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ABSTRACT 

The observed kinematics of waves in the surf zone is examined with extensive 

measurements from the DUCK94 experiment. Field data used in the study were obtained 

from vertical stacks of bi-directional current meters and a pressure sensor mounted on a 

rigid frame at 3 locations along a cross-shore transect in depths of 2,4, and 8m. Observed 

pressure and velocity spectra are compared to transfer function's based on linear finite 

depth theory and a simple nonlinear model that accounts for harmonic generation in 

shallow water. At high frequencies, the observed vertical attenuation of horizontal 

velocity spectra in 8 and 4m depth is much weaker than predicted by linear theory, and 

generally in good agreement with the nonlinear model predictions. In 2m depth, 

differences between the linear and nonlinear transfer function are small and both 

predictions are in reasonable agreement with the observed weak vertical decay. At 

infragravity frequencies in shallow water depths, observed velocity spectra often show 

significant vertical decay that is not predicted by either model. Velocity and pressure 

spectra measured in 4m depth are in good agreement with the nonlinear transfer function. 

Pressure spectra levels at high frequencies are shown to be significantly reduced by the 

nonlinear Bernoulli term in the second order pressure field. Analysis of the slopes of the 

high-frequency tails of the observed velocity spectra shows considerable scatter with a 

general tendency for spectra to flatten as waves propagate through the surf zone. 
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I. INTRODUCTION 

Ocean surface gravity waves (frequencies nominally between 0.05 and 0.5 Hz) 

are the primary driving force for nearshore currents and sediment transport. As waves 

propagate across the beach, their characteristics change dramatically owing to linear (e.g. 

shoaling and refraction) and nonlinear (e.g. wave-wave interactions and breaking) 

processes. Whereas the nonlinear dynamics of wave evolution across the beach has been 

investigated in detail, the kinematics of the associated orbital motion and its variation 

over the water column has received less attention. In the present study local wave 

properties in the surf zone are examined with velocity and pressure data collected on a 

natural beach (Elgar et al, 1997). 

Linear theory is often used to predict wave-induced subsurface particle velocities 

and pressure variations. In the linear approximation, the wave field is composed of a 

linear superposition of sinusoidal wave components with frequency/and wavenumber k 

that obey the dispersion relation (Figure lb) 

f = ±[gktanh(kh)]V2 (1) 

The associated wave induced velocity (Eu (f;z), Ev(f;z), Ew(f;z)) and 

pressure (E (/; z)) spectra measured at an arbitrary vertical elevation z are given by the 

simple linear transfer functions 



Eu(f;z) + Ev(f;z) = 
3-rf J 

\2 

EAf) 
cosh kd 

n      cosh2 £/z 
(2a) 

Ew(f,z) = '&)* 
.2^", 

£„(/) 
sinh M 

17       cosh2 £/z 
(2b) 

E(f;z) = E(f) cosh Atf 

cosh2 ÄÄ 
(2c) 

where /z is the total water depth, d (=z+h) is the height of the measurements above the 

seafloor (Figure 2), u, v are the horizontal (x, y) velocity components, w is the vertical (z) 

velocity component,/? is pressure (divided by pg to yield equivalent hydrostatic surface 

or pressure head displacements), and En(f) is the spectrum of the sea surface elevation 

function rj(x,y,i). Equations (2a-c) are widely used to infer surface elevation spectra 

from subsurface pressure or velocity measurements. 

The linear dispersion relation (1) and spectral transfer functions (2a-c) have been 

tested with extensive measurements in a range of water depths. Thornton and Krapohl 

(1974) measured surface height variations and orbital velocities at different vertical 

elevations in relatively deep (19m) water and compared the measured spectral transfer 

functions with the linear transfer functions (2a-c). Results show that the measurements of 



horizontal and vertical velocity components in the upper part of the water column were in 

good agreement with linear theory over a wide frequency band (0.04-0.35 Hz) (errors less 

than 4-6%). Herbers and Guza (1991,1992 and 1994) and Herbers et al. (1992) examined 

the dispersion relation and pressure-velocity transfer functions with measurements 

collected in shallower depths (7 and 13m). Results of these studies show excellent 

agreement at the dominant wave frequencies (errors less than 2%) with linear theory. 

Whereas the linear dispersion relation (1) and transfer functions (2a-c) are 

generally accurate near the spectral peak frequency, significant discrepancies are 

typically observed at higher frequencies where energy levels are relatively low. These 

deviations are caused primarily by nonlinear interactions in which a pair of spectral 

components with frequencies fx and f2 excites a bound secondary wave with the sum 

frequency /, +/2 that does not obey the linear dispersion relation (Eq. 1) (e.g. Donelan 

et al., 1985; Herbers and Guza, 1991,1992,1994; Herbers et al., 1992,1994). In shallow 

water depths (kh «1), these so-called triad interactions are near-resonant, and the non- 

linear energy transfers to higher frequencies are strongly enhanced (e.g. Freilich and 

Guza, 1984; and many others). Assuming for simplicity a narrow spectrum of waves with 

a peak frequency / , that are refracted to near normal incidence, energy is transferred 

primarily from the spectral peak components with / « / and k&k   (given by (1)) 

through multiple triad interactions to harmonic components with frequencies and 

wavenumbers (2/^,2^), (3/^,3^),... . If the spectral peak components are in shallow 



water [kph «l) then the peak frequency (f ) and wavenumber \kp) obey the shallow 

water dispersion relation (the small kh limit of (1)): 

2n 

It follows that the harmonic components \2fp,2k ), \3fp,3k),... also obey (3) yielding 

an almost nondispersive wave field in which all wave components propagate with the 

shallow water wave speed (gh)U2. In this simple nonlinear model, high frequency 

components of the spectrum have wavenumbers (Eq. 2) that are smaller than those 

predicted by the linear dispersion relation (1). The implications of these deviations from 

the linear dispersion relation are illustrated in Figure la with a typical measured velocity 

spectrum in 4m depth. The measured spectrum is narrow with fp « 0.08 Hz, with distinct 

harmonic peaks at 2/ , 3/ , 4/ and 5/p. The predicted shallow water wavenumbers 

of the higher harmonic components are significantly smaller (16% at 3fp, 27% at 4fp, 

35% at 5/ ) than those predicted for linear waves with the same frequencies (Figure lb). 

Few measurements of wave kinematics in the surf zone have been reported. Guza 

and Thornton (1980) compared pressure, sea surface elevation and velocity spectra 

measured outside and inside the surf zone with the linear transfer functions (2). The 



results indicated reasonably good agreement (errors 0(20%)). Vertical variation of wave 

properties over the water column were not sampled in this experiment. 

In the present study, velocity and pressure spectra measured inside and outside the 

surf zone are compared with linear (2) and nonlinear transfer functions. Field data used in 

this study were obtained from vertical stacks of current meters with a co-located pressure 

sensor in depths of 2,4, and 8m. The field data and analysis are described in Chapter II. 

The vertical attenuation of wave orbital velocities is investigated in Chapter III. 

Nonlinear effects on the pressure-velocity transfer function are examined in Chapter IV. 

Observed slopes of the high-frequency tail of velocity spectra in the surf zone are 

discussed in Chapter V, followed by a summary in Chapter VI. 





II. FIELD EXPERIMENT AND DATA ANALYSIS 

Detailed measurements of the shoaling evolution of waves across the inner 

continental shelf and beach were collected during the DUCK94 experiment at the U.S. 

Army Corps of Engineers Field Research Facility located near Duck, North Carolina on a 

straight barrier island exposed to the Atlantic Ocean. Three rigid frames (in 2,4, and 8m 

water depth) were deployed along an 885 meter-long cross-shore transect (Figure 3). 

Each of these towers supported a stack of Marsh-McBirney electromagnetic current 

meters (Elgar et al., 1997, Lentz et al., 1999) and a Setra pressure sensor. Data were 

collected nearly continuously during September and October, 1994, with a sample 

frequency of 2 Hz. The 8m frame failed on October 10, during a severe storm. 

The two-month observation period spans a wide range of conditions including 

two major nor'easter events with maximum significant wave heights of 2.5 and 3.8m and 

wide surf zones extending across the entire instrumented transect. Shoaling of 

nonbreaking waves was observed during many calm periods with significant wave 

heights as small as 0.2m. The observations include narrow spectra of remotely generated 

swell, broad spectra of locally generated seas, and bimodal spectra of mixed swell-sea 

systems (Elgar et al., 1997). The beach profile during the experiment featured a well 

developed sand bar approximately 100m from shore (Figure 3). Seaward of the sand bar, 

the bottom profile was nearly planar with a gentle («1:200) slope. Intense wave 

breaking often occurred on the shallow (h « 1.5-2.0 m at low tide) crest of the sand bar. 



The 2m frame is located in a trough between the bar crest and a steep («1:20) beach 

face. Changes in the bathymetry were small in the first 1.5 months of the experiment, but 

during the most severe storm in the middle of October the sand bar moved about 80m 

offshore (Gallagher et al., 1998). 

The present study is focused on wave kinematics in the strongly nonlinear 

regimes of breaking or nearly breaking waves. Therefore the analysis was limited to 125 

one-hour-long data records collected at low tide with incident significant wave heights Hs 

> 1.25m, when significant wave breaking occurred on the crest of the sand bar (Herbers 

et al., 1999). Spectra of the horizontal velocity components (Eu(f;z), Ev(f;z)) and 

pressure (Ep (f;z)) with a frequency bandwidth of 0.0078 Hz (56 degrees of freedom) 

were estimated from detided data records. Accurate estimates of the height d of 

instruments above the seafloor were available from continuous sonar altimeter 

measurements collected on each frame (Gallagher et al., 1998). The gain accuracies of 

the bidirectional current meters and pressure sensors are estimated to be + 5% and ± 1%, 

respectively (Guza et al, 1988). 



III. VERTICAL ATTENUATION OF WAVE 
ORBITAL VELOCITIES 

The vertical attenuation of velocity spectra observed in 2,4, and 8m depth is 

examined in Figures 4-7 for four data runs that span a wide range of wave conditions, 

including two major nor'easters that passed through the region (Cases I and IV), 

energetic swell (Case II), and a local wind sea (Case III). The total horizontal velocity 

spectrum Eu (/)+ Ev (/) observed at different vertical elevations shows the expected 

strong attenuation at high frequencies (Figures 4-7, panels a-c). For each stack, the 

observed attenuation of velocity spectra between the uppermost and lowermost current 

meters is compared to the theoretical transfer function (2a) using two different 

approximations for the wavenumber k (Figures 4-7, panels d-f). The first of these 

approximations uses the linear finite depth dispersion relation (1) valid for free linear 

waves in any depth. In the second approximation, the shallow water dispersion relation 

(3) is used to describe the attenuation of a nonlinear wave field in shallow water that is 

dominated at high frequencies by nonlinearly forced harmonics (e.g., Figure lb). 

A.       CASE I: SEPTEMBER 4 

Energetic wind seas (Hs in 8m depth is 1.92m) were observed on September 4 

during the first nor'easter (Figure 4). In 8m depth the velocity spectra are relatively broad 

with a peak frequency /p=0.10 Hz (Figure 4c). Root mean square velocities measured at 

the uppermost current meters decrease from 80 cm/s in 8m depth to 78 cm/s in 4m depth 



to 45 cm/s in 2m depth. Both the 4 and 2m stacks were inside the surf zone. Nonlinear 

energy transfers from the incident wind wave frequencies to both higher and lower 

frequencies are evident in the observed evolution of spectra from 8 to 2m depth. Sum 

interactions cause a broadening of the spectrum and produce a weak second harmonic 

\2fp) peak in 4m depth that appears to be dissipated in 2m depth. Spectral levels at 

infragravity frequencies (< 0.04 Hz) are strongly amplified as the depth decreases, and in 

2m depth the spectral peak has shifted from the incident (0.1 Hz) sea peak to an 

infragravity (0.015 Hz) peak. 

In 8m depth (Figure 4c), the attenuation of the velocity spectrum between the 

uppermost and lowermost current meters increases strongly with increasing frequency, 

from about 20% at / to a factor of 10 at 0.35 Hz. The analysis of 8m stack data was 

restricted to the range of 0-0.35 Hz because the signal levels at higher frequencies were 

sometimes below the noise floor for the lower current meters. The linear finite depth 

model overpredicts the attenuation at frequencies above fp (Figure 4f). The errors 

increase with increasing frequency from only 2% at / to a factor of 10 at 0.35 Hz. The 

nonlinear model is generally in closer agreement with the observations but underpredicts 

the attenuation (maximum error 30% at 0.35 Hz). These comparisons show the 

importance of nonlinearity at high frequencies, but the nonlinear model used here is 

obviously inaccurate at this relatively deep site. 

The observed attenuation of velocity spectra in 4m depth between the uppermost 

and lowermost current meters increases from 10% at / to 65% at 0.5 Hz. Similar to the 
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8m comparisons, the linear model overpredicts the attenuation in 4m depth with errors 

increasing from 2% at / to a factor of 15 at 0.5 Hz. The nonlinear model prediction is in 

excellent agreement with the observed attenuation at high frequencies. In 2m depth 

(Figure 4a) the observed attenuation is weak (< 40% at 0.5 Hz) and in reasonable 

agreement (typical errors of 0(10%)) with both the linear and nonlinear model 

predictions. In all three depths the observed attenuation at infragravity frequencies is 

significant (15-30%) whereas both models predict negligible attenuation for these long 

wavelength waves. These discrepancies suggest that bottom boundary layer effects may 

be important (i.e. vertical shear) or other motions than long gravity waves contribute to 

infragravity velocities (e.g., instabilities of the longshore current). 

B.       CASE II: SEPTEMBER 4 

This data set collected one day after Case I, when the storm had moved offshore, 

features a narrower swell spectrum with a peak frequency /p=0.09 Hz (Figure 5). The 

offshore significant wave height is reduced to 1.5m, and rms velocities measured with the 

uppermost current meters initially increase from 56 cm/s in 8m depth to 69 cm/s in 4m 

depth followed by a decrease to 46 cm/s in 2m depth. As the waves shoal from 8 to 4m 

depth, large nonlinear energy transfers in sum interactions produced clearly 

distinguishable harmonic peaks at 2fp, 3fp, and 4fp (Figure 5b). In 2m depth (Figure 

5a), these harmonic peaks are obliterated by intermittent wave breaking on the sand bar 

(Figure 3). As in Case I, infragravity velocity spectral levels are strongly enhanced during 

11 



shoaling and dominate the spectra observed at the 2m stack (Figure 5a). The vertical 

attenuation of velocity spectra is similar to Case I. In 8 and 4m depth, the observed 

attenuation is much weaker than predicted by linear theory and in good agreement with 

the nonlinear prediction (errors less than 30% and 10% in 8 and 4m depth, respectively). 

In 2m depth the observed decay is weak and in good agreement with both model 

predictions (except for a stronger observed decay at infragravity frequencies). 

C.       CASE III: SEPTEMBER 19 

The third case is characterized by less energetic (offshore Hs = 0.82m) high 

frequency (fp=0.\7 Hz) seas. The rms horizontal velocities measured with the 

uppermost current meters are 45, 58 and 47cm/s at the 2,4, and 8m stack, respectively. 

These small variations suggest that wave breaking and associated energy losses occurred 

primarily shoreward of the 2m stack. The spectra are featureless in 8 and 4m depth but 

show a pronounced second harmonic peak in 2m depth (2fp&03 Hz) that is almost as 

large as the primary (/p«0.15 Hz) peak (Figure 6a). At all three stacks the observed 

vertical attenuation of velocity spectra is stronger than in Cases I and II (Figure 6, panels 

a-c). At the highest frequencies considered the observed attenuation varies between a 

factor 2 in 2m depth to a factor 30 in 8m depth. The observed spectral attenuation is 

generally in good agreement with the linear finite depth transfer function, except at very 

high frequencies in 8 and 4m depth where the observed attenuation falls between the 

stronger decay predicted by the linear transfer function and the weaker decay predicted 

12 



by the nonlinear transfer function (Figure 6, panels b,c). These comparisons suggest that 

the high frequency tail of the spectrum contains a mix of free waves that obey the linear 

dispersion relation and longer wavelength forced waves. 

D.       CASE IV: OCTOBER 15 

The final case is from the second major nor'easter when the offshore significant 

wave height reached a maximum (Hs» 3.8m). No data was available from the 8m stack 

which had collapsed earlier during this storm. The rms velocities measured by the 

uppermost current meters in the 4 and 2m stacks were 76 and 53 cm/s, respectively. The 

spectra show strong nonlinear evolution between the 4 and 2m stacks similar to Case I. In 

2m depth, the incident wave spectral peak (fp =0.1 Hz) is accompanied by distinct 

second and third harmonic peaks (2fp, 3fp) and a prominent infragraviry peak (/ =0.02 

Hz) (Figure 7a). Similar to cases I and II the observed vertical spectral attenuation is 

weak (from less than 10% at fp to less than a factor of 2 at 0.5 Hz) (Figure 7, panels 

a,b), and in good agreement with the nonlinear model prediction (errors less than 30%) 

(Figure 7 c,d)- 

The case studies generally support the hypothesis that the high frequency tail of 

velocity spectra in shallow water is dominated by nonlinearly forced waves that 

propagate with the shallow water wave speed {gh)V2 and have a much weaker vertical 

decay than predicted by linear wave theory. The weak vertical attenuation of the 

13 



nonlinearly forced high-frequency wave motion is examined in Figure 8 for all 125-one- 

hour-long data records. The observed attenuation of the velocity variance in the high- 

frequency range of 0.3-0.5 Hz between the uppermost and lowermost current meter of 

each stack is compared to predictions based on linear (Eq. 2a with k given by Eq. 1) and 

nonlinear (Eq. 2a with k given by Eq. 3) transfer functions. No results for the 8m stack 

are presented because few data records were available and the relatively weak high 

frequency spectral levels were often below the instrument noise floor. In 4m depth, 

nonlinear model predictions (Eqs. 2a, 3) of the attenuation are in good agreement with 

observations (errors less than 30%) whereas the linear model consistently overpredicts 

the attenuation (errors between 30% and a factor 5). In 2m depth, both model predictions 

are in good agreement with the observations (errors less than 30%). 

14 



IV. NONLINEAR EFFECTS ON THE PRESSURE- 
VELOCITY TRANSFER FUNCTION 

The analysis of velocity spectra in shallow water presented in Chapter III shows 

that the linear finite depth dispersion relation is inaccurate at high frequencies because 

the high-frequency tail of the spectrum is usually dominated by nonlinearly forced waves 

that propagate with the speed of the spectral peak components. Additional errors in the 

pressure-velocity transfer functions (2a-c) are introduced by the neglected nonlinear 

Bernoulli term in the second-order pressure field. The nonlinear pressure-velocity 

transfer function is examined here with a simple model for uni-directional waves in 

shallow water. 

Assuming irrotational flow and unidirectional waves propagating in the x- 

direction, the horizontal orbital velocity u and pressure p can be expressed in terms of a 

velocity potential function <3?(x,z,t) 

u = — (4) 
ox 

1 
p = — 

8 v dt     2 v. dx ) 
(5) 

Based on the observations presented in Chapter III, we assume that the local velocity 

potential can be described approximately by a spectrum of wave components that all 

15 



propagate with the shallow water wave speed (ghf   . The velocity potential function O 

is expressed as a general Fourier integral of the form 

<t>(x,z,t) = J ^V{i(hc-2^t)f°sh^^dA{f) (6) 
cosh kh 

with dA(f) the Fourier amplitude at the surface of waves with frequency /, and the 

wavenumber k given by the shallow water dispersion relation (3). 

Substituting (6) in (4) and (5) and evaluating the velocity (Eu (f;z)) and pressure 

[Ep(f;z)) spectra yields the following nonlinear transfer function (Herbers et al, 1999): 

Ep{f;z)=-Eu(f;z)+sh (7) 
8 

where sb is the nonlinear Bernoulli correction term that can be expressed in terms of the 

velocity bispectrum Bu(fl,f2;z) (e.g., Elgar andGuza, 1985) 

i   -3      17 

sh =-h*g2 Re J Bu(f,f-f)df'+2\ Bu(f\f]df\      (8) 

where Re{ } indicates the real part. 

16 



The observed pressure spectra at the 4m depth stack (measured with sensor p45, 

Figure 3) for the four case studies are compared in Figure 9 to predictions based on Eq. 7. 

The time series of« (measured with sensor uv44, Fig. 3) were transformed to the vertical 

elevation of the pressure sensor with Eq. 6, and the spectrum and bispectrum of the 

transformed time-series were substituted in Eq. 7 to obtain a prediction of the pressure 

spectrum. The agreement between observed and predicted pressure spectra is generally 

excellent in Cases I, II, and IV (Figure 9a, b, d). In Case III, the observed and predicted 

spectra diverge at high frequencies (Figure 9c), probably because the nonlinear shallow 

water approximation is inaccurate in this case with less energetic and higher frequency 

seas (See Chapter III). Also included in Figure 9 are the predictions without the Bernoulli 

correction term sb. The results show that the Bernoulli term is small in the energetic part 

of the spectrum, but reduces the pressure spectral levels by as much as a factor 3 at high 

frequencies. 

17 
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V. SIMILARITY OF VELOCITY SPECTRA 
AT HIGH-FREQUENCIES 

It has been suggested (Thornton, 1977) that wave spectra in the surf zone are 

saturated at high frequencies. That is, energy transferred from low to high frequencies 

through nonlinear interactions is dissipated at the same rate it is transferred, across the 

spectrum. Based on dimensional arguments, (Thornton, 1977) showed that the horizontal 

velocity spectrum Eu (/) in the surf zone is proportional to /~3. Observations of 

horizontal velocity spectra in the surf zone on three California beaches show 

approximately -3 slopes at high frequencies in agreement with similarity arguments 

(Thornton, 1977). 

The similarity of the high-frequency tail of velocity spectra in the surf zone is 

examined here with measurements obtained at the 2 and 4m stacks (Figure 3). Measured 

spectra of the uppermost current meter in each stack (uv21, uv41) were corrected to mean 

sea level using the transfer function (2a) with the mean square shallow water 

approximation for the wavenumber k given by the shallow water dispersion relation (3). 

A standard linear regression analysis was applied between the log of the frequency and 

the log of the corrected spectral levels over the high frequency range 0.3-0.5 Hz. 

Examples of the velocity spectra with best-fit lines are given in Figure 10 (same example 

cases as in Figs. 4-7, 9). In contrast to the strong decay of spectral peak levels between 4 

and 2m depth, the spectral levels in the high frequency tail are comparable at the two 
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sites, suggesting a saturation regime. However the best-fit slopes appear quite variable, 

ranging from -2 to -4. 

The estimated slopes of the frequency tail of velocity spectra at the 2 and 4m 

depth sites are summarized for all 125 data records in Figure 11. The estimated slopes are 

shown versus the ratio between the root-mean-square horizontal velocity and the shallow 

water wave speed 

0.5/fc 

\{Eu{f;0)+Ev(f;0))df 

cc = < 
gh 

(9) 

which is a measure of nonlinearity (a&Hs/4h in the linear approximation) and can be 

used as a crude indication of breaking conditions. Both the 4 and 2m depth observations 

show considerable scatter with slopes ranging from -5.5 to -3 in 4m depth and from -4 

to -1 in 2m depth. Despite the scatter, the slopes in 4m depth are generally steeper than in 

2m depth, and there is a noticeable trend of decreasing slope with increasing a at both 

sides. Overall, these observations indicate a continued flattening of the high-frequency 

tail of velocity spectra in the surf zone and no clear similarity regime. Differences 

between present observations and those reported by Thornton (1977,1979) 
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may be related to the different beach characteristics. Whereas Thornton's observations 

were collected on planar beaches, the present observations were collected on a barred 

beach where breaking is more intermittent and localized on the crest of the sand bar. 
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VI. SUMMARY 

Wave kinematics in the strongly nonlinear regimes of breaking or nearly breaking 

waves are examined with measurements collected during the DUCK94 experiment on a 

sandy barred beach. A vertical stack of bi-directional current meters and a pressure sensor 

were deployed at 3 locations along a cross-shore transect in depths of 2,4 and 8m. 

Velocity and pressure spectra observed for a wide range of wave conditions are compared 

with linear and nonlinear transfer functions. Slopes of the high-frequency tail of velocity 

spectra in the surf zone are also examined and compared with previous measurements. 

In the linear approximation, waves obey the dispersion relation (1) and are 

strongly attenuated over the water column at high frequencies. However, nonlinear 

interactions transfer energy from the spectral peak to high frequency components that do 

not obey the dispersion relation (1). In shallow water these nonlinearly forced high 

frequency components are strongly amplified and significantly change the local wave 

kinematics. The observed vertical attenuation of horizontal velocity spectra at high 

frequencies in 8 and 4m depth is much weaker than predicted by linear theory (Figures 4- 

8). These discrepancies are shown to be consistent with nonlinearly forced high- 

frequency components that have relatively small wavenumbers and thus are less 

attenuated than linear waves. The observed vertical decay in 4m depth and to a lesser 

degree in 8m depth are in good agreement with a simple nonlinear model prediction 

based on the assumption that the high-frequency tail of the spectrum is dominated by 

nonlinearly forced components that travel with the shallow water wave speed (i.e. the 
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speed of the spectral peak components). In 2m depth, differences between the linear and 

nonlinear transfer function are small and both predictions are in reasonable agreement 

with the observed weak vertical decay. At infragravity frequencies at the shallower sites, 

observed velocity spectra often show significant vertical decay that is not predicted by 

either model. Possible causes for these discrepancies are bottom boundary layer effects 

(i.e. velocities decrease in a shear layer towards the seabed) and contributions of motions 

other than gravity waves (e.g., shear instabilities of the longshore current). At the peak 

frequency, comparisons for the linear and nonlinear models are generally within the 

accuracy of the instruments. 

Observed velocity and pressure spectra in 4m depth are in good agreement with 

the nonlinear transfer function. It is shown here that the nonlinear Bernoulli term -it /2g 

contributes significantly to the observed high frequency pressure fluctuations and in some 

cases dominates the high frequency part of the pressure spectrum. 

The similarity of the high frequency tail of the observed velocity spectra was 

examined through a linear regression analysis between the logs of the frequency and 

spectral levels. Earlier studies (Thornton, 1977,1979) have suggested that horizontal 

velocity spectra in the surf zone are saturated at high frequencies with an f'3 tail. The 

best-fit slope values show large variations in both 4m depth (-5.5 to -3 slopes) and 2m 

depth (-4 to -1 slopes), with a general tendency for spectra to continue to flatten at high 

frequencies as waves propagate through the surf zone. The differences between the 

present observation and the -3 slopes observed by Thornton may be related to the 

different beach characteristics. The present observations were collected on a natural 
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barred beach with strong localized wave breaking on the sand bar crest, whereas 

Thornton's observations were collected on planar beaches. Further work is needed to 

investigate the similarity and saturation of wave spectra in the surf zone. 
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APPENDIX 

FIGURE 1. (a) Example total horizontal velocity spectrum observed in 4m depth (current 

meter uv41, Figure 3) on September 5 (Case II, discussed in detail below) with distinct 

harmonic peaks, (b) According to second-order theory the nonlinearly forced harmonic 

waves are phase-locked to the spectral peak (fp) components. Hence the harmonic 

components (2/ , 3/ , Afp, 5fp) are expected to obey the shallow water dispersion 

relation (dash-dotted line) rather than the linear finite depth dispersion relation (solid 

line). 

FIGURE 2. Definition sketch for measurements collected at a vertical elevation z. h is the 

total water depth, and d (=z+h) is the height of the instruments above the sea bed. 

FIGURE 3. Vertical stacks of instruments deployed in 2,4, and 8m depth during the 

DUCK94 experiment. Squares indicate bidirectional current meters. Triangles indicate 

pressure sensors. 

FIGURE 4. Vertical attenuation of velocity spectra observed in Case I (4 September, 

1100-1200 EST). (a-c) The total horizontal velocity spectrum Eu (/) + Er (/) observed at 

different vertical elevations in the 2,4, and 8m stacks, (d-f) Ratio between the predicted 

and observed attenuation of velocity spectral levels between the uppermost and 
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lowermost current meters of each stack. Both a linear finite depth model prediction (solid 

curves, based on Eqs. 1,2a) and a nonlinear shallow water model prediction (dash-dot 

curves, based on Eqs 2a, 3) are compared to observations. 

FIGURE 5. Vertical attenuation of velocity spectra observed in Case II (5 September, 

1200-1300 EST) (same format as Figure 4). 

FIGURE 6. Vertical attenuation of velocity spectra observed in Case III (19 September, 

12:00-1300 EST) (same format as Figure 4). 

FIGURE 7. Vertical attenuation of velocity spectra observed in Case IV (15 October, 

2200-2300 EST) (same format as Figure 4). No data was available for the 8m stack. 

FIGURE 8. The ratio of predicted to observed attenuation of the velocity variance 

between the uppermost and lowermost current meters in the high frequency range of 0.3- 

0.5 Hz based on linear (Eqs. 1,2a, lower panels) and nonlinear (Eqs. 2a, 3, upper panels) 

models versus the total velocity variance (over the range 0-0.5 Hz) measured by the 

uppermost current meter. Results for the 2 and 4m stacks are shown in the left and right 

panels, respectively. Each asterisk represents a one-hour data record. 

FIGURE 9. Comparisons of observed pressure spectra at the 4m stack (solid curves) with 

predicted spectra based on velocity measurements and the non-linear transfer function (7) 
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between velocity and pressure spectra (dot-dash-dot curves). Also included are 

predictions that neglect the Bernoulli term (8) (dotted curve). Results are shown for the 

same four case studies as in Figures 4-7. 

FIGURE 10. Observed total horizontal velocity spectra (corrected to mean sea level) in 4 

and 2m for the same four case studies shown in Figs. 4-7. The best-fit lines to the high- 

frequency (0.3-0.5 Hz) tail of the spectra are indicated with heavy solid lines. The 

computed high-frequency slopes in 4m depth are (a) -3.5, (b) -4.1, (c) -3.8, (d) -3.7. In 

2m depth the slopes are: (a) -2.0, (b) -2.1, (c) -2.8, (d) -3.1. 

FIGURE 11. Estimated slopes of the velocity spectra (in the 0.3-0.5 range) versus the 

normalized rms horizontal velocity a for all 125 data records. Results in 4 and 2m depth 

are indicated with asterisks and squares, respectively. 
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