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   An Experimental Study on the Generation and 

            Growth of Wind Waves 

                      Hideaki KUNISHI 

   Abstract : Physical processes on wind waves were studied in our wind-

flume experiments. It was found that there are at least three regimes in the 

course of the generation and growth of wind waves. We call them initial 

tremor, initial wavelet, and sea wave in order of their appearance. The 
initial wavelet  which is generated at w*H/va=1'0.3 is recognized as a roughness 

element on the water surface, and turns into the sea wave at  w*H/va2=200 

which has a character similar to that of what is called  'sea' An empirical 

universal law of initial wavelet which was found in our experiments and 

some discussions on physical mechanism of the generation and development 

of wind waves are presented. The numerical value of  'friction factor' is also 

shown. 

                    1. Introduction 

   Research on sea and swell has made remarkable progress during the past 

twenty years. As is well known, development of the moderm theory was 

originated by H. U. Sverdrup and W. H. Munk (1943, 1946, 1947). Since 

then, many experimental and theoretical works have been carried out. 

   In 1945--6 the study of wave spectra was commenced in Britain by G. 

E. R. Deacon (1949), N. F. Barber and F. Ursell (1948). G. Neumann 

(1952a, b) developed the theory of wave growth on a somewhat different 
basis from Sverdrup-Munk's. M. S. Longuet-Higgins (1952) succeeded in 

giving a theoretical interpretation to the statistical nature of ocean waves. W. 
J. Pierson, Jr. (1952) found a general mathematical expression describing 
the actual wavy sea surface in terms of wave spectra. 

   G. Neumann (1953b) proposed a theoretical wave spectrum on the basis 

of his observations, which was afterwards employed in the new methods for 
forecasting by W. J. Pierson, Jr., G. Neumann and R. W. James (1955). 
Several other theoretical wave spectra were also proposed by J. Darbyshire 

(1952, 1955, 1956), H. U. Roll and G. Fischer (1956), and C. L. Bretschneider
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(1959), and their relative merits have been widely discussed. Recently  O. 

M. Phillips (1958a) offered an important contribution on the high frequency 

range in a wave spectrum. 

   Thus our knowledge of ocean waves is now quite comprehensive and 

much more systematic, neverthless it cannot be regarded as sufficient . Es-

pecially the physical mechanism of the first formation of waves by wind can-
not be regarded as known at all. In a sense, the problem is merely mathe-

matical, but real progress may be possible only when the suitable simpli-

fications are made, as has been pointed out by F . Ursell (1956). Suggestions 
on the proper simplifications should be searched for in careful experimental 

works. Several theoretical hypotheses on wave generation have been pro-

posed up to the present. These may be classified into three groups. 

   The first group takes the position that waves are generated through in-

stability of the air-water current system. The first work of this type of cal-

culations was done by Lord Kelvin (1871), which is well known as Kelvin-

Helmholz instability. W. H. Munk (1947) made use of it to explain the 

existence of critical wind speed at which the appearance of sea surface 

turns from smooth to rough. This transition, however, is quite a different 

matter from the initial formation of waves by wind. W  Wiist (1949) made 

calculations of the boundary-layer instability on several assumed laminar air-

water velocity fields. R. C. Lock (1954) treated the same problem strictly 

on a laminar velocity profile which was theoretically calculated. J. W. 

Miles (1957) treated the case of turbulent air flow having a logarithmic 

profile. 
   The second group is concerned with the sheltering effect of normal pres-

sure exerted on the wave surface. This idea was originally introduced by 

H.  Jeffreys (1925,  1926). Afterwards, the possibility of interpretation of 

the wave generation by this effect was denied by T. E. Stanton's (1932) 

and H. Motzfeld's (1937) solid model experiments. Neverthless, it is an 

excellent idea physically. G. Neumann (1953a) has surmised from some 

empirical evidence that the sheltering coefficient is not a constant, but in-

versely proportional to the wave steepness for younger waves, while J. 

Darbyshire (1952) has assumed it to be proportional to the steepness. 

   It may be worth noting that the sheltering effect is tide in with the 

instability calculations, as has been explicitly shown by J. W. Miles (1957). 

In reality, it was his primary aim to predict the sheltering coefficients for
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prescribed spectral component waves from stability calculations on an assum-
ed shear flow. It should be kept in mind that the first and the second points 

of view are not unrelated to each other. 

   The last group pursues the cause in the stochastic fluctuations of normal 

pressure, which are unaffected by waves in contrast to the second point of 
view. C. Eckart (1953) made the first attempt, considering an ensemble of 

gusts travelling with wind. It proved, however, insufficient to explain actual 
wave production. 0. M. Phillips (1957) proposed the alternative in which 

turbulent pressure fluctuations travelling with the mean wind velocities at 

heights of the same order as their dimensions above the water surface were 
considered to be the effective forces, and his mechanism of wave generation 

was essentially a sort of resonance. 

   All of these theoretical treatments contain uncertainties for whch it 

would be difficult to provide an adequate  'a priori' justification. With this 

situation as for as theory is concerned, careful and accurate laboratory ex-

periments and field observations have been urgently needed. Few works, 
however, are available for appreciating the initial formation of waves. At 

the present time what we can reliably depend on through works done by H. 

U. Roll (1951), and by G. H. Keulegan (1951) is that (1) a minimum wind 

velocity capable of raising well-defined waves — initial wavelet — does exist 

and it diminishes with increasing distance from the windward edge of a 

limited fetch, and (2) even below such a critical velocity there exists a 

certain type of wave motions — initial tremor. The minimum wind velocity 

for the generation of initial wavelets has been found to be about  2-3 m/sec 

in laboratory experiments which corresponds to a short fetch, and to be 
about  0.8-.4.1  m/sec in open conditions which corresponds to a moderate 

fetch. 

   The author has been interested in these problems and has been engaged 

for several years in laboratory work to investigate the nature of wind-

generated  waves  ; such investigations have been conducted under the direc-
tion of Prof. S. Hayami. This paper is a detailed report of our experiments 

and analyses.
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                     Legend 

  x Horizontal coordinate 

   z Vertical coordinate 

  t Time 

  F Length of fetch 

  g Acceleration of gravity 

 pa Density of air 

 O. Kinematic viscosity of air 

 pw Density of water 

 pw Molecular viscosity of water 

 v. Kinematic viscosity of water 

  S Surface tension of water 

 W Wind velocity 

 W Uniform wind velocity at the entrance of experimental flume 

W0.1 Wind velocity at  10  cm above the water surface 

 W10 Wind velocity at 10 m above the water surface 

  U Horizontal velocity of wind-driven current 

  ro Tangential stress at water surface 

 w* Friction velocity of air 

 zo Roughness parameter 

  k Roughness height 

 H Average wave height 

 T Average wave period 

 L Wave length 

  C Phase velocity of wave 

  G Group velocity of  wave 

 6 Steepness of  wave  =  H/L 

 J3' Wave  age=  c/w* 

 0 Normal pressure fluctuation 
 s Sheltering coefficient 

 r2 Friction factor 

RN Mean rate of energy transfer to wave due to normal wind pressure 

 1?1, Mean rate of energy dissipation due to molecular viscosity of water 

 E Mean total energy of water per unit area
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                      2. Apparatus 

2.1. Wind flume 

   For our experimental work a wind flume which was set up in the Disaster 

Prevention Research Institute of Kyoto University in 1955 was used. This 

flume consists of two parts as is shown schematically in Fig. 1. The entrance 

       2160   i
n  cm 

 --147 

                         Experimental Flume 

                   Fig. 1. Schematic view of wind flume. 

assemblage is an ordinary wind tunnel from which uniform air flows are 

supplied to the experimental flume. The dimensions of the cross section of 

the downstream end, the opening of which is converged by the Venturi nozzle 

to about one fourth in area, are 50 cm in height and 75 cm in width. 

The closer inspections made in the preliminary tests for several wind veloci-

ties proved the uniformity of flows to be within  ±1Vc, up to 2 cm near walls. 

The wind velocity denoted W, which is employed throughout this paper, 

means this uniform wind velocity. It can be continuously varied from 

abou 0.5  m/sec up to about 12  m/sec by means of changing the revolution 

speed of the blower. The blower is driven through a transmission by a 

constant speed motor of 5 h.p.. The experimental flume is a semi-closed con-

duit 21.6 m in length with a uniform rectangular cross section  100  cm 

deep and 75 cm wide. It consists of 12 sections constructed of steel with 

sides of glass. Its ceiling constructed of transparent plastic plates can be free-

ly removed. The lower half of the flume is filled with water so that the depth 

of water is 50 cm and the air flows through the remaining upper half. 

At the upstream end of the flume a leading edge device is set up to make a 

smooth contact between air and water. In the downstream side of the flume 

a sloping floor made of steel with an angle of 3° is installed to prevent 

wave reflections. The air stream flows out upward through the end duct 

with a non-expanding cross section. The outward appearance of the experi-
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               Photo. 1. Outward appearance of experimental flume. 

mental flume is shown in Photo. 1. 

   Through numerous preliminary experiments carried out in 1957 it was 

found that the results from a tightly closed air passage were rather unde-

sirable. In place of this the ceiling boards were adjusted case by case so 

that the velocity of the central part would not become too large along the 

wind passage in our experiments. 

2.2.  Measuring devices 

   To measure wind velocities a small cup-anemometer and a thermocouple 

anemometer were  prepar-

ed for higher and lower 

velocities respectively.  56 stem 

These are diagrammatical-  in mm  I  Ilrf 
                                                                  Cromer-Almer 

ly shown in Fig. 2 with ;,'; o thermocouple 
                                                                   to 

their dimensions. The  Allaa – 
former is that which is  IV  c4  I  0.1  95 

                                                           Nicrom wire 
 used by micrometeorolo-                                                    —.11 

 gist  and  the  latter  was  Cup-anemometer  Thermocouple 
devised by S. Kawata, et anemometer 

al. (1952). Fig. 2. Anemometers used in our experiments. 

   With the former being connected to a counter of electric contacts and 

the latter to an electronic recorder of full scale of 10  mV these were care-

fully calibrated with the measurements by Pitot tube and by pursuing the 

smoke inserted in the stream. Obtained calibration formulae were as fol-

lows  :
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 W=  0.01+  8.47N+0.030(N—  0.073)-1 for  N>  0.15  (2.1) 

for the former and 

 1/E=0.090+0.2551/ W  (2.2) 

for the latter, where W is the mean wind velocity in  m/sec, N the number 

of electric contacts per second, and E the electromotive force of thermo-

couple in  mV The current supplied to the heating wire of thermocouple 

anemometer was 400 mA. 

   The cup-anemometer was useful for the velocities higher than 1.65 

 m/sec which corresponds to  N=0.15. On the other hand, the thermocouple 

anemometer could be used successfully for the velocities lower than 3 m/sec, 

which overlap the former. The accuracy of measurements was estimated 

to be within about  +1% throughout the course of the experiment, with 

the exception of the region of 1-3  m/sec in the thermocouple anemometer, 

where the accuracy seemed to decrease gradually from  ±1W, to  ±2V). No 

measurements were available for the smallest velocities, below about 10 

cm/sec, owing to the convection induced. 

   The resistive wave meter was used to measure the fluctuating inter-

face between air and water, its sensor being shown schematically in Fig. 3 

with its dimensions. Two measuring circuits shown in Fig. 4 were needed 

to learn the nature of the wind-generated waves through the whole range 

    40e5 .    ..e.6,;(yW.•             - 12-77.0021/  °. I                                               LO 

   AL.o./....c0:2‘6.    100cm CoaseIlk ' 

              ^ 

 =-•iiost 

    1.. ^.°' . 

 

1  ,  3 

          

1
1 C R fine  balancer• Out Put 
 E• 
 st2a b C d:g7.`:„%td,,,  i71i  100 100 400 500: <  4  cm 

            11 

Z : 
         4.4              . 
      o11 

             

11 120 200 40  I  K: <  20  Gm 
            IT, Fig. 4. Measuring circuits of wave meter. 

        o0   ' Phase Power  ink-writing 
 11 

                                        Measuring-- Amp 

                          circuit dIscri amp oscillograph 

         andI  
 —1---'1".............."    -  In  mm Sensor    Oscillator 

 (155c) 

  Fig. 3. Sensor of wave meter . Fig. 5. Block diagram of wave meter.
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of their growth. One circuit was designed to enable the magnification of 

the actual wave height from 1 to 20 times, and the other from 0.2 to 4 

times, when they were connected to an ink-writing oscillograph through an 

amplifier. The amplifier used has the same construction as the strain 

meter commonly used, as can be seen from the block diagram shown in 

Fig. 5. The statical tests proved  its accuracy to be within ±1%. Since 

its gain depends upon the electric resistance of water which in turn de-

pends on temperature, impurities, ete., frequent calibration is necessary for 
accurate measurements. In our experiments this calibration was performed 

prior to every run. It may be noted that a measuring circuit which would 
have been able to magnify as much as 100 times was also developed, but 

tests proved it to be unstable owing to the surface tension of water. 

   A device was also prepared to measure wave length. No more men-

tion, however, will be made about it since the data obtained with it will 

not be used in this paper. 

   Fine alluminum powders dispersed uniformly in the water were used 

to obtain the  current profiles induced in water by wind. It was needed that 

they were first wetted with  alchol to allow dispersal in the water without 

lumping. 

                     3. Measurement 

3.1. Introductory remarks 

   Through preliminary visual observations it has been clearly recog-

nized that a sudden growth of well-defined waves does exist in both fetch 

length and duration time, though there exists a certain type of waves before 

they start. 

   Concerning the steady state, the results of our observations are almost 

the same as G. H. Keulegan (1951) described in his paper. At very 

low wind velocities, say 50  cm/sec, the surface of the water remains almost 

calm everywhere. With an increase of the wind velocity, say at 1  m/sec, 

a certain type of wave motions becomes visible over whole fetches with 

suitable lighting. But these waves are too weak and vague to be considered 

as the so-called wind waves, although they seem to become somewhat vivid 

and definite on increasing the wind velocity. As a whole, the water sur-

face in this condition is felt to be on a tension with a tremble. The
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tension is strengthened with the wind speed until finally the sudden 

change in the appearance of the water surface occurs. When this sudden 

change occurs, the tension is immediately broken. In this sense we may 

call this type of wave  'initial tremor'. The term  'tremor' has been used 

by Keulegan. Somewhat detailed descriptions on the nature of this type 

of wave have been given in papers of H. U. Roll (1951) and W. G. van 

Dorn (1953). We can not, however, critically discuss them since our 

present experimental techniques are not suitable to measure them. 
   The sudden change in the appearance of the water surface begins to ap-

pear in the leeward part of the flume with the increase of wind velocity, and 
the windward part remains in the state of initial tremor. This leeward 

                                    region is covered with definite 

 H 

                                      wavelets whose length and  E •
5 

 <k=  eheight near the front of 

 4 

                                      this region are estimated to 

      3 _                                    be about 4 cm  and  1 mm •2 /     respectively.  On  further in-
                                     creasing the  wind velocity the 

 > 

 2  1z front edge of  the wave region 

 5  10  15  F moves rather quickly to wind-
                                      ward, so that soon after al-

             Fetch  langth in  m 

  Fig. 6. Progression of the region of initialmost the entire water surface 
  wavelet. becomes covered with this type 

 O of wave. We should like to name 

EX"' •W  this type of well-defined wave  'initial 

  wavelet' It is our main purpose to 

                         .4-ecv„ 

 >make an investigation about this type  t?2'-'''-;-,1:11r-6'''°')(49s0 of wave.  I
Fig. 6 shows the progression of the 

          2 5  10 20 Fc front of the region of initial wavelet 

        Critical  fetch  length  in  m with the wind velocity. The wind 

   Fig.  7. Dependence of the critical velocities  W corresponding to run 
    fetch length on the wind velocity. numbers 2 and 12 , 14, 4, and 6 are 

about 2.1, 3.4, 3.6 and 5.2  m/sec respectively. When we define the position 

of the front as the fetch length where the average wave height is 1 mm, 

these critical lengths for various wind velocities are well in  agreement with
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Keulegan's observation, It is shown by solid circles and a full line in 

Fig. 7. The critical fetch length  seems to be inversely  proportional' to 

the square of the wind velocity. But when we  define the front edge as 

the point at which a naturally extended curve of average wave height 
against fetch (as is shown by dotted line in Fig. 6) intersects with the 
abscissa, these edge points lie on two lines different from Keulegan's. It 
is shown by cross marks and two dotted lines in Fig. 7. The separation of 
the observed points into two groups corresponds to the change of type 
of curve of the average wave height against fetch which occurs at the 
wind velocity of about 3.5 m/sec, as can be seen in Fig. 6. The critical 
fetch length is inversely proportional to the third power of the wind 
velocity.  The blank circles in Fig. 7 correspond to the generation of in-
itial wavelet which will be discussed later. They seem again to be inverse-
ly proportional to the third power of the wind velocity, as shown by a 
broken line in Fig. 7. Here the average wave height is only about 0.05 
mm. 
    Similar processes can also be seen with respect to duration time. 

       j;,;':77777771,1,.:-,I-77-7-,,,„,Till,Iill,7T (17..:i7iFrit',::1;'F1' tlithgef,t4, k14.,;. : IJLirr';FLii.!.11.1if-!':-.1-141111:!-rjjr!       iii 
       Hiti::klfh:t it  :,,,,  !:   ,:,1,:  .  ::  i.t::.1, 

    ii,H!LOiiH7  I,'1,iii.iiT.:I;i •' t,it44,,e-iii 1.1.11.;.1.i,:404:i4;:.;iiilev,.,,i,i:-,1.,..„.4i4_:t,...,  ill  It.t1,I,ikiH,hlu!,tiV,,;,h,H:,h.±:1:,cc,,',1,h ., 'c;, flqliiiimo,o., ii,A11;,;.:',:,,_k'cl.;.,„1_,'.,:.,1;ILI'40. ul, ,. -,,,tol  ,.,.., 

     Photo. 2. A wave record showing the abrupt generation of inital wavelet. 

           oR,   I
n the lowest wind velocity, however X'G., 

long the wind might  blow, the water  -  /0   
           c : 

surface remains calm, or in the state of ›, 
                                                                                                                                 .'"-•

,,
,,, ,,,,,,„..,,, ,  +- 5   initial tremor at most. With an in- g 

                                                                       ) crease of the wind velocity it is observed> 
        , 2   

that the initial wavelets start suddenly 

and begin to grow quickly some time  i   .   5  10  20  50  lc 

after the sudden onset of wind. Photo. 

2 is an example of the wave records where Critical duration time  in  sec 

such sudden generation and growth of theFig. 8. Dependence of the                                                   critical duration time on 

initial wavelets are obviously seen. The the wind velocity.
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critical duration time capable of generating the initial wavelets decreases 

with increasing wind velocity, and its dependence on the fetch seems rather 

little. Assuming that the average wave height at the critical time is 1 

mm, we can find from the wave records that it is again inversely  propor-

tional to the square of the wind velocity, as is shown in Fig. 8. This 

is, however, not very reliable because of the difficulty in definitely ascertain-

ing the average wave height near the critical time. 

   Setting aside minute discussions, there is no doubt as to the fact that 

the well-defined initial wavelets become rather suddenly visible to the 

naked eye. It should not be supposed that they are a simple continuation 

of the initial tremor. To elucidate this situation of wave generation, two 

series of experiments were carried out. They will be reported in  the fol-

lowing sections. 

3.2. Experiment at lower wind sppeeds 

   In the first experiment at low wind speeds, ranging from 0.5 to 2.3 

m/sec, carried out in the autumn of 1957, the profile of the wind velocity 

above the water surface and of the very thin wind-driven currents near 

  the surface were observed     z 
 Run-  i 46  10 

 30at a fetch of  7.9m. Runs 
EIMMIIIIMIIIII^1611 
0201 to 11 were concerned 

 

10lnaillMIMIIII                                      with the former and 12 to 
8 .2 7mingi IlraMMI17 the latter. The wave  7  5PaIMmeter was used only as  i  3 r NI an auxiliary, for initial  3  2  MN wavelets were almost en- 

 C 

  CD 

—tirely absent in this experi - 
  a) 

 .0I  > 
      III  °0 .7                                                       ment. 

 0                            as   El Each observation of the 
                                  03  II wind profile  consists of x1.161111111.1111111 

 02measurements by the 
   0 0.5  1.0  1.3 2 .0 2.5 W 

            Wind velocity in  %ec thermocouple anemometer 
     Fig. 9. Wwind profiles in the first of the wind velocities at 

 experiment. fourteen heights above 

the water suface, ranging from 3 mm to  30  cm. Some examples are present-
ed in Fig. 9, ordinate being the height above the surface on a logarithmic
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scale and abscissa the wind velocity on a linear scale . 
   These profiles have a relatively good linear part in the range of height 

between 1 and 10 cm. Closer inspection has shown that the behaviour of 

this part of the profile can be compared to that of the well-known for-

mula for the turbulent flow over smooth surfaces 

 W  = 5.75 log+5 .5.  (3.1)  w*w*z   La 

From this point of view the friction velocity w* has been estimated for 

each run from the slope of the profile, taking the family of curves (3.1) 

with a parameter  w* as a guide. The value of  va has been taken to be 

0.151 cm2/sec corresponding to the mean temperature of  20.0°C during the 

period of experiment. The estimated values are tabulated in column 5 of 
Table 2. Using these values, we are able to summarize our data in a 

non-dimensional form. This will show how similar our profiles are to that 

of the turbulent flow over smooth surfaces. This will be discussed in Sec-

tion 4.1. 

   The roughness parameter zo which is found in another more general 

formula for the turbulent flow i.e. 

          w*zo 
 - 5.75 log (3.2) 

has been also determined for each run. These values are shown in column 

6 of Table 2. In column 7 the corresponding values of the average  wave 

height are also shown, although they are only rough estimates obtained from 

auxiliary wave records. 

   At the same time, the observation of drift current was made at the six 

wind velocities shown in Table 1. Each observation consists of tracing the 

                                Table 1. 

    Run  No. 12 13 14 15 16 17 

 W  m/sec 0.48 0.62 0.81 0.94 1.40 2.08 

 W0.1  m/sec 0.47 0.63 0.85 1.00 1.52 2.38 

 102ro dynes/cm2 r aterind 0.667 1.17 2.06 2.66 5.80 14.6 

         W 

  derived from0.640 1.18 2.08 2.61 5.60     c
urrent12.7
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loci of aluminium pewders on photographs taken at predetermined intervals 

of time in the course of development of the current. An example of these 

is given in Photo. 3, in which the white loci represent the velocities at 

various depths. As can be observed, the current is limited to a very thin 

 laver.             

• rt . I '• '' : 

 I  

               :. - •''-' ;; - .: ; -.`.':".-:;.:`,1 : •-..:= ' -                      

. ,-;;:;::: .,:. 777, -4.,4, - . • 
, ,,,, - -. 

 Lire•- 

       

,,•,.. „             

. • , 

    Photo. 3. A photograph showing  ... thin drift current induced by weak wind. 
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. . ,   

                    Photo. 4. Steady state of drift current. 

   As the wind commences to blow, this very thin current beings and 

starts to grow. Its velocity and thickness slowly increase until a steady 

state is attained. It is interesting to note that in all of our experimental 

runs the steady state was rather suddenly reached, always  accompanied by 

eddies of a somewhat large scale. Photo. 4 illustrates this steady state. 

   From the data of the transient state of each run, the shearing stress at 

the water surface by wind and the kinematic viscosity of water has been
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evaluated by the following formula, which is theoretically derived from 

the assumptions of a horizontal current in an infinitely deep water and of 

constant viscosity, 

                                      2 

                  Uo it  ${1  —  0(E)}, 

where 
 (3.3) 
 uo_  2  ro  t z  

                     Pu,r 21/2.),„c  , 

where z is the depth—positive downward from the surface, and 0 the error 

function. The suffix 0 means the surface value. 

   The viscosity was found 

to be the molecular onev1  f 
                     001 0.05 0./ 0.5 

throughout our six runs with 

the exception of the data  ob-

tained after some time had 

elapsed in runs 18 to 20. The 

numerical value of molecular 

viscosity corresponding to the 

mean water temperature of 

19.2°C during the period of  • 

this experiment is 1.04 X 10-2 z21.% 

 cm=/sec. The ascertained 

values of the surface stress 

for each run are shown in  • 

the last row of Table 1.  3 

From these results we obtain- Fig. 10. Profile of drift current in non- 

ed the non-dimensional cur-                                        dimensional form. 

rent profile shown in Fig. 10. The abscissa and ordinate are proportional 

to  U/Uo and  $ respectively and the full line represents the theoretical 

curve (3.3). The agreement between the observation and the theory indi-

cates that this thin wind-driven current in transient state is a laminar flow 

and that our evaluation of surface stress is correct. More information about 

this current was obtained, but it will not be presented here in order not to 

digress from our present subject. Detailed discription has been given in 

another paper by the author (1957). 

   The fourth row of Table 1 is the surface stress derived from the wind 

observations. They have been estimated from the interpolation of the re-



 16 

 sults of runs 1 to 11, using the relation 

                  t I)vs =  ro/Pa,  (3.4) 

where the density of air pa has been taken to be  1.22  X  10-3 gr/cm3. The agree-

ment of these values of surface stress with those obtained from the cur-

rent profile of water lead us to believe that our estimation of friction 

velocity derived from the observation of wind profile is also correct. 

3.3. Experiment at higher wind speeds 

   The second experiment at higher wind speeds, ranging from 1.6 to 11 

m/sec was performed in the fall of 1958. The profiles of the wind velocity 

above the mean water surface were observed at six fetches and wave  records 

were taken simultaneously. Runs 1 to 10 were made at a set of fetches of 

1.9, 7.3 and  12.7  m, and runs 11 to 20 at the other set of 4.3, 9.7 and 

                                                 15.1 m. 
 ,_      r     Run - iMI=                        6 7 8 9  10 The observations of  30 

     11.11111111II   20AMIE the wind profile were g!101111/111FAMEENImade in the same man- a, > 9111111=INEMIAIMAINI=1 ner as in the first ex- 
8111 ,MIIIIIIIIIMIANIIIIIIIIIM= 

   11NOVIAW AMperiment except that 
     3 5the cup-anemometer was  x WWAMill    2A

mu.milmiimimmi pricipally used. Some 

 

I 2 3 4 6 8 10  w examples are shown in 
             Wind velocity in rrAec Fi

g. 11. Good loga- Fig. 11. Winds profiles in the second experiment. 
                                          rithmic behaviour is 

seen only at the lower part of the profiles—below 10 cm—in the same as in 

the first experiment. They are, however, so different from the formula 
(3.1) that the friction velociy  w* and the roughness parameter  zo have 
been determined by the method of least square for each run without any 

other guide. Some uncertainty of values (especially about  zo) could not 

      Expert.-II .,rkun-5,Fetch 12.7 la,i  1-;r t  ; 

      

i ;;; i II •1 q.11 1 Val ,. .1,1, 0 1, II.* .  ,.  .".,  ...,,,  „,,.„, ,,,,,  hill  1  I 401*1: 
10 tilt 

-1 Iti\  \I- . 

         1 

        0  ec \ 
             Photo. 5. A wave record in the steady state of waves.
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                              Table 2. 

 1 2 3 4 5 6 7 8 9 10 

 Run F  W  pro.,  w*  zo  If  T  L  C 
  No.  m  m/sec  m/sec  cm/sec mm mm  sec cm  j  cm/sec 

    1 7.9 0.50 0.49 2.42 0.0589  -

    2  ,/ 0.58 0.59 2.86 0.0595 (0.01) 

    3  & 0.72 0.74 3.56 0.0464 (0.02) 
    4  & 0.94 0.95 4 .79 0.0377 (0.03) 
 7' 5  & 1.10 1.18 5.70 0.0329  -

a E., 6  & 1.60 1.76 8.26 0.0223 (0.035) 
 w 7  & 1.76 1.93 8.85 0.0211 (0.04) 

    8  & 1.88 2.12 9.70 0.0193 (0.05) 
    9  & 1.96 2.17 10.3 0.0210 (0.06) 
    10  & 2.06 2.37 11.2 0.0215 (0.14) 
    11  & 2.28 2.62 12.2 0.0193 (0.48) 

        1.9 1.67 8.20 0.0199 0.0275 0.132 3.40 26.0 
    1 7.3 1.64 1.59 7.83 0.0359 0.0688 0.187 5.90 30.9 
       12.7 1.64 7.74 0.0247 0.0957 0.176 5.35  j 30.4 

        1.9 2.09 10.3 0.0189 0.0415 0.148 4.05 27.4 
    2 7.3 2.08 2.00 10.4 0.0501 0.107 0.155  j 4.42 28.5 

       12.7 2.04 11.3 0.0794 0.410 0.135 3.52 26.1 

        1.9 2.60 12.1 0.0135 0.0420 0.125 3.15  j 25.2 

    3 7.3 2.57 2.64 14.3 0.0638 0.794 0.142 3.80 26.8 

       12.7 2.44 14.3 0.118 2.52 0.207 7.02  j 33.9 

        1.9 3.51 16.4 0.0199 0.182 0.095  j 2.21 23.2 

    4 7.3 3.49 3.37 20.6 0.154 1.63 0.167 4.88 29.2 
 4 

 0 12.7 3.12 19.1 0.162 4.92 0.224 8.13 36.3 
a.   

       1.9 4.22 22.6 0.0548 0.317 0.076 1.77 23.0 

    5 7.3 4.28 3.97 25.2 0.221 4.02 0.182 5.65 31.0 

      12.7 3.98 27.1 0.336 8.56 0.272 11.8 43.4 

       1.9 5.20 34.1 0.222 0.898 0.106 2.54 24.0 

    6 7.3 5.19 4.76 35.1 0.411 7.70 0.228 8.50 37.3 

      12.7 4.70 34.8 0.471 12.7 0.311 15.5 49.8 

       1.9 6.05 43.2 0.364 2.56 0.121 3.00 25.0 

    7 7.3 6.05 5.56 44.4 0.666 8.51 0.253 10.35 40.8 

       12.7 5.20 37.0 0.366 16.8 0.370  I 21.7 58.6 
       1.9 7.60 50.1 0.229 5.03 0.160 4.60 28.7 

    8 7.3 7.50 6.55 47.8 0.404 11.4 0.293 13.65 46.6 

      12.7 6.51 46.6 0.376 18.5 0.426 28.4 66.6
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                        Table 2 (Continued). 

  1 2 3  1 4 5 6 7 8 9 10 

       1.9 8.75 66.6 0.519 5.37 0.235 9.00 38.3 
     9 7.3 8.67 7.57 59.8 0.618 12.8 0.328 17.3 52.6 
       12.7  7.36 60.2 0.694 26.5 0.410 26.3 64.2 

        1.9 11.06 101.0 1.268 7.59 0.235 9.00 38.3 
    10 7.3 11.00 9.44 79.1 0.785 22.5 0.376 22.4 59.5 
       12.7 9.84 97.5 1.694 43.4 0.510 40.4 79.3 

       4.3 1.75 8.18 0.0236 0.0248 0.197 6.50 33.0 
    11 9.7 1.55 1.57 7.70 0.0296 0.0615 0.203 6.83 33.7 
       15.1 1.33 6.78 0.0401 0.0945 0.189 6.05 32.0 

       4.3 2.12 10.5 0.0296 0.0425 0.133 3.48 26.0 
    12 9.7 2.02 2.02 9.74 0.0252 0.126 0.144 3.90 27.0 
       15.1 1.78 9.83 0.0781 0.843 0.146 4.00 27.2 

       4.3 2.69 12.9 0.0232 0.107 0.123 3.09 25.1 
    13 9.7 2.53 2.48 14.8 0.124 0.915 0.132 3.42 25.9 
      15.1 2.10 12.4 0.119 2.29 0.173 5.19 30.0 

       4.3 3.65 23.7 0.222 0.684 0.120 3.00 25.0 
.7. 14 9.7 3.45 3.22 20.9 0.211 2.59 0.193 6.24 32.3 

       15.1 2.73 17.6 0.217 4.04 0.237 9.08 38.3 

       4.3 4.38 28.4 0.237 1.04 0.118 2.90 24.6 
    15 9.7 4.23 3.66 25.3 0.345 5.41 0.224 8.13 36.3 
       15.1 3.67 24.4 0.251 12.5 0.306 15.0 48.8 

 4,3 5.25 39.7 0.480 2.30 0.143 3.82 26.7 
    16 9.7 5.10 4.86 36.2 0.504 9.24 0.255 10.45 41.0 
       15.1. 4.45 33.2 0.474 15.3 0.350 19.3 55.3 

       4.3 5.82 43.5 0.501 7.20 0.194 6.29 32.4 
    17 9.7 6.00 5.68 46.3 0.745 9.69 0.289 13.3 46.0 
       15.1 5.10 37.4 0.398 19.0 0.390 24.0 61.7 

       4.3 6.80 52.8 0.562 7.44 0.244 9.61 39.4 
    18 9.7 7.35 6.59 47.6 0.377 18.4 0.337 18.0 53.5 
       15.1 6.60 45.9 0.322 24.0 0.455 32.6 71.6 

       4.3 7.94 73.7 1.340 9.18  I 0.253 10.35 41.0 
    19 9.7 8.62 7.59 57.7 0.536 20.3 0.389 24.0 61.8 
       15.1 7.28 59.8 0.696 30.4 0.440 30.1 68.5 

       4.3 10.04 97.6 1.761 13.0 0.300 14.4 48.0 
    20 9.7 10.93 9.77 100.5 1.993 27.8 0.455 32.6 71.6 
       15.1 9.90 97.9 1.717 36.4 0.578 52.0 90.0
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                                Table 3. 

1 2 3 4 5 6 7 8 9 10 11 12 

 Run  F  S'  1023  w*z0 w*H  10_2w*L  ura  gF  102g  zn  lozgH W10 
 1037'2  No.  m  La  Pa  va  1442  w*2  w*2  na/sec 

    1.93.18 0.081 0.109 0.150 1.86 27 .7  ' 2.90 4.08 2.69 0.93  
1  7.33.95 0.117 0.187 0.359 3.08 117 5 .73 11.0 2.45 1.02 

 12.73.93 0.181 0.127  0.494 2.76 208 4 .04 15.7 2.50 0.96 

 1.92.661 0.103 0.130 0.285 2.78 17.6 1.75  3.83! 3.39 0.92 
 2 7.32.74'  0.242 0.347 0.742 3.06 66.1 4.54 9 .69 3.17 1.08 

 12.712.3111 1.16 0.598 3.09 2.65 97.5 6.09 31.5 3.31 1.16 

    1.9,2.08 0.133 0.109 0.339 2.54 12.7 0.904 2 .814.08 0.88 

 3 7.311.87 2.09 0.608 7.57 3.62 35.0 3.06 38.1 4 .27 1.12 

 12.72.37 3.58 1.12 24.0 6.69 60.9 5.66 121 4.05 1.25 

 1.91.41 0.824 0.218 1.99 2.42 6.92 0.725 6.63  5.381 0.93 
 4  7.31.42 3.34 2.11 22.4 6.70 16.9 3.56 37.6 5.70 1.31 

   12.71.90 6.05 2.06 62.6 10.4 34.1 4.35 132  5.26 1.32 

 1.91.02 1.79  0.826 4.78 2.67 3.65 1.05 6.08 6.84 1.09 

 5  7.31.23 7.12 3.71 67.5 9.49 11.3 3.41 62.0 6.75 1.40 

 12.7  1.601 7.25 6.07 155 21.3 17.0 4.48 114 6.97 1.51 

    1.90.70 3.54 5.05 20.4 5.77 1.60 1.87 7.57 9.12 1.40 

 6  7.31.06 9.06 9.62 180 19.9 5.81 3.27 61.3  I 8.85 1.57 

 12.71.43 8.17 10.9 295 36.0 10.3 3.81 103 8.66 1.62 

 1.90.58 8.52 10.5 73.7 8.64 0.998 1.91 13.4 11.03 1.54 
 7  7.3'0.92 8.22 19.7 252 30.6 3.63 3.31 42.3 10.66 1.73 

 12.7.58 7.72 9.03 414 53.5 9.09 2.62 120 9.44 1.54 

 1.9110.5710.9 7.65 168 15.4 0.742 0.886 19.6 13.37 1.41 

 8  7.30.98 8.37 12.9 363 43.5 3.13 1.73 48.9 12.08 1.57 

 12.7,1.43 6.53 11.7 575 88.2 5.73 1.70 83.5 11.86 1.54 

 1.910.58 5.97 23.0 238 40.0  I 0.420 1.15 11.9 16.41 1.65 
 9 7.30.88 7.39 24.6 510 69.0 2.00 1.69 35.1 14.47 1.71 

   12.71.0710.1 27.9 1060 106 3.43 1.88 71.7 14.40 1.75 

    1.90.38 8.44 85.4 511 60.6 0.183 1.22 7.92 22.63 1.99 
10 7.31,0.7510.0 41.4 1190 118 1.14 1.18 35.2 18.67 1.80 

   12.710.8110.7 100 2820 263 1.31 1.75 44.7 21.14 2.13 
 4.34.04 0.038 0.129 0.135 3.55 63.0  3.46 3.63  2.651 0.96 

11 9.74.38 0.090 0.152 0.316 3.51 160 4.89 10.2  2.451 0.99 
   15.14.72 0.156 0.181 0.427 2.74 322 8.54 20.2 2.10 1.04      1
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                         Table 3 (Continued). 

1 2 3 4 5 6 7 8 9 10 11 12 

 4.32.48 0.122 0.207 0.298 2.44 38.2 2.63 3.78 3.34 0.99 
 12 9.72.77 0.323 0.164 0.818 2.53 100 2.60 13.0 3.14 0.97 
    15.12.77 2.10 0.512 5.52 2.62 153 7.92 85.5 2.89 1.16 

 4.31.94 0.345 0.200 0.920 2.66 25.3 1.37 6.30 4.18 0.95 
 13  9.71.75 2.68 1.22 9.03 3.38 43.4 5.55 40.9 4.17 1.26 
    15.12.42 4.41 0.984 18.9 4.29 96.2 7.58 146 3.51 1.25 

     4.31.05 2.28 3.51 10.8 4.74 7.50 3.87 11.9  6,34 1.40 
 14  9.71.54 4.15 2.94 36.1 8.69 21.8 4.73 58.1  5.62' 1.38 
    15.12.18 4.45 2.55 47.4 10.7 47.8 6.86 128 4.72 1.39 

     4.30.87 3.59 4.49 19.7 5.49 5.22 2.88 12.6 7.55 1.41 
 15  9.71.44 6.65 5.82 91.3 13.7 14.9 5.28 82.8 6.49 1.52 
    15.12.00 8.33 4.08 203 24.4 24.9 4.13 206 6.45 1.43 

 4.310.681 6.02 12.7 60.9 10.1 2.67 2.98 14.3 9.86 1.62 
 16  9.71.13 8.84 12.2 223  25.2 7.25 3.77 69.1 8.95 1.64 
 15.11.67 7.92 10.5 339 42.7 13.4 4.21 136 8.26 1.62 

 4.30.7511.4 14.5 209 18.2 2.19 2.55 36.6 10.76 1.64 
 17 9.71.01 7.28 23.0 299 41.1 4.43 3.41 44.3 10.99 1.78 
    15.11.65 7.93 9.92 474 59.8 10.6 2.79 133 9.46 1.56 

 4.30.75 7.75 19.8 262 33.8 1.51 1.98 26.2 12.90 1.67 
 18  9.71.12 5.11 12.0 584 57.1 4.20 1.63 79.6 12.11 1.55 
 15.11.56 3.69 9.85 734 99.8 7.02 1.50 112 11.86 1.50 

    4.30.56 8.87 65.8 451 50.9 0.776 2.42 16.6 16.41 1.84 
 19  9.71.07 8.46 20.6 781 92.3 2.86 1.58 59.8 14.17 1.66 

 15.11.1510.1 27.8 1210 120 4.14  1.91  I 83.3 14.30 1.75 

 4.30.49 9.01 115 846 93.7 0.442 1.81 13.4 21.07 2.15 
 20  9.70.71 8.53 134 1860 218 0.941 1.93 27.0 21.38 2.21 
    15.10.92 7.00 112 2380 339 1.54 1.76 37.2 21.20 2.13 

be avoided since the  number of measuring heights  was limited. The 

obtained values are tabulated in columns 5 and 6 of Table 2. 

   Each wave record consists of  two parts. The first part is concerned  with 

the transient state to  find the initial epoch of the generation of initial 

 wavelets. Its example is shown in Section 3. (Photo. 2), and a dis-

cussion is presented there. The second part has been taken in the steady 

state of  waves to find some  wave characteristics,  with recording speed
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being increased to 40 mm/sec. Photo. 5 is a typical wave record in the 

steady state of waves (recording speed  : 5 mm/sec.). As can be observed, 
there are very noticable beats. From these records the average wave height 

H and the average wave period T of 50 or more successive individual waves 

have been determined for each run. The wave length L and the phase  ve-

locity of wave C have also been calculated graphically by the following 

formula for free surface waves in deep water 

 gL 27.9   C2  
27r+pa,and  L=CT.  (3.5) 

These are tabulated in columns 7 to 10 of Table 2. As is mentioned in 

Section 2.2, independent measurements of the wave length were also at-

tempted. Though detailed analysis of these has not been made, a rough 

estimate of them seems to support the formula (3.5). 

   In Table 3, the values of various non-dimensional quantities which have 

been calculated from the values of Table 2, and will be used through Sec-

tions 4, are summarized. The kinematic viscosity of air  va has been taken to 

be 0.150  cm=/sec corresponding to the mean air temperature of  19.0°C during 

the period of our second experiment. 

               4. Analysis and Discussion 

4.1. Generation of initial wavelet and roughness of water surface 

   The non-dimensional profile of weak winds has shown to be of much 
value. This profile is shown in Fig. 12, in which are plotted 104 data 

obtained from measuring heights below 25 cm in runs 1 to 8. A height of 

25 cm above the water surface is the centre of the wind passage in our 

experimental flume. Three runs have been omitted, since they differ slight-

ly from the others. 

 Lline (A) in Fig. 12 represents the logarithmic formula (3.1), and 

cure (B) indicates what is called the laminar sub-layer. It has been es-

tablished that an actual flow profile over a smooth surface begins to deviate 

gradually downwards from the line (A) near  w*z/va=30 and joins the 
curve (B) near  w*z/va=8. Our data also show the same general behaviour, 

and it seems sufficient to believe that our data obey the universal velocity 

distribution of the flow over smooth surfaces, although there are several
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             Fig. 12. Profile of weak winds in non-dimensional form. 

data which differ from the others and our data deviate slightly upwards 

from the line (A) at the right. 

   In the same figure another expression of flow profile which is called the 

power law is also shown as curve (C) 

 — 8.7(  w*z  )1/7 
                        W* 

 (4.1) 

Our data seem generally to follow (C) rather than (A). The fourteen data 

showing the marked upward departure are those obtained at the heights 

above 7 cm in runs 1 and 2, and above 10 cm in run 3. The causes of this 

departure are not clear. But, there seem to be no doubt that the weak wind 

above the water surface for which there is no initial wavelet is the turbu-

lent flow over smooth surfaces. It is particularly important to note that it 

has a very thin laminar sub-layer. 

   The profile of the stronger wind, on the other hand, differs marked-

ly from the one above. It should be regarded as the turbulent flow over 

rough surfaces. Fig. 13 shows the relation between the wind velocity at 

10 cm above the water surface W0.1 and the friction velocity w* at the 

fetches of 4.3 and 15.1 m (Exper. 2), and of  7.9  m (Exper. 1). W0.1 is 

chosen as a representative wind velocity, since a height of 10 cm seems to 

be the upper limit of the good logarithmic part in wind profile through all
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of our data. The full line indicates the relation of smooth surfaces which 

is calculated by the equation  (4.1). On increasing the wind velocity the 

friction velocity or the sur-

face stress begins to deviate 
                                                                                /, from that of smooth surfaces 100r, 

                                                          <// 
at a certain critical wind  50  

velocity and such devia-

tion becomes greater and 

                                        0 greater. This means that the                                   • w 

water surface changes from E  lo  

smooth to rough at a criti- • 5   •08C\‘—  ° Fetch  7.9  ni                                                            .
50                                                                                                  * 

cal wind velocity and be-              ••43m                                                                                 15.1 m 

comes more rough with the  j —  to:=  8.9)(10  War 
 Keulegan  (1951) 

increase of wind velocity. It  I  I  

may be noted here that  I 0.5  1  5 10 

such critical wind velocitiesWO 7 ;n m/s, 

differ for the different Fig. 13. Relation between friction velocity 

fetches, as can be seen inand wind velocity.  

1  "r 

 b  rnm 

 • 
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         Photo. 6. Wave records showing the generation and development 
           of initial wavelet. 

Fig. 13. 

   Similar results have been obtained by G. H. Keulegan (1951) and W 

G. van Dorn (1953) from observation of the surface slope generated by
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wind, and interpreted as an additive stress due to the presence of waves. 

In Fig. 13 Keulegan's curve is shown by a chain line with one dot for com-

parison. Photo. 6 is a set of wave records at the fetch of 4.3 m. The let-

ter affixed to each record corresponds to those in Fig. 13. In state  'a' 

where the friction velocity is still regarded as that of smooth surfaces, 

the waves seem to have no character of initial wavelets, but look somewhat 

like a white noise. Sstate  'b' is critical where the character of typical 

initial  wavelets  is first observed in places. This character with some beats 

is clearly seen in state  'c' and becomes more evident in state  'd'. 

    It is worth noting that the rather sudden increase of friction velocity 

or surface stress has an intimate relationship with the generation of initial 

wavelets and accordingly that the change of water surface from smooth 

to rough is intimately related with the generation of initial wavelets. From 

the first point of view, we can assert that the sudden increase of shearing 

stress at the water surface results not only from the presence of waves 

but rather from generating the initial wavelets. There is mutual action 

between the initial wavelet and the air flow, that is, the initial wavelets 

are generated and developed by the shearing stress and the shearing stress 

is in turn increased by the generation and development of initial wave-

lets The second point of view is more suggestive. It leads us to the idea 

that the initial wavelets are equivalent to the roughness elements . 

   The verification of this point of view comes from studying Fig . 14. The 

wind profile over rough surfaces is usually given by 

                   w* 
 = 5.75 logz +A.,(  w*k (4.2) 

                                                        La 

where k is called roughness height .  A, is a function of  w*k/va alone. If 
we transform this equation to the following expression 

           WW*2 —  5.75 log+Cr( w*k)  (4.3) 
       W*La 

it will be recognized that Cr is also a function of  w*k/v a alone. The value 
of the quantity Cr can be calculated from observations in the following 

ways, one being deduced readily from (4 .3) and the other with the aid of 

(3.2),
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                  zw*w,zo   -5.75 log=5 .75 log (4.4)    w* La 

because both right hand sides can be known by measurements . 

Cr 
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                  Fig. 14. Relation between Cr and  w*H/va. 

   Assuming the average wave height H as the roughness height k, we 

obtain Fig. 14 from all of our data. The broken line in this figure indi-

cates the established result of J. Nikuradse (1933) for artificially sand 

roughned pipes and the full line that of C. F. Colebrook (1939) for com-

mercial pipes. The former type of roughness is called the sand roughness 

and the latter the natural roughness. Though our data show a rather wide 

scattering, we find a definite trend similar to that of the natural rough-

ness. This remarkable fact tells us that the average wave height may be 

considered the roughness height itself or at least the height proportional 

to it. 

   To  further confirm this point Fig. 15 is presented. We may assume 

after Colebrook's work that the wind profile above the water surface —the 

surface with natural roughness— can be expressed by the following equa-

tion
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      W  Z — 5.75 log  (4.5) 
         mgLa m +nk 

                                 w* 

where m and n are numerical constants. The value of m proves to be 
 0.105=1/9 by the formula (3.1), while n may be considered to be of 0.0335 

 1/30 in the case of the flow along solid walls, but it may not be so in 
other conditions. Indeed, W. Paeschke (1937) found its value 1/7 for 
surfaces covered with various kinds of vegetation. Now, comparing the 
above equation with the general formula (3.2), we can easily obtain the 
following expression 

 w*zo w*k   —m+n (4.6) 
 V  a  La 

If we assume here again that  k=H, from observation we shall be able to 

estimate the value of n for the wavy water surface. Calculating the values
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of the following quantity 

 Dr=   w*z°  (4 .7)  La 

from all of our data in the second experiment and plotting them against 

 w*H/va, we obtain Fig. 15. Our data, which are shown here by the dif-

ferent marks indicating the different fetches , scatter almost uniformly 
within two lines, full and broken. The full line represents a naturally 

rough solid wall in which  n=1/30 , while the broken line n=1/3. Our data 
seem to depend slightly on the fetch, but this is not clear. Hence , we 
may state that the value of n for the wavy water surface lies between 1/3 

and 1/30 and its most probable value may be about 1/10. The value of 

1/10 is comparable to Paeschker's value. Thus we can state that the 

initial wavelet is the roughness element itself. 

   From inspection of the wave records it is found that the critical wave 

states for the fetches of 1.9, 4.3, 7.3 and 9.7 m are seen on the data of 

runs 3, 12, 1 and 11 respectively. The values of  w*H/va for these data 

all prove to be of nearly 0.3 as shown by arrows at the left part of Fig. 14. 

This also seems to support our conclusion. Because the quantity  w*H/va 

represents the ratio of the average wave height to  the thickness of the 

laminar sub-layer and the constancy of its value for the first formation 

of initial wavelets means that these wavelets are intimately related with 

the sub-layer and are generated in a definite manner. Thus, we can final-

ly conclude that the initial wavelet is generated and developed as the 

roughness element itself and the critical number of its generation is  w*H/va 

 =0.3. A rough estimate of the average wave height at the critical state is 

0.05 mm. 

   0. Sibul (1955) has also conducted a measurement similar to ours in a 

laboratory wave channel to investigate the roughness of the water surface 

and the shearing stress exerted on the water surface by wind. In contrast 

to our results he concluded that there seems to be no relationship between 

wave height and the roughness parameter. Though the author can give no 

reason for this discrepancy, it is worth noting in Fig. 14 that half of his data 

are in agreement with ours, but the other half are widely scattered in 

the upper right part of the figure between the line indicating fully rough 

surfaces and the extension to right of the line indicating smooth sur-

faces.
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 g-  vb. In Fig. 16 some wave H  T 

                                cm characteristics and the friction 
cm seco H%—                               sec 

velocity at the fetch of 7.3 m are 
          • -r 

     • S shown against the wind velocit 2 0.3i.ry 

                              

1 0 100  Ovilirdr  Wo.i, both on a linear scale. Here 
            A ' it is important to note that 

                        •.      Fr                 Awith the increase of wind velocity 

             / 

                                    the average wave period at first 

   1  

1  0.2  550            II ,. decreases and then increases, in 

                                    other words, there is a minimum 
 Fetch  7.3m -- 

        4'iwave period in the course of de- 
      4'• velopment of initial wavelets. 

0 0.1  0 0 
    0 2 4 6 8  io This interesting fact was  observ-

          W o.i  in  m/sec ed at every fetch during our 

 Fig. 16. An example of development of 
   some wave characteristics and frictionsecond experiment. We call the 

 velocity. stages of initial wavelet before 

and after this critical state the earlier stage and the later stage of 

initial wavelet respectively. The corresponding critical value of  w*H/va 

is roughly estimated to be about 6, though the values obtained from the 

different fetches are not in full agreement with one another. From the 

practical point of view one may consider it as the critical value of wave 

generation, since the average wave height and the steepness are roughly 
0.8 mm and 2% respectively and one can easily and definitely observe 

waves. Although the cause of the existence of minimum wave period is not 

known, a possible explanation will be discussed in Section 4.3. 

4.2. Transition to sea wave and empirical law of initial wavelet 

   The initial wavelets are recognized as roughness elements, while 

further developed ocean waves cannot possibly be regarded as the 

roughness elements themselves. In reality, the initial wavelets have no 

such  13—  8 dependence as has been found in the ocean waves by Sverdrup-

Munk. This is shown in Fig. 17. Obviously the relation between steep-

ness  8 and wave age  ,8'  =  c/w* for initial wavelets is not universal but 

depends upon the fetch. For comparison the Sverdrup-Munk's curve is shown 

by a broken line after the consideration that  w*2  =  2.6  X  10-3  W102. The 

initial wavelets are quite different from further developed waves in



                                                        29 

character. There must be a transition  I  I                                                   I 

between them. 
 Sverdrup-  r•lunk 

 The  fetch  graph  is  useful  in  investiga-  0  
7    1‘

‘  ting  this  transition.  Taking  the  quantity \ 

 gF/w*2  as  the  abscissa  and  gH/w*a  the  3   t 

 ordinate,  both  on  a  logarithmic  scale, 

we obtain Fig. 18 from all of our data  10   

in the second experiment. With the  7   e 

 0 increase of wind velocity our data at 
 a   

each fetch move upwards from the lower 

right part of the figure and converge to  10 

a line. This convergence seems to  indi- 7   

cate the transition from the initial 

wavelet to the further developed wave30.3  00  i  3 7 10  lg. 

which we name 'sea wave', because itFig. 17. Relation between wave 
                                                     steepness and wave age. i

s widely accepted that what is cal-

led  'sea' is represented by a line on the fetch graph . Bretschneider's curve 

is shown by way of comparison by a broken line in the same figure after 
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                            Fig. 18. Fetch graph.
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the same consideration as before. 

   If we assume that the transition occurs at the points shown by arrows 

in the same figure i.e. runs 8, 17, 6, 16, 5 and 15 in order of fetch, we 

find that their values of  w*H/va generally agree. This is shown by ar-

rows at the right part of Fig. 14 and 15. The reasonable value for this 

transition is estimated at about 200. 

   Further it must be noted here that these critical data are at the 

same time associated with the first maximum of steepness at each fetch 

with the exception of the fetch of 12.7 m, as shown by arrows in Fig. 17. 

This is suggestive. We have at first supposed that the transition to sea 

wave is probably due to the breaking process of waves. The visual obser-

vation, however, has not always given positive impression. The alternative 

interpretation of this point will be presented in the next section. Here we 

must notice that the change in the appearance of the wave surface, from 

relatively smooth to very rough, occurs after the transition to sea wave. 

This change, however, seems to be related not to the above transition but 

to the wind velocity itself. Its wind velocity is about  W=7.5  m/sec. 

   As previously stated, the initial wavelet has no  18-8 dependence. By 

what can it be  replaced  ? We have succeeded to find it after various trials. 

the universal relationship of the initial wavelet exists between the quanti-

ties  w*H/7)a and  w*L/va. This relation is presented in Fig. 19. The ar-
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                  Fig. 19. Empirical law of initial wavelet.
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rows at the left and right parts of this figure correspond to those in Fig. 14 

and 15 and indicate the generation of initial wavelet and the transition to 

sea wave respectively. The arrows in the central part represent the data 

with the minimum wave periods of which mention is made in Section 4.1. 

It must be noted here that the value of  w*L/  v. remains nearly constant in 

the earlier stage of initial wavelet. 

   This relation is a very important result of our experiment in the mean-

ing that it offers a key to elucidate the mechanism of the generation and 

growth of initial wavelets. Though the author, at present, is unable to 
formulate a consistent theory of initial wavelets, it may be worthwhile to 

discuss further some empirical evidence on the mechanism of the develop-

ment of initial wavelets. 

4.3. Sheltering effect of initial wavelet and energy process of wave 

    growth 

   As described in Section 4.1, there is a mutual action between air flow 

and initial wavelet. This concept can be fixed after H.  Jeffreys (1925, 

1926) by introducing the pressure fluctuation  dP along wave surfaces due 

to the sheltering effect of initial wavelet. The shearing stress at water 

surface ro and the mean rate of energy transfer from air to wave RN can 

be expressed as follows in terms of the quantity 

              ro=ro+4r and dr=—1SL4p ax6---dx,  (4.8) 
        Lo 

 RN=  LSt0o•wodx,  (4.9) 
where C is the elevation of water surface, wo the vertical velocity of water 

particle at the surface,  rs the skin friction, and dr the form drag due to 
the initial wavelet. The suffix N means that the energy transfer is due 

to the normal stress. In general, the integral limit L is taken as suf-

ficiently large. 

    If we further assume a simple harmonic surface wave 

      7r227r   — Hsin(x—Ct) , wo=7rC cos(x CO,  (4.10)           2 

we may easily obtain the following expression 

 RN=  C-  dr=  C(ro  —  rs).  (4.11) 

This relation makes it possible to estimate the energy transfer RN from
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102   our observed data of surface 
                                    stress, since the assumption of 

        Initial Sea wave simple harmonic wave (4 .10)   
10    wavelet —I                                  may be allowed for the initial 

          _                                                         

• 

                                  wavelet which is considered to  

1 have a narrow band width. In Fig. 
 Trnin. - 20 an example of such an  estima-

 c., 

                                  tion of RN is shown in  compari-
-E l0   sion with the dissipation of wave 

cc 
energy  R. Here  R„ is  calculat-

e RN ed by the formula 
 1  102 • 

 C2H2  
 Fetch  —7.3mR„= 47r3ftwL3 

 163 L2  =  27r2gftwa2{1   }, (4.12) 

 

10  where  Lo  =  27ri/S/pwg=  1.7 cm is 
   05 10 the well -known wave length of 
              W in m/sec 

   Fig. 20. Comparison between energythe wave having a minimum 
    transfer to wave and dissipation of phase velocity. As seen in the 

   wave energy. figure , the dissipation R, rapidly 

becomes comparable to the income RN at the end of the earlier stage of 

initial wavelet, and again becomes considerably smaller than RN after 

the transition to sea wave. Since the assumption (4.10) may not be allow-

ed for the regime of sea wave, our estimation of RN in this regime is 

somewhat uncertain, but the general character mentioned above might not 

be altered. Probably the mechanism of the initiation of the later stage of 

initial wavelet is the  'sorting' of the spectral component waves resulting 

from the saturation of shorter waves due to larger dissipation of them. 

   In connection with this, it must be noted that the relation (4.8) 

gives a possibility to infer the nature of pressure fluctuation  zip. If we 
again assume a simple harmonic wave (4.10), and further assume after 

 Jeffreys that 

               zip= pas(W—C)2 o-- (4.13) 

                                       and write that



                                                      33 

     . 70 _ W*2TsLIT            r— 
paW2—W." n2= paW2 and Ay' =                                         paW (4.14)                  2' 

we shall obtain the following expression from the equation (4.8) 

                41-2 — 7-2 —rs2= SOOCW )2  (4.15) 

      2 where  s is called the  'sheltering coefficient'. By this relation we can infer 

the nature of sheltering coefficient  s from our observed data as far as the 

assumption of simple harmonic wave (4.10) is valid. 

  There is, however, a funda-  ,r,  I I 1                                                  
i mental difficulty. We cannot,-•                                                                                                                                                                 ...t                     10'  1) 

         

1 1  °441* estimate the value of skin friction1  ••• °!•  5 
 Ts so definitely without further

••\--1'•°                ,''^\•°                                     information on it. With using / \ 

                                                                                                               

./. 

the values of wind velocity at 10  1 ,/ 

 

10.•, V.   
 ro / 

 m  above  water  surface  W10  which / 0 - ° 1 S/1 
            5 /  

are extrapolated by the formula  7  .  . 

                                                                           / (3.2), we estimate the values of  •  •  0  //  I 

 7'82 by the formula (3.1). This -z-z  510 5 10  s  16' 

procedure was taken only for  con-  le  
venience, but the similar trial  0  0 

                                                                                     1 

 50 8  
using the values of wind 'ye-

              At ,. 1                                                    - -• 
locity at 10 cm above water 8v---, ,  -,                                         ',le; • ;

,-,-F,1,,++ surface proved that both re-
1d2.",--....•••---, ..++FI  : ,•1 .1, sults are, as a whole, identical,.., 
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1 
, in character. 

   The upper figure of Fig. 21  102 5  103 5  10° b•-=•-5                                                                                            lia 

is the result. In this figure the Fig. 21.  Relation between  4r2 and  6 and 

blank circles, solid circles, and w*L/va• 

cross marks are our data obtained from earlier stage, later stage of 

initial wavelet, and sea wave respectively. The arrows indicate the data 

with minimum wave periods. Obviously  41-2 is not proportional to  82, there-

fore the sheltering coefficient s is not regarded as a constant.  4r2 seems 

to be roughly proportional to  81/2 as a whole, but the blank circles whose 

outer edges are shown by broken lines are proportional to  8. This sug-

gests that the sheltering coefficient depends not only on  8 but also on 
 w*L/  va, because the relation between  dr2 and  8 seems to be altered by
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the loss of the nature that the value of  w*L/va remains constant. 

   From this point of view we can infer that 

 dr  oc 
ilw*Land accordingly soc—1  , (4.16)  a  1)  a 

as can be seen from the lower figure of Fig. 21. It is reasonable that the 

sheltering effect diminishes when the wave length increases against the 

thickness of laminar sub-layer which is proportional to  va/w* in a rough 

measure. Thus, the energy transfer to wave RN is expressed as 

 C8               R
NCC   (W  C)2  (4.17) 

 W*L  
 V  Va 

   If we assume that the relation (4.17) is also valid for each spectral 

component wave, we are able to see that the wave length at which the 

wave height takes a maximum value increases at a fixed fetch point 

with the increase of wind velocity owing to the energy dissipation of waves 

due to the viscosity. This cannot be given at all in the case of the 

sheltering coefficient dependent on the steepness  8 only, considering that 

w*z=  (rs+dr)/pa=  (n2+42) W2 and  zsoc  WT'" and assuming the relation 

 dx (G•E)=RN (4.18) 

where the group velocity G and the mean total energy E are defined as 

          G=C1 1 2+1 +((LoLo/L)2)4/L)2and E=np,,, C2H2                                                    (4.19) 

   Further, since it is considered that, near and after the transition to sea 

wave,  w*2=4r/pa=41-2.  W2 for component waves near the peak of the 

spectrum, RN takes the form of  8'12.Di" in the range of wave length of 

our interest. With this consideration, the possibility that longer waves pre-

dominate without the restriction of viscosity in the regime of sea wave can 

be seen as well as in the case of the sheltering coefficient proportional to 

 84 in  which  —2<a<0, assuming that the steepness cannot grow beyond the 

maximum value of about 0.1. Here it must be remembered what was men-

tioned in the last part of Section 4.2. The restriction that the maximum 

value of steepness  a is about 0.1 does not always mean the breaking of 

waves. Probably the full mechanism of the transition to sea wave can be
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pursued in the possibility of rather continuous energy transfer to longer 
waves due to the non-linear interaction between the spectral component waves . 
This presents a very interesting future problem . The energy transfer to 
water current or to turbulent eddies also may be considered . 

   The present spectral form of energy income (4 .17) is not always suf-
ficient to explain the first decrease of wave period with the increase of 

wind velocity as described in the preceding section. It seems hobeful , 
hewever, that it may be interpreted in the future more detailed examina-

tions along this line of research that the sheltering coefficient depends 

not only on  8 but also  w*L/va. Probably the precise spectral form of 

the sheltering coefficient is more complicated. There is also the possibili-

ty that it depends on the fetch. 

   What the author would conclude in this section is that the nature of 

energy transfer to waves due to the sheltering effect is more favourable 

for the accumulation of shorter waves with the increase of wind velocity, 

and that the initiation of later stage of initial wavelet and of sea wave 

result from the saturation of shorter waves, which occurs owing to the 

energy dissipation due to the viscosity, and owing to the energy transfer 

to longer waves, to water corrents, and to turbulent eddies due to the non-

linear interaction respectively. 

4.4. Quantity  gzo/w*2 and friction factor 

   If we reformulate the equation (4.18) to the non-dimensional form with 

respect to the quantities  w*H/va and  w*L/va, we shall be able to reco-

gnize the need of introducing a new quantity  w3*/gva. It can be rewrit-
ten as follows 

 w*3  _   w*zo/va   (4 .20)  g
va  gzo/w*2 

The first quantity  w*zo/va is a function of  w*H/va, as is shown by the 

equation (4.6). But the second quantity  gzo/w*2 proves to be a new inde-

pendent one, as can be seen in the upper figure of Fig. 22. It depends 
not upon the quantity  w*H/va but upon the fetch F in the region of initial 

wavelet. The lower figure shows its dependence on the fetch. Each 

blank circle is the mean value of  gzo/w*2 in the regime of initial wavelet 

at each fetch of  observation, and the broken line represents the following 

equation
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   It is very interesting that the dependence of initial wavelet on the 

fetch is explicitly and essentially expressed by this quantity and that 

this quantity converges to a constant value independent of the fetch with 

the transition to sea wave, as seen in the same figure. The constancy of 

this value in the ocean at sufficiently high wind speed has been pointed 

out by H. Charnock (1955) and also by T. H. Ellison (1956), although the 

numerical values are quite different from ours in the region of sea wave. 

F. Ursell (1956) and T. H. Ellison (1956) have pointed out that it is the 

only dimensionally correct relation when the wind is fully rough. It is, 

however, rather astonishing that at a fixed fetch point the constancy of 

this value also holds in the regime of initial wavelet where the wind is not 

fully rough but transitional. These facts seem to imply an important 

physical significance, but its nature is not yet clear. 
   In connection with this, another practically important quantity must 

be mentioned. In the ocean the tangential stress  zo exerted on the sea 

surface is usually assumed to be proportional to the square of wind veloci-

ty W10 at 10 m above the sea surface and written by 

 ro  =  par'  W102.  (4.22)
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Here the non-dimentional proportional factor r2 is called  'friction  factors 

We can calculate the values of r2 in the following form 

 742  
 T2  Wi02' (4.23) 

using the values of wind velocity at 10 m above water surface which are 

extraporated by the formula (3.2) from our data. 

   The upper figure of Fig. 23 is the result, in which our data are shown 

by different marks indicating different fetches. The broken line corres-

ponds to the wind along smooth surfaces and it is what has been used to 
estimate the values of  rs2 in the previous Section 4.3. Obviously our 

data depend upon the fetch, but this dependence seems to become smaller 

with the increase of fetch. It should be so, since our calculation is equi- 
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valent to the following one 

 1 Wio103103ggzo) ,  (4.24)                 =  5.75 log= 5.75{log0 —  logw*,f      *zow*- 

and  gzo/w*2 depends upon the fetch as stated before. 

   As a whole, the friction factor  r2 increases with the wind velocity. 

This general trend agrees with those of several authors shuch as H. U. 

Roll (1955) and J. S. Hay (1955), and the numerical value nearly agrees 

with Roll's in the range of wind velocity from 2 to 10  m/sec in which it 

increases from  0.9  X  10-8 to  1.6  X  10-3 These are shown in the lower 

figure of Fig. 23 in which each of our data shown by a triangular mark 

is the mean of four data at longer fetches to which roughly equal wind 

velocities are annexed. 

   As can be seen, our result remains nearly constant with a value of 

about  1.6X  10-3 near the wind velocity of 10  m/sec, and increases again 

at the wind velocity of about 12  m/sec. This increase corresponds to 

the change in the appearance of the  'wave' surface as described in 

Section 4.2. A similar tendency is also seen in the results of Roll, but 

the wind velocity at which  r2 begins to increase is quite different from 

ours. This difference seems to be related to the difference in  gzo/w*2 

between the open sea and the laboratory, but it is not completely clear. 

                     5. Conclusion 

   Analysis of our experimental investigation conducted on the generation 

and growth of wind waves leads to the following conclusions. 

   1. There are at least three regimes in the course of generation and 

growth of wind waves. We call them initial tremor, initial wavelet, and 
sea wave in order of their appearance. The transitions between them are 

given by  w*H/va=0.3 and 200. 
   2. There are two stages in the regime of initial wavelet. We call 

them earlier stage and later stage of initial wavelet in order of their ap-

pearance. The transition between them is characterized by a minimum 
wave period and is given by  w*H/vo=6. 

   3. The initial wavelets are recognized as roughness elements on 

the water surface. The nature  of , initial wavelt as roughness is similar to 

that of natural roughness, and the value of n (the ratio of the roughness
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parameter  zo to the roughness height  1 in the regime of fully rough wind) 
is about three times that in the case of a solid wall. 

   4. A universal relation by which the initial wavelets are governed 

exists between  w*H/va and  w*L/va. In the earlier stage of initial wavelet 

the value of  w*L/va remains nearly constant, while in the later stage 

 w*L/va is nearly proportional to the square root of  w*H/va. 

   5. On the physical mechanism of the development of wind waves 

there is empirical evidence to support the conjecture that the shelter-

ing coefficient depends not only on  8 but also on  w*L/va, and the dissi-

pation of wave energy becomes comparable to the energy transfer to wave 
in the later stage of initial wavelet. These lead us to the conjecture 

that the increase of mean wave length with the increase of wind 

velocity is understood as the shift of the peak of wave spectrum toward 

longer wave length, resulting from the energy dissipation due to viscosity, 

and the energy transfer to longer waves due to non-linear interation be-

tween component waves. 

   6. The direct and essential  dependence of initial wavelets on the 

fetch is borne by the quantity  gzo/w*2. This quantity becomes indepen-

dent of the fetch and converges to a constant value with the transition 

to sea wave. 

   7. The friction factor  r as a whole, increases with the wind veloci-
ty. It remains constant, however, near the wind velocity of 10  m/sec at 

10 m above the water surface and its value is about  1.6  X  10-3 It begins 

to increase again at about 12  m/sec. The beginning of this increase 

corresponds to the change in the appearance of the wave surface, from 

relatively smooth to very rough. 
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