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MANAGEMENT PERSPECTIVE
\ 

r The hydrodynamies of deep water wave breaking ‘(whii_tecapping) is particularly 
relevant to the development of Ca.nada,’~s ‘conventional oifshorelenergy resou_rc_es, -New 

knowledge of it will be applied to engineering design, operational efiiciency and safety, 
and envi-ronrnentual protection-, through improved estirnation of. wave-induced forces and 
improved understanding of~1_n_i;ging progesses. This report, sponsored in part by the 
Panel ‘on Energy Research -and Development, -presents results. from the WAVES, field 
experiment of 1985-1987. ‘ 
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PERSPECTIVE DE LA DIRECTION 

" 

_ L’hyd_r0dyna.mique du déferlement des vagues en eau profonde (moutons) est 
pairticuliérement pertinente dans la c_onteXte de la. mise en 'va.leur des r_esso'ur'<*:es de 
pétrole et -_de gaz situées au large des_c6tes cenadiens. ‘Une meilleure capacité de 
prédjre les forces causées par les vagues e_t des c0nna.issa.nces accrues ‘des proeestsiis 
de mélgnge seront un apport im‘p’orta.nt dens la cqnception desv structures ainsi que 
pour leur éfficacité, leur sécurité et la ptrotec-tion de Penvironnement. Ce rapport, 
_parti’e1lement financé par le Groupe inter1;11i;_I;_i_stériel de recherche eta déyeloppemente 
énergétiques, présente ‘les rés'u1tats- de la campagne de mesqres WAVES pendant Yla. 
période 1985‘ @1981. 
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ABSTRACT
V 

l 
.' 

W An extensive, set of measurements taken from a fixed tower is used to study 
the velocity field under wind waves. Velocity measurements, fnade with miniature drag 
spheres, are compared with ‘linear theory estimates of the orbital velocities obtained 
from measured surface elevation. Results are presented in the context of how well 

‘ . 

linear theory is able to predict wave-induced forces on, cylindrical structural members. 

V 

The lvelocity measurements are also; used to study turbulent-energy dissipation 
in the near surface region, Analysiss based on spectral densities in the inertial subrange 
yields dissipation rate estimates several orders of "magnitude larger than would be 
expected if turbulence followed cl_ass_ical wall layer scaling. 
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RESUME 
l 

Une vastebase de données,‘recuei11»ie a partir di’une plateforme*perm‘anente, est 
/

_ 

uti_1isée pour el’éitude vitesse de vagues -produites par le- vent. Les vitesses 
sont évaluées alpartir de spheres miniatures ,qui mesurent la trainee hydraulique. Ces 
données sont oomparées aux vitesses orbitales obtenues par a-pplicayion de la théorie 
linéaire Ta partir de mesures de profil de surface. Les resultats sont rapportés 'de fagon 
a mettre en evidence la précision de celt-te méthode _lorsqu’utilisée pbur la prédiction 
des forces sur des cyliridres submergées. i 

.
- 

Les mesures des vitesse ont aus§si servi al’ét1'1de deila dissipation turbulente de 
Pénergie pres de la surface. A partir d’une analyse des densités spectral dans la région 
de la sous-rang inertiel de la turbulence isotrppique, des Valeurs de tauxpde dissipation 
obtenues dépassent de plusieurs ordre de grandeur celles prévues par "la théorie classique 
d’écoulement pres d’un mur rigide. 
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1. 
' “INTRODUCTION 

i 
- 1The design of cost-effective offshore structures is _highly dependent on an ac- 

. 

‘

\ 

curate estimation of wave forces which, in turn, depend on the wave orbital velocities, 
accelerations and lpressures. _Very few measurehlents have been made of actual veloc- 
ities ‘beneath natural wind-generated waves and the design engineer generally relies 
on linear wave theory to derive appropriate design forces from a isuitable climatology 
of wave (surface elevation) information». Recent ,-result's,_ ‘however, show that the pre- 
dicted forces can differ from observed ones by as ,much as 50 to 100% (Ramberg and 

\ .
' 

N iedzwecki, 19479). 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 calculatecl._ Although laborator~y\studies (e.-g. Vis, A1980) have generally indicated 

- good agreement between measured and predicted velocities, conditions in the field can 
differ dramatically from those invthe laboratory. In particular; the “presence of’ variable 
currents and the high local accelerations associated with wave breaking (see Melville 
and Rafppv, 1985) can have important consequences on local‘ velocities and wave forces. 

/ Typically, therforrxas arepredicted using Morison’s'-equations, 

Flt) = C0P"'"(tl) l“(t)| + CMP1F"2'l(i) 7 (ll 

‘ 

. \ . 

(Morison ct al., l950)@ which estimates the increinental horizontal..force per unit length 
exerted by aplmoving fluid on ea fixed vertical cylinder. Here, ~p’ ;isVthe»fluid density, '1- 

is the radius of theicylinder, CD and CM are drag and inertial coefficients and u(i) 
and i4(t) are horizontal fluid velocity and acceleration. CD and CM are functions of 
the Reynolds number R, = 2-’|u|r/1/, the relative surface "roughness (kg/2r) and the 
Keulegan-Carpenter number N,” = 2r,;where 1/ is the fluid ki_nemat_ic viscosity, k4 
is the average roughness diameter, A is the velocity ari1'plit»udeof the oscillatory part 
of the flow, and T is i_t’S ‘P¢1'_iod, U

-
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/ 

Morison’s equation. ignores wave drag, which occurs if the cylinder is at or 
near density interfaces, and skin drag. Neverthelesns, formost engineering applications 
the form_- drag and inertialresistanoe modelled by Morison’s equation are the domi-, 
nant forces. Laboratory measurements on the in-line (with -horizontal velocity) force 

‘ 

- 

' 
‘ 

*
r 

on=ver-tica_l cylinders seem to agree well with thatdeduoed from Morison’s equation 
<

/ 

(B_ear1fnanletal.,198'5)‘. . 
~ - 

V . 

' ' 

l 

5» 
, 

'

e 

- The behaviours of the drag and inertial. coefficients with Reynolds and 
Keulegan-Carpenter numbers has been the subject of many investigations (see Sarpkaya 
and Isaacson, 1981 for a summar_y),most' of wh_i_c-oh have been -carried out in laboratories 
under idealized conditions of,-uni-directional, planar oscillatory or circular oscillatory 
flows. Strong Reynolds» number .and..Keulegan-Carpenter number dependenc-i_es~ on the 
drag and inertial coefficients imply 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 er- 
ror arises in the ‘calculation of orbital velocities from observed surface elevations using 

4 . .

| 

theoretical models. For irregular seas, these models are based on linear theory and 
one or two ad hoc. assumptions. However, a new model by D'one1an,‘Anctil and Doer- 
ing (1991) has a firmer theoretical foundation and has shown favourable comparisons 
against laboratory data». _ 

' 
' 

i 
' Q

' 

Over the past few decades, several papers have appeared comparing_measured 
field velocities with those predicted by linear theory. Both Guza and Thornton (1980) 
and Thornton and Krapohl (1974) inv'e's'tigat‘ing, respectively, shoaling waves and swell,‘ 
report‘ good agreement between observed and measured flow velocities - typically to 
within”10'% . 'Sim'ps_on1(196,9)'with measurements in 6 metres of water off the end" of 
a pier. finds similar results, with discrepancies of up to 15% in velocity. There are, 
however, important difierences between two recent works dealing with active wijnd sea



1 
_ 

g

t 

conditions. While b.oth Battjesand van Heteren 984) and Cavaleri, Ewing and Smith 
(1977) report fairly good agreement (to within 20%) between measured and predicted 
velocity magnit'udes,. Cavaleri, Ewing and Smith report observations indicating that 
the _phase between horizontal -and vertical velocity components can. be substantially 
different from that predicted. In particular, under factive wind-sea conditions these 
discrepancies were typically around 30°, Similar results have been observed by Shonting 
,('1a970). This phase difference which cannot be explained by linear theory" would have, if 
confirmed, irnportant implications for rnomentum transport rates in the water column: 
typically, it implies a momentum ‘transfer many times larger than the momentum input 
from the wind at the surface ! 

i 

'

' 

. 

_ 
(V 

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 
peal; velocities which are most significant-. As the steepest waves tend to be the most 
nonlinear, the question rnust be asked‘ as to how well linear theory predicts the peak 
velocities. Thus, themattér 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) experiments were carried out (Donelan and Kahma, 
1987) l W r is

| 

a Finally, the same features which influence the accuracy of calculated wave 
forcesv— flow nonlinearities and wave breaking, among others - have important con- 
sequences for processes occurring in the near"-surface layer of the ocean, in particular 
mixing and the dispersal of buoyant pollutants-. One issue, which we address here, re- 
lates to the dissipation rate of turbulent energy in'the- near-surface region. According 
to Soloviev et ,a_l.' (1988) most field results from the past two decades show~di_ssipation 
rates to be consistent with turbulent energy derived from current shear alone*_- with no 
additional energy inputdue to wave breaking. These data, however, are generally taken

I

l
\
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over short time intervals , in relatively calm condi_tion_s andat moderate depths-, all of 
which could minimize the effects’ of breaking, which is an intermittant phenomenon. 
In fact, the one data set which contradicts these‘ conclusions, that of Kita_ig0rodskii ejt 

, 
‘ 

_ 

f
_ 

cil. (1983), was collected in strongly forced conditions near the surfase and over longer 
ti_me intervals. The velocity measurements of the WA\_/E‘S experiments, taken over a 
wide range of oonditions, will be employed to address this issue. . V 

I
. 

2. 
y 

EXPERIMENT T 

V 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 partic-' 
ularly well‘ suited to this purpose; Having been designed expressly for wave measure- 
ments, the tower is free of cross-bracing in the vicinity of the water surface (see Figure 

The "tower _is situated 1.1 kilometres offshore in 12.5 metres of water, as indicated 
in Figure 2. The tower is supplied with power via underwater cables and 48 channels 
of data, sampled at 20A Hz by computer, are transmitted ‘by cable to shore. ‘Further 
details of the -research site are given in Donelan at al. (1985). 

4 

The instruments used for measuring both, vertical and hpri'zont~al components 
of velocity were ‘-‘-drag spheres”, in which the fluid force on a sphere yields a measure of 
the velocity components (Donelan and M/otycka, :1978)i’ The original set-up used in 1985 
consisted of three drag spheres mounted. on a rotatable mast at depths of" about"1.2,m, 
2 m and 4', In 1987 there were two_drag spheres at depths of about 60 cm and 170 cm. 
The mast could be‘ rotated by controlfrom 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 t_he drag spheres 

mm. diameter) was such that they responded essentially to drag and not to inertial 
effects .in the range of wave heights and periodsexpected (Donelan and Motycka, 1978)~._
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Since the drag response is n_o;_1_line_a_r (almost perfectly a square law in the Reynold’s 

number range used), the instruments were zeroed mechanically before‘ and after each 
measurement run by‘ means of pneumatically activated sleeves that shielded the drag 
spheres fromithe ambient flows. The drag spheres were carefully calibrated both before 
and after field exposure. Calibration was ‘accomplished by towing the instruments in 
the 120 mtovviing tank of -the National Water Research Institute.‘ - 
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l 

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 report is a wave staff located near 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. (a pentagon of 25 cm radius, with an additional staff in 
the center). More detailed wave directional i;nform'ation may be foundin Tsanis and 
Donelan (1989)., An anernometer-bivane situated on a mast about 12 m above the water 
surface yielded measurements of wind speed U12 and direction (0,,,A),. iMe'a1su_rements of 

relative ‘humidity and air and water temperatures were also recorded. 

3. ANALYSIS 

The experimental phase of the WAVES experiment took place during the fall 
seasons of 1985,» 1986 and ‘1987. Altogether. some 300idata runs of sixty to ninety 
minutes duration were "made. During 1987, an additional forty or so ‘monitor? runs of 
ten minute averages were recorded so as to fill in the ‘gaps’ between data runs. The 
subsequent analysis has concentrated on the data of 1985 (When three drag spheres were 
available) and 1987 (when there is also data from a string of 1-2 acoustic current metres 
and a laser=do_ppler velocimeter). Processing of the drag sphere and a_s_sociated wave 
staff data has consisted of applyin'g~s,p'ectral analysis using fast Fourier transforms 

(FFTs) based on blocks of _8'192 points (6.83 minutes). This choice of block length
1

\
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permittedinterpretation of some of the lower frequency info'rrf1ation (to under 0.01 
Hz.), while giving enough independent 4-blocks for reliable 'statisti‘cal estimation. * To 
reduce contamination of the low. spectral densities through window leakage from the 
peak_, a 4-t_e;r_rmiBlack1nan-Harris taper _(_Harris, 1978) was applied to the 'ind_ividua.l 

\
. 

blocks.'_ Four adjacent spectral estimates are averaged so that each plotted point" has 
64 degrees of freedom (for the 90 minute runs) oorrespondingto 95% confidence levels 

. 
, . 

of 1.28 and 0.72. i 

‘ 

c 

'

, 

l

I ,
. 

\ . 

p 

The implementation of linear theory was based on wave height measurements 
taken at a wave staff offset 22.-5 cm downwave and 45 cm cIross'wave from the drag 
spheres; The water depth d_ and d-istance of the drag sphere below the surface z were 
based on the mean water level during the run. The wave height signals were Fourier 
transformed as described above so as to calculate the Fourier coefficients, The wave 
number k associated with each frequency f was then calculated from linear theory, 
along with the guantities ~ 

_ 
A

- 

e 

0 'hkd- . ,_ 
as 

m. hkd- %_‘ ~ 

T»~=2"f°°s,if1h(</cd ’)e’@"’"" c and <2) 

which represent the transfer functions between the surface elevation 1] and velocities 
u and we, respectively. The quantity ¢,,,, corrects for the phase shift (with frequency) 
due to the downwaveqspatial offset between the wave staff and drag_sphe'res, along with 
that induced by sampling and electronic filtration. Finally, the linear’ theory velocity 
estimates u, and w, were determined by inverse ._Fourier transform} We note‘ here that 
unidirectional long-crested waves were assumed with the result that u," and w; are 90° 

. 
' 

\
) 

out ofeph~ase.' V 

_ . 

' 

, , 

"

' 

D 

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 werecalculated 
based on blocks of 1024 p'oints._ A maximum likelihood method based on 
J efferys (1986) with 10rdeg'ree directional spacing was employed, Only selected results

\
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from the, directional analysis will be presented here; more detailed results are available 
in Tsanis and Donelan (1989). - 

_ 
. 

, j 
» -

. 

4. 4 RESULTS 
'\ 

4.1 Data Jsummag
_ 

/
. 

» 

p 

In Table 1., we present» a summary of the meteorological conditions present 
\ - 

.

‘ 

during each WAVES Iexp‘erimentalrun. It has been found convenient to classify "the 
runs by weather ‘event. The prevailing winds in the area are from the. southwest, and 
for these cases, theifetch at the tower is of the order of one totwo kilometres. Storms 
tracking south of_ Lake Ontario often result in, winds’-from the east, and for these 
cases the "fetch atcthe tower of the orderiof 200 to 300 kilometres. Consequently, 

a classification of the runs by wind directi‘on is e§ssent‘ially a classification by ‘wave 
development: waves from the west are fetch“ limited, with a corresponding’ low wave 
-age, while those from the east tend to be older or greater developed. _~

“ 

V After careful, initial analysis, it became .,evide"nt that the sensitivity of the 
drag spheres had changed during the two»mont'hs of the 1987 experiment. While the 
calibrations carried out before and after the 1985 three week measuring period differed 
by only 3% to 9% , the calibrations of’Februa_r-y 1988 were‘ up to 20% higher than those 
of October 1987. A close "inspection of the instruments revealed that during the much 
longer period of operation at higher water tempertures than "during the previous years, 
biological materialhad grown on- the sphere. and on the supporting rod. Comparisons 
with linear theory. Suggest that the instrument was actually more sensitive‘ towards t,l_1¢ 
end of the 1987 experiment than it was during the post-experiment calibrations after 
two months of drying. In vi'rtually all of the 1985 runs-,l linear theoryappears to ‘fit 

the data well whereas in 1987 -the deviation becomes larger and larger with time. This 
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deviation is independent of frequency, consistent with the idea that it results from a 
chan-ge in the sensitivity. 
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~ The comparison with linear theory. is therefore based on the .1985 data set 
alone.- Linear theory will then be used as a_ calibration for the 1-9'87 data. In Table 2, we 
summarize results for some fifteen runsfor which a -linear analysis wascarried out. 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 theconditionsr encountered: 
85111 "represents an overdeveloped sea (U1;/_c,, ; 0.1) with swell propagating eastward 
along the major axis of Lake Ontario; 985105 (U12/c,-, = 0.9), nea_r fully ‘developed 

waves from the east»;l851.4;5 (U12/c, = 1-.3), an underdeveloped east wind case; 85159 
(U1;/c,; =42), with very underdeveloped (strongly forced) waves from the west.» The 

| . 
‘ 

‘ 

. 4
V 

stronglyforced, fetch:limited waves of 85159 are akin to the steep duration-limited 
waves associated with the outbreak of a.stor-mi. In Figures" 3-4+ we" show wave height 
and directional spectra for each of the four cases, Note that above the peak,-the wave 
height spectra conform to a f‘-4 power law _(Donelan ct all-. 1985). The three east 
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wind “cases show waves with frequencies near the spectral peak to be arriving from 
approximately 70°, which is the principal axis of Lake Ontario.- Although the waves in 
85159 are predominantly fromthe west (240°), there is also evidenceiof" 6’secon_d swell 
from the east. ' 
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4.2 Wave velocities ‘ 

IntFigures 5-6, we present“ spectra of the vert~ica.l velocity components as mea- 
sured by the drag sphere, compared with those calculated according to linear theory; 
sections of the time series are-also plotted (Figure; 7). Note that agreement with lin- 
ear theory is very good around the peakiof the wave spectrum; Away from the peak 
(and severalldecades lower in spectraldensity) the deviations are causedby turbulence
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generatedfby wind-driven sheared current and by wave breaking (Kitaigorodskii et al-., 
1983). Note that the high frequency regions of the spectra ((85105, 185111 and 85159) 
display slopes of -5/3, corresponding to the inertial subrange of isotropic turbulence - 

see Section 4.4. For purposes of calculating wave-i_nduce'c_l forces on structures, these 
differences are less important than those occurring around the peak at_substantially 
higher energy levels. 
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The tenth column of Table 2, which shows the ratio of the variances (i.e. 

the integrated velocity spectra) of w and w, (Gw), provides-Fa measure of howwell 
the velocities are predicted by linear theor-y._ Typically, Gw falls between 0.88 and 
1.[15', which corresponds to measured velocities within 7% of linear theory predictions. 
Note that, according to Figure 8, the larger ratio value for run 85119 is due to an 
underestirnatoion of the swell component which, in this run, is comparatively large; 

again, the wind sea is well predicted by linear th,eor'y.-.Exce‘pt‘ions to. this are runs 85104 
(sss cm depth), 85135 (390 cm), 85140 (390 cm), s5159’(4o1 cm) and 85160 (170 cm), 
where. the measurements are taken at relatively large depths with low significant wave 
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height. For these "cases, the ratio of variances G-,,, 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. 
Oxnitting these obvious outliers-,~ the mean and standard deviation of 'G,, are 1.02 and 
0.11 respectively. 
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- In- the case of horizontal velocity linear theory" again ‘is seen to perform well 

(Fig. 9), although there appear to be deviations at- frequencies about twice that of the 
peak, where linear theory is seen to overpredict the velocity. This phenomenon was 
previously observed by Forristall at al. (1978), who attributed it t_o,,.fliow nonlinear‘-ities_. 
As pointed out by Battj es and van “Heteren (1984) however, nonlineariities would tendto 
have theopposite effect. We attribute the overprediction to theincreasing directional
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spread of the wind sea above the peak (see below): linear theory estimates are based 
on u_nidi_rection’al Waves, and so ignore the efvfectsr of spreadinga, Note that in several 
cases _(e.g. 85116) the horizontal velocities appear to be very poorly predicted by linear 
theory. For run 85116 G“ 0.25, whereas G,” = 1.07. As a rule, effdrts 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 wave direction. 
For some runs, however, this was not achieved, resulting in the low G" ratios observed. 

As noted above, the directional spread of the wind sea is not taken into ac- 
count inlinear theory. This can be rectified by correcting the wave height spectra Sm, 
following Donelan at al. (1985): '_ 
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where 0 is the wave direc-ti"on, d the mean wave direction and
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where ft,-, refers to the peak frequency. Tobe consistent with linear theory, 0 was taken 
to be the mean wave direction at the wave peak, 0,. These c'orrect_ed wave height 
spectra‘ Were then used to, generate the corrected linear horizontal velocity spectra 
which are plotted using dottedncurves in Figures T9 a) and d). Note that directional 
efiects are seen to account for theoverprediction of horizontal velocities by linear theory 
at frequencies above twice the peak. . 

- 

__ 

i 

. 
x 

.

K 

. 

V

\ 

In Table 2 (last column)'we present the phase angle ¢,,.,~, between the horizontal 
and vertical velocity components as measured by the drag sphere. ¢,,,,, is calculated 
from the cospectrum of the two time series and the single value reported is that found 
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by averaging phase angle values for frequencies around the peak», Where the coherence 
between thetwo signals was greater than 0.95. For "the four selected ru"ns_, the phase 
angle (along with 95% confidence limits calculated according to Ben_dat and Piersol, 
1971.) and coherence '72 are plotted-,' for frequencies around the peak, in Figures 10‘-11._ 

. A'lth0'ugh'linear theoryipredicts a phase difference between u and w of exactly‘ 
970°, experimental results have not always supported this._ ‘In yparticular, Cavaleri eI_t 

al. (1977, 1987) have reported consistent deviations from linear theory of as high 
as 30°, with current meter measurements taken in active wind sea conditions from a 
tower in the Adriatic Sea; measurernents taken in swell show the expected phase lag 
of close to 90".. These results, if correct, would have important "implications in the 
momentum balance, implying ‘a's'urface'fiux -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, olir results 
support thoseof Battjes and van Heteren (1984), among others, in finding" ¢,,,,, to be 
consistentfiwith. linear theory predictions. It should be noted that reflected waves from 

\ . . 

nearby structures or topography‘ can have a stong efiectron the measured phase“ angle. 

_ 

The paragraphs above indicate that linear theory ‘is generally‘ adequate for 
estimating the veloc_it'y_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 u; and of w and w; were calculated for each of the 
runs. , The corresponding plots for the four selected runs appear in Figure 12.‘. Note 
that we have nor-r_nalided\u and 14; by (AT-)1/2 and w and w; by (w_2)1/2. Also the mean 
flow (i.e. any current) has been subtracted from the measured velocities and all signals 
detrended. In thelplots, curves of high aspect ratio, centred‘ around the 4_5° 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
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significantly" lower aspect ratios. Recall that this isa west wind case which implies short‘ 
crested, high frequency waves. In sudi conditions, the5i0\ cm horizontal separation 
between the drag spheres and ‘wave, staff (measuring the wave heights employed in 
linear theory) will "induce an error visible in wave-by.+.w'a.ve comparisons‘ in that the ‘two 

instruments "will not always see the same wave. This is evident both in the time series 
plots,(Fig». _'Zd)_ and in the broadeningof the contours in the joint frequency distribution 
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plots. . >‘ ~
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, As _‘po‘i’nted out in Section 1, wave forces on a vertical cylinder are typically 
estimated using Morison’s ‘equation (1), which requires knowledge of thefiow field. 
This knowledge is often derived from wave height measurements by“ means of linear (or 
some other) theory asdescribed above in Section 3. _ In this section,‘ we compare the- 
force estimates derivedfrom linear theory to those based on drag sphere measurements. 
In particular, we compare the quantities .u lul and 1'4. _.In Figure 13-14 examples of time 
series of u |u| and 11 for the four selected runs are given; linear theory estimates are also 
shown. The time series segmentsi chosen are coincident with those of Figure 7.>/ We 
note here that'duri_1_1g 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 ét al. (1985) e seeabove, The wave-by-wave corn_parisons‘of the drag force 
(lFigu‘re‘ 1,3) show some discrepancies at both larger crests and troughs, but do not 
indicate any consistent over- or under-prediction. 
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Figure 15 illustrates the joint fre’quency_\distrib,utions of the measured and pre— 

dicted drag ‘force, u_|u| and nu, |u,;| for the four runs, It is‘ evident that-the-distributions 
generally ;follo_w the 4;5° line, indicating good agreement between measured and. pre-
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dicted values, butthat 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 Figure 15a) or While si-rnilar cilrvature in _a joint 
probability distribution may result from nonzero mean ‘current, this is not the source of 
the curvature in Figure 15, because the mean has been subtracted from the velocities 
to avoid these distortions in the comparisons. /The deviation is likely related to the use 

of linear wave theory to 'model a finite amplitude wave field. This issue is addressed in 
Donelan ct al. (1991); " 
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I A comparison (Figure .14) of the measuredand predicted inertial forces, it and 
11;, shows clearly the effects of the high frequency turbulence on the measured lvelocirty 
signa_l_., While the force predicted by linear theory is /smoothly varying with time, the 
measured force is seen to exhibit significant local accelerations ‘due to the passage of 
turbulent .eddies_ past the drag spflhere. Consequently, the measured local forces are as 
high as *twice"those,'predicted by ‘linear theory! We do note, however, that the linear 
terrn 11, does predict the ,measu_'red force very well on ai larger scale »— that is, ignoring the 
turbulent local accelerations. The typical _sce1e» of these high jlocal accelerations in our 
data is of order 10 and they therefore "become significant for -short, bars which have 
a diameter about 5 cm, "It appears that in general the Keulegan-Carpenter number for 
bars for which these local accelerations contribute significantly to the inertial forces can 
be approximated by N,“ = 2 f,/ f,,, where 1, is the peak frequency and fa the highest 
frequency of the turbulence “which contributes _significan_tly to the local accelerations. 

. -_\ 
I 

.
_ 

. It is thjus seen that there are discrepancies between linear theory and measure- 
ments for bot_h‘t'hej drag and (especially) inertial -forces. However, it is impoitantjto 
note that these force terms are ‘i‘rnplemented'in Morisoni’s equation with empirically 
calibrated, coefificiients; That is, the dragland inertial coefficients CD and CM are typi- 
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cally found through laboratory experiments in which a cylinder is subjected to a series
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of waves _(see Saripkaya and Isaacson, 1981). The forces on the cylinder are tfypically 
measured 'wi_tl_1 strain gauges, with the flow velocities being deterrnined from the mea- 
sured siirface elevation using lin ear theory. Consequently, the difi’erence_'_s ‘between linear 
theory -and measured forces, -as noted above, areto a large degree taken into account 
through the empirical determinationiof the force coefficients for the conditions of the 
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laboratory tests. However, as we have seen,_ t-he degree of deviation of the measured 
velocities from ‘linear theory depends on the degree of wind forcing. Thus the accuracy 
of CD" and CM will depend also on wind forcing and other causes of nonlinearity in the 
wave field. ' 
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4.4 - Waveéturbulence ‘ interaction
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. Turbulence can be thought of as a process in which energy is transfered con- 
tinuously f_rom' larger scales of motion to srnaller ones. The source of -turbulent energy 
is in the larger scales of ‘motion — current ‘shear or wave breaking, s(ay -" and the energy 
is eventually lost, in the smallestscales, through dissipation into heat. One of the key 
parameters in a-study of turbulence is thedissipation rate c;._ In particular, it plays ca 

key role in the energybalance equation: in the intermediate scales (the ‘inertial sub- 
range’ e see below), the energy flux rate equals the dissipation rate, there being no 
sourcesor sinks of energy at "these scales. ~ 
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. According to the classical,work of ~Koln_1‘ogorov’ (see Monin. and Yaglom, 1975, 
Chapter 21), in the case of flow with a sufficiejntly high Reynolds number in which 
the turbulence is locally isotropic (i.e. independent of spatial orientation), the prob- 
ability distributions of the velocity .fluctuat_i,ons about some mean are dependent, only 
on the dissipation ratenand fluid .viscos_ity_. Fu_rt_l_1ermore, for certain scales of motion 
(restricted in both spaceand ti-me), the“pr‘obabi'lity. distributions of the~'vélo.city fluctu- 
ations will be a function solely of the"dissipation_'rate.' These are .-known, respectively,
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as Kolmogorov’s first and second similarity hypotheses. The importance of the second 
hypothesis follows "from an a'pplicati0n of dimensional analysis in which .it is shown 
that, vvhere the hypothesis applies (i.e. in the inertial subrange), the "velocity spectra. 

E,-,,, and Em, "are of the form . 
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s E,,,,(k)=G1e’/3k'5/3' 
a 

__E,,,,,(k)=C,¢?/'3lc'5/3-,e 
v 

(4) 

where It i_s the wavenumber’. Conseque"nt‘ly, spectral values in the inertial subrange can 
be used to provide dissipation estimates. (We use G1 = C’; =18/55 + see Monin and 
Yag1_<»m.19v5>= 
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Although the spectra above are wavenumber spectra, time series yield fre- 
quency spectra, so that the above relations are not strictlyiapplicable toimost mea- 
surernents. . If, however, ;the magnitude of turbulent energy is considerably less than 
that associated with the principal motion (due to waves,-currents or the convection 
velocity associated ‘with a. imoving probe), then ~Taylor’s frozen turbulence hypoth- 
esis can be invoked to convert temporal variation“ to spatial variation. Essentially 

this hypothesis states that “we can think of the turbulent eddies-being convectedso 
quickly past the -measuring probe by the "principal motion that the turbulence appears 
to be frozen in time. Consequently, variations in space appear‘ as. variations in time: 
lc = 21:-‘ f / UD, vvhere Up is. aineasurerof this ‘drift velocity’ past the probe, andthe 
frequency and wavenumber spectra, S'( f) and E(k) respectively, are related according 
to $(n=a%E<21rr/vD)- a 
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. From t_he point of view of -the drag sphere measurements_(-see Figure 5) there 

is Often evidenfie Of an .i1.1eIt.i§-.1 Subrange at frequencies greater than 1-2 Hz", Tl_1eenergy 
present at these -scales is typically several orders offrnagnitude less than that present 
around the peak wave frequencies (051 = 0.5 ~Hz.), allowing for Taylor’s .hypothesis to 
be applied. Wenojte here that the convection velocity associated with wave orbital 
motion is, of course, not steady invtime, so_that a time series of V equally spaced points
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will- yield,-under Taylor’s hypothesis, a spatiallseries with unequally spaced points. 

Several of these space series were then resampled — using Fourierv interpolation — so as 
to arrive -eat‘ evenly. spaced series, for which analysis techniques were readi1y.av'ailable.- 

. / . 

It was found that, ovejr most of the inertial subrange, this ‘resulted in no change in 
. 
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the spectral values (see Figure T16). Consequently, the time intensive step‘ of Fourier 

interpolation was generally'omitted_. 0 
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- Over the past decades, several researchershave made measu_rement_s~of dis=‘ 
sipation rates in the ocean. Measurements have been made from fixed towers (e.-gig. 

Kitaigorodskii eta al., 1983), using free-rising or free-falling probes (e.g. A Soloviev et al., 

1988) and from moving vessels (e;g. Stewart and Grant, 1962). Most of these results, 
summarized. by Soloviev ct al. (1988), indicate that dissipation scales according to 

e o<~u§/z_, where u'. is the friction velocity, which is proportional to the wind speed 
(we use u. = 0.0012 x U12? see Kitaigorodskii eti al., l98__3). This dissipation ratehis 

commensuratewith turbulence derived from. current shearjalone — classical ‘law of the 
wall’_ turbulence. It is not, however, supported by all of the data. Kitaigoro‘dskii"_et 

al. (1983) report dissipation measurements several orders" of magnitude higher than 
‘law of thewall’ scaling! would suggest-. . These measurements, taken in ‘strongly forced, 
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fetch »li_;mited conditions, indicate that the S'ifn'ple,c'urrent shear model is inappropriate 
\- other sources of turbulent energy (i.e. wave breaking) must be taken into account. 

. T'able=3 provides a summary of the dissipation results from the WAVES 85 data 
set. Independent estimates of dissiplation were made from bioth S,,,,( f) and SW( f) for ~
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all cases in which an inertial subrange was detected. These dissipation estimates are 
generally based on the high frequency inertial subrange, with convection past the drag 
sphere at the-wave orbital velocity. We note that Kitaigorodskii et al. ~ (1983) based 

their findings on the lower frequency inertial subrangé (at frequencies 10We.r t"h&Ilt.h6 
wave peak), with convection at the mean current velocity. In the WAVES 85 data; set, 
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there were only four; cases which had both a low frequency inertial subrange and a_ mean 
current (drift velocity) of sufiicient magnitude for 'I‘aylor’s hypothesis to be applied :- 

they are also included in Table3. Plotted in wall layer coordinates in Figure» 17 are 

dissipation values from WAVES 19,85, along with those summarized in Soloviev et al. 
(1988). Clearly the two data sets are from difi'e_re_nt'popu_lation,s.. In Table 4, which is 
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rnodlified from Soloviev- ct al. (1988), we summarize the conditions present during the 
various experiments whose data make up Figure 17. Note that the data which follow 
wall layer scaling are measured at low wind speeds and/or at depths of 5 metres or 
greater with run lengths typically of the order of seconds or minutes. The Lake Ontario 
data (Kitaigorodskii et al. (1983) and the WAVES experiments)-, with runs typically 
over. an. hour in length, however, are taken "near the surface, often. in conditions of high 
wind speed. In these conditions, wave breaking, althoughstill int\ermit-tent, would be 
important and would show up in long enough (in time) records as increased dissipation. 
Recent results of Gregg (1987) support this, interpretation. 

‘ 

i We "note here that the above is a brief summary of the WAVES results relating 
to wave-turbulence "interaction. These results will be elaborated upon in an upcoming 
NWRI report and in journal publica_,tions. * 
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5. CONCLUSIONS 

The data collected during the WAVES experiments, covering 'a wide r‘ange_ .of 
meteorological conditions, indicate that linear theory, based. on wave height data, is 
able to. predict flow velocities to within about 10%. The agreement between measured 

. 4 

and predicted spectral values is very good in the vicinity of the peak of the“ spec-. 
trum, with discrepancies observed at higher frequencies. As was noted, however, these 
discrepancies, resulting from turbulence in the wave field-, occur at energy levels one 
to two orders of magnitude below the peak values. Consequently, their .effec't on the
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velocity comparison is minimal. 
V 

With respect to horizontal velocities in wind-driven 
seas, it was found thata c"or‘rect‘ion for directional spreading should be applied to the 
wave height spectrum prior to the implementation of linear theory. Other_wise,'there 

is some evidence that the energy .at frequenc_ie's several times the peak frequency will
K be overestimated. ' i_ ~ 
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» Strong evidence was found indicating that the phase angle between horizontal 
and vertical velocities is very nearly 90°, as indicated by linear theory. . W

'
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- The-drag forces u|u|' are quite well predicted by linear theory, although, ‘as 
pointed out above larger trough forces tendito be underestimated and crest forces 
overestimated due to the effects of finite wave height. 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- underlying‘ 

velocity field — particularly the horizontal velocities — in a Waywhich linear theory 
does notiaccount for. In parti,cular,.they< will have a. ‘direct impact on the loading on a 

object. Whether or not the incremental forces due to currents are large compared with 
the loadings assobiated with extremeiwave crests will depend on particular conditions; 

- Given theimportance of local accelerations on theinertial forces, it is perhaps 
not surprising that linear theory, which ignores flow turbulence, .severelyunderestimates 
these forces. However, as was noted above, the inertial coefficient CM is empirically 
determined with these limitations — it-.,e. linear. theory is typically used to obtain wave 
velocities, whereas the actual wave forces on a. cylinder (say) are measured directly - so

A 
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that iMor'is,on’s equation may still provide valid force. estimates. In employing Morison’s 
equation, it is very important that thedrag and inertial coefficients CD and CM to be 
used. were determined under similar conditions to those of the intended application. 

The coefficients are by no means universal. " 
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- The high frequency turbulence measurements yielded by the drag spheres have 
~‘ 

» ' 

‘ - 

. .

' 

provided a unique data set for the study ofeturhulent dissipation. It has been found 
4. 

‘that ‘under strongly forced conditions (~i.e. high winds) there is_a region of enhanced 
energy dissipation close to the surface. Thi_s finding is in contrast to the "wall. layer’ 
dissipation estimates determined‘ by others in cahner conditions, and has important 
implications for mixing processes at theair-sea ‘interface. 
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Table 1: Summary 0f.W>AVES185 8-5 
__ _ _ 

Ru_'n .I'u_1iam GMT‘ 14581-.1‘8w1524“552 
‘ 0.} ""1'j,f 

11,, H, 
(°Q) .199? .(m)_ 

85101 
85102 
85108 
85104 
85105 
85106 
85107 
85108 
85109 
85110 
85111 
85112 
85118 
85114 
85115 
851.16.

' 

85117 
85118 
85119 
85120 
851211 
85122 
85123 
-85124 
85125 
85126 
85127 
85128 
85129 
85181 
85182 
85133. 
85134 
85185 
85186 
85187 
85188 
85189 
85140 
85141 
85142 
85143 
85144 
85145 
85157 
85158 
85159 
85160 
85161 

319 11.27 
819'. .18.10 
319 5 -17.26 
320 . 09.34 
320 1. 11,51 
320 13.48 
320 16.45 
322 12.07 
322 19.10 
322 20.59 /_ 

323 ' 18.21 
3273 18.50 
824 06.88 
824 

A 

0786 
324 09.17 
324 12.04 
324 -14.3-1 

324 16.15» 
324 ' 19.55 
325 . 22.41 
3.25 

2 

22.58 
326 08_.19 
326 * 08.29 
326 ~ 08.53 
326 14.03 
326 . 

' 14.03 
326 ' - 16.27 
326 1.7,-36 

327 02.04 
327 ' 

17.04 
329 14.24 
329 15.40 
32,9 21.31 
330 09:46 
.880 20.52 
880 -. 2247 
880 28.15 
880 28.42 
881 02.28 
331 04.14 
881 0488 
332' 09.45 
332 10.46 
334 15.22 
335 09.58‘ 
336 02.45 
336. 

3 

06.32 
336 12.54 

‘80.0 
65.5 
80.0 
80.0 
47.0 
80.0 
180.0 

80.0 
40.0 
61.5 
80.0 
14.5 
4,9-0 
49.5 
40.5 
58.5 
80.0 
80.0 

100.0 
20.0 
14.0 
16.0 
5.50 

16.-5 

801) 
80.0 

5 21.5 
55.0 
8811 
43.0 
40.0 
60.0 
805 
6.0 .0 

80.0 
60.0 
23.5 
25-.0 

46.0 
800 
180 
65.0 
6.0.-.0 

80.0 
80.0 
800 
80.0 
80.0 

3 120.0 

§@¥84+;.1?99;,.,$¥¥Pl< 1»-(d8$1..»~(¥P/8) 
318 

‘ 

1.2.27 38 578 
4.74 
5.01 
'6.-.68 

10.54 
9.13 
7.13 
1.-95 
295 

- 4.14 
1184 
8.10 
3-78 

10.67 
10.04 
10.73 
10.48 
10-23 
-8.26 
8.66 
6.18 
5.92 
14.21 
16.08 
17.18 
5.06 
2.0.0 
4.11 
5.24 
6.87 
2.59 
2.46 
8.57 
8.01 
6.50 
7.29 
6.06 
5.74 
4.74 
1.21 
2.07 
2.98 
14.24 
18.98 
2.48 
1.65 

16.00 
12.74 
14.36 

25.67 
097 
~1.45 
2.27
1 
8.19 
4.76 
.641 
7.92 
884 
8.70 
16.98 
15.90 
11.48 
8.28 

_6.58 
6.81 
6.05 
4.-77 
2.73 
0.97 
1.13 
3.23 
3.07 
1.38 
1.88 
2.19 
1.72 

2.71 
4-.-.04 

1.-69 

1-.32 
1.52 
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112.84 

2,51 
2:387 

1.58 
1.88 
1.64 
1.71 
1.26 
1.22 
4.28 
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-2.86 
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8.73 
.8.80 
8.76 
8.02 
7.94 
7.84 ' 

4 7.81 
- 8.17 
8.12 
8.-63 

9.10 
9.10 
9.00 
8.97 

. 
8.97 
899 
81.97 

' 8.91 
8.80 

' 8.46 
’ 8.46 

1 8.18 
8.09 

' 7.91 
7.68 
7.96 
8.06 
8.12 
'89s 
772 
7.35 
7.31 
7.19 
689 
6.-.59 

6.44 
6.45 
6.50 
6.64 
7.12 
1-38 

' 6.40 
6.65 
6.41 

-. 6.58 
6.73 
6.55 
6.20 

0.74 
0.54 
050 
1150 
1.8-7 

1.93 
1.89 
1.71 
0.16 
0.72 
0.73 
0.12 
0.12 
0.29 
029 
0-.27 
0».-26 

0.24 
0.19 
0.19 
1188 
0.33 
1.78. 
1.82 
2.03 
1.76 
1.32 
31.31 

1.13 
0.42 
1105 
0.09 
0.11 
0.62 
1.39 
1.43. 
1.35 
1.34 
1-.-30 

0-91 
0.93 
0.78 
2.40 
2.31 
0.98. 
0.59 
0.49 
0.3.2 
0.46
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Run Jufian 
date

1 GMT 
time 

length 
-(Bin) (d98)J - -(99[s) (QC) 

U1; - Ta Tu, 
(°C) 

178 

fin) 
87001 
87002 
87008 
87004 
87005 
87006 
87007 
87008 
87009 
87010 
"87011 
87012 
87013 
87014 
87015 
87016 
87017 
87018 
87019 
87020 
87021 
.87022 
87023 
87024 
87025 
887026 
87028 
87029 
87030 
87081 
87082 
87088 
87084 
87085 
87086 
87037 
87038 
87039 
87040 
87041 
87042 
87043 
87044 
87045 
87046 
87047 
87048 
87049 
87050 

290 
290 
.290 
293 
298 
299 
802 
802 
302 
802 
802 
802 
802 
808 
806 
808 
808 
»809 
809 
809 
809 
.809 
310 
810 
810 
811 
811 
812 
812 
812 
313 
814 
814 
814 
814 
-814 
814 
815 
815 
315 
815 
815 
315 
816 
816 
816 
816 
317 
317 

1010 
18.16 
U832. 
18.15 
2088 
2123 
04406 
04855 
05.29 
0556' 
0033 
2050 
2058 
1847 
21852 
21.50 
2254 
0048 
1127 
1&50 
2027 
‘22A1 
0148 
04.14 
2251 
0148 
0204 
02.11 
16.18 
191x; 
1840 
0309 
1254 
1525 
16-l6 
1810 
21.24 
0040 
14A0 
1932 
2204 
23.27 
2350 
1329 
1026 
ZL02 
23.12 
17125 
1902 

900 
55 

4100 
~ 900 
. Z0 
45 
150 
150 
150 
150 
150 
50 

1 150 
400 
950 
330 
95-9 
950 
100 

. 210 
950 
950 

_ 
950 
310 
950 
150 
950 
540 
91.5 
360 
305 
575 
325 
140 
210 
950 

- 950 
900 
705 
280 
345 
150 
950 
950 
600 
950 
.950 

. 750 
‘465

l 

217 
213 
200 
355 
352 
254 
229 
213 
196 

" 188‘ 
241 
247 

' 266 
198 
“20 

250 
‘254 
240 
274 
800 

- 292 
803 
295 

" 324 
243

\ 

230 
239 
9220 
243. 

. 25 11- 
.25 

. 2 
66 
74 

. 59 
1 45 
26 
859
5 
93 
285 
284 

'1245 
-1255 

328 
.6242 
208 
1233 
233 

A.

1 

6.71 
614 
6A1 
478 
5.22 
045 
219 
L67 
L40 
1.55 
L46 
6.07 
602 
688 
3.25 
042 
651 
095 
797 
1077 
1L66 
985 
855 
618 
800 
616 
606 
'3A9 
059 
5.08 
418 
4A4 
5797 
Z73 
729 
5.43 
7.826 

Z31 
3.56 
L49 
505 
411 
329 
069 
286 
477 
205 
853 
800 

’213 

-Z60 
-050 
-645 
007 
-022 
004 
389 
488 
406 
4;15 
470 
Z59 
'884 
1208 
701 

.18.17 

.17.19' 

1022 
Z44 
687 
.589 
201 
L22 
4040 
306 
200 
4.08 
706 
1203 
1001 
3.87 
-006 
000 
4009 
-0.18 
-015 
0.45 

.4144 
-L70 
282 
253 

L64 
303 
Z22 
801 
5.10 
1257 
-12.88% 

715 
705 
T32 
655 
652 
516 
614 
614 
614 
613 
6.17 
641 
641 
6.51 
712 
784 
786 
789 
778 
7170 
764 
788 
781 
746 
728 
699 
708 
708 
718 
716 
714 
607 
682 
6.78 
6.76 
675 
6J1 
6J0 
688 
6J2 
601 
652 
6A5 
626 
629 
624 
617 
617 
681 

012 
011 
011 
051“ 
049 
013 
005 
(I05 
004 
004 
004 
017 
015 
0.15 
0.78 
0.12 
0.12 
010 
021 
085 
089 
1184 
081 
1128 
018 
018 
018 
007 
088 
009 
084 
086 
049 
0.74. 
084 
078 
064 
068 
082 
087 
054 
048 
088 
017 
010 
010 
004 
018 
019
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Run- Jufian 
daze- 

(3L4T‘ 

filhe 
length 
(nfin) (deg) (-C) 

Wind - U13 T, Tu} H, 
O (O C) (H0 

~ 81051 
81052 
81053 
87054 
81055 
87056 
81051 

1 81058 
_ 

81059 
' 81000 

87061 
81002 
181003 
81004 
87065 

87067 
87068 

. 87069 
81010 
81011 
81012 
81073 
81014 
81015 
81010 

_81011 

/
. 

87078 
87079 
87080 
87081 
87082 
87083 
187084 

~ 87085 
87086 
87087 
87088 
87089 
87090 
87091 
87092 

_ 87093 
87094 
87095 
87096 
87097 
87098 
87099 
87100 

87066 

311 
318 
319 
319 
319 
319 
319 
319 
320 
320 
320 
320 
320 
320 
320 
320 
321 
.321 
321 
321 
321 
321 
321 
321 
321 
321 
322 
322 
322 
322 
322 
322 
322 
322 
322 
322 
322 
322 
323 
323 
323 
323 
324 
324 
324 
324 
324 
325 
325 
325 

20.54 
1691 
1140 
1812 
1846 
2021 
2226 
2311 
0258 
0359 
0551 
0Z51 
1L01 
IL42 
1090 
2L46 
OL40 
0358 
04.16 
0483 
0451 
0598 
0525 
1L47 
1529 
-1150 
00.14 
0020 
03.03 
0400 
0815 
1021 
1300 
1310 
1330 
1841 
1101 
1949 
1300 
1153 
1805 
1950 
1441 
16.l2? 
2050 
2130 
2209 
0002 
(ML56 
0330 

9511 
930 
215 
321) 
400 
950 
385 
5151 
595 
400 
959 
950 
325 
580 
445 
959 
769 
15.0 
15.0 
159 
15.0 
150 
150 
950 
950 
950 
95 
715 
950 
959 
959 
91.0 
75 
109 
.99 

901) 
959 
951) 
1959 

~ 79 
959 
305 
959 
91.5 
381) 
309 
-309 
959 
309 
301) 

233 
291 
01 
03 
51 
42 
45 
40 
24 
11 
15 
356 
337 
350 
60 

. 19 
21 
286 
311 
315 
328 

~ 189 
182 
179 
-181 
183 
193 
205 
231 
1228 
231 

. .238 
239 
241 
234 
238 
246 

. 206 
229 
210 
221 
218 

-1335 
338 

. 330 
322 
311 
310
6
6 

<0/$1) 
7185 
4.15 
4.14 
4906 
4528 
4.36 
398 
380 
4.02 
396 
2.13 
298 
1.67 
1-54 
0.49 

-3.14 
292 
1.30 
0.81 
1,25 
1.56 
2.14 
291 
841 
8.13 
HL06 
8.291 
8.01 
7Z01 
Z71 
8.99 

11.13 
11.190 
12.15 
1095 
12.05 
11A1 
9.21 
7.65 

12.35 
11.54 
11.76 
(L96 
6.88 
6.61 
6.50 
8.42 
6.14

\ 

1089 
10.35 

1098 
995 
Z51 
7.51 
1.88 
Z04 
7205 
101 
0.49 
0;18 
5.14 
4.89 
399. 
3.99 
7.18 
688 

17L37 
11.43 
10.92 
NL68 
10.47 
1151 
12.08 
15.22 
15.63 
16.30 
14.64 
14948 

_ . \ 

14.77 
12.76 
1095 
993 
894 

'7.91 
T56 
781 
-789 
642 
481 
7A8 
Z62 
Z28 
5099 
-053 
-247 
-299 
#004 
-426 
-098 
-1.11 

698 
683 
6.89 
6.88 
6.88 
685 
(L83 
(L83 
6.78 
6.77 
6.74 
6.72 
6.69 
008 
081 
539 
0.19 
6.76 
6.76 
6.76 
6.75 
6.75 
-6.74 
000 
694< 
6.71 
"799 
795 
Z06 
792 
6.93 
684 
0.11 
6318 
0.15 
0.10 
0.13 
0.14 
0.42 
0.58 
0.58 
0.51 
0.10 
0.03 
5.90 
589 
588 
5.78 

5.71 

0.16 
0.14 
099 
0944 
048 
005 
0.78 
083 
085 
083 
0.75 
0.74 
0.66 
0.64 
0.46 
(L40 
098 
036 
033 
(L36 
(L38 
097 
097 
095 
028 
086 
024 
022 
016 
0J7 
019 
925 
030 
030 
021 
029 
(128 
023 
0.15 
(L34 
(£28 
028 
031 
087 
0A7 
0.45 
043 
026 
(044 
(L65

\
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30
1 

|
. 

Run -.Jufian 
dame 

(2101 
time 

length 
(min) 

10154.05 La 2 
'7i2d 

(°C) 
Tb 
<"<=> 

H. 
(m) 

-87101 
87102 
87103 
87104 
87105 
87106 
87107 
87108 
87109 
87110 
87111 
87112 
187113 
87114 
87115 
87116 
87117 
87118 
87119 
87120 
87121 
87122 
-87123 
87124 , 

87125 
87126 
87127 
87128 
'87129 
87130 
$7131 
37132 
87133 
87134 
87135 
87136 
87137 
87138 
87139 
87140 
87141 
87142 
87143 
87144 
87145 
87146 
87147 
87148 
87149 
87150 

325 
325 
325 
325 
325 
_325 
325 
326 
326 
327 
329 
329 
329 
329 
329 
.329 
330 
330 
330 
330 
330 
330 
330 
330 
330 
330 
330 
331 
331 
331 
331 
331 
332 
332 
332 
332 
332 
332 
332 
332 
332 
332 
333 
333 
333 
333 
333 
333 
333 
334 

04.04 
0730 
0736 
0852 
1043 
11.25 
1925 
0055 
0353 
l&05 
0250 
0248 
0554 
1439 
1727 
2125 
00.13 
0240 
06.17 
0927 
1056 
1145 
1230 
1314 
1420 

2105 
1307 
1527 
1559 
1631 
1900 
0232 
1410 
1846 
1906 
1918 
.19.-31 

2054 
2.1-1,8 

2358 
23-.23 
05.56 
0153 
09.44 
1525 
1117 
.1749 
.1851 
03.15 

.305 
45 
285 
855 
305 

4 305 
955 
955 
955 
105 
105 
955 
100 
955 
755 
955 
76.5 
355 
94.0 
695 
305 
305 
305 
305 

‘ 95.0 
305 
955 
951) 
305 
'300 
"300 
950 
9511 
950 
130 
100 
100 
300 
300 
950 
120 
950 
9.5.0 
950 
950 
950 
300 

~3o0 
249 
105 

(de8l..1 (nu/6) 
2 

' 1113 
344 
337 
345 
315 
311 
333 

55 
47 
63 
67 
51 
52 

000o~1.c> 

.><=»=.51~5K~"P-_.C5’B‘~1'1‘.$ 

77 
76 
76 
84 

9 

82 
63 

. 55 
' 62 
60 
51 

“ 56 

<O<D\l~I<O®® 

.8-=>~.¢..¢..><..¢.=$$

~ 

291 
319 
204 

/_ 

728 
5.53 
5.24 
3.44 
4.34 
6.86 
6.93 
5.14 
8.62 
2-.74 

3.75 
149 

12.74 
11.75 
10.27 
7.77 
7.16 
7.65 
8.02 
6.99 
T86 
7.67 
6.28 
5.44 
4.59 
630 
957 
59.62 
959 
951 
H138 
657 
557 
5.39 
6.04 
558 
5.25 
5.15 
2.16 
1.31 
1.63 
‘Z49 
4480 
4.91 
3.94 
.4.-6.7 

3.94 
354 

~&24 
-10.18 
-10.05 
-10.26 
-10.31 
-1051 
-070 
-668 
-6-57 
859 
527 
504 
428 
319 
326 
.307 
284 
L42 
0.06 
0.13 
0.23 
-055 
-0.19 
-032 
-024 
‘1.21 
1.59 

' 2.23 
1.96 
1.99 

- 1.98 
0.88 
2.45 
4.62 
4.99 
5.02 
5.43 
5.36 
5.15 
4.95 
5230 

' 

5.40 
5.10 
459 
4.83 
45.49 
5.12 
5.24 
5.23 
5.76 

559 
5.70 
558 
552 
547 
5.42 
555 
5.20 
520 
5.18 
519 
919 
522 
514 
508 
507 
497 
496 
488 
475 
4.-75 
4.79 
4.81 
4.79 
4.73 
433 
459 
4452 
445 
4A6 
445 
4A7 
AL63 
4029 
3-.98 

.452 
452 
4.04 
4.16 
‘L23 
420 
422 
413 
420 
4.30 
432 
453 
452 
421

\ 

99¢ 
075 
056 
0.47 
(L40 
0.35 
041 
027 
022 
0.23 
(L06 
0.12 
045 
259 
2.42 
2.32 
229 
1.95 
1.36 
1.19 
1.13 
1.11 
1.09 
1.02 
0.86 
0.68 
0.72 
1.37 
1.42 
1.42 
1.47 
1.71 

1.07 
1.20 
1.28 
1.15 
1.21 
1.34 
1.26 
1,35 
1.16 
1-33 
1.36 
1.35 
1.10 
1.06 
(L98 
095 
052
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Run Julian 
(18.88 

GMT 
time 

length 
(fifin) 

Wind dir U1; T, - Tu, 

(deg) ‘(I11/S) ("C) (°C) 
Hr 
(I11) 

87151 
87152 
87153 
87154 
87155 
87156 
87157 
87158 
87159 
87160 
87161 
87162 
87163 
87164 
87165 
87166 
87167 
87168 
87169 
87170 
87171 
87172 
87178 
87174 
87175 
87178 
87177 
87178 
87179 
87180 
87181 
87182 
87188 
87184 
87185 
87188 
87187 
87188 
87189 
87190 
87191 
87192 
87193 

334 
334 
334 
335 
335 
336 
336 
337 
33.7 
338 
338. 
338 
338 
338 
338 
338 
889 
889 
889 
842 
848 
848 
848 
844 
844 
844 
845 
845 
848 
848 
848 
848 
848 
848 
4349 
349 
349- 
349 
349 
349 
349 
350 
350 

03.33 
19.54 

’ 21.52 
118.14 
19.33 
.15.40 
21.17 

. 17.05 
1 .19-11 

00.14 
08.18 
05.55 
08.59 

- 1055 
. .18;18 

1818 
1508 
18.04 
1819 

. 18.09
\ 

"1809 
1840 
2285 
01.25 
1820 
.14L08 
1884 

. 18.20 
15.20 
15.40 
16.47 

42088 
2040 
11.54 
1881 
»14.02 
1458 
1801 
2018 
2058 
0218 
04.-31 

' 18 .47" 

10.0 
46.0 
20.0 
75.0 

- 3.3.0 
75.0 
950 

g 950 
820 
950 
95.0 
825 

_495 
4.950 
.950 
60.0 
55.5‘ 
-40.0 
95.0 
‘-95.0 

95.0 
95.0 
95.0 
95.0 
95.0 
95.0 
95.0 

I 77.5 
150 
64.5 
290 

5 270 
40 
850 
9811 
290 
485 
880 
840 
850 
2500 
885 

8200* 

222 
' 

7.03 
3220 1 .5.56 
854 4.41 
848 4.51 

4 250 ' 

6,-78 
' 

254 8.46 
100 4.02 4 

112 4.57 
84 5.76 

5 53 8.13 
-13 9.-23 

12 9.92 
'7 u 

8.40 
4 70 

;\ 787 
350 . 

310 
V 

7:05 
A 

. 8.17 
, 849 2.88 
-881 8.74 

8 
' 

1.08 
» 212 9.85 

226- 11.25 
‘ 231 

_ 
11.73‘ 

225 9.30 
241 6.64 

1 

210" 4.73 
209 6.14 

" 199 6.88 
220. . 5.75 

" 218 _7 70 
218 8.18 
219 , 9.15 

7.43 
9.71 

84 14.54 
82 15.81 

15.17 

1229 

245 

89 
‘ 

81 
-85 18 12 
240 9.50 
.220 11.44 

12.45 
.11.05 

210 
235 

14.07“ 

5.57“
1 

5.02 
4.36 
0.27 
0.41 
0.42 
-0.04 
(187 
1.00 
1.48 

71.58 
1185 
=032 
.1.89 
-0.78 
0.37 
0.03 
0.22 
1.30 
3.99 

11.92 
12.82 
9.16 
7.39 
.5.51 
5.35 
6.21 
5.79 
6.49 
6.68 
6.3.6 

5.73 
4.08 
2.85 
0.33 
0.56 
0.61 
0.86 
1.34 
2.74 
1.93 
0.91 
1.58 

4.21 
4.29 
4.30 
4.22 
4.-22 

4.29 
4.23 
4.05 
4.02 
4.04 
4.01 
3.97 
3.97 
3.94 
3.89 
3.88 
3.77 
3.78 
3.80 
3.81 
3-.84 

3.94 
3.95. 
3.97 
4.19 
4.20 
4.23 
4.24 
4.18 
4.18 
4.16 
4.23 
4.22 
4.21 

0.79 
0.15 
0.12 
0.26 
0.-27 

0.15 
0.21 
0.20 
0.27 
0.56 
0.65 
0.95 
1.01 
1.10 
1.06 
0.88 
0.15 
0.11 
081 
1124 
028 
028 
028 
021 
015 
009 
0-.13 
018 
014 
019 
0.20 
0.21 
0.19 
0.21 
1.68 
2.00 
12'-18 

2.317 

2.51 
1.88 
1.'1'1 

0.53 
0.30 

.1

/ 

U12*W111d speed at 12 m._; 1",, Tu.-air and water teI11pej'a.tures';; 
. H ,§significa.nt Awave height (4 x r.m.s. wave height).

_

/



Table 2 : WAVES 85 - drag sphere results 

32 \ 

Run 
Ill‘. 

U12 
(In/S) 

.9w 
. 

(°,)

D 
(°) 

fr 
(Hi) 

U/4» depth 
(Cm) 

G1. G... ¢ 
(°) 
‘WW 

8519043 6.7 63 70 0.-30 1.3 146 
186 
ass 

1.05 
1.24 
1.8 

1.14 
0.98 
~1.-7 

92 
97 

851 05 " 10.5 8'7 

‘ 
. . 

>75 0.14
4 

0.9 158 
198 
398 

0.94 
1.08 
1.11 

0.9.1 
0.9.8 
1.01 

91 
98 
92 

85107 7.1 . 
~100 75 Q.-1-.4 0.6‘ 159 

399 
0-80 
0.87 

0.93 
0.97 

92 
97 

85111 0.9 ' V3.1‘ 55 0.20 
3' 

30.1 151 1.07 1.07 89 
85116 - 10.7 250 220 0.52 3.6 139 0.25 1.07 95 
85117 10.4 250 2?‘? 0.53 3.5 1.40 1.10 1.23 97 
85119 3.3 _24s 265 0.52 _2;.s 139 1.08 1.31 9'7 

85125 17.2 90 80 0.17 1.9 164. 0.70 1.01 89 
85129 35.2 337 03.14 145 0.58 0.95 86 
85135 8.0 112 is 0.30 1 1.5 120 

390 
0.88 
1.17 

0.95 
1.37 

89 

85140 417 
1

< 

' 

.13 75 0-1.15 0.5 120 
190 
ago 

1.07 
1.22 
1.28 

1.04 
0.95‘ 
‘1.25 

90 
90 

85144 14.2 
7 

164 75 0.14 1 1.3 132 
2029 

0.90 
1-10 

0.89 
0.88 

85145 14..0 67 85 0.14 1.3
/ 

131 
201 
401 

0.9.0 
1,06 
1.09. 

0.92 
o.s9 
0.97 

93 
93 
91 
92 
95 

85159 16.0 234 240 0.41 4.2 -104' 

1.74 
401’ 

1.08 
1.10 
1.90 

1.07 
1.13 
1.95 

88 
85 

85160 12.7 230 225 0.118 3.9. 100 
170 

1.11 
1.29 

1.15 
1.37 

94 
96 

U12, 0,, - wind speed and direction at .12_m.; D -,wave direction; 
H, -_ 4 ‘x r.m.s. wave height; f,,- - _£requeney of wave peak; 

V U / c, - wave age; ¢,',,,, - phase angle between; u and w at fp;
I 

G“, Gw - variance gain, "measured vs-.' linear theory»;
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Tqble 4 : Conditions during dissipation r'a.te measurements. 1 

Fig 17 P3per' ‘ 

symbol 
_ 

J 
( _ 

Measurements 1 

_ , U12 Up 
(I11) 

'1 "(m/S) Y (In/S) 

e—|.-OX

O 

‘A 
in

I

Y

A 

stew-t et al. ((1962) 
Arsefiyevet al. (11975) 
Dillon ct ql. (1981) 
Oakey et al. (1982) 
Kitaigorodskii et dl-. . 

(1983) ' 

.

- 

Kitai orodskii‘ ct al-.- A 1 

(1983? . 
I ~

' 

Kitaigorodskii et al. 
(1.983) ' 

1» 

'

. 

Sqloviev et al. (1988)
A 

this study 
( _ 

‘ 

7 this; study 1 

this study 
ii

' 

frorri moving ship
u 

fromfixed tower " 

free-rising‘ probe 
free-falling probe 
;from fixed tower 

from fixed tower . 

from fixed tower
, 

‘free-rising probe 
from fixed tower, 
based ’2>11(Iow“'freq u 
from fixed tower, 
based on high freq w 
from fi1xed’.towe_1'-, 
b-@Se<1£>¥1.his.h W1 1* 

1.5 
6-15 
1.5 

A

8 
0.44-0.62 

0.67-1.17 

0.82 

0.2-5.8 

. 

v 1-4 

A 

1-.4 

7 6.0 _1.-5 

6.0 0.04-0.08 
4-8 .0-1 

6.5-14.; I 0.so.e 
. 

1 10.7 0.11 

11.2 . 
- 0.08 

. 
5-.8 . 0.03 

1.9-6.0 7 2-.2 

12.7-16.0 0.05-0.06 

0.9-17.2 0,-06-0,62 

0.-9,;17.2 0.14-0.62

/

/ 

0 

* 1 Modified from Soloviev et al.. (1988)

(
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Figure 1: CCI-W tower, Lake. Ontario. 
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Figure 2;? Map indicating tower locafiion.
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