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MANAGEMENT PERSPECTIVE

- The hydrpdynami¢s of deep water wave breaking (whitecapping) is particularly

 relevant to the development of Canada’s conventional offshore energy resources. New

knpwledgé of it will be applied to engineering design, operational efficiency and safety,
and environmental protection through improved estimation of wave-induced forces and
improved understanding of mixing processes. This report, sponsored in part by the

Panel on Energy Research and Development, presents results from the WAVES field

. experiment of 1985-1987.



PERSPECTIVE DE LA DIRECTION

L’hydfodyna.nﬁque au aéferleﬁlent des vagueas.:en eau profonde (rhoutons) est
pa"rticuliérement pertinente dans la contéxte de la mise en valeur des ressources de
~ pétrole et .de gaz situées au large des cotes cé.nadiens. .Une meilleure capacité de
prédite les forces causées pér les vagues et des connaissances accrues des pré_ces,siis
de mélange seront un apport. ‘imp'.orta.gt daﬁs la conception »desv structures ainsi que
pour leur éfficacité, leur sécurité et la protection de I'environnement. Ce rapport,
partiellement financé par le Groupe interministériel de recherche et développem’ente
_énélrgétiques, présente les résultats de la campagne de mesures WAVES pendant la

période 1985 & 1987.



ABSTRACT

 An extensive set of measurements taken from a fixed tower is used to study

the velocity field under Wi_nd waves. Velocity measurements, inade with miniature drag

spheres, are compared with linear theory esti'mates. of the orbite,l velocities obtained

from measured surface elevation. Results are presented i,n- the context of hoW well

~ linear theory is ‘abl,e to predict wave-induced forces on cylindrical structural members.

~ The velocity measurements are also used to study turbulent. energy dissipation

in the near surface reglon Analys1s based on spectral densities in the inertial subrange -

yields dissipation rate estimates several orders of magnitude larger than would be
| expected if turbulence followed classical wall layer scaling. | ‘

N '



RESUME

Une vaste base de données, recueillie pa.rtlr d’une plateforme permanente, est
utilisée pour l’etude du champs de vitesse de vagues produites par le vent. Les vitesses
sont évaluées & partir de sphéres miniatures ‘qui mesurent la tra.lnee hydrauhque. Ces
données sont ooinpa.rées aux vitesses orbitales obtenues par appiication de la théorie
linéaire 2 a. partir de mesures de proﬁl de surface. Les resultats sont rapportés de facon
3 mettre en evidence la précision de cette methode lorsqu utilisée pour la prédiction

des forces sur des cylindres submergées.

Les mesures des vitésse ont aussi setvi & I'étide de la dissipation turbulente de
1 energxe prés de la surface. A pa,rtlr d’une analyse des dens:tes spectral dans la région
de la sous-rang inertiel de la turbulence lsotroplque, des valeurs de taux de dissipation
obtenues depassent de plusieurs ordre de grandeur celles prévues par la théorie c}\asmque
d’écoulement prés d’un mur rig‘ide. . '

.



1. INTRODUCTION

: The design of cost-effective offshore structures is highly dependent on an ac-
curate &stimatlon of wave forces which, in turn, depend ozl the wave orbital vel'oc_it,ie;s,
accelerations and pressures. Very few measurements have been made of actual veloc-
ities beneath natural wmd—generated waves and the d%lgn engmeer generally rehes.
on linear wave ‘theory to derive appropnate design forces from a suitable climatology
- of wave (surface elevation) information. Recent results however, show that the pre-
dicted 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 indicated

\
‘good agreement between measured and predicted velocities, conditions in the field can
differ llrama_,t-ically from those in the laboratory. In particular, the ‘presernice of variable
currents and the high local accelerations associated with wave breaking (see Melville |

and Rapp, 1985) can have important consequences on local velocities and wave forces.
P Typically, the forces are predicted using Morison’s equation,
F.(t) = Cppru(t) Ju(t)| + CMmrrm(t.) o (1)

(Monson et al. 1950), which estxmates the incremental horlzontal force per unit length
.'exerted by a movmg fluid on a ﬁxed vertlcal cylinder. Here, p is the fluid density, r

is the radius of the cylinder, Cp and Cy are drag and inertial coefﬁc1ents and u(t)
‘and #(t) are horizontal fluid velocity and acceleration. CD and Ch are functions of |
the Reynolds number R. = 2Ju|r/v, the relative surfa.ce roughness (k;/2r) and the
Keulegan-Caxpenter number Ny = AT [2r,, where v is the fluid kinematic viscosity, kq
:.1s the average roughness dxameter, A is the velocxty amplitude of the oscillatory part

of the flow, and Ti is it’s per1od



Morison’s equation ignores wave drag, which occurs if the cylirider is at or
near density interfaces, and skin drag. 'Never-t_heles‘e, for most engiheering applic‘etions
t,he form d_rdg’ and ,inertia,llresistanee modelled by Morison’s equation _are the demi-,
nant forces. Laboratory meas‘uremeﬁts on the in—line (with horizontal velocity) force
on-vertical cylinders seem to agree well with that deduced from MOI’]SOII s equation

/
" (Bearman et al. 1985) -

The behaviour of the drag and mertlal coefficients with Reynolds and
,Keulegan-Carpenter numbers has been the subject of many mvestlgatlons (see Sarpkaya
and Isaacson, 1981 fora summary), most of which have been carried out in laboratories
under idealized oonditvions of uni-directional, planar oscillatory or circular oSciilatory'
ﬂc)ws; Strong Reynolds number _a'nd.‘Keulegan-Ca.rpenter number dependencies on the_
drag and .ipertjia,_l coefficients imply that the standard practice of using constant values |
for these coefficients for force calculations over the entire length ef‘ vertical e}"]inders
is fraught with error (Rambe‘rg and Niedzwecki, 1979). An additional source of er-
ror arises in the ‘caleulation of orbital veloc-ities from observed sttrface elé?et-ions using
theoretical models. For irregular eeas, these models are based on li.nea,r theery and
one or two ad hoc essumptions. However, a new model by D'onelan',' Anctil and Doer- -

ing (1991) has a firmer theoretical foundation and has shown favourable comparisons

{
'

against laboratory data.

Over the past few decades, sevetal papers have a.ppeared comparing measured o
field veloc1t1es with those predicted by linear theory Both Guza and Thornton (1980)
and Thornton and Krapohl (1974) mvestlgatmg, respectively, shoaling waves and swell,
_repo,rt good agreement between observed and measured flow velocities - typically to
within 10% . Simpson' (1969) with measurements in 6 metres of water off the end' of
a pier finds similar results with dls?repanmes of up to 15% in veloc1ty There are,

however, 1mportant dlﬁerences between two recent works deahng w1th active Wmd sea



" conditions. Vi’h’ile both Battjés’and van Heteren (1984) and Cavaleri, Ewing and Smith
(1977) report fairly good agreement (to within 20%) between measured and predicted
velocity magnitudes, Cavaleri, Ewing and Smith feport observations indicating that
the phase between horizontal and vertical Veloc'it‘y'oomponents can be substantially
different fro‘m that predicted. In particular, under "@ct~ive wind-sea conditions these
dxscrepancxes were typically around 30°. Smular results have been observed by Shonting
(1970). This phase difference which cannot be explained by liniear theory would have, if
conﬁrmed important 1mphcat10ns for momentum tra.nsport rates in the water colunm
typically, it implies a momentum transfer many times larger than the momentum mput
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 which are most significant. As the steepest waves tend to be the most
nonlinear, the question iﬁust be asked as to how well linear theory predicts the peak -
Qelocities. 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 issﬁ&s that the WAVES (Water-
Air Vertlcal Exchange Studles) experiments were carried out (Donelan and Kahma,
1987) '

Finally, the same features which influence the accuracy of calculated wave
forces — flow nonlinearities and Wave Breaking, among others — have jrﬁporta_nt con-
sequenc‘es for processes occurfing in the near:-surface layer of the ocean, in particular
lates to the dlss1pat10n rate of turbulent energy in' the near-surfa.ce region. According
to Soloviev et al. (1988) most field results from the past two decades show dissipation
rates to be. cons1stent with turbulent energy derived from current shear alone — with no

additional energy input due to wave brea’\ki‘ng’. These data, however, are generally taken



over short time mtervals ,in relatlvely calm cond1t10ns and at moderate depths, all of
which could iminimize the effects of breakmg, which is an intermittant phenomenon.

In fact, the one data set which contradicts these conch{;s;ons, that of Kitaigorodskii et
- al. (1983), was collected in st-rengly forced conditions near the surface and over longer
time intervals. The velocity measurements of the WAVES experiments, taken over a

wide range of conditions, will be employed to address this i issue.
2.  EXPERIMENT

A fixed tower provides the ideal platform for measurements of sub-surface‘
velocities and thet 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 vwlmty of the water surface (see Figure
1). The tower is situated 1.1 kilometres offshore in 12.5 metres of Wa.ter, as indicated
in Figure 2. The tower is supplied with power 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 components
of velocity were “drag spheres”, in which the ﬁuld force on a sphere yields a measure of
the velocity components (Donelan and Motycka, 1978): The original set-up used in 1985

lv consisted of three drag spheres mounted on a rotatable mast at depths of abo.r_lt'l.2,m,
2m er;d 4 m. In 1987 there were two,dra.g spheres at depths of about 60 cm and 170 cm.
The mast could be rotated by control from the shore station so that the axes of the drag
spheres were eligned fiormal to the mean wave direction. The instruments thus yielded
vertical and horizontal (doWn-Wave) velocity eompohents. The size of t_he dra_g 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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. the 120 m towing tank of the National Water Research Institute.

‘Since the drag response is nonlinear (almost perfectly a square law in the Rey?nold’ -

number range used), the mstruments were zeroed mechamcally before and after each

\ - meastirement run by means of pneumatlcally activated sleeves that shlelded the drag

spheres from the ambient flows. The drag spheres were carefully calibrated both before
and after field exposure. Calibration was accomplished by tbwing the instruments in |

\

In addition to the drag sphere measurements, ten wave staffs were deployed at
various locations around the tower to provide wave helght information. Of particular
interest fo this repprt is a ﬁvave 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 st~aﬁs., (a pentagon of 25 cm radius, with an additional staff in
the center). More detailed wave directional information may be found in Tsanis and
Donelan (1989). An a.nernorheter-biva;ne situated on e mast about 12 m above the water
surface yielded meesurements_ of wind speed Uy, and direction (6,). Measurements of

relative-humidity and air and water temperatures were also recorded.
3. ANALYSIS

The experimentai phase of the WAVES experiment took place during the fall
seasons of 1985, 1986 and 1987. Altogether soﬁle 300 data runs of sixty to ninety
minutes duration were made. During 1987, an additional forty or so ‘mo‘hitor'" runs of |
ten minute averages were recorded so es to fill in 't,he ‘gaps’ between data funs. 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 12 acoustic current metres
and a laser-doppler veloc1meter) Processing of the drag sphere a.nd associated 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 frequency information (to under 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 Blackman-Harris taper (Harris, .'1‘978) was applied to the individual
blocks. Four adjacent spectral estimates are averaged so that each plotted point has
64 degrees of freedom (for the 90 minute ruas) oorrespondmg to 95% confidence levels

‘;of128 and 0.72.

The implementation of linear t_he‘ory was; based on wave height measurements
taken at a wave staff offset 22.5 cm downwave and 45 cm crosswave from the drag
spheres. The water depth d and d-istanee of the drag sphere helow the surface z were
based on the mean water level during the run.l The wave height signals were Fourier
- transformed as described above so as to calculate the Fourier coeficients, The wave .
number k associated with each frequency f was then calculated from linear theory,

along with the quantities

cosh(k(d z)) gidm COSh(k(d z)) ¢

Tnu.=2 f—mr - an d..‘ T = 27if cosh(kd) © (2)

which represent the transfer functions between the sutrface eleva'tlvion U] and _velocit'ies

u and w, respectively. The quantity ¢,, 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 electromc ﬁltratlon Finally, the linear’ theory veloc1ty
estimates u; and w; were detenmned by inverse Fourier transform. We note here that

unldu'ectlonal long-crested waves were assumed with the result that u; and w; are 90°
out of phase |
| : _[

~ For dete'rnrining' the directional spectra, data collected from each of the six
wave staffs of the array were averaged down to 4 Hz, and cross.spect‘ra were’calculated ,
based on blocks of 1024 points. A maximum likelihood method (MLM) based on

J eﬁ'erys (1986) with 10 degree duectlonal spacing was employed. Only selected results




from the directional analysis will be presented here; more detailed results are available

in Tsanis and Donelan (1989).

‘4.,  RESULTS

4.1 ©  Data summary

-

In Table 1, we present a summary of the meteorological conditions present
during each WAVES experimental run. 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, the fetch at the tower is of the order of one to two kllometres 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 clasmﬁca.tlon of the runs by wmd d1rectxon is essentially a class1ﬁcat10n 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.

After careful initial analysis, it became evident that the sensitivity of the -
drag spher&s had changed during the two months of the 1987 eXperiment. While the

calibrétions carried out before and after theﬁ1985 three week measurihg period differed

* by only 3% to 9% , the calibrations of February 1988 were up to 20% highef than those

of October 1987. A close inspection of the instruments revealed that during the much ‘l
longer period of operation at higher water tempertures than during the previous years,
biological matefial'had grown on- thé sphere and on the supporting rod. Compa.risbn_s
with linear theory suggest that the instrument was sctuaﬂy more sensitive towards the -
end of the 1987 experiment than it was durmg the post expenment cahbra.tlons after
two months of drying. In v1rtua.lly all of the 1985 runs, linear theory.appears to ﬁt

the data well whereas in 1987 the deviation becomes larger and larger with time. ThlS



dev1atlon is mdependent of frequency, cons1stent Wlth the idea that it results from a

change in the sensrtlvrty

The comparison with linear theory is therefore based ¢ on the 1985 data set -
salone Linear theory will then be used as a cahbratlon for the 1987 data. In Table 2, we
lsummarlze tesults for some fifteen runs for whxch a hnear analysis was.carried out. We
have selected four runs for detailed presentatlon 85105, 85111, 85145 and 85159. This
~ subset was selected so as to represent a good cross-sect1on_ of the conditions eéncountered:
85111 represents an overdeveloped sea (Ulg/ ¢ = 0.1) with swe_ll_ propagating eastward
‘along the major axis of Lake Ontario; 85105 (Uyz/c, = 0.9), near fully developed
waves from the east; 85145 (U12/¢, = 1.3), an underdeveloped east wind case; 85159
(Uu/ ¢; =4.2), with very underdeveloped (strongly forced) waves from the west. The
strongly - forced fetch- hxmted waves of 85159 are akin to the steep duration-limited -
waves associated with the outbreak of a. stor-r;n,. 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 et al. 1985). The three east
wind cases show waves with frequencies near the spectral peak to be arriving from
approxrma.tely 70e, wh1ch is the principal axis of Lake Ontario. Although the waves in
85159 are predormnantly from the west (240°), there is also evidence of 6 second swell

from the ea.st

4.2 Wave velocities

In,,Figures 5-6, we present:spectra._»of the vertical 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 peak of the wave spectrum Awa.y from the peak

| (and several decades lower in spectral densrty) the dev1atrons are caused by turbulence



generated by wihd-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 -
vsee Section 4.4. For purposes of calculating wave-mduced forces on structures, these
differences are less 1mportant than those occurring around the peak at substantla,lly

higher energy levels.

The tenth column of Table 2, which shows the ratio of the variances (i.e.
the integrated velocity spectra) of w and w; (Gy), provides a measure of how well
the velocities are predicted by linear theory. Typlcally, G, 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 -
underestimation of the swell oOmpohent 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 (3'90‘ cm), 85140 (390 cm), 85159 (401 cm) and 85160 (170 cm),
where. the measurements are taken at relatively large depthe with low significant wave
~ height. For these cases, the ratio of variances G, reaches as high as two. This is a
result of very low wave enetgy at the depths of measurement: the drag sphere is out
- of its operating rang‘e.»‘ Cbhsequently, the measﬁrements in these cases are spurious.
Omitting these obvious outliers, the mean and standard deviation of G,, are 1.02 and

™~

. 0.11 respectively.

- In the case of horizontal velocity linear theory again is seen to perform well

(Fig. 9), although there appear to be deviations at frequenc1es about twice that of the -

peak, where linear theory is seen to overpredict the velocity. This phenomenon was
previously observed by Forristall et al. (1978), who attributed it to flow nonlinearities,
As pointed out by Battjes and van Heteren (1984) however, nonlinearities would tend to

have the.opposite effect. We attribute the overprediction to the increasing directional '.
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spread of the wind sea above the peak (see below): linear theory estimates are based
on unidirectional waves, and so ignore the effects of spreading. Note that in several
cases (e.g. 85116) the horizontal velocities appear to be very poorly predic.ted.by linear
theory. For run 85116 G, = 0.25, whereas G, = 1.07. As a rule, ‘e’ffc;‘rts were made
to ensure that the drag spheres were aligned normal to the wave direction, so that the
measured hor:izo‘nt_a_l velocity would correspond to that of the principal wave direction.

For some rﬁns, 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 in linear theory. This can be rectified by correcting the wave height spectra S,

following Donelan et al. (1985): A
Fh0)=Lsn(NBse®B-00) (@)
where 4 is the wave direction, 8 tli¢ mean vw‘ave difection and
B - 2.61(f/ AL 0.56 < f/fp < 0.-95»,4

8= A2.,2A8(.f/ fo) 8. 0.95<f/f, <16,

L _ B = 1,24; . otherwise,

~where f; refers to the peak frequency. To be consistent with linear theory, 6 was taken
to be the mean wave direction at the wave péak, 9,. These corrected wave height
spectra were then used to generate the c‘brrected linear horizontal velocity spectra |
which are plotted using dotted curves in Figures 9 a) aln_d d). Note that directional
effects are seen to account for the overprediction of horizontal velocities by linear thebry

at freqﬁendes above twice the peak.

In Table 2 (last éolumn)’we present the phase angle gy, between the horizontal
and vertical velocity components as measured by the drag sphere. ¢y, 15 calculated

from the cospectrum of the two time series and the single value reported is that found
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:by avéraging p'h_a,se 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 7 are plotted for frequenmes around the peak in Flgures 10-11

_ A’lthOugh'iinear theory"'pretlicts a phase difference between u and w of exactly

‘9‘0° expé‘rimental results have not always supported this. .In particular, Cavalefi et
(1977 1987) ‘have reported cons1stent deviations from lmear theory of as high

- . as 30° with current meter measurements taken in active wind sea conditions from a
~ tower in the Adriatic Sea; measurements taken in swell show the expected phase lag
of ciose to 90°. These results, if correct, would have important 1mphca.t10ns in the
: momentum balance, 1mplymg a surface flux -considerably greater than that derived
from wind input at the surface. Our results, taken over a wide range of meteorological
' ~jc6ndit~ions do not, however, corroborate th&s‘e findings. On the contrary, o@r results
support those of Battjes and van Heteren (1984), among others, in finding @y, to be
consistent. w1th linear theory predictions. It should be noted that reflected waves from

nearby structur&s or topography can have a stong effect on the measured phase angle.

The ﬁa.ragraphs above indicate that linear theory is generally adequate for
estima.ting' the velocity field in a s'ﬁectral sense. The question rem,aiiu.,s as to how well
linear theory predicts the extreme waves of any event. I‘nior'der. to determine this, joint
. frequency distributions of u and u,b and of w and w; were calculated for each of the
runs. The Cbrrespondiﬁg plots for the four sélected runs appear in Figure 12. Note
that we have normalized u and u; by (u?)1/2 and w and w; by (w?)Y/2, Also the mean
flow (i.e. any current) has been subtracted from the measured velocities and all signals
detrended. In the plots, curves of h’ig‘ﬁ aspect ratio, centred around the 45° line indicate
that linear theory predicts the velocities on a wave by wave basis very Vte‘ll.- In general,

our data is seen to support this hypothesis although the contours for fun 85159 display

i
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significantly lower aspect ratios. Recall that this is a west wind case which implies short
. crested, high frequency waves. In such conditions, th'e‘5’0v\ cm horizontal separation
between the drag spheres and wave staff (measuring the wave heights employed in
linear theory) will 'indﬁ_ce an error yisihle in wave-by-wave comparisons in that the two
‘ inst-ruments 'Wﬂl not always see the same wave. .This is evident both in the time series
_plotsv(Fig. 7d) and in the broadening of the contours in the joint frequency distribution
plots. \. i

4.3 Wave forces

. As pointed out in Section 1, wave forces oh a vertical cylinder are typically
estimated using Morison’s ~e§uat~ion (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 compare th‘e quantities u |ul and . In Figure 13-14 examples of time
series of u |u| and u for the four selected runs are given; linear theory estimates are also
shown. The tune series segments chosen are comc1dent with those of Figure 7. We
note here that durmg these runs, the drag spheres were aligned such that the measured
horizontal velocity is down-wave. and therefore comparable to linear theory velocities.
.Furt'hermor.e, 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 discrepancies at both larger crests and troughs, but do not
indicate any consistent over- or under-pre.di_ction.l ' | ' |

- S | _ | | |
thure 15 illustrates the joint fre’quency,‘\distrib,ution_s of the measured and pre-
dicted drag 'fofce, u Ju| and u; ju for t_he four runs. It is evictent that the distributions |

generally follow t_he 45° line, indicattin"g good agreement between measured and pre-
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'under- crests a_nd to und_ejrpredlct the larger forces under troughs, note the curvature
in the contours, eSpeciaily that of Figure 15a) or c). While similar curvature in a joint
probability distribution may result from nonzero meau current, this is not the source of
the curvature in Flgure 15, because the mean has been subtracted from the velocxtles
to avoid these distortions in the compa,rlson The dev1at10n is likely rela,ted to the use
of linear wave theory to'model a finite amphtude wave field. This issue is addressed in

Donelan et al. (1991).

A comparison (Figure 14) of the measured_und predicted inertial forces, % and
iy, shows clearly the effects of the high fréquency turbulence on the ;méa.sured velocity
signal. While the force predicted by linear t~heoryv is smoothly varyin“g with time, the
measured‘foroe is seen to exhibif. signiﬁCant local accelerations due to the passé.ge of
turbulent eddies past the drag sphere. Consequently, the measured local forces are as
high as twice those predlcted by linear theory! We do note, however, that the linear
term u; does predict the ,mea,s,ure{d»foroe very well on a larger scale — that is, 1gnormg the
turbulent local acge'lera,tions; The typical scale of these high local accelerations in our
data is Qf or&e_r 10 cm and they therefore 'beéome 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 acceleratlons conitribute significantly to the inertial forces can
be apprommated by Ni. = 2f./fp, where f, is the peak frequency and f, the hlghest

- frequency of the ,t.urbulence which contributes _s1gmﬁcan_tly to the local acceleratlons.

. It is thus seen that there are discrepuncies between ‘liuea_r theory and measure-
‘ments for both the dr‘a,g and (especially) inertial forces. However, it is impo)rtant]to
note ‘fhat these forcé terms are 'i‘mp’lementéd'in Morison’s equation with empirically
~calibrated coefﬁcxents That is; the drag and inertial coefficients Cp and C); are typl-

cally found through laboratory expenments in which a cylinder is subJected to a series .
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- of waves (see Sarpkaya and Isaacson, 1981). The forcee on the cylindet ate tijfpicaﬂy
measured with strain gauges; with the flow velocities being determined from the mea-
sured surface elevation using linear theory. Consequently, the drﬂ’erences between linear
theory and measured forces, as noted above, are'to a large degree ta,ken into account
through the empirical deterrmnatlon of the force coefﬁcrents for the conditions of the.
velocities from linear theory depends on the degree of wind forcmg Thus the accuracy
of Cp and CM will depend a.lso on wind forcing and other causes of nonhneanty in the

 wave ﬁeld

4.4 . Wave-turbulence interaction |

Turbulence can be t’houéhtf of as a process in which e‘ne’r'g"y is transfered' con-
tinuously from larger scales of motion to smaller ones. The souroe of turbulent energy
is rn the larger scales of motion - current shear or wa\}e breaking, ﬂs(ay - and the energy
is eventually lost, in the smallest scales, through dissipation into heat. One of the key -
paraineters in a-study of turbulence is the dissipation rate e, In particular, it platys a
key role in the energy balance equation: in the intermediate scales (the ‘inertial sub- 1
range’ = see below), the energy flux rate equals the dissipation rate, there being no |
sources or sinks of energy at these scales

{

Accordmg to the classical, work of Kolmogorov (see Monin and Yaglom, 1975,

Chapter 21), in the case of flow with a sufficiently high Reynolds number in which

the turbulence is loo_a,lly isotropic (i.e. independent of spa,tral orientation), the prob-

~ ability distributions of the veloci'tj' fluctuations about some mean are dependent only
on the dissipation rate and fluid viscosity. Furthermore, for certain scales of motion
(restricted in both space and tlme), the probability distributions of the veloc1ty ﬂuctu-

a.tlons 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 application of dimensional analysis in which it is shown
that, where the hypothesis applies (i.e. in the inertial subrange), the velocity spectra

\

E.. and E,,, are of the form |
Bull) = GEPR Euulk) = Goe?Pk=s5,  (4)

where k is the wave‘number’. Consequently, spectral values in the inertial subra.nge can _
be used to provide dissipation estimates. (We use C; = C; = 18/55 — see Monin and
' Yaglom, 1975). | |

Although the Spectra above are W@venor_riber spectra, time sefies yield fre-
quency spectra, so tba,t the above relations are not strictly applicable to most mea-
- surements. - If, however, the magnitude of ttrrbulent energy is considerably le's's than
that associated with the pnncrpal motion (due to waves, currents of the convectxon
velocity associated ‘with a movmg 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 tbe turbulent eddies being cOnvected 50
quickly past the measurmg probe by the principal motion that the turbulence appea.rs
to be frozen in tlme Consequently, variations in space appear as variations in time:.

=27 f / UD, where Up is a. measure of this ‘drift velocity’ past the probe, and the
frequency and wavenumber spectra., S(f) and E(k) respectlvely, are related according .

to S(f) = Z=E(2rf/Up).

- -
From the pomt of view of the drag sphere mea,surements (see Figure 5) there

is often ev1dence of an inertial subrange at frequencies greater than 1-2 Hz, The energy
pr&sent at these scales is typically several orders of magnitude less than that present
around the peak wave frequencies (0. 1= 0.5 Hz. ) allowmg for Taylor’s hypothesis to
be applied. We note here that the convectlon velocity associated with wave orbital

motion is, of course, not steady in time, so that a time series of_ ‘equally spaced points
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will yield, under Taylot’s hypothesis, a spatial series with unequally spaced poiits.
Several of these space series were then resampled - using Fourier interpolation - so as
" to arrive ;at' evenly. spaced series, for which ;nalysis techniques were readily available.
It v;ras found that, over most of the ixllertial subrang,el,.t_h'is ‘resulted‘.‘ih no change in
the spectral va,lué (see Figure 16) Co’hsequently, the t‘imé intensive stép of Fourier

interpolation was generally omitted.

. Over the past &ecades, séveral researchers have made r_neaQ,sﬁréménts-Of dis: |
sipation rates in the océa_i;. Measurements have been made from fixed towers (e.-g‘r.
Kitaigorodskii et al., 1983), using free-rising or free-falling probes (e.g. Soloviev et al.,
.1988) -and from mo(fing vessels (e.g. Stev}art and Grant, 1962). Most of these results,
summarized by Soloyiev et al. | (1988), indicate that dissipation scales according to
€ < u3/z, where u, is the friction velocity, which is proportional to the wiﬁd speed

| (we use u, = 0.0012 x Uu;—- see Kitaigorodskii et dl., 198_3‘). This dissipation rate is
' commensurate with turbulence derived from current shear alone - classical ‘law of the
' wall’_ tur‘buleﬁ_n‘ce,. It is not, hOWAe‘Vei',. supported by all of the data. Kitaigorodskii' et
l.al;. (1983) report dissipation mieasurements several orders' of m,ag,nitilde higher than
‘law of the wall’ scaling would suggest. These measuremeﬁfs, taken in ‘strongly forced,
fetch hrmted conditions, indi'c'até that the S'ifn’ple,cui'rentvéhear.model is inappropriate
- other sources of turbulent energy (i’.e; wave breaking)b must be taken into account. -
j -
Table 3 providés a summary of the dissipation resxilts from the WAVES 85 data
_set. Independent estimates of diési'patio’n were made from both S,.(f) and Sww(f) for
all cases in which an inertial subrange ;avas- detectéd. These difssipatibn.estimates are
genefa.l_ly based on fhe high frequency inertial subrange, with convection past the drag
sphere at the wave orbital velocity. We ﬂdt_é that Kitaigorodskii et al -(1983) based
their ﬁgdi_ngé on the lower frequency inertial subrange (at fféquencies lower t-hag'the

wave peak), with convection at the mean current velocity. In the WAVES 85 data set,
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there were only four cases whlch had both a  low frequency inertial subra.nge and amean

~ ‘current (drift velocity) of sufﬁc1ent magnitude for Taylor § hypothesm to be applied :

- they are also included in Table 3. Plotted in wall layer coordinates i in Flgure» 17 are

dissipation values from WAV-ES 1985, along with those summarized in Solovi‘ev. et al.

(1988) Clearly the two data sets are from different populations. In Table 4, whlch is

modified from Soloviev et al. (1988), we summarize the. conditions preeent dunng the :

‘various experiments whose data make up Figure I7. Note that the data which follow
Wa]l layer scaling are measured at low wind speeds and/or at depths of 5 metres or
greater with run lengths tYpicelly of the oi'der of seconds or minutes. The Lake Ontario
data (Kitaigorodskii et al. (1983')v 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 bfeaking, although still intermittent, would be | |

important and would show up in long enough (in time) records as increased dissipation.

- Recent results of Gregg (1987) support this interpretation.

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 publications. o

5. 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 10%. The agreement between measured

and predicted spectral va.lues 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.ene_rg'y levels one

to two orders of ma,g'nitu‘de below the peak t'alues, Consequently, their effect on the

/
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velocity comparison is mihinml, ' VVvit'h respect to horizontal velocities in wind-driven
seas, it Was found thatj'a,_, correction for directional spreading should be applied to the
* wave height spectrum prior to the impleme‘ntat'ion of linear theory. Otherwise, there
is some ev1dence that the energy at frequenc1es several times the peak frequency Wlll

~

be overestlmated

‘Strong evidence was found indicating that the phase angle between horizontal

and vertical velocities is very ,neé,rly 90°, as indicated by linear theory.

- The drag forces u|u| are quite well predicted by linear theory, although, -as
pointed out above larger trough forceé tend to 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 'beiﬁg
detrended. It is, however, i’mport_ént to ﬁote that currents will avf‘fect, the ﬁnderlying‘
vélocity field — particularly the horizontal velocities - in a way which linear theory
dogs not account for. In particular, they 4wi‘ll have a direct impa?:t on the loading on a
objéct. Whether or not the incremental forces due to currents are large compared with

the loadings a_,ssdciated with extreme wave crests will depend on particular conditions:

Given the importance of local acqeleratibns on the inertial forces, it is perhaps
not surprising that linear theoxty, which ignores flow turbulence, severely underestimates
_ these forces. However, as was noted above, the inertial coefficient Cys is empirically
determined with these limitations - i.e. linear theory is typically used t,oiobt,a;in wave
‘ velocities, whereas the actual wave forces on a. c'y‘linder (sayj) are measured directl}: -s0
that Morison’s equation mé,y still provide valid force estimates. In employing Moriéon’s
equation, it is very imﬁortant that the drag and inertial coefficients Cp and Cu to be
~ used were deterrmned under s1rmla.r condltlons to those of the 1ntended a.pphca.tlon

~ The coefficients are by no means universal.
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The high frequency turbulence measurements ylelded by the drag spheres have
;;rowded a unique data set for the study of turbulent dissipation. It has been found
-.that ‘under strongly forced conditions (i.e. high wmds) there is a region of enhanced
energy dissipation close to the surface. This finding is in centrast to the ‘wall layer’
dissipation estimates determined by others in calmer conditions, and has important

implications for mixing processes at the air-sea interface.
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Table 1: Summa.ry of WAVES 85 & 87 runs.
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85161

12.54

-120.0

Run | Julian | GMT length “Wind d1r U12 4 Ta Tw H,
| date | time | (min) | (deg) | (m/s) | (°C) | (°C) | (m)
['85101 | 318 | 12.27 | 800 | 38 . | 5.78 | 567 | 8.96 | 0.74

85102 | 319 | 11.27 | 65.5 26 474 | 097 | 873 | 054 | .

85103 | 319 | 13.10 80.0 37 . 5.01°| -1.45 | .8.80 | 0.50

85104 | 319 - | 1726 | 80.0 | ~63 6.68 { 227 | 8.76 | 0.50
/85105 | 320 | 09.34 47.0 . 87 10.54 | 1.34 | 8.02 | 1.87

85106 | 320 | 11,51 80.0 91 9.13 .| 3.19 | 7.94 | 1.93

85107 | 320 | 13.48 80.0 96 713 | 4.76 | 7.84 | 1.89

85108 | 320 | 16.45 80.0 107 1.95 | 6.41 | 7.81 | 1.71

85109 | 322 | 12.07 40.0 67 295 | 7.92 | 817 | 0.16

85110 | - 322 | 19.10 615 | 61 414 | 834 | 812 | 0.72

85111 | 322 | 20.59 800 | 134 0.84 | 870 | 8.63 | 0.73

85112 | 323 | 1821 | 14.5 220 3.10 | 16.98 | 9.10 | 0.12
- 85113 | 323 | 18.50 49.0 1196 3.78 | 15.90 | 9.10 | 0.12
85114 | 324 | 06.33 | 495 259 10.67 | 11.48 | 9.00 | 0.29 |

85115 | 324 | 07.36 [ - 40.5 267 10.04 | 823 | 897 | 0.29

85116 | 324 | 09.17 58.5 241 - | 10.73 | 6.58 | 8.97 | 027

85117 | 324 | 12.04 80.0 | = 242 10.43 | 6.81 | 8.99 | 0.26
85118 | 324 | 14.31 80.0 245 10.23 | 6.05 | 897 | 0.24

85119 | 324 | 16.15 | 100.0 248 | 826 ( 477 | 891 | 0.19

85120 | 324 | 19.55 | . 20.0 262 - | 866 [ 2.73 | 8.80 | 0.19

85121 |. 325 | 22.41 14.0 12 6.13 | 097 | 846 | 0.33

85122 | 325 | 22.58 16.0 13 592 | 1.13 | 8.46 | 0.33

85123 | 326 | 08.19 5.0 890 | 14.21 | 3.23 | 818 | 1.78

85124 | 326 | 08.29 16.5 86 16.03 | 3.07 | 8.09 | 1.82

85125 | 326 | 08.53 80.0 90. 17.18 | 1.38 | 7.91 | 2.03

85126 | 326 | 14.03 80.0 96 5.06 | 1.88 | 7.68 | 1.76

85127 | 326 (1403 | 215 | 71 2.00 | 2.9 | 7.96 | 1.32

85128 | 326 | 16.27 550 | . 13 411 | 172 | 8.06 | 1.31-

85129 | . 326 | 17.36 |. 88.0 337 © 524 | 011 | 812 | 1.13

85131 | 327 | 02.04 | 43.0 227 6.87 | 2.71 | 7.93 | 0.42

85132 | . 327 ' | 17.04 40.0 193 - 259 [ 4.04 | 7.72 | 0.05

85133 | 329 | 14.24 60.0 57 246 | 1.69 | 7.35 | 0.09

85134 | 1329 | 1540 | 800 | . .70 3.57 | 1.82 | 7.31 | 0.11

85135 |. 329 | 2131 | 60.0 112 801 | 1.52 | 7.19 | 0.62

85136 | 330 | 09.46-| 80.0 91 - | 6.50 | '2.25 | 6.89 | 1.39

85137 | 330 [ 20.52 | 60.0 | . 52 729 | 2.84 | 6.59 | 1.43.

85138 | 330 | 2247 23.5 51 '6.06 | 2.51 | 6.44 | 1.35
85139 | 330 | 23.15 25.0 43 574 | 2.38 | 6.45 | 1.34

85140 | 330 | 23.42 46.0 13 474 | 1.58 | 6.50 | 1.30

85141 | 331 | 02.23 80.0 243 121 | 1.38 | 6.64 | 0.97

85142 | 331 | .04.14 13.0 314 207 | 1.64 | 7.12 | 0.93

85143 | 331 | 0433 | 650 5 298 | 171 | 7.32 | 0.78

85144 | 332 | 0945 | 60.0 64 1424 | 1.26 | 6.40 | 2.40

85145 | 332 | 10.46 80.0 [ 67 1398 | 1.22 | 6.65 | 2.31 |

85157 | 334 | 15.22 800 | - 41 248 | 4.28 | 6.41 | 0.98

85158 | 335 | 09.58 80.0 53 1.65 | 6.55 | 6.58 [ 0.59

85159 | 336 | 02.45 80.0 234 . 16.00 | 247 | 6.73 | 0.49

85160 | 336 | 06.32 80.0 230 12.74 | -2.86 | 6.55 | 0.32

336 263 1436 | -5.04 | 6.20

0.46
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'Wind dir

Run | Julian | GMT | length Urz A w
____| date | time | (min) | (deg) | (m/s) | (°C) | (°C) | (m)
87001 | 290 | 16.10 900 1 217 | 6.71 | -7.60 | 7.15 [ 0.12
87002 | .290 | 18.16 5.5. 213 6.14 | -6.50 | 7.35 [ 0.11
87003 | 290 | 1832 | 100 |. 200 |. 6.41 | -6.45 | 7.32 | 0.11
87004 | 203 - | 1815 | - 90.0 | 355 | 4.78 | 0.07 | 6.55 | 0.5
87005 | 293 | 2038 | . 7.0 | 352 5.22 | -0.22 | 6.52 | 0.49
87006 | 299 | 21.23 4.5 254 6.45 | 9.04 | 5.76 | 0.13
[ 87007 | 302 ' | 04.06 15.0 229 219 | 3.89 | 6.14 | 0.05
87008 | 302 | 04.55 15.0 213 1.67 | 4.38 | 6.14 | 0.05
87009 [ 302 | 05.29 15.0 196 , | 140 | 4.06 | 6.14 [ 0.04
87010 | 302 -| 05.56 | 15.0 | - 188 1.55" | 415 | 6.13 | 0.04
| 87011 | 302 | 06.33 15.0 241 146 | 4.70 | 6.17 [ 0.04
87012 |- 302 | 20.50 5.0 247 6.07 [ 7.59 | 6.41 | 0.17
87013 | 302 | 20.58 |  15.0 | - 266 6.92 | 834 | 641 ] 0.15
87014 | 303 | 18.47 400 | 198 6.38 | 12.08 | 6.51 | 0.15
87015 | 306 | 21.52 95.0 [ 20 3.25 | 761 | 7.12 | 0.78
87016 | 308 | 21.50 33.0 250 6.42 | 18.17 | 7.34 | 0.12
| 87017 | 308 | 22.54 | 95,0 254 6.51 | 17.19 | 7.36 | 0.12
87018 |- 309 |.00.48.[ 95.0 240 595 [ 16.22 | 7.39 | 0.10 |
87019 [ 309 | 17.27 10.0 274 797 | 744 | 7.73 | 021
87020 | 309 | 1850 |  21.0 ;| 300 | 10.77 | 6.37 | 7.70 | 0.35
/87021 | 309 | 20.27 95.0 { 292 [ 11.66 | 5.39 | 7.64 | 0.39
87022 | 309 | 2241 95.0 303 9.85.| 2.91 | 7.68 | 0.34
'87023 | 310 | 01.48 [ 95.0 295 8.55 | 1.22 | 7.81 { 0.31
87024 | 310 | 04.14 | 31.0 324 - | 6:18 | -0.40 | 7.46 | 0.23
87025 | 310 | 22.51 95.0 | 243 8.00 | 3.06 [ 7.23 | 0.18
87026 | 311 | 0148 | 15.0 230 6.16 | 2.90 [ 6.99 | 0.13
87028 | 311 | 02.04 95.0 239 6.66 | 4.08 [ 7.08 [ 0.13
| 87029 | 312 | 0211 54.0 220 - 349 | 7.36 | 7.08 | 0.07
87030 | 312 . | 16.13 91.5 243 6.59 | 12:63 | 7.18 ( 0.13
87031 | 312 |-19.06 36.0 | . 251 5.08 | 13.01 | 7.16 | 0.09
| 87032 { 313 | 18.40 305 | .25 4.78 | 3.87 | 7.14 | 0.34
87033 | 314 | 03.09 57.5 2 444 | -0.06 | 6,97 | 0.36
87034 | 314 | 12.54 | 325 66 597 | 0.00 | 6.82 | 0.49
87035 | 314 | 1525 | 14.0 4 7.73 | -0.09 | 6.78 | 0.74.
87036 | 314 | 16.16 210 | - 59 729 [ -0.13 | 6.76 | 0.84
| 87037 | 314 | 18.10 95.0 | 45 543 | -0.15 | 6.75 | 0.73
87038 | 314 [ 21.24 | - 95.0 26 7.26 | 0.45 | 6.71 | 0.64
87039 | 315 | 00.40 95.0 359 7.31 | -0.44 | 6.70 | 0.68
87040 | 315 | 1440 | 705 | - 5 3.56 | -1.70 | 6.38 | 0.82
87041 | 315 | 19.32 28.0 93 149 | 282 | 6.72 | 0.67
87042 | 315 | 22.04 34.5 285. 5.05 | 2.33 ( 6.61 [ 0.54
87043 | 315 | 23.27 15.0 284 4111 2.13 | 6.52 | 048
87044 | 315 | 23.50 95.0 | 245 [ 329 | 1.64 | 645 [ 0.38 |
87045 | 316 | 13.29 95.0 | 255 - 6.69 | 3.63 [ 6.26 | 0.17
87046 | 316 | 19.26 60.0 328 2.86 | 7.22 | 6.29 | 0.10
87047 | 316 | 21.02 95.0 | . 242° 4.77 | 8.01 | 6.24 | 0.10
| 87048 | 316 | 23.12 | .95.0 208 2.65 | 5.10 | 6.17 | 0.04
87049 | 317 | 17.25 [ 75.0 | 233 8.53 | 12,57 | 6.77 | 0.18
| 87050 | 317 | 19.02 | -46.5 233 _8.90 [ 12.88 | 6.81 | 0.19
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T Julian

Uiz

Run GMT | length | Wind dir | T, H,
date | time | (min) (deg) (m/s) | (°C) | (°C) | (m)
87051 [ 317 | 20.54 | 95.0 233 7.85 | 10.98 | 6.68 | 0.16
87052 [ 318 | 16.01 93.0 297 415 | 9.05 | 6.83 | 0.14
87053 | 319 | 17.40 27.5 67 - 414 | 7.51 | 6.89 | 0.39
87054 | 319 18.12 32.0. 63 4.06 | 7.51 | 6.88 | 0.44
87055 [ 319 18.46 | 40.0 51 4.28 | 7.88 | 6.88 | 0.48
87056 | 319 | 20.21 | 95.0 42 436 | 7.04 { 6.85 | 0.65
87057 | 319 [ 22.26 38.5 45 3.38 | 7.05 | 6.83 | 0.78
87058 | 319 | 23.11 | 575 46 380 | 7.07 | 6.83 | 0.83
87059 [ 320 [ 02.58 | 59.5 24 4.02 | 649 | 6.78 | 0.85
87060 | - 320 | 03.59 40.0 11 3.96 | 6.18 | 6.77 | 0.83
87061 [ 320 | 05.51 | 95.0 15 213 | 574 | 6.74 | 0.75
87062 | 320 | 07.51 95.0 356 - 2.68 | 4.89 | 6.72 | 0.74
87063 | 320 11.01 32.5 337 1.67 | 3.99. | 6.69 | 0.66
87064 | 320 | 11.42 | 58.0 350 154 | 3.99 | 6.68 | 0.64
87065 | 320 16.60 44.5 60 049 | 7.18 |.6.81 | 0.46
87066 | 320 | 21.46 95.0 | . 19 -3.14 | 6.88 | 6.89 | 0.40
87067 | .321 [ 01.40 76.0 21 2:92 | -7.37 | 6.79 | 0.38
87068 | 321 | 03.58 15.0 286 1.30 | 11.43 | 6.76 | 0.36
87069 | 321 | 04.16 | 150 311 0.81 | 10.92 | 6.76 | 0.33
87070 | 321 | 04.33 15.0 315 1.25 | 10.68 | 6.76 | 0.36
87071 | 321 | 04.51 | 15.0 328 1.56 | 10.47 | 6.75 | 0.38
87072 | 321 | 05.08 15.0 189 2.14 | 11.51 | 6.75 | 0.37
87073 | 321 | 05.25 15.0 182 2,61 | 12.08 | -6.74 | 0.37
87074 | 321 | 11.47 95.0 179 841 | 15.22 | 6.60 | 0.35
87075 | 321 15.29 95.0 1181 8.13 | 15.63 | 6.64 | 0.28
87076 | 321 | 17.50 95.0 183 10.06 | 16.30 | 6.71 | 0.36
87077 | 322 | 00.14 [ 95 193 8.29 | 14.64 | 7.09 | 0.24
87078 322 00.26 77.5 205 8.01 | 14.48 | 7.05 | 0.22
87079 322 03.03 95.0 231 7.01 | 14.77 | 7.06 | 0.16
87080 | 322 | 04.60 95.0 1228 7.71 | 12.76 | 7.02 | 0.17
87081 [ 322 | 08.15 95.0 231 8.99 | 10.95 | 6.93 | 0.19
87082 | 322 | 10.21 91.0 238 11.13 | 9.03 | 6.84 | 0.25
87083 | 322 13.00 [~ 7.5 239 11.90 { 8.04 | 6.77 | 0.30
87084 322 13.10 10.0 241 12.15 | 7.91 | 6.78 | 0.30
87085 [ 322 | 13.36 9.0 234 10.95 | 7.56 | 6.75 | 0.27
87086 | 322 13.47 90.0 238 12.05 | 7.81 | 6.76 | 0.29
87087 | 322 | 17,37 95.0 246 1141 | 7.89 | 6.73 | 0.28
87088 | 322 | 19.49 95.0 | - 266 921 | 642 | 6.74 | 0.23
87089 | 323 | 13.00 95.0 229 7.65 | 431 | 642 | 0.15
87090 [ 323 1753 | - 7.0 216 12.35 | 7.48 | 6.58 | 0.34
87001 { 323 | 18.05 | 95.0 221 | 1154 | 7.62 | 6.58 | 0.28
87092 | 323 19.50 30.5 218 11.76 7.28 | 6.57 | 0.28
87093 324 - | 14.17 95.0 - 335 6.96 | -0.99 | 6.16 | 0.31
87094 324 16.12 91.5 338 . 6.88 | -0.53 | 6.03 | 0.37
87095 | 324 | 20.56 38.0 330 6.61 | -2.47 | 590 | 0.47
87096 | 324 | 21.36 30.0 322 6.50 | -2.69 | 5.89 | 0.45
87097 | 324 | 22.09 | -30.0 311 8.42 [ -3.04 | 5.88 | 0.43
87098 | 325 | 00.02 95.0 310 6.14 | -4.26 | 5.78 | 0.26 -
87099 | 325 | 02.56 30.0 6 10.39 | -6.98 | 5.71 | 0.44
. 325 30.0 6 10.35 | -7.77 | 5.711 | 0.65

_03.30
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Run

Uiz |

‘| Julian | GMT | length | Wind dir T. | T, | H,
L date | time | (min) | (deg) | (m/s) | (°C) | (°C) | (m)
87101 | 325 [ 0404 [. 300 | 2 | 11.13 | -824 | 5.69 | 0.66
87102 | 325 | 07.30 4.5 344 . 7.28 | -10.18 | 5.70 | 0.75
87103 | 325 | 07.36 28.5 337 5.53 | -10.05 | 5.58 | 0.56
‘87104 | 325 | 08.52 85.5 345 5.24 | -10.26 | 5.52 | 0.47
87105 | 325 | 10.43 30.0 315 3.44 | -10.31 | 5.47 | 0.40
87106 | 325 | 11.25 | 30.0 311 | 4.34 | -10.01 | 5.42 | 0.35.
87107 | 325 | 19.25 950 | 333 6.86 | -6.70 | 5.35 | 0.41
87108 | 326 | 00.55 95.0 291 6.93 | -6.68 | 520 | 0.27
87109 | 326 | 03.03 95.0 319 5.14 | -6.57 | 5.20 | 0.22
87110 | 327 | 18.05 10.0 204 862 | 859 | 5.18 | 0.23
87111 | 329 . | 02.30 10.0 55- 274 | 527 | 5.19 | 0.06
87112 | 329 | 0248 | 95.0 47 | 375 | 5.04 | 519 | 0.12
87113 | 329 - | 05.54 100 |- 63 749 | 4.28 | 522 | 0.45
87114 | 329 | 1439 | 950 | . 67 12.74 | 3.19 | 514 | 2.09
87115 | 329 | 17.27 75.0 51 11.75 | 3.26 | 5.08 | 2.42
87116 | 329 | 21.25 95.0 52 1027 | 3.07 | 5.07 | 2.32
87117 | 330 | 00.13 76.5 38 777 | 2.84.| 4.97 | 2.29
87118 | 330 | 02.40 35.0 17 716 | 142 | 496 | 1.95
87119 | 330 | 06.17 94.0 7 765 | 0.06 | 4.88 | 1.36
87120 | 330 | 09.27 69.5 13 802 | 013 [ 475 | 1.19
87121 | 330 | 10.56 | 30.0 11 6.99 | 023 | 4.75 | 1.13
| 87122 | 330 | 11.45 300 4 7.86 | -0.05 | 4.79 | 1.11
| 87123 | 330 | 12.30 30.0 7 767 | -0.19 | 4.81 | 1.09
87124 | 330 | 13.14 30.0 14 6.28 | -0.32 | 4.79 | 1.02
87125 | 330 | 14.20 | ' 95.0 12 544 | -0.24 | 4.73 | 0.86
87126 | 330 | 1826 | 30.0 62 4.59 [ "1.21 | 4.73 | 0.68
87127 | 330 | 21.05 950 | 73 6.30 | 1.59 | 4.69 | 0.72
87128 | 331 | 13.07 95.0 [ 80 9.67 | ~2.23 | 452 | 1.37
87129 | 331 |.15.27 30.0 84 9.62 | 196 | 445 [ 1.42
87130 | 331 | 1559 | '30.0 77 9.39 | 1.99 | 446 | 1.42
87131 | 331 | 16.31 | '30.0 76 9.81 | 198 | 445 | 1.47
87132 | 331 | 19.00 95.0 76 1038 | 0.88 | 447 | 1.1
87133 | 332 | 02.32 95.0 84 6.87 | 245 | 4.63 ['1.43
87134 | 332 | 14.10 95.0 82 557 | 4.62 | 429 | 1.07 |
87135 | 332 | 18.46 13.0 63 539 | 499 | 3.98 | 1.20
87136 | 332 | 19.06 100 | 55 6.04 | 5.02 | 3.99 | 1.28
87137 | 332 | 1918 | 100 | - 62 538 | 543 | 4.02 | 1.15.
87138 | 332 | 19.31 30.0 60 525 | 5.36  4.02 | 1.21
87139 | 332 | 20.34 30.0 51 515 | 515 | 4.04 | 1.34
87140 | 332 | 21.18 950 | 56 2.16 | 4.95 | 4.16 | 1.26
87141 | 332 | 23.08 12.0 35 131 | 530 | 423 | 1.35
87142 | 332 | 23.23 950 | - 63 1.63 | 540 | 420 | 1.16
87143 | 333 | 05.56 95.0 .83 749 | 510 | 4.22 | 1.33
87144 | 333 | 07.53. | 95.0 [ ' 85 480 | 499 | 413 | 136
87145 | 333 | 09.44 95.0 93" | 491 | 4.83 | 420 | 1.35
87146 | 333 | 15.25 95.0 75 3.94 | 549 | 4.30 | 1.10
87147 | 333 | 17.17 | 300 |, 77 467 | 512 | 4.32 | 1.06
87148 | 333 | 1749 | 300 | 90 3.94 | 524 | 4.33 | 0.98
87149 | 333 | 18.31 24.0 94 334 | 5.23 | 4.32 | 0.98
87150 | . 334 | 03.15 10.0 | i 5.76 | 4.21 | 0.62
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Run | Julian | GMT | length | Wind dir | Upq T. | Ty | Hs
date time (min) (deg) (m/s) | (°C) | (°C) [ (m)
87151 | 334 | 03.33 10.0 T | 557 | 421 | 0.79
'87152 | 334 | 19.54 46.0 222 | 7.03 | 502 | 429 | 0.15
87153 | 334 | 21.52 [ 20.0 220 | 556 | 4.36 | 4.30 | 0.12
87154 | 335 | 18.14 750 | 354 441 | 0.27 | 4.22 | 026
87155 | 335 | 19.33 | - 33.0 348 451 | 041 | 422 | 027
87156 | 336 | 1540 [ 75.0 |- 250 6.78 | 0.42 | 4.29 | 0.15
87157 | 336 | 21.17 95.0 254 8.46 | -0.04 | 4.23 | 0.21
87158 | 337 | 17.05 | = 95.0 100 4.02'| 0.37 | 4.05 | 0.20
87159 | 337 | 19.11 82.0 112 4.57 | 1.00 | 4.02 | 0.27
87160 | 338 | 00.14 95.0 84 576 | 1.43 | 4.04 | 0.56.
87161 | 338 | 03.16 | 950 | ° 53 8.13 | 1.58 | 4.01 | 0.65
87162 | 338 | 0555 | 62.5 13 9.23 | 0.65 | 3.97 | 0.95
87163 | 338 | 0859 [ 49.5 12 9.92 | =0.32 | 3.97 | 1.01
87164 | 338 - 10.55 | - 95.0 7 8.40 | -1.39 | 3.94 | 1.10
87165 | 338 . [ 13.18 950 | - -0 | 7.87 ] -0.78 | 3.89 | 1.06
87166 | 338 | 16.13 60.0 350 7.05°| 0.37 | 3.88 | 0.88
| 87167 | 339 | 15.06 555 | 310 3.17 | 0.03 | 3.77 | 0.15
87168 |. 339 | 16.04 40.0 | 349 238 | 0.22 | 3.78 | 0.11
87169 | 339 [ 18.19 950 | 331 6.74 | 1.30 | 3.80 | 0.31
87170 | 342 | 18.09 95.0 3 1.06 | 3.99 | 3.81 | 0.24
87171 | 343 | 16.09 95.0 | - 212 9.85 | 11.92 | 3.84 | 0.23
87172 | 343 | 18.40 95.0 |  226. 11.25 | 12.82 | 3.94 | 0.26
87173 | 343 | 22.35 95.0 | 231 1173 | 9.6 | 3.95 | 0.28
87174 | 344 | 01.25 950 [ 225 9.30 | 7.39 | 3.97 | 0.21
87175 | 344 | 16.20 950 | 241 6.64 | 5.51 | 4.19 | 0.15
87176 | 344 [ .19.03 950 | 210° 473 | 5.35 | 4.20 | 0.09
87177 | 345 | 16.34 95.0 209 614 | 6.21 | 4.23 | 0.13
87178 | 345 | 1820 | . 775 | - 199 6.88 | 5.79 | 4.24 | 0.16
87179 | 346 | 15.20 15.0 220 - 5.75 | 6.49 | 4.18 | 0.14
87180 | 346 | 1540 | 645 | 213 7.70 | 6.68 | 4.18 | 0.19
87181 | 346 | 16.47 29.0 213 | 8.16 | 6.36 |[.4.16 | 0.20
87182 | 346 | 1847 | - 27.0 219 915 | 5.73 | 4.23 | 0.21
87183 | 346 | 20.33 4.0 229 743 | 4.08 | 422 | 0.19
87184 | 346 | 20.40 65.0 | 245 9.71 | 2.85 | 4.21 [0.21
87185 | 349 | 11.54 93.0 84 14.54 | . 0.33 1.68
87186 | 349 | 13.31 29.0 82 15.81 | 0.56 | 2.00
87187 | 349 | 14.02 48.5 89 15.17 | 0.61 ] 218
87188 | 349 | 1453 | 66.0 | 81 14.07'| 0.86 | 2.37
87189 | 349 | 16.01 84.0 ‘85 13.12 | 1.34 2.51
87190 | 349 | 20.18 | 35.0 | ~ 240 9.50 | 2.74 1.88
87191 | 349 | 20.56 | 250.0 | 220 | 11.44 | 1.93 | 1.11
87192 | 350 | 02.18 385 | 210 1245 | 091 | 0.53
87193 | 350 | 04.31 | 320.0 235 11.05 |  1.58 ( 0.30 | .

Uzz-wind speed at 12 m.; T, Tw_-a_.ir and water temperatures;
H,-significant wave height (4 x r.m.s. wave height).
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Table 2 : WAVES 85 - drag sphere results.

Gy

Run | Ui, | 6w | D | H, | £, | U/cy | depth Go | %uu
or. | (mfs) | (°) | (°) | (cm) | (Hz) (cm) [ 10
85104 | 6.7 63| 70 50 | 030 | 13 | 146 [1.05 [ 114 | 92
N LR : - 186 | 1.24 | 0.98 | 97
e o |- 386 | 18| 1.7
85105 | 105 | 87 | 75| 187 | 014 | 0.9 [ 158 | 094 [ 0.91 | 91
| - ‘ | 198 | 1.08 | 0.98 | 98
o | - N 398 | 111 | 1.01 | 92
85107 | 7.1]100 | 75 | 189 | 014 | 0.6 | 159 | 0.80 | 0.93 | 92
SRR | | | | 39 |087|097 | 97
85111 | 0.9 | var [ 55 73] 020 01 ] 151 [1.07 | 1.07 [ &9
85116 | 10.7 | 250 | 220 27 | 052 | 36| 139 [ 025 1.07 | 95
[ 85117 | 104 | 250 [220 | 26 | 053 | 3.5 | 140 | 1.10 | 1.23 | 97
85119 83 | 248 | 265 | 18 | 052 | 28 | 139 |1.08 [1.31 | 97
85125 | 172 | 90 | 80 | 203 | 0.I7| 19| 164 | 0.70 | 1.01.] 89
85129 | 5.2 | 337 113 | 014 | 05| 145 [ 058 [ 095 | 86
85135 [ 8.0 [ 112 | 75 62 | 030 [ '1.5 | 120 | 0.88 | 0.95 | 89
- N e 390 | 1.17 | 1.37
85140 | 47 [ 13| 75| 130 | 0.15 | 05 | 120 | 1.07 | 1.04 | 90
: T 1 - . 190 | 1.22 | 0.95 | 90
s . | 390 | 128|125 |
85144 | 142 | 64 | 75| 240 [ 014 | 1.3 | 132 | 090 | 0.89 | 93
o , ; | 202 | 110|088 | 93
85145 | 14.0 | 67 [ 85 | 231 014 | 13 | 131 | 0.90 | 0.92 | 91
| A 201 | 1.06 | 0.89 | 92
D N 10 401 | 1.09 | 097 | 95
85159 | 16.0 | 234 | 240 | 49 | 041 | 42 | 104 | 1.08 | 1.07 | 88
- , 1 174 | 110 | 1.13 | 85
| . 1 401 | 1.90 | 1.95
185160 | 12.7 | 230 [ 225-| 32| 048 | 39 | 100 | 1.11 |.1.15 | 94
3 BN 170 | 1.29 | 1.37 | 96

‘, Ui, 0. - wind speed and direction at 12 m.; D - wave direction;
H, - 4 x r.m.s. wave height; f; - ﬁ'equency of wave peak;
- U/e, - wave age; ¢uw - phase angle between u and w at foi
Gy, Gy - variance gain, measured vs. linear theory,
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- Table 4 Condltlons durmg d1331pat10n rate measurements |

Fig 17 Paper Measurements _ [ Up
symbol - o @)
x Stewart et al. ( 1962) from moving ship 1.5 6.0 15
® Arsenyev et al. (1975) from fixed tower - 6-15 6.0 0.04-0.08
+ Dillon et al. (1981) - freerising probe 15 - 48 . . 01
° Oakey et al. (1982) free-falling probe . 8 65141 - 0.5-06
o %{nalg)orodsku et al. from fixed tower 0.44-0.62 . 10.7 0.11.
1983 ' . A
A :(Kltal orodskn et al. - from fixed tower 0.67-1.17 11.2 0.08
1983 o . g ’
o K1ta1gorodsk11 et al. from fixed tower . 0.82 5.8 - 0.03
(1983) -
o Soloviev et al. (1988) free-rising probe - 0.2-5.8 1.9-6.0 - 22
s this study (.. from fixed tower, - 12  12.7-16.0 0.05-0.06
) ‘ "+ based on low freq u -
¥  this study from fixed tower, - 1-4  09-17.2 0.06-0.62
. \ based on high freq w , _
r'y this study from fixed tower, 14 09172 0.14-0.62

. based on hlgh frequ
» ] Modlﬁed from Solovxev et al. (1988)




Elevation 100m

Figure 2: Map. indicating tower location,
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Think Recycling!
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Pensez a recycler !




