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ABSTRACT

Steady surf-zone longshore currents and directional properties of the incident wave field were measured on
a beach with nearly straight and parallel depth contours. Selected data were processed into 64 segments, each
of 68.2 min. duration, irregularly spaced throughout an 18-day period. A wide variety of incident wave and
longshore current conditions were observed. The radiation stress spectrum [S,, (/)] was estimated from a slope
array and two current meters located seaward of the surf zone. In many cases the total radiation stress [SZ,
= 2S(/)Af] contains important contributions from a wide range of frequencies. In a few instances, sea and
swell approach the beach from different directional quadrants, resulting in a near zero ST,. The strong shears
and direction reversals of the longshore current that could conceivably occur in this circumstance were not
observed. An EOF decomposition of the mean longshore current pattern shows that most (>90%) of the current
spatial variation in the 64 runs is contained in a classical parabolic shape. The temporal expansion coefficients
of the first EOF are equally highly correlated with both ST, and a scale velocity suggested by radiation stress-

based longshore current theories.

1. Introduction

It is well known that gravity waves which are non-
normally incident on a beach can generate steady
longshore currents in the surf zone. Modern theories
(Bowen, 1969; Thornton, 1970; Longuet-Higgins,
1970) have theoretically established that the driving
force for these currents is S, the off-diagonal com-
ponent of the incident wave-radiation stress tensor. For
a monochromatic (frequency f'), unidirectional (an-
gular deviation from normal incidence ©) wave train,
to lowest order,

SoA f)=E(f)n sin® cosO 1)

where E = pga?/2 is the energy and 7 the ratio of group
to phase velocity. On plane parallel contours, S,(f)
is conserved during the shoaling processes. When the
waves break, there is a decrease in the radiation stress
associated with the reduction in wave energy. The
longshore momentum balance becomes (schematically)
A,
—==D+E+---
ax 2
where the terms on the right-hand side are bed shear
stress, turbulent momentum exchange, and other ef-
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fects that involve the mean longshore current. The
functional forms of the S, gradient, bed stress, and
other terms involve a very considerable amount of em-
piricism. A large number of models differ from each
other primarily in the detailed specifications of these
terms. Some models also include higher-order effects,
such as changes in the mean depth associated with wave
setup, interactions between mean currents and gravity
waves, and the nonlinearity of the incident wave field.
The vast majority of the longshore current models are
for unidirectional, monochromatic waves.

Although mathematically tractable and suitable for
comparison to some laboratory experiments, these
models do not contain the physics of the random wave
fields that occur in nature. The seminal work of Battjes
(1974) discussed the calculation of the radiation stress
for a random, directionally spread wave field and de-
rived a model for the associated surf-zone longshore
currents. The most striking difference between the ran-
dom and monochromatic models is the relative im-
portance of horizontal eddy diffusivity (turbulent mix-
ing) in the monochromatic models. In the random
wave models, wave breaking is a statistical process and
there is not a fixed “break point.” The discontinuity
in mean longshore velocity that occurs at the break
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point of diffusionless monochromatic models does not
occur in diffusionless random wave models. Thornton
and Guza (1983, 1986) extended the Battjes (1974)
model to include more realistic wave statistics, with
qualitatively similar results.

The existing longshore current models, both deter-
ministic and random, are restricted to incident wave
fields that are narrow-banded in frequency and direc-
tion. The models have not been extended to broadband
(either in frequency or direction) wave fields because
of the difficulty of meaningfully parameterizing the
breaking of such a wave field. For example, suppose a
wave field incident on a beach is composed of two
energetic frequency bands (f; and f;) from different
directional quadrants (for example, locally generated
wind chop and swell from a distant storm). The total
radiation stress is then composed of two terms of dif-
ferent sign, which will be assumed to be equal in mag-

nitude:

Existing models of the shoaling and breaking of both
deterministic and random wave fields can predict the
spatial evolution of the total energy, but not the spatial
variation of the individual S, f; ;) terms in Eq. (3). If
the breaking process extracts momentum at equal rates
from both frequency components, there are no driving
terms for longshore currents. On the other hand, dif-
ferential breaking (i.e., one band loses momentum sea-
ward of the other) would drive a longshore shear current
with sign reversals. Although this hypothetical wave
field is an extreme example, there are qualitatively
similar (and quantitatively important) effects associated
with all but the simplest incident wave fields. There
are no longshore current models for directionally
spread incident waves because there are no models de-
scribing the necessary details of the breaking process.

This constraint led Wu et al. (1985) and Thornton
and Guza (1986) to consider a subset of the present
observations. They selected runs with incident waves
narrow-banded in frequency and direction for com-
.parison to narrowband models. The present work ex-
amines the longshore currents observed with a wide
variety of incident wave fields. The experiment and
data processing are briefly described in section 2. Prop-
erties of the incident wave radiation-stress spectra are
considered in section 3 and the associated currents are
qualitatively discussed. In section 4, an empirical or-
thogonal eigenfunction (EOF) analysis is used to de-
scribe the spatial and temporal patterns of longshore
current variability. The first EOF has a classic, parabolic
spatial structure. In section 5, the temporal variability
of the first EOF is shown to be correlated equally
strongly with ST, and with a scale velocity suggested
by radiation stress-based longshore current theories.
The total radiation stress, and not the structure of
SxAf), appears to be of primary importance to the
magnitude of longshore currents.
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2. Experiments
The data considered here were collected at Lead-

" better Beach, Santa Barbara, California, from 29 Jan-

uary to 15 February 1980 as part of the Nearshore
Sediment Transport Study (NSTS). General aspects of
the Leadbetter Beach experiment are discussed in Gable
(1981). One motivation for selecting this field site was
that the very shallow water bottom contours are rela-
tively straight and parallel (Fig. 1), which simplifies the
dynamical description and analysis. A plan view of the
location of sensors used in this study is also shown in
Fig. 1. Rod and level surveys of the beach profile were
obtained at least daily at several longshore locations
by wading to approximately 100 m offshore. Complete
bathymetric surveys composed of range lines at 50 m
alongshore intervals extending from the beach to past
the 10 m depth contour, encompassing a region 600
m upcoast (west) and 1500 m downcoast (east), were
conducted on 22 January and 25 February. The daily
beach profiles on 3 February and the 22 January off-
shore profile are connected to give the complete profiles

Nearshore Bathymetry On Feb. 3, 1980
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FIG. 1. Nearshore bathymetry (contours are in meters) and sensor
locations on 3 February. Symbols in quotes identify sensors referred
to in the text. An additional current meter at longshore location 109
m, offshore 80 m, is not shown. Electromagnetic current meters are
indicated by X’s, pressure sensors by circles.
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shown in Fig. 1. Representative beach profiles are
shown in Fig. 2. Data runs were at high tide with water
levels between about 0 and 100 cm above MSL. Beach
cusps were present in early February and had maxi-
mum amplitudes at about the 75 cm contour. The
electromagnetic current meters were Marsh—-McBirney
model 512 with 4 cm diameter spherical probes. Based
on laboratory tests, Aubrey and Trowbridge (1985)
suggested that the response characteristics of these sen-
sors may be seriously degraded in the turbulent surf-
zone environment. On the other hand, Derks and Stive
(1984) compared Marsh-McBirney and acoustic Vec-
tor Akwa instruments in the field and concluded that
the Marsh-McBirney sensors “give the best represen-
tation of the velocity signal” at elevations greater than
20 cm above the bed. Van Heteren and Stive (1985)
compared several electromagnetic and acoustic current
meters in the surf zone and did not note any large
discrepancies between mean flows measured by the dif-
ferent sensors. Calibrations provided by the manufac-
turer were used in the present work. Further descrip-
tions of the sensor and their calibrations, experimental
logistics and mishaps, and a discussion of the deter-
mination of the offshore direction (166.2°) are given
in Thornton and Guza (1986) and references therein.

Data were acquired at a sample rate of 2 Hz for
several hours each day. Sections of data subjectively
judged to lack enough functioning current meters to
define the cross-shore structure of the longshore current
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were not used. The averaging time for longshore cur-
rents was arbitrarily selected as 68.2 min., and there
were 64 such runs. The minimum, maximum, and av-
erage number of functional current meters was 8, 23
and 17.5, respectively. Data from individual current
meters were rejected only if the fouling, bending or
other experimental malfunction was severe enough to
grossly distort the mean currents compared with nearby
sensors. Vector plots of the mean currents, for 17.1
minute data sections, were used for screening purposes.
The longshore array of surf-zone current meters (Fig.
1) showed little longshore variation of the longshore
current (for example, see Fig. 4 in Wu et al., 1985).
The 64 runs were unevenly distributed throughout the
18 days spanned, although every day had at least one
run. A sample of the observed 68.2 minute average
longshore current patterns is given in Fig. 9 and dis-
cussed below in detail. Data from the longshore array
of current meters (Fig. 1) are included in Fig. 9 and
the analysis below.

3. The incident wave field

Leadbetter Beach is highly sheltered from waves
generated in the open ocean because of its east—west
orientation on a coastline predominantly oriented
north-south. There are two directional sectors with
substantial fetches (Fig. 3). The possible angular range
of waves from the west window incident on the slope
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FIG. 2. Beach profiles on the instrumented transect; offshore distance is from an arbitrary datum
and elevations are relative to MSL. The slope is roughly 2.5°.
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array (SA in Fig. 1) was determined by wave refraction
to be 240°-258° (Fig. 3). For example, at the predom-
inant swell frequency of 0.075 Hz, only a small angular
range of incident wave angles (at the slope array) was
observed to map back into the deep ocean. Angles
greater than 188° at the slope array could not escape
the coastal bathymetry, while angles less than 184° hit
the Channel Islands. The southeast window (123°-
143° on Fig. 3) has a restricted fetch (150 km) and is
not generally energetic, although substantial high-fre-
quency energy did come from this quadrant during
local storms. .

Oltman-Shay and Guza (1984) used a high-reso-
lution, data-adaptive technique to show that the direc-
tional spectra at the slope array are consistent with
these topographic and refractive constraints. Wu et al.
(1985) and Thornton and Guza (1986) considered five
runs in which virtually all the incident wave energy
was contained in a narrow (in both frequency and di-
rection) swell peak that propagated through the west
window. Details of the incident wave directional spectra
are not considered in the present study.

" Independent estimates of Sy f) were obtained from
the slope array (four pressure sensors at the ¢orners of
a 6 m square; Higgins et al., 1981) and from the two
deepest current meters on the cross-shore instrument
transect (CD and C1 in Fig. 1). At the slope array,
Sw{f) was calculated from the real part of the cross-
spectrum of the sea surface slope in the offshore and
longshore directions (Higgins et al., 1981). The sea sur-
face slopes were obtained by fitting a plane to the sur-
face-corrected (according to linear theory) slope array
pressure-sensor data. The value of S,,( /) was calculated

from current meters using the real part of the cross-
spectrum between onshore and longshore velocity
fluctuations and applying a linear theory transfer func-
tion to integrate the cross-spectrum over depth. The
total radiation stress, S, is the integral of Syl f) over
frequency (the limits here are 0.04 and 0.4 Hz). Esti-
mates of Sy, from the two current meters, for each of -
the 64 runs, are shown in Fig. 4. Wu et al. (1985) and
Thornton and Guza (1986) used linear refraction to
estimate the topographically induced variations in S,
between the slope array and the surf zone. The five
asterisks in Fig. 4 correspond to the refracted S, values
and nearly coincide with the estimates from CD, but
the C1 values are lower. The contours are nearly plane
and parallel between CD and Cl, so S, should be a
conserved quantity. There does not appear to be an
orientation problem with C1, because its S7, estimates
are lower than CD for waves coming from both quad-
rants. One plausible estimate of S,,(f) is the average
of CD and Cl. However, the ST, estimates from Cl
are nearly identical with those from CD if the energy
spectrum at location | is estimated with a pressure sen-
sor located there and the directional spreading esti-
mated from Cl1. A second reasonable estimate of S,
is the average of CD and this “corrected”” Cl1. Fortu-
nately, these two estimates are very similar (Fig: 5).
Unless otherwise noted, all following Sy, values refer
to the average of CD and corrected Cl. In Figs. 4 and
5 and elsewhere, the pg factors in Sy, [Eq. (1)] and E
are not included, similar to the common convention
of dropping that factor in energy spectra. The value of
ST, was also calculated with current meters C2 and C3
(Fig. 1). Although qualitatively similar to Fig. 4, the
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FIG. 4. Total radiation stress (ST,) versus run number; slope array is solid line, CD dashed line,
Cl dotted line, asterisks are slope-array refracted. Positive values of S,, correspond to waves

coming through the west window (Fig. 3).

estimates seemed noisy compared to the consistent rel-
ative values of S,, from the slope array, CD and Cl.
The total energy (E7) of the sea surface elevation,
averaged using CD and the pressure sensor at Cl, is
also shown in Fig. 5. Comparison of E” and ST, (Fig.
5) shows that the most energetic waves (run 62) do not
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correspond to the maximum S7, (run 46). This is due
to substantial amounts of energy coming from both
windows (which are in different quadrants, Fig. 3) in
run 62. Figure 6 compares the radiation stress spectra
for runs 46 and 62. It is difficult to surmise what single

.values of © would be estimated by an observer (the

RUN NUMBER

FIG. 5. S, versus run number; solid line is average CD and C1, dashed line is average CD and
corrected (see text) C1. Lower panel is total energy (0.04 < f < 0.4 Hz) of sea surface elevation

versus run number.
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T

dashed line, ET = 1176 cm?, S, = —112 cm?) and maximum Sy,
(run 46, solid line, ET = 759 cm?, ST, = —171 cm?). High frequency
seas approach from the east (negative S,,) and low frequency swells
from the west.

method used in many longshore current studies) for
run 62.

A measure of the relative amounts of S,,( /) coming
from opposing quadrants is given by

|22 Sl )
__J

2 1S5

I

- r

4

which is plotted in Fig. 7. The values of r range from
nearly unity (all waves in one quadrant) to zero (equal
radiation stress in opposite quadrants). Figure 8 shows
three cases of small S7,, but widely varying r. Run 8
has only 15% of the energy of runs 56 and 58, yet has
a larger ST,. In runs 56 and 58, ST, is the small differ-
ence of large numbers, emphasizing that S7, is a func-
tion of both the total energy and the directional dis-
tribution of that energy. _

The observed longshore currents (V) for each of the
runs in Figs. 6 and 8 are shown in Fig. 9 (note scale
variation in plots). The largest ST, has the strongest
currents (run 46). Run 25 is associated with a very
narrow-banded S,(f) and energy spectra (r = 0.996)
but has a V pattern similar (but opposite in sign) to
the biquadrant run 62 (r = 0.59). Runs 8, 56 and 58
have comparable (weak) mean currents, consistent with

1.0

0 10 20 30 40 50 60
RUN NUMBER

FIG. 7. A measure of the relative amount of S, in opposing
quadrants [r, Eq. (4)] versus run number.
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ST, = —7 cm?), 56 (dashed line, r = 0.13, ET = 445 cm?, $T, = 6
cm?) and 58 (solid line, r = 0.04, ET = 460 cm?, ST, = 1.6 cm?).
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the small ST, values. Apparently the strong bidirec-
tionality of runs 56 and 58 does not lead to significant
current reversals, suggesting that the structure of S;,( f)
is of secondary importance to V, compared to the im-
portance of Sfy. Run 56 has a positive Sfy and a weak,
negative, mean longshore current. Opposing currents
and radiation stress occurred in a few runs (Fig. 12),
all with small r values. In these cases, small errors in
either sensor alignment or the definition of the beach
coordinate frame is sufficient to change the sign of the
measured S7,. The observed spatial variation of strong
currents is usually smoother than occurs with weak
currents (runs in Fig. 9 are typical). The spatial vari-
ability of the weak currents is believed to be associated
with the roughly +5 cm s~! measured mean-flow un-
certainty resulting from errors in the sensor offset at
zero flow and from biases introduced by the sensor
response in asymmetric reversing flows (Cunningham
et al., 1979). The average (over all sensors and all runs)
longshore current is —1.3 cm s™!, consistent with the
small average ST, of —5.5 cm?.

4. Spatial and temporal variation of ¥

Empirical orthogonal eigenfunction analysis was
used to obtain a compact representation of the modes
of variability of V. The temporal variability of V will
be shown (section 5) to be highly correlated with vari-
ations in incident wave properties. Several EOF rep-
resentations were constructed. In the first case, the
cross-shore transect was divided into ten bins of equal
width (12 m), starting at the beach and proceeding sea-
ward. Mean currents from all sensors in a given bin,
for each run, were averaged together. The ten bins cov-
ered 120 m, the approximate width of the cross-shore
current meter array (Fig. 1). The resulting 640 data
points (64 runs X 10 spatial bins) formed the data ma-
trix for EOF analysis (for example, Kundu et al., 1975).
The first eigenfunction contained 89% of the variance.
To give better spatial resolution in shallow water where

there are more sensors and greater velocity shears are -

anticipated, a second EOF used narrower bins near the
shore (the first seven bins were 6 m wide, the next two
bins were 12 m, and the last 54 m). The first eigen-
function contained 93% of the variance. The third EOF
calculation was similar to the second in that spatial
bins were narrowest near shore, but different in that
the bin widths varied from run to run, depending on
the wave height (in case 2 the shallow water bin width
is constant, 6 m). That is, with x; the seaward boundary
of the jth spatial bin,

Js, 1<j<7
xj=9 Ts+(j—7)2s, 8<j<9 5)
20s, j=10

with s = 6 m for case 2, and s = 25¢ (¢? = variance
of offshore sea surface elevation) for case 3. Since
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H; = 40, the bin dimensions are equal when H; = 96
cm. If all the observed longshore current profiles had
similar shapes and a cross-shore scale that varied lin-
early with H,, then case 3 would explain more of the
variance than case 2. It turned out that the first spatial
mode of case 3 described 93% of the variance, the same
as case 2. Numerous other schemes for scaling the off-
shore coordinate were tried, including separate depen-
dences on high-, mid- and low-frequency incident wave
components. In no case did the first EOF explain more
than 95% of the variance. Case 3 is selected for detailed
discussion because of its simplicity and because of its
correspondence with the intuition that the surf zone
width (and offshore extent of the longshore current)
increases with increasing wave height. The spatial vari-
ation of the first EOF of case 3 is shown in Fig. 10.
The cross-shore dependence is basically parabolic, al-
though the most shoreward position has a relatively
stronger velocity than classical models, which have zero
velocity at the shoreline (e.g., Bowen, 1969). Figure 10
is qualitatively similar to the cross-shore dependencies
observed by Putnam et al. (1949), Kraus and Sasaki
(1979), Allender and Ditmars (1981), Kraus et al.
(1982), and others. The maximum longshore current
occurs in spatial bin 4, which is centered at an offshore
distance of 87.5¢. Using H; = 4¢ and a nominal beach
slope 0f 0.042, the bin is centered at a depth /1, = 0.9H,.
With a nominal surf zone width based on H; = 0.54;,
the maximum current occurs near the middle of the
surf zone. The shape of the first EOF could be used to
determine a best-fit value for the lateral mixing coef-
ficient in longshore current models with monochro-
matic incident waves. This calculation is not performed
here because we suspect that, when applied to field
situations, the lateral mixing coefficient in monochro-
matic models is more a parameterization of the ran-
domness of wave breaking than of turbulent Reynold’s
stresses (Thornton and Guza, 1986). The temporal

DISTANCE OF FSHORE (o)

SPATIAL WEIGHT (cm/sec)

-05 1

FI1G. 10. Spatial weights versus offshore distance for the first EOF
(93% of variance). The offshore coordinate is in units of o, where o*
is the offshore sea surface variance. If H; = 1 m, then ¢ = 0.25 m
and the maximum offshore distance shown is 125 m.



1966

100

V(xq) cm/sec
0.641 S}, cm?
o

-100

JOURNAL OF PHYSICAL OCEANOGRAPHY

RUN NUMBER

VOLUME 16

FIG. 11. Maximum longshore velocity [spatial bin 4, F(x,), solid line] and the best
linear fit total radiation stress (0.641S7,, dotted line) versus run number.

variation of the magnitude of the longshore current
spatial pattern is given by the temporal expansion coef-
ficients (Fig. 11). The temporal expansion coefficient
has been multiplied by the weight of spatial bin 4, so
Fig. 11 shows the temporal variation of the maximum
longshore current of the first EOF, V(xg, t;),j = 1, 2,
s, 64,

5. Incident wave-V relationships

The scatter plot of (x4, ;) and ST(z;) (Fig. 12) shows
these variables to be highly correlated (correlation
= 0.97). The slope of the best-fit regression line con-
strained to pass through the origin is 0.641, and
0.6415,@ and W(x,) are plotted in Fig. 11. Thus, the
spatial and temporal variation of mean longshore cur-
rents of this dataset can be efficiently expressed as

V(xi, 1) = BSL)W(x;) W(xs) (6)

where B = 0.641 (cm s)~!, W(x;) are the weights of the
ith spatial bin (Fig. 10), the bin boundaries depend
linearly on H; [Eq. (5)], and ST, has units of cm? (no
pg factor).

Equation (6) is based on a linear regression between
the temporal variation of the longshore current mag-
nitude [V(x4, t;) and the total applied radiation stress
(Sfy(t,)] Crude scaling arguments suggest an alterna-
tive way of parameterizing the incident wave forcing
and put the results in a more conventional form.

In the absence of eddy diffusivity, the surf-zone
longshore momentum balance with a linearized bed-
shear stress is (Longuet-Higgins, 1970)

6ST
3—=pcf|u|V ™

where the caret indicates a term (in this case S7, %) has
the correct pg factor, Cris a quadratic drag law coef-
ficient, and # is the oscillatory component of the cross-
shore velocity field. For a Rayleigh distribution of wave

heights and for shallow water waves (Thornton and
Guza, 1986) A
i} = (2E/pmh)'? ®)

where A is the depth and the total energy £ has the pg
factor. Using (8) in (7) and estimating the radiation
stress gradient as Sxy/x;,, with x;, a nominal break point,

yields a scale velocity

1/2
px = (BST /c,)(2 z bh) . ©)

For a monochromatic, unidirectional wave train, S,
and E are simply related and Eq. (9) reduces (except
for constant factors) to the scale velocity of Longuet-
Higgins [1970, Eq. (53)]. Terms evaluated at the

10e.9

V (x4) (cm/sec)
£ 3
AN

Sxy (em?)

+ / 1
/ -100.0¢

FIG. 12. Scatter plot of F(x,) versus S’ for all 64 runs
(correlation = 0.97). The dashed line is V(x4) = 0.6415L,.



NOVEMBER 1986

breaker location in Eq. (9) are related to offshore (4 m
depth) measurements via energy conservation

Ey=(ECy)"/(ghy)'" (10)

where it has been assumed that the waves at x; are in
shallow water, but they are not necessarily in shallow
water at the offshore measurement point. Substituting
Eq. (10) in Eq. (9) and letting &, ~ v~ ' Hms yields

. 1 1/2 v 1/4 .
() (55) (&)ess.acm av

with . .
f=STAE/pg) PUEC)TT

evaluated seaward of the breaking zone (at locations
D and 1 in the present case). Although Eqs (6) and
(11) both have a linear dependence on Sxy, Eq. (11)
also has an E~*® variation associated with the increas-
ing surf zone width and bed shear stress occurring with
increasing wave heights. Note that the use of A,
=~V H ., where H,,, is measured in 4 m depth rather
than in the breaker zone, is not critically important
because v appears only to the % power in Eq. (11).

The quantity f [Eq. (11)] was linearly regressed
against_the maximum longshore current of the first
EOF [V(xy), as in Figs. 11 and 12]. No attempt was
made to include variations in 8/C; between runs.
Equating the slope of the regression line to the constant
factors in Eq. (11) yields C; = 0.008 (using average
values of ¥ = 0.43, 8 = 0.042 from Thornton and
Guza, 1986). This Cyvalue is similar to that obtained
by Wu et al. (1985) and Thornton and Guza (1986)
using detailed dynamical models and five runs with
narrowband spectra. Exact correspondence is, of
course, not expected because Eq. (11)is based on simple
scaling arguments. The point is that the present ob-
servations, which include both broad- and narrowband
spectra, imply Cy values, which are not radically dif-
ferent from directionally simpler cases. The correlation
between V(x,) and fis 0.97, the same as the correlation
between V(x,) and ST,. The introduction of relatively
crude dynamical arguments [Eq. (11)] does not increase
the correlation with observed currents above that with
the radiation stress alone [Eq. (6)].

6. Discussion and conclusions

Qualitative comparison of S,,{ /) and the associated
longshore currents (for example, Figs. 6, 8, 9), and the
high correlation between ST, and F(x;), suggests only
a weak longshore current response to directional spectra
which have small ST, because of canceling contribu-
tions from different quadrants. This conjecture is sup-
ported by an EOF analysis using a data matrix that
contains both longshore current and S,,{f) informa-
tion. The longshore current data was distributed as in
Eq. (5) (i.e., ten spatial bins and 5 = 25¢). The radiation
stress spectra for each run was smoothed into ten fre-
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quency bands. To give the current and Sy(f) infor-
mation equal weighting in the EOF analysis, all S,,(f)
values were multiplied by a single constant factor. This
factor was chosen so that there is equal variance in the
current and S,,( f) data over all 64 runs [i.e., the sums
of the first ten diagonal elements (currents) of the data
covariance matrix is made equal to the sum of the last
ten S,,(f)). Figure 13 shows the first (55% of total vari-
ance) and second(14%) EOFs and their temporal ex-
pansion coefficients. The weights for S, f)Af (Fig. 13b)
have been renormalized back into physical units. The
weights for the currents in the first EOF (Fig. 13a, solid
line) are nearly identical to those with only currents in
the data matrix (Fig. 11). The Sy(f) spectra associated
with the first EOF (Fig. 13b, solid line) is unimodal
and has small weights relative to the currents [ZW(x;)
=093, W) =0.07,i= , 10, with W(x;)
and W(/f;) the weights for current spatial bins and
Sy{f) spectral bands, respectively]. Thus, the first EOF
of a data matrix containing both currents and S,,(f)
represents almost all the variation of the currents and
only a small (but uniquadrant) part of the S,,(f) vari-
ation. The temporal expansion coeflicient of the first
EOF (Fig. 13c, solid line) is similar (except for a sign
reversal of no consequence) both to the temporal ex-
pansion coefficients using currents alone and to S5,
(Fig. 11).

The second combined [¥ and S,,(f)] EOF carries
mostly S,(f) variation [ZWx) = 0.02, ZTWXS)
=098;i=1, .- ,10}. The S;(f) spectrum is strongly
biquadrant (Fig. 13b) and has nearly zero ST[Z W(f)
= (.71, 0.11 for first and second EOF modes, respec-
tively]. Thus, the second combined EOF is a mode
dominated by S,,(f) variations with small S7,. The
associated longshore currents are very weak. The com-
bined EOF analysis does not give any indication of a
consistent pattern of significant currents associated with
a biquadrant Sy,(f).

The principal result of the present analysis is the
apparent insensitivity of both the magnitude and the
cross-shore variation of surf-zone longshore currents
to the structure of S,,( /). We tentatively interpret this
observation as implying that shallow-water wave
breaking occurs as a broadband process extracting en-
ergy and momentum simultaneously from many in-
cident-wave frequency bands and directions. An alter-
native explanation is that differential breaking does oc-
cur, but that turbulent momentum exchanges (eddy
mixing) suppress strong shear currents. A detailed ex-
amination of the cross-shore variation of wind wave
energy and S, spectra in the surf zone may help resolve
this question, and such work is underway.

Most of the observed temporal and spatial variation
of the observed longshore currents is consistent with
dynamical expectations. However, the data are equally
well described by alternate, even simpler approaches.
For example, in the EOF analysis of currents alone
(section 4), the cross-shore scale of the current pattern
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was stretched by the incident wave height. This
stretching, however, did not increase the amount of
current variance contained in the first EOF beyond
that with a fixed cross-shore scale (93% in both cases).
Similarly, in section 5 the temporal variation of the
magnitude of the observed longshore current pattern
was correlated with both the total applied stress [ST,,
Eq. (6)] and a dynamically based scale velocity [V*,
Eq. (11) after Longuet-Higgins, 1970]. For fixed ST,
V* decreases as the incident wave height increases be-
cause of the larger surf zone width and bed shear stress.
The correlation was 0.97 in both cases. Thus, although
much of the longshore current variability can be ex-
plained with conventional parameterizations (e.g., a
variable surf zone width and V'*), the data do not con-
clusively support (or disprove) the utility of such pa-
rameterizations in a statistical sense. It is noteworthy
that ST, and ET are themselves quite strongly correlated
in this dataset (Fig. 5), which increases the difficulty of

establishing the dependence of ¥ on E”. Additionally,
many of the data runs with small S7,, and V are of
little quantitative value because errors in the mean flow
measurements are comparable to the mean flow itself
(e.g., runs 8, 56 and 58 in Fig. 9). Because these runs
with weak flows are not much different from the mean
state of nearly zero flow, the measurement errors do
not substantially decrease the ability of the EOF rep-
resentation to explain variation about the mean state.
It is not possible, however, to use the noisy runs with
small S7, to examine the variation of the cross-shore
structure of ¥ with changes in E7 and approximately
constant S7,. At any rate, it is difficult to improve upon
the large portion of the current variability explained
with a constant cross-shore scale and regression with
ST.. A wider range of incident wave conditions (for
example, constant and not small ST, with a large vari-
ation in E) would probably provide a more enlight-
ening test of Eq. (11) (or a more sophisticated scale
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velocity, which is appropriate for arbitrary directional
spectra). It is also -possible that ¥ has non-negligible
vertical variation at the deeper stations, with flows
maximum near the surface (such structure has been
observed in rip currents). If this is the case, then the
present velocity measurements, made near the seabed,
would not fully reflect any increases in the cross-shore
extent of the longshore current that occurred during
large wave events. .
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