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FOREWORD 

Knowledge of ~~e mechanics of ener gy transfer from wind to 
water is a prerequisite to an accurate understanding of the action 
of the water surface under winds -- whether in wave generation or 
the creation of wind set-up (or wind tide ). This report presents 
the results of a laboratory study of the water surface roughness 
and wind shear stress obtai. ned under varying degrees of wind 
activity. The testing was l argely in water of shallow depth (re
lative to wave activity) but much the same processes should also 
be observed in greater depths. Measurements necessarily had to 
be made at very low elevations, but methods of extending the data 
to field conditions are given. 

This report was prepared at the Un iversity of California in 
Berkeley in pursuance of contrac t DA-49-055-eng-31 with the Beach 
Erosion Board which provides in part for research on and investiga
tion of, the interac tion between wind and water surface in shallow 
water. The author, Osvald Si hul. is a Research Engi nee r at that 
institution, working primarily in the Wave Research Laboratory. 

The work done on this study was supported jointly by the 
Jacksonville District, Corps of Engineers , and the Beach Erosion 
Board. The funds were allocated f rom the Civil Works Investigation 
Program of The Office, Chief of Engineers under pro jects CWl66 and 
CW167 , "Study of Waves and Wind Tides in Shallow Water" . 

Views and conclusions stated in t he report are not necessarily 
those of the Beach Erosion Board. 

This report is published under authority of Public Law 166, 
79th Congress, approved July 31, 1945. 
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WATER SURFACE ROUGHNESS AND WIND SHEAR STRESS 
IN A LABORATORY WIND-WAVE CHANNEL 

by 
Osvald Sibul 

Research Engineer, 'Wave Research Laboratory 
University of California, Berkeley 

ABSTRACT 

Vertical wind velocity profiles were measured in a l aboratory wave 
channel by the "use of a Pitot tube. Simul taneousl y with these observa
tions the wave heights, pe riods and water surface slopes were obtained. 
The veloc ity profiles were analyzed for t he resistance coefficient r 2 , 
the characteristic roughness length zo, and the shear stress Ts , 
exerted by the wind on the water surface . 

The roughness coefficient y2 , was found to vary between the values 
of 2.1 x 10-3 and 6.8 x 10-3 with an average value of approximately 
3.5 x 10-3. This compares favorably with the prototype measurementB 
made i n t he Gulf of Mexico (l)*, but is somewhat higher than that re
comme nded by Sverdrup and Munk\2,3) . 

So f ar it has not been possible to establish any relationship 
between the wave height and the roughness length, zoo The experimental 
value for Zo varied between 0.4 and 0.004 rom. as compared with an 
average value of 6 mm. in the ocean(4) . Assuming, however, that ocean 
waves were approximatel y fifty times higher (2 t o 3 feet ) at t he t ime 
the mea:Jurements were made than the wave heights 1k<;!ed in the l aboratory, 
and applying the same scale-factor for zo, the laboratory values fall 
approximately in the same range as most measurements made in nature. 

The shear strese exerted by the wind on th~ wa~r gurface was 
found to be equal to Ts (lbs/ft2) = 5.65 x 10- Uav ·1 , where Uav 
is the average wind velocity in the channel. When the reference wind 
velocity is given for a )O-foot elevation above ~, t he shear stress Ts 
can be computed using the formula Ts ~ 1.4 x 10- U302 . 22. The later 
formula was established considering recent field measurements at lake 
Okeechobee . There seem to be indications that the shear stress is also 
a function of the water depth and the wave characteristics. 

Further, the yater surface 810pe at the location of wind measure
ments was used to compute the value of ATs • Here A 1s a coefficient 
which depends on the depth of water, stratiricati09~ ~~bu1ence , etc., 
and 1s condisered to be equal to or greater than l~~ ' I) . Comparing 
the data obt ained from wind velocity profiles and that from surface 
slope, X was computed and was found to be between 0.6 and 2.5. It is 

*Numbers in parentheses refer to references listed on pages 39 to 42. 
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a func tion of ~ , where U is the wind velocity , d the depth of water 
and va the kin~matic viscosity of air. For small values of Ud , ). 

Va 
is very close to 1 or less; for lar ger values of Ud , ). approaches 2. 

Va 
Further it was found that the variati on in ). was larger for smooth 
bottom conditions; while t he rough bot tom gave le~s var i ation t he trend 
was definitely t he same for both cases. The case A ~ 1 appeared 
only for very s hallow water. The average value for A was found to 
be equal to 1.27 (which is very close to the 1.25 as used by Keu1egan (7) 
f or t urbul ant now). 

IHTRonUCTD N 

When the only forces acti ng on the free surface of an undi sturbed 
body of water are the uniform atmospheric pressure, a constant gravity 
f ield, and the rotation of the earth , the water surface is called 
l evel . In nature there are many additional forces which will tend to 
change t his equilibrium pos i t ion. Some of these forces may be named : 
gravitational oscillation produced by the action of t he sun and the 
moon; change in atmospheric pre ssur e; earthquakes; rain; winds; and 
ma ny other fac tors. 

Since both the use of water and the precautions agains t its 
destructive e ffects are of such daily importance it is desirable to 
find , f or all aspects of hydraulics, rules and analytical formulas so 
as to be able to predict the charact eristics of the action. In t his 
way we may be prepared to encounter expected danger in time , or to 
utilize the available energy f or our advantage. The reaction of a 
body of water may be predicted very accurately when we know the i nten 
si t y of for ces acting upon it. Most accurate methods have been de
veloped to calculate the mechanics of heavenly bodies, hence t he gravitat
ional oscillation is well known and the tidal motion of our oceans may be 
predi cted very accurately far in advance . On the other hand, our 
knowledge of the natural phenomena encountered in dail y l i fe i s often 
very limited. For example , the wind blowing over the free surface 
of water. We know that the wind causes waves, but we are not quite 
clear about the mechanics of t he energy transfer between t he wind apd 
the water. Many theories )have been devel oped: Kelvin-Hel~holz(8 ,9); 
Jeffreys(lO) ; Seilkopf lll ; but none of t hem seem to describe the 
phenomenon sat is f ac torily. Kelvin-Helmholz' theory requires a minimum 
wind velocity of approximately 20 feet per second and Jeffreys' about 
15 feet per second to generate waves. We know, however, that waves are 
generated at considerably lower wind ~locitie8. On the other hand 
there are not much experimental data available to support or deny any 
of the different t heor ies, and the availabl e data ar e often contradictory 
and lacking in many important details. This emphasizes the necess i ty 
for more experiment al data where all the possible variables su ch as 
wind veloc i ties and directions, wave sizes and characteristics , 
temperatures, depths of water, etc., are controll ed accurately and 
evaluated. 
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Accurate knowledge of the tangenti al force exerted by wind on the 
surface of water should be a prerequi site for every attempt to analyze 
the prob lem.~ concerned \1ith the generation of waves, wind bl own currents, 
and wind-tides in shallow water. There are at least three approaches 
poss ible to measuring the tangential force experimentally: a) direct 
me as urement of the force; b) the slope of the mean se a surface j and 
c) the boundary measureme nts of variations of wind speed with height 
above the water surface. The wind stress has been measured directly 
at rigid boundaries ~ith succeSB by different investigators; i.e ., 
Schulz and Grunow(l2) in a wind tunge1 by the use of a suspended 
panel ; and by Sheppard and Pasqui llllJ ) in the f ield. The use of a 
di rect measurement of drag force over a turbulent sea surfac~ however, 
is very difficult and of questi onable accuracy. The method of m~ap 
surfac~ slope has ~e~n u~ed by num~r~~s scientist~ s~ch as Ekma~ll4) , 
Neuman~ l5 ) , Palmen llb,l7), Laurila ll ) , Hell stroml19), and Dorn l 20). 
Their re sults may be considered as satisfactory, but t hey show a 
COnR iderable scatter. The eval uation of the data obtained from surface 
slope i8 , however, somewhat uncertain for it includes a const ant A 
which depends upon the bottom roughness, depth of the water, stratifi cation, 
turbul ence, etc. , and it can not always be predicted. 

The method utilizing the boundary me asurements of variations of 
wind sp~ed)with height above the wat er surface i s based upon von Karman(26)
Pr andtl l27 theory of IQgarithmic ve~oc ity distribution and has ~e~n 
investig9te~ by Wust(21) , Shoulejkin(22), Rossby and Montgomery( )), 
and Rolll 25) in the field, and by Franc is( 29) in the laboratory. There 
is a l arge scatter in the results. Some of the possible reasons fer 
uncertai nty may be due to the difficulties of operating the instruments 
f r om small boats in rough seas, to the lack of equil ibrium between wind 
and waves, and to numerous other reasons which could be realized only 
by one who has made the measurements himself on the open sea. 

Considering all the difficulties as po inted out above, and also the 
fact that one has sometimes to wait a long time for favorable conditions 
to occur in the field, i t seems desirable to conduct laboratory studies 
where t he accuracy of the measurements is much higher than in the field, 
and where one can attain practically all the possible wind-wave and 
depth combinations . Therefore a laboratory study was made, the primary 
concern of which .as to investigate wind-tides and the characteristics 
of wind generated waves in shallow water. The measurements incl uded 
surface profiles and wave data for !lve different wind velocities, each 
combined with seven different still-water depths , for smooth-bottom 
conditions; with five different still-water depths with rough bottom 
conditionsj and for four still-water depths for the case with strips 
of cheese-cloth in the channel to simulate the roughness effects of 
vegetation in nature. Vertical wind velocity distributions were obtained 
at the middle of the channel by use of a Pitot tube for each of the 
abovenamed conditions. The dat a were used to ·compute values of water- surface 
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roughnese and the wind shear stress. The methods used and the results 
obtained are given in thts report. The re sults concerning wind tides 
and wind waves in shallow water are being published in separate 
reports. 

DEFINITIONS 

The definitions used in this report are as follows: 

Top of Channel 

Pitot tube 

Wind U 

r-
6h: 

L _________ _ _ 

!J.x 

d 

II I I I I I 7 I I 7 7 7 I 
~ -.Ib___ Bottom of Channel 

7 7 77// 7/7 7777777777 / 7777777777/777 

Figure 1. 

A a constant to be evaluated graphically (A • 2. ) u* ) 
ko 

B a constant to be evaluated graphically (B ~ 2.3 u: log Zo ) 
o 

CT mean wave velocity defined as LT aauZTmean, (ft./sec.) that is the 
mean velocity of a wave when the peri~Q of this wave is equal to 

the mean wave period, Tmean 

d the depth of water at the location where wind velocity profile 
was measured (ft.) 

g acceleration of gravity (32.17 rt./sec. 2) 

~ean the mean wave height (ft.) 

Hsign significant wave height--the average height of 1/3 of the 
highest wave5 (ft.) 
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1 

s 

U n 

u 

z 

von Karman's coefficient for turbulent condition (assumed to 
be equal to 0.40) 

me an wave l ength from crest to crest (f~.) based on theoretical 
r elationship LTmean = 5.12 T~ean tanh ~d 

L 

wave length from crest to crest{ft.)-- based on theoretical 
relationship LT1/) = 5.12 T21/ 3 tanh 2~d 

the mixing length (ft .) (the length may be considered to re 
present the average distance a small fluid mass wi ll travel 
before it lose s its increment of momentum to tile region into 
wh ich it comes). 

mean-water level, defined as the mean elevation of a turbulent 
water surface (see Figure 1 ) 

slope of the water surface at the location the wind profiles 
were measured (defined as 6. h/6.x, see Figure 1) 

the mean wave period (sec. ) 

the average period of 1/) of the longest waves (sec.) 

the average wind velocity in the channel (ft/sec) (the discharge 
of air per second divided by the area above MWL at the location 
the wi nd profiles were measured) 

the maximum wind velocity (ft./sec') (The maximum velocity for a 
given profile as- ohtained bv th~ use of Pitot tube. see Figure 4) 

wind velocity (ft/sec) measured n ft. above the MWL. 

wind velocity at a point ( f t/sec) 

the friction velocity (ft /sec) (u* = ~ Ts ) po 
the distance above MWL the wind velocity was measured (ft.) 

I 
a characteristic roughness parameter for a given boundary (ft.) 

the maximum angle of a wave profile (see equation 21) 

a d1mensiQn1ess boundary resis tance coefficient, defined by 
Taylor()O) as y2: Ts/Po Dav and drawn on average wind velocity, Dav 
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E 

the same coefficient as above but drawn on maximum velocity Umax 
~2: Ts/PoUmox 

the same coefficient as above but drawn on wind veloc ity Un, as 
measured n ft above MWLj Yn2

: ' sl poUn 

average height of surface roughness elements (ft. ) 

>.. a dimensionless parameter , defined 88 >..: ~sb + I 

Zlo 

po 

Ts 

abijolute viscosity (lbs. sec/f t 2) 

the kinematic viscosity of air (ft2/sec) 

the density of air (lbs.sec2/ft 4) 

a coe fficient indicating the relationship between the roughness 
parameter Zo and the average height of surface roughness 
elements: Zo = <)E 

the tangential stress on the free surface (lbs/ft2 ) 

the tangential stress on the bottom (lbs/ft2) 

THEORETICAL DEVELOPMENT 

For pipe flow we know that the mean velocit,y profile near the rigid 
boundar,y is profoundly effected by t he t ype of flow . This i s also true 
of the mean wind profiles near the ground. For all practical cases 
concerning wind blowing over the f ree surface of water the flow may be 
co ~~idered to be turbulent. For turbulent flow there exists a very steep 
velocity gradient i n the immediate neighborhood of the boundary, and 
almost cons t ant vel ocity in the upper regions. Consequently the drag 
on the boundary is considerably larger for turbulent than for laminar 
flow. This follows al so from the f act that in turbulent flow a con
siderable part of the energy is used up in maintai ning the turbulent 
mixing motion . The exact analysis of a turbulent flow shows that at a 
point fixed in space the velocity is subjec ted to irregular fluctuations 
with time. The f low is steady only on the average, and may be interpret
ed as composed of a temporal mean value on which t he irregular fluctuation 
velocities are super imposed. In an effort to relate the rate of momentum 
transport to the pattern of mean flow, Prandtl (31 ) introduces a char
acteristic l inear dimension 1 , call ed the mixing length. 

We may assume t hat a fluid particle which originates in the layer z -1 
and has a velocity U( 1)* moves a dis tance t normal to the flow ( see 
Figure 2) . If this z- fluid particle maintains its original velocity 

* The bar over u indicates that this is a mean velocity of all the 
particles in the indica ted layer. 
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z 

U (z+u 

u (z) 

u (z - U 

, 
, 1 

'----IT _L I 
z 

Figure 2. 

x 

in the x-direction, it will have in its new location z, a smaller 
velocity than its new surroundings, the velocity differ ence being 
U(z) - u ( _l )for which we may as a f i r st approximation wri te lx *. 
We call tfiis velocity diffe rence u l so that 

u l 
: 1 ~~ (1) 

From equation (1) we have a definition for the mixing length 1 as 
follows (32). 

The mixing length s igni fies the distance in the transverse direction 
which a fluid parti cle must travel (while still maintaining the mean 
velocity of i ts original layer) so t hat the difference between its 
velocity and the velocity of the new location equals the mean velocity 
fluctuation of the turbulent flow . The q~ stion is l eft upen as to 
whether t he flu id particles in their transverse motion fully maintain 
the veloc i ty of their original layer, or whether they have partly as
sumed t he veloc ity of the traverse l ayer and t hen travelled larger 
distances in the transverse direction. The Prandtl mixing length has 
a certain analogy to the mean free path of the kinetic theory of gases, 
with the di fference that there one deals with microscopic motions of 
molecules; here, with macroscopic motions of l arger fluid particles. 
The difference in transverse velocities Wi caD be found from the 
ass umption that the two particles flowing f rom l ayers (z- 1 ) and (a+ 1 ) 
meet i n the layer z in such a manner that one lies behind the other -
the f aster behind the slower. They then collide wi th the velocity 2u l 

and give way laterally originating the transver se velocity Wi, directed 
away from the layer z to both sides. On the other hand .. if t he slower 
particle i s behind the faster they withdraw f rom each other with the 
veloci ty 2u l and space formed between them 1s filled from the surroundings , 
originating thus the transverse veloci ty Wi directed toward the layer z. 
From this we conclude that u l and Wi are of the same order of magnitude • 
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Further,it can be shown that apparent stresses arise when there 
lare variations of the velocity owing to the momenta arising from the 
variations, e.g., a shearing stress 

T = -P (u.:W' ) ( 2) 

where u' and w' are 8S defined above. In f orming the average value of 
u'w' we have still to consider the signs of the cor responding u- and w
components. From Figure 2, however , it is easy to see th at in crosBin~ 
the layer z, the parts movin~ away from the boundary are too slow and 
those moving toward the boundary are too fast, so that a negat ive value 
of u' corresponds to a positive value of WI , and the opposite. Thus 
the product of u'w' is negat ive i n both c~ses, hence,the apparent 
shearing stress is positive and of the order P l2(~ Ula Z)2 • To make 
the formula ac curately express the fact that a positive shearing stress 
corre sponds to positive values of tJfl/Oz and a negative shearing stress 
to negative values of ~u./ OZ ,we must write 

T=pl
2 IHI-* (3) 

This is known as Prandt1 mixing length formula which has proved 
very successful for the calculation of t urbul ent flows. 

Th. v. Karman())) gives the foll owing formula for the mixi ng length 

1 = k du/dz 
ct2u/dz2 (4) 

According to this formula t is not dependent on the amount of velocity 
but only on the veloc i ty distribution. Thus t is a pure position 
function. k is an empirical constant. From her e we see that 1 can be 
brought into simple relation to the characteristic lengths of t he 
respective flows. For the flow along a smooth wall 1 must vanish at 
the wall. For t he flow along a rough wall , however, the limiting value 
of t at the wall equals a length proportional to the average roughness 
height at the boundary. Hence t may be expressed t hrough the relation: 

(5) 

Here ko is a universal constant and has been dete rmined empirically by 
many investigators (Prandt1, v. Karman, Nikuradse and many other s) to 
be very close to 0.40. The value Zo is assumed to be proportional to 
the average height of the roughness 

(6 ) 

The coefficient <; is not definitel y known. It probably depends upon 
the shape and dis tribution of the roughness elerents. Pr andt1 suggests 
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putting ~ = 1/30, the latter value bei ng evaluated experimentally in 
the laboratory by the use of sand grains of various sizes. 

Now we can introduce (5) into Equation (3) aft~r rearranging ~e 
equation and making the following changes: assume that t he other 
boundary is 80 far away that it will not affect the flow at the lower 
boundary (true in nature ) so that u depends on z only, and we may write 
du/dz instead of a lil a z ; and as we shall no longer be concerned with 
fluctuations, we shall also drop the bar acros s u • 

... ry - k (z+zo) ~ (7) Vp - 0 dz 

On the left hand Sid~ has the dimension of the velocity, and for 
simplicity we JIl8y introduce the symbol ~ for this. u.. is cal led the 
"friction velocity" . Hence, Equation (7 ) takes the form: 

(8 ) 

Since ~ and ko are constant~,~i8 equation can be immediately solved. 

u* z + Zo 
u= ko 1n +C 

Zo 
(9a) 

The constant C may be determined for the condition u • 0, for z • 0, 
hence C = O. 

Further, when the velocity u is not measured too close to the 
boundary, we may assume that z » zo' and after changing to ordinary 
logarithms we have: 

u • 2.3 u* (log z - log zo) (9) 
ko 

For the condition z = 0, however, the formula gives u = - 00 instead 
of O. Thi s means that for very small values of z the viscous stress 
J.L 0 U/d 2 , which was neglected in Equation (J ) must be considered. 
Fur ther, we Bee that for u • 0, z • Zo so t hat 

A :;: 2.3 u* (10) 
ko 

and B • - 2.3 ~ log Zo • (11) 
ko 

Hence 
u • A log z + B. (12) 
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Equation (12) represents a straight l ine relationship on semi-log 
paper; hence the velocity measureme nts at two different levels will be 
sufficient to determine the friction velocity u* (hence the drag force 
on the surface) and the roughness length parameter zoo Furt.her 
me asurements, however, which should fit t he same straight l ine are necessary 
to veri fy the validity of Equation (12). 

Tay1or(30) has defined a dimensionless parameter, t he resistance 
coefficient, as foll owS : 

2 U 2 
Ts = Yn Po n (13) 

As we can see from (13) y2 is not a constant, but varies with the level 
n at which the veloc ity U is measured. Measurements at higher levels 
give l arger velociti es, hence smaller resistance coefficient y2 • 
From here it is apparent that a uniform method shoul~ be used to measure 
velocities for Equation (13), or for e ach Y 2 the level where the vel ocity 
was measured should be i ndicated. Due to its simplicity the Tayl or' s 
resistance coefficient y 2 has found a very wide use . Equation (13) 
could be r earranged to T 

....!L- =Ll*2:: )'; 2 U 2 

hence 

Po n n 

2 
Yn 2 

':. (~) 
Un 

So Y 2 could be found f rom Equations (12) and (10) 

2 (A ko )2. Yn = 2. 3 Un 

Yr,2 is related to the roughness length parameter Zo through the 
Equations (12) and (11) 

(~ __ k-=-O ~ __ ) 2 
2. 3 Un l og Zo • 

LABO RATORY EQUIPMENT AND PROCEDURE 

(14) 

(15) 

(16) 

Experiments were performed in a channel l foo t wide, 60 fee t long 
and 1. 28 feet deep as shown in Figur e 3~. The length of t he channel 
was the same as t hat used by Keulegan(7). The width, however, was ap
proximatel y three t imes greater and the depth somewhat l arger than that 
used by Keulegan (0 .93 ft .) . The channel was constructed of wood, with 
one side made of plate-glass for observati on purposes. The wind was 
genera ted by a blower mounted at one end of the channel, driven by an 
A-C motor. The wind velocities could be varied f rom 0 to approximately ,0 ft/sec. by varying the air intake area at the blower. To straighten 
the wind flOi upon entering the channel, a honeycomb was set between 
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the blower and the, channel. To guide the wind gradually on and off 
the wate r surface a sloping beach (slope approximately 1 :10) was set 
at the beginning and the end of the channel, as shown in Figure 3a. 
The downwind (leeward) beach served also to make the waves break and 
dissipate their energy and reduce the effects of wave reflectiops . The 
dischar ge of air was measured by a Venturi meter mounted as shown in 
Figure 3a. The Venturi meter was used to obtain approximately the 
desired wind velocity; the final wind velocity profile ~asurements 
were made, however, by using a Pitot tube mounted on a point gage at 
p4 (Figure 38, b). 

Piezometer openings were i nstalled on the top and the bottom of the 
channel at five locations along the centerline. The piezometer openings 
were connected to micro-manometers , as shown in Figure 3b . This arrange
ment was made so that the manometers could be read again~t the inRide 
pressure ( the actual water-surface el evation) and against the atmospheriC 
pressure. The difference between these two readings i ndicated the i nside 
pressure as compare d with atmospheric pressure, and therefore the drop 
in pressure between successive manometers could be determined and 
corrections appl ied to the measured water-s~rface profiles. To check this 
latter measurement, t hree draft-gages were connected to the piezometer 
opening on the top of t he channel at the locations of manometers 1, 3 
and 5, as shown in Figure 3a, and the pressure readings were made 
simul taneously with those of the manometer . These two always agreed very 
closely. Any difference indicated a faulty connection or a clogging of 
the piezometer opening and corrections could be made at once. 

The wave heights and periods were maasured at four locations as 
indicated in Figure 3a. As measuring instruments, double-wire resistance 
elements connected ~ Brush recorders were used. 

Procedure: 

The desired wind velocity was obtained by adjusting the air inlet 
of the blower to the proper size . The blower then was shut off and 
the ends of the channel were closed so that no draft could occur Qlong 
the channel . When the water surface had calmed completel y , the still
water elevation was determined at the location of each of the five 
manometers. Then the blower was started and after approximately 15 
minutes, when there was al l the evidence that the equilibrium condition 
was reached, the wind velocity profiles were obtained at the middle of 
the channel (P4 in Figure 3a). 

Close to the boundary the wind measurements were made every 0.01 
foot in the vertical . For higher elevations , however, a measurement 
every 0 0 05 or 0.10 foot was found to be sufficient. The value z • 0 
was considered to be at MWL aa defined in Figure 1 and measured by 
the use of micro-manometers where the wave motion was damped, and so 
the MWL therefore was r ecorded directly. The measurements could no t 
be made too close to the boundary and were limited by the maximum wave 
heights so that the water would not clog the Pi tot tube . 
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After the wind velocity measurements were oompleted, the wave 
he ights, peri ods, and MWL were obtai ned as described above . For each 
r un, d IiI and wet bulb temperatures were measured by the use of a sling 
psychrometer and the barometric pressure was r ecorded. Teaperature 
measurements were not made inside the channel, for under the gi ven lab
oratory condition the water temperature was very close to that of air. 

EVALUATION OF THE DATA 

The wind velocities found by the use of the Pitot t ube at Station 
P4 (Figure 3a) were plotted , as shown for Bome of the runs in Figure 4 
(a to e), and average curves were drawn through the experimental points. 
The velocity distribution curves in general were smoot h and fit t he 
experimental points quite well. Only t he very low velocities (around 
IG ft/sec.) indicate a hump in the upper portion of the channel which 
may be caused by the presence of the instruments. The l ower half of 
~ vel ocity profiles, which is of particular interest, is smooth through 
out all the experiments . The profiles were UBed to determine the 
average and t he maximum wind velocities Uav and Umax and the level z 
where the average velocity occurred. The average wind velociti es were 
determined by changing the parabolic area furmed by gradient velocity 
vectors into a rectangle of the same size, as shown in Fi gure 48 
so that the are a Ao = Al + A2. The maximum wind veloc i ty Umax is the 
highest wind velocity observed and occurs usually at half way between 
the MW1 and the top of the channel. The wind velocities wer e measured 
at three different locations along the centerline of the channel (PI; 
P4j and P5a in Fi gure )8). Observations indicated a 4ight increase 
in veloci ty towards the leeward end of the channel. The increase was 
due to the set-~p of the HWL and to increased wave heights at t he end 
of the channel which reduced the wind passage area. The phenomenon was 
the most pronounced for deep water depths. However, the difference in 
average wind velocities at the opposite channel ends never exceeded 5 or 
6 percent and the average for the channel was always very closely re
presented by the average velocity at P4 . For shallower water depths and 
l ower wind velocities it was found that the average velocities were 
almost unchanged along the centerline of the channel . As a conclusion 
of th is investigation the velocity profiles in later experiments were 
obtained only at P4, which meant a confJiderabl e saving in tine. The 
average and maximum Wind velocities at P4 were tabul ated in Table I, 
columns 4 and 6. 

To evaluate the shear stress Ta between the wind and the water 
Hurface and the water surface roughness, the wind velocity profiles were 
replotted on semi-log paper as shown in Figures 5 and 6. The data fit 
very well a straight line except for some cases with very high wind 
velocities (see Figure 5e, f, g) where the lines are slightly curved 
away' f rom the z-axis , indicating a larger slope at the greater elevations. 
The evaluations for the shear stress Ts and roughness ZOJ and y 2 , 
were made by the use of Equations (12), (10) , (II}, and (14) a8 shown in 
Figure 7. 
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The constants A and B were obtai ned from Figures 5 and 6 and 
tabulated in Table I, columns 8 and 9. Then ~ was computed by the use 
of Eqtation (10) and tabulated in column 10. Next Yn2 was found from 
Equation (14). For each case two values were computed, (a) using 
average wind velocity, U av -. Y 2 , and (b) using maximum wind velocity: 
Umax _ y;2 The values ob tained are given in columns 11 and 12 of' 
the table. 

The shear stress Ts co~d be found by the use of Equation (13). 
We know, however, that ~2 =~ Un2 , hence the equation used to obtain 
the values in column 13 was 

The roughness length parameter, zo, was obtained on the z-axes 
where u = 0 (see Figure 7). It is more convenient, however, to use the 
relationship 

log Zo = B 
i 

which could easily be derived from Equations (10) and (11). 

(18) 

All the additional data such as the water depth and the wave 
characteristics were also tabulated in Table I 50 that the complete data 
are ~vai1ab1e. The water surface, slope s (column 30) is measured from 
surface profiles at the location of the Pitot tube. The water surface 
profiles are not given in this report, but the data are available in 
References34 and 35 under the s ame Run numbers. 
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There were no direct wave measurements at the lo cation of the Pito t 
tube. The waves were measured however at four locations along the 
channel and the heights and per iods pl otted as demonstrated in Figures 
8 and 9, for Runs 12 to 16. Average curves were drawn through the 
expe r.imenta1 points, and the proper wave heights and periods taken from 
t hese curves at the location of the Pitot tube P4. The ~ueB were 
tabulated in Table I, columns 17 to 20. 

RESULTS AND DISCUSSION 

The velocity distribution follows i n most cases the logarithmic 
distribution law as given by Equations (9) and (12) and demons t rated on 
Figures 5 and 6. There are some exceptions, however, (Figure 5 e , f, g) 
where the lines are slightly curved away from the z-axis i ndicating a 
larger slope at greater elevations . This phenomenon has been pointed 
out also by other investigators (References 1 and 21) . To und erstand 
the problem, one should keep in mind the main assumpti ons used by 
Prandt1 in deriving Equation (9). These are: (a) that the shearing 
stress is constant throughout the region, and (b) that the mixi ng 
length t is proportional to the distance z f rom the boundary. 

In actual cases of flow, however, Ts usually decreases continuously 
as the distance from the boundar,y increases. The mixing length 1 seems 
to be also more complicated than it first appears . Analyzing Wust' s(21) 
data which indicate the same characteristics a8 shown in Figure " e ,f ,g, 
in this report and in Reference 1 , Rossby(4) points out that the eddy 
shearing stress prevailing at some height above the wave tops must balance 
the horizontal components of all the forces acting on the air at the sur
face of the water. These forces consist of true shearing stresses and 
the horizontal components of the normal pressures between air and water. 
In the case of small round crested waves, the horizontal component of 
the resultant of all the normal pressures must be very small . In thiB 
case the eddy stress at higher l evels balances the true shearing streB8 
acting at the surface of the water . For higher wind velocities and higher 
shearing stresses the pres.sure distribution on the sea surface presumably 
becomes asymetric. The normal pressures now have horizontal components 
which must be added to the true shearing stress in order to give the eddy 
shearing stress at higher levels . In this case one should expect Prandtll s 
formula to apply only to the layer in the immediate vicini ty of the water. 
I n analyzing Wustls observations, Rossby found that the wind gradient 
close to the surface (0.6 to 3.0 feet) gave a fai rly good measure of the 
true shearing stress and thus only to a slight extent reflects the i n
fluence of the normal pressures, whereas the readings at higher levels 
apparent ly give the total eddy shearing stress . 

The above statement has also a bearing on the mixing length 1 • 
Most of the authors have taken von K~8n18 universal constant ko for 
granted with an average value of 0.40 (+ 0 .0) . This v alue was found to 
be true in laboratory experiments with comparatively smooth boundarie s 
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and constant temperature gradients. There are, however, not enough 
data available to establi sh this value for the condition of wind blowing 
over a turbulent sea or the land. 

In nature the temperature gradient and the moisture content of the 
air may change considerably from case to case which again has a bearing 
in the flow condition of air (tunbulence) . Under normal conditions there 
is a decrease in temper ature as the altitude increases (4l,42) . The 
amount of the change 1s known a s the lapse .rate. I ndividual observa
tions show considerable irregularities near t he ground where the l apse
rate in the lowest l ayers may be several times the "normal" value on 
some occasions and on others the normal decrease of temperature may be 
replaced by a condition in which temperature steadily increases giving 
what is kno~n as an inversion in the lower layers, above which there is 
a return to t he more normal decrease of temperature with height. 

A process is said to be adiabatic when no heat is added to or 
withdrawn from the air that partakes in the process . That means , the 
air cools while it expends and heats when it contracts in an adiabatic 
process . Nonsaturated air cools at a rate of 10C per 100 m. elevation 
when it ascends dry adiabatically. This is called the dry-adiabatic 
lapse rate. When the air is saturated with moisture and it ascends 
through the atmosphere without heat being supplied to or withdrawn 
from it, condensation takes place, and the latent heat of evaporation is . 
liberated and tends to heat the air . The two processes counteract one 
another, but the cooling due to expansion is the major one with the re
sult that saturated air cools while it ascends, but at a slower rate 
than does nonsaturated air. The rate of cooling of ascending saturated 
air is called the moist-adiabatic rate of cooling. The moist adiabatic 
rate of cooling varies with the temperature of the air. At extremely
low temperatures, the amount of moisture is 80 smail that the moist 
adiabatic lapse rate is almost eaual to dry-ab1abatic rate. At high 
temperatures the moist adiabatic lapse rate is approximately one-half 
of the dry-adiabatic rate, or about O.5OC per 100 m.elevation. Near 
the earth 's surface the processes are mostly nonadiabatic, for the air 
receives heat froM J or gives off heat to, t he underlying surface. 

If the temperature decrease with the increasing elevation is les8 
than the adiabatic lapse rate a rising air parcel will come into warmer 
surroundings . It will be heavier than the surrounding air and will 
therefore return to its original position. The air is in this case in 
stable equilibrium. 

If the temperature decrease , however, is gre ater than the adiabatic 
lapse rate , so that the gradient is so called "super-adiabatic", a r ising 
air parcel mustreach colder surroundinge and its upward movement is 
accelerated. In this case an unstable equilibrium prevails . 
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For the "adiabatic gradient" an air parcel .oving either up or 
down will at all point8 find the flame tellperature as it haa itself and 
the same pressure as well. It is in neutral equilibrium. 

The above description of atmospheric equilibrium indicates that 
the mixing len,th l i s' not necessarily proportional to the distance 
from the ground and the so called "universal constant" leo lIlay not be 
so universal at all. To establish a criterion if, and when, the mixing 
length theor7 "7 be ueed,and what are the proper values for ko for a 
variety of condi tions, much more r esearch is necessary. 

The results of a study i n this direction were published by P. A. 
Sheppard(l). The site for the experiments was an exceptionally smooth 
area of concrete. The value of shearing s tress was deduced from ob
servations on the deflection of a small horizontal test surface floating 
in a bath of oil. In his reduction of the results, Sbeppard used the 
following equation, similar to Equation (9a) . 

(19) 

For z» zo' which is true for most practical casea, the influence of 
Zo on the mixing l ength i s negligible for heights greater than a few 
feet. The conclusions reached by Sheppard were as foll ows! 

(1 ) For small l apse rate a linear relationship, 
1 = O.45z, hence ko = 0.45 

up to a height of ) feet. In higher elevations, however, 
the mixing length increases more rapidly than the height. 

(2) For higher elevations than indicated under (1), ( z~6 ft. ), 
the variation of mixing length with height is well re
presented by 

1 = 0.25 zl .15 

() There was evidence to show that in unstable conditions the 
mixing length increases more rapidl.y than the height, 
while in stable conditions the increase 18 les8 rapid than 
the height. 

(4) 
, , 

The von Karman constant, k J and the roughness length, zo, 
are both functions of atab~lity over a short-cropped grass 
surface. The obtained d ta are: 
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Temperature Gradient 

(Superadiabati~lapse 0.006 0.61 

Adiabatic lapse 0.28 0.40 

Inver~ion 0.80 0.22 

The same charac~ristics of ko and z have been found also by 
Einstein and Chien(36). The element used ~n their case was, ~owever , 
sediment-carrying water. Their results indicate that ko is not a 
universal conRtant as generally accepted, but is a function of the 
concentration of sediment. This was found to be true al so f or zO o 
There are indications that Zo does not depend as much upon the grain 
size of the sediment as on the distribution and concentration of sedi
ment. The problem concerning sediment may be compared with the case 
of inversion in meteorol ogy. The results of Einstein and Chien in
dicate a decreasing ko for increasing sediment concentration (for 
high concentrations ko was found to be equal to 0 . 25) . The Zo value , 
however, increases with increasing sediment concentration, wh ich com
pares f avorabl y with Sheppard' s results. 

The variation of Zo and ko with temperature gradient in the above 
sense is a very interesting reaul t, which might have a bearing on t-l1e 
question of energy transfer between the wind and the water and might 
also be an answer to the question why the wave characteristics are 
dif ferent at different seasons and weather conditions . 

The conclusion of this is that more attention should be given to 
the determination of the 80 allned universal constant, ko , under 
variable field conditions . All the measurements should include the 
temperature of water and air, preferably the temperature gradients. 
The ratio of the water temperature to the temperature of the ai r would 
probably be of importance in the energy transfer between air and water . 

The characteristic rou hness len th z, was computed using 
Equation 18 as descri bed above. It shoul8 be mentioned, however , that 
no attempt was made to evaluate von Karman's constant, ko ' which requires 
a direct measurement of shearing stre~s. ko was assumed to be equal 
to 0.40 for all the cases studied. Thi~ assumption is probably very 
close to the actual condition, for the water temperature under l aboratory 
conditions is very close to that of air temperature and gives a uniform 
temperature gradient. This will represent the adiabatic condition as 
defined by Sheppard. For this condition Sheppard gives ko • 0.40 
which agrees very closely with all the other values found in the labora
tory. The experimental data show a consi derable scattero The experimental 
values for Zo varied between 0 .0015 x 10-2 and 0.12 x 10-2 foot~ep
proximately 0.4 and 0.004 mrn.) as can be seen in Table I, column 16. 
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R05Sby(4) recommended Zo • 6 Mm. for the condition in the ocean. 
Assuming that the ocean waves were approximately ,a times higher (2 to 
3 feet) at the time t he measurements were made than the wave heights 
used in t he laboratory, and applying the same scale factor for zO J 
we see that the laboratgry values fall approximately i n the same range 
as most measurements made in nature. It would be 'misleading, however, 
to talk about any scale factor concerning the value Zoe All the f ield 
and laboratory results give auch wide ranges for Zo (aee Table II) 
that no relationship between the wind waves and Zo can be found at the 
present time. More accurate and comprehensive measurements as pointed 
out in the paragraph under "vel ocity distri bution" , may cast more 
l ight upon this questi on. 

For rigid boundaries Prandtl suggested the r elationship zo =JL 
30 

as given by Equation (6) which was found using sand grains of various 
size. E represents the average height of roughness elements . Later 
Motzfeld (39 J investigated in the wind tunnel the flow over rigid models 
of different wave shapes such as sinusoidal, trochoidal , and waves 
with sharp crests. Motzfeld found that the flow i s basically different 
for sharp crested waves than for round waves. For sharp crested waves 
the roughness length parameter Zo was found to be proportional to the 
wave height H with t he following relationship: 

(20) 

For round crested wavea , however, he found that Zo was a f unction 
of the maximum angle am of the wave profile, so that 

tanGm 
zo. lIg 103•17 114 (21 ) 

3 u* 

Equation (21) is given in metric system. The conclusion was that 
for round-crested waves t he tangential "frictionn drag on the boundary 
is predominant over the form drag of the waves. For sharp-crested waves 
the form drag of the waves (normal pressure component) dominates over 
the tangential drag. Mot zfeld found that for sharp-crested waves the 
form drag was 81 to 88 percent of the total force , for very steep round
created waves (H/L = 0.10) the precentage was approximately 40; for 
the waves with H/L 'a. 0.0, the form drag was only 18 percent of the 
total force . 

It is very doubtful if we oould apply Motzfeld' 8 results to water 
waves. The water does not form a rigid boundary, is elastic against 
the wind action, and the wave shapes are changing conti nuously. 

To check Motzfeld ' s results, Roll(2S) completed some f ield studies 
over shallow tidal flats of the North Sea, measuring wind profiles and 
the wave heights at the B arne t ime. In his studies he found that there 
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Table II 
Summary of pr0vious inves ti g;ation s 

j-- ---------- ------,---,------- - ---r---------'---lSl-e-v-. -a-bo- v-e -~a-v-e-.--..-IL-:i-m-i-t-s--'-----· - - - ------- ----

Da.te T..,ocation Ho . of Hind I J.~'rr. '_ iind v a lue f or 
Investigator of of cas~s velocit veloc. mea~- fo r ty"xl03 

\Work Inve stigation analyzed ft/s ('!c urad, ft. y2xI03 

A.& 1;; Colla ge of 1'exH) 
Reid, R.o. and Clayton 1952 

Montgomery (23 ) 1935 

Gulf of 
Mexico 

Shallow water 
vicinity of 
rioods Hole 

1919 Baltic 

16 20 to 
47 

11 6 to 

13 

20 

12 to 
27 

8 j 16; 32; 
56; 64 

3 and 15 

0.65; 3 . 3 
8.2; 20. 

4.0 

1. 43 

1.9 to 
6.2 

1. 14 t o 
1. 82 

1. 23 to 
1. 43 

1 to 
63 

no 
data 
avail. 

0.25 to 
200 ver J 

i rre g. 

i·'iave 
!Measurements ._ 

i~one availab le. 

~av 0.4' to 1.5' 

Tav 2 sec. 

n one 

Shoulejkin 1928 Black Sea 
6 18 4 level s , 

top at 7.2 1.6 1.38 to no data no data a"~ilable 

German Resear9r 
-Nessel Me toor (37) 

gkma.n(14) 

iRoll ("-5; 
i 

~a"'i,(29) 

!Hamada, ],Titsuyasu (38) 
and Hose 

1925 Atlantic 

1938 Baltic 

1905 Baltic 

1947 

1950 

1948 

Tidal flats 
North Sea 

La boratory 
wi nd tunnel 

Laboratory 
lIIi n d tunnel 

not 
known 

" 

" 

193 

9 \'l ind 
profiles 

36 {lind 
pr o.:'i Ie s 

over 
20 

kite mea
surements 
sur f • ve 1 c/o. 
at 1 8.0 

1. 90 avail. 

no data no data 
0 .4 avail. avail. 

method of average 
\V-ater surf. s lope 

2.6 II " 
II 

10 to 
30 

10 to 
44 

13 to 
50 

It 

6 levels 
betw. 0.13 
and 6.60 

2.5 

no data 
ava.il 

II 

" 

ave. 
0.75 

0.06 to 
0.02 

contino vert. y2. incr. near n~ 
profiles using 4xlO-5n linear with ata 
pitot tube wind veloc. 

0.5 to 3.2 

" 3.0 1.0 to 
5.3 

no data 
avail. 

none 

no data availau le 

no data available 

Hav 0.003 to 
1.0 foot 

Hav to 0.15 ft. 

Tav to 0.5 sec. 

Hav to 0.25 ft. 
Tav to 0.6 ssc. 
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:he Gata. r e-analyzed by Ros Sby(23) 
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was no relationship bet",een the w ave heights and the roughness length zo · 
He found that Zo depends upon the friction velocity similar to 
Equation 21 , 

(22) 

Equation (22) is given in the metric system. The results as given in 
Equation ( 22 ) indicate a hydrodynamicall y smooth sea surface , although 
the wind velocities range from 10 to 30 ft/sec. 

Our present experiments do not indicate any relationship between 
the wave height and zo as one can see in column 27, Table I. The r atio 
H/zo varie s between 15 and 5000 with an average of 268 for al l the runs. 
For 'water depths equal to less than 0.10 foot (Runs 37-41 ; $7-61; 62-66; 
etc.), however, the ratio seems to be more stable with an average of 
about 50 or 60. 

The water surface resistance coefficie~2 is given in Table I, 
columns 11 and 12. As pointed out above, Y depends upon the velocity U 
used in Equation (14) . fO r 2 in column 11 was computed using average 
velocities Uav, while }'l in col umn 12 was drawn upon the maximum 2 
veloci ty Umax • There is a considerable scatter in the data and Y varies 
between 2.1 x 10-3 and 6.8 x 10-3. This compa~es favo r ably with t he 
prototype measurements in the Gulf of Mexi90~1), but is somewhat higher 
than that recomrT\ended by Sverdrup and Munk\2,3) . When the l ogarithmic 
velocit y distribution law is applied to the data to compute the reference 
wind veloc i ty at t he elevation of 3D feet above the MWL (see also the 
next section about the wind shear stress), and this velocity U30 used 
to compute the surface resistance coefficient Y3~ ' then the coeffi
cient varies between the values of 1.0 x 10-3 and 1 .5 x 10-3 with an 
average of about 1 .25 x 10-3 . This value seems to be somewhat low, 
considering the available field data. One shoUld not forget, however, 
t hat the wave heights in nature are usually very much higher t han waves 
generated in the laboratory and one may therefore expect higher roughness 
values for the field condition , provided that the reference velocities 
are meMured at the 8 rune level in both cases . At the present time there 
are no means available to predict the scale effect and so it is 
questionable if the laboratory results could be applied, consi dering 
the water surface roughness coefficient to the prototype . It seems, 
however , that the average coefficient should be between the l imits of 
1 .25 x 10-3 as given by ~~ , and 3.5 x 10-3 as given by y 2 (drawn 
on the average wind velocity in the channel). So long as data is not 
available to prove def initely otherwiB~ , the value of 2.6, as given by 
Munk , may be recommended. Francis(29J in his l aboratory study, f ound 
that the coefficient increases nearly l inearly with wind velocity and 
gave a relati onship y2 = 3. 96 x 10-5 UJO, where U30 means the wind 
velocity at 30 feet above the MWL. No such relationship was fo und 
t o be true in the present studies-t and it seems to be also contradictory 
to the previous findings. Munk( ]J demonstrated, using avail able data, 
that there is aI. abrupt increase of values for y2 at the wind speed of about 

28 



23 feet/sec. For U > 23 ft / aec ., y2 takes a constant value of 
approximately 2.65 x 10;3. The present studies do not demon8trate 
any Budden change in Y when the velocity is increased above t his 
value . The same was found to be true in Reference 38 (see also 
Table II , Hamada, etc. ) , where the authors found that Y 2 had a 
tendency to increase when the wave height was increasing, but no Budden 
increase in y2 at U > 23 ft/sec . was noted. 

It is proper to assume that y 2 is related to the roughness of the 
water surface, which in turn is dependent upon the waves created by 
the wind. The height, length, and the speed of the waves depend not 
only upon the wind veloc ity, but also upon the depth of water and the 
fetch. With the same wind velocity the roughness of the water surface 
probably will increase as the height of the waves increase , but it i s 
also obvious that the roughness will decrease as the wave ve l ocity 
increases. The roughness coefficient may be considered small er for 
open oceans with long period waves than for protected bays and lakes, 
where the wave velocities are small as compared with the wind velocities, 
even when the wave heights in the ocean are many times that of the 
smaller body of water. 

O. 

O. 

008 
X H/L · \it)-'I\ 
s 

'k- "" ~ 0CT7 
0 I,b- 'I!. j 
+ 1M-V16 '" 006 

6. A - • 1ft7-~ 1 
~ \\ • V 1i'D- 'k!! 

. 00!5 
+ --;--= A • H 'k-'1r3 • I_ V x >. . '.\]-'114 '" 004 D 

~ 10 V '114-"'6 " .. 
S JJ > 0 

• • y '1.0-''''' a: 
$ iio'o ~)( 

V 'k-'AJ J 
• • S 

x 
002 x 

O. 

0.Q03 

O . 

o • 001 

0 
0.04 0.06 O.at 0 .08 0.09 0 .10 0.11 0 .12 

CT mllon /UAV 

FIGURE 10. WATER SURFACE ROUGHNESS COEFFICIENT yZ VS. RELATIVE WAVE VELOCITY 

2 
The water surface roughness coefficient Y (as drawn f r om the 

average wind vel ocities, Tabl e I , column 11) is plotted in Figur e 10 
as a function of wave velocity, C, rel ative to the wind velocit y Uav. 
The s catte r is considerabl e and the range of C/ Uav is small to that 
tt is hard to predict the trend . It seems, however , t hat Y has a 
t endency to i ncrease when cluav i s decreasi ng . The average value 
y 2. 2 . 65 x 10-3 as recommended by Munk, seems to be very reaso na ble 
f or t he average open ocean conditions. For shal l ow' t idal -fl ats, bays, 
and 18 kes exposed to high winds , this vC}lv.e may be higher, however, r e 
cent. measurement s in t he Gulf of ~.[ex:ico , I) indicate a si milar trend . The 
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necessity for more experiments under variable conditions and a better 
system for evaluation of t he data is obvious. 

The wind shear stress was computed using Equation (11) and 
t abulated in Table I, column 13. The values were plotted in Figure 11. 
The average empirical relationship as found from Figure 11 is 

(23) 

As previousl y mentioned, the eleva~ion, z, where the re ference 
wind velocity U is me asured, is an important factor and must be known 
before any attempt is made to apply an empirical formula. In recent 
studies the average wind velocity in the tunnel was used as the 
reference velocity, resulting i n Figure 11a and Equation (23). The 
average velOCity occurred f~r the given equipment at approximatel y 
0 .20 foot above MWL . Under natural conditions (Lake Okeechobee, Baltic 
and the North Sea), the wind ve l ocities were almos t never measured at 
such a low elevation. The most accepted elevation f or the reference 
wind velocity is 10 meters, which is appro2imately 33 fe et. The wind 
velocities are naturally higher at higher elevations, and so t he 
appl ication of Equation (23) for the field data would resul t in too 
high values for the shear stress. 

Reaent1y some field data for Lake Okeechobee was made available 
to the author by Jacksonvil l e Di strict, Corps of Engineers. In these 
measurements the reference wind velocity was given for a )O-foot 
elevati on above the crests of significant waves. To allow comparison 
of these data with laboratory results, the wind velocity profiles as 
given in Figure 5 for the smooth bottom condition were extended to 
obtain the wind velocity at 30 f eet above MWL. The assumption was 
made that the logarithmic law holds , and so the velocity would actually 
exist at this elevation if the channel were to be extended to an in
finite height above MWL . The constants A and B in Equation (12) would 
not be affected by this procedure, nor would the shear stress Ts • 
The only difference would be in a higher reference velocity for the 
given wind shear stress. The wind velocities at t he 30-foot level -
U30 - were used to repl ot the shear atress as a function of wind 
velocity in Figure lIb. The field data from Lake Okeechobee were plotted 
in the same graph. I t should be noted that in the laboratory data ~ ,-.~ 
MWL was used ae the reference plane for the elevations, while at Lake 
Okeechobee the elevations were drawn from the elevation of signif icant 
wave creat~. It is expected, however, that the difference in refere~e 
planes would not affect the resul ts appreciably and the comparison as 
given in Figure 11 b is justif i ed under the given conditions . For 
future research it is recommended that MWL should be used as the 
reference plane as it i s approximately the mean plane through the water 
surface roughness, and i8 therefore the l east affe cted by ~~e variab i lity 
of waves . 
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Figure Ilb demonstrates clearly that the laboratory and field 
measurements of wind shear stress compare favorabl y, provided the 
reference wind veloc ities are measured at the Bame elevations. The 
field data show the most scatter , as is to be expected. The scatter 
may be caused by the variation in atmospheric stability but one should 
consider also t hat it is very much harder to establ ish a cur ve when 
only t hree points are given (take Okeechobee measurements made at 
three l evels) as compared with 10 to 12 points of measurEment in the 
labora tory (see Figu 'B 4). Using the l abo ratory and fi eld data BS 

given in Figure 11 b, ~he following relati onship between wind velocity 
and wind shear stress, 's ,on water surface was establ ished: 

...... ... (23a ) 

where U30 is the wind velocity in ft/sec. at 30 feet above MWL, and 's 
is the shear stress in lbs/ft. 2• 

The Lake Okeechobee and the Hellstrom's(S) shear str ess curves are 
also shown in Figure 11 b. The Lake Okeechobee curve was established 
ori ginal ly f r om the me asured water surface slopes and so the values 
include the combined effect of the wind shear s tress on the water 
surface and t he shear stress along the bottom as demonstrated by 
equation (27 ). There are usua~1y no means available to determine the 
coe f f i ci ent A ,and the results are very often gi van by assuming A • 1-
This assumption r esults in an overestimation of the wind shear s tress, 's, 
since the resul t include s the effects of bottom and turbulence ( see 
Equations 32 , 20 and 21 in Reference 35). The results can be appl ied 
to the prediction of wind tides , provided the flow conditions are similar 
to those under which the shear stress was determined originally, and 
provided the assumption A= 1, for the data in cludes effects other than 
those of wind alone. 

Hells trom's wind s hear stress curve give s close agreements for 
higher wind velocities, while for lower wind velocities it seems to 
overestimate the stress. In Figure 12 the shear stress's is plotted 
as a function o f the depth of water, and in Figure 1) as a function 
of relati ve wave vel ocity. In both Figures 12 and 13 a cons tant wind 
veloc i ty of 20 ft/se c. existed. Both figures are rel ated very closely 
since the dep th of wate r ts the main factor in determjning the wave 
velo~ity when the wave len~th is long compared with the wate r depth. 
Figure 13 demonstrate s clearly t hat the shear stress increases when the 
wave velocity decre ases. The wave velocity however is not the lone 
contributing factor to the shear stress 's , but the latter depends al::;o 
on the wave height, and the wave height in turn is limited by the de pth 
of water. At a certain depth the influence of the decreasing wave height 
will probably outwe i gh the influence of decreas i ng wave velocity, and so 
the she ar streRS will decrease again until for very shal l ow water ,s could 
probably be computed by using the snooth-plate formula . This character
istic of 's is demonstrated very clearly in Fi~ures 12 and 13. 
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The value S 0 f "C"s as detennined from different fiel d me asurements 
were replotted in Figure 14 from Reference 19 (Hellstrom) and supple
mented with the pre sent average l aboratory results ( re fe ren~e velocity 
based on Uav) and with measurements on the Gulf of Mexi co(l). 
Hellstrom gives an aver age relationship for the s hear str ess "C"s as: 

(24) 

In Equation (24 ) "C"s is in kg/m2 and U in m/sec. This relationship is 
also given ,in Figure 14. Comparing t he various fiel d and l aboratory 
me asurement s i t is interest ing to note that the empirical "C"s values as 
found for different locat ions may vary considerably, the results for a 
given l ocation and condition, however, could be fit ted usually very 
closely to a single empi rical curve . Most of the investigators give 
the relationship be tween the wind velocity and the shear stress in the 
form "C"s = C Ua • The values for constant "c" and power "a" vary con
siderably. The power "a" lies be tween the values 1.5 to 2.5 . The 
constant "c" depends natura1iy on the units used in the f ormula, but 
may vary for t he same units qy a f actor of + 2. The conclus ion of 
t his is again that the shear stress is not a-const ant for a given wind 
velocity , but depends upon various local conditions as discussed above. 
In laborat ory and field me asurements where the temperature gradient 
may be assumed to be adi abatic, the variation of "C"I depends probably 
on the wave conditions, such as the wave velocity, hei ght and l ength, 
and the depth of water. When the temperature gradient is no t adiabatic, 
the shear stl~SS also depends upon the temperature gradient . The latter 
statement may be illustrated by the fol1owing computation. Solving 
Equation (19) f~r the shear stress "C"s we have 

(; 
ko U ]2 

"C"s = Po z + Zo • 
2. 3 log z 

o 

(25) 

Equation (25) demonstrates that the shear stress depends upon the 
density of air, t he wind velocity , U, t he v. Karman's const ant , ko ' 
and the r oughness length parameter , Zoe Assuming a constant wind 
velocity and air density , Pa _ , we see that when Zo increases, ko 
must de crease so that T' s remains a cons tant value . This was found 
to be t rue in experiments with sediment-carrying wa t er (Einstein-Chien36). 

Applying Sheppards results in Equation (25) and assuming that the 
wind velocity U i s measured at 30 fee t above the ground and that the 
density of air Po • 2. 4 x 10-3 Ibs. sec.2/ft~ we s ee, however, that T's 

is not a constant for the given three temperature gradi ents. For 
superadiabatic lapse we have T's • 6.24 x 10-6 U2; for adiabatic lapse 
5.76 x 10- 6 U2 and for inve rAion ~ = 2.30 x 10- 6 U2. These values 
cannot be appl i ed for the energy transfer between wind and water with
out further confi rmation by carefully conducted experiments, but they 
do demonstrate clearly a trend which agrees f avorably wi th observations. 
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The water-surface slope, s , can also be used to determine the wind 
shear stress Ts . The generally accepted equation for the water surface 
unde r wind action is : 

d h = ( 26) 

d x 

dh/dx is the water surface slope and could be measured from surface 
profile s and the equation solved for Ts , provided that t he coeffic i ent A 
is known. 

A Ts = Po g d s • 

The coefficient A is defined by Keulegan( 7) as 

A- IL +l. 
- Ts 

(27) 

(28) 

In this equation T b is the bot toDn shear stress and so the coe fficient A 
expresses the relative importance of the bottom res istance, but i t 
depends also upon the t urbulence, stratification, etc. Hellst rom(19) 
after adopting Boussinesq theory f or t urbul ent fl ow finds that A varies 
between the value s 1.15 and 1. )0 for c hannels of moderate and very 
large deptha. Keulegan (7 ) adopted t emporarily for turbulent flow, 

A = 1. 25. 

In our experiments wind shear stress Ts was computed by the use of 
wind velocity profiles , hence A coul d be evaluated f rom Equation (27). 
This was done and A 88 computed for each c ase separately was tabulated 
in Table I column 32. In Figure 15 (a t o m) the wind 8hear stress ob
tained f rom wind velocity profiles was plotted for each bottom and 
depth condition separat ely and average curves t hen drawn through the 
experimental points. On the same graphs the AT was plotted as computed 
from water -surface s lopes. Using the average curves A was computed 
again and t abulated in Table I , col umn 33, as A c r r. There is no t 
much diffe rence be tween A and A corr. The use of average curves in
stead of individual points eliminates only some occas ional wild points. 
The coefficient A carr was plott ed in Figure 16a and b as a function 
of paramete r U d/ yo • The trend in Figure 16 is obvious with larger A 
values f or higher U diVa values. It is surpri s ing, however, to discover 
that the coefficient A could be smaller t han 1 . Previously it was assumed 
,that A. ~ I The equally surpr i sing result is that r ough bottom 
give s a smal ler variation for A than the smooth bottom doe s . The 
values of ,A for rough bo t tom conditi ons vary between approximately 1.0 
and 1.5 t For smooth bot tom A varies be t ween a pproximately 0.7 ( for 
small ~ ) and 2.2 (for large ~ ). l'he over-all average f or A wall u., 7/ " 

1.27 which in t urn is very close to 1.25 as adopted temporarily by 
Keulegan. 
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CONCLUSIONS 

The conclusion drawn from the present study was t hat small scale 
laboratory equi pment could be used to study the mechani cs of energy 
t r ansfer between wind and water . The results compare favorably with 
field measurements. The wi nd velocity profiles fol low the logarithmic 
distribution law very wel l except for a few cases with nigh wind 
vel ocitiea which indicate that the mixing length 1 is decreaSi ng more 
rapidly than the height z. 

1. The logarithmic velocity distribution law could be used to 
compute the wind shear stress '5 and the roughness length parameter zo, 
appl ying Equation (12 ) , (10), and (11) . The prerequisite should be 
t hat the measured wind vel ocity profile approximates a straight line 
rel ationship on a sernd-log scale ( see Figure 7). 

Additional exper iments should be made to investigate the von 
Karman's constant, ko (e specially f or unstable atmospheric equilibrium) , 
by making direct measurements of the shearing stress Ts . The experi
ments should be made with different temperature gradi ents . Temperature 
gradients could be varied in the laboratory by heating or cool ing the 
water in the channel so that the desired air-water temperature ratios 
could be achieved. To simulate the condition comparable with winter 
i n nature it may be nece s sary to force refrigerated air over a warm 
water surface. 

2. Empirical formulas similar to Equations (23) and (23a ) could 
be used to compute ~he wind shearing stress Ts , provided the reference 
wind velocity i 8 measured at the same elevation above MWL as the wind 
vel ocities in t he given empirical formula. 

The laboratory and field measurements (Lake Okeechobee) compare 
favorably, provided that the reference wind velocities are given for the 
same level (30 feet above the MWL) in both cases. The average empirical 
rel ationshi p is given by Equation (23a) as : 

1 l. 10-6 U2•22 
Ts = .'-1 x 30 

3. There seems to be no relationship between the wave he ight 
and the roughness length parameter Zoe The experimental values f or Zo 
varied between 0.4 and 0. 004 rom. The ratio of H/zo varied bet ween 15 
and 5,000 with an average of 268 for all t he runs. 

2 4. The water surface resistancj coefficient r , was found to 
vary between 2.1 x 10-3 and 6.8 x 10- with an average val ue of approx
imately 3.5 x 10-3 when t he average wind velocity in the channel was used 
as the reference velocity . When the coefficient was drawn on the reference 
velocity at 30 feet above MWL the average coefficient was approximately 
1.25 x 10-3. At the present t ime there are no means availabl e to predict 
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the scale effect and apply the laborato y results to the prototype . 
So long as we do not have any additional data to prove otherwise, the 
val ue r 2 = 2. 65 x 10-3 as given by Munk, may be recommended for' open 
sea. 

5. The coe f fic i ent A seems to be a fUnct ton of ~d • When Ud 
Va 110 

increases A has also a tendency to increase. For smooth bo ttom x: 
varied between 0.6 and 2.5 and for rough bottom between 0 .9 and 1 08. 
The average value from all the experiments was found to be 1 .27. 
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