
(pluses); test C, x0 = 0.17 (crosses); test D, x0 = 0.32
(asterisks); test B, x0 = 0.10 (circles); test G, x0 = 0.14
(diamonds); and test F, x0 = 0.21 (triangles).

a)

b)

Figure 20. (a) Longshore pressure gradient gh @�h=@yð Þ
and (b) radiation stress gradient [@/(r@y)]Syy versus long-
shore distance close to the shoreline for test E, x0 = 0.54
(pluses); test C, x0 = 0.47 (crosses); test D, x0 = 0.54
(asterisks); test B, x0 = 0.67 (circles); test G, x0 = 0.36
(diamonds); and test F, y0 = 0.21 (triangles).
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more shoreward. This implies that something other than
direct forcing is shifting the current maximum further into
the trough. The profile of the nonlinear terms suggests that
they may play a role in shifting the current maximum
shoreward from the bar crest.
[53] The influence on the strength of the feeder currents

of the opposing radiation stress and pressure gradients near
the channel, and the associated secondary circulation,
suggests that there may be a feedback mechanism between
the rip current and the forcing of the feeder currents. For
example, in test G there is only limited breaking in the
channel; therefore the relatively higher waves that survive
through the gap in the bar generate radiation stress
gradients, pressure gradients, and a secondary circulation
that act to oppose the feeder current and therefore reduce
the flows in the feeder and in the rip. In contrast, in test D
the waves break much farther offshore, and higher waves
do not survive through the gap. Therefore there is no
opposing radiation stress in the surf zone. This allows a
stronger feeder current and a stronger rip. An ad hoc
comparison is made in Figure 22, which shows the cross-
shore mean (0 < x0 < 0.5) of I3 + I4 versus the mean rip
velocity. The data show that there exists a correlation
between the net forcing in the feeder region and the rip
velocity. Again, test F shows an abnormally large rip
velocity because the forcing due to the nonzero Sxy has
not been accounted for here.

5. Summary

[54] Data from a set of laboratory experiments on a bar-
channel topography show that the nearshore dynamics are
dominated by the presence of the bars and rip channels on
this experimental beach. Contours of wave height demon-
strate that the longshore variability of the bathymetry and
the current field significantly affects the nature and location
of wave breaking. The contrast in wave evolution through
the rip channels and over the bars induces a relative increase

of the water level in the bar trough region and causes the
MWL to slope downward toward the rip channels. The
associated longshore pressure gradients drive feeder cur-
rents that converge at the channels and turn offshore as rip
currents.
[55] Utilizing the conservation of mass principle, the

depth-averaged current fields are calculated for the measure-
ment grid. The inflow over the bar, which supplies much of
the rip current flow, is shown to span almost the entire
length of the longshore bars. The terms in both the cross-
shore and longshore momentum balances are calculated,
and their relative magnitudes are quantified. The longshore
feeder currents exhibit maxima in the bar trough region,
providing experimental evidence that longshore pressure
gradients can shift longshore current maxima shoreward
from the bar crest. The balances in both directions are
shown to be dominated by gradients in pressure and
radiation stress; however, the nearshore dynamics are also
affected by the influence of the opposing rip current on the
wave dissipation in the rip channel.
[56] The longshore variations in the bathymetry and the

strong rip currents significantly influence breaker type and
the wave height to water depth ratio at the breakpoint. The
generally reduced wave dissipation through the rip channel
means that wave heights can be higher near the channel
and generate a longshore radiation stress gradient that
opposes the feeder currents. Also, as the waves in the
channel break at the shoreline there is an increase in the
local wave setup that drives a secondary circulation away
from the channels. When the secondary circulation is
sufficiently strong, it must also exert an opposing shear
stress on the feeder currents. Alternatively, when the rip
current is sufficiently strong, the waves in the channel are
highly dissipated by current-induced breaking effects and
the secondary circulation and the forces opposing the
feeder currents are significantly reduced. This suggests
that a feedback mechanism may exist whereby a strong
rip current can weaken the radiation stress gradients
opposing the feeder currents and lead to even stronger
feeder currents and rips. Therefore the details of wave

Figure 21. Cross-shore profiles of longshore momentum
terms integrated from y0 = 0 to y0 = 0.5 and calculated using
data from test B. Error bars are based on measurement
uncertainties given in section 2.3.

Figure 22. Rip current velocity versus mean forcing
within 0 < x0 < 0.5 for each test.
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breaking on the opposing rip current should be considered
in future modeling efforts.

Appendix A: Error Estimation

[57] Three sources for variability in the time average
(over some time interval) of H and h have been identified.
First, near the rip current these quantities may vary on
timescales of 30–100 s because of the presence of rip
instabilities. Second, the time average of h is calculated
relative to the average of two still water zero measurements
made before and after a given experimental run. This
reference zero showed some drift over the 30 min required
per run. Third, there is some systematic error in the
experimental system that prevents the hydrodynamic con-
ditions from being exactly repeatable from run to run. This
error is related to the mechanical wave generating system
and to the complex turbulent nature of the rip flow.
[58] In order to quantify the repeatability of the time-

averaged quantities, where repeated measurements at a
given spatial location exist, the data were divided into n
bins of 1024 points (102.4 s) and the set of time-averaged
quantities �Hi, and �hi (i = 1 to n) were calculated. Since the
first source of error is a periodic fluctuation in the mean, it
should be removed by the binning process. The standard
deviation of the means sm is then given by the relationship

sm ¼ sffiffiffi
n

p ; ðA1Þ

where s is the standard deviation of the n estimates of the
mean [Beckwith and Buck, 1969]. On the basis of this
analysis we find that the first source of error is well
removed by the binning process, the second source of
error is relatively minor, and the third source is the most
significant. Additionally, the third source of error is larger
in the surf zone and near the rip channels, although it
should be noted that only a limited set of measurements
were repeated in the surf zone and, therefore, the error
estimates are increased because of statistical uncertainty
(i.e., n is small). The upper bounds on the repeatability
estimates are ±4% for �H and ±0.02 cm for �h.

Appendix B: Continuity Integration

[59] The continuity equation (3) can be written in finite
difference form as

Uhð Þiþ1; jþ 1=2ð Þ� Uhð Þi; jþ 1=2ð Þ

xiþ1; jþ 1=2ð Þ � xi; jþ 1=2ð Þ
¼ �

Vhð Þi; jþ1� Vhð Þi; j
yi; jþ1 � yi; j

; ðB1Þ

where i and j are the x and y indices, respectively, and Vi, j is
given directly by the ADV measurements. The total water
depth hi, j is estimated by linearly interpolating h to the
ADV measuring locations using the measurements at each
wave gauge (hk, l). To solve this equation for (Uh)i, j+(1/2)
requires a boundary condition for Uh at the mean water line
xmwl, j+(1/2). It is natural to impose Uh = 0 at the mean water
line; the difficulty is determining xmwl, j+(1/2).
[60] Given a set of wave gauge measurements, �hi;j and hi, j,

along a cross-shore line in the surf zone, the mean water

line can be estimated from the following two equations (if,
e.g., i = 1, 2, 3):

�hmwl ¼ xmwl � xswlð Þa; ðB2Þ

�hmwl ¼
@�h
@x

� �
s

xmwl � x3ð Þ þ h3; ðB3Þ

where �hmwl is the setup at xmwl, a is the local beach slope
(a = 1/26.8), ð@�h=@xÞ is the mean surf zone water surface
slope ðð�h � �hÞ=ðx3 � x1ÞÞ, and x3 is the wave measuring
point closest to the shoreline. Equation (B2) states that the
total water depth is zero at xmwl, and equation (B3) estimates
the setup at xmwl by extrapolating the measured surf zone
water surface slope to the mean water line. These two
equations are combined and solved for xmwl, and then
equation (B1) can be solved for (Uh)i, j+(1/2) and marched
offshore. The calculated depth-averaged currents are then
Ui, j+(1/2), Vi, j+(1/2) where Vi, j+(1/2) = (Vi, j+Vi, j+1)/2. Note that
for equation (B1) the scheme for the cross-shore derivative
is O(�x), and the longshore derivative is O(�y2).

Appendix C: Momentum Term Calculations

[61] The terms in equation (4) can be calculated by

@

@x
U2h
� �����

i; jþ 1=2ð Þ
¼

U2hð Þiþ1; jþ 1=2ð Þ� U2hð Þi; jþ 1=2ð Þ

xiþ1; jþ 1=2ð Þ � xi; jþ 1=2ð Þ
þ O �xð Þ;

ðC1Þ

@

@y
UVhð Þ

����
i;jþ 1=2ð Þ

¼
UVhð Þi; jþ 3=2ð Þ� UVhð Þi; jþ 1=2ð Þ

yiþ1; jþ 3=2ð Þ � yi; jþ 1=2ð Þ
þ O �yð Þ;

ðC2Þ

�gh
@�h
@x

����
k;l

¼ �ghk;l
�hkþ1;l � �hk;l
xkþ1;l � xk;l

þ O �xð Þ; ðC3Þ

� 1

r
@Sxx
@x

����
k;l

¼ � 1

r

Sxxkþ1;l�Sxxk;l

xkþ1;l � xk;l
þ O �xð Þ; ðC4Þ

where Sxx = 0 has been assumed at x = xmwl. The first term
in equation (10) can be written as

@

@x
UVhð Þ ¼ V

@

@x
Uhð Þ þ Uh

@

@x
V ¼ �V

@

@y
Vhð Þ þ Uh

@

@x
V ;

and therefore the terms are given by

@

@x
UVhð Þ

����
i; jþ 1=2ð Þ

¼ �Vi; jþ 1=2ð Þ
Vhð Þi; jþ1� Vhð Þi; j
yiþ1; jþ1 � yi; j

� �

þ Uhð Þi; jþ 1=2ð Þ
Viþ1; jþ 1=2ð Þ � Vi; jþ 1=2ð Þ

xiþ1; jþ 1=2ð Þ � xi; jþ 1=2ð Þ

� �
þO �xð ÞþO �y2

� �
;

@

@y
V 2h
� �����

i; jþ 1=2ð Þ
¼

V 2hð Þi; jþ1� V 2hð Þi; j
yi; jþ1 � yi; j

þ O �y 2
� �

; ðC6Þ

�gh
@�h
@y

����
k;lþ 1=2ð Þ

¼ �ghk;lþ 1=2ð Þ
�hk;lþ1 � �hk;l
yk;lþ1 � yk;l

þ O �y2
� �

; ðC7Þ

ðC5Þ
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� 1

r
@Syy
@y

����
k;lþ 1=2ð Þ

¼ � 1

r
Syyk ;lþ1 � Syyk ;l

yk;lþ1 � yk;l
þ O �y 2

� �
: ðC8Þ

The integration of most of the terms in equation (13) can be
carried out fairly directly. For example,

I2 x0ð Þ ¼ V 2h
� ���y0¼0:5

y0¼0
; ðC9Þ

I3 x0ð Þ ¼
Z y0¼0:5

y0¼0

g h0 þ �hð Þ @�h
@y

dy0 ¼ g
�h2

2
þ h0�h

� �����
y0¼0:5

y0¼0

; ðC10Þ

I4 x0ð Þ ¼ 1

r
Syy

��y0¼0:5

y0¼0
: ðC11Þ

The integrals I1 and I5 are integrated using the trapezoidal
rule applied to the set of longshore points.
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