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ABSTRACT

Shoaling and decay of bi-modal spectra (two distinct frequency peaks and

directions) were measured at Santa Barbara Beach, California. Spectral analysis

shows that the wave train associated with the lower frequency peak dominates in the

surf zone with the high frequency component decaying faster than the low frequency

component. Mean wave directions were measured for both wave trains with current

meters located outside and throughout the surf zone. Errors associated with meter

mis-alignment were minimized by numerically rotating the measured mean wave

direction of the low frequency wave component to correspond with the predicted

refracted direction based on Snell's Law over the near planar beach. Meter re-

alignments-were then verified by comparing the measured and predicted directions

of the high frequency component, yielding an average error of order one degree.

The ability to remove rotational errors from in-situ data thereby allows for accurate

measurements of the radiation stress transformation across the surf zone.
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I. INTRODUCTION

In analyzing surf zone longshore currents, the focus on model development has

been on uni-directional monochromatic waves or random wave fields that are

narrowbanded in frequency and direction. The models have yet to be extended to

broadbanded (either in frequency or direction) wave fields because of the difficulty

of parameterizing the breaking of such a wave field or the interactions between

energetic frequency bands. Modern theories (Bowen, 1969; Thornton, 1970; Longuet-

Higgins, 1970) have theoretically established that the driving force for longshore

currents is the cross-shore gradient of radiation stress, S .(f), which describes the

onshore flux of alongshore wave-induced momentum, integrated over the depth, h,

and averaged over time, t,

St) = f u(zft)v(zft) (1)

where u,v are the horizontal xy velocity components, z is the vertical elevation, and

f is the frequency.

The radiation stress can be calculated from the co-spectrum, C,(f), of the u and

v velocity components measured at depth, z, and transformed using a linear theory

transfer function, HI(f),



s,2 =, I C.,() (2)

where

I l) 2P 1 sinh2kh +k
2 k cosh2k(h+z) 2

and p is the density and k is the wave number. An equivalent form for S, (f)

expressed in terms of linear theory is:

sina(') (3)

,,Y~fiE~ficgfico c(f) .

where E(f) is the energy, cg(f) and c(f) the group and phase speed, and a(l, the

angle of wave incidence from normal. Along plane parallel depth contours before

dissipation by wave breaking, S,.(f) is conserved during the shoaling process. When

waves break, there is a decrease in the radiation stress associated with the reduction

in wave energy.

For a broadbanded wave field (both in frequency and direction) the total

T

radiation stress, Si,, is the sum of the individual wave components

S=, 'S,(t) df. (4)
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Guza et al (1986) concluded that the total radiation stress, ST . and not the

structure of S.,Y() is of primary importance in determining the magnitude of the

resulting longshore currents.

Direct measurements of the radiation stress and radiation stress gradient are

difficult and have not been accurately made for use in testing of longshore current

models. Small incident wave angles make the gradient measurements highly sensitive

to current meter orientation errors, and even with proper sensor orientation, the

directional response of the sensors is not well known (Guza and Thornton, 1978).

While the energy density and quadrature spectra are invariant with coordinate

rotation, the co-spectrum, used to calculate radiation stress, is very sensitive to

coordinate rotation or current meter misalignment. Guza and Thornton (1978)

showed that the relative error in the radiation stress at a particular frequency can be

approximated for small angle of wave incidence by,

A (5)
Rel error =

a(f)

where A is the angular error. Angular errors may be caused by lack of instrument

directional resolution, installation misalignment, and in-situ rotation due to

environmental conditions. Grosskopf et al. (1983) judged that the maximum

combined error due to resolution of Marsh-McBirney electromagnetic current meters

and meter orientation using a flux gate compass to be t 5 degrees. This says, that
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for an incident wave angle of 10 degrees and an error of t-5 degrees in meter

alignment, a 50 % relative error in radiation stress calculations would result.

A complete description of the radiation stress for a broad banded wave field

requires specifying wave energy-density directional spectra. The interaction of even

two wave components shoaling across the surf zone is complicated. Smith and

Vincent (1992) studied the breaking and interactions of two irregular wave trains

having two distinct frequency peaks in a laboratory wave flume (collinear in

direction). They found that the wave train with the low frequency peak appears

unaffected by the presence of the higher frequency wave train, but the high frequency

wave train decays faster in the presence of the low frequency waves. This result was

independent of both the relative distribution of energy between the two and the

amount of separation between the frequency peaks. It should also be noted that

although the spectral-based significant wave height of the dual system decayed

similarly to a single wave system, if the surf zone wave heights measured in the two

individual tests were superimposed the combined wave height was too large,

suggesting significant nonlinear interactions in the breaking process. Therefore,

radiation stress and resulting longshore current estimates using linear superposition

of wave height would not be accurate.

The purpose of this paper is to demonstrate that current meters can be

uniquely orientated based on wave refraction of a bi-modal directional wave spectra,

allowing the radiation stress to be accurately calculated. Bi-modal data sets are

chosen that contain waves from two opposing directions, one a locally generated high
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frequency sea, the other, low frequency ocean swell. Mean wave spectral directions

are calculated using current meters located outside and throughout the surf zone.

These mean directions are compared with directions obtained by shoaling the low

frequency swell shoreward over the near planar beach using Snell's Law. The

difference between the measured mean wave direction and the direction calculated

from shoaling with Snell's Law are used as a basis for meter re-alignment. A

constraint on the magnitude of the radiation stress energy flux calculations is that

they are conserved outside the surf zone and monitonically decay over the straight

and parallel contours. Radiation stress calculations after re-alignment are in good

agreement with theory.

In the following, the experiment and the incident wave field are discussed first.

Next, the transformation of the bi-modal spectra across the surf zone are described

in terms of the energy transformation, directional computations and meter re-

orientation, and radiation stress transformation. Ramifications for broadbanded data

are addressed in the discussion, followed by conclusions.
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II. EXPERIMENT

Field measurements were obtained at Leadbetter Beach in Santa Barbara,

California from 30 January - 23 February 1980. The experiment was part of the

Nearshore Sediment Transport Study (NSTS). The overall objective of the study was

to develop relations for the prediction of sediment transport by waves and currents

in the nearshore environment (Gable,1981). The field experiments were set up to

measure, simultaneously, the details of both the velocity field within the surf zone and

the sediment response to these velociLaes. By characterizing the wave and horizontal

velocity fields in the surf zone, the forcing function for sediment transport could be

analyzed and eventually modelled. The Leadbetter Beach site was chosen because

it can be reasonably assumed in the near shore that the waves are homogeneous in

the alongshore direction and that bottom contours are straight and parallel,

simplifying the analysis. The bathymetry and locations of sensors used in the study

are shown in Figure 1.

The shoreline at Leadbetter beach has an unusual east-west orientation along

a predominantly north-south coast. Open ocean waves are limited to a narrow

window of approach (240-258 degrees, Figure 2) because of the protection from Point

Conception to the north and the Channel Islands to the south. The generally highly

directional filtered ocean swell from the North Pacific approach the beach from
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almost due west, resulting in large oblique angles relative to the surf zone bottom

contours.

On February 6, the first of a three week series of storms began, which have

been categorized as 1 in 25 to 1 in 40 year storms. Strong winds associated with

these storms created a locally wind driven sea inside the Channel Islands from a

range of directions, but waves came mainly from the south-east window (123-143

degrees). At the same time, a swell derived from the open ocean waves was also

present, resulting in a bi-modal or broad banded wave spectrum. The data on 13 and

16 February are chosen for analysis, since they had the largest number of operational

current meters in the cross-shore direction, and best depict bi-modal spectra.

As many as 24 electromagnetic current meters and 14 pressure sensors were

simultaneously deployed. The electromagnetic current meters were Marsh-McBirney

Model 512 with 4 cm diameter spherical probes. The instruments were most densely

spaced in the surf zone. The transect of instruments starting in 4 meter depth is

shown in Figure 3, drawn to scale, showing the near planar sloping beach and a

typical deep ocean swell with a period of 14 seconds well resolved by the array of

instruments. Instruments not shown in deeper water include a current meter at 7

meter depth (COd) and a slope array (SA) composed of four pressure sensors at 9

meter depth (see Figure 1). The wave staffs shown were part of a moveable spider

assembly, where up to four current meters could be deployed in cross-shore direction.

Data runs were at high tide with water levels between about 0 and + 100 cm

above mean sea water level (MSWL). Quality control over instrument orientation

7



was maintained by checking all surf zone current meters at low tide prior to high tide.

Meter orientation at low tide (for exposed meters) was accomplished using a specially

designed sighting bracket (Gable, 1981). Meters located in deeper water were

orientated by divers using flux gate compasses. Throughout the experiment,

especially during large wave conditions, Macrocystis kelp would break loose and find

its way to the beach. This posed a serious problem due to entanglement of the kelp

with the instrumentation, causing bending or twisting of the current meters. The kelp

problem was partially solved by positioning people updrift of the instruments to

intercept and manually remove and deposit the kelp on the beach. This procedure,

though, was only partly successful. Further details of the experiment are given in

Thornton and Guza (1986) and references therein.
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III. RADIATION STRESS SPECTRAL CALCULATIONS

Eight hours of data were acquired at a sampling frequency of 2 Hz on both the

13th and 16th of February. Both days were non-stationary, with the most variation

associated with the locally driven storm. On both days the storm increased in

intensity, peaked, and then tapered off by the end of the day. The high frequency

shifts were from 0. 211 Hz to 0.113 Hz on the 13th and 0.203 Hz to 0.148 Hz on the

16th. Because of this non-stationary behavior, the records selected were limited in

length to 64 minutes and chosen during times of least change. Each 64 minute run

was broken into 30 subsets for spectral representation, yielding 60 degrees of freedom

and a frequency resolution of 0.0078 Hz.

Linear theory transfer functions are used to calculate energy, energy flux, and

radiation stress. Snell's Law is used to refract waves over the straight and parallel

contours at Santa Barbara. The energy flux, F(f) is calculated from the energy, E(f),

and the group speed, cg(f). The energy is calculated using the spectra of the u and

v velocity components, G1 () and GY(f), measured at depth z, and transformed using

a linear theory transfer function H2(f).

F(r)= Ef)* c,() (6)

• 4

where
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and

IHf 2/ I t ps1= h(2kh)4kosh2k(h+z)

where p is density, k wave number, h total depth of water, g gravity, and cg(f) is

described by linear wave theory. The total energy flux, F, is found by integrating over

the desired frequency band.

F=f Ff)df (8)

The energy flux spectra at 12 current meter locations on the 13th (C -Od, 01,

03, 07, 11, 13, 14, 15, 16, 17, 20, 21, 22) and Il current meter locations on the 16th,

(C - Od, 01, 03, 04, 07, 11, 13, 15, 16, 20, 19, 18) are shown in Figures 4a,b. The sea

swell from the west window had a frequency peak centered about 0.063 Hz on the

13th and increased to 0.078 Hz on the 16th as the storm grew in intensity and moved

northward. The locally generated sea from the east, had a frequency peak of 0.211

Hz on the 13th and a different storm cell on the 16th had a frequency peak of 0.203

Hz. The energy flux summed over the low frequency, high frequency, and, both wave

components is also shown in Figures 4ab with the integration limits noted in the

captions. Linear theory predicts that the energy flux is conserved until wave breaking

and then monotonically decreases shoreward. The analysis for both days support this,

suggesting that wave breaking commences in approximately 2.0 meters of water on
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the 13th and 2.4 meters of water on the 16th. The wave climate on the 13th was

characterized by moderate waves (significant wave height, H, = 0.9 m), with

moderate to high waves (H, = 1.2 m) on the 16th. A 6.5 % gain increase was

applied to current meter C01, as suggested by Guza et al. (1986), because energy flux

estimates from a pressure sensor co-located there were in better agreement with COd

and C03.

As in laboratory experiments conducted by Smith and Vincent (1992), the

spectra show that the high frequency component dissipates faster than the low

frequency component. On the 13th, 85 % of the total energy flux in deeper water

(6.8 m) is at the high frequency component, decaying to 50% at a depth of 1.0

meters, with no noticeable energy flux contribution shoreward of this depth (Figure

4a). On the 16th, the energy flux is equally distributed for both high and low

frequency components starting in 6.8 meters of water, with the high frequency

component becoming negligible by a depth of 1.0 meters (Figure 4b).

Radiation stress spectral calculations in the past have been suspect due to the

inability to accurately resolve meter orientation. To remove these'errors, the mean

wave direction is calculated using the co-spectrum, C,(f), and energy spectra, G,(f)

and Gy(f), of the u and v velocity components, (Long 1980)

2C ,() (9)
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Since most instrument locations consisted of only a current meter, only the mean

wave direction is calculated which can be obtained from a single current meter,

instead of the full directional spectra which requires a collocated pressure sensor.

The mean wave direction is determined at the peak frequency of both energetic

wave components at each current meter location (solid lines in upper panel of

Figures 5ab). The coordinate system chosen for analysis was zero degrees

perpendicular to the beach, + 90.0 degrees to the east, and -90.0 degrees to the west.

Bias in the mean wave direction at the peak frequency was checked by comparing

values about adjacent frequency bins, which showed comparable values. Also

computed at each location is the predicted wave direction derived from shoaling the

mean wave direction at the deep water current meter, COd, shoreward using Snell's

Law (dashed lines in upper panel of Figures 5ab). The starting mean wave

directions at COd were verified against the directions derived from refracting the

incident wave field directions measured at the slope array located in 9 m of water;

this resulted in a -1 degree rotation of COd (to the west). Large variations are noted

between measured and predicted wave angles (upper panels of Figure 5ab).

The current meters were than numerically rotated based on matching the

measured mean wave direction for the low frequency component with its predicted

wave direction derived from Snell's Law. The low frequency component is chosen

as the basis of comparisons since it had energy present at all current meter locations,

while the energy associated with the high frequency component dissipated completely

at the most shoreward locations (Figure 4ab). The differences between the

12



measured and predicted directions following meter re-alignment are shown in the

lower panels of Figures 5ab. The low frequency component directions, used as the

basis of rotation, are exact and the corrected high frequency component directions

show only small deviations. This not only indicates that the technique is viable, but

shows Snell's Law is applicable throughout the surf zone, at least for these moderate

wave conditions. Neglecting the three most shoreward meter locations for each day,

where the high frequency wave energy has dissipated and the mean angle calculation

(equation 9) is no longer accurate, the maximum error between measured and

predicted wave directions following meter re-alignment is 3 degrees for the both the

13th and 16th, while the average error is 1.0 degrees for the 13th and 1.5 degrees for

the 16th, both within the accuracy and resolution of the Marsh-McBirney current

meters.

Radiation stress spectra, S,,(), (equation 2), and the total radiation stress,

,r , (equation 4), were calculated before and after meter re-orientation. Radiation

stress spectral calculations prior to meter re-alignment (Figures 6a,7a), clearly show

the need to resolve meter alignment. In several cases, the spectral plots show little

correlation between adjacent meters and the total radiation stress deviates greatly

from that predicted by theory. On the 16th, current meters C03 and C07 both mis-

represent the radiation stress associated with each energetic wave, and current meter

C15 shows the radiation stress for the low frequency component coming from the

opposite quadrant (Figure 7a). Meter re-alignments for C03, C07, and C15 were -7,

13



+2, and + 12 degrees respectively on the 16th. Following meter re-alignment

(Figures 6b,7b) the total radiation stress is conserved outside the breaker zone and

then decreases monotonically in agreement with the constraints of linear theory.

14



IV. DISCUSSION

To date, most research has been devoted towards narrow banded wave spectra.

Of the 20 days of data acquired at Leadbetter Beach, only five days, with a narrow

banded deep ocean swell present, have been extensively analyzed. Guza et al. (1986)

investigated selected data over the entire period of the experiment for their radiation

stress calculations, but limited the analysis to the two deep water current meters, COd

and CO. Radiation stress estimates from current meters further inshore were judged

too noisy and inconsistent with the estimates obtained from COd and CO. Radiation

stress measurements prior to meter re-orientation (Figure 6a,7a) are indeed

inconsistent with expected measurements, but once properly oriented, provide for a

detailed examination of the cross-shore variation (Figure 7ab).

Existing longshore current models are applicable for narrowbanded (in

frequency and direction) spectra. They do not rely on direct measurements of the

radiation stress, but use measured wave heights which are invariant to meter

orientation. The longshore current is typically calculated from the measured wave

heights and directional information at the peak frequency angle measured outside the

breaker line and refracted shoreward.

Guza et al. (1986) noted that both the magnitude and the cross-shore variation

of surf zone longshore currents appear insensitive to the structure of the spectral

radiation stress, S,1(f), suppressing strong shear currents which would be suggested

15



by a bi-quadrant Sy(9 spectra. The nature of the wave climate on the 16th would

suggest the possibility of shear currents, since both waves are of equal energy and of

similar incident angles from opposite quadrants, but the total radiation stress, ST,

S S

does not show a significant reversal in sign (Figure 7b). As the radiation stress

spectra transforms across the surf zone, the high frequency component decays faster

than the low frequency component. Had the energy or the incident angle of the low

frequency component been greater, the possibility of shear currents would seem

likely. Smith and Vincent (1992) showed (in a wave flume) that the low frequency

component appears unaffected by the presence of the high frequency component,

regardless of the energy content in either component. Though laboratory results are

not always indicative of the field results, the similar behavior of the energy flux

transformation (Figure 4ab) and radiation stress transformation (Figure 7a,b)

presented here appears evident.

The radiation stress term is composed of both energy flux and directional

information (equation 3). Even though there was substantial low frequency energy

on the 13th, the longshore currents are driven mainly by the high frequency

component of the radiation stress which had an initial incident angle of + 30 degrees,

while the low frequency component is almost zero due to the nearly normal initial

wave incidence of -3 degrees (Figure 5a). The longshore currents on the 13th were

of the order 1.0 m/s.
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The total energy flux associated with the high frequency component on the 16th

is nearly identical to that of the 13th (Figure 4ab). However, opposing it on this day

was equal energy from the low frequency component from the opposite quadrant,

with a slightly smaller incident angle of, -17 degrees versus + 23 degrees for the high

frequency component. The total energy flux associated with the 16th is nearly double

that of the 13th, but due to the opposing quadrants of approach of each wave

component, the total radiation stress on the 16th is half of that on the 13th resulting

in a smaller longshore current, of about 0.5 m/s.

Nearly identical radiation stress calculations can be obtained as those that were

measured by linearly refracting the mean wave directional spectrum in deep water

( COd ) and using the measured energy flux spectra in applying equation (3) to

calculate S,(f) at each current meter location (Figure 8a,b). The total radiation

stress calculated in this manner appears more reasonable and is more consistent with

linear theory inside the surf zone. Some of the inconsistencies in the measured

radiation stress spectra inside the surf zone may be due to the fact that some of the

current meters on the 16th were found to be bent, in some cases up to 45 degrees,

resulting in errors which could account for the differences of the two techniques.

Linear theory predicts that the celerity (wave phase speed) used in Snell's Law of

refraction is frequency dispersive and decreases with increasing frequency. Thornton

and Guza (1982) found that the measured celerity spectra are nondispersive with

frequency as the waves approach and transect the surf zone indicating the importance

of nonlinearities. The measured celerity at the peak frequencies was within + 20 %

17



and -10 % of linear theory, with the percent difference generally increasing with the

ratio of wave height to depth, indicating weak amplitude dispersion in shallow water.

For the moderate wave conditions presented here, linear theory appears applicable,

but errors can be introduced for larger waves due to nonliniarities.

Smith and Vincent (1992) have shown that linear superposition of wave heights

for co-linear, bi-modal spectra over-predict the measured wave height and do not

account for the dissipation of the high frequency component over that of the low

frequency component. Linear theory does not account for the non-linearities of the

wave breaking process or the complex interactions between wave components in a

broadbanded wave field.

In an attempt to describe the shape of the wave spectrum during breaking, a

similarity hypothesis is invoked (see for example Phillips, 1958; Thornton, 1977;

Kitaigordski et al, 1979; Bouws et al, 1985). Similarity assumes that during the

breaking process a saturation in the high frequency region of the spectrum exists as

energy is nonlinearly transferred down the spectrum. It is assumed that the excess

energy of the high frequency wavelets is dissipated by breaking due to a kinematic

instability in which the velocity of the wavelets exceed the phase speed. The relevant

spectral parameters are then the phase speed and frequency. Dimensional analysis

suggests that the energy flux in deepwater decays as f-6, transitioning to a shallow

water form off 3. Both the deep water and shallow water forms were applied to the

energy flux spectra of the 13th and 16th (Figure 9ab) by multiplying the energy flux

by fN and plotting the results on a logarithmic scale. For the fN power law to hold
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over a range of frequencies, the measured energy flux spectrum should be horizontal.

The data is best represented by the shallow water form for the high frequency

component with no evidence that either form would model the low frequency

component. In very shallow depths, at the breaker line shoreward, the observed

spectra tend to be less than the proposed f - limit (current meters C19 and C20).

Similar results were found on the 13th (figure 10a).

The complex interactions of a single wave train, during the shoaling and

breaking process, have yet to be explained and modeled with satisfactory results, and

the research towards understanding the dynamics of multiple wave trains is in the

developmental stages. By analyzing a bi-modal spectra, both in the laboratory and

the field, these interactions have been noted. The radiation stress for a bi-modal

spectra suggests that given the proper wave conditions, shears in the longshore

current are possible and only seen through direct measurements of the radiation

stress across the surf zone. What has been provided is a technique that allows for

accurate . , asurements of the radiation stress and a data set which can be used for

testing broadbanded longshore current models.

19



V. CONCLUSIONS

The incident wave climate is rarely narrowbanded. Thompson (1980) concluded

that the incident wave spectra are composed of two or more distinct wave trains, well

separated in the frequency domain 65 % of the time. Thompson's statistics were

from representative sites on the Atlantic, Pacific, and Gulf of Mexico coasts of the

United States. The majority of the world's coastlines are open to waves from all

directions with a protected coastline being an exception. Though the analysis of

narrowbanded spectra is less complex, its actual applications are limited.

The locally generated storms that were experienced during the experiment

conducted at Leadbetter Beach provided an excellent bi-modal wave field, separated

both in frequency and direction. The protection of Leadbetter Beach afforded the

opportunity of resolving the incident directions of each wave system. To resolve

meter oiientation, the incident wave fields must be separated in direction and these

directions need to be accurately resolved.

The application of Snell's Law to a bi-modal spectra was verified for the

moderate wave conditions present. Both wave components clearly showed that

Snell's Law is valid outside and throughout the surf zone. The technique of meter

re-orientation relies on an accurate measurement of the incident wave directions I

outside the surf zone and assumes that the errors introduced by applying linear

shoaling theory are insignificant. Therefore, in future nearshore experiments it is
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important to locate an accurate measurement of the wave directions, such as a linear

array of pressure sensors, just outside the surf zone as a reference for resolving the

orientation of current meters.

The primary instrument for nearshore experiments will continue to be the

current meter since it can resolve both energy-density and direction. The technique

presented allows the ability to correct for meter orientation errors and has shown that

the directional resolution of the Marsh McBirney current meter is on the order of 1

degree, sufficient for accurate radiation stress measurements.
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