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1. INTRODUCTION 

The realistic modelling of the internal 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 -result;:;. 

In the following, some of the results published previously will be 

mentioned concerning spectral transfer functions between surface eleva

tion (1;;) and horizontal (li = u,v) and vertical (w)velocity. 

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

yet) will be designated as H (f) and ¢ (f), in which H (f) represents 
xy xy xy 

the amplitude of y per unit amplitude of x, and ¢ (f) represents the 
xy 

phase lead of y with respect, to x, both as function of frequency f. 

The theoretical gain f;unction_ for the horizontal velocity in the propa

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

H (f) = 2'1Tf cosh k(h + z) 
1;;u sinh ,-kb 

and for the vertical velocity it is 

Hrw( f) = 2'1Tf sinh k(h + ,z) 
'" sinh kh 

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 dispers ion equation:\> 

(2'1Tf)2 = gk tanh kh 

} 

I,' 

( 
f, 
f 
l 

r 

I , 
I 
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The l i n e a r - t h e o r y p r e d i c t i o n s f o r the phases are (j)^ ^ = 0 - , = 0 , 

" T ' t h e r e f o r e also (}.^^ = | , c j ) ^ = | . 

The data by Thornton and Krapohl (1974) are by and l a r g e i n agreement w i t h 

the l i n e a r theory p r e d i c t i o n s as given above, except f o r an underestimate 

o f the h o r i z o n t a l v e l o c i t i e s f o r given surface e l e v a t i o n , t o an amount o f 

about 6% a t the s p e c t r a l peak frequency ( f j ^ , ) . However, only one s e r i e s o f 

records was analysed, i n a l o n g , low s w e l l (rms wave heig h t - 0.27 m, i n a 

depth o f about 19 m). The r e s x i l t s are t h e r e f o r e not i n d i c a t i v e o f t h e ap

p l i c a b i l i t y o f the l i n e a r theory i n conditions o f a steep, young sea. 

F o r r i s t a l l e t a l . (1978) have estimated H ^ ~ ( f ) from measurements i n condi

t i o n s o f a c t i v e wave generation, i n t r o p i c a l storm D e l i a . They also a p p l i e d 

various n o n l i n e a r t h e o r i e s . They found t h a t t h e i n t e r n a l v e l o c i t i e s were 

b e t t e r modelled by the l i n e a r t h e o r y , w i t h allowance f o r . d i r e c t i o n a l and 

frequency spreading o f t h e energy, than by any o f the n o n l i n e a r t h e o r i e s 

f o r u n i d i r e c t i o n a l , monochromatic waves. Although t h i s i s a very valuable 

r e s u l t , the q u a n t i t a t i v e i n f o r m a t i o n about the estimated t r a n s f e r f u n c t i o n s 

presented by F o r r i s t a l l et a l . i s l i m i t e d t o one f m o t i o n H ^ ~ ( f ) / H ^ ~ ( f ) f o r 

each o f t h r e e d i f f e r e n t e l e v a t i o n s , i n which H i s t h e value o f H estimated 

from the data. (No phase i n f o r m a t i o n i s given.) 

These show a t r e n d w i t h f , from a 10% underprediction o f t h e v e l o c i t i e s by 

the l i n e a r theory near f = f t o a roughly 20% o v e r p r e d i c t i o n near frequen

cies o f about 2 f . The l a t t e r ( o v e r p r e d i e t i o n ) i s s t a t e d t o be "probably 

m 

due t o n o n l i n e a r phase l o c k i n g e f f e c t s between harmonics"-.- I f t h i s "phase 

l o c k i n g " r e f e r s t o the occurrence o f boimd higher harmonics, then t h i s 

hypothesis would seem t o be untenable, since the wavenumber a t a frequency 

2 f ^ i s smaller i n the n o n l i n e a r approximation ('̂ JJQJJ3_;̂ JJ " ^k^ , where 
k = (2TTf )^/g i n deep water) than i t i s i n the l i n e a r approximation 
m m ° ^ 

(k . = (4TTf ) /g 4k ) , which r e s u l t s i n a slower decay o f the v e l o c i t i e s 
I m m m ' 

w i t h depth beneath the surface i n the n o n l i n e a r case. Thus, incl\asion o f 

t h i s n o n l i n e a r e f f e c t would give an even greater o v e r p r e d i c t i o n o f t h e 

v e l o c i t i e s i n the frequenty range o f about 2 f ^ , from a given spectrum o f 

surface e l e v a t i o n . 
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Cavaleri et a l . (1978) and Ca v a l e r i (1982) present gain f u n c t i o n s which 

show an o v e r p r e d i c t i o n o f t h e - v e l o c i t i e s ( u and w) by about 10% i n the 

frequency range o f high coherence between v e l o c i t i e s and e l e v a t i o n . 

These r e s u l t s , although also taken i n co n d i t i o n s o f a c t i v e wind-wave 

generation, c o n t r a s t w i t h those o f F o r r i s t a l l e t a l . (1978) in.the ener

g e t i c band around t h e s p e c t r a l peak. The d i f f e r e n c e s w i t h t h e l i n e a r 

theory exceed s i g n i f i c a n t l y the possible c a l i b r a t i o n e r r o r s which 

Cava l e r i et a l . estimate at a few % on l y . ( I t i s noted t h a t the under-

o r - o v e r - p r e d i c t i o n s r e f e r r e d t o above appeared t o occur s y s t e m a t i c a l l y , 

which makes i t very u n l i k e l y t h a t they 'T^ould be due t o random sampling 

e r r o r s . ) 

The r e s u l t s w i t h respect t o the phases are more c o n t r o v e r s i a l than those 

f o r the gain f u n c t i o n s . Shonting (1964), Yefimov and K h r i s t o f o r o v (1969), 

Ca v a l e r i et a l . (1978) and Caval e r i (1982) a l l r e p o r t e d s i g n i f i c a n t o ut-

of-quadrature r e l a t i o n s between h o r i z o n t a l and v e r t i c a l v e l o c i t y , which 

would imply a mean v e r t i c a l f l u x o f h o r i z o n t a l momentrum. The magnitude 

o f t h i s estimated f l u x d ensity i s t y p i c a l l y orders o f magnitude l a r g e r 

than the wind-induced mean momentum t r a n s f e r at the surface. , - . -.. . 

Various.ad hoc hypotheses have been advanced t o " e x p l a i n " t h e apparent 

anomaly. Shonting (1964) states somewhat vaguely t h a t i t "probably r e f l e c t s 

an anomalous shore c o n d i t i o n " . Yefimov and K h r i s t o f o r o v (1969), C a v a l e r i 

et a l . (1978) and Ca v e l e r i (1982) ascribe i t ( t e n t a t i v e l y ) t o turbulence 

associated w i t h the wave breaking o c c u r r i n g i n a. wind-driven sea. 

Cavaleri (19 82) f i n d s spport f o r t h i s view i n the f a c t t h a t the s t r o n g 

phase anomaly (- 25°) was observed only i n cond i t i o n s o f a c t i v e wave gen

e r a t i o n ; i t v i r t u a l l y disappeared ( t o - 5°) when the wave breaking dimin-. 

ished as the sea transformed i n t o s w e l l . Despite t h i s i n d i c a t i o n , the sug

gestion t h a t the observed phase anomaly''.would be due t o turb t i l e n c e leaves 

many imanswered questions. To begin w i t h , i t i s not c l e a r how turbulence 

woiild cause such a d r a s t i c change i n the phase r e l a t i o n between t h e wave-

induced v e l o c i t i e s . (The estimated coherence between surface e l e v a t i o n and 

v e l o c i t i e s was q u i t e h i g h (y > 0.98) i n the energetic frequency range, 

i n d i c a t i n g t h a t the observed v e l o c i t i e s were v i r t u a l l y f u l l y wave induced.) 



•Secondly, there i s a s u b s t a n t i a l unbalanced momentum f l u x i n the upper 

l a y e r s , since the f l u x c a l c u l a t e d from the measured v e l o c i t i e s ( i n a 

range which i n the measurements by Cavaleri et a l . goes up t o 0.3 Hz) 

i s orders o f magnitude l a r g e r than the wind s t r e s s . C a l l i n g upon t u r b u 

lence outside the measured range t o compensate f o r t h i s excess does not 

seem r e a l i s t i c since i t i s hard t o see how such turb u l e n c e , which u l t i 

mately i s due t o the wind a c t i o n on the su r f a c e , could r e s u l t i n a l a r g e 

upward f l u x o f downwind momentum. I n the opinion o f the present authors, 

the anomalous phase d i f f e r e n c e s and associated momentum f l u x e s r e f e r r e d 

t o above should be h e l d i n doubt as long as no p h y s i c a l process has been 

i d e n t i f i e d (not j u s t conjectured) which could e x p l a i n the apparent im

balance. 

I n the context o f phase estimates, reference i s made t o some preliminary-

r e s u l t s o f the present study ( B a t t j e s and van Heteren, 1980) which also 

gave apparent phase d i f f e r e n c e s which seemed t o be m r e a l i s t i c . These pre

l i m i n a r y f i n d i n g s motivated a scrutinous i n v e s t i g a t i o n o f the e n t i r e system 

o f measurement and data h a n d l i n g , which brought t o l i g h t numerous time 

delays which had p r e v i o u s l y been overlooked, and which by and l a r g e an

n u l l e d the p r e v i o u s l y suspected anomalies (see below). Whereas t h i s does 

not imply s i m i l a r e r r o r s i n the other references quoted above, i t does i n 

d i c a t e the great care needed i n t h i s type o f a n a l y s i s . 

I t appears from the preceding summary o f pre-vious-Tres.ülts- th&t""there--.are 

unresolved questions about the a p p l i c a b i l i t y o f l i n e a r wave theory f o r 

the p r e d i c t i o n o f v e l o c i t i e s from surface e l e v a t i o n s , w i t h respect t o 

gain as w e l l as phase, p a r t i c u l a r l y f o r conditions o f a c t i v e wind-wave 

i n t e r a c t i o n . The present study was undertaken t o i n v e s t i g a t e t h i s problem 

f u r t h e r . To t h a t end, measurements were performed from a p l a t f o r m i n the 

southern North Sea, and analyzed p r i m a r i l y w i t h respect t o s p e c t r a l t r a n s 

f e r f u n c t i o n s . A secondary item o f a t t e n t i o n was the p r o b a b i l i t y d i s t r i b u 

t i o n o f the v e l o c i t y componentè., which i n the l i n e a r t heory should be 

Gaussian. T h i r d l y , the data have been analyzed t o estimate d i r e c t i o n a l 

spectrum parameters, but these r e s t i l t s are re p o r t e d elsewhere. 
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The contents o f the present r e p o r t are as f o l l o w s . The p l a t f o r m and i n 

strumentation are described f i r s t (chapters 2 and 3). P a r t i c u l a r a t t e n 

t i o n i s thereby given to, c a l i b r a t i o n s o f sensors and other system com

ponents. The analysis procedures are described i n chapter 4. ' . . 

This i s f o l l o w e d i n chapter 5 by a d e s c r i p t i o n o f . t h e environmental con

d i t i o n s d uring the measurements. The r e s u l t s are presented and discussed 

i n chapter 6. F i n a l l y , the conclusions are s t a t e d i n chapter 7. 
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2. OBSERVATION PLATFORM 

The meastirenients were made from the p l a t f o r m Noordwijk (MNP), which i s 

lo c a t e d i n the southern North Sea, near Noordwijk, about 10 km o f f the 

Dutch coast (see f i g u r e s 1 and 2 ) . The bottom i n the neighbourhood o f 

the p l a t f o r m i s r a t h e r f l a t . The l o c a l depth i s about 17.3 m below MSL, 

and the l o c a l t i d a l range i s about 1.8 m. 

The p l a t f o r m r e s t s on a ja c k e t s t r u c t u r e c o n s i s t i n g o f t u b u l a r elements. 

Four o f the s i x j n a i n p i l e s , which have a diameter o f 0.8 m, are p o s i 

t i o n e d i n the comers o f a rectangM o f approximately 11.15 m x 18.30 m 

at Mean Sea Level (MSL) (see f i g u r e 3 ) . They have a 6° b a t t e r . 

The o r i e n t a t i o n o f the platform's longest axis i s 85° east from t r u e 

North. 

Sensor supports have been mounted v e r t i c a l l y a t three o f the f o u r comer 

p i l e s o f the j a c k e t s t r u c t u r e , extending from the p l a t f o r m deck t o a 

p o i n t close t o the sea bed. They are f a i r l y t r a n sparent space t r u s s e s , 

w i t h f o u r .11m diameter tubes i n the comers o f a 1 m x 1 m square. 

They can be l i f t e d out o f the water f o r attachment, i n s p e c t i o n and clea

n i n g o f the sensors. For the measurements described here, sensors were 

used f i x e d t o the support at the southwest comer o f the p l a t f o r m (see 

f i g u r e 3 ) . 
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3. INSTRUMENTATION 

3.1 I n t r o d u c t i o n ' 

The p r i n c i p a l instruments used i n t h i s study were a v e l o c i t y meter 

a l l o w i n g measurements o f three orthogonal v e l o c i t y components, anda-

wave gauge f o r the measurement o f the surface e l e v a t i o n . These are 

described below, togeth e r w i t h c a l i b r a t i o n procedures. I n t h i s c o n t e x t , 

the problem o f time delays introduced by the sensors and by the data 

l o g g i n g system receives c a r e f u l a t t e n t i o n , because o f the apparent 

phase e r r o r s i n the r e s u l t s o f p r e l i m i n a r y data analyses ( B a t t j e s and 

van Heteren»1980). This s t i m u l a t e d a d e t a i l e d i n v e s t i g a t i o n o f possible 

time delays, based on nominal p r o p e r t i e s o f system components (Botma, 

19 81). The r e s u l t s were l a t e r v e r i f i e d w i t h s i n u s o i d a l t e s t s i g n a l s . 

I n the f o l l o w i n g p r e s e n t a t i o n , t h e r e s u l t s o f these i n v e s t i g a t i o n s w i l l 

be mentioned. 

3.2 V e l o c i t y meter 

The v e l o c i t y meter i s based on the p r i n c i p l e o f t r a v e l time o f acoustic 

pulses. A meter o f t h i s t y p e , designed f o r use i n t i d a l r i v e r s , has been 

described by Botma (1978), who also designed the meter used f o r the mea

surements reported here. 

Three p a i r s o f transducers were mounted i n a frame, i n three mutually 

orthogonal l i n e s , at'distances o f 1.71 m (see f i g u r e 4 ) . The frame-consists 

o f copper pipes ( o u t e r diameter 50.4 mm) t o minimize marine f o u l i n g . 

For the same reason, the e l e c t r i c w i r i n g was mounted i n s i d e the pipes. 

The j o i n t s o f the pipes were glued t o prevent c o r r o s i o n . 
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The v e l o c i t y meter was mo\mted outside the sensor support, w i t h one o f 

i t s axes a l i g n e d v e r t i c a l l y . The o r i e n t a t i o n o f the others was approxi

mately from south-west t o north-east ( x - a x i s ) and from south-east t o 

north-west ( y - a x i s ) , see f i g u r e 3. The distance from the v e r t i c a l axis 

o f the v e l o c i t y meter t o the centre o f the sensor support was 1.75 m. 

I n one set o f measurements, the e l e v a t i o n o f the center o f the v e l o c i t y 

meter was 4.91 m below MSL, and i n a second set i s was 7.83 m below MSL. 

The c a l i b r a t i o n f a c t o r o f the v e l o c i t y meter was calcxiLated using the 

nominal speed of__sound i n sea water. (Temperature and s a l i n i t y v a r i a t i o n s 

are a u t o m a t i c a l l y c o r r e c t e d f o r . ) An. e f f e c t i v e t r a v e l distance o f 1.61 m 

was used. This i s 10 cm less than the distance between the sensors, t o 

allow f o r wake e f f e c t s . The c a l c u l a t e d c a l i b r a t i o n f a c t o r was checked 

experimentally by o s c i l l a t i n g the frame r e c t i l i n e a r l y i n a l a b o r a t o r y 

basin. Two o r i e n t a t i o n s were used. I n one o f these, one p a i r o f sensors 

was a l i g n e d w i t h the d i r e c t i o n o f the back-and-forth motion. I n the o t h e r , 

they enclosed an angle o f 45° w i t h t h i s d i r e c t i o n . The c a l i b r a t i o n f a c t o r 

c a l c u l a t e d beforehand t u r n e d out t o tmderestimate the v e l o c i t y by about 

13% i n the p a r a l l e l alignment, which can be considered as an underestimate 

o f the e f f e c t i v e wakelength, and t o overestimate i t by about 4% i n the 

case o f the 45° angle, which corresponds t o an overestimate o f the e f f e c 

t i v e wakelength. Deviations as l a r g e as were observed i n the case o f par

a l l e l alignment are not expected t o occur i n the a c t u a l measurements, 

because r e c t i l i n e a r f low does not occur at sea. I n the a n a l y s i s , the c a l i 

b r a t i o n f a c t o r c a l c u l a t e d beforehand based on nominal values was used, 

w i t h p o s s i b l e e r r o r s estimated not t o exceed 5%. 

As t o the phase response o f the v e l o c i t y meter has i t been assumed t h a t 

the meter introduces no disturbance t o the flow f i e l d , because i t i s very 

transparant and i t i s mo\mted outside the, sensor support o&-tthè. ;pla€fOEm^x-• 

The v e l o c i t y meter measures the v e l o c i t y components along the survey l i n e s 

connecting the t h r e e p a i r s o f t r a n s d u c e r s , averaged over these l i n e s . 

This averaging process acts l i k e a low-pass f i l t e r on the v e l o c i t i e s i n 

the center. I t introduces no- phase s h i f t . For the h o r i z o n t a l v e l o c i t i e s ; . 

i t s modulus i s { s i n ( J k . r ) / 2 k . r ) } , i n which ï< i s the wavenumber vector and 
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r the h o r i z o n t a l separation vector between the tranducers. The r e l a t i v e 

e r r o r i n troduced thereby:as less than 3 x 1 0 i n the frequency range 

c a r r y i n g most o f the wave energy i n our measxirements ( 0 . 1 H z ^ f <0.2 Hz). 
-2 

Even f o r f = 0.3 Hz i t s t i l l i s only 1.6x10 at most. For the v e r t i c a l 

v e l o c i t y component comparable numbers apply. 

The output s i g n a l s o f the v e l o c i t y meter l a g behind the instantaneous 

mean v e l o c i t i e s between the sensor p a i r s , due t o a w a i t i n g time i n an 

i n t e r n a l scanning cycle plus a f i r s t - o r d e r smoothing f i l t e r . The e f f e c - : 

t i v e delay i s 15 ms. The a c t u a l mean v e l o c i t y between sensor p a i r s i n 

t u r n may be s l i g h t l y out o f phase w i t h the undisturbed one, due t o the 

presence o f the v e l o c i t y meter. However, t h i s e f f e c t i s considered neg-

l i g l i b l e because the frame o f the v e l o c i t y meter i s h i g h l y t r a n s p a r e n t . 

3.3 Wave gauge 

The wave gauge used f o r the measurements o f the surface e l e v a t i o n was a 

15 m long r e s i s t a n c e step gauge ("TPD"-type) w i t h electrodes .spaced at 

7.5 cm i n t e r v a l s . The gauge was mounted near the center o f the sensor 

support, at a distance o f 1.90 m t o the v e r t i c a l axis o f the c u r r e n t me

t e r ( p r o j e c t e d h o r i z o n t a l l y ) . 

The c a l i b r a t i o n o f the gauge i t s e l f was taken at i t s nominal va l u e , de

termined by the distance between the electrodes. 

The wave gauge output s i g n a l lags behind the instantaneous surface eleva

t i o n , due t o w a i t i n g times i n an i n t e r n a l scanning cycle and a frequency 

smoothing. The e f f e c t i v e delay i s 52 ms. This i s Z\t^ =-52 ms - 15 ms = 37 ms ' 

more than i t i s f o r the v e l o c i t y s i g n a l s . 
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Possible e f f e c t s due t o s c a t t e r i n g o f the i n c i d e n t waves by the sensor 

support and by the p l a t f o r m p i l e s are considered i n the f o l l o w i n g . 

To i n v e s t i g a t e whether the f l u c t u a t i o n s o f the surface e l e v a t i o n i n s i d e 

the sensor support d i f f e r e d s i g n i f i c a n t l y from those o u t s i d e , t e s t s were 

c a r r i e d out i n a l a b o r a t o r y flume using a 1:5 model and p e r i o d i c waves. 

Due t o l i m i t a t i o n s o f the flume and the wave generator, the model waves 

had a s h o r t e r wavelength, compared t o the dimensions o f the sensor sup

p o r t , than those i n the f i e l d (roughly a f a c t o r 3). This i s expected t o 

give r i s e t o an^_exaggerated s c a t t e r i n g o f the waves i n the model. 

Surface e l e v a t i o n s were measured i n s i d e and outside the model sensor sup

p o r t , i n the same fl\jme c r o s s - s e c t i o n , f o r a v a r i e t y o f i n c i d e n t waves. 

The measurements were made w i t h the c r o s s - s e c t i o n a l diagonal o f the sup

p o r t e i t h e r p a r a l l e l t o the flume axis or at 45°. No s i g n i f i c a n t d i f f e r 

ence could be observed due t o the o r i e n t a t i o n . The measured r a t i o s 

H. /H were also found t o be independent o f wave steepness ( i n the 
m out 

range 0.016 < H/L < 0.066); t h e i r average value i s 0.98, w i t h a standard 

d e v i a t i o n o f 0.0 3. Phase s h i f t s between the undisturbed surface eleva

t i o n s and those i n s i d e the sensor support were found t o be le s s than 1% c 

o f the waveperiod, or less than about 4°. Considering these r e s u l t s , and 

the f a c t t h a t i n the model the i n f l u e n c e o f the support i s expected t o 

be exaggerated (see above), no c o r r e c t i o n s were made t o the surface eleva¬

t i o n measurements t o allow f o r such i n f l u e n c e . 

The possible disturbances t o the i n c i d e n t waves due t o the p l a t f o r m sup

p o r t s t r u c t u r e were estimated t h e o r e t i c a l l y . To t h i s end, the s c a t t e r i n g 

o f the waves by the nearest comer p i l e (diameter 0.80 m) was considered. 

This p i l e was taken t o be v e r t i c a l , at a distance o f r = 3m from the 

wave gauge. 

The l i n e a r , p o t e n t i a l - f l o w s o l u t i o n t o the problem o f the s c a t t e r i n g o f 

a plane, p e r i o d i c wavesystem by a r i g i d impermeable c i r c u l a r c y l i n d e r , 

p o s i t i o n e d v e r t i c a l l y , has been given by Lamb (1932, a r t . 304). We w i l l 

only need the approximation t o the exact s o l u t i o n f o r the case o f a 

slender p i l e , ak « 1 , i n which a i s the p i l e radius and k i s the wave-

number. 
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I f the surface e l e v a t i o n o f the i n c i d e n t waves i s given by 

, i ( k x + a t ) 
n ( x , y , t ) = Re e 

then the e l e v a t i o n o f the s c a t t e r e d wave i s approximated as 

f i ( r , 0 , t ) =ReJ(ka)^{iH[j^^:(-kr) +2H^^\kr)cos e}e^^* + OCka)"^ 

where (x,y) = ( r cos 0 , r s i n 9 ) , and the p i l e i s centered at 

(x = 0, y = 0 ) . Ĥ -̂* i s the Hankel f u n c t i o n o f t h e second k i n d o f order 
^ n / 2) 

n. (Lamb uses the n o t a t i o n , where D^(kr) = - i H ^ ( k r ) . ) Using 

H^^^(kr) = J ^ ( k r ) - i Y . ( k r ) , 
n u u 

and n e g l e c t i n g the terms o f 0 ( k a ) ^ , the amplitude o f the s c a t t e r e d 

waves r e l a t i v e t o t h a t o f the i n c i d e n t waves i s expressed as •„ 

^ = •J-(ka)2{jQ+-Yj+4(J^YQ-jQY^) c o s e + 4(4 + Y^) cos^ e } * 

where = j Q ( k r ) , e t c . The maximum value o f n considered as a f u n c t i o n 

o f 9 at r = const., i s 

For n . , a s i m i l a r expression h o l d s , which i s not shown here. Using 
mm 

a = 0.4 m , r = 3.0 m and h = 17.5 m ( t h e ' l a t t e r i s needed i n the disper

sion equation) the f o l l o w i n g values r e s u l t f o r 3 d i f f e r e n t frequencies: 

f [Hz] ka k r n 
max 

^min 

0.1' .022 .163 ,0038 ,0005 

0,2 .066 .500 ,013 .002 

0,3 .145 1,09 ,037 .009 
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I t appears t h a t i n the frequency range from 0.1 Hz t o Ó.2 Hz,irwhich i s 

the most energetic range i n our measurements, the s c a t t e r i n g o f the 

waves by the nearest comer p i l e a f f e c t s the measurements by r e l a t i v e 
-3 -2 

amounts o f the order o f 10 t o 10 at most, which i s n e g l i g i b l e f o r 

our purposes. 

3.H Anemometer 

Measurements of^wind speed and d i r e c t i o n were made w i t h an anemometer 

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

an e l e v a t i o n o f 28 m above MSL. 

3.5 Data a c q u i s i t i o n system 

A 32-channel data l o g g i n g and transmission system has been used t o c o l l e c t 

the data and t r a n s m i t them by an FM-radio-link t o a shore-based r e c e i v i n g 

s t a t i o n where they were recorded on magnetic tape. 

Before scanning f o r t r a n s m i s s i o n , a l l data had t o be converted t o a suit-^ 

able format. For the v e l o c i t y meter, which has a DC o u t p u t , the delay 

caused hereby i s only 1 ms, but the wave gauge s i g n a l r e q u i r e s a frequency 

counting, r e s u l t i n g i n a t o t a l i n t e r f a c e delay o f 367 ms, or 

At2 = 367 ms - 1 ms = 366 ms more than f o r the v e l o c i t y s i g n a l s . 

The scanning procedure i t s e l f and the subsequent read-out f o r data e n t r y 

i n the analysis procedures cause a d d i t i o n a l l a g s . The v e l o c i t y s i g n a l s 

(u,V5w) and the e l e v a t i o n s i g n a l (<;) were f e d t o adjacent channels, which 

were scanned at 6.25 ms i n t e r v a l s , i n the order c i t e d . However, i n the 

data read-out the e l e v a t i o n value o f one scanning cycle was combined w i t h 

the v e l o c i t y values o f the f o l l o w i n g c y c l e , causing a l a g o f 250 ms. 

Thus, the procedure o f scanning and read-out introduces a l a g o f the e l e 

v a t i o n s i g n a l behind the v e l o c i t y s i g n a l s given by A t ^ ^ - 250 ms - 6 ms 

- 244 ms, Ato - 250 ms - 12 ms 2 38 ms. and At_ „ - 250 ms - 19 ms 
o j V o,U 

231 ms. 
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A siJinmary o f the time lags mentioned above i s given i n the f o l l o w i n g 

t a b l e , m der the heading "nominal", because these values have been 

c a l c u l a t e d from nominal system p r o p e r t i e s . 

Lag o f 'X 
, Nominal Meas'd 

behind 

^,At3 
3 
E At. 

i = l " 

3 
E At. 

i=2 . 

3 
E At. 

.i=2_ " 

;u 37 366 231 634 597 589 

V 37 366 238 641 604 595 

w 37- 366 244 647 610 601 

Table A - Summary o f system delay times, expressed i n ms. 

A p a r t i a l check on the nominal values has been c a r r i e d out by s i m u l a t i n g 

sensor outputs w i t h s i n u s o i d a l t e s t s i g n a l s a t d i f f e r e n t frequencies, 

and by s u b j e c t i n g these t o the standard procedure o f i n t e r f a c e conversion 

( A t ^ ) , scanning and read-out ( A t ^ ) , and subsequent c r o s s - s p e c t r a l analy

s i s . The r e s u l t a n t phase lags between simulated v e l o c i t i e s and simulated 

e l e v a t i o n showed very n e a r l y a l i n e a r v a r i a t i o n w i t h frequency,-as expec

t e d from a constant time s h i f t (see f i g . 5 f o r an example). The values o f 

the time s h i f t c a l c u l a t e d on t h i s basis are given i n the l a s t column o f 

t a b l e A given above. They serve as a check on (At2 + ^^3) °f which the 

nominal value i s given i n the n e x t - t o - l a s t column. There i s a d i f f e r e n c e 

o f less than 10 ms between the two s e t s , which i s n e g l i g i b l e i n comparison 

t o the wave periods i n v o l v e d . 
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4. DATA ANALYSIS PROCEDURE 

4.1 I n t r o d u c t i o n . 

The data analysis t o be r e p o r t e d i n t h i s chapter was aimed p r i m a r i l y 

at e s t i m a t i n g s p e c t r a l t r a n s f e r f u n c t i o n s between v e l o c i t y components 

and between these and the siirface e l e v a t i o n . A secondary o b j e c t i v e 

was the e s t i m a t i o n o f p r o b a b i l i t y d e n s i t i e s o f instantaneous values 

of the measured q u a n t i t i e s . I n a d d i t i o n t o t h i s , d i r e c t i o n a l s p e c t r a l 

d e n s i t i e s were estimated, but t h a t aspect i s not discussed here. 

We w i l l use only one r e s u l t o f the d i r e c t i o n a l a n a l y s i s , v i z . the 

p r i n c i p a l d i r e c t i o n o f propagation (0^) o f the sea or s w e l l as func

t i o n o f f . 

4.2 Estimation o f auto- and cross-spectra 

The analyses were performed on 30-minute long records,, d i g i t i z e d w i t h 

At = 0.25 s. No d i l u t i o n o f the data was a p p l i e d , so t h a t the Nyquist 

frequency i s at f = 2.0 Hz. This was deemed high enough t o prevent 

s i g n i f i c a n t a l i a s i n g . 

Standard s p e c t r a l a nalysis procedures as described e.g. by Bendat and 

P i e r s o l (1972) and Jenkins and Watts .(1968) were used. These i n c l u d e d 

c o r r e c t i o n s f o r missing data or unaccountable values and removal o f 

sample mean and l i n e a r t r e n d . Singleton's (1969) FFT a l g o r i t h m was ap

p l i e d f o r the s p e c t r a l c a l c u l a t i o n s . . 

The records.were d i v i d e d i n t o 30 segments o f 60 s each. No data or 

s p e c t r a l window was a p p l i e d , so t h a t the r e s \ i l t i n g s p e c t r a l estimates 

each had 60 degrees o f freedom, except those at zero frequency and at 

the Nyquist frequency, which had 30. Using the x^-<ü-Stribution, the 

lower- and upper bounds o f the 90%- confidence bands o f the estimates 

o f t h e auto-spectra are 0.72 and 1.32 times the sample estimate i n case 

o f 60 degrees o f freedom. 
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Each estimated spectrum i s here denoted as S ^ ^ ( f ) . , w i t h s u b s c r i p t s i n 

d i c a t i n g the processes o f which i t i s the auto- or cross- spectrum. 

The auto-spectra have been made one-sided, so t h a t t h e i r i n t e g r a l over 

a l l p o s i t i v e frequencies equals the variance o f the process. 

4.3 Estimation o f coherence- spectra 

The cross-spectra have been normalized t o spectra o f coherence. I n case 

o f C ( t ) and w(tr)- t h i s i s w r i t t e n as 

L,t, WW 

90%.confidence bands f o r the coherence were c a l c u l a t e d using the expres

sions presented by Bendat and P i e r s o l (1972, par. 6.6). These authors 

l i m i t the v a l i d i t y o f t h e i r expressions f o r the confidence i n t e r v a l of 

t o the range 0.35 < < 0.95. Outside t h i s range no confidence bands 

were c a l c u l a t e d . 

I n the f o l l o w i n g , coherence values are used only f o r the v e r t i c a l v e l o c i t y 

i n r e l a t i o n t o the sirrface e l e v a t i o n , i n which case i t s t h e o r e t i c a l value 

i n absence o f noise i s 1 (asstiming l i n e a r i t y ) . The coherences between a 

h o r i z o n t a l v e l o c i t y component ( u or v) and surface e l e v a t i o n (?) or ver

t i c a l v e l o c i t y (w) depend on the d i r e c t i o n a l wave energy d i s t r i b u t i o n . 

I n f a c t , t h e i r values are used i n e s t i m a t i n g t h a t d i s t r i b u t i o n . Since t h i s 

subject i s not d e a l t w i t h here no coherence values i n v o l v i n g u o r v are 

presented. 

4.4 Estimation o f phase spectra 

Phase spectra were derived from cross-spectra according t o 
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Confidence bands on t h i s estimate were c a l c u l a t e d using the equations 

presented i n Bendat & P i e r s o l (1972, par. 6.7). 

The s p e c t r a l c a l c u l a t i o n s were made without t a k i n g i n t o , account the 

time delays mentioned i n chapter 3, which became known at a l a t e r date. 

The phase angles i j i , ^ ^ ( f ) , c a l c u l a t e d as i n d i c a t e d above, t h e r e f o r e had 

t o be c orrected t o account f o r a time s h i f t , which was approximated as 

a constant At = .64 s (see t a b l e A). The corresponding phase c o r r e c t i o n 

i s Atjj = -2ïïfAt. (The d e f i n i t i o n s adopted imply t h a t a p o s i t i v e value o f 

^ i n d i c a t e s a l a g o f I, behind u, v o r w.) A f i n a l phase c o r r e c t i o n was 

a p p l i e d t o .account f o r the f a c t t h a t the center o f the v e l o c i t y meter 

was 1.90 m from the wave gauge ( p r o j e c t e d h o r i z o n t a l l y ; see f i g u r e 3)^ 

causing an a d d i t i o n a l phase l a g o f r, behind w given by k r cos ©, i n which 

r = 1.90 m i s the h o r i z o n t a l distance between the sensors, k i s the wave-

number and 9 i s the propagation d i r e c t i o n r e l a t i v e t o the d i r e c t i o n from 

v e l o c i t y meter t o wave gauge. The magnitude o f t h i s c o r r e c t i o n was calcu

l a t e d per frequency, using the l i n e a r d i s p e r s i o n equation. The p r i n c i p a l 

propagation d i r e c t i o n per frequency, 0^( f ) , as determined i n the d i r e c ¬

t i o n a l a nalysis (van Heteren and K e i j s e r , 1981), was used as an estimate 

o f 9. The maximum value o f t h i s c o r r e c t i o n (assixming 9 = 0 ° ) corresponds 

t o a time s h i f t o f about 0.2 s i n the most energ e t i c frequency range 

( f between 0.1 Hz and 0.2 Hz). A l t o g e t h e r , the c o r r e c t e d estimated phase 

values become 

$ ^ ^ ( f ) = - 2TTfAt - k r cos 9 ^ ( f ) 

Cross spectra between w and e i t h e r u or v were also c a l c u l a t e d . Phase 

angles were c a l c u l a t e d as arg S^^ or arg S^. The only c o r r e c t i o n which 

i s needed here i s due t o the scanning sequence, which causes a l a g o f 

6.25 ms i n case o f (v,w) and 12.50 ms i n case o f (-u,w). 

I n the data given below, e i t h e r ^^^j^Cf) v̂ŵ '̂̂  °'̂  ̂  r e c o r d have been 

presented. The choice between u and v was determined by the c r i t e r i o n 

t h a t the component should be used which most n e a r l y coincided w i t h the 

p r i n c i p a l wave propagation d i r e c t i o n , i n order t o maintain a reasonably 

high coherence. 
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4.5 Estimation o f gain spectra 

I n order to eliminate possible influences of noise, the gain function 

H ( f ) was estimated according to 
Cw 

|L ( f ) 

s ( f ) 
WW 

Confidence bands f o r ( f ) were c a l c u l a t e d , using the procedure described 
QW 

by Bendat and P i e r s o l (1972, par. 6.7). 

The h o r i z o n t a l v e l o c i t y components r e q u i r e a separate treatment, because 

o f the d i r e c t i o n a l d i s t r i b u t i o n o f the wave energy. Gain f u n c t i o n s were 

c a l c u l a t e d f o r t h e r e s u l t a n t v e l o c i t y i n the h o r i z o n t a l plane (u) according 

t o 

S ( f ) + S ( f ) T 
H ( f ) = { ^ ^ }i 

S ^ , ( f ) 

and 

S ( f ) + S ( f ) T 
i ^ ( f ) = 

i ( f ) 

WW 

This procedure does not permit the e s t i m a t i o n o f confidence bands. 

I n s t e a d , these gain f u n c t i o n values were c a l c u l a t e d i n a frequency band 

which was considered t o be v i r t u a l l y f r e e o f n o i s e , as i n d i c a t e d by a 

value o f at l e a s t 0.9 o f ( f ) * 
QW 

4.6 Estimation- o f p r o b a b i l i t y d e n s i t i e s 

A p a r t i a l check on the v a l i d i t y o f the Gaussian model f o r sea waves was 

c a r r i e d out by considering, the s t a t i s t i c a l d i s t r i b u t i o n o f the i n s t a n t a 

neous values o f C , u , V and W-, and by comparing i t t o the best f i t t i n g 

Gaussian d i s t r i b u t i o n . - • 



- 18 -

To t h i s end, a histogram was c a l c u l a t e d from the 7200 data p o i n t s o f 

each sample f u n c t i o n , w i t h a class i n t e r v a l o f 0.10 m f o r C and o f 

0.02 ms""*" f o r u, v and w. No d i l u t i o n o f the data was a p p l i e d , as would 

be needed t o have independent samples only. Therefore, conventional 

q u a n t i t a t i v e t e s t s o f goodness-of-fit do not apply. A v i s u a l i n s p e c t i o n 

was c a r r i e d out i n s t e a d . 
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5. OBSERVATIONS 

5.1 Data sequences 

I n the p e r i o d o f the measurements, se r i e s o f 30-minute records were made 

of the surface e l e v a t i o n and o f the v e l o c i t y components... I n a d d i t i o n , 

the f o l l o w i n g parameters were c a l c u l a t e d and p r i n t e d every h a l f hour: 

10-minute averages o f wind speed and d i r e c t i o n , t i d a l e l e v a t i o n , magnitude 

and d i r e c t i o n o f t i d a l c u r r e n t , and s i g n i f i c a n t wave h e i g h t . 

I n order t o minimize possible disturbances due t o turbulence induced by 

t i d a l c u r r e n t s , p a r t i c u l a r l y ..in the wake o f the p l a t f o r m support s t r u c 

t u r e , only recordings made around the times o f slack water were used i n 

the analyses reported here. The c r i t e r i o n adopted was t h a t the c u r r e n t 

v e l o c i t y should not exceed 0.25 ms ^, An a d d i t i o n a l consequence o f t h i s 

s e l e c t i o n i s the v i r t u a l absence o f Doppler frequency s h i f t s i n the ob

servations ( c u r r e n t v e l o c i t y less than 0.03 times the phase speed i n the 

ener g e t i c frequency range f < 0.2 Hz). 

Two sets o f measurements were made. I n the f i r s t s e t , s i x s e r i e s (number 

4 through 9) were recorded, w i t h the center o f the v e l o c i t y meter at 

4.91 m below MSL. Of t h i s s e r i e s , 23 records were used i n the ana l y s i s 

( r e c o r d 401 through 905). U n f o r t u n a t e l y , no surface e l e v a t i o n data were 

obtained i n t h i s e n t i r e set i n or near the same v e r t i c a l i n which the 

v e l o c i t i e s were measured, so t h a t the data o f t h i s set could be analyzed 

only w i t h respect t o the v e l o c i t y s i g n a l s and t h e i r i n t e r r e l a t i o n s h i p s . 

A second set o f measurements was made w i t h the center o f the v e l o c i t y 

meter at 7.83 m below MSL. Of t h i s s e t , 37 recordings were analyzed w i t h 

respect t o the v e l o c i t i e s , the surface e l e v a t i o n , and t h e i r i n t e r r e l a t i o n 

ships (records 1501 through 2605). 
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5.2 Wind and sea conditions 

Hourly values o f the p r i n c i p a l parameters o f wind and waves on the days 

of the recordings are presented g r a p h i c a l l y i n Appendix 1. A t a b u l a r 

summary o f t h e values at the times o f the recordings which were analyzed 

i s given i n Appendix 2. The f o l l o w i n g q u a n t i t i e s p e r t a i n i n g , t o t i d e s and 

wind are l i s t e d i n Appendix 2: record number, date, time o f r e c o r d , mean 

water e l e v a t i o n above MSL, x- and y-óomponents o f mean v e l o c i t y ( u , v ) , 

10-minute average wind v e l o c i t y ( V ^ ) , and wind d i r e c t i o n w i t h respect t o 

t r u e North (9^).-Appendix 3 gives the p r i n c i p a l d i r e c t i o n o f the waves 

w i t h respect t o North (0^) at the peak frequency o f the variance spectrum 

( f ^ ) , s i g n i f i c a n t wave h e i g h t (Hm̂ ^ , c a l c u l a t e d as /̂m̂ ^ , i n which m̂  i s 

the variance o f C), peak frequency if^) and f i n a l l y wave age 3 and steep

ness Y, defined as 

c H 
B E J i and Y E ^ 

w m 

i n which 

°m g ^ -u 27Th 

m 27Tf m 
m 

The conditions ranged from a m i l d e a s t e r l y ( i . e . , o f f s h o r e ) wind('^^==6 ms ) 

and a low s w e l l (H ^ 0.8 m, wave steepness y ^ 0.01, wave age 3 - 2) i n 

the s e r i e s 15, t o a w e s t e r l y gale (maximumVi^ 24 ms ) w i t h a p\ire sea 

(H 4 m, y - 0.04, 3 0.6) i n s e r i e s 26. ( A c t u a l l y , the maxim\im wind 
^ - 1 

v e l o c i t y o f 24 ms occurred about i j hour p r i o r t o the f i r s t r e c o r d i n 

t h i s s e r i e s , n r . 2601; at the time o f t h i s r e c o r d i n g the wind v e l o c i t y had 

dropped t o about 20 ms •''.) Less severe but s t i l l pure sea c o n d i t i o n s pre

v a i l e d i n the s e r i e s 6, 9 ( f i r s t p a r t o n l y ) , 16/17, 22/23, 24 and 25. 

The wave age 3 i n these s e r i e s i s i n almost a l l records less than 0.8. 

Series 4, 7 and 18 are cases o f mixed sea and s w e l l , w i t h two peak f r e -

quenciès, o f which however only one i s l i s t e d i n Appendix 2, v i z . the one 

w i t h the h i g h e s t s p e c t r a l d e n s i t y . 
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6. RESULTS AND DISCUSSIONS 

6.1 I n t r o d u c t i o n 

I n Appendix 4- through Appendix 10, a number o f spectra o f variance, 

coherence, phase and gain have been p l o t t e d as examples. I n most cases, 

the f i r s t records o f each s e r i e s o f the second set o f measurements have 

been used f o r t h i s purpose (records 1501, 1601, e t c . ) . This set includes 

v e l o c i t y and e l e v a t i o n data. 

The s p e c t r a l estimates have been p l o t t e d at a frequency i n t e r v a l o f ~ Hz 
1 2 0 

from Hz t o — r Hz. At higher frequencies the energy l e v e l s become q u i t e 
60 60 

low. 

The r e s u l t s w i l l be discussed i n terms o f s p e c t r a l , r e l a t i o n s h i p s between 

measured v a r i a b l e s , as expressed i n terms o f coherence, phase and gain. 

The variance spectra o f the surface e l e v a t i o n and t h e i r v a r i a t i o n w i t h 

wind speed e t c . are not discussed since t h i s study i s not aimed at wave 

growth or wave f o r e c a s t i n g . For o v e r a l l measures o f the sea s t a t e per 

re c o r d , reference i s made t o Appendix 3. 

6.2 Coherence spectra 

The coherence between e l e v a t i o n and v e r t i c a l v e l o c i t y (Appendix ft) i s i n 
"2 

a l l measurements close t o 1 (y^^->0.95) i n the c e n t r a l , energetic f r e 

quency band. This i s s i g n i f i c a n t since i t i m p l i e s a v i r t u a l l y l i n e a r r e 

l a t i o n between C ( t ) and w ( t ) . I t i s p o i n t e d out t h a t t h i s conclusion 

holds f o r a l l the records which were analyzed, regardless o f the wind-

speed, the wave age or the wave steepness. 

A f u r t h e r consequence o f th e high observed coherence-values i s t h a t t h e 

sampling v a r i a b i l i t y i n the estimates o f phase and gain spectra i s low. 

The t o t a l widths o f the 90% confidence i n t e r v a l s f o r these q u a n t i t i e s i n 

the energetic frequency band are t y p i c a l l y l e ss than 5° f o r the phases 

and less than 10% o f the t h e o r e t i c a l v a l u e s . f o r t h e gains. 
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The l a t t e r value does not. inelude an u n c e r t a i n t y i n the c a l i b r a t i o n o f 

the v e l o c i t y meter, which however was estimated not t o exceed 5% (see 

par. 3.2). 

6, 3 Phase spectra 

The estimated phase l e a d o f w w i t h respect t o ^ (Appendix 4) i s i n most 

cases i n agreement w i t h the t h e o r e t i c a l l y expected value o f 90°, i n the 

sense t h a t the l a t t e r i s u s u a l l y w i t h i n the estimated 90%-confidence i n 

t e r v a l o f the estimate. The average o f ( f ) i n the e n e r g e t i c frequency 

band o f each spectrum deviates g e n e r a l l y less than 2 i n absolute value 

from the t h e o r e t i c a l l y expected value o f 90°. 

The m a j o r i t y o f the estimated phase spectra -̂̂ ^̂ ^̂  show a weak t r e n d w i t h 

frequency, o f about 6°/(0.3 Hz) or 20°/Hz, corresponding t o a delay o f X, 

behind w by about 0.05 s. 

Note t h a t delays i n the s i g n a l processing are already accounted f o r , t o 

an estimated accuracy o f 10 ms (par. 3.5). The observed delay i s p o s s i b l y 

due t o the f a c t t h a t the short-orestedness o f the waves was not taken 

i n t o account i n the c o r r e c t i o n ' k r cos 0 ^ ( f ) (see par. 4.4). The use o f 

the p r i n c i p a l d i r e c t i o n 0^ only leads t o an overestimation o f t h e delay 

o f C behind w.whioh increases w i t h i n c r e a s i n g frequency. This i s q u a l i 

t a t i v e l y i n agreement w i t h the observed t r e n d . Furthermore, i f t h i s exr 

p l a n a t i o n i s c o r r e c t , no t r e n d i s expected i n 4'^^(f) and <j)^(f)> since u, 

V and w have been measured i n the same v e r t i c a l s . This agrees w i t h the 

r e s u l t s o f the measurements (see below). 

The phase spectra ^^„(f) o f some records (1601, 2201, 2301, 2501) deviate 

from the general p a t t e r n i n the sense t h a t f o r low frequencies, where the 

l e v e l s o f energy and coherence are low, the estimated phases deviate 

s t r o n g l y from the expected value, t o such extent t h a t the l a t t e r i s w e l l 

outside the 90% confidence i n t e r v a l . T h e o r e t i c a l l y , the f a c t t h a t the low 

frequency energy l e v e l i s low r e l a t i v e t o t h a t i n the peak should n o t 

matter. Even the f a c t t h a t the- coherence drops t o low values should not 

matter i n the sense t h a t t h i s i s r e f l e c t e d in- the divergence, o f t h e upper 

and lower l i m i t s - o f the confidence band on é . 
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The f a c t t h a t i n t h i s low-frequency band we majr s t i l l be measuring 

p h y s i c a l l y meaningful values i s suggested by the behaviour o f the 

estimated gain f u n c t i o n . Yet the i n d i c a t e d phase r e l a t i o n i n the 
^ Cw 

low-frequency range does n o t seem r e a l i s t i c . A s a t i s f a c t o r y explana

t i o n has not been found. However, the problem i s not o f much p r a c t i c a l 

importance i n view o f t h e low energy l e v e l s f o r those frequencies where 

i t occurs. 

I n the case o f record 2601, the estimated phase l a g o f X, behind w ap

pears t o . d i f f e r . - s i g n i f i c a n t l y .(about 8°) from the t h e o r e t i c a l , value i n 

the c e n t r a l , energetic frequency range. I n t h i s range, the coherence 

i s n e a r l y 1 (as i n a l l other r e c o r d s ) , which i n d i c a t e s n e a r - l i n e a r i t y , 

so t h a t the apparent discrepancy i n the phase cannot be ascribed t o 

non l i n e a r behaviour. No s a t i s f a c t o r y explanation f o r t h i s e r r a t i c r e s v i l t 

has been found. 

With respect t o the phase spectra $ ^ ^ ( f ) and ^ . ^ ( f ) (Appendix 7 ) , which 

are o f p a r t i c u l a r i n t e r e s t i n view o f the controversy mentioned i n the 

I n t r o d u c t i o n , s i m i l a r comments apply as i n the case o f $ ^ ^ ( f ) . Here again''-

the t h e o r e t i c a l l y expected value o f 90° i s g e n e r a l l y w i t h i n the 90% con

fidence i n t e r v a l o f the estimate. The average per reco r d o f the estimates 

i n the energetic frequency band deviates g e n e r a l l y l ess than 2° from 90°, 

rec o r d 2601° again being the exception, w i t h an average d e v i a t i o n o f 

about 8°, the same as was found f o r The spectra $^^7^^^ ™ ^ v̂ŵ "̂ "* 

gen e r a l l y have no t r e n d w i t h frequency, i n c o n t r a s t t o This f a c t , 

t o g e t h e r w i t h t h e absence o f any v i s i b l e i n f l u e n c e o f t h e p r i n c i p a l ' wave 

propagation d i r e c t i o n , i s evidence t h a t there i s no s i g n i f i c a n t time delay 

i n the v e l o c i t y measurements induced by the v e l o c i t y sensors or t h e i r sup

p o r t s t r u c t u r e . (The e l e c t r o n i c delays have been accoimted f o r - see par. 

3.5). 

The r e s u l t s concerning è ( f ) and (f) c onfirm the t h e o r e t i c a l l y p r e d i c t e d 
uw -VW 

quadrature r e l a t i o n between h o r i z o n t a l and v e r t i c a l v e l o c i t i e s . I t i s 

emphasized t h a t t h i s conclusion i s based on data obtained i n a wide range 

o f wind- and sea c o n d i t i o n s , i n c l u d i n g n\amerous cases o f a c t i v e wave gene

r a t i o n f o r which some previous studies had given l a r g e d e v i a t i o n s from 

quadrature, w i t h r e s u l t a n t estimated momentum f l u x e s which could not be 

balanced by i d e n t i f i e d : : p h y s i c a l processes. 
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Cavaleri (1982) found a d i f f e r e n t phase r e l a t i o n between h o r i z o n t a l 

and v e r t i c a l v e l o c i t i e s .for s w e l l t t h a n f o r a wind-driven sea, but -

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

An i l l \ i s t r a t i o n o f t h a t i s a f f o r d e d by a comparison o f the r e s u l t s o f 

record 1501 ( s w e l l ; windspeed =; 4 ms ; wave age 2.3) t o those o f 

recor d 1601 (young sea; windspeed - 17 ms ; wave age - 0.5). Their 

phase spectra (Appendix 7) are not e s s e n t i a l l y d i f f e r e n t . 

6.4 Gain spectra 

The gain spectra E^^(f) and H^ ~ ( f ) have been compared t o the l i n e a r -

t h e o r e t i c a l values i n variotis ways. Values o f H ( f ) and H ( f ) have been 

p l o t t e d i n one graph. These data have been r e p l o t t e d as the r a t i o 

R ( f ) E H ( f ) / H ( f ) . The same r a t i o s , taken at f = f ^ , have f o r a l l analyzed 

records been t a b u l a t e d . F i n a l l y , l o g a r i t h m i c p l o t s are given o f variance 

spectra o f v e r t i c a l v e l o c i t y and h o r i z o n t a l v e l o c i t y , as c a l c u l a t e d d i 

r e c t l y from the v e l o c i t y measurements, compared t o those c a l c u l a t e d from 

the estimated surface e l e v a t i o n spectrum using l i n e a r theory. 

I n s p e c t i o n o f the f i g u r e s i n Appendix 4 and 8 shows t h a t i n most cases 

the t h e o r e t i c a l values o f ( f ) are w i t h i n the 90% confidence i n t e r v a l 

o f the estimate, and t h a t H ^ ~ ( f ) ( f o r which no confidence i n t e r v a l can 

be s p e c i f i e d ) i s g e n e r a l l y w i t h i n _+ 10% o f H^-.(f) i n the frequency i n t e r ¬

v a l on which Y > 0.9. The records 2420 and 2501 form an exception t o 

t h i s , i n p a r t i c i i l a r r ecord 2501. 

I t appears from the f i g u r e s i n Appendix 5 and 9 t h a t the r a t i o R^^(f) 

shows no t r e n d w i t h frequency, whereas R̂^̂''̂-' '̂̂  general shows some i n 

crease w i t h i n c r e a s i n g f . I t i s l i k e l y t h a t t h i s t r e n d i s due t o an i n 

crease i n n o i s e / s i g n a l r a t i o i n the v e l o c i t i e s w i t h i n c r e a s i n g frequency, 

because o f turbulence. I n t h i s context i t i s important t o note t h a t 

H^-.(f) was calcvilated from a u t o s p e c t r a l d e n s i t i e s . This wotild e x p l a i n why 

the t r e n d i s not present i n H ^ ^ ( f ) , which has been c a l c u l a t e d by cross-

s p e c t r a l a n a l y s i s , thereby e l i m i n a t i n g p o s s i b l e noise. Further evidence 

f o r t h i s view i s a v a i l a b l e i n the variance Spectra, shown i n Appendix 6 

and 10. " - ' . - • ' ' : / -
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Those f o r ü ( s t r i c t l y speaking, S^^ + S^) behave q u i t e s i m i l a r l y t o 

those f o r w, v i z . i n the energetic:^frequency band t h e r e i s by and 

l a r g e agreement between d i r e c t l y measured v e l o c i t y - s p e c t r a and those 

c a l c u l a t e d from the surface e l e v a t i o n , and an i n c r e a s i n g underestima

t i o n o f the measured v e l o c i t i e s w i t h i n c r e a s i n g frequency. Moreover, 

t h i s underestimation i s s i m i l a r between ü and w, as would be expected 

i f the d i f f e r e n c e woiild be due t o turbulence. 

The t r e n d i n '̂̂  the present data i s opposite t o the one found 

by F o r r i s t a l l e t a l . (1978). I t i s p o i n t e d out t h a t the t r e n d i n t h e i r 

data cannot be ascribed t o high-frequency turbulence (nor t o n o n l i n e a r 

bound higher harmonics - see the comments about t h i s i n the I n t r o d u c 

t i o n ) . 

Since the r a t i o ( f ) shows no t r e n d w i t h f , and R _ ~ ( f ) only a weak 
5W L,U 

one, the values o f these r a t i o n s at the peak frequency ('f = f ^ ) are 

more or less r e p r e s e n t a t i v e f o r each r e c o r d , apart from sampling v a r i a 

b i l i t y w i t h i n each record. Their values are l i s t e d i n Appendix 11 f o r 

a l l the records. P l o t s o f these values against wave steepness ( n o t shown 

here) showed t h a t these v a r i a b l e s were not c o r r e l a t e d , although on theo

r e t i c a l grounds a c o r r e l a t i o n could be expected. The average and standard 
d e v i a t i o n o f R ( f ) , R^~(f ) and R ~ ( f ) , as determined from a l l analyzed 

?w m m wu m ' 
records (a t o t a l number i n d i c a t e d by n ) , are l i s t e d i n Table B. 

n Av. St.dev. 

R̂  ( f ) 37 1.00 0.08 

R^~(f ) Cu m 
37 0.95 0.05 

R ~ ( f ) 
wu m 

60 0.96 0.05 

Table B. 

These values suggest e x c e l l e n t agreement w i t h the l i n e a r theory f o r the 

v e r t i c a l v e l o c i t i e s and a systematic o v e r p r e d i c t i o n o f the h o r i z o n t a l 

v e l o c i t i e s by an estimated 5%. However, i t should be remembered t h a t the 
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c a l i b r a t i o t i may be s y s t e m a t i c a l l y + SlTijff., so t h a t i t ' w o u l d be b e t t e r , 

t o say-that on the average the data are cons i s t e n t "with the theory to' 

w i t h i n a margin o f +'5%. ' . -

6.5 P r o b a b i l i t y d e n s i t i e s o f instantaneous values 

Sample histograms o f u, v, w and C o f records 1501 and 1601 are presented 

i n Appendix 12. These records are o f a low s w e l l i n a very l i g h t wind 

(wave age 3 = 2.26, steepness y - 0.017, V 4 ms , see Appendix 3) 

and o f a young sea i n a s t r o n g wind (3 - 0.54, y - 0.0 37, 17 ms 

r e s p e c t i v e l y . The corresponding least-squares b e s t - f i t t e d Gaussian prob

a b i l i t y density f u n c t i o n s have been p l o t t e d f o r comparison.. 

I t has been noted above (par. 4.6) t h a t a l l sampled values o f each r e 

cord at i n t e r v a l s o f 0.25 s have been included i n the histograms, so 

t h a t the samples are h i g h l y dependent. For such cases, no meaningful, 

q u a n t i t a t i v e t e s t o f goodness-of-fit seems t o have been developed. Only 

a v i s u a l i n s p e c t i o n has been c a r r i e d out. This i n d i c a t e s an acceptable 

f i t i n a l l cases. I t i s noteworthy t h a t there i s no obvious d i f f e r e n c e 

i n t h i s respect between the s w e l l records (1501) and those taken i n con

d i t i o n s o f a c t i v e wave generation (1601). 
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7. SUMMARY AND CONCLUSIONS 

Measurements have been performed o f surface e l e v a t i o n and i n t e r n a l 

v e l o c i t i e s i n the frequency range o f wind-generated waves at a l o c a 

t i o n i n the southern North Sea, 10 km o f f the Dutch coast, where the 

depth i s about 17 m. V e l o c i t i e s were measured a t two d i f f e r e n t eleva

t i o n s , v i z . approximately 9 m and 12 m above the sea bed. The data 

cover a wide range o f conditions o f wind and sea, from young sea t o 

o l d s w e l l , i n c l u d i n g mixed cases. S i g n i f i c a n t wave heights reached -

values up t o 3.7m, whereas the most e n e r g e t i c frequency band t y p i c a l l y 

extended from 0.1 Hz t o 0.2 Hz. 

The data have been analyzed mainly w i t h respect t o s p e c t r a l t r a n s f e r 

f u n c t i o n s , i n an e f f o r t t o v e r i f y l i n e a r theory p r e d i c t i o n s . 

The preceding chapter has d e a l t w i t h r e s u l t s f o r various aspects sepa

r a t e l y , and i n some cases w i t h r e s u l t s o f i n d i v i d u a l records i f they 

were seen t o deviate from the general p a t t e r n . This procedure gives 

perhaps undue weight t o exc e p t i o n a l cases. A more g l o b a l p r e s e n t a t i o n 

i s given here, which focusses on the o v e r a l l p i c t u r e emerging from the 

r e s u l t s . 

I n the summary o f the r e s u l t s , a d i s t i n c t i o n i s made between r e l a t i o n s 

o f the v e r t i c a l v e l o c i t y t o surface e l e v a t i o n , those o f the h o r i z o n t a l 

v e l o c i t y t o surface e l e v a t i o n , and those between the h o r i z o n t a l v e l o c i t y 

and the v e r t i c a l v e l o c i t y . These cases are a f f e c t e d d i f f e r e n t l y by 

d i r e c t i o n a l spreading, noise and c a l i b r a t i o n e r r o r s . 

R e l a t i o n between v e r t i c a l v e l o c i t y and surface e l e v a t i o n 

The r e s u l t s i n t h i s category can be a f f e c t e d by c a l i b r a t i o n e r r o r s i n 

the wave gauge and i n the v e l o c i t y meters, w i t h a possible, systematic 

e r r o r i n the estimated t r a n s f e r f u n c t i o n which i s estimated t o be le s s 

than 4° i n phase and 5% i n gain. There i s t h e o r e t i c a l l y no bias due t o 

d i r e c t i o n a l spreading o f wave energy o r nois e , Estimation o f sampling 

v a r i a b i l i t y i s possible by standard methods. 
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Results 

(1) The estimated squared coherence exceeds 0.95 i n the e n e r g e t i c 

frequency band. 

(2) The t h e o r e t i c a l phase d i f f e r e n c e o f 90° i s g e n e r a l l y w i t h i n the 

90% confidence band o f the estimate (based on sampling v a r i a b i l i t y ) . 

(3) The estimated phase d i f f e r e n c e shows a weak t r e n d w i t h frequency, 

corresponding t o a time s h i f t o f a few tens o f ,ms. 

(4) The average o f the estimated phase d i f f e r e n c e i n the e n e r g e t i c , 

coherent frequency band (per cecord) i s g e n e r a l l y w i t h i n _+ 2° o f the 

t h e o r e t i c a l value o f 90°. 

(5) The t h e o r e t i c a l value o f the gain f u n c t i o n i s g e n e r a l l y w i t h i n the 

90% confidence band o f the estimate (based on sampling v a r i a b i l i t y ) , 

(6) The r a t i o o f the estimated gain f u n c t i o n value t o the t h e o r e t i c a l 

one shows no t r e n d w i t h frequency. 

(7) Said r a t i o deviates g e n e r a l l y less than 5% from u n i t y i n the ener

g e t i c , coherent frequency range. 

(8) The set o f values o f s a i d r a t i o a t the peak frequency, f o r a l l ana

ly z e d records (Table B ) , has an average o f 1.00 and a standard 

d e v i a t i o n o f 0.08. 

(9) The value o f s a i d r a t i o at the peak frequency i s not c o r r e l a t e d w i t h 

wave steepness or wave age. 

The h i g h coherence ( i t e m 1) i m p l i e s an approximately l i n e a r r e l a t i o n 

between v e r t i c a l v e l o c i t y and surface e l e v a t i o n ; the v a l i d i t y o f t h i s 

conclusion i s independent o f phase- or gain e r r o r s i n c a l i b r a t i o n . 

The estimated phases are as close t o the l i n e a r t heory p r e d i c t i o n as 

can be expected i n view o f sampling v a r i a b i l i t y and c a l i b r a t i o n e r r o r s . 

The observed t r e n d ( i t e m 3) i s p o s s i b l y due t o the f a c t t h a t s h o r t -

crestedness was not accoiinted f o r i n the phase c o r r e c t i o n f o r t h e h o r i 

z o n t a l separation between the two sensors. 

As f a r as the gain f u n c t i o n i s concerned, item (6) i s a c o n f i r m a t i o n o f 

i t s frequency-dependence as p r e d i c t e d by l i n e a r t h e o r y , regardless o f 

possible c a l i b r a t i o n errors.. Items ( 5 ) , (7) and (8) confirm the theore

t i c a l p r e d i c t i o n i n absolute value t o w i t h i n the experimental e r r o r . 
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Relation between h o r i z o n t a l v e l o c i t y and surface e l e v a t i o n 

Because o f d i r e c t i o n a l energy spreading, the gain f u n c t i o n i s estimated 

from autospectra, r a t h e r than cross-.spectra, so t h a t the r e s u l t s can be 

contaminated (biassed) w i t h noise. The r e s u l t s l i s t e d below p e r t a i n t o 

the most energ e t i c frequency i n t e r v a l , i n which noise i s expected t o be 

o f minor i n f l u e n c e , as determined by the c o n d i t i o n t h a t the estimated 

squared coherence between v e r t i c a l v e l o c i t y and surface -elevation should 

exceed 0.9. 

Results _ 

(10) The estimated gain f u n c t i o n i s g e n e r a l l y w i t h i n _+ 10% from the 

t h e o r e t i c a l value.. 

(11) The r a t i o o f estimated gain f u n c t i o n value t o the t h e r e t i c a l one 

shows a s l i g h t t r e n d from o v e r p r e d i c t i o n t o m d e r p r e d i c t i o n o f the 

v e l o c i t i e s w i t h i n c r e a s i n g frequency. 

(12) The set o f values o f s a i d r a t i o at the peak frequency, f o r a l l 

analyzed records, has an average o f 0.95 and a standard d e v i a t i o n 

o f 0.05. 

(13) Said r a t i o , evaluated at the peak frequency, i s not c o r r e l a t e d w i t h 

wave steepness. 

These r e s u l t s are c o n s i s t e n t w i t h l i n e a r t heory t o w i t h i n the experimen

t a l e r r o r . The t r e n d mentioned i n item (11) can be ascribed t o r e l a t i v e l y 

h igher noise ( t u r b u l e n c e ) l e v e l s w i t h i n c r e a s i n g frequency. (This i s not 

i n c o n s i s t e n t w i t h item (6) because i n t h a t case the noise has been e l i m i 

nated from the estimate.) 

R e l a t i o n between h o r i z o n t a l and v e r t i c a l v e l o c i t i e s 

The r e s u l t s w i t h respect t o the gain f i m c t i o n f o r t h i s category are not 

repeated here because they are o f less p r a c t i c a l importance than the r. 

ones discussed above, and the i n f o r m a t i o n would l a r g e l y be redundant 

any^jay. I n s t e a d , we focus on the phase r e l a t i o n s h i p , i n view o f i t s im

portance f o r t h e momentum f l u x e s i n the upper l a y e r s , and the contro

versy associated w i t h i t . 
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The estimated phase r e l a t i o n s h i p s f o r t h i s case are not biassed by-

d i r e c t i o n a l energy spreading, nor by a possible systematic e r r o r i n 

the estimated phase-reponse o f the surface wave gauge. "Noise" i n 

the form o f turbulence can introduce a bias i n the estimated phase 

r e l a t i o n between the wave-induced (coherent) v e l o c i t i e s : ' . i f t h e r e i s 

non-zero c o r r e l a t i o n , between h o r i z o n t a l and v e r t i c a l t u r b v i l e n t •. ^c.:.. 

v e l o c i t y f l u c t u a t i o n , and i f t h e r e i s s i g n i f i c a n t turbulence k i n e t i c 

energy i n the wave-frequency band. The l a t t e r i s b e l i e v e d n ot t o be 

the case i n the present data because o f the high coherence between -~ 

v e r t i c a l v e l o c i t y and surface e l e v a t i o n . 

Resvilts 

(14) The t h e o r e t i c a l phase d i f f e r e n c e o f 90° i s ge n e r a l l y w i t h i n the 

90% confidence band o f the estimate (based on sampling v a r i a b i l i t y ) . 

(15) The estimated phase d i f f e r e n c e shows no t r e n d w i t h frequency. 

(16) . The estimated phase d i f f e r e n c e i n the e n e r g e t i c , coherent f r e 

quency band i s ge n e r a l l y w i t h i n j t 5° from the t h e o r e t i c a l value o f 

90°. 

These r e s u l t s e s s e n t i a l l y confirm the t h e o r e t i c a l p r e d i c t i o n o f a quadra

t u r e r e l a t i o n between h o r i z o n t a l and v e r t i c a l v e l o c i t y , i n c o n t r a s t t o 

some previous s t u d i e s . The data do not show a marked d i f f e r e n c e between 

sea o r s w e l l i n t h i s regard. 

S t a t i s t i c a l d i s t r i b u t i o n s 

S t a t i s t i c a l d i s t r i b u t i o n s o f instantaneous values were compared t o the 

l i n e a r - t h e o r e t i c a l l y expected Gaussian p r o b a b i l i t y d ensity f u n c t i o n . 

A v i s u a l i n s p e c t i o n i n d i c a t e s a reasonably good f i t f o r a l l records 

t e s t e d , both i n sea and i n s w e l l . Q u a n t i t a t i v e t e s t s o f goodness o f f i t 

were not made because t h e samples are dependent. 
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Ov e r a l l e v a l u a t i o n 

The o v e r a l l p i c t u r e which emerges from the data i s one o f agreement 

w i t h the l i n e a r theory - w i t h i n the margin o f experimental e r r o r as 

i n d i c a t e d above - concerning gain and phase between surface e l e v a t i o n 

and e i t h e r h o r i z o n t a l , or v e r t i c a l v e l o c i t y at some depth below the 

s u r f a c e , as w e l l as those between these v e l o c i t y components. This con

c l u s i o n r e s t s on analysis o f an extensive data set obtained i n a wide 

range o f conditions o f wind and sea, i n c l u d i n g conditions o f s w e l l and 

a c t i v e wind-wave generation. 

I n order t o place t h i s r e s u l t i n a proper p e r s p e c t i v e , i t i s emphasized 

t h a t t h i s study deals mainly w i t h s p e c t r a l t r a n s f e r f u n c t i o n s , and t h a t 

i n the most energetic frequency range, only (from 0.5f^ t o 2 f ^ , say). 

I t i s p o i n t e d out s p e c i f i c a l l y t h a t i t does not deal w i t h the gradual 

processes o f growth, propagation and decay o f wind waves, nor w i t h t h e i r 

m i c r o s t r u c t u r e at hi g h frequencies. I t i s known t h a t f o r these aspects 

n o n l i n e a r i t i e s cannot be ignored. What the present study does i n d i c a t e 

i s t h a t given a w a v e f i e l d as s p e c i f i e d by the variance spectrum o f the 

surface e l e v a t i o n , the bulk o f the i n t e r n a l kinematics can be estimated 

r e l i a b l y by the l i n e a r theory. 
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Appendix 2 - Environmental parameters ( t i d e and wind) 

1 
S e r i e s Record 

number 

Date 

T i d e 2) W i n d 1 
S e r i e s Record 

number 

Date Time 
[m] ' D [cm/s] V [cm/s] Vw (m/s] e w 

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 22D 

5 501 15-02-79 12.55 -0 .8 - 6 - 1 11 80 

502 20.40 -0 .3 + 5 .J. 0 10 70 

503 16-02-79 02.10 r-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 •rC .4 - 3 + 6 15 210 

603 27-03-79 07.30 -c .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 

803 10-03-79 04.30 +0.7 + 0 + 4 15 300 

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 

905 13.45 ; - 0 . 4 • + 2 +18 6 240 

15 1501 16-01-80 17.25 - 0 . 4 + 3 - 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 

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) s t a r t t i m e r e c o r d , r e f e r e n c e time: G.M.T. 

2) a t mean time of r e c o r d . 



- 2 -

s e r i e s Record 

number 

Date 
1) T i d e "^l W i n d 

s e r i e s Record 

number 

Date Time 
Ü [cm/s] V [cm/s] Vw [m/s] 9w 

17 1702 21-01-80 20.45 - 0 . 3 + 8 0 15 1 190 

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 9 223 

1806 02-20-80 01.00 - 0 . 4 - 4 - 6 8 222 

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 

2411 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 0 10 258 

1) s t a r t t i m e r e c o r d , r e f e r e n c e time: G.M.T. 

2) a t mean time of r e c o r d . 
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(waves) 



-2-

1 ^̂ "̂  /H 
W ̂^ a V e s 

se r i es <ecoru 

number 
1) ' 

eo ( fm) Hi /3 lml fm le-o Hz) 
1 

P y [°/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 

329 1.4 7 1.30 1.46 
1804 329 1.4 

1805 336 1.1 11 .94 2.37 

329 1 1 11 1.06 2.37 
1806 329 X . i-

11 

1807 328 0.9 9 1.11 1.35 

22 2201 260 _ 2.2 9 .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 

271 2.8 8 .56 3.53 
2420 271 2.8 8 

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) d i r e c t i o n f rom which the waves approache, i n a r i g h t handed coord ina te system. 
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Appendix l i - r a t i o s measured gain f u n c t i o n to t h e o r e t i c a l one 

s e r i e s Record 

number 
H r u ( f m ) / 

/ H ^ t j ( f m ) 
H^w( fm) / 

4 401 - 0.90 

402 - - o:96 

404 - - 0.89 

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 0.97 0.98 1,01 



- 2 -

s e r i e s Record 

number 
H^Dl fm) / 

/ H^n (fm) 

H ^ w ( f m ) / 

/ H^w (fm) 

H w t j ( f m ) / 

/ Hwtf ( 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 
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get. appendix 12. fig. 6 r i jkswaterstaat 
directie waterhuishouding en waterbeweging 
district kust en zee gec. projectcode L7709B00 

STATISTICAL DISTRIBUTION OF u (1601). 
TOTAL NUMER OF DATA: 7200 

gez. 
. 

nota WWKZ-83G.007 STATISTICAL DISTRIBUTION OF u (1601). 
TOTAL NUMER OF DATA: 7200 akk. 

. 

A 4 nr.83K.110 
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get. appendix 1Z tig. 7 r i jkswaterstaat 
directie waterhuishouding en waterbeweging 
district kust en zee gec. projectcode L7709B00 

STATISTICAL DISTRIBUTION OF v (1601 ). 
TOTAL NUMER OF DATA: 7200 

gez. nota WWKZ-83G.007 STATISTICAL DISTRIBUTION OF v (1601 ). 
TOTAL NUMER OF DATA: 7200 akk. A 4 nr.83K.111 
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get. appendix 1 . fig. 8 r i jkswaterstaat 
directie watertiuistiouding en waterbeweging 
district kust en zee gec. projectcode L 7 7 0 9 B 0 0 

STATISTICAL DISTRIBUTION OF w (1601). 
TOTAL NUMER OF DATA: 7200 

gez. nota WWKZ-83G.007 STATISTICAL DISTRIBUTION OF w (1601). 
TOTAL NUMER OF DATA: 7200 akk. A 4 nr.83K.112 


