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P R E F A C E 

This r epor t was prepared o r i g i n a l l y as a series of lectures given 
at the In ternat ional Summer Course on "Some Aspects of Shallow Water 
Oceanology" held at Lunteren, the Netherlands, The subject of th is 
phase of the lec tures , "Generat ion of Waves by Wind, " included both 
deep and shallow water condit ions. The decay of swell i n both deep and 
shallow water was also discussed. I n addit ion to the o r ig ina l prepared 
manuscr ip t , this r epor t includes some m a t e r i a l resul t ing f r o m the 
discussions dur ing and fo l lowing the lec tures . 
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GENERATION OF WAVES BY WIND 

STATE OF T H E ART 

I , INTRODUCTION 

When a i r f lows over a water surface waves are f o r m e d . Th is is 
an observable phenomenon. Just why waves f o r m when a i r f lows over 
the water is a question about nature which has not yet been answered 
completely or s a t i s f ac to r i l y by theore t ica l means, F u r t h e r m o r e , why do 
waves have the heights and periods that are observed? A l l theories 
begin either w i t h the assumption that waves do f o r m when wind blows over 
the water surface, or else that waves must already exist by the t ime the 
wind begins to blow, or else the theory is i m m o b i l e . 

The brothers E rns t He in r i ch and W i l h e l m Weber (1825) were the 
f i r s t known to repor t experiments on waves, and A . Pa r i s (18TI) made 
actual wave observations on the state of the sea. These observations 
were made aboard the D U P L I E X and the M I N I E R V A . Although A i r y (1848) 
did theory on waves and t ides , wind forces were not included. Other 
ear ly contr ibut ions on wave observations at sea included A b e r c r o m b y 
(1888), Schott (1893), and Gassenmayr (1896). However, the best ear ly 
documentation on wave observations was perhaps that prepared by Cornish 
(1904, 1910 and 1934). Corn ish also attempted to relate wave conditions 
to meteoro logica l and geographical conditions. 

Rather than th inking of the scient is t i n the ro le of answering the 
question "Why do waves f o r m , " one migh t rather th ink of h i m as a 
p r ac t i c a l engineer who knows that the phenomenon does occur and who 
can then recommend what should be done about i t . Progress is made 
only by engineering appl icat ion of sc ient i f ic theory. Theory o f f e r s no 
progress , except when implemented; otherwise i t is dormant . 

Since a l i t t l e theory has never hu r t a p rac t i ca l engineer, an 
oceanographer, or an applied scientist , i t seems quite appropriate to 
ment ion var ious theories which have been proposed through var ious 
stages i n the advancement of the state of the a r t . 

Although Stevenson (1864) established the f i r s t known e m p i r i c a l 
f o r m u l a fo r wave generation, the c lass ica l work on wind wave theory was 
due to L o r d K e l v i n (1887) and Helmhol tz (1888). The K e l v i n - H e l m h o l t z 
theory, which can be found i n Hydrodynamics , by Lamb (1945), pertains 
to the study of the osci l la t ions set up at the in ter face of two f l u i d media 
of d i f f e ren t densities - - water and a i r , fo r example. 

Helmhol tz considered the media of mass densities f ^ and 

f lowing w i t h veloci t ies U^ and U ^ wi th respect to each other as 

i l l u s t r a t e d i n F igure 1. 

1 



Figure 1 

The in ter face is a wave surface., f ^ and U^̂  the naas? densitA' 

and veloci ty of the upper f l u i d , and f ^ and the mass density ana 

veloci ty of the lower f l u i d , respect ively . The propagational ve loc i ty C 
is the speed at which the in te r face t rave ls in a f o r w a r d d i rec t ion , a rd 
L is the distance between two successive peaks of the in te r face . 

Helmholtz. (1888) showed that the induced osc i l l a t ion , i f small 
compared w i t h the distance L - took the f o r m of a wave t r a i n at the 
in ter face t r ave l ing at the ve loc i ty C such that 

where g is the accelerat ion of g rav i ty and k is the wave number give-
as k = 2 - r r /L . 

K e l v i n (1887) der ived the same resul t in a d i f f e r e n t manner and 
made some ve ry in te res t ing conclusions, For example, when = = 0 
i t can be shown that 

\ 9 . P \ 

k 

I f one considers the upper f l u i d to be a i r and the lower f l u i d water , 
f o r which / I / is equal to about 1, 29 x lO"-^, then Eq. (2) reduce? 

ve ry near ly to the simple f o r m 

which is the c lass ica l equation f c r wave ce l e r i ty obtained f r o m line.^.r 
wave theory. 

By use of the quadratic f o r m u l a , Eq. (1) can be solved fc?, C na 
one obtains: 
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c 
^ 1 ^2 

( A - ^ 2 V 

Now one can w r i t e Eq. (4) as fo l lows: 

C = Ü + C 

1/2 

(5) 

(4) 

where 

U = 
^ ^ 2 " 2 

/^2 

and 

= C 

ƒ ) ƒ , 
^ 1 ^ 2 2 - U^) ' 

(6) 

(7) 

I n the above U and C represent an average o f t h e corresponding 

values of U and C, and is the expression ident ica l to Eq. (2). 

I f C is less than the t e r m involv ing U , in Eq. (7), i t w i l l 
o 2 

be found that C becomes imaginary , which impl ies a condit ion of m - ̂  
s tab i l i ty i n the development of the waves, and this leads to a progress ive 
increase i n ampli tude. Under these conditions the wind is t r ave l ing fas te r 
than the waves and there w i l l be a continuous t r ans fe r of energy to the 
waves, which in t u r n goes into the f o r m of increase i n wave height and 
increase i n wave c e l e r i t y . The t e r m U^ - U^ represents^the^wind ve loc i ty 

U1 i n c r e a s e i n w c L v e t ; e i e x i u y . ^xi.'^ 1,^x1^.^ ^ 2 ^ j ^ " x - * 

re la t ive to the water and i s usual ly expressed s imply by U = U2 
The condit ion of i n s t ab i l i t y is defined when 

1 

1 + 
(8) 

Since f^lf^.^ 1 .29X 10' one may obtain 

U > 28 C 

(9) 

C 
o 

O 

tr 

<^~2F 

has been defined as the wave age, and waves are The ra t io 
unstable when the i r wave age is less than 1/28; this in s t ab i l i t y manifes ts 
i t s e l f as a progress ive increase i n wave ampli tude. 
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F r o m other considerations i t can be shown that the smallest 
ve loc i ty that a c a p i l l a r y wave (such as a r ipple) can have is 23. 2 cm/sec , 
corresponding to a wave length of 1. 7 c m . and a per iod of . 073 second?. 
Work by Crapper ( 1957), Schooley (I960) and P i e r sen (1961) show? thar 
because of nonlinear e f fec ts , the 1.7 c m . is somewhat low. Accord ing to 
K e l v i n (1887) the waves w i l l always be unstable i f U > 28 x 23, 2 cm/ sec. 
That i s , i f U > 6. 5 m/sec (12. 5 knots) , then the waves are unstable. 
U = 6. 5 m/sec i s also cal led the c r i t i c a l wind speed reqmred fo r g rav i ty 
wave generation. Accord ing to Munk (1947) there is a c r i t i c a l wind speed 
below which waves do not f o r m . There have been numerous a r t i c l es on 
the subject of c r i t i c a l wind speed, some supporting and others objecting 
to the existence of a c r i t i c a l wind speed. Reference is made to the work 
of Cox and Munk (1956), La te r Munk (1957) appears to be dubious as to 
whether or not a c r i t i c a l wind speed exis ts , c i t ing the w o r k of Mende l -
baum (1956) and L a w f o r d and Veley (1956). I f a c r i t i c a l wind speed exis ts , 
i t appears f r o m a l l l i t e r a t u r e sources that i t exists appro-ximately between 
2 and 6 mete rs per second. 

The concept of c r i t i c a l wind speed is indeed a con t rover s i a l sub
ject at present. Nevertheless, there i s s t i l l be l ief that there is a c r i t i c a l 
wind speed somewhere between 4 and 6 m/sec . , and that below the c r i t i c a l 
wind speed the f l u i d f l ow is hydrodynamica l ly smooth or l amina r and 
above the c r i t i c a l wind speed turbulence develops and the in te r face 
becomes hydrodynamica l ly rough, f o r which wave amplitudes increase 
w i t h t ime and distance. 

The d i f f i c u l t y w i t h this theory i s that there is a density d i f fe rence 
between a i r and water even when the wind does not blow, and yet no waves 
are f o r m e d . Thus density d i f fe rence alone is i n su f f i c i en t to s ta r t wave 
generation; the waves mus t already have existed by some other means,^ 
then they can propagate as f r ee g rav i ty waves. I f there is a c r i t i c a l wind 
speed the wind is already blowing, but there are no waves. W i t h an 
increase i n wind speeds, waves do f o r m . Why? 

I t was not u n t i l 1925 that J e f f r eys introduced the theory of " shelfer inp 
hypothesis, " based on the concept of a hydrodynamica l ly rough sea r equ i r ed 
f o r wave generation. I n his paper "On the F o r m a t i o n o f Waves by Wiaa, 
J e f f r eys (1925) proposed that eddies on the leeward side of the waves 
resul ted i n a reduct ion of n o r m a l pressure as compared wi th the w i n d 
ward face and i n a consequent t r ans fe r of energy f r o m wind to waves. 
His resul ts suggested that the wind could add energy to waves only so 
long as the wind speed was equal to or greater than the wave ce l e r i t y , 
and that when the wave ce l e r i t y became equal to the wind speed the wavers 
reached m a x i m u m height and the sea was one of steady state. A l s o , the 
lowest wind speed requ i red fo r wave generation was cn the order- o^ two 
knots, or about one meter per second. I t appears that the value 'i-i two 
knots is the best accepted value f o r the c r i t i c a l wind speed. 

Dur ing the ten years fo l lowing the w o r k of J e f f r e y s , somewhat 
m o r e detailed observations were made of the sea surfa.ce condit ions. 
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F o r example, Schumacher (1928) repor ted the f i r s t known study of 
"Stereophotography of Waves" f r o m the German At lant ic Expedi t ion, 
and Weinblum and Block (1936) also repor ted resul ts on stereophoto-
g rammet r i c wave records . This la t ter cont r ibu t ion gave resul ts of 
measurements c a r r i e d out on board the motor ship SAN FRANCISCO, 
under observat ion of V . Cornish . Other data on waves dur ing this per iod 
included that of W i l l i a m s (1934), who repor ted on sea and swel l observa
t ions, including ear ly methods of obtaining data, and Whi temarsh (1935) 
who reviewed data on unusual sea conditions as repor ted by m a r i n e r s , 
and discussed the cause of high waves at 'sea and the effect of these waves 
on shipping. 

A f t e r the founding of the Beach Eros ion Board i n the War Depar t 
ment i n the ea r ly 1930's, serious research began on theory and f o r m a 
t ion of g rav i ty waves. The f i r s t impor tan t r epor t was completed i n 1941 
and published i n 1948, " A Study of Progress ive Osc i l l a to ry Waves i n 
Water , " by M a r t i n A . Mason (1948). This r epor t updated the state of the 
a r t to about 1940. 

The next great advance i n the theory of wave generation i n deep 
water was that by Sverdrup and Munk (1947), although Suthons (1945) 
had already prepared forecas t ing methods fo r sea and swel l waves. 
Whereas J e f f r eys (1925) took into account only the t r ans fe r of energy by 
n o r m a l stresses, Sverdrup and Munk considered both n o r m a l and tan
gential stresses. (See F igure 2.) 

U 

F igu re 2 

The average rate at which energy is t r a n s f e r r e d to a wave by 
n o r m a l pressure is equal to 

^ N " 17 
p w dx o 

(10) 

where w = - kAC cos k (x - Ct) is the v e r t i c a l component of the pa r t i c l e 
o 

ve 
loc i ty at the surface, and p is the n o r m a l pressure acting on the sea 

surface. L is the wave length. 
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The average rate at which energy is transnaitted to the waves by 

tangential stress is equal to 

R = _ - I (L u ax (11) 
^ T L I 

'o 

u denotes the hor izonta l component of pa r t i c l e ve loc i ty at the sea surface, 
o 

and is the wind stress. 

u = kAC s in k (x - Ct) U2) 
o 

where is the resistance coeff ic ient . Var ious experiments and obser^-

vations have been made leading to con t rovers i a l values of f as a 

Iunct?on of wind speed. However, a number of d i f f e r en t authori t ies appear 

to have advocated a value of close to 2. 6 x 10" , and i t is this value 

u t i l i zed by Sverdrup and Munk (1947). 

Accord ing to the above arguments, the energy of waves ^an i n 

crease only i f (Rj^ + R^^' ' '^^^ ^^^"""^ ^""^""^^ 

no rma l and tangential stresses of the wind , exceeds R ^ . the rate at 

which energy is dissipated by v i scos i ty . The energy added by the wind 

goes into bui ld ing the wave height and increas ing the wave speed. That 

i s , R ° R = ' ^^^"^^ ^^^^ po r t ion of energy t r a n s 

f o r m e d into wave heights and R ^ is that por t ion of energy t r a n s f o r m e d 

into wave speed. 

Dur ing the ear ly stages of wave development^moBt of t ^ 
is t r ansmi t t ed by n o r m a l stresses, but when C / b > 0 37 the t rans 
m i s s i o n by tangential stress is dominant. The effect of the n o r m a l 
Stresses lomina tes fo r a short t ime only. Dur ing the t ime that the waves 
are growing, the effect of the tangential stress is m.ost impor tan t . Whe... 
are g rowi g _ ^ ^ ^ ^ ^ ^ tangential s tress, but there is a sma 1 

amount lost due to n o r m a l pressure , and, f o r this reason ^ ^ ^ ^ ^ 
w r i t t e n w i t h + R^^ . When R ^ = R^ t R ^ ' the wavea-are said to have 

reached m a x i m u m height and ce l e r i t y f o r a Pf .^^^^-^^^^^^^^J^^^f f f . o m e » 
are independent of fe tch length and wind durat ion. This condit ion ... . o m e 
t imes cal led the f u l l y developed sea. 

Accord ing to the w o r k of Sverdrup and Munk (1947), the solut ion 
of the hydrodynamic equation descr ib ing wave generation ^^^ailed a 
knowledge of ce r t a in coeff ic ients or constants resu l t ing f r o m ma.thematxcal 
f n t e l r a t i o n which, of course, could not be determined by t.heory alone. 
The appropriate constants were determined by use of e m p i r i c a l data. 
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Hence, there was no way of knowing whether or not the theory was correct . 
In order to evaluate these constants it was necessary to resort to 
empirical wind and wave data, which at that time was very limited. Wind 
speeds, fetch lengths and wind durations were estimated from meteor
ological situations, the data of which were also based on very meager 
coverage. The waves were estimated by visible means. Out of this 
theoretical investigation grew the concept of the significant wave. The 
significant wave height was estimated as the average wave height of the 
waves in the higher group of waves, which later became identified very 
closely as the average of the highest one-third of the waves in a record 
of about 20 minutes duration. The significant wave period was the cor
responding average period of these waves. 

According to thè theory as evaluated with "ancient" data for the 
significant wave, the fully developed sea resulted in the foUowing relations: 

gH/U^ = 0, 2 6 

and 

| I = = C / U = 1, 37 

where H and T are the significant wave height and period respectively, 
and U is the wind speed. It then became quite apparent for any situation, 
either wind waves or swell, that a whole spectrum of waves was present, 
including a probability distribution of wave heights and a probability d i s t r i 
bution of wave periods. Much of the above work was performed during the 
days of World War I I . Otherwise earl ier publications would have appeared 
in the literature. In fact, as early as 1935, the Imperial Japanese Navy 
encountered a typhoon in the Paci f ic Ocean and many observations were 
taken but were not published until much later by Arakawa and Suda (1953). 

The time had then arrived when no further advance in wave gen
eration theory could be made without reliable recorded data and an 
advance in statistical theory and data reduction and analysis. There is 
no necessity to discuss wave recording here since this subject is well 
covered by Tucker (1964). 

Barber and Urse l l (1948) were perhaps the next to present a very 
important paper. The results of their investigation proved the existence 
of a spectrum of waves. A completely new field of theory and research 
had been initiated, but it should be noted that oceanographers were slow 
to take advantage of this concept. This research had laid the foundation 
upon which many advances have been made in the "state of the art, " and it 
is because of this research that the Sverdrup-Munk (1947) works are con
sidered "ancient. " 

Although much research was carried out during the next few years , 
no great advances in the state of the art were published until Thi j s se and 
Schijf (1949) presented wave relationships for both deep and shallow water 
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based on wave data and some considerations of the Sverdrup-Munk theory. 
Exper iments on a p a r a f f i n model of wind-generated waves by T h i j s se and 
Schi j f show a high negative pressure at the cres t of the wave, which is i n 
con f l i c t w i t h the Sverdrup-Munk concept of a constant wind along the f ree 
surface, but which is i n accordance w i t h Be rnou l l i ' s equation f o r an 
increase in wind speed at the c res t and a decrease at the t rough. This 
experiment was ce r ta in ly a great cont r ibu t ion . 

Johnson (1950) applied the P i - t h e o r e m concept f o r dimensional 
analysis and presented wave re la t ionships f o r deep water based on a 
co l lec t ion of numerous data f r o m Abbots Lagoon, Ca l i fo rn i a . A t the 
same t ime the U. S. A r m y Corps of Engineers (1950) had presented wave 
data generated under hur r icane wind conditions f o r shallow Lake Okee
chobee, F l o r i d a . The Corps of Engineers also presented wind and wave 
data f o r inland r e s e r v o i r s . F o r t Peck, Montana (1951), and la te r f o r Lake 
Texoma, Texas (1953). Bretschneider (1951) presented revised wave 
forecas t ing relat ionships of Sverdrup and Munk ( 1947), based on the f i e l d 
data of Johnson (1950), l abora to ry data of Bretschneider and Rice (1951), 
and numerous other data col lected by var ious authors, B r a c e l m (1952) 
presented an unpublished r epor t on observing, forecas t ing , and repor t ing 
ocean waves and surf . A n excellent summary of wave recordings was 
presented by Wiegel (1962). 

I t seems that the year 1952 witnessed the f i r s t accelera t ion i n 
the "state of the a r t . " Longuet-Higgins (1952) presented the Rayleigh 
d i s t r i b u t i o n f o r wave height v a r i a b i l i t y based upon a na r row spect rum. 
Putz (1952) presented a Gamma-type d i s t r i bu t i on fo r wave height and 
wave pe r iod v a r i a b i l i t y based üpon analysis of 25 twenty-minute ocean 
wave records . Darbysh i re (1952) and Neumann (1952) each presented wave 
spectra concepts and rela t ions fo r wave generation based on co l lec t ion of 
wave data. The method of de r iva t ion used by Neumann (1952) is con t ro
ve r s i a l ; i t lead to the in t roduc t ion of a dimensional constant, and f o r 

high frequency, the energy was found to be p ropor t iona l to f , where 

f = ^ wave frequency. Wat ters (1953) der ived the Rayleigh d i s t r i bu t i on 

of wave height v a r i a b i l i t y i n a less sophisticated manner than Longuet-
Higgins , and the data of Dar l ing ton (1954) supported the Rayleigh d i s t r i 
but ion. I n fac t , the Gamma-type d i s t r i bu t ion f o r wave heights of Putz 
(1952) was represented v e r y c losely by the Rayleigh d i s t r i bu t i on . Ichiye 
(1953) studied the effects of water tempera ture on wave generation. 
Homada, Mi t suyasu and Hase (1953) p e r f o r m e d labora to ry tests on wind 
and water . 

The f i r s t accelera t ion of the "state of the a r t " d id not mean much 
in r ega rd to the development of the theory of wave generation, since this 
was pure ly e m p i r i c a l , inc luding both f i e l d and labora to ry data co l lec t ion , 
except f o r the w o r k of Longuet-Higgins (1952) and Watters (1953). 

U r s e l l (1956) had surveyed the p rob lem of wind wave generation 
and opened w i t h the statement that "wind blowing over a water surface 
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generates waves i n the water by a physical process which cannot be 
regarded as known;" he concluded that "the present state of our knowledge 
is profoundly unsa t i s fac tory . " 

Bretschneider and Reid (1954) presented a theore t ica l develop-
naent fo r the "Change i n Wave Height due to Bot tom F r i c t i o n , Pe rco la t ion , 
and Ref rac t ion ; " Bretschneider (1954) combined these re la t ionships wi th 
the wave generation rela t ionships given by Sverdrup and Munk (1947), as 
rev ised by Bretschneider (1951), to obtain shallow water wave generation 
relat ionships fo r wave height and wave per iod as a funct ion of wind speed, 
fe tch length and water depth. Sibul (1955) investigated i n the l abora to ry 
the generation of wind waves i n shallow water . Aside f r o m the above re fer¬
ences and the contr ibut ions of Th i j s se and Schijf (1949) and the U. S. A r m y 
Corps of Engineers , Jacksonvi l le D i s t r i c t (1950), there is s t i l l another 
cont r ibut ion on wind-generated waves i n shallow water . In 1953 and 19!34 
Keulegan p e r f o r m e d experiments at the National Bureau of Standards; 
but as f a r as i s known, this i n f o r m a t i o n has not been published. However, 
i t has been ascertained that the data of Keulegan is i n agreement w i t h that 
obtained fo r Lake Okeechobee and is also i n agreement wi th the r e l a t i o n 
ships presented by Bretschneider (1954). Saville (1954) published a 
usefu l r epor t on the effect of fe tch wid th on wave generation. 

Data col lec t ion , although l i m i t e d i n quantity and qual i ty , also 
pers i s ted dur ing the pe r iod f r o m 1950 to about 1955. For example, Unoki 
and Nankano (1955) i n Japan published wave data f o r Hachi jo Is land; 
T i t o v (1955) presented works i n Russian; and Bretschneider (1954) did 
w o r k on shallow water of the Gulf of Mexico . 

There seems to be a t r ans i t i on per iod dur ing the years 1955 to 
1960 His ideas based on theory and v e r i f i e d w i t h data, K r y l o v (1956 and 
1958) presented the Rayleigh d i s t r i bu t i on fo r wave height v a r i a b i l i t y and 
postulated also that the Rayleigh d i s t r ibu t ion applied to the wave length 
v a r i a b i l i t y , which could be t r a n s f o r m e d into a per iod d i s t r ibu t ion func t ion . 
Bretschneider (1957 and 1959) also v e r i f i e d the Rayleigh d i s t r i bu t i on fo r 
wave height and wave length v a r i a b i l i t y . He developed a d i s t r i bu t ion f u n c -
t ion f o r wave pe r iod v a r i a b i l i t y which was i n agreement w i t h that postulated 
by K r y l o v (1958) and was i n very close agreement w i t h the Gamma-type 
d i s t r i bu t ion funct ion f o r wave per iod presented by Putz (1952). R o l l and _ 
F ischer (1956) made a r ev i s i on of the spectrum by Neumann (1952), e l i m i n 
ating the dimensional constant, and found that the energy at h igh f requency 
wks p ropor t iona l to f"^ instead of f ' ^ according to the spect rum of 
Neumann (1952). 

I t then became apparent that f o r a na r row spectrum i t was safe to 
assume that the Rayleigh d i s t r ibu t ion applied equally w e l l f o r both wave 
height and wave length v a r i a b i l i t y , the la t ter r ead i ly t r a n s f o r m e d into 
a wave per iod d i s t r i bu t i on func t ion . 

Sta t is t ica l representa t ion of the sea by wave spectra concepts 
through the w o r k of Tukey (1959) and Blackman and Tukey (1958) was 
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great ly promoted by the s taff at New Y o r k Univers i ty , p a r t i c u l a r l y 
P ie r son and M a r k s (1952). 

Under the assumption that the jo in t p robab i l i ty d i s t r ibu t ion of wave 
height and per iod was uncorre la ted , Bretschneider (1957, 1958, 1959) 
proposed a development of a wave spectrum concept. There seemed to 
be some s i m i l a r i t y between the Bretschneider spectrum and that proposed 
by Neumann (1952), and f i n a l l y the f o r m of Bretschneider ' s spectrum 
resolved as the proposed spectrum of P i e r son (1964) based on the s i m i 
l a r i t y theory of Ki t a igo rodsk i (1961). 

A t this t ime also Bretschneider (1958) again revised the wave 
forecast ing relat ionships f o r both deep and shallow water.- The p rac t i ca l 
graphs fo r wave forecas t ing are given i n the revised vers ion of Beach 
Eros ion Board Technical Report No. 4 (1961). These relat ionships 
present ly are undergoing a f u r t h e r r ev i s ion which should increase the 
accuracy of wave forecas ts . 

However, dur ing the ten years preceding about 1955, most of the 
e f f o r t was devoted to analyt ical expressions and l i t t l e to theory of wave 
generation. Dur ing the days of Je f f r eys (1925), Sverdrup and Munk (1947) 
among others, the concept of wave spectra was not promoted. However, 
because of the wave spectra enlightenments of Barber and U r s e l l (1948), 
Seiwell (1948), Neumann (1952), Darbyshi re (1952), Bretschneider 
(1957), B u r l i n g (1959), and P ie r son (1964), among others, a new channel 
was opened f o r wave generation theory. 

A t this point ment ion should be made of the great contr ibut ions on 
wave theory, wave p robab i l i ty d i s t r i bu t ion funct ions, and wave spectra 
proposed by Miche (1954). In pa r t i cu l a r , Miche proposed the Rayleigh 
d i s t r ibu t ion to wave steepness, a theory not previous ly proposed. This 
d i s t r ibu t ion func t ion should have a wide applicat ion f o r engineering 
studies. 

I t was not u n t i l P h i l l i p s (1957) and Mi l e s (1957) that addit ional 
theore t ica l concepts were developed. Sverdrup and Munk (1947) con
sidered that the wind was constant i n ve loci ty i n order to develop the i r 
theory, but this was proven otherwise by Thi j s se and Schi j f (1949). 
However, P h i l l i p s ( 1957) considered the fac t that the wind was rap id ly 
f luctuat ing about some mean value. I t i s ve ry t rue that winds blowing 
over water do not consist of streams of a i r i n steady and u n i f o r m mo t ion 
but, ra ther , of an i r r e g u l a r series of "pu f f s " and " l u l l s " c a r r y i n g eddies 
and swi r l s d i s t r ibu ted i n a d i sordered manner. The atmospheric eddies, 
or random veloc i ty f luctuat ions i n the a i r , are associated w i t h random 
stress f luctuat ions on the surface, both pressures ( i . e. n o r m a l stresses) 
and tangential stresses. The eddies are borne f o r w a r d by the mean ve loc i ty 
of the wind and, at the same t ime , they develop, in teract , and decay, so 
that the associated stress d i s t r i bu t i on moves across the surface wi th a 
cer ta in convection ve loc i ty dependent upon the ve loc i ty of the wind and 
also evolves i n t ime as i t moves along. 
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I t is these pressure f luctuat ions upon the water surface that are 
responsible fo r the ear ly generation of waves. The tangential stress is 
not considered, but P h i l l i p s (1957) states i n some cases that the shear 
stress act ion might not be negl igible . The theory is i n agreement wi th 
wave observations dur ing the ear ly stages of generation, but as C / U 
approaches unity there are other wave generating processes to take into 
account, such as shel ter ing and the effects of va r i a t ion i n shear stresses. 
Although this theory tends to an under -es t imat ion of wave heights fo r 
C / U close to unity, i t may be considered as a great advance in wave 
generation theory insofar as the i n i t i a l b i r t h and growth of waves are 
concerned. A ve ry impor tan t aspect resul ts f r o m Ph i l l i p s (1957) fcased 
on dimensional considerationsi '- i . e, , tcfor hi,gh frequency oomponehtsi ithe 

.-5 
energy var ies as i 

M i l e s ' theore t ica l model fo r the generation of water waves is 
based on the in s t ab i l i t y of the in ter face between the a i r f low and the 
water . The theory of P h i l l i p s predicts a rate of growth of the sea p r o 
por t iona l to t i m e , whereas af ter the ins tab i l i ty mechanism of Mi l e s takes 
over, the rate of growth becomes exponential. The P h i l l i p s model is an 
uncoupled model i n the sense that exci tat ion (a i r f low) is assumed to be 
independent of response (sea mot ion) . The M i l e s theory represents a 
coupled model i n which the coupling can lead to i n s t ab i l i t y and consequent 
rap id growth. There can be l i t t l e doubt that both mechanisms occur m 
any p rac t i ca l s i tuation. A t some frequencies i n the spectrum the uncoupled 
model w i l l govern and at others the ins t ab i l i ty model w i l l govern. The 
w o r k of M i l e s (I960) is a recognized contr ibut ion on wave generation 
theory. 

I j i m a (1957) presented an exceltent paper on the proper t ies of 
ocean waves fo r tljie .Japanese area of in teres t . Th is study included valuable 
i n f o r m a t i o n on wave spectra obtained under typhoon conditions. Also a 
decided d i f fe rence existed between wave spectra obtained on the open 
Pac i f i c Coast and that obtained fo r the coast of the Sea of Japan. 

Another impor tan t e f f o r t fo r obtaining wave spectra was that con
ducted by members of the New Y o r k Univers i ty : Chase, Cote, M a r k s , 
M e h r . P ie r son , Ronne, Stephenson, Vet ter and Walden (1957). A U 
embarked upon a great task of obtaining the f i r s t d i rec t iona l spectrum of 
a wind-generated sea by stereophotographic techniques, although Wemblum 
and Block (1936), about 20 years ea r l i e r , c a r r i e d out measurements 
entai l ing s tereophotogrammetr ic reproduct ion of ocean waves on board the 
motor ship SAN FRANCISCO. 

Sulkeikin (1959) presented the Russian methods of forecas t ing 
wind waves over water , which fo l lowed f r o m his ea r l i e r works on the 
theory of sea waves (1956). B u r l i n g (1959) presented a spect rum of waves 
at short fetches and found a range i n values of m i n the high frequency 

f ' " ^ of the wave spectrum. K n r v i n - K r o u k o v s k v (1961), i n his Theory of 
Seakeeping, summarizes much of the ear ly w o r k on wind wave generation. 
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I n pa r t i cu la r , this book includes a ve ry conaprehensive bibl iography on 
waves and.wave theory. 

In 1961 an In ternat ional Conference on Ocean Wave Spectra was 
held at Easton, M a r y l a n d , the proceedings of which were published i r i 
1963.* This conference included about 30 presentations, plus discussions, 
and had an attendance of less than 100 par t ic ipants , represent ing a ve ry 
large percentage of the scientists and engineers i n the w o r l d who have 
been contr ibut ing to the advancement of the science of ocean wave spectra. 
I t can be said that this conference brought the "state of the a r t " up to date. 
Known and unknown proper t ies of the frequency spectrum of a w i n d -
generated sea, by P ie r son and Neumann (1961, 1963) was the most log ica l 
paper to lead off the p r o g r a m . Unless one understands the concept of a 
f u l l y developed sea, the w o r k of Walden (1961, 1963) migh t be m i s i n t e r 
preted since his data were f o r very short ef fect ive fetches. f^°w®7f^' 
this d i f f i c u l t y was c l a r i f i e d i n the discussion of Bretschneider ( 1961, 1963). 
Numerous discussions fo l lowed and the p rog ram continued w e l l on i t s way 
throughout the fou r -day per iod . The conference produced two sources of 
d i rec t iona l spectrum: Longuet-Higgins , Ca r twr igh t and Smith (196iL, 1963) 
and Munk (1961,1963). On the last day, w i th heads s t i l l spinning, i t 
became an accepted fact that the one-dimensional l inear concepts were 
not always suf f ic ien t to describe the state of the sea. 

However, the conference was not intended to b r i n g f o r t h new theory 
on how waves f o r m when wind blows ever the water , except fo r discussion 
of the work of P h i l l i p s (1957) and Mi l e s (1957), and an in t roduct ion "On 
the Nonlinear Energy T r a n s f e r i n a Wave Spectrum" by Hasselmann 
(1961, 1963). Otherwise the theory was l i m i t e d to that r equ i red fo r data 
col lec t ion , data reduct ion and analysis, and data presentat ion and a p p l i 
cations. The w o r k of Hasselmann (1961,1963) is indeed a c lass ica l 
cont r ibut ion , but i t s t i l l does not t e l l us why waves are f o r m e d according 
to pre -descr ibed elevations and frequencies . 

Dur ing the f i n a l stages of development of a wind-generated sea, 
two nonlinear processes could become s igni f icant . There is a d iss ipat ion 
of wave energy due to breaking (whitecaps), and a t r ans fe r of energy 
f l u x between frequency bands may take place. The theory of Hasselmann 
concerns the la t te r process. The theory shows that by the f i f t h order 
interact ions energy can be t r a n s f e r r e d between frequency bands i n the 
spectrum. In fac t , P h i l l i p s (I960 and 1961, 1963) has shown that this 
theore t ica l energy t r ans fe r can occur at ce r ta in t h i r d order resonant 
in terac t ions . So fa r spectra l energy t r ans fe r is a pure ly theqre};ical con
jec ture and has not been v e r i f i e d by observation or experiment . 

In the fo l lowing m a t e r i a l references to the above conference and 
proceedings are shown by (1961, 1963), 
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Car twr igh t (1961) and P ie r son (1961) gave b r i e f repor ts on the 
papers presented at the 1961 conference, p r i o r to the publ icat ion of the 
proceedings. 

A f t e r the conference was over, the part ic ipants went honne to 
work again, hoping to advance the state of the a r t . M o r e data were to 
be col lected, and this requi red f u r t h e r development of ins t rumenta t ion , 
and an advancement of s ta t i s t ica l theory and computation procedures . 

A f t e r the conference several impor tan t papers appeared, although 
they had probably been worked on f o r several years . These included a 
paper by Korneva (1961) on wave v a r i a b ü i t y which tended to v e r i f y the 
prev ious ly mentioned p robab i l i ty d i s t r i bu t ion functions; a jo in t paper on 
"Data f o r High Wave Conditions Observed by the OWS 'Weather Repor te r ' 
i n December 1959" by Bretschneider , Crutcher , Darbysh i re , Neumann, 
P ie rson , Walden and Wi l son (1962); and a paper by Schellenberger (1962) 
on "undersuchungen uber Windwellen auf l i n e m Binnensee. " P i e r son and 
Moskowi tz (1963) contr ibuted a new f o r m of the one-dimensional wave 
spectrum based on the s i m i l a r i t y theory of Ki t a igorodsk i (1961) and 
found out that this spectrum f e l l somewhere among the other past _ 
proposed spectra, considering the inherent e r r o r s a r i s ing f r o m d i f f i 
cul t ies i n de te rmining and def ining wind speeds. 

Walden and Piest (1961) presented data and analysis on wave 
spectra obtained near the M e l l u m Plate Lighthouse, located i n the some
what sheltered water off the Nor th Sea coast b f Germany, 

A good summary of wave theory and wave generation is presented 
i n Volume I of The Sea, edited by H i l l (1962), p a r t i c u l a r l y Chapter 19, 
"Wind Waves, " by Barber and Tucker ( 1962), 

Numerous data repor ts on wave spectra are now becoming avai lable. 
For example, Moskowi tz , P i e r son and Mehr (1962, 1963) prepared repor t s 
on wave spectra est imated f r o m wave records obtained by the OWS 
"Weather Reporter I , I I and I I I " and the OWS "Weather E x p l o r e r , " and 
P icke t t (1962) presented wave spectra fo r the Argus Island tower o f f 
Bermuda, 

Bretschneider (1962) presented a concept on mod i f i ca t i on of wave 
spectra over the continental shelf, and I j i m a (1962) presented an in te res t ing 
development of the c o r r e l a t i o n between wave heights and wave periods f o r 
shallow water , K i t a igorodsk i and Strekalov (1962, 1963) presented con
t r ibu t ions to an analysis of the spectra of wind wave mot ion based on_ 
exper imenta l data. This work was a continuation of the w o r k of K i t a i 
gorodski (1961), 

Goodknight and Russel l (1964) presented the f i r s t data on la rge 
wind waves i n shallow water of the Gulf of Mexico , These waves were 
generated under hur r icane wind condit ions. The s ta t i s t ica l analysis of 
the data showed that, f o r a l l p r ac t i ca l purposes, the Rayleigh d i s t r i b u t i o n 
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was quite sa t i s fac tory fo r represent ing wave height v a r i a b i l i t y fo r large 
hur r icane waves in shallow water . The d i s t r ibu t ion of wave periods did 
not fo l low the d i s t r ibu t ion funct ion of Bretschneider (1957) or that of 
Putz (1952) but f e l l somewhere between these d i s t r ibu t ion functions and 
the Rayleigh d i s t r ibu t ion . The data seem to consist of long per iod waves 
a r r i v i n g f r o m deep water combined w i t h loca l wind waves generated at 
a large angle to the swel ls . 

Hamada (1963, 1964) presented two very in teres t ing repor ts based 
on l abora to ry experiments of wind wave generation. The law 
o r i g i n a l l y proposed by P h i l l i p s (1957) was stated to be applicable to the 
l i m i t i n g boundary of the in s t ab i l i t y . F o r very short fetches and high wind 

speeds, Hamada (1964) f inds the high frequency rela t ions of f" " and 

£-8,94_ 

Accord ing to the w o r k of Bretschneider (1959), the high frequency 

energy var ies wi th f""" where m = 9 fo r ve ry low gF^/U , and 

decreases i n magnitude to m = 5 fo r ve ry large g F / U , corresponding 

to f u l l y developed seas. Thus there is agreement at i n i t i a l wave genera

t ion f o r f""^ between Hamada (1963) and Bretschneider (1959), and also 

agreement at f u l l y developed wave generation f"^ among P h i l l i p s (1957), 

Bretschneider (1959), P i e r son (1963), and Hamada (1964). There are 

s t i l l e f fo r t s r equ i red f o r the exponential par t of the spectral equation, 

i e e'-^^''^ where B is a constant. Accord ing to Bretschneider (1959) 
and P i e r son (1963), n = 4 , but the fac tor B is s t i l l i n some disagree
ment . The w o r k of B u r l i n g (1959) indicates that n migh t be l a rge r than 
n = 4. Bretschneider (1961, 1963) states that n migh t va ry between 4 
and 8 or 9. 

To date, a l l theories are usefu l i n at tempting to understand the 
mechanisms involved i n the generation of waves. None of the theories_ 
te l l s us why waves are f o r m e d , let alone why the wave heights and periods 
are as observed or why there is a spectrum of waves. However, there 
is enough i n f o r m a t i o n to fo rmula te var ious e m p i r i c a l wave forecas t ing 
relat ionships fo r cer ta in p rac t i ca l applicat ions. The accuracy of such 
wave forecas t ing relat ionships depends on the accuracy of the wind and 
wave data collected and used f o r the e m p i r i c a l re la t ionships . The 
accuracy of the wave forecasts then also depends upon the accuracv 
of the wind forecas ts . 
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A t this point of the discussion i t appears i n order to introduce 
an equation which describes the sea state wave spectrum, inc luding the 
v a r i a b i l i t y of wave d i rec t ion . The equation can be w r i t t e n as fo l lows : 

CO t 
m t , e - 1 

m t 

• oo 
TT (k,CO ) cos ^ 

(14) 

where 

m = 

CO U COS ^ 

CJu,,, cos 

- 1 d T 

g 
CJ ^ 

In Eq. (14) TT ( k , ) is the three-d imensional pressure spect rum as a 
funct ion of the vector wave number k and t ime T ; U is the convection 
ve loc i ty of the pressure systems, and u>;< is the f r i c t i o n ve loci ty of the 
shear f l o w . /Ö is the coef f ic ien t calculated by M i l e s ( I960) , and 
and 7° are water and a i r densities respect ively . 

There is l i t t l e need to extend the above rev iew any f u r t h e r since 
the d i rec t iona l spectrum has been discussed quite adequately by Tucker 
(1964). I t is hoped that most of the impor tan t contr ibut ions on wave gen
era t ion have been mentioned. Eq. (14) represents the present state of 
the a r t on wave spectrum generation theory, but addit ional e m p i r i c a l 
data are requ i red . 

I n r ega rd to p r ac t i c a l methods fo r wave hindcasting, Bretschneider 
(1964) presented a paper which takes into account the complete p rob lem of 
deep water waves, s t o rm surge and waves over the continental shelf, 
the breaking wave zone, the wave run-up on the beach and dunes f o r the 
M a r c h 5-8, 1962, East Coast S to rm. This paper shows the resul ts 
based on present methods of wave hindcasting and also emphasizes the 
areas of need fo r f u r t h e r research . A ve ry impor tan t considerat ion of 
wind wave generation over the shallow water of the continental shelf is 
that of the to ta l water depth. The to ta l water depth includes the combined 
effect of o rd ina ry tide and s to rm surge, The var ious problems of wind 
set-up and s to rm surge have been discussed by Bretschneider (1958). No 
f u r t h e r discussion on t ides and s to rm surge is given here since the sub
jects were w e l l discussed by var ious l ec tu re r s at Lunteren, e. g. Dr s , 
J . R. Rossi ter , W, Hansen, P, Groen, J. Th . Th i j s se , and J. C. 
Shonfeld. Addi t iona l w o r k on s to rm surge problems is planned f o r 
subsequent repor t s . 
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I I . P R A C T I C A L APPLICATIONS - - DEEP WATER 

A. SIGNIFICANT WAVE CONCEPT 

The s ignif icant wave naethod of wave forecas t ing was that 
o r i g i n a l l y introduced by Sverdrup and Munk (1947) and is sometimes 
considered the "ancient" method. The wave forecas t ing parameters 
presented by them evolved f r o m theore t ica l considerations, but the 
actual relat ionships r equ i red ce r ta in basic data f o r the de te rmina t ion of 
var ious constants and coef f i c ien t s . Hence, this method can be cal led 
semi- theore t i ca l or s e m i - e m p i r i c a l . 

The s ignif icant wave method entails ce r ta in def in i t ions . The s ig 
n i f i can t wave height is the mean or average wave height of the highest 
1/ 3 of a l l the waves present i n a given wave t r a i n . The s igni f icant wave 
per iod represents the mean pe r iod of the s ignif icant wave height. I t 
was found f r o m the analysis of wave records that the s igni f icant height 
is near ly equal to that height repor ted f r o m v isua l observations, and fo r 
this reason there was sometimes a ce r ta in amount of agreement between 
var ious e m p i r i c a l f o rmu la s used p r i o r to the development of the theory. 

I t m igh t be mentioned that the s ignif icant wave pe r iod represents 
a pe r iod around which is concentrated the m a x i m u m wave energy. F r o m 
the w o r k of Putz (1952), Longuet-Higgins (1952), and Bretschneider (1959), 
the d i s t r i bu t i on of the var ious wave heights can be determined by use of 
the s ignif icant wave height. 

The wave parameters obtained f r o m the theore t i ca l w o r k of 
Sverdrup and Munk (1947) can also be obtained f r o m dimensional con
siderat ions. This has been done by Johnson (1950), among others, 
u t i l i z i n g the Buckingham P i - t h e o r e m (1914). 

The fac tors on which the wind wave parameters f o r deep water 
depend are the wind ve loc i ty U, the fe tch length F , and the wind 
durat ion t . Of the wave parameters only wave height and wave pe r iod 
need to be considered since, i n deep water , the wave length L -
(g/2TT)T2 and the wave c e l e r i t y C = (g/2TT)T. The waves w i l l sure ly 
be subject to the influence of g rav i ty and then i t may be supposed that: 

C = f ^ ( U , F , t , g) (15) 

and 

H = f^ (U, F , t , g) (16) 
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Eqs. (15) and (16) state that C and H respect ively are functions 
f J and f^ of U , F , t , g, but apply f o r deep water only. * 

F r o m the symbols appearing i n Eqs. (15) and (16) one may w r i t e 
the dimensions f o r deep water as fo l lows; 

Symbol Dimensions 

C 

H L 

U 

F L 

t T 

g 

Addi t iona l re lat ionships can be w r i t t e n i f the water depth is taken into 
account. 

For each of the above equations there are f ive var iables and two 
dimensional uni ts , whence f r o m the Buckingham P i - t h e o r e m the solutions 
w i l l each be functions of 5 - Z = 3 dimensionless products , w i t h 2 + 1 = 3 
var iables to each product . In respect to Eq. (15) one can w r i t e 

O = F J (CU^g^), (FU^g"^)., tU^g^) (17) 

With respect to equation (17) one obtains the dimensions 

1 r a . -,b 

and 

T 

1 r e 

T L T ^ J 

* I f one considers wave generation i n shallow water , Eqs. (15) and (16) 
become 

(15a) 

and 

C = f j (U, F , t , d , g ) 

H = f^ (U, F , t , d , g) (16a) 

where d is the water depth. 
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Equating to unity the sum of the exponents f o r the corresponding 
dimensions, one obtains the fo l lowing equations: 

1 + a + b = 0 

1 - a - 2b = 0 

1 + c + d = 0 

• c - 2d = 0 

e + f = 0 

1 - e - 2f = 0 

The simultaneous solution of the above resul ts i n 

a = - 1 

b = 0 

c = -2 

d - 1 

e = - 1 

f = 1 

Using values of the above exponents, Eq. (17) becomes 

O - F . 
c ' 

1 ^ 1 1 u 
\ 1 

or 
(18) 

4 

In a s i m i l a r manner the corresponding expression f r o m Eq. (16) 

becomes 

J l 
u 

(19) 

I t m igh t be mentioned that the P i - t h e o r e m is a most p o w e r f u l 
tool i f p rope r ly used. I t is ex t remely impor tan t to real ize that the 
expressions f o r physical fact must be d imensional ly homogeneous; o ther 
wise there are some sc ien t i f ic fac tors m i s s ing . 

Equations (18) and (19) represent the wave generation parameters 

f o r deep water , based on dimensional considerations, and y/ ^ 

are funct ional re la t ions that must be determined by use of wave data. 

g H / U ^ , C / U , g F / U ^ and g t / U are defined respec t ive ly as the wave 

height parameter , the wave speed parameter , the f e t c h parameter , and 

the wind dura t ion parameter . The wave speed parameter can also be 

w r i t t e n ^ , which is a better f o r m because the wave pe r iod is m o r e 

easi ly measured than the wave speed. 
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Using the above parameters Bretschneider (1951) revised the 
o r ig ina l forecas t ing re la t ions of Sverdrup and Munk (1947), u t iUzing 
much addit ional wave data. Before 1951, however, A r t h u r (1947) also 
revised the same re la t ions , but did not have the data that were available 
i n 1951. Fu r the r revis ions of these relat ionships were made again by 
Bretschneider (1958). These forecas t ing relat ionships have acquired 
the name S - M - B method f o r Sverdrup, Munk and Bretschneider , 

The f i n a l f o r m of the dimensionless wave generation parameters 
appears i n f igu re 3. 

The curve t U / F is the re la t ionship between wind speed, m i n i 
m u m durat ion and fe tch length, and was determined by numer i ca l in te 
grat ion of the fo l lowing relat ionships: 

gt f U r gF \ , _ C g ^ _ L ^ 

(20) 

t U _ gt gF 
— - U • ^2 

Wave forecas t ing relat ionships given i n F igure 4 are based on the d imen
sionless parameters of f i gu re 3. 

For long na r row bodies of water such as man-made r e s e r v o i r s , 
r i v e r s , canals, or na r row in le t s , cor rec t ions need to be made f o r the 
fe tch length. F igure 5, based cn the work of Saville (1954), can be used 
to calculate an effect ive fe tch length, based on actual fe tch length and 
fe tch width . The ef fec t ive fe tch length F^ 5 F ^ - ^ should be used 
w i t h F igure 4 to determine s ignif icant waves fo r long na r row bodies of 
water . 

B . C O M P L E X N A T U R E OF SEA SURFACE 

The s igni f icant wave descr ip t ion is a s imple and p rac t i ca l means 
of dealing w i t h problems in wave forecas t ing . However, i t i s impor tan t 
to recognize that the sea is v e r y complex, made up of many var iable 
heights and per iods . F igu re 6 shows a schematic in te rp re ta t ion of a 
typ ica l wave r e c o r d which migh t be obtained f r o m a wave r eco rde r . The 
s ignif icant wave height is the average of the highest 1/3 of the waves m a 
given wave t r a i n , of at least 100 consecutive waves, and is the re fo re a 
s ta t i s t ica l parameter . The s ignif icant wave pe r iod is the average pe r iod 
of the highest 1/3 of the wave heights, and is common only to the S - M - B 
forecas t ing method. The P i e r son-Neumann-James (P-N-J ) forecas t ing 
method considers a mean apparent wave per iod and ranges m wave pe r iod . 
Both S - M - B and P - N - J consider the p robab i l i ty d i s t r i bu t ion of wave 
heights and i n both methods the Rayleigh d i s t r i bu t i on is used. The S - M - B 
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FIGURE 3 F E T C H GRAPH FOR DEEP WATER 



FIGURE 4 DEEP WATER WAVE FORECASTING CURVES 

AS A FUNCTION OF WIND S P E E D , 

FETCH LENGTH , AND WIND DURATION 
( F O R T F T C H P ? ; I rn i o o r » n'it <t> 
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method uses a p robab i l i ty d i s t r i bu t i on also f o r wave per iod . Wi l son 
(1955) introduced t h é space-t ime concept fo r forecas t ing waves m moving 
fetches and i n 1963 extended the work f o r use on a high speed computer . 
F igure 7 is reproduced f r o m Wi l son (1955), 

Draper and Darbysh i re (1963) presented relat ionships f o r f o r e 
casting m a x i m u m wave heights. F igures 8, 9, 10 and 11 are reproduced 
f r o m Draper and Darbyshi re (1963) where i t should be kept i n m m d that 
the m a x i m u m wave is equal to 1. 6 t imes the s ignif icant wave height. 
F igures 8 and 10 are f o r deep water and Figures 9 and 11 are f o r 
coastal waters . 

1. Wave V a r i a b i l i t y 

a. Signif icant Wave Height. The s igni f icant wave height, 
as mentioned above, is a t e r m common to both the S - M - B and P - N - J 
methods of wave forecas t ing . Just how the s ignif icant wave height is 
re la ted to the p robab i l i ty d i s t r i bu t ion and also the wave spect rum can 
best be i l l u s t r a t e d by f igures 12 and 13. F igure 12 shows the d i s t r i b u 
t ion of wave heights as v i sua l ized by a his tograph, i . e. the number N 
(or percent P of the to ta l number) of waves i n each wave height range. 
F igure 13 is a schematic d iagram of the wave spectrum and m this f o r m 
is cal led the per iod spect rum. 

b D i s t r i b u t i o n of Wave Heights. The s igni f icant wave 
height is a s ta t i s t i ca l parameter , and about ib or 17 percent of the waves 
w i l l be higher than the s igni f icant wave height. I t is shown by Longuet-
Higgins (1952), Watters (1953), K r y l o v (1956 and 1958), and Dar l ington 
(1954) and v e r i f i e d by Bretschneider (1959) that the d i s t r i b u t i o n of wave 
heights fo r a na r row spect rum is given by the Rayleigh d i s t r i bu t ion . The 
p robab i l i ty density fo r wave heights i s given by: 

. TT H _ ^ 

p (H) dH = S- e dH (21) 

and the cumulat ive d i s t r i bu t i on is 

P (H) = 1 - e 

TT 
' H ^ 2 

H (22) 

where H is the ind iv idua l wave height and H i s the average wave height. 

The average wave height ï ï , the s ignif icant wave height H ^ j , 

and the average of the highest ten percent of the waves H ^ Q , are re la ted 

as fo l lows: 
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H = .625 H 33 
(23) 

= 2. 03 H = 1. 27 

The cumulat ive d i s t r i bu t i on P(H) is given i n F igure 14, 

c. D i s t r i b u t i o n of Wave Per iods . The s igni f icant wave 
per iod is not a s ta t i s t i ca l parameter of the wave per iod d i s t r i b u t i o n funC' 
t ion . The s igni f icant wave per iod has s t a t i s t i ca l s ignif icance only when 
both wave heights and wave periods are considered. Putz (1952) obtains 
a Gamma-type d i s t r i bu t i on funct ion f o r wave pe r iod v a r i a b i l i t y , K r y l o v 
(1956 and 1958) postulates the Rayleigh d i s t r i bu t i on also fo r the wave 
lengths, and Bretschneider (1959) shows that the d i s t r i bu t i on of the 
square of the wave periods (p ropor t iona l to the deep water wave lengths) 
can be represented approximate ly by the Rayleigh d i s t r i bu t ion , a t r a n s 
f o r m a t i o n of which leads to the fo l lowing d i s t r i bu t i on func t ion f o r wave 
periods: 

3 - 0 , 6 7 5 ' - ' 
p (T) dT = 2.7 ^ e 

and the cumulat ive d i s t r i bu t i on is 

dT (24) 

P (T) 
-0 .675 ^ 

1 - e I T (25) 

The cumulat ive d i s t r i bu t i on P(T) i s also given i n F igure 14. Korneva 
(1961) gives resu l t s which v e r i f y the p robab i l i t y d i s t r ibu t ion funct ions of 
wave height and per iod . 

d. The Weibu l l D i s t r i b u t i o n Funct ion. I n many cases i t 
may be desirable to represent e m p i r i c a l data by means of a s imple 
d i s t r i b u t i o n func t ion . Weibu l l (1951) proposes a s imple ana ly t ica l 
d i s t r i bu t i on func t ion fo r use i n ce r t a in c i v i l engineering problems as 
fo l lows : 

where P is the cumulat ive d i s t r i b u t i o n 

B and m are constants 

X ^ 0 is the va r ia te , i . e. H , L , or T as the case may be, 

The p robab i l i t y density is given by 

(26) 
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.m 
(27 

I t can be seen that when m = 2, the Weibu l l d i s t r ibu t ion func t ion is the 
same as the Rayleigh d i s t r i bu t ion (Eq. 21 or 22) and when m = 4 the 
Weibu l l d i s t r i bu t ion func t ion is the same as Eq. 24 or 25. Thus the 
Weibu l l d i s t r i bu t i on func t ion migh t be suitable f o r invest igat ing wave 
v a r i a b i l i t y when the data deviate somewhat f r o m the Rayleigh d i s t r i bu t i on . 

The moments can be generated f r o m 

m = n 
p (X) dX 

ü 
m 

— I 1 + Ü 
m 

(28) 

where P represents the Gamma funct ion . 

I f the t e rms of Eq. (26) are rear ranged and the l o g a r i t h m is taken 
twice , one obtains 

i n i n i n B + m i n X (29) 

Eq. (29) is that of a s t ra ight l ine . When i n i n y ^ p " :-plotted against 

i n X , the in tercept becomes i n B and the slope óf the l ine is given by 
m . P is the cumulat ive p robab i l i t y d i s t r i bu t ion , calculated f r o m the 
data and B is re la ted to the mean wave height or mean wave pe r iod as 
the case may be. 

— ~ 2 
F r o m Eq . (28), m ^ = 0 , m ^ = X , := X , etc. I t then 

fo l lows that 

X s H = T = 
m 

1 + — 
m 

(30) 

or 

B 

Thus Eqs. (26) and (27) become 

1 + ^ m 

X 

m 

P = 1 _x -

m 

(31) 
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P (X) =: m 2 L r 
X 

1 
m 

m - 1 
_1_ 

X 

2 £ r 
X 

1 + 
1 
m 

m 

(32) 

By use of Eq, ( 3 i ) , Eq, (29) becomes 

i n i n 
1 - P m i n r ( i + A ) 

m / 
+ m i n (33) 

I t must be emphasized that the Weibu l l d i s t r i bu t ion should be used 
only where the t r end of the data shows a near ly lineair re la t ionship accord
ing to Eq, (29) or Eq. (33), I f such a l inear re la t ionship becomes apparent 
f r o m the data, then a graphica l solution is possible, and a m o r e accurate 
solution can be obtained by the s ta t i s t i ca l method of least squares. 
Although the Weibu l l d i s t r i b u t i o n has no theore t ica l basis , the funct ion 
does have a wide range f o r p rac t i ca l applicat ions. For example. F igures 
15 and 16 represent an analysis of wave data according to the Weibu l l 
d i s t r i bu t ion . These data are based on long wave records obtained at 
Lake Texoma by U. S, A r m y engineers (1953) and are summar ized i n a 
r epo r t by Bretschneider (1959). The s t ra ight l ines given i n Figures 15 
and 16 were f i t t e d v i sua l ly , although a least squares f i t migh t have been 
made to obtain better accuracy, 

e. Joint D i s t r i b u t i o h of Wave Heights and Per iods . The 
jo in t d i s t r i bu t ion of wave heights and periods is quite complex, except 
fo r the special case of zero c o r r e l a t i o n between wave height and wave 

per iod . F igure 17 is a scatter d i ag ram of ï j = H / ÏT and A = T ^ / ( T ) ^ 
fo r a case ve ry near ly zero co r r e l a t i on . I f the number of wave heights is 
summed independently of the wave per iods , one obtains the m a r g i n a l 
d i s t r i bu t i on of wave heights, and i f the number of wave periods squared 
is summed independently of the wave heights, one obtains the m a r g i n a l 
d i s t r i bu t ion of wave periods squared. Both of the above d is t r ibu t ions 
are represented approximate ly by the Rayleigh d i s t r i bu t i on . For the case 
of zero c o r r e l a t i o n between wave height and wave per iod , the jo in t d i s t r i 
bution is given d i r e c t l y by 

p ( H , T ) = p (H) • p (T) (34) 

Based on Eqs, (21), (24), and (34), the jo in t pr_obability d i s t r i ¬
butions have been calculated f o r var ious ranges of H / H and T / T and 
are summar ized i n Table 1. This table assumes zero c o r r e l a t i o n between 

H and T ^ . Gumbel (I960) discusses the b ivar ia te exponential d i s t r i 
butions, taking into account c o r r e l a t i o n coeff ic ients d i f f e r e n t f r o m zero, 

Eq. (34) can be considered approximate ly c o r r e c t f o r p r a c t i c a l 
engineering uses, except that the l i m i t of breaking waves should always 
be checked. The breaking wave l i m i t i s given theore t i ca l ly by Miche 
(1954) as fo l lows : 

H_ 
L tanh 

2-rrd 
L 

(35) 
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T A B L E 1 

JOINT D I S T R I B U T I O N O F H AND T F O R Z E R O C O R R E L A T I O N 

Number of Waves P e r I , 000 Consecutive Waves for Various Ranges in Height and Period 

R A N G E TN R E L A T I V E P E R I O D T / T 

0 . 6 - 0 . 8 - 1.0- 1.2- 1.4- 1.6- 1.8- 0- Cumula-
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.0 tive 

Range in 
Relative 
Heig_ht 0- 0 . 2 - 0 . 4 -

H / H 0 .2 0 .4 0.6 

O.-O. 2 0. 03 0. 50 2. 05 4. 86 7. 68 8. 09 5. 31 1. 92 0. 34 0. 03 30. 81 30. 81 
0. 2-0. 4 0. 10 1. 41 5. 81 13.. 78 21 . 76 23. 92 15. 05 5. 44 0. 98 0. 07 88. 32 119.13 
0. 4-0. 6 0. 14 2. 06 8. 54 20. 23 31 . 95 33. 65 22. 10 7. 99 1. 44 0. 11 128.21 247.34 
0. 6-0. 8 0. 16 2. 40 9. 91 23. 48 37. 08 39. 06 25. 65 9. 27 1. 67 0. 12 148.80 396.14 
0. 8 - 1 . 0 0. 16 2. 40 9. 92 23. 51 37. 13 39. 11 25. 69 9. 28 1. 67 0. 12 148.99 545.13 
1. 0 - 1 . 2 0. 15 2. 14 8. 87 21 . 02 33. 19 34. 97 22. 96 8. 30 1. 49 0. 11 133.20 678.33 
1. 2 - 1 . 4 0. 12 1. 74 7. 21 17. 07 26. 96 28. 40 18. 65 6. 74 1. 21 0. 09 108.19 786.52 
1. 4 - 1 . 6 0. 09 1. 30 5. 37 12. 72 20. 09 21 . 16 13. 90 5. 02 0. 90 0. 07 80. 62 867.14 
1. 6 - 1 . 8 0. 06 0. 90 3. 72 8. 82 13. 93 14. 67 9- 64 3. 48 0. 63 0. 05 55. 90 923. 04 
1. 8-2. 0 0. 03 0. 48 1. 99 4. 72 7. 45 7. 85 5. 15 1. 86 0. 33 0. 03 29- 89 952. 93 
2. 0-2. 2 0. 03 0. 42 1. 72 4. 09 6. 45 6. 80 - -4, 47 1.61 0. 29 0. 02 25. 90 978. 83 
2. 2-2. 4 0. 01 0. 18 0. 76 1. 80 2. 84 2. 99 1. 97 0 .71 0. 13 0. 01 11. 40 990.23 
2. 4-2. 6 0. 01 0. 09 0. 39 0. 93 1. 47 1. 55 1. 02 0. 37 0. 07 5. 90 996. 13 
2. 6-2. 8 0. 04 0. 18 0 43 0. 67 0. 71 0. 47 0. 17 0. 03 2. 70 998.83 

0-3. 0 1. 09 16. 06 66. 44 157. 46 248. 65 262. 93 172. 03 62. 16 11. 18 0. 83 

Cumula
tive 1.09 17.15 83.59 241.05 489.70 752.63 924.66 986.82 998.00 99& 83 



where the l i m i t i n shallow water is given by the so l i t a ry wave theory 

J L = 0.78 4 - (36) 

Based i n par t on theory and i n par t on e m p i r i c a l data, Bretschneider 
(1960) presents a re la t ionship of the breaking wave l i m i t which is as 
fo l lows : 

4L = 0.124 tanh 1 + 0. 152 tanh (37) 

Values of H and T obtained by use of Table I should always be 
checked by use of the above equations. 

C. WAVE SPECTRUM CONCEPTS 

The o r ig ina l wave spectrum concept fo r forecas t ing waves is that 
due to Neumann (1952). The wave spectrum method resu l t ing f r o m this 
concept is that due to P i e r son , Neumann and James (1955). Much w o r k 
has also been done wi th r ega rd to a wave spectrum method by Darbysh i re 
(1952 and 1955). Bretschneider (1959) has added a wave spect rum 
approach to the s igni f icant wave method. A m o r e recent spectrum concept 
has been proposed by P i e r s o n (1964), the f o r m of which is i n agreement 
w i t h that der ived by Bretschneider ( 1959). Whereas the s igni f icant wave 
method is commonly cal led the S - M - B method, the P ie r son , Neumann 
and James method is commonly cal led the P - N - J method. 

Just as the S - M - B method is based on e m p i r i c a l wave data, so i t 
i s w i t h the P - N - J method. As mentioned before , any suitable wave fore¬
casting method must be ca l ibra ted by use of wave data. The P - N - J method 
can be used to predic t the spectrum of waves f r o m which one may obtain 
the s igni f icant wave height as w e l l as the s ta t i s t i ca l d i s t r i bu t ion of the 
waves! The S - M - B method is used to predic t the s igni f icant wave height, 
f r o m which i t is possible to obtain the wave spectrum and the s ta t i s t i ca l 
d i s t r i b u t i o n of the waves. Both methods u t i l i ze the d i s t r i bu t ion func t ion 
der ived theore t ica l ly by Longuet-Higgins (1952). This d i s t r i b u t i o n funct ion 
i s i n ve ry close agreement w i t h the e m p i r i c a l re lat ionships given by 
Putz (1952) based on the analysis of 25 ocean wave records . Consequently, 
when both S - M - B and P - N - J methods predic t exactly the same s igni f icant 
wave height, then the two methods resu l t i n exactly the same d i s t r i bu t i on 
of waves. I t must be remembered that both methods are based on actual 
wave data. However, the wave data are not the same u t i l i z e d m the 
two methods, and the method of analysis of the data is d i f f e r e n t . I t i e 
analysis of the data fo r the S - M - B method consists of de te rmin ing the 
s ignif icant wave height and per iod , which i n t u r n are re la ted to wind speed, 
fe tch length, and wind dura t ion . 

P r i o r to the development of the P - N - J method, Neumann (1952) 
proposed a theore t ica l wave spectrum based on a great abundance of 
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ind iv idua l wave observations. This spectrum should be considered as a 
semi- theore t i ca l or s e m i - e m p i r i c a l spectrum in the s t r i c t sense of the 
def in i t ion . F r o m his wind and wave observations Neumann (1952) computed 

the parameters H / T and T / V , and a r r i v e d at the fo l l owing relat ion; 

y - const e (3ö) 

(See f igu re 18..) The parameter H / T is d i r ec t l y related to the^wave 
steepness and T / V the wave age. H i s the indiv idual height. T is the 
ind iv idua l wave per iod , which he cal led the apparent wave per iod , defined 
as the t ime between two successive up-crossings of the S t i l l w a t e r surface 
by the wave f o r m . 

F r o m this e m p i r i c a l re la t ionship (Eq. 38) and other considerat ions, 
Neumann (1952) der ived his theore t ica l wave spectrum of energy. F r o m 
these resul ts he concluded f o r un l im i t ed fe tch length and dura t ion ( f u l l y 
developed sea) that the wave height was equal to some constant t imes the 

wind ve loc i ty to the 5/2 power, and the energy at h igh frequency was f 
Because of the method of solut ion, a dimensional constant was introduced, 
but the equation has been evaluated by considering that the to ta l energy 
under the curve of the spectrum was p ropor t iona l to the energy.XDJ-ithe equivalent 
root mean square wave height. The dimensional constant has created 
objections by var ious individuals i n the f i e l d of wave forecas t ing , p a r t i c u 
l a r l y those who adhere to dimensional homogeneity. However, i f one 
accepts the re la t ions as e m p i r i c a l ra ther than theore t ica l , then these 
re la t ions ought to be suitable f o r wave forecas t ing, at least over the range 
of parameters f r o m which the data were analyzed. The impor tan t thing 
i n his development of the spectrum is the fact that to ta l energy of the 
spectrum is co r r ec t , assuming that the work of Longuet-Higgins is 
co r rec t , and this appears to be the case. The actual d i s t r i bu t i on of the 
energy w i t h respect to wave per iod or f requency migh t not be exactly 
co r rec t , but perhaps is in close agreement wi th the actual data f r o m 
which i t was der ived . Not u n t i l much addit ional data become available 
w i l l i t be possible to reconci le any d i f ferences between NeumannLs wave 
spect rum and a more c o r r e c t spect rum. 

R o l l and Fischer (1956) suggested a d i f f e r e n t der iva t ion of the 
Neumann spect rum. I n th is de r iva t ion there resul ted no dimensional 
constant, the wave height f o r f u l l y developed sea beca,me propor t iona l 

2 -5 to U , and the energy at h igh f requency was f 

The concept of the wave spect rum is ce r t a in ly a great advance i n 
t r y i n g to understand the nature of wave generation. I t is shown, f o r 
example, i n spite of the objections to the Neumann spectrum, that the 
waives generate f r o m the high f requency end of the spectrum, and wi th 
this concept Neumann (1952) der ived f r o m his spectrum relat ionships 
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FIGURE 18 R A T I O OF W A V E H E I G H T S TO T H E 

S Q U A R E OF A P P A R E N T WAVE PERIODS, % 2 
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f o r the so-cal led young or t rans ient state of sea. That i s , re la t ions cal led 
CO-cumulative power spectra are developed f r o m which i t is possible to 
predic t E-values , where E is re la ted to the generated wave energy. 

The theore t ica l wave d i s t r i bu t ion der ived by Longuet-Higgins 
(1952) is d i r e c t l y related to the E-values , as this condit ion was u t i l i zed 
i n the development of the wave spect rum. The s ignif icant wave height, 
mean wave height, etc. are re la ted to E as fo l lows: 

H 1.772 fË, 
ave 

H j / 3 = 2.832 JT" 

^ 1 / 1 0 - ^-600 . / E 

(39) 

Typ i ca l examples of wave forecas t ing relat ionships based upon the above: 
concept are given i n F igures 19 and 20. 

The spectrum proposed by Bretschneider (1959) was obtained by 
use of a theore t ica l func t ion fo r the jo in t p robab i l i ty d i s t r i bu t ion of wave 
heights and per iods . The per iod spectrum was obtained as fo l lows: 

H p (H, T) dH (40) 

where the in tegra t ion is over a l l wave heights as a funct ion of wave per iod . 
Assuming no c o r r e l a t i o n between H and T : 

p ( H , T ) = p(H) • p(T) , whence (41) 

p(T) ƒ H ^ p ( H ) d H - H^P(T) = ± . ( H ) ^ p ( T ) (42) 

By use of Eq, (24) one obtains the pe r iod spectrum: 

.3 - .675 
3. 43 (H)^ 

(T) 
(43) 

For the f requency spect rum: 

T = 1 
T 

and dT = df 

f r o m which the frequency spectrums becomes: 

2 
Sj , ( f ) - 3.43 (H)' 

(T) ' 

£-5 ^- :675 ( f T ) - ^ (44) 
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FIGURE 19 DURATION GRAPH 
C O - C U M U L A T I V E SPECTRA FOR 

WIND SPEEDS FROM 2 0 TO 36 KNOTS 

AS A FUNCTION OF DURATION 
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FIGURE 2 0 FETCH GRAPH 

C O - C U M U L A T I V E SPECTRA FOR 

WIND SPEEDS FROM 2 0 TO 3 6 KNOTS 

AS A FUNCTION OF FETCH 
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0 

I f one lets 

gH _ 
625 gH33 

U 

(45) 

and 

2 TTU 
(46) 

i t then fo l lows that 

Sj , (f) = 3.43 
g F . 

( 2 r r F j ' 
f - ^ e 

675 27T Uf 
g (47) 

For the h igh frequency end of the spectrum S^(f) is p ropor t iona l 

to f " ^ This is i n agreement w i t h the resul ts of R o l l and F ischer (1956) 

and P h i l l i p s (1957) a! w e l l as the newly proposed spectrum of P i e r s o n and 

Moskowi tz (1963). 

Other f o r m s of the wave spectra have been suggested by B r e t 
schneider i n the Proceedings of the ConLerence on Ocean Wave Spectra^ 
(1963). The c o r r e s p o n d i n g T ^ T C T ^ Ï Ï H T r e q u e n c y spectra are as fo l lows. 

S(T) = a T ^ e-^T^ (48) 

or 

S(f) - a f - "^ -^ e-^^ 
•n 

(49) 

For the Weibu l l d i s t r i bu t ion func t ion (m = n - 1) one can propose 
the fo l lowing f o r m of wave spectra: 

S ( f / g = ( f / f „ ) " " ' " ^ e 

m + l 
m 

- m •1 
(50) 

where the peak of the spect rum occurs at f = f^ . For the cumulat ive 
f o r m the above equation becomes 

S(f) = - E 

i l l + i ( f / f )-«^ 
m o (51) 

where 
E = S(f) df (52) 

•'oo 
P i e r s o n and Moskowi tz (1963), based on the s i m i l a r i t y theory of 

K i t a igo rodsk i (1961) propose the fo l lowing f o r m of wave spectra fo r a 
f u l l y developed sea: 

45 



where 

S(CJ) dCO = 
CO 

(53) 

CO = 2TT£ 

COo ' . 5 

ai = 8. 1 X 10 

B = . 74 

-3 

Uj^g g was the measured wind speed at 19. 5 meters above mean 

sea leve l , and was used d i r e c t l y instead of making an adjustment to the 
standard anemometer l eve l of 10 me te r s . This was to avoid selecting 
someone elses drag coef f ic ien t . Accord ing to the Weather Bureau 
c r i t e r i a , the wind speed over water at elevation 19. 5 meters is about 
1. 1 t imes that at elevation 10 mete r s . 

I f Eq. (53) is integrated to obtain the to ta l energy and re la ted to 
the s igni f icant wave height, one obtains 

gH/uJg_5 = . 21 

or 

gH/U^Q = 0.254 

which is v e r y near ly equal to g H / U ^ = . 26 used by Sverdrup and Munk 
(1947). 

Eqs. (47) and (53) are d i r e c t l y re la ted , any dif ferences r e su l t i ng 
only f r o m the e m p i r i c a l relat ions f o r CO, 60^, and as funct ions 

of wind speed, and the corresponding in terpre ta t ions of the wind speed, 

D. FROUDE SCALING OF T H E W A V E SPECTRUM 

Assuming that the Froude law applies fo r wave spectra, i t i s 
possible to estimate design wave spect rum by the concept of Froude 
scaling. The design wave parameter , f o r example, the s igni f icant wave 
height, can be obtained f r o m the analysis of the compiled wave s ta t i s t ics 
(wave s ta t is t ics can be compiled by long t e r m measurements or by use 
of wave hindcasts) . Measured wave spectra are available f o r ce r t a in 
s t o rm condit ions, f o r example, Bretschneider , et. a l . (1962). F o r t h e 
design s t o rm , once i n 100 years , f o r example, the s ignif icant wave height 
can be considerably l a rge r than that corresponding to a measured wave 
spect rum. 
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I n a r epor t by Bretschneider and Coll ins (1964), the nnost severe 
hur r icane which might occur i n the At lan t i c Ocean can generate a 62-foot 
s ignif icant wave height. The measured wave spectrum of Bretschneider , 
et. a l . (1962), was used to estimate the corresponding wave spectrum f o r 
the 62-foot s ignif icant wave height. The fo l lowing table gives s ignif icant 
wave heights based on f ive measured wave spectra. For convers ion to 
the 62-foot s ignif icant wave height the Froude length scale is obtained 
f r o m A = 62 (H measured) and the corresponding t ime scale is 

-r =jT. 
Table I I 

Date T i m e 
A = 62 -;- Hg 

17 Dec 1959 0600 35. 2 1. 76 1. 33 

11 0900 34. 4 1. 80 1. 34 

11 1500 33. 9 1. 83 1. 35 

11 1800 39. 7 1. 56 1. 25 

18 Dec 1959 OOOO 35. 3 1. 76 1. 33 

To convert the measured frequency spectrum to design spectrum^ ^ 

the ordinate S(f) , having dimension f t^sec, , must be m u l t i p l i e d by A 

and the abscissa f , having dimension sec"^ must be m u l t i p l i e d by A 

To convert the corresponding per iod spectrum to design spectrum 

the ordinate S(T), having dimension f t ^ s e c " \ must be m u l t i p l i e d by 

X •^''^ and the abscissa T , having dimension sec, must be m u l t i p l i e d 

by A 

I f the design s igni f icant wave were d i f f e ren t f r o m H = 62 feet, then 
A and X would change accordingly . 

(Data tabulated by f requency analysis is of ten given fo r in te rva l s 
of A f- In order to convert such data to a design spectrurn^^one must 

make an addit ional conversion by m u l t i p l y i n g A £ by A • ) 

F o r a number of reasons the per iod spectrum has a m o r e p r a c t i c a l 
appl icat ion than the frequency spect rum. A simple operat ion converts the 
f requency spect rum to the per iod spectrum as fo l lows ; 

S(T) dT = - S(f) df (54) 
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where f = l / T 

df = - 1/T^ dT 

Thus 

S(T) = f ^ S ( f ) (55) 

F igure Z l shows the Froude scaling of the per iod spectrum f o r 
Hg = 6Z feet as given i n Table I I , The Froude scaled spectra i n F igure 

Z l are shown superimposed on the theore t ica l spectrum given by Eq. (43) 
The s igni f icant v a r i a b i l i t y at some frequencies is apparent. The theo
r e t i c a l spectrum by Eq. (43) can be considered as y ie ld ing the mean 
spect ra l energy density i n any frequency band, but w i t h i n such a band an 
ind iv idua l ordinate w i l l v a r y according to some skew-type ' d i s t r i 
bution. The areas under a l l spectra given i n F igure Z l are ident ical and 
are related to the same value of the s ignif icant wave height, but only the 
ind iv idua l ordinates va ry . For example, i f a given ordinate var ies 
according to the Rayleigh d i s t r i bu t ion , then the upper and lower 95% 
confidence levels would be respect ive ly almost twice and half of the 
mean values. 

In F igu re Z l the large ins tab i l i t i e s in the scaled observed spectra 
at low periods (high frequencies) are not quite so apparent i n the frequenc 
spect rum. These ins tab i l i t i e s are probably caused by the in t roduct ion 
of noise i n the o r i g i n a l r e c o r d , ei ther by sample rate or ins t rument i n -
sens i t iv i ty , or , most l i k e l y a combinat ion of both. Since there is a 
smoothing process ( re la ted to A f) f o r the frequency spectrum, i t 
becomes apparent that a s i m i l a r smoothing process (related to A T) 
should also be applied to the pe r iod spectrum. This is because A T 
is not l i n e a r l y re la ted by a constant to l /Af- Addi t iona l studies are 
r equ i red to investigate the d i spa r i ty observed between spectra i n t e rms 
of A f and those i n t e r m s of ^ T . 
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I I I . PROPAGATION OF WAVES AND SWELLS INTO 
SHALLOW WATER 

When waves or swells propagate into shallow water , a number of 
modi f ica t ions take place: r e f r a c t i o n , shoaling and energy losses. These 
fac tors w i l l be discussed subsequently, considering only a s imple s inu
soidal wave. The fact that waves t r a v e l i n groups of var iable amplitude 
and frequencies - - the wave spectrum - - entails additional considerat ions 
discussed la te r . 

I f the waves are long-cres ted and a re moving obliquely towards a 
s traight shoreline whose depth contours are also straight and pa ra l l e l to 
the shore, those port ions of the wave f r o n t which e f fec t ive ly f ee l bot tom 
f i r s t are re tarded f i r s t ; t he re fo re , the wave becomes subject to a p r o 
gressive curv ing or r e f r a c t i o n which, i n i ts ove ra l l effect , tends to a l ign 
the wave f r o n t to the depth contours. This is i n analogy to simple l ight 
rays of a pa r t i cu la r wave length when t r ave l ing f r o m one media to a 
media of d i f f e ren t density. The l ight is bent or r e f r ac t ed . When a l l the 
wave lengths fo r the spectrum of l ight t r a v e l f r o m one media to a media of 
greater density, each wave length is r e f r ac t ed to a d i f f e ren t degree, which 
resul ts i n sor t ing of the co lo rs . S i m i l a r l y , when the spectrum of ocean 
waves enters a r e f r a c t i n g area, the d i f f e ren t frequencies or wave lengths 
are sorted, and the resu l t ing spectrum is changed accordingly . F igure 
22 i l lus t ra tes the effect of r e f r a c t i o n fo r a s imple wave. 

The orthogonals (wa.ve rays) represent the d i r ec t ion that the wave 
f ron t s are taking. They become curved in the process of r e f r a c t i o n and 
in general may tend to diverge cr converge. Over a submarine canyon 
(Figure 23) the waves w i l l always tend to diverge., and conversely, over a 
submarine r idge (Figure 24), the waves w i l l always tend to converge. 

I t is general ly assumed that the wave energy contained between 
orthogonals remains constant as the wave f r o n t progresses; this supposes 
that there is no d i spers ion of energy l a t e r a l l y along the f r o n t , no 
r e f l ec t i on of energy f r o m the r i s i n g bot tom, and none lost by other 
processes. I f b^ represents the distance between orthogonals i n deep 

water , and b the distance between orthogonals somewhere i n shallow 

water (where the corresponding wave heights are H and H ) , since 
O X 

the energy of the wave is p iopor t iona l to the square of the wave height, 
i t fo l lows that 

b H ^ C g = b H ^ C g (56) 

or 

H = H Ih Ih ' jcg /Cg ' 
X O v/ O X vy ®0 ^X 
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FIGURE 2 2 REFRACTION EFFECT 
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FIGURE 23 DIVERGING ORTHOGONALS 
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where / b /b = K , the r e f r a c t i o n coeff ic ient . The above is a 

s i m p l i f i e d example and the general mechanics of t r a n s f o r m a t i o n fo r a 
s imple wave fo l low. 

Assuming that the gradient of the sea bed is not so steep that 
wave energy is re f lec ted , and that there is no gain or loss of energy due 
to l a t e r a l d i f f r a c t i o n or d ispers ion, then the wave energy t r ansmi t t ed 
between orthogonals remains the same, except f o r loss due to bot tom 
f r i c t i o n and percola t ion i n the permeable bed. F r i c t i o n a l losses represent 
the energy expended i n overcoming resistance, shea,r stresses or drag 
forces on the sea bot tom. Perco la t ion losses represent energy los t 
through actual i n f i l t r a t i o n of the wave mo t ion into the s e m i - f l u i d mass of 
ce r ta in f i ne ly suspended sediments of the permeable sea. bot tom. 

I f P^ and Pp represent the f r i c t i o n a l and percola t ion energy 

losses per uni t area of bot tom per unit time^ respect ively; then f r o m 
F igure 25, which shows the elemental length ^ x o£ r i s i n g sea bot tom 
in the d i r ec t ion of mot ion , the energy loss ( t ime ra te) , i n t e rms of power 
(P) t r ansmi t t ed across the v e r t i c a l section bh between the orthogonals 
w i l l be: 

( P ^ + P J b ^ x = [pb - (5(Pb)] - Pb (58) 

whence 

d ( P b ) _ _ ( p + p ) b (59) 
dx f ' p ' 

The wave energy E per unit surface area is given by 

E = - 1 / g H ^ (60) 

which is t r ansmi t t ed across the unit area wi th the group ve loc i ty C ; i . e. 
ê 

P = E C . The group ve loc i ty changes f r o m deep water into shallow 
ê 

water according to 

C - nC (61) 
g 

where C is the wave ce l e r i t y and n is the t r ansmiss ion coef f ic ien t 
and, according to l inear wave theory, is given by 

1 1 + (62) 
sinh 2 kh 

where k 2 77/L, I t then fo l lows that the power of t r ansmiss ion is 

Pb = Eb C = ƒ g b (nC) (63) 
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FIGURE 25 EXPERIMENTAL LENGTH B% OF 

RISING SEA BOTTOM IN DIRECTION OF MOTION 



In deep water, jus t before the waves are due to fee l the effects of 
depth, Eq. (63) becomes 

P b = ~ / ° g H ^ b n C 
O O ö y ° o c o c 

(64) 

The ra t io of Eqs. (63) and (64) results i n 

1/2 , 
H 

H 

/ b \ ^ ' ^ i n C. 
o o 
nC 

which ma,y be expressed as 

1/2 

(65) 

H 
H ~ 

= K K 
r s fp 

(66) 

where K , K and are known as the r e f r a c t i o n coef f ic ien t , the 
r ' s f p , 

shoaling coef f ic ien t , and the f r i c t i o n - p e r c o l a t i o n coef f ic ien t , respectively^ 

The r e f r a c t i o n coef f ic ien t is separately defined as 

K (67) 

the square root of the r a t io of the widths between orthogonals i n deep and 
shallow water . Accord ing to linea.r theory, depends only on wave 

per iod , water depth contours and i n i t i a l deep water wave d i rec t ion . I n 
p r a c t i c a l coastal engineering problems , r e f r a c t i o n coeff ic ients can be 
determined by one of two methods: wave f r o n t and d i rec t ray or orthogonal 
methods, both of which are discussed i n B, E. B, T . R. 4(1961) . 

The shoaling coef f i c i en t is given completely, according to l inear 
wave theory, by: 

K (68) 

The wave c e l e r i t y C in shallow water is re la ted to i n deep water by 

C C tanh kh o (69) 

and i n deep water n^ = 1/2, whence f r o m Eqs, (63), (68), and (69) 

K 1 + 
2 kh 

sinh 2 kh 
tanh kh 

-1/2 

(70) 

K is then given e x p l i c i t l y as a func t ion of h / L or h / L ^ and may be 

obtained f r o m tables by Wiegel (1954) where K,, = H / H 
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The f r i c t i o n - p e r c o l a t i o n coef f ic ien t K^^ is delined as 

1/2 

fp 
^ > (71) 

o o 

Returning to Eq. (59) and substi tut ing Pb frona Eq. (71), one obtains 

or 

d ( K . ^) 
p b J ^ = - (D . + D ) b (72) 

o o dx i p 

Accord ing to Putnam and Johnson (1949) 

* ^ T (sinh kh)-^ 

and according to Putnam (1949) 

^ T 
D . ±Jll- . g P H ^ ^ (75) 

p . ,rr,2 smh 2 kh 

In Eqs. (74) and (75) 

= mass density of water 

f = dimensionless f r i c t i o n fac tor 

U - k inemat ic v i scos i ty of sea water 

p = pe rmeab i l i t y coef f ic ien t of Darcy ' s Law having 
the dimensions of (length) 

Eq. (75) is applicable fo r h / L > 0. 3 but becomes m o r e c o m 
pl icated fo r h / L < 0. 3. 

Returning to the d i f f e r e n t i a l Eq. (73) and i n view of Eqs. (74) and 
(75), one recognizes, a f te r c a r e f u l examination, that this is of the same 
general f o r m as B e r n o u l l i ' s nonlinear d i f f e r e n t i a l equation of the f i r s t 
order ; i . e. 

+ M y = Ny'" (76) 
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Without going into the algebra, one may wr i t e Eq. (73) as fo l lows: 

F 

K F , 
f p 

(77) 

and the solution is : 

1 - / ^ p d x 
K 

fp 
ƒ F dx 

P F^ dx + Const 78) 

In general , numer i ca l in tegra t ion of Eq. (78) is requi red , but a 
number of special cases have been investigated by Bretschneider and 
Reid (1954). Of most in teres t at present are two simple cases: (1) no 
bottom f r i c t i o n , and (2) no percola t ion. 

The f i r s t case f o r F , = 0 resul ts m 
f fp rx ^ 

K where 
P 

F dx 
K = • e 

The second case f o r F^ = 0 resul ts i n K^^ = where 

^ f = 
'X 

1 + F^ dx 
- 1 

For a bottom of constant depth Eqs. (79) and (80) become 
respect ively 

K = e 

- F X 
P 

(79) 

(80) 

(81) 

and 

1 + F (82) 

Eqs. (81) and (82) can be used fo r p r ac t i c a l engineering solutions f o r a 
bot tom of var iable depth where sma l l increments of A x are selected, 
each increment having a bot tom of constant depth equal to the mean depth 
over the increment ; i . e. 

K 

where 

fp = l A K f • A K 

A K : 
- F p A x 

(83) 

(84) 
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and 

1 + A x (85) 

Graphs presented by Bretschneider and Reid (1954) can be used 
to fac i l i t a te computations by the numer ica l method. 

Bot tom f r i c t i o n and shoaling modif ica t ions can be obtained by use 
of Figures 26,and 27. F igure 26 is based on a bottom of constant depth, 
but can be used fo r a var iable bottom by representing the bottom by a 
series of sections, each having an average bottom depth. 

/ 
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I V . GENERATION OF WIND WAVES I N SHALLOW WATER 

Less i n f o r m a t i o n is available on wind waves i n shallow water than 
i n deep water . This is t rue i n r ega rd to both theory and available data. 
The f i r s t i n f o r m a t i o n on this subject was given by Thi j s se (1949), based 
on l i m i t e d data. Addi t iona l data and relat ionships were brought f o r t h 
by D r . Garbis Keulegan at the National Bureau of Standards, although 
never published to the knowledge of the author. The U. S. A r m y Corps 
of Engineers, Jacksonvi l le D i s t r i c t (1955), p e r f o r m e d an extensive f i e l d 
invest igat ion on wind, waves and tides i n Lake Okeechobee, F l o r i d a . 
Based on the hur r icane wind and wave data f r o m Lake Okeechobee, and 
some ord ina ry wind wave data f r o m the shallow regions of the Gulf of 
Mexico , Bretschneider ( 1954) was able to establish a numer ica l procedure 
fo r computing wind waves i n shallow water taking bot tom f r i c t i o n into 
account. A f r i c t i o n fac tor of f = .01 appears sa t i s fac tory . Presen t ly 
these techniques are used f o r the continental shelf, but may requi re f u r t h e r 
ca l ib ra t ion when more wind and wave data are avai lable. 

A . GENERATION OF WIND WAVES OVER A B O T T O M OF 
CONSTANT D E P T H 

I f d / T ^ < 2. 5 f t / s ec^ , then the waves e f fec t ive ly " fee l bot tom" 
and the depth and bot tom conditions enter as addit ional fac tors w i th 
respect to the heights and periods of waves which can be generated. The 
effect of f r i c t i o n a l d iss ipa t ion of energy at the bot tom f o r such waves 
l i m i t s the rate of wave generation and also places an upper l i m i t on the 
wave heights which can be generated by a given wind speed and fe tch 
length. 

F igure 4, the dimensionless deep water wave forecas t ing r e l a t i on 
ships, i n effect represents the generation of wave energy i n deep water 
as a funct ion of F , U and t , since the energy i.s p ropor t iona l to H ^ , 
whereas F igure 26 represents the diss ipat ion cf wave energy due to 
bot tom f r i c t i o n . F igures 4 and 26 were combined by a numer i ca l method 
of successive approximat ion to obtain relat ionships fo r the generation of 
waves over an impermeable bottom of constant depth. Best agreement 
between wave data and the n u m e r i c a l method was obtained when a bot tom 
f r i c t i o n factor of f = . 01 was selected. Perhaps a " c a l i b r a t i o n ' f r i c t i o n 
f ac to r " is a m o r e appropria te t e r m since i t would take into account other 
i n f luen t i a l f ac to rs not n o r m a l l y included in the f r i c t i o n fac tor t e r m such 
as energy loss by "whitecaps, " The curves of f i gu re 28 are the resul ts 

of these computations. The curve of g T / U versus gd /U is based on 
2 2 2 

the wave data, whereas the curves of g H / U versus g d / U and g F / U 
are based on the numer i ca l computations. The curves c>f these f igures 
are not too much d i f f e r e n t f r o m those presented by Thi j s se and Schi jf , 
(1949), reproduced i n F igu re 30, F igure 29, based on F igure 28, gives 
wave forecas t ing curves f o r shallow water of constant depth and un l imi t ed 
wind dura t ion and fe tch length. F igure 28 may be used when both the 
fe tch length as w e l l as the depth are r e s t r i c t ed . 
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FIGURE 3 0 GROWTH OF WAVES IN A L I M I T E D DEPTH 



The impor tan t fact f r o m the above m a t e r i a l , however, is the 
establishment of a numer ica l procedure fo r computing wind waves m 
shallow water of constant depth which can be v e r i f i e d by use of wave 
data This procedure can be extended to a bottom of constant slope 
where in the bot tom is segmented into elements, each element havmg 
a mean depth assumed to be constant. Sample computations fo r a typ ica l 
continental shelf are given by Bretschneider (1957). 

Present ly , the system of calculations is being prac t iced on gen
era t ion of wind wave spectra over the continental shelf. I t w i l l be some 
t ime i n the fu tu re before the system is per fec ted . However, F igure 31, 
reproduced f r o m Bretschneider (1964), is a typ ica l example resu l t ing 
f r o m calculat ion of wave spectra i n shallow water , taking into account the 
combined effect of bottom f r i c t i o n and wind action. The hindcast deep 
water wave spectra is based on the method of Bretschneider (1957) and 
bot tom f r i c t i o n is taken into account according to the method of 
Bretschneider (1963) where in the wind effect is added. 
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V . DECAY OF WAVES I N DEEP WATER 

When waves leave a generating area and t r a v e l through a ca lm 
or an area o£ l igh t winds, a t r ans fo rma t ion takes place. A t any pa r t i cu la r 
t ime and wi th respect to decay distance, the s ignif icant wave height 
decreases and the modal per iod shif ts to the longer per iod waves, 
r e su l t ing i n an apparent increase i n s ignif icant wave per iod. However, 
at a pa r t i cu la r decay distance the modal per iod decreases. To under
stand the signif icance of a per iod shi f t , one must r e f e r to the spectrum, 
of waves and the o r ig ina l w o r k of Barber and U r s e l l (1948). Recent 
work of Munk (1964) shows that most of this t r ans fo rma t ion takes place 
in the f i r s t 1000 mi l e s of decay. Based on f i e i d tests of waves a r r i v i n g 
f r o m the southern hemisphere and t r ave r s ing a great c i r c l e to Alaska , 
Munk (1964) shows that there is a ve ry r ap id loss or t r a n s f o r m a t i o n of 
energy during the f i r s t 1000 mi l e s and a sh i f t of peak frequency to about 
0. 6 to 0. 7 sec" ^ af ter which l i t t l e change occurs . 

The w o r k of Wiegel and K i m b e r l y (1950) and Bretschneider ( 1950) 
was included i n the rev is ions i n forecas t ing deca.y of swel l . E m p i r i c a l 
re lat ionships were developed, based on the co r r e l a t i on of wave data 
obtained off Southern C a l i f o r n i a and wind and fetch charac te r i s t i cs ob
tained f r o m weather charts of the Southern Hemisphere, f r o m where the 
waves had or iginated. The rather meager data were recorded i n shallow 
water and had to be t r a n s f o r m e d fo r deep water according to the shoaling 
coeff ic ients given by F igure 27. In spite of the above d i f f i c u l t i e s , 
e m p i r i c a l forecas t ing curves fo r wave decay were determined by B r e t 
schneider (1951) and are presented i n F igure 32. The scatter of data 
on which these curves are based indicates that the above rela t ions cs.n 
deviate by as much as t 50 percent. Although these curves are not c o m 
pletely sa t i s fac tory , they are the best available to date. Fur the r 
ref inements are ce r ta in ly necessary. 

Assuming average conditions f o r a severe s to rm, a wave spect;ra 
hindcast was made fo r the end of the fe tch , and assuming that F igu re 32 
applied fo r H ^ ^ / H ^ as a funct ion of T f o r decay of the wave spectra, 

computations were made fo r var ious elements of the per iod spect rum. 
The resul ts of these calculations are shown i n F igure 33. The curve f o r 
D = 0 is zero decay distance or the end of the fe tch . Other values of the 
decay distance D are given i n naut ical m i l e s . The short per iod waves 
disappear r ap id ly , leaving only the longer per iod waves to decay m o r e 
s lowly. 

The areas under each spectrum are re la ted to the square of the 
corresponding s igni f icant wave height, and the modal per iod is close 
to the s ignif icant wave per iod . F igure 34 shows the change i n sign..£icant 
wave height and per iod as a funct ion of decay distance. F r o m th is f i g u r e 
i t is seen that most of the decay takes place dur ing the f i r s t 1000 m i l e s 
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af te r which l i t t l e change occurs , which is i n agreement w i t h the idea 
proposed by Munk (1964). The relat ionships of F igure 34, having been 
based on e m p i r i c a l data, do not indicate how the energy is dispersed, 
dissipated or t r a n s f o r m e d f r o m one frequency to another. 

No relat ionships have been developed to show how the wave 
spectrum decays w i t h respect to t ime at a pa r t i cu la r locat ion. The 
wave spectra data of I j i m a ( 1957) show that the sh i f t i n modal per iod is 
opposite to that given i n F igu re 33, as should be expected. F igu re 35 
represents frequency spectrum f o r increase of waves and fo r decrease 
of waves, reproduced f r o m I j i m a (1957). The growth of wave energy i s 
f r o m high f requency (low period) and the decay of wave energy is f r o m 
low frequency (long per iod) . 

The combinat ion of wind waves and swel l can lead to a m u l t i -
peaked spectrum. This is p a r t i c u l a r l y t rue f o r hur r icane conditions 
where the hur r icane winds act at near ly a r igh t angle to the d i r ec t ion 
of swel l propagated ahead of the s t o rm as the s t o r m moves over the swel l . 
A typ ica l i l l u s t r a t i o n of these conditions is 'shown f o r Hur r icane Donna 
by Bretschneider (1961) iri; anvliippendixito the-paper by Ga ldwél l ah^ 
W i l l i a m s (1961) as published i h Ocean Wave Spectra (1963). A demon
s t ra t ion of this phenomenon is shown i l l u s t r a t i v e l y i n F igure 36 fo r the 
per iod spectrum and which, when t r a n s f o r m e d to the frequency spect rum, 
is shown in F igu re 37, r emember ing that S(f) = T ^ S(T), I t migh t be 
noticed that a c a r e f u l inspection of F igures 36 and 37 reveals the fact that 
fo r ce r t a in applications the per iod spectrum has ce r ta in advantages over 
the frequency spect rum. I t appears that i f the frequency spectrum were 
plotted on a log scale, there would be a c l a r i f i c a t i o n of the apparent 
d i f f i c u l t i e s . 

F igure 32 is based en t i re ly on meager e m p i r i c a l data. These 
relat ionships take into account the generating fe tch length, and as a 
resul t give a f a m i l y of relat ionships f o r wave decay, whereas the o r i g i n a l 
work of Sverdrup and Munk (1947) gives a single re la t ionship f o r wave 
decay. I t should be mentioned that the w o r k of P ie r son , Neumann and 
James (1955), as outl ined i n Hydrographic Of f ice Publ ica t ion 603, o f f e r s 
the best sc ien t i f ic means f o r descr ib ing the decay of waves. Fur the r 
research and col lec t ion of f i e l d data is necessary before the f i l t e r 
techniques proposed i n H . O. publ icat ion 603 can be implemented f o r 
p rac t i ca l applicat ions. 
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V I . WAVE STATISTICS 

Wave stat is t ics are defined i n t e rms of p robab i l i ty of occurrence 
or recurrence in t e rva l s , f o r example the average number of years 
requ i red fo r a pa r t i cu la r value of the s ignif icant wave height to be 
equalled or exceeded. This de f in i t ion does not necessar i ly have the same 
s ta t i s t i ca l meaning as wave v a r i a b i l i t y . Wave v a r i a b i l i t y is rese rved fo r 
wave height or per iod d i s t r i bu t i on f o r a pa r t i cu la r continuous wave r eco rd . 

I n this section p robab i l i ty is defined as the percent of t ime a 
pa r t i cu la r event is expected to occur. The cumulat ive p robab i l i ty is 
the percent of t ime a pa r t i cu l a r event is equalled or exceeded. The 
recurrence i n t e r v a l is the t ime requ i red fo r a pa r t i cu la r event to r ecur . 
In order to determine cumulat ive p robab i l i ty and recur rence in te rva l s 
of wave heights f r o m severe s torms which might be prognosticated f r o m 
c l ima to log ica l events, several methods of approach migh t be u t i l i z ed . 
I f data were measured over a suf f ic ien t length of t i m e , this would be 
usefu l . Otherwise, wave hindcasts f r o m past meteoro logica l weather 
maps can be made f o r presentat ion of the data. The method of Beard 
(1952) has been used successful ly f o r sma l l samples - - 20 to 40 years 
of records - - b y hydrologis ts and hydraul ic engineers to p red ic t r e c u r 
rence in te rva ls fo r peak f loods i n engineering studies of watersheds, 
r e s e r v o i r capacity and dam construct ion. 

The equations f r o m Beard (1952) fo r de te rmining probab i l i t i e s 
and recur rence in te rva l s are as fo l lows: 

P = 100 ^-=-^ (86) 

and 

I - lOOY (87\ 
^ SP 

where S = to ta l number of occurrences on record , 

s = the summation of occurrences, beginning wi th the lowest 
value to any successive higher value u n t i l s = S. 

P = the cumulat ive p robab i l i ty that an event is equal to or 
less than a pa r t i cu l a r value. 

Y = the number of years of r eco rd , 

I - the recur rence i n t e r v a l i n years corresponding to the 
p robab i l i ty P and the number of years of r e c o r d Y , 



General ly, the p robab i l i ty P versus the magnitude of the event 
is aplotted on p robab i l i ty paper and a smooth curve is constructed. F ron 
the smooth curve values of the event and the corresponding p robab i l i t y 
are determined, and the recur rence i n t e rva l I is then determined f r o m 

Instead of using the graphical plot on p robab i l i ty paper, one could 
use to a better degree of accuracy the Weibu l l d i s t r i bu t ion funct ion , Eq. 

I f the data fo l l ow a near ly l inear re la t ionship according to the 
above equations, then a graphica l deterni inat ion can be made. I f 
r equ i red , a s ta t i s t ica l least squares technique can be used to obtain the 
best f i t parameters A and M . Once the proper analyt ical equation 
has been determined f o r the p robab i l i ty P , then the recur rence i n t e rva l 
I can be determined as before . 

Jasper (1956) presented s ta t i s t i ca l d is t r ibut ions of s ignif icant 
wave heights based on about 5-1/2 or 6 years of Weather Bureau data 
fo r ce r ta in stations of the N o r t h At l an t i c , These data resul ted i n a 
l inear re la t ionship on log n o r m a l p robab i l i ty paper. F igure 38 is 
reproduced f r o m Jasper (1956), 

Eq. (87). 

(33): 

(88) 

M o r e recent data on wave s tat is t ics have been presented i n tabular 
f o r m by M . Darbysh i re (1963). These data are i n t e rms of the m a x i m u m 
wave measured and the corresponding wave per iod . 
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V I I . WIND SPEED VERSUS WIND SPEED 

This section on wind speed versus wind speed is indeed a subject 
about which much discussion can be promoted. Although there are con
t rove r s i e s about use of the proper wind speed i n wave forecas t ing , there 
can be no disagreement that much research is r equ i red to standardize 
wind speed as re la ted to wave generation. I t appears that each author 
of a pa r t i cu la r wave forecas t ing technique has his own def in i t ion of wind 
speed, whereas the user of the wave forecas t ing techniques sometimes 
uses a m i x e d de f in i t ion . I t is no wonder that the var ious methods have 
been c i r i t c i z e d by the users . 

P i e r son (1963) f o r the f i r s t t ime gave a reminder that the wind 
data obtained by Neumann (1948 and 1952) was actual ly measured at 7. 5 
mete rs above the sea, aboard a ship, which i t s e l f was bobbing i n the sea. 
A hand anemometer extended on a pole away f r o m the ship was used to 
r e c o r d the wind speed, and, at the same t i m e , the waves were observed. 
The type of average wind speed determined is d i f f i c u l t to know. Perhaps 
some of the scatter of the data given i n F igu re 18, reproduced f r o m 
Neumann (1952), is due to conditions under which the measurements were 
made. However, the averages can s t i l l be of impor tance . 

A n at tempt by P i e r s o n (1963) was made to i n t e rp re t wave spectra 
i n t e rms of the wind p r o f i l e instead of wind measured at a constant 
elevation, and P i e r s o n and Moskowi tz (1963) proposed a wave spectra 
based on wind data measured at a constant height of 19, 5 meters above 
mean sea l eve l . This was done to avoid using drag coeff ic ients by other 
authors fo r reducing the wind speed to some other standard elevation, 
P i e r son (1963) also attempted to reconci le the d i f ferences between the 
various spectra on the basis of the elevation at which winds were mea.sured, 
and he advocated longer averages fo r wind speed in order to obtain better 
co r r e l a t i on w i t h the averaged wave data, 

Darbysh i re (1952, 1955) re la ted wave data wi th the geostrophic 
wind speed calculated f r o m the surface pressure gradient. Since the 
isobars were smoothed through the recorded pressure data, the geo
strophic wind represented some type of a longer t ime average. 

Bretschneider (1951, 1959) calculated a surface wind speed f r o m 
the geostrophic wind speed, taking into account curvature and a i r - s ea 
temperature d i f fe rences . The cor rec t ions due to curvature and a i r - s ea 
temperature d i f ferences were based on the o r i g i n a l e m p i r i c a l Scripps 
data given by A r t h u r (1947). These data were cor re la ted wi th the ob
served or recorded one-minute average wind speeds. F igure 39, 
based on the geostrophic wind durat ion, and f i gu re 40, based on the 
Scripps data of A r t h u r (1947), can be used to calculate a mean surface 
wind speed, presumably f o r an elevation of 10 mete r s above the mean 

\ 
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sea surface. Sometimes the pressure gradients are not too we l l defined 
p a r t i c u l a r l y f o r l igh te r winds, but i n any case the calculated wind speed, 
should agree wi th the measured wind speeds to w i t h i n t 15%. 

The data of Goodyear (1963) show a considerable amount of 
scatter between the calculated wind speed and the observed wind speed, 
and states that the "calculated wind speeds represent a 10 to 15 minute 
average" whereas the measured wind speeds are at the most several 
minutes durat ion. F igure 41 , reproduced f r o m Goodyear (1963), show-
the deviations between observed one^ or two-minute a.verage wind speed 
and the calculated 10 to 15 minute average wind speed f r o m pressure 
gradients. I t is no wonder that Wi lson (1963) could not calculate wind 
speeds f r o m the pressure gradients and obtain a co r r e l a t i on wi th the 
repor ted wind speeds. Instead Wi l son (1963) uses the reported wind sp^ 
to calculate isol ines of constant wind speed, but this must also entai l an 
averaging process, an average w i t h respect to distance. Fu r the r , when 
using the space-t ime wind f i e l d concept there is s t i l l another average: 
a. t ime average f r o m one weather map to the next. Some of the ship 
repor ts of winds are winds measured at elevations d i f f e r en t f rom, 19. 5 
meters above the sea. One can hard ly help wonder what wind speed 
is being ta lked about. 

Cer ta in ly there are d i rec t iona l spectra of winds (which v a r y wi th 
elev"i,tion), jus t as there are d i rec t iona l spectra of waves. Hor izon ta l 
va.riation i n wind speed and d i r ec t ion must be considered of great i m 
portance i n wave generation, p a r t i c u l a r l y when one discusses e f fec t ive 
fetches and durations as we l l as fu l ly-deve loped seas. Un t i l m o r e care 
is ta.ken i n r epor t ing winds and defining wind v a r i a b i l i t y , one cannot 
expect a,ny novel advances i n wave forecas t ing . Even then i t w i l l be 
requ i red to cor re la te new wave spectra data wi th new wind speed deter
minations . 

Present ly the forecaster must use the exist ing tools for calc -:'.:-: ".i 
waves. He must use the type of wind analysis f o r making the forecas' . 
which is compatible to the methods used to develop the forecas t ing 
relat ionships and procedures . A change i n the procedures on which the 
tools are o r i g i n a l l y based should also requ i re a change i n tne tools , or 
else the accuracy of the forecasts w i l l become worse instead of bet ter . 
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