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ABSTRACT 

Drennan, W.M., Kahma, K.K. and Donelan, M.A., 1992. The velocity field beneath wind-waves - -  
observations and inferences. Coastal Eng., 18:111-136. 

An extensive set of measurements taken from a fixed tower is used to study the velocity field under 
wind waves. Velocity measurements, made with miniature drag spheres, are compared with linear 
theory estimates of the orbital velocities obtained from measured surface elevation. Results are pre- 
sented in the context of how well linear theory is able to predict wave-induced forces on cylindrical 
structural members. Linear theory is seen to predict the flow velocities to within about 7%. Further- 
more, both the inertial and drag forces are generally well predicted by linear theory, although small 
scale turbulent motions not accounted for by linear theory can result in significantly higher inertial 
forces on smaller structural members. 

INTRODUCTION 

The design of cost-effective offshore structures is highly dependent on an 
accurate estimation of wave forces which, in turn, depend on the wave orbital 
velocities, accelerations and pressures. Very few measurements have been 
made of actual velocities beneath natural wind-generated waves and the de- 
sign engineer generally relies on linear wave theory to derive appropriate de- 
sign forces from a suitable climatology of wave (surface elevation ) informa- 
tion. Recent results, however, show that the predicted forces can differ from 
observed ones by as much as 50 to 100% (Ramberg and Niedzwecki, 1979). 
A large part of this uncertainty is due to inaccuracies in the model by which 
flow velocities (and thence forces which are related to the square of velocity) 
are calculated. Although laboratory studies (e.g. Vis, 1980) have generally 
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indicated good agreement between measured and predicted velocities, con- 
ditions in the field can differ dramatically from those in the laboratory. In 
particular, the presence of variable currents and the high local accelerations 
associated with wave breaking (see Melville and Rapp, 1985 ) can have im- 
portant consequences on local velocities and wave forces. 

Typically, the forces are predicted using Morison's equation, 

Fu ( t ) = CDpru ( t ) l u ( t ) l + CMpnr2 f~ ( t ) (1) 

(Morison et al., 1950), which estimates the incremental horizontal force per 
unit length exerted by a moving fluid on a fixed vertical cylinder. Here, p is 
the fluid density, r is the radius of the cylinder, Co and C~ are drag and iner- 
tial coefficients and u (t) and/t  (t) are horizontal fluid velocity and accelera- 
tion. Co and Cra are functions of the Reynolds number R e  = 21 u lr /u ,  the 
relative surface roughness ( k d / 2 r )  and the Keulegan-Carpenter number Nkc 
= A T / 2 r ,  where u is the fluid kinematic viscosity, ka is the average roughness 
diameter, A is the velocity amplitude of the oscillatory part of the flow, and T 
is its period. 

Morison's equation ignores wave drag, which occurs if the cylinder is at or 
near density interfaces, and skin drag. Nevertheless, for most engineering ap- 
plications the form drag and inertial resistance modelled by Morison's equa- 
tion are the dominant forces. Laboratory measurements of the in-line (with 
horizontal velocity) force on vertical cylinders seem to agree well with that 
deduced from Morison's equation (Bearman et al., 1985 ). 

The behaviour of the drag and inertial coefficients with Reynolds and Keu- 
legan-Carpenter numbers has been the subject of many investigations (see 
Sarpkaya and Isaacson, 1981 for a summary),  most of which have been car- 
ried out in laboratories under idealized conditions of uni-directional, planar 
oscillatory or circular oscillatory flows. Strong Reynolds number and Keule- 
gan-Carpenter number dependencies on the drag and inertial coefficients im- 
ply that the standard practice of using constant values for these coefficients 
for force calculations over the entire length of vertical cylinders is fraught 
with error (Ramberg and Niedzwecki, 1979). An additional source of error 
arises in the calculation of orbital velocities from observed surface elevations 
using theoretical models. For irregular seas, these models are based on linear 
theory and one or two ad hoc assumptions. However, a new model by Done- 
lan et al. (1992) has a firmer theoretical foundation and has shown favour- 
able comparisons against laboratory data. 

Over the past few decades, several papers have appeared comparing mea- 
sured field velocities with those predicted by linear theory. Both Guza and 
Thornton (1980) and Thornton and Krapohl (1974) investigating, respec- 
tively, shoaling waves and swell, report good agreement between observed 
and measured flow velocities - -  typically to within 10%. Simpson (1969) 
finds similar results from measurements in 6 metres of water off the end of a 
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pier, with discrepancies of up to 15% in velocity. There are, however, impor- 
tant differences between two recent works dealing with active wind sea con- 
ditions. While both Battjes and van Heteren (1984) and Cavaled et al. (1978) 
report fairly good agreement (to within 20%) between measured and pre- 
dicted velocity magnitudes, Cavaleri, Ewing and Smith report observations 
indicating that the phase between horizontal and vertical velocity compo- 
nents can be substantially different from that predicted. In particular, under 
active wind-sea conditions these discrepancies were typically around 30 ° . 
Similar results have been observed by Shonting (1970). This phase differ- 
ence which cannot be explained by linear theory would have, if confirmed, 
important implications for momentum transport rates in the water column: 
typically, it implies a momentum transfer many times larger than the momen- 
tum input from the wind at the surface. 

Although most of the above comparisons are carried out between measured 
and predicted r.m.s, velocities, from the point of view of structural design it 
is the peak velocities that are most significant. As the steepest waves tend to 
be the most nonlinear, the question must be asked as to how well linear theory 
predicts the peak velocities. Thus, the matter of predicting velocities and wave 
forces in an active wind-sea is far from settled and it was partly to resolve 
these issues that the WAVES (Water-Air Vertical Exchange Studies) experi- 
ments were carried out (Donelan and Kahma, 1987). 

E X P E R I M E N T  

A fixed tower provides the ideal platform for measurements of sub-surface 
velocities and that of the National Water Research Institute in Lake Ontario 
is particularly well suited to this purpose. Having been designed expressly for 
wave measurements, the tower is free of cross-bracing in the vicinity of the 
water surface (see Fig. 1 ). The tower is situated 1.1 kilometres offshore in 
12.5 metres of water, as indicated in Fig. 2. Power is supplied to the tower via 
underwater cables and 48 channels of data, sampled at 20 Hz by computer, 
are transmitted by cable to shore. Further details of the research site are given 
in Donelan et al. ( 1985 ). 

The instruments used for measuring both vertical and horizontal compo- 
nents of velocity were "drag spheres", in which the fluid force on a sphere 
yields a measure of the velocity components (Donelan and Motycka, 1978 ). 
The three drag spheres were mounted on a rotatable mast at nominal depths 
of 1.2 m, 2 m and 4 m. The mast could be rotated by control from the shore 
station so that the axes of the drag spheres were aligned normal to the mean 
wave direction. The instruments thus yielded vertical and horizontal (down- 
wave) velocity components. The size of the drag spheres (4 mm diameter) 
was such that they responded essentially to drag and not to inertial effects in 
the range of wave heights and periods expected (Donelan and Motycka, 1978 ). 
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Fig. 1. CCIW tower, Lake Ontario.  

Since the drag response is nonlinear (almost perfectly a square law in the 
Reynolds number range used), the instruments were zeroed mechanically be- 
fore and after each measurement run by means of pneumatically activated 
sleeves that shielded the drag spheres from the ambient flows. The drag spheres 
were carefully calibrated both before and after field exposure. Calibration was 
accomplished by towing the instruments in the 120 m towing tank of the Na- 
tional Water Research Institute. 

In addition to the drag sphere measurements, ten wave staffs were deployed 
at various locations around the tower to provide wave height information. Of 
particular interest to this paper is a wave staff located on the mast rotator, 
about 50 cm from the drag spheres. We also report mean wave directional 
properties obtained from an array of six wave staffs arranged at the apices 
and center of a pentagon of 25 cm radius. More detailed wave directional 
information may be found in Tsanis and Donelan (1989). An anemometer- 
bivane situated on a mast 12 m above the water surface yielded measure- 
ments of wind speed U~2 and direction (Ow). Measurements of relative hu- 
midity and air and water temperatures were also recorded. 
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Fig. 2. Map indicating tower location. 

ANALYSIS 

During the WAVES field season of fall 1985, some forty data runs of forty 
to eighty minutes duration were made. Processing of the drag sphere and as- 
sociated wave staff data has consisted of applying spectral analysis using fast 
Fourier transforms (FFTs) based on blocks of 8192 points (6.83 minutes). 
This choice of block length permitted interpretation of some of the lower fre- 
quency information (to less than 0.01 Hz),  while giving enough independent 
blocks for reliable statistical estimation. To reduce contamination of the low 
spectral densities through window leakage from the peak, a 4-term Black- 
man-Harris  taper (Harris, 1978 ) was applied to the individual blocks. Four 
adjacent spectral estimates were averaged so that each plotted point has 64 
degrees of freedom (for the 90 minute runs) corresponding to 95% confi- 
dence levels of 1.28 and 0.72. It should be noted that the comparisons with 
linear theory that follow were not affected by this sampling variability since 
surface elevation and velocity records were coincident in time and (almost) 
in space. 

The implementation of linear theory was based on surface elevation mea- 
surements taken at a wave staff offset 22.5 cm downwave and 45 cm cross- 
wave from the drag spheres. The water depth d and distance of the drag sphere 
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below the surface z were based on the mean water level during the run. The 
surface elevation signals were Fourier transformed as described above so as 
to calculate the Fourier coefficients. The wave number  k associated with each 
frequencyfwas then calculated from linear theory, along with the quantities 

,, , , c o s h ( k ( d - z )  ) . ~ ,, , ~ c o s h ( k ( d - z )  ) 
Tnu=~.x J ~ e '°" and J , w = Z n t j  c ~ ( - - ~  ei°"u (2) 

which represent the transfer functions between the surface elevation r /and 
velocities u and w, respectively. The quantity q~,u corrects for the phase shift 
(with frequency) due to the downwave spatial offset between the wave staff 
and drag spheres, along with that induced by sampling and electronic filtra- 
tion. Finally, the linear theory velocity estimates ut and w~ were determined 
by inverse Fourier transform. We note here that unidirectional long-crested 
waves were assumed with the result that ut and wt are 90 ° out of phase. We 
emphasize that the correction ~u  is applied to the linear theory velocity esti- 
mates; the measured velocities are not altered in any way. 

For determining the directional spectra, data collected from each of the six 
wave staffs of the array were averaged down to 4 Hz, and cross spectra were 
calculated based on blocks of 1024 points. A maximum likelihood method 
(MLM) based on Jefferys ( 1986 ) with l 0 degree directional spacing was em- 
ployed. Only selected results from the directional analysis will be presented 
here; more detailed results are available in Tsanis and Donelan ( 1989 ). 

RESULTS 

Data s u m m a r y  

In Table 1, we summarize results for some fifteen runs for which a linear 
analysis was carried out. Of these, we have selected four runs for detailed 
presentation: 85105, 85111, 85145 and 85159. This subset was selected so as 
to represent a good cross-section of the conditions encountered. The prevail- 
ing winds in the area are from the southwest and, for these cases, the fetch at 
the tower is of the order of one to two kilometres. Storms tracking south of 
Lake Ontario often result in winds from the east, and for these cases the fetch 
at the tower is of the order of 200 to 300 kilometres. Consequently, a classi- 
fication of the runs by wind direction is essentially a classification by wave 
development: waves from the west are fetch limited, with a corresponding 
low wave age ( U~2/cp, where cp is the phase velocity at the peak frequency, is 
the inverse wave age) while those from the east tend to be older or more 
developed. 85111 represents an overdeveloped sea ( U~2/Cp = 0.1 ) with swell 
propagating eastward along the major axis of Lake Ontario; 85105 ( Ul2/Cp = 
0.9), nearly fully developed waves from the east; 85145 (U~E/Cp = 1.3), an 
underdeveloped east wind case; and 85159 ( U~:/co = 4.2), with very under- 
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TABLE 1 

WAVES 85 - -  drag sphere results 

Run U~2 0~, D H~ f~ U/cp depth a,, crw Gu G~ ¢uw 
No. ( m / s )  ( ° )  ( ° )  (cm) (Hz)  (cm) (cm/s )  ( cm/s )  ( ° )  

85104 6.7 63 70 50 0.30 1.3 146 12.8 13.3 1.05 1.14 92 
186 11.5 10.2 1.24 0.98 97 
386 6.2 6.1 1.8 1.7 

85105 10.5 87 75 187 0.14 0.9 158 43.9 38.1 0.94 0.91 91 
198 44.3 33.6 1.08 0.98 98 
398 35.0 25.3 1.11 1.01 92 

85107 7.1 100 75 189 0.14 0.6 159 44.9 41.1 0.80 0.93 92 
399 36.0 27.4 0.87 0.97 97 

85111 0.9 var 55 73 

85116 10.7 250 220 27 

85117 10.4 250 220 26 

0.20 0.1 151 19.9 19.2 1.07 1.07 89 

0.52 3.6 139 2.2 4.5 0.25 1.07 95 

0.53 3.5 140 3.7 3.9 1.10 1.23 97 

85119 8.3 248 265 13 

85125 17.2 90 80 203 

0.52 2.8 139 1.9 2.1 1.08 1.31 97 

0.17 1.9 164 40.4 44.8 0.70 1.01 89 

85129 5.2 337 113 

85135 8.0 112 75 62 

0.14 0.5 145 23.7 26.9 0.58 0.95 86 

0.30 1.5 120 17.1 17.8 0.88 0.95 89 
390 7.0 7.5 1.17 1.37 

85140 4.7 13 75 130 0.15 0.5 120 35.3 31.6 1.07 1.04 90 
190 33.3 26.0 1.22 0.95 90 
390 26.0 20.2 1.28 1.25 

85144 14.2 64 75 240 0.14 1.3 132 59.7 51.8 0.90 0.89 93 
202 60.6 45.2 1.10 0.88 93 

85145 14.0 67 85 231 0.14 1.3 131 56.9 50.1 0.90 0.92 91 
201 56.0 43.2 1.06 0.89 92 
401 45.4 31.6 1.09 0.97 95 

85159 16.0 234 240 49 0.41 4.2 104 15.2 15.0 1.08 1.07 88 
174 9.4 9.3 1.10 1.13 85 
401 4.9 4.2 1.90 1.95 

85160 12.7 230 225 32 0.48 3.9 100 9.2 9.3 1.11 1.15 94 
170 5.0 5.1 1.29 1.37 96 

U~2, Ow - -  wind speed and direction at 12 m; D - -  wave direction; Hs - -  4 × r.m.s, wave height; f~ - -  
frequency of wave peak; U/c  o -  wave age; Ouw-- phase angle between u and w atf~; Gu, Gw - -  variance 
gain, measured vs. linear theory; au, aw - -  measured r.m.s, of u, w. 
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119 

Fig. 4. Directional spectra. 

developed (strongly forced) waves from the west. The strongly forced, fetch- 
limited waves of 85159 are akin to the steep duration-limited waves associ- 
ated with the outbreak of a storm. In Figures 3 and 4, we show wave height 
and directional spectra for each of the four cases. Above the peak, the wave 
height spectra conform to a f - 4  power law (Donelan et al., 1985 ). The three 
east wind cases show waves with frequencies near the spectral peak to be ar- 
riving from approximately 70 °, which is the principal axis of Lake Ontario. 
Although the waves in 85159 are predominantly from the west (220 ° ), there 
is also evidence of 6 second swell from the east. 
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Wave velocities 

In Figs. 5 and 6, we present spectra of the vertical velocity components as 
measured by the drag sphere, compared with those calculated according to 
linear theory; sections of the time series are also plotted (Fig. 7 ). Agreement 
with linear theory is very good around the peak of the wave spectrum. Away 
from the peak (and several decades lower in spectral density) the deviations 
are caused by turbulence generated by the wind-driven sheared current and 
by wave breaking (Kitaigorodskii et al., 1983 ). Note that the high frequency 
regions of the spectra (85105, 85111 and 85159) display slopes of - 5 / 3 ,  
corresponding to the inertial subrange of isotropic turbulence. For purposes 
of calculating wave-induced forces on structures, these differences are less 
important than those occurring around the peak at substantially higher en- 
ergy levels. 

The twelfth column of Table 1, which shows the ratio of the variances (i.e. 
the integrated velocity spectra) of w and wt (Gw), provides a measure of how 
well the velocities are predicted by linear theory. Typically, G~ falls between 
0.88 and 1.15, which corresponds to measured velocities within 7% of linear 
theory predictions. Note that, according to Fig. 8, the larger ratio value for 
run 85119 is due to an underestimation of the swell component which, in this 
run, is comparatively large; again, the wind sea is well predicted by linear 
theory. Exceptions to this are runs 85104 (386 cm depth), 85135 (390 cm), 
85140 ( 390 cm ), 85159 (401 cm) and 85160 ( 170 cm ), where the measure- 
ments are taken at relatively large depths with low significant wave height. 
For these cases, the ratio of variances Gw reaches as high as two. This is a 
result of very low wave energy at the depths of measurement: the drag sphere 
is out of its operating range. Consequently, the measurements in these cases 
are spurious. Omitting these obvious outliers, the mean and standard devia- 
tion of Gw are 1.02 and 0.11 respectively, so that in 90% of the cases the rms 
measured velocities are within 9% of theory. 

In the case of horizontal velocity, linear theory again is seen to perform well 
(Fig. 9 ), although there appear to be deviations at frequencies just above the 
peak, where linear theory is seen to overpredict the velocity. This phenome- 
non was previously observed by Forristall et al. ( 1978 ), who attributed it to 
flow nonlinearities. As pointed out by Battjes and van Heteren (1984), how- 
ever, nonlinearities would tend to have the opposite effect. We attribute the 
overprediction to the increasing directional spread of the wind sea above the 
peak (see below): linear theory estimates are based on unidirectional waves, 
and hence ignore the effects of spreading. In several cases (e.g. 85116) the 
horizontal velocities appear to be very poorly predicted by linear theory. For 
run 85116 Gu = 0.25, whereas Gw = 1.07. As a rule efforts were made to 
ensure that the drag spheres were aligned normal to the wave direction so that 
the measured horizontal velocity would correspond to that of the principal 
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wave direction. For some runs, however, this was not achieved, resulting in 
the low Gu ratios observed. 

As noted above, the directional spread of the wind sea was not taken into 
account in the linear theory calculations. This can be rectified by computing 
the horizontal velocities from the full directional spectrum following Donelan 
etal.  (1985): 

F(f,O) = ½S~, (f)fl sech 2fl{O - O(f) } 

where 0 is the wave direction, 0 the  mean wave direction and 

/~=2.61(f /£)  +13 for 0 .56<f / fp<0 .95  

/~= 2.28 (f/f~) -13 for 0.95 <f/fp < 1.6 

fl= 1.24 otherwise 

(3) 

where fo refers to the peak frequency. To be consistent with linear theory, 0 
was taken to be the mean wave direction at the wave peak, 0p. The directional 
wave height spectra were then used to generate the corrected linear horizontal 
velocity spectra, which are plotted using dotted curves in Figures 9a and d. 
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Directional effects are seen to account for the overprediction of horizontal 
velocities by linear theory at frequencies about twice the peak. 

In Table 1 (last column) we present the phase angle Ouw between the hori- 
zontal and vertical velocity components as measured by the drag sphere. Ou,. 
is calculated from the cospectrum of the two time series and the single value 
reported is that found by averaging phase angle values for frequencies around 
the peak, where the coherence between the two signals was greater than 0.95. 
For the four selected runs, the phase angle (along with 95% confidence limits 
calculated according to Bendat and Piersol, 1971 ) and coherence ~2 are plot- 
ted, for frequencies around the peak, in Figs. 10 and 11. 

Although linear theory predicts a phase difference between u and w of ex- 
actly 90 °, experimental results have not always supported this. In particular, 
Cavaleri et al. ( 1978 ) and Cavaleri and Zecchetto ( 1987 ) have reported con- 
sistent deviations from linear theory of as high as 30 °, with current meter 
measurements taken in active wind sea conditions from a tower in the Ad- 
riatic Sea; measurements taken in swell showed the expected phase lag of close 
to 90 ° . These results, if correct, would have important  implications in the 
momen tum balance, implying a surface flux considerably greater than that 
derived from wind input at the surface. Our results, taken over a wide range 
of meteorological conditions do not, however, corroborate these findings. On 
the contrary, our results support those of Battjes and van Heteren (1984), 
among others, in finding ~uw to be consistent with linear theory predictions. 
It should be noted that reflected waves from nearby structures or topography 
can have a strong effect on the measured phase angle. 

The paragraphs above indicate that linear theory is generally adequate for 
estimating the velocity field in a spectral sense. The question remains as to 
how well linear theory predicts the extreme waves of any event. In order to 
determine this, joint frequency distributions of u and ut and of w and wt were 
calculated for each of the runs. The corresponding plots for the four selected 

_ _  

runs appear in Figure 12, where we have normalized u and u~ by (u 2 ) ~/2 and 
w and w~ by (w2) 1/2. Also the mean flow (i.e. any current) has been sub- 
tracted from the measured velocities and all signals detrended. In the plots, 
curves of high aspect ratio, centred around the 45 ° line indicate that linear 
theory predicts the velocities on a wave by wave basis very well. In general, 
our data is seen to support this hypothesis although the contours for run 85159 
display significantly lower aspect ratios. Recall that this is a west wind case 
which implies short crested, high frequency waves. In such conditions, the 50 
cm horizontal separation between the drag spheres and wave staff (from which 
the linear theory velocity estimates are calculated) will induce an error visible 
in wave-by-wave comparisons in that the two instruments will not always see 
the same wave. This is evident both in the t ime series plots (Fig. 7d) and in 
the broadening of the contours in the joint  frequency distribution plots. 
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Wave forces 

As pointed out above, wave forces on a vertical cylinder are typically esti- 
mated using Morison's equation ( 1 ), which requires knowledge of the flow 
field. This knowledge is often derived from wave height measurements by 
means of linear (or some other) theory as described above in Section 3. In 
this section, we compare the force estimates derived from linear theory to 
those based on drag sphere measurements. In particular, we examine the 
quantities u l u l and k - -  for convenience, we refer to these as the drag and 
inertial forces respectively. In Figs. 13 and 14 examples of time series of u I u l 
and / t  for the four selected runs are given; linear theory estimates are also 
shown. The time series segments chosen are coincident with those of Fig. 7. 
We note here that during these runs, the drag spheres were aligned such that 
the measured horizontal velocity is down-wave and therefore comparable to 
linear theory velocities. Furthermore, directional spreading of the wind waves 
was taken into account following Donelan et al. (1985) - -  see above. The 
wave-by-wave comparisons of the drag force (Figure 13 ) show some discrep- 
ancies at both larger crests and troughs, but do not indicate any consistent 
over- or under-prediction. 

Figure 15 illustrates the joint frequency distributions of the measured and 
predicted drag force, u I u I and uzl utl for the four runs. It is evident that the 
distributions generally follow the 45 ° line, indicating good agreement be- 
tween measured and predicted values, but that linear theory has a tendency 
to overpredict the larger forces under crests and to underpredict the larger 
forces under troughs (note the curvature in the contours, especially that of 
Fig. 15a or c). While similar curvature in a joint probability distribution may 
result from nonzero mean current, this is not the source of the curvature in 
Fig. 15, because the mean has been subtracted from the velocities to avoid 
these distortions in the comparison. The deviation is likely related to the use 
of linear wave theory to model a finite amplitude wave field. 

A comparison (Fig. 14) of the measured and predicted inertial forces, /t 
and ht, shows clearly the effects of the high frequency turbulence on the mea- 
sured velocity signal. While the force predicted by linear theory is smoothly 
varying with time, the measured forces are seen to exhibit significant small 
scale fluctuations due to the passage of turbulent eddies past the drag sphere. 
Consequently, the measured local inertial forces are as high as twice those 
predicted by linear theory! We do note, however, that the linear term ~z does 
predict the observations very well on a larger scale - -  that is, ignoring the 
turbulent local accelerations. The typical scale of these high local accelera- 
tions is of order 10 cm and they may therefore become significant for small 
structural members having a diameter about 5 cm. 

It is thus seen that there are discrepancies between linear theory and mea- 
surements for both the drag and (especially) inertial forces. However, it is 
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important to note that these force terms are implemented in Morison's equa- 
tion with empirically calibrated coefficients. That is, the drag and inertial 
coefficients CD and CM are typically found through laboratory experiments in 
which a cylinder is subjected to a series of waves (see Sarpkaya and Isaacson, 
1981 ). The forces on the cylinder are usually measured with strain gauges, 
with the flow velocities being determined from the measured surface eleva- 
tion using linear theory. Consequently, the differences between linear theory 
and measured forces, as noted above, are to some degree taken into account 
through the empirical determination of the force coefficients for the condi- 
tions of the laboratory tests. It is therefore very important that the drag and 
inertial coefficients CD and CM used be determined under similar conditions 
to those of the intended application. Furthermore, as we have seen, the degree 
of deviation of the measured velocities from linear theory depends on the 
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degree of wind forcing. Thus the accuracy of Co and CM will depend also on 
wind forcing and other causes of nonlinearity in the wave field. 

CONCLUSIONS 

The data collected during the WAVES experiments, covering a wide range 
of meteorological conditions, indicate that linear theory, based on wave height 
data, is able to predict flow velocities to within about 7%. The agreement 
between measured and predicted spectral values is very good in the vicinity 
of the peak of the spectrum, with discrepancies observed at higher frequen- 
cies. However, as these discrepancies, resulting from turbulence in the wave 
field, occur at energy levels one to two orders of magnitude below the peak 
values their effect on the velocity comparison is minimal. With respect to 
horizontal velocities in wind-driven seas, it was found that a correction for 
directional spreading should be applied to the wave height spectrum prior to 
the implementation of linear theory; otherwise, there is some evidence that 
the energy at frequencies just above the peak will be overestimated. 

Strong evidence was found indicating that the phase angle between hori- 
zontal and vertical velocities is very nearly 90 °, as indicated by linear theory. 

The drag forces u lul are quite well predicted by linear theory, although 
larger trough forces tend to be underestimated and crest forces overestimated 
due to the effects of finite wave height. The inertial forces are somewhat less 
well predicted due to the effects of high local turbulent accelerations which 
are not accounted for by linear theory - -  these are particularly significant for 
small structural members. Such effects vary with local conditions and may to 
some extent be offset by the use of drag and inertial coefficients that have 
been determined under similar conditions. We note here that currents have 
not been taken into account in the analysis, with the measured velocities being 
detrended. It is, however, important  to note that currents will affect the un- 
derlying velocity field - -  particularly the horizontal velocities - -  and should 
be added to the velocities deduced from the wave heights. In particular, they 
will have a direct impact on the loading on a structure. Whether or not the 
incremental forces due to currents are large compared with the loadings as- 
sociated with extreme wave crests will depend on particular conditions. 
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