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1. INTRODUCTION

The realistic modelling of the intermal kinematics of wind-generated
waves, in relation to the motions of the surface, is a topic of scientific
interest and practical importance. The linear Gaussian model of the
wave motion provides a manageable approximation with many features
which are at least qualitatively realistic, Its quantitative perfor-
mance under field conditions has been checked in a number of studies,

with varying and in some respects conflicting results.
In the following, some of the results published previously will be
mentioned concerning spectral transfer functions between surface eleva-

tion (Z) and horizontal (3’: u,v) and vertical (w) velocity.

The theoretical gain and phase spectra between two processes x(t) and

(t) will be designated as H f) and f in which H f) represents
y en () and ¢, (), oy (£) oD

the amplitude of y per unit amplitude of x, and ¢Xy(f) represents the
phase lead of y with respect to x, both as function of frequency £.
The theoretical gain function for the horizontal velocity in the propa-

gation direction (denoted by u), for given surface elevation, is

cosh k(h +z)
sinh kh

H ~(f) = 21f
Cu

and for the vertical velocity it is

sinh k(h +z)
sinh kh

ch(f) = 2nf

in which h is the mean depth, z is a vertical coordinate measured posi-
tive upward from mean water level, and k is the wavenumber which varies

with f according to the linear dispersion equation:

‘ (27Tf)2 = gk tanh kh
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The linear-theory predictions for the phases are ¢Cu =0, ¢CV =0,
=X =X =1
q)CW =5 s and therefore also (buw =5 d)vw =5 .

The data by Thornton and Krapochl (1974) are by and large in agreement with
the linear theory predictions as given above, except for an underestimate

of the horizontal velocities for given surface elevation, to an amount of

about 6% at the spectral peak frequency (fm). However, only one series of

records was analysed, in a long, low swell (rms wave height = 0.27 m, in a
depth of about 19 m). The results are therefore not indicative of the ap-

plicability of the linear theory in conditions of a steep, young sea.

Forristall et al. (1978) have estimated H-ﬁ(f) from measurements in condi-

tions of active wave generation, in tropigal-storm Delia., They also applied
various nonlinear theories., They found that the internal velocities were
better modelled by the linear theory, with allowance for directional and
frequency spreading of the energy, than by any of the nonlinear theories
for unidirectional, monochromatic waves. Although this is a very valuablé
result, the quanfitative information about the estimated transfer functions
presented by Forristall et al. is limited to Sne function ﬁgﬁ(f)/HCﬁ(f) for
each of three different elevations, in which H is the value of H estimated
from the data. (No phase information is given.)

These show a trend with £, from a 10% underprediction of the velocities by
the linear theory near f = fm to a roughly 20% overprediction near frequen-
cies of about 2fm. The latter (overprediction) is stated to be '"probably
due to nonlinear phase locking effects between harmonics"i If this '"phase
locking" refers to the occurrence of bound higher harmonics, then this
hypothesis would seem to be untenable, since the wavenumber at a frequency

Qfm is smaller in the nonlinear approximation (k = ka ,» where

. 5 nonlin
km = (2ﬂfm) /g in deep water) than it is in the linear approximation

(klin E (uﬂfm)z/g o ukm), which results in a slower decay of the velocities
with depth beneath the surface in the nonlinear case. Thus, inclusion of
this nonlinear effect would give an even greater overprediction of the
velocities in the frequen¢y range of about 2fm , from a given spectrum of

surface elevation.




Cavaleri et al. (1978) and Cavaleri (1982) present gain functions which
show an overprediction of the velocities (U and w) by about 10% in the
frequency range of high coherence between velocities and elevation.
These results, although also taken in conditions of active wind-wave
generation, contrast with those of Forristall et al. (19878) in.the ener-
getic band around the spectral peak., The differences with the linear
theory exceed significantly the possible calibration errors which
Cavaleri et al. estimate at a few % only. (It is noted that the under-
or-over-predictions referred to above appeared to occur systematically,
which makes it very unlikely that they would be due to random sampling

errors. )

The results with respect to the phases are more controversial than those
for the gain functions. Shonting (1964), Yefimov and Khristoforov (1969),
Cavaleri et al, (1978) and Cavaleri (1982) all reported significant out-
of-quadrature relatiéns between horizontal and vertical velocity, which
would imply a mean vertical flux of horizontal momentrum. The magnitude

of this estimated flux density is typically orders of magnitude larger
than the wind-induced mean momentum transfer at the surface. ... -

Various .ad hoc hypotheses have been advanced to "explain" the apparent
“anomaly. Shonting (1964) states somewhat vaguely that it "probably reflects
an anomalous shore condition"., Yefimov and Khristoforov (19695, Cavaleri
et al. (1978) and Caveleri (1982) ascribe it (tentatively) to turbulence
associated with the wave breaking occurring in a wind-driven sea.

Cavaleri (1982) finds spport for this view in the fact that the strong
phase anomaly (= 25°) was observed only in conditions of active wave gen-
eration; it virtually disappeared (to - 5°) when the wave breaking dimin-.
ished as the sea transformed into swell. Despite this indication, the sug-
gestion that the observed phase anomaly would be due to turbulence leaves
many unanswered questions., To begin with, it is not clear how turbulence
would cause such a drastic change in the phase relation between the wave-
induced velocities. {The estimated coherence between surface elevation and
velocities was quite high (Y2 > 0,98) in the energetic frequency range,

indicating that the observed velocities were virtually fully wave induced.)




‘Becondly, there is a substantial unbalanced momentum flux in the upper
layers, since the flux calculated from the measured velocities (in a
range which in the measurements by Cavaleri et al. goes up to 0.3 Hz)

is orders of magnitude larger than the wind stress. Calling upon turbu-
lence outside the measured range to compensate for this excess does not
seem realistic since it is hard to see how such turbulence, which ulti-
mately is due to the wind action on the surface, could result in a large
upward flux of downwind momentum., In the opinion of the present authors,
the anomalous phase differences and associated momentum fluxes referred
to above should be held in doubt as long as no physical process has been
identified (notnﬁust conjectured) which could explain the apparent im-

balance.

In the context of phase estimates, reference is made to some preliminary
results of the present study (Battjes and van Heteren, 1980) which also
gave apparent phase differences which seemed to be unrealistic. These pre-
liminary findings motivated a scrutinous investigation of the entire system
of measurement and data handling, which brought to light numerous time
delays which had previously been overlooked, and which by and large an-
nulled the previously suspected anomalies (see below). Whereas this does
not imply similar errors in the other references quoted above, it does in-

dicate the great care needed in this type of analysis.

It appears from the preceding summary of previousrresults ‘thatthererare
unresolved questions about the applicability of linear wave theory for
the prediction of velocities from surface elevations, with respect to

gain as well as phase, particularly for conditions of active wind-wave
interaction., The present study was undertaken to investigate this problem
further. To that end, measurements were performed from a platform in the
southern North Sea, and analyzed primarily with respect to spectral trans-
fer functions. A secondary item of attention was the probability distribu-
tion of the velocity components, which in the linear theory should be
Gaussian. Thirdly, the data have been analyzed to estimate directional

spectrum parameters, but these results are reported elsewhere.




The contents of the present report are as follows. The platform and in-
strumentation are described first (chapters 2 and 3). Particular atten-
tion is thereby given to. calibrations of sensors and other system com-
ponents. The analysis procedures are described in chapter 4.

This is followed in chapter 5 by a description of the environmental con-
ditions during the measurements. The results are presented and discussed

in chapter 6. Finally, the conclusions are stated in chapter 7.

O




2. OBSERVATION PLATFORM

The measurements were made from the platform Noordwijk (MNP), which is
located in the southern North Sea, near Noordwijk, about 10 km off the
Dutch coast (see figures 1 and 2). The bottom in the neighbourhood of
the platform is rather flat. The local depth is about 17.3 m below MSL,
and the local tidal range is about 1.8 m,

The platform rests on a jacket structure consisting of tubular elements.
Four of the six main piles, which have a diameter of 0.8 m, are posi-
tioned in the cormers of a rectangl?d of approximately 11.15 m x 18,30 m
at Mean Sea Level (MSL) (see figure 3). They have a 6° batter.

The orientation of the platform's longest axis is 85° east from true

North.

Sensor supports have been mounted vertically at three of the four corner
piles of the jacket structure, extending from the platform deck to a
point close to the sea bed. They are fairly transparent space trusses,
with four .1lm diameter tubes in the corners of a 1 m x 1 m square,

They can be lifted out of the water for attachment, inspection and clea-
ning of the sensors. For the measurements described here, sensors were
used fixed to the support at the southwest corner of the platform (see

figure 3).
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3.  INSTRUMENTATION

3.1 Introduction’

The principal instruments used in this study were a velocity meter
allowing measurements of three orthogonal velocity components, anda.
wave gauge for the measurement of the surface elevation. These are
described below, together with calibration procedures. In this contexkt,
the problem of time delays introduced by the sensors and by the data
logging system receives careful attention, because of the apparent
phase errors in the results of preliminary data analyses (Battjes and
van Heteren,1980). This stimulated a detailed investigation of possible
time delays, based on hominal properties of system components (Botma,
1981). The results were later verified with sinusoidal test signals.

In the following presenfation,'the results of these investigations will

be mentioned.

3.2 Velocity meter

The velocity meter is based on the principle of travel time of acoustic
pulses. A meter of this type, designed for use in tidal rivers, has been
described by Botma (1978), who also designed the meter used for the mea-

surements reported here.

Three pairs of transducers were mounted in a frame, in three mutually
orthogonal lines, atdistances of 1.71 m (see figure 4). The frame-consists
of copper pipes (outer diameter 50.4 mm) to minimize marine fouling.

For the same reason, the electric wiring was mounted inside the pipes.

The joints of the pipes were glued to prevent corrosion.

T T T




The velocity meter was mounted outside the sensor support, with one of
its axes aligned vertically. The orientation of the others was approxi-
mately from south-west to north-east (x-axis) and from south-east to
north-west (y-axis), see figure 3, The distance from the vertical axis -
of the velocity meter to the centre of the sensor support was 1.75 m.

In one set of measurements, the elevation of the center of the velocity

meter was 4.91 m below MSL, and in a second set is was 7.83 m below MSL.

The calibration factor of the velocity meter was calculated using the
nominal speed of sound in sea water. (Temperature and salinity variations
are automatically corrected for.) An effective travel distance of l.61im
was used. This is 10 cm less than tﬁe distance between the sensors, to
allow for wake effects., The calculated calibration factor was checked
experimentally by oscillating the frame rectilinearly in a laboratory
basin. Two.orientations were used. In one of these, oné pair of sensors

was aligned with the difection of the back-and-forth motion. In the other,
they enclosed an angle of 45° with this direction. The calibration factor
calculated beforehand turned out to underestimate the velocity by about
13% in the parallel alignment, which can be considered as an underestimate
of the effective wakelength, and to overestimate it by about 4% in the
case of the 45° angle, which corresponds to an overestimate of the effec-
. tive wakelength. Deviations as large as were observed in the case of par-
allel alignment are not expected to occur in the actual measurements,
because rectilinear flow does not occur at sea. In the analysis, the cali-
bration factor calculated beforehand based on nominal values was used,
with possible errors estimated not to exceed + 5%.

As to the phase response of the velocity meter has it been assumed that

the meter introduces no disturbance to the flow field, because it is very

transparant and it is mounted outside the sensor support ofsithe platform. . .

The velocity meter measures the velocity components along the survey lines
connecting the three pairs of transducers, averaged over these lines.

This averaging process acts like a low-pass filter on the velocities in
the center. It introduces no phase shift. For the horizontal velocities:

. . * + + -)- .+ - - [
its modulus is {sin(Zk.r)/Zk.r)}, in which X is the wavenumber vector and




7 the horizontal separation vector between the tranducers. The relative
error introduced thereby:is less than 3:(10-3 in the frequency range ..
carrying most of the wave energy in our measurements (0.1 HzX£%0.2 Hz),
Even for £ = 0.3 Hz it still is only l.6><10_2 at most. For the vertical
velocity component comparable numbers apply.

The output signals of the velocity meter lag behind the instantaneous
mean velocities between the sensor pairs, due to a walting time in an
internal scanning cycle plus a first-order smoothing filter. The effec-:
tive delay is 15 ms. The actual mean velocity between sensor pairs in
turn may be slightly out of phase with the undisturbed one, due to the
presence of the velocity meter. However, this effect is considered neg-

liglible because the frame of the velocity meter is highly transparent.

3.3 Wave gauge

The wave gauge used for the measurements of the surface elevation was a
15 m long resistance step gauge ("TPD'-type) with electrodes .spaced at
7.5 cm intervals. The gauge was mounted near the center of the sensor
support, at a distance of 1,90 m to the vertical axis of the current me-

ter (projected harizontally).

The calibration of the gauge itself was taken at its nominal value, de-

termined by the distance between the electrodes.

The wave gauge output signal lags behind the instantaneous surface eleva-
tion, due to waiting times in an internmal scanning cycle and a frequency
smoothing. The effective delay is 52 ms. This is Atl =52ms ~ 15ms = 37ms *

more than it is for the velocity signals.
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Possible effects due to scattering of the incident waves by the sensor

support and by the platform piles are considered in the following.

To investigate whether the fluctuations of the surface elevation inside
the sensor support differed significantly from those outside, tests were
carried out in a laboratory flume using a 1:5 model and periodic waves.
Due to limitations of the flume and the wave generator, the model waves
had a shorter wavelength, compared to the dimensions of the sensor sup-
port, than those in the field (roughly a factor 3). This is expected to
give rise to an_exaggerated scattering of the waves in the model.

Surface elevations were measured inside and outside the model sensor sup-
port, in the same flume cross-section, for a variety of incident waves.
The measurements were made with the cross-sectional diagonal of the sup-
port either parallel to the flume axis or at 45°, No significant differ- .
ence could be observed due to the orientation, The measured ratios
Hin/Hout were also found to be independent of wave steepness (in the

range 0.016 < H/L < 0,066); their average value is 0,98, with a standard
deviation of 0.03, Phase shifts between the undisturbed surface eleva-
tions and those inside the sensor support were found to be less than 1% ¢~
of the waveperiod, or less than about 4°, Considering these results, and
the fact that in the model ‘the influence of the support is expected to

be exaggerated (see above), no corrections were made to the surface eleva-

+ion measurements to allow for such influence.

The possible disturbances to the incident waves due to the platform sup-
port structure were estimated theoretically. To this end, the scattering
of the waves by the nearest corner pile (diameter 0.80 m) was considered.
This pile was taken to be vertical, at a distance of » = 3 m from the

wave gauge.

The linear, potential-flow solution to the problem of the scattering of
a plane, periodic wavesystem by a rigid impermeable circular cylinder,
positioned vertically, has been given by Lamb (1932, art, 304)., We will
only need the approximation to the exact solution for the case of a
slender pile, ak << 1 , in which a is the pile radius and k is the wave-

nurber,

T T P




1f the surface elevation of the incident waves is given by

nix,y,t) = Re -el(kx'+ ot)

then the elevation of the scattered wave is approximated as

2) iot

n(r,0,t) = Re—(ka) {1H(2)(kr) +2H, (kr)cos Ole + O(ka)q
where (x,y) = (r cos © , » sin 0), and the pile is centered at
(x =0,y =0). 1(12) is the Hankel function of the second kind of order

n. (Lamb uses the notation D » where D (kr) = lH(Q)(kI’) ) Using
(2) - .
H (kr) = Jo(kr) :LYO(kr),

and neglecting the terms of O(ka)'+ , the amplitude of the scattered

waves relative to that .of the incident waves is expressed as .

=._ T 2,2 2 2 2 2 %
n = E~(ka) {JO+YO+'+(J1YO JOYl) cos(9+LL(Jl + Yl) cos” 0}

where Jo = Jo(kr), etc. The maximum value of 7 ;, considered as a function

of © at r = const., is

3

_T 2.2 .2 2 ,2\13
e = (k@) {JO-+¥Or+4[JlYO VS SIETICHES 690
For ﬁmin , a similar expression holds, which is not shown here. Using
az0.btm, r=3.,0 mand h=17,5 m (the latter is needed in the disper-

sion equation) the following values result for 3 different frequencies:

f [Hz] ka kr N hax nmin
o1 - .022 .163 .0038 .0005
0.2 .066 .500 .013 .002

0.3 . 145 1.09 .037 .009
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It appears that in the frequency range from 0.1 Hz to 0.2 Hz,wwhich is
the most energetic range in our measurements, the scattering of the -
waves by the nearest corner pile affects the measurements by relative

3

amounts of the order of 10 ° to 10_2 at most, which is negligible for

our purposes.
3.4 Anemometer
Measurements of wind speed and direction were made with an anemometer

(type Munro, Mark 4) and a vane, both mounted on a 9.5 m high mast at

an elevation of 28 m above MSL.

3.5 Data acquisition system

A 32-channel data logging and transmission system has been used to collect
the data and transmit them by an FM-radio-link to a shore-based receiving

station where they were recorded on magnetic tape.

Before scanning for transmission, all data had to be converted to a suit=
able format. For the velocity meter, which has a DC output, the delay
caused hereby is only 1 ms, but the wave gauge signal requires a frequency
counting, resulting in a total interface delay of 367 ms, or

At2 = 367 ms -~ 1 ms = 366 ms more than for the velocity signals.

The scanning procedure itself and the subsequent read-out for data entry
in the analysis procedures cause additional lags. The velocity signals
(u,v,w) and the elevation signal (Z) were fed to adjacent channels, which
were scanned at 6,25 ms intervals, in the order cited. However, in the
data read-out the elevation value of one scanning cycle was combined with
the velocity values of the following cycle, causing a lag of 250 ms.
Thiis, the procedure of scanning and read-out introduces a lag of the ele-
vation signal behind the velocity signals given by AtB,w ~ 250 ms - 6 ms
= 244 ms, AtS,v = 250 ms -~ 12 ms = 238 ms.and Atg,u 2 250 ms - 18 ms =
231 ms.
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A summary of the time lags mentioned gbove is given in the following
table, under the heading "nominal, because these values have been

calculated from nominal system properties.

o,

. o 1 N 1
Lag of T |- Nom1n§} Meas'd
I e IR ACRN
‘ . At At, . At I At, L At, T At
R =2 .- 3 . 1 . 1 . i
‘ i=1 i=2 - =2
u 37 366 231 634 597 589
37 366 238 6Ll 604 585
w 37 366 244 647 610 601

Table A -~ Summary of system delay times, expressed in ms.

A partial check on the nominal values has been carried out by simulating
sensor outputs with sinusoidal test signals at different frequencies,

and by subjecting these‘to the standard procedure of interface conversion
(AtQ), scanning and read-out (AtS), and subsequent cross-spectral analy-
sis. The resultant phase lags between simulated velocities and simulated
elevation showed very nearly a linear variation with frequency, as expec-
ted from a constant time shift (see fig., 5 for an example). The values of
the time shift calculated on this basis are given in the last column of
table A given above. They serve as a check on (A't2 + Ate) of which the
nominal value is given in the next-to-last columm. There is a difference
of less than 10 ms between the two sets, which is negligible in comparison

to the wave periods involved.
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4, DATA ANALYSIS PROCEDURE

4,1 Introduction

The data analysis to be reported in this chapter was aimed primarily
at estimating spectral transfer functions between velocity components
and between these and the surface elevation. A secondary objective
was the estimation of probability densities of instantaneous values
of the measured quantities. In addition to this, directional spectral
densities were estimated, but that aspect is not discussed here.

We will use only one result of the directional analysis, viz. the
principal direction of propagation (@O) of the sea or éwell as func-

tion of f.

4,2 Estimation of auto- and cross-spectra.

The analyses were performed on 30-minute long records, digitized with
At = 0.25 s. No dilution of the data was applied, so that the Nyquist
frequency is at £ = 2.0 Hz. This was deemed high enough to prevent

.significant aliasing.

Standard spectral analysis procedures as described e.g. by Bendat and
Piersol (1972) and Jenkins and Watts (1968) were used. These included
corrections for missing data or unaccountable values and removal of

sample mean and linear trend. Singleton's (1969) FFT algorithm was ap-

plied for the spectral calculations.

The records were divided into 30 segments of 60 s each. No data or
spectral window was applied, so that the resulting spectral estimates
each had 60 degrees of freedom, except those at zero frequency and at
the Nyquist frequency, which had 30. Using the x?-distribution, the
lower- and upper bounds of the 90%- confidence bands of the estimates
of the auto-spectra are 0.72 and 1,32 times the sample estimate in case

of 60 degrees of freedom,
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Each estimated spectrum is here denoted as gxy(f)’ with subscripts in-
dicating the processes of which it is the auto- or cross- spectrum.
The auto—spectfa have been made one-sided, so that their integral over

all positiveA frequencies equals the variance of the process.

4,3 Estimation of coherence spectra

The cross-spectra have been normalized to spectra of coherence. In case

of r(t) and w(t) this is written as

) 15, (£)]?
Vo (D) = = —
5.2 () §,,(8)

90% confidence bands for the coherence were calculated using the expres-
sions presented by Bendat and Piersol (1972, par. 6.6). These authors
limit the validity of their expressions for the confidence interval of
?2 to the range 0.35 j_?Q < 0,95. Outside this range no confidence bands

were calculated.

In the following, coherence values are used only for the vertical velocity
in relation to the surface elevation, in which case its theoretical value
in absence of noise is 1 (assuming linearity). The coherences between a
horizontal velocity component (u or v) and surface elevation (z) or ver-
tical veloecity (w) depend on the directional wave energy distribution.

In fact, their values are used in estimating that distribution. Since this
subject is not dealt with here no coherence values involving u or v are

presented.

4.4 Estimation of phase spectra

Phase spectra were derived from cross-spectra according to

wxy(f) = arg Sxy(f)
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Confidence bands on this estimate were calculated using the equations
presented in Bendat & Piersol (1872, par. 6.7).

The spectral calculations were made without taking into account the

time delays mentioned in chapter 3, which became known at a later date.
The phase angles @Cw(f), calculated as indicated above, therefore had

to be corrected to account for a time shift, which was approximated as

a constant At = .64 s (see table A), The corresponding phase correction
is A@ = -2mfAt. (The definitions adopted imply that a positive value of
Y indicates a lag of f behind u, v or w.) A final phase correction was
applied to account for the fact that the center of the velocity meter

was 1.90 m from the wave gauge (projected horizontally; see figure 3),
causing an additional phase lag of [ behind w given by kr cos ©, in which
r = 1,90 m is the horizontal distance between the sensors, k is the wave-
nunber and O is the propagation direction relative to the direction from
velocity meter to wave gauge. The magnitude of this correction was calcu-
lated per frequency, using the linear dispersion equation. The principal
propagation direction per frequency, @O(f), as determined in the direc~ .
tional analysis (van Heteren and Keijser, 1982), was used as an estimate
of O, The maximum value of this correction (assuming O = 0%) corresponds
to a time shift of about 0.2 s in the most energétic frequency range

(f between 0,1 Hz and 0.2 Hz). Altogether, the corrected estimated phase
values become

- -

¢Cw(f) = wa(f)»— 2nfAt - kr cos @o(f)

Cross spectra between w and either u or v were also calculated. Phase
angles were calculated as arg_éuw or arg ng' The only correction which
is needed here is due to the scanning sequence, which causes a lag of

6.25 ms.in case of (v,w) and 12.50 ms in case of (u,w).

In the data given below, either $uw(f) or avw(f) of a record have been
presented. The choice between u and v was determined by the criterion
that the component should be used which most nearly coincided with the
principal wave propagation direction, in order to maintain a reasonably

high coherence.
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4,5 Estimation of gain spectra

In order to eliminate possible influences of noise, the gain function

HCW(f) was estimated according to

ENGl

HCw(f) =

wn

(£)

WW

Confidence bands for ﬁCw(f) were calculated, using the procedure described

by Bendat and Piersol (1872, par. 6.7).

The horizontal velocity components require a separate treatment, because
of the directional distribution of the wave energy. Gain functions were

calculated for the resultant velocity in the horizontal plane (¥) according

to
- .
TR At
tu. 8, (£)
(48
and
- S (£) +S_(£) 4
Roo(f) = (W
s (f)

This procedure does not permit the estimation of confidence bands.
Instead, these gain function values were calculated in a frequency band
which was considered to be virtually free of noise, as indicated by a

value of at least 0.9 of §§w(f),

4,6 Estimation of probability densities

A partial check on the validity of the Gaussian model for sea waves was

carried out by considering the statistical distribution of the instanta-

neous values of L , u , v and w, and by comparing it to the best fitting

Gaussian distribution. - o T T

e e oy e
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To this end, a histogram was calculated from the 7200 data points of
each sample function, with a class interval of 0.10 m for T and of

0.02 msm1 for u, v and w. No dilution of the data was applied, as would
be needed to have independent samples only. Therefore, conventional
quantitative tests of goodness-of-fit do not apply. A visual inspection

was carried out instead.
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5. OBSERVATIONS

5.1 Data sequences

In the period of the measurements, series of 30-minute records were made
of the surface elevation and of the velocity components. In addition,
the following parameters were calculated and printed every half hour:
10-minute averages of wind speed and direction, tidal elevation, magnitude
and direction of tidal current, and significant wave height.

In order to minimize possible disturbances due to turbulence induced by
tidal currénts, particularly.in the wake of the platform support struc-
ture, only recordings made around the times of slack water were used in
the analyses reported here., The criterion adopted was that the current
velocity should not excged 0.25 msgl. An additional consequence of this
selection is the virtuai absence of Doppler frequency shifts in the ob-
servations (current velocity less than 0.03 times the phase speed in the

energetic frequency range f < 0.2 Hz).

" Two sets of measurements were made. In the first set, six series (number
4 through 9) were recorded, with the center of the velocity meter at
4,91 m below MSL, Of this series, 23 records were used in the analysis
(record 401 through 905). Unfortunately, no surface elevation data were
obtained in this entire set in or near the same vertical in which the
velocities were measured, so that the data of this set could be analyzed

only with respect to the velocity signals and their interrelationships.

A second set of measurements was made with the center of the velocity
meter at 7.83 m below MSL. Of this set, 37 recordings were analyzed with
respect to the velocities, the surface elevation, and their interrelation-

ships (records 1501 through 2605).
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5,2 Wind and sea conditions

g

Hourly values of the pfincipal parameters of wind and waves on the days
of the recordings are presented graphically in Appendix 1. A tabular
summary of the values at the times of the recordings which were analyzed
is given in Appendix 2. The following quantities pertaining to tides and
wind are listed in Appendix 2: record number, date, time of record, mean
water elevation above MSL, x- and y-cdomponents of mean velocity (a,v),
10-minute average wind velocity (VW), and wind direction with respect to
true North (Ow)r~Appendix 3 gives the principal direction of the waves
with respect to North (@O) at the peak frequency of the variance spectrum
(fm), significant wave height (HmO , calculated as MVhO , in which ™, is
the variance of 7), peak frequency (fm), and finally wave age B and steep-

ness Y, defined as

“n Hs
B:-\'/.— and 'Y:—L—
W m
in which
c
Lm = ?E - g2 tanh %EE
m 27f m
m .
The conditions ranged from a mild easterly (i.e., offshore) wind(NWzB ms—l)

and a low swell (HS ~ 0,8 m, wave steepness Y = 0.01, wave age B = 2) in
the series 15, to a westerly gale (maximumv% = 24 ms—l) with a pure sea
(HS 2 4om, y = O.?i, B = 0,6) in series 26. (Actually, the maximum wind
velocity of 24 ms ~ occurred about 13 hour prior to the first record in
this series, nr. 2601; at the time of this recording the wind velocity had
dropped to about 20 ms—l.) Less severe but still pure sea conditions pre-
vailed in the series 6, 9 (first part only), 16/17, 22/23, 24 and 25.

The wave age B in these series is in almost all records less than 0.8.
Series 4, 7 and 18 are cases of mixed sea and swell, with two peak fre-
quenciés, of which however only one is listed in Appendix 2, viz. the one

with the highest spectral density.

e
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6. RESULTS AND DISCUSSIONS

6.1 Introduction

In Appendix U4 through Appendix 10, a number of spectra of variance,
coherence, phase and gain have been plotted as examples. In most cases,
the first records of each series of the second set of measurements have
been used for this purpose (records 1501, 1601, etc.). This set includes

velocity and elevation data.

The spectral estimates have been plotted at a frequency interval of~g% Hz

from E% Hz to %% Hz. At higher frequencies the energy levels become quite

low.

The results will be discussed in terms of spectral relationships between
measured variables, as expressed in terms of coherence, phase and gain.
The variance spectra of the surface elevation and their variation with
wind speed etc. are not discussed since this study is not aimed at wave
growth or wave forecasting., For overall measures of the sea state per

record, reference is made to Appendix 3.

6.2 Coherence spectra

The coherence between elevation and vertical velocity (Appendix &) is in
all measurements close to 1 (§§wd>0.95) in the central, energetic fre-
quency band, This is significant since it implies a virtually linear re-
lation between Z(t) and w(t). It is pointed out that this conclusion
holds for all the records which were analyzed, regardless of the wind-

speed, the wave age or the wave steepness.

A further consequence of the high observed coherence-values is that the
sampling variability in the estimates of phase and gain spectra is low.
The total widths of the 90% confidence intervals for these quantities in
the energetic frequency band are typically less than 5° for the phases

and less than 10% of the theoretical values.for the gains.
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The latter value does not include an uncertainty &n the calibration of
the velocity meter, which however was estimated not to exceed 5% (see

par. 3.2).

6.3 Phase spectra

The estimated phase lead of w with respect to 7 (Appendix 4) is in most
cases in agreement with the theoretically expected value of 900, in the
sense that the latter is usually within the estimated 90%~confidence in-
terval of the estimate. The average of ¢ (f) in the energetic frequency
band of each spectrum deviates generally less than 2° in absolute value

from the theoretically expected value of 90°.

The majority of the estimated phase spectra ¢ (f) show a weak trend with
frequency, of about 6 ©/(0.3 Hz) or 20 °/Hz, correspondlng to a delay of ¢
behind w by about 0,05 s,

Note that delays in the signal processing are already accounted for, to
an estimated accuracy of 10 ms (par. 3.5). The observed delay is possibly
due to the fact that the short—crestedness of the waves was not taken
into account in the correction .k cos @o(f)(seepar.u.u){ﬁhe use of
the principal direction @o only leads to an overestimation of the delay
of ¢ behind w.which increases with increasing frequency. This is guali-
tatively in agreement with the observed trend. Furthermore, if this ex~
planation is correct, no trend is expected in ¢ (f) and ¢ (£f), since u,
v and w have been measured in the same vertlcals. This agrees with the

results of the measurements (see below).

The phase spectra $§w(f) of some records (1601, 2201, 2301, 2501) deviate
from the general pattern in the sense that for low frequencies, where the
levels of energy and coherence are low, the estimated phases deviate
strongly from the expected value, to such extent that the latter is well
outside the 90% confidence interval. Theoretically, the fact that the low-
frequency energy level is low relative to that in the peak should not
matter. Even the fact that the. coherence drops to low values should not
matter in the sense that this is reflected in the dlvergence of the upper

and lower llmlts of the confidence band on ¢ -

.

S ———
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The fact that in this low-frequency band we may still be measuring
physically meaningful values is suggested by the behaviour of the

estimated gain function H, . Yet the indicated phase relation in the

ow
low-frequency range does not seem realistic. A satisfactory explana-
tion has not been found. However, the problem is not of much practical
importance in view of the low energy levels for those frequencies where

it occurs.

In the case of record 2601, the estimated phase lag of 7 behind w ap-
pears to.differ significantly (about 8°) from the theoretical value in
the central, energetic frequency range. In this range, the coherence

is nearly 1 (as in all other records), which indicates near-linearity,
so that the apparent discrepancy in the phase cannot be ascribed to
nonlinear behaviour. No satisfactory explanation for this erratic result

has been found.

With respect to the phase spectra $uw(f) and $vw(f) (Appendix 7), which

are of particular interest in view of the controversy mentioned in the

Introduction, similar comments apply as in the case of $Cw(f). Here again’ :

the theoretically expected value of 90° is generally within the 90% con-
fidence interval of the estimate. The average per record of the estimates
in the energetic frequency band deviates generally less than 2° from 900,
record 2601° again being the exception, with an average deviation of
about 8°, the same as was found for $CW' The spectra $Uf(f) and avw(f)
generally have no trend with frequency, in contrast to ¢Cw(f)' This fact,

together with the absence of any visible influence of the principal wave

propagation direction, is evidence that there is no significant time delay -

in the velocity measurements induced by the velocity semsors or their sup-
port structure. (The electronic delays have been accounted for - see par.
3.5).

The results concerning $uw(f)'and $vw confirm the theoretically predicted
quadrature relation between horizontal and vertical velocities. It is
emphasized that this conclusion is based on data obtained in a wide range
of wind- and sea conditions, including numerous cases of active wave gene-
ration for which some previous studies had given large deviations from
quadrature, with resultant estimated momentum fluxes which could not be

balanced by identified:physical processes.
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Cavaleri (1982) found a different phase relation between horizontal
and vertical velocities for swelltthan for a wind-driven sea, but -

~ as noted above - the present data do not show such behaviour.

An illustration of that is afforded by a comparison of the results of
record 1501 (swell; windspeed = 4 ms—l y wave age = 2,3) to those of
record 1601 (young sea; windspeed = 17 ms-'l ; wave age = 0.5). Their

phase spectra (Appendix 7) are not essentially different.

6.4 Gain spectra

The gain spectra H (f) and H§~(f) have been compared to the linear-
theoretical values in various ways. Values of H(f) and H(f) have been
plotted in one graph. These data have been replotted as the ratio

R(£) = H(£)/H(f). The same ratios, taken at ¥ = fm’ have for all analyzed
records been tabulated. Finally, logarithmic plots are given of variance
spectra of vertical velocity and horizontal velocity, as calculated di-
rectly from the velocity measurements, compared to thése calculated from

the estimated surface elevation spectrum using linear theory.

Inspection of the figures in Appendix 4 and 8 shows that in most cases
the theoretical values of H (f) are within the 90% confidence interval
of the estimate, and that HC~(f) (for which no confidence interval can

be specified) 1s generally within + 10% of H ~(f) in the frequency inter=
val on which YC > 0.9. The records 2420 and 2501 form an exception to

this, in particular record 2501.

It appears from the figures in Appendix 5 and 9 that the ratio R (f)
shows no trend with frequency, whereas R ~(f) in general shows some in-
crease with increasing f. It is likely that this trend is due to an in-
crease in noise/signal ratio in the velocities with increasing frequency,
because of turbulence. In this context it is important to note that
E~(f) was calculated from autospectral densities. This would explain why
the trend is not present in H (f), which has been calculated by cross-
spectral analysis, thereby ellminating possible noise. Further evidence
for this view is available in the variance spectra, shown in Appendix 6

and 10, SR e R e -

e i e e 2
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Those for u (strictly speaking, Suu + va) behave quite similarly to
those for w, viz. in the energetic frequency band there is by and .
large agreement between directly measured velocity 'spectra and those
calculated from the surface elevation, and an increasing underestima-
tion of the measured velocities with increasing frequency., Moreover,
this underestimation is similar between U and w, as would be expected

if the difference would be due to turbulence,

The trend in Rzﬁ(f) in the present data is opposite to the one found
by Forristall et al. (1978). It is pointed out that the trend in their
data cannot be ascribed to high-frequency turbulence (nor to nonlinear
bound higher harmonics - see the comments about this in the Introduc-

'tion) .

Since the ratio RCw(f) shows no trend with £, and RCﬁ(f) only a weak

one, the values of these rations at the peak frequency (f = fm) are

more or less representative for each record, apart from sampling varia-
bility within each record. Their values are listed in Appendix 11 for

all the records. Plots of these values against wave steepness (not shown
here) showed that these variables were not correlated, although on theo-
retical grounds a correlation could be expected. The average and standard
deviation of R (f ) R (f ) and R ~(f ), as determlned from all analyzed
records (a total number 1nd1cated by n), are listed in Table B.

n Av. | St.dev.
RCw(fm) 37 1,00 0.08
R ~(f ) 37 0,95 0.05
u m
R ~(f ) 60 0.96 0.05
Wu m
Table B,

These values suggest excellent agreement with the linear theory for the
vertical velocities and a systematic overprediction of the horizontal

velocities by an estimated 5%. However, it should be remembered that the
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calibration may be-systematicaliyAi;S%Tnff, so that it wWould be better
to say- that on the average the data are consisten® with the theory td ™

within a margin of + 56%. ‘ .

8.5 Probability densities of instantaneous values

Sample histograms of u, v, w and ¢ of records 1501 and 1601 are presented
in Appendix 12. These records are of a low swell in a very light wind
(wave age B = 2,26, steepness Yy = 0.017, VW LI ms_l , see Appendix 3)
1
)

respectively. The corresponding least-squares best-fitted Gaussian prob-

and of a young sea in a strong wind (B = 0.54, y = 0.037, VW ~ 17 ms”
ability density functions have been plotted for comparisom.

It has been noted above (par. 4.6) that all sampled values of each re-
cord at intervals of 0.25 s have been included in the histograms, so
that the samples are highly dependent, For such cases, no meaningful,
quantitative test of goodness-of-fit seems to have been developed. Only
a visual inspection has been catried out. This indicates an acceptable
fit in ali cases, It is noteworthy that there is no obvious difference
in this respect between the swell records (1501) and those taken in con~

ditions of active wave generation (1601).
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7. SUMMARY AND CONCLUSIONS

Measurements have been performed of surface elevation and intermal
velocities in the frequency range of wind-generated waves at a loca-
tion in the southern North Sea, 10 km off the Dutch coast, where the
depth is about 17 m. Velocities were measured at two different eleva-
tions, viz. approximately 9 m and 12 m above the sea bed. The data
cover a wide range of conditions of wind and sea, from young sea to
old swell, including mixed cases, Significant wave heights reached -
values up to 3.7m, whereas the most energetic frequency band typically

extended from 0.1 Hz to 0,2 Hz.

The data have been analyzed mainly with respect to spectral transfer

functions, in an effort to verify linear theory predictiomns.

The preceding chapter has dealt with results for various aspects sepa-
rately, and in some cases with results of individual records if they
were seen to deviate from the general pattern. This procedure gives
perhaps undue weight to exceptional cases, A more global presentation
is given here, which focusses on the overall picture emerging from the

results,

In the summary of the results, a distinction is made between relations
of the vertical velocity to surface elevation, those of the horizontal
velocity to surface elevation, and those between the horizontal velocity
and the vertical velocity. These cases are affected differently by

directional spreading, noise and calibration errors.,

Relation between vertical velocity and surface elevation

The results in this category can be affected by calibration errors in
the wave gauge and in the velocity meters, with a possible systematic
error in the estimated transfer function which is estimated to be less
than 4° in phase and 5% in gain. There is theoretically no bias due to
directional spreading of wave energy or noise, Estimation of sampling

variability i1s possible by standard methods.
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Results

(1) The estimated squared coherence exceeds 0.95 in the energetic
frequency band. |

(2) The theoretical phase difference of 90° is generally within the
90% confidence band of the estimate (based on sampling variability).

(3) The estimated phase difference shows a weak trend with frequency,
corresponding to a time shift of a few tens of ms.

(4) The average of the estimated phase difference in the energetic,
coherent-frequency band (per record) is generally within i_QO of the
theoretical value of 90°,

(5) The theoretical value of the gain function is generally within the
90% confidence band of the estimate (based on sampling variability).

(6) The ratio of the estimated gain function value to the theoretical
one shows no trend with frequency.

(7) Said ratio deviates generally less than 5% from unity in the ener-
getic, coherent frequency range.

(8) The set of values of said ratio at the peak frequency, for all ana-
lyzed records (Table B), has an average of 1.00 and a standard
deviation of 0,08.

(39) The value of said ratio at the peak frequency is not correlated with

wave steepness or wave age.

The high coherence (item 1) implies an approximately linear relation
between vertical velocity and surface elevation; the validity of this

conclusion is independent of phase- or gain errors in calibration.

The estimated phases are as close to the linear theory prediction as
can be expected in view of sampling variability and calibration errors.
The observed trend (item 3) is possibly due to the fact that short-
crestedness was not accounted for in the phase correction for the hori-

zontal separation between the two sensors,

As far as the gain function is concerned, item (6) is a confirmation of
its frequency-dependence as predicted by linear theory, regardless of
possible calibration errors. Items (5), (7) and (8) confirm the theore-

tical prediction in absolute value to within the experimental error.
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Relation between horizontal velocity and surface elevation

Because of directional energy spreading, the gain function is estimated
from autospectra, rather than cross=spectra, so that the results can be
contaminated (biassed) with noise. The results listed below pertain to
the most energetic frequency interval, in which noise is expected to be
of minor influence, as determined by the condition that the estimated
squared coherence between vertical velocity and surface -elevation should

exceed 0,9,

Results .
(10) The estimated gain function is generally within + 10% from the
theoretical value.

(11) The ratio of estimated gain function value to the theretical one

shows a slight trend from overprediction to underprediction of the

velocities with increasing freguency.

(12) The set of values of said ratio at the peak frequency, for all
analyzed records, has an average of 0.95 and a standard deviation
of 0.05,

(13) Said ratio, evaluated at the peak frequency, is not correlated with

wave steepness.

These results are consiSieht with linear theory to within the experimen-
tal error. The trend mentioned in item (11) can be ascribed to relatively
higher noise (turbulence) levels with increasing frequency. (This is not
inconsistent with item (6) because in that case the noise has been elimi-

nated from the estimate.)

Relation between horizontal and vertical velocities

The results with respect to the gain function for this category are not
repeated here because they are of less practical importance than the »
ones discussed above, and the information would largely be redundant
anyway. Instead, we focus on the phase relationship, in view of its im-
portance for the momentum fluxes in the upper layers, and the contro-

versy associated with it.

h
:
i
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The estimated phase relationships for this case are not biassed by
directional energy spreading, nor by a possible systematic error in
the estimated phase-reponse of the surface wave gauge. "Noise" in

the form of turbulence can introduce a bias in the estimated phase
relation between the wave-indided (coherent) velocitiesiif there is
non-zero correlation between horizontal and vertical turbulent ...
velocity fluctuation, and if there is significént turbulence kinetic
energy in the wave-frequency band. The latter is believed not to be
the case in the present data because of the high coherence between -

vertical velocity and surface elevation,

(14) The theoretical phase difference of 90° is generally within the
90% confidence band of the estimate (based on sampling variability).
(15) The estimated phase difference shows no trend with frequency.
(16) The estimated phase difference in the energetic, coherent fre-
quency band is generally within + 5° from the theoretical value of

90°.

These results essentially confirm the theoretical prediction of a quadra-
ture relation between horizontal and vertical velocity, in contrast to
some previous studies., The data do not show a marked difference between

sea or swéll in this regard.

Statistical distributions

Statistical distributions of instantaneous values were compared to the
linear-theoretically expected Gaussian probability density function.
A visual inspection indicates a reasonably good fit for all records
tested, both in sea and in swell. Quantitative tests of goodness of fit

were not made because the samples are dependent.
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Overall evaluation

The overall picture which emerges from the data is one of agreement
with the linear theory - within the margin of experimental error as
indicated above - concerning gain and phase between surface elevation
and either horizontal or vertical velocity at some depth below the
surface, as well as those between these velocity components. This con-
clusion rests on analysis of an extensive data set obtained in a wide
range of conditions of wind and sea, including conditions of swell and
active wind-wave generatien. .

In order to place this result in a proper perspective, it is emphasized
that this study deals mainly with spectral transfer functions, and that
in the most energetic frequency range only (from O.Sfm to Qfm , say).
It is pointed out specifically that it does not deal with the gradual
processes of growth, propagation and decay of wind waves, nor with their
microstructure at high frequencies. It is known that for these aspects
nonlinearities cannot be ignored. What the present study does indicate
is that given a wavefield as specified by the variance spectrum of the
surface elevation, the bulk of the internal kinematics can be estimated

reliably by the linear theory.
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APPENDIX 2.

ENVIRONMENTAKL PARAMETERS - TIDE AND WIND.
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Appendix 2 - Environmental parameters (tide and wind)

' 1 Tide 2) Wind
Series | Record | Date Time 1
number T [m] Ulemss] | Vlemss] | vwims] | Ow
4 401 |28-12-78 | 17.45 | -0.2 -2 0 11 230
402 21.25 | -0.7 -14 -1 9 220
404 |29-12-78 | 09.45 | -0.3 -10 + 2 9 220
405 18.25 | =-0.2 0 0 9 220
5 501 |15-02-79 | 12.55 | -0.8 -6 -1 11 80
502 20.40 | - -0.3 + 5 4 0 10 70
503 |16-02-79 | 02.10 | = -0.8 -2 -1 11 70
504 09.00 | -0.9 -1 -1 11 70
6 601 |26-03-79 | 19.05 | +0.2 -6 -6 15 250
602 22.55 | -0.4 -3 + 6 15 210
603 |27-03-79 | 07.30 | =0.1° -12 -1 12 220
7 701 |07-03-79 | 13.25 | +0.3 +14 + 8 9 240
702 .. 19.10 | -=0.1 -4 + 3 7 220
704 |08-03-79 | 07.10 | -0.4 -5 +8 5 240
8 801 |09-03-79 | 17.00 | +0.6 -3 5 10 260 |
802 21.00 | +0.5 -1 -1 11 270 g
803 |10-03-79 | 04.30 | +0.7 +0 + 4 15 300 f
804 09.30 | +0.1 -5 4 9 280
9 901 . |25-06-79 | 12.30 | -0.5 -1 -1 13 240
902 19.30 | - 0.3 -1 + 1 14 230
903 | 23.45 | -0.9 -5 1 9 240
904 | 26-06-79 | 07.45 | = -0.2 -4 0 6 230 3
905 13.45 | - -0.4 C 42 +18 6 240 %
15 1501 |16-01-80 | 17.25 | -0.4 43 -2 4 60 ?
1502 23,55 | -0.5 | -8 -2 5 100.
1503 |17-01-80 | 05.55 | -0.5 -1 -2 6 100
1504 12,55 | -0.1 -1 -2 6 120 ;
1505 17.55 | -0.3 + 8 + 3 6 100 i
16 1601 | 22-01-80 | 09.45 | -0.6 -1 + 4 17 210
1602 11.00 | -0.6 -6 " -1 19 210
1603 13.45 | -1.2 -8 0 16 210
1605 21.45 0.0 -2 -3 13 210
1) starttime record, reference time: G.M.T.

2) at mean time of record.




seriesi Record | Date Timel) : i.qgifZJ' Wind

number C[m] Ufemss] - |V lemis] | Vw [mis] Ow

17 1702 |21-01-80 | 20.45 -0.3 + 8 0 15 190
1704 |22-01-80 | 01.45 -0.9 -5 0 17 200

18 1802 [31-01-80 | 00.00 0.2 -2 -7 16 12
1803 {01-02-80 | 06.15 0.1 0 0 11 344

1804 13.00 -0.2 -7 -13 6 283

1805 18.45 0.0 -4 -4 223

1806 |02-20~80 | 01.00 -0.4 -4 -6 222

1807 07.15 -0.4 - 4 + 1 9 162

22 2201 [21-08-80 | 08.15 0.8 +19 + 5 14 317
2202 13.45 0.4 -2 + 1 14 306

2203 15.15 0.2 -8 + 2 14 312

2204 19.45 0.3 0 + 2 13 302
23 2301 |22-08-80 | 09.15 0.1 + 1 + 2 13 305
2302 14.45 0.3 0 + 1 15 305

2303 16.15 0.0 -17 -1 14 316

2304 20.45 0.1 -14 - 4 15 323

24 2406 |10-09-80 | 18.03 0.1 +21 +10 16 260
241% 20.33 0.0 -12 -2 16 280

2416 23.03. | -0.5 -15 + 2 15 283

2420 01.03 0.1 0 2 19 272

25 2501 |12-09-80 | 13.45 -0.5 -2 -2 15 248
2503 ' 20.45 -0.1 -4 -1 17 241

2504 22.15 -0.1 -10 0 15 261

26 2601 |07-10-80 | 18.35 0.6 -3 -4 20 253
2602 23.15 0.3 + 2 + 1 20 249

2603  [08-10-80 | 05.45 0.8 -3 + 2 14 269

2604 12.15 0.3 + 4 + 3 12 259

| 2605 18.00. | 0.2 -2 0 10 258

1) starttime record, reference time: G.M.T.

2) at mean time of record.




APPENDIX 3,

ENVIRONMENTAL PARAMETERS - WAVES.




Appendix

3 - Environmental parameters (waves)

(;eries Record w s
nombes eo(fm)”v Hv3lm] fndébHZ] B v
4 | 401 262 1.4 7 1,02 1.4
402 258 1.2 9 1.11 1.6
404 277 1.2 7 1.25 1.
405 313 1.3 10 1.02 2.
5 501 353 2.1 8 .97 2.
| 502 354 1.6 7 1.12 1.
503 353 1.5 9 .90 2.
504 342 1.2 6 1.07 1.
6 601 253 2.8 7 .75 2
602 256 2.1 9 .67 4
603 252 1.8 7 .93 1
7 701 267 1.4 10 1.02 1
| 702 303 1.2 10 1.31 ;
704 307 1.2 10 1.83 y
8 801 246 1.7 7 1.11
802 256 1.4 10 .83~
803 296 3.2 6 1.31
804 293 2.6 7 1.25
9 901 244 16 10 .70
902 252 1.6 10 .65
903 248 1.4 10 1.02-
904 256 0.8 10 1.53
: 905 308 0.7 12 1.31
115 | 1501 329 0.9 10 2.26
: 1502 333 0.9 8 2.13
1503 337 0.7 9 1.66
1504 337 0.7 9 1.66
1505 338 0.7 8 1.77
16 | 1601 248 2.1 10 .54
1602 251 2.2 9 .53
1603 245 2.2 8 .67
1605 253 1.7 8 .66




series |Record wa v e s :
number 60 (tm)" Hy [m] tml& Hz] B oy o]
17 1702 256 1,3 8 .71 1.64
1704 250 1.9 9 .58 2.85
18 1802 340 2.1 13 .46 6.20
1803 344 2.4 10 .84 4.44
1804 329 1.4 7 1.30 1.46
1805 336 1.1 11 .94 2.37
1806 329 1.1 11 1.06 2.37
1807 328 0.9 9 1.11 1.35
22 2201 260 2.2 5 .71 3.30
2202 310 3.0 8 .76 3.78
2203 306 2.7 8 .76 3.40
2204 312 3.0 6 .90 2.54
23 2301 321 2.2 10 .70 4.01
2302 314 2.5 7 .75 2.61
2303 318 2.8 8 .76 3.53
2304 328 2.9 6 .78 2.46
24 2406 252 2.2 8 .67 2.76
2411 249 1.8 8 .67 2.26
2416 263 2.1 8 .71 2.64
, 2420 271 2.8 8 .56 3.53
25 2501 257 2.3 8 .71 2.90
2503 253 2.2 8 .62 2,76
_ 2504 247 2.3 8 .71 2.90
26 2601 253 3.7 7 .56 3.85
2602 247 3.0 7 .56 3,24
2603 269 2.7 8 .76 3.40
2604 284 2.0 8 .89 2.52
2605 280 1.7 9 1.00 2.55

1) direction from which the waves approcache, in a right handed coordinate system.

e e T




APPENDIX 4.

VARIANCE DENSITY FUNCTIONS, SQUARED COHERENCE-
GAIN- AND PHASE FUNCTIONS OF SURFACE ELEVATION
AND VERTICAL VELOCITY COMPONENT.
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APPENDIX 5,

COMPARISON MEASURED GAIN FUNCTIONS OF SURFACE
ELEVATION AND VERTICAL VELOCITY COMPONENT
WITH LINEAR THEORY.
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APPENDIX 6.

COMPARISON OF MEASURED AND CALCULATED SPECTRA
OF VERTICAL VELOCITY COMPONENT.
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APPENDIX 8.

GAIN FUNCTIONS OF SURFACE ELEVATION
AND HORIZONTAL VELOCITY COMPONENT.
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APPENDIX 9.

COMPARISON MEASURED GAIN FUNCTIONS OF SURFACE
ELEVATION AND HORIZONTALVELOCITY COMPONENT.
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APPENDIX 10,

COMPARISON OF MEASURED AND CALCULATED SPECTRA
OF HORIZONTAL VELOCITY COMPONENT.
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APPENDIX 11,

RATIOS MEASURED GAIN FUNCTION TO THEORETICAL ONE
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Appendix 11 - ratios measured gain function to theoretical one

series

Record

ﬁg'ﬁ'(fm)/ ﬂgw(fm) - Awt(fm)

number Hg‘a(fm) /ng (fm) /Hwﬁ(fm)

4 401 - - 0.90

- 402 - - 0.96

404 - - 0.8%

405 - - 0.90

5 " 501 - - 0.98

502 - - 1.00

503 - - 0.98

" 504 - - 0.96

6 . 601 - - 0.92

" 602 -, - 0.90

603 - - 0.96

7 701 - - 1.00

702 - - 0.95

704 - - 1.00

8 801 - - 0.91

802 - - 1.00

803 - - 1.00

804 - - 1.00

9 901 - - 1.04

902 - - 1.04

" 903 - - 1.01

" 904 - - 1.00

- 905 - - 0.88

15 1501 0.95 0.96 1.00

1502 0.97 1.03 0.95

1503 0.97 0.98 1.00

1504 1.02 1.04 1.00

1505 0.99 1.01 1.00

16 1601 0.92 0.97 0.96

1602 0.91 0.94 0.98

1603 0.88 0.98 0.91

1605 0.98 1.01

0.97




series |Record “ ~
number Eu(fm)/ ng(fm>/ mefm>/
Hrd (fm) Hew (fm) Hwi {fm)
17 1702 0.90 0.99 0.91
1704 0.87 0.94 0.93
18 1802 0.95 0.96 0.90
1803 0.94 0.96 0.99
1804 0.94 0.98 0.96
1805 0.91 0.96 . 0.96
1806 1.04 0.98 1.03
1807 0.93 0.98 0.96
22 2201 0.99 1.00 1.00
2202 0.92 0.96 0.97
2203 1.00 0.95 1.05
2204 0.91 0.87 1.04
23 2301 0.98 0.96 1.02
2302 1.00 0.95 1.00
2303 0.97 - 0.97 1.01
2304 0.90 0.84 0.98
24 2406 0.92 1.12 0.83
2411 1.01 1.11 0.92
2416 1.08 1.18 0.91
2420 0.96 1.07 0.90
25 2501 1.03 1.22 0.86
2503 0.98" 1.11 0.89
2504 1.02 1.17 0.88
26 2601 0.89 0.97 0.92
2602 0.87 1.01 0.87
2603 0.92 0.99 0.93
2604 0.90 0.97 0.94
2605 0.96 0.94 1.00

e e e Yv

R S T T T T T T S AR TN T W T




APPENDIX 12,

STATISTICAL DISTRIBUTI'ONS OF SURFACE ELEVATION
AND VELOCITY COMPONENTS
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