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ABSTRACT

Simaltaneous measurements were conducted in a wind-wave
tank of the ripple slopes with an optical instrument and of

the carrler-wave profiles with a wave-helght gage. The experi-

ments were conducted under various wind conditions: either
steady or unsteady wind blowing over pre-existing reguiar sur-

face waves, The data were analyzed to determine the slope dis-
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tributions of ripples located on various portions of the carrier-
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wave proflles under steady wind, and the differential roughening
- and smoothing of the carrier waves under unsteady wind. The

influences of pre-exlsting waves on the structure of the wind

PR

boundary layer, and on the slope statistics of ripples were also

studied.

1. INTRODUCTION

The wind-dist rhed water curface features ripples : tding
on long waves, There has heen a great deal ~f interest 1In de-
termining the stat!stical description of the micreostructure of
the disturbved surface, the pattern of ripples. These wavelets
were considered (Phillips 196G) to be involved in the inception
of wind waves as well as in the dissipation of wave energy. In

atiition, the microstructure was also suggested to govern the re-

Akl

flection and the hackscattering of the electromagnetic¢ waves
(Newton and Rouse 1972) impinging on, and the radiation of thermal

encrgy (McOGrath .nd Osborne 1973) from, the air-sea interface.

:
b
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Some measurements (Schooley 1954, Cox and Munk 1956, Cox
1658, Wu 1971a, 1972a) have been conducted in the past to de-
termine the slope and curvature distributions of wind waves under
various wind velocities. There is, however, a lack of detailed
studies of the distributions of ripples along the profiles of the
carrier waves and the correlations of these distributions with
wind and wave conditions. Such distributions are helpful for
understanding energy transfer processes from wind to waves
(Longuet-Higgins 1969, Wu 1972L), and between wave components
(Longuet-Higgins 1963, Phillips 1962). These distributions are
also helpful for setting the viewing angle of the microwave sensor
over the sea surface and interpreting results of microwave mea-
surements. It should also be pointed out that all the past measure-
ments of ripples were conducted under steady winds. Vet the
roughening of the water surface by a suddenly started wind, and the
dissipation of ripple enerzy following a.suddenly stopped wind,
should be more revealing of the mechanism of Jdynamic Interaction
between wind and waves, or even among wave comporients. This kind
of meacsurement of the microstrucﬁure under unsteady wind is aléo
desirable for modeling the air-sea interface, bhecause the natural

wind 1s generally unsteady.

_ 1n the present study, the carrier-wave profiles and the
ripple slopes were si...lténecusly measured at a fixed point in a
laboratory wind-wave tank under various ﬁind veiocltles. For the
convenience of experiments conducted under a short fetch, pre-
existing regular surface waves were generated., Each “erles of
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experiments Iincluded three phases wlth the following sequence

of wind and wave conditions; a suddenly started wind over a calm
water surface, a steady wind over an equilibrium disturbed water
surface, and a suddenly stopped wind over an initially disturbed
surface. Features of the correlations between the micro-and
macroscoplc structures of the disturbed water surface under steady
winds, and patterns of the differential roughening and decay of

the microstructure under unsteady winds, are hereiln presented.

2. EXPERIMENTAL CONDITIONS AND PROCEDURES

2.1 Equipment

The experiments have been conducted in a wind-wave tank,
which 18 1.5 m wide and 22 m long. Mounted at the upwind end cof
the tank 1s an axial-flow fan, driven by a variable-speed motor;
8 permeable wave absorber is installed at the downwind'end. The
tank 1s covered for the first 15 m to provide a d 3l~m high wind
tunnel atove 1.24-m deeo water. The maximum obtalnable wind ve-
locity within the tunnel is 14 m/s. The test section 1s located
at the middle length of the tank.

The tank . is alsc equipped with a mechanical wave generator,
‘a flap with 1ts lower edge hinged &t the bottom of the tank and.

"with 1its upper edge osclilated at any desired (requency and ampii-
tude by a motor. The fan and the mechanical wave generator can
be operated either separately or simultaneousiy.
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'2.) Wind and Wind Measurements

_ The differential roughening and smoothing of the regular
waves were studied with a suddenly started and a suddenly stopped
wind, respectively. The instantaneous starting or stopping of
the wind was achieved by means of a curtain supported at the air
intake of the fan. The curtain can be elther rolled up around
a2 metal plpe attached at its lower edge, or hung in front of the
intake. When the fan turns, the curtain is sucked against the
heavy-wire grid at the intéke to block completely the airflow.
For measurements of wave decay, the curtain is up 1nitially while
the wind blows stezdi'> to build up an equilibrium microstructure
in the tank. Subsequently, the fan 1s turned off aud &t the éame
time the metal pipe is released to drop the curtain, For meaSureé

- ments of wave growth, the curtain is down while the fan is turned

on t. build;up the required speed. Subsequertly, the curtain is
suddenly rolled up arouhd_the metal pipgi It was determired that
one second was required to cover gompletely the fan section and

one and-cne half seconds wés‘ﬁecessary to open it up complétely
Such 8n arrangement with the curtain 1s needed, beécause the mechan-

ical inertis of the ran ‘makes 1t 1mpossible *o éither start or
stop the airflow suddeniy. Following the 1ift or drop of the
curtain, the energy supplied by the wind was ef ther suddenly pres-

ent or completely cut orr, and the micrcstructure ln the tank :

varied rapidly

The Velocity ﬂ!stri&utiona o’ steady winds blowing over pre-
exisiing waves were determined with 8 pitot-static prote and & dif-
ferential preasure transducer unit, The prote was supported
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success.vely at various elevations abave the water surface. The
output of the pressure transducer, which is proportional to the
square of the velocity, was first fed to a square-root ci-cultry
and then displayed on an x-y plotter. At each elevatic:, the ve-
locity was continuously recorded for a perlod of 3C s=zconds. The
latter is much longer than the period of surface waves, and the
average wind velocity at each elevation can be determined.

- 2.3 VWaves and Wave Measurements

Two types of inatruments have bYeen used éimultaneoasly in
this experiment: a8 conductivity probe for reeording'carrier-uave
profiles and an optical instrument for measuring ripple slopes.
The conductivity probe consists primarily of 2 partially aub-
mergéd ﬁlatinum.hiré; suppérted_vgrtically at the test section.

" The output of the electric current fiowing through the probe 18
bropbrtional to the submebgence of the wire. The probe, hoﬁgéer,
does not_provide enough reéolution_fc“'meaaubiné wavelets that
ride on top of long waves an* rQVe'Smplihudes oh1y a fraction of
L.e latter. o -

The optical instrument con3iste crincipally of & light source
and a telescope and photomiltiplier unit, Supported over the wind-
wave tank, the instrument csn be set at any desired inclination
. from the water surfnte, The photomultipiler rece! es reflected
11ght only when the uater-surrace 1s normel to the plans contsin- -
ing th; light sheet and the talescoplce axii. The cross asections |
of the iight sheet is racténguiar with @ xavgé-leng£h~to-uadth'
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ratio and with its short slde aligned with the direction of the
wind. The instrument 1s, therefore, insensitive to the crosswind
slope; the angular tolerance of *hc instrument to the water sur-
face slope .s about 1° in the longlitudinal (wind) direction and

is about 20° 'n the transverse direction. During the experiment,
the instirument was set successively at various inclinations to
measure the rreQuehcies cof cccurrence of the corresponding upwind-
downwind slopes of the disturbed surface. A detélled description

of *he instrument hss been reported earlier (Wu 197la).

For the ma jor porticn of the measurements, the outputs of

the wave-helght gage and of the zptical Instrument were recordea
" simultaneocusly on different chanuels of 8 ‘tape recorder. Detatls
of these measuremen?s and data processing - ¢orrelation between '
'micro-and macrcscop&c structures, growth and decay of r ppes o
over carrier Haves — H*EJ bhe discusseisin later-sectio

, S’nce the w*nﬁ-induced drift is knosn (Pﬁi;lips 1973a
7'19733) to modify. the prepagatlon of sur?ace waves. adﬁitiona;
_experiments were condugted to measure the carrier wives under .
vérioas wind Q@Ioeit  Re the wind blew héf&gr the carrier

- wa QS becatie more awd m@re s%arply peak@@, but remained regular.
. Two wave probes were used during this part of the experiment: -
the upwind 9roﬁé was Pixed snd cherﬁéwﬁwind_gfobe was supperted
on & slfding scal¥. The d1stance betwesn probes was sdjusted to
meke the wive sigreis from two probes; monlitored on the acope,
oscilllating in phase. Thiz distance 1s therefore She wavelength.
The helghts and leng®hs of carrier wsves under various wind ve-
locities sre shown in Figure 1. On the other hand, ‘the wave
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helght 1s seen to increase slowly at low wind velocities, more
effectively at redium wind velocities, and again slowly at high
wind veloclities where violent wave breaking occurs. The varia- .
tion of the wavelength with the wind velocity appears to bhe
consistent with that of the wave height; where the wave height
increases more effectively with the wind veloclty the wavelength

Increases less effectively.

2.4 Correlation Mecasurements

The signals of the photomultiplier produced by the wind-
disturbed water surface are light pulses having various intensitiles
and varlous duratlions. The intensity 1s related to the surface
curvature (W1 1972a) and the durotion 1s the period for transfer-
ring under the instrument a slope within the slope-tolerance limit
(1°) of the optical instrument. The perlod and the intensity of
the pulse were not measured here, and each signal was reshaped as
a pulse ol a ceonstant duration and intensity. Each shaped pulse,
therefore, represents the occurrence of a given slope of the water

surface regardless cf its trensferring speed and 1ts curvature.

For the correlatiocorn measurements under steady wind, the
carrler-wave nrofile was divided into four reglons: upper and
lower halves o1 elther the windward or the leeward face. A gating
device wes designed for partitloning and collecting the light
signals from each region. During the operation, the tape was
vlayed back at one quarter of the recordlng speed with the carrler-
wave profile montt red on the oscilloscope and with the pulse

signal passing through the zating device. The latter was controlled

gl R A ey
R R o
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by an operator who watched the siow varying carrier waves shown
on the scope. The gating device was operated so as to feed only
the light pulses from the desirable portion of the carrier-wave
profile to the pulce analyzer. The tape was repeatedly run to
obtain successlvely the data for the following portions of the
carrier-wave profile: (1) the leeward tace, (2) the upper half
of the leeward face, and (3) the upper half of the windward face.
On the busis of these three sets of data, in addition to the

data obtained from the entire carrier-wave profile, the resuits

for all four reglons mentioned earlier can be deduced.

2.5 Growth and Decay Measurements

When the tape was played back, the number of puises was also
accumulated on a counter. Under a steady wind, the accumulation
of the equilibrium-atate data could be started at an arbitrary
roint of the tape. For the wave growth and decay data, the ac-

cumulation was started lmmediately following the identification

signal indicating the instant when the wind was elther suddenly

started or completely stopped. The number of puises accumulated
on the counter was sampled by a printer. The sampling rate can
be varied, with the maximum rate at. elght numbers per second.

The printout 1s, therefore, the temporai accumulation of the fre-
quency of occurrence of a glvelr water-surface slope followlng the
change of wind conditions. For each wind veloclty this process

wasg repeated for various water-surface slopes.
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3. WIND BOUNDARY LAYER OVEFR PRE-EXISTINs WAVES

3.1 Wind-Velocity Profiles

The wind velocity profiles in the tunnel over the pre-existing
regular waves are plotted in Figure 2a, b, where u is the wind ve-
locity measured 2t the distance y above the mean water surface.

Two series of velociiy surveys were performed with pre-existing
regular waves of the same frequency but different amplitudes.
Series (a) with larger wave amplitudes is the primary series under
which the experiments on correlation, and differential roughening
and smoothing were conducted; series (b) 1s the secondary series,

which was performed only to study effects of pre-existing waves on

the wind bouhdary layer.

The wind velo:ity 1s seen in Figure 2 to follow the loga-
rithmic law {Schlichting 1968, Chapter XIX), or to vary linearly
with the logarittm of the dlstance above the water surface. The
wave-induced air motion, however, 1s considerable near the water
surface where the data are greatly scattered. This portion cf the
data, generally having a smaller gradient, 1s omitted from Fig-
ure 2. The distorted reglion appears to extend further away from
the water surface for waves of larger amplitudes. This 18 not
only illustrated by the data obtalned under various wind veloci-
ties shown separately in Filgure a, b, but also from the comparison
of the logarithmic profile shown in Figure 2b with that for the

ccrresponding wind velocity shown in Figure 2a.
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3.2 Effects of Pre-Existing Waves on Wind Boundapry Layer

The shear velocity (u,) of the wind and the rcughness length
(k) of the disturbed water surface, calculated from the velocity
profile shown in Figure 2, are plotted in Figure 3a, b. The wind
velocity U shown in Figure 3 is that measured at 2/3 of the tun-
nel height above the mean water surface. The solid lines shown
in the figure indicate the results cbtained at the same test sec-
tion with wind blowing over initially calm water surface (Wu
1973b). The effects of pre-existing waves on wind boundary layer
are better illustrated through the results of the rcughness length
than those of the shear velocity; see Figure 3a, b. The roughness
length, which is related to the intercept of the wind profile, is
more sensitive to a small change of the velocity gradient than the

shear velocity, which are related to the slope of the profiie.

Similar to earlier results with wind blowing over initially
celm water surface, the data of shear velocity and roughness
length obtained here with pre-existing waves are dlvided into two
groups according to whether wind-wave Interaction is governed by
surface tension or gravity. The shear veloclty increases gradually
with the wind velocity in the former regime, and rapidly in the
latter regime. The roughness length decreases with the wind ve-
locity In the former regime, and increases with the wind velocity
in the latter regime. Physically, these two regimes correspond )
respectively, to the presence of parasitic capillaries, and to
the occurrence of airflow separation and wave breaking. Without

pre-existing waves, the dividing veloclty of these two regimes 1s
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apout 9 m/%. With pre-existing waves, this Velocity is lowered

3
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to T-m/%, at which wave breaking starts. In other words, the
pre-exlsting waves concentrate the energy transfer from wind to
waves of a particular length and therefore promote wave breaking

at its crest.

R LR TN vas i B S

At low wind velccities in the surface-tension governing
regime of wind-wave interaction, the pre-existing waves are seen
in Figufe 3b to smooth the water surface hydrodynamically. With
pfe-existing waves, the carrier waves of parasitic capillaries
i are much longer. Consequently, the number of capillaries per
unit area of the water surface 1s greatly reduced. Therefore,

! inasmuch as the capillaries govern the dissipation of wave energy,
the water surface becomes smoothér with long pre-exlsting waves,

| The surface with large-amplitude, pre-exlisting waves is seen In
Figure 3b to be hydrodynamically smoother than that with small-
amplitude preéexisting waves. Because the regularity of carrier
waves in the latter case was somewhat disrupted by the wind, short

) gravlity waves with parasitic caplllariles were ovserved superim-

posing on long carrier waves.

At high wind velocitlies in the gravity governing regime of

'wind-wave interaction, the alrflow separation from wind waves
occurs in the present tank (Wu 1968). In thls case, wilth the wind
blowing over initially calm water, the roughness length was found
to be comparable to the wave height. The separation pocket 1s

likely to cover a major portion of the windward face of the next

wave, With pre-existing waves, the peak of carrier waves 1is again
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sharply cusped, and the airflow separation from the peak should
again occur. However, the separation rocket near the cusped peak,
although largef in volume than that taking place without pre-
existing waves, can hardly reach the windward face of the next
ware. In other words, with pre-existing waves, the separation
pockets are likely tc be further isolated, and the density of
roughness element 1s therefore reduced. Since the aerodynamic
roughness depends on both the height and the density of the rough-
ness elements (Schlichting 1968, Chapter XX), the more widely
spaced separation pockets due to pre-existing waves cause a re-
duction of the roughness length. Consequently, the roughness
length with pre-existing waves is smaller than the wave helght.
Very little difference of the roughness length 1s seen in Fig-
ure 3b between two cases with pre-exlisting waves of the same fre-
quency (length) but different amplitudes, because for these two
cases the roughness length 18 probably governed more by the

spacing than by the helght of the roughriess eiements.

4. CORRELATION OF MICRO- AND MACROSCOPIU STRUCTURES OF WIND WAVES

The present experiment was conducted wlith wlnd waves super-
imposed on pre-existing regular surface waves. The use of me-
chanlcally generated waves 1s necessary not orily for the study of
differential roughening and smoothing to be discussed in the next
sectlon, but also for the correlatlion study. Otherwise 1%t would
be very tedious to apply the gating technique to high-freguency,

irregular carrler waves. With wind blowlng over pre-existing

O R TSRO DL PR
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low-frequency waves, on the other hand, the carrier waves remain
regular aund the undulation;of_the water surface can be more easlly
traced by the operator. In other words, the pre-existing waves
also serve as the regulator for the present correlation measure-

ments.

4.1 Slope Distributions

The data obtained dir#ct[y:from~the tape include the slope
distributions of ripples riding on- the tops of the following por-
tions of the carrier-wave profilp'? (é) entire profile, (b) leeward
face, (¢) upper half of leeward Pace, and (d) upper half of wind-
ward face, From these data, the slope distribution for ripples
riding ot the. top of the other oortlonq of the carrier-wave pro-
files can be deduced: (a) windward -face, (b) lower half of wind-
ward face, and (¢) lower half of 1eews*d face. The results for
four different wind velocities are. shown in Figure 4, one column
fur each wind veloclty. Each .row in Flgure 4 indicates the data

"
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obtained from the same por:ion Qf;the carrier wave profile. The
positive angle shown in the figﬁre_corresponds to a leeward slope,
and the negative angle corre'ponda to ® windward slope. The data
shown in Figure 4 were ohtained frdm a one-minute run of the ex-
periment. A smooth curve was fitted by eye to each set of data to
1ndicgﬁ? a faired slope distritution,

“T'.o maximum frequency of occurrence of water-surface slope

should be produced by the peak and the trough of ripples. Since
they are tilted by the carrier waves, the peaks and troughs of
ripples do not have zero slopes. Consequently, the slope dis-
tribution for ripp.es riding on the leeward face of carrler waves
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is peaked at a positive angle, and that for pripples riding on

the windward face is peaked at a negative angle. This trend is
clearly 1llustrated by the results shown in Figure 4. At low
wind velocities (U = 4.18, 6.92 m/s), the peakedness cf the slope
distribution for the leeward face is much stronger than that for
windward face due to the presence of parasitic capillaries on the
leeward face. Such a difference disappears at high wind veloci-
ties, where ripples distributed more venly over the leeward and

the windward faces of carrier waves.

4,2 Effects of Pre-Existing Waves on Mean-Square Surface Slope

The mean-square slopes of the disturbed water surface with
pre-existing waves were determined from the slope distributions

shown on the top row of Figure 4, The results are tabulated in

Table 1.

TABLE 1

Mean-Square Slopes Measured with and
without Pre-Existing Waves

Wind Velocity, U (m/s) .18 |6.92 Tes

Shear Velocity, u, (m/s) 0.223 |0.298 1,08 ‘J

Mean-Square | With Pre- 0.0179 | 0.0219 L 0.uBeT
Surface existing : o

Slope Without | Waves |0.0248 | 0.0u425 95,0021

S
'y
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The shear veloclty shown in Table 1 is the falred value obtalned
from Figure 3a. The mean-square slopes of‘the disturbed water
surface without pre-existing waves were measured earlier (Wu
1972a, 1973¢), and were related to the shear velocity of the
wind. The bottom row of Table 1 was obtalned from earlier re-

sults.

For the same wind-shear velocity, mean-square slope with
pre-existing waves is seen in Table 1 to be smaller than that
without. This 1s 'n line with the earlier discusslon concerning
the roughness length. With long pre-exlisting waves, the patches
of parasitic cepilllaries and the zones of wave breaking are more
widely spaced. Consequently, the density of roughness elements,
0. number of ripples per unit area of the water surface, ls re-
duced. 1In addition, th-.e appears to be a spectral gap with
ripples'superimposing long carrier waves, as waves of Intermediate

lengths are missing. The mean-square slope of the water surface
-ia therefore reduced, slnce the roughneés'elements and short

| varrier waves are the major contributor of the mean-square slope{ :

‘Bven compared on the hasis of wind-shear velocitles, the up-
wind-downwind component of the mean-squaré'water-§urface slopes
measured in laboratory tanks were shown (Wu 1971a) to be smaller
than the oceanic results., This discrepancy was considered earlier
to be due in part, to the narrowness of the tenk limiting the de-
velopment of the crosswind component of the mean-sguare slope.

The present results apparently suggest anather contributing factor
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of thls still not fully explained discrepancy. The long carrier

waves 1n the open ocean may cause the reduction of mean-square

slopes.

4,3 Distribution of Ripples alcng Carrier-Wave Profiles

As discussed in the previous section, the maxlmum frequency
of occurrence of the water-surface slope, or the peak of the
slope-distribution curve, appears to correspond to twice the num-
ber of ripples. Composite plctures showing the distributions o
ripples on variocus segments of carrier-wave profiles at different
wind velocities are presented in Figure 5. The four numbers in-
dicated along the wave profile are the relative frequencies of
occurrence of ripples riding on four respective segments of the
carrier-wave profile, the numbers on top of the proflle are the

relative frequencles for the windward and the leeward faces, and

]
¢
¥
£
¥
4
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£

the numbers on the right side are those for the upper and the
lower half of the profile. At high wind velocitles (U = 9.60,
12.’i m/s) the carrier-wave prq?ile'becomes skewed with shortér
leeward face and longer windward face. The numbers in psrenthesas
- are the weighted values taking the skewness of the carrier-wave
profile into sonsideration. o '

On the basis of these composite pictures, the distritution
“of surface rough:.:sses appear to heve the following features:

(8) At iow wind velocities (U = 4.18, 6.92 n/s) of
the surface-tension governing regime of wini-wave
interaction, therlegnard face of the caerrier wave
18 much rougher than the windward face due to the_
presence ol paraaitic capillaries.
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(b) At high wind velocities (U = 9.60, 12.25 m/s) of
gravity-governing regime of wind-wave interaction,
the general trend 1s that as the wind veloclty in-
creases the overall difference on roughening be-

tween leeward and the windward faces becomes less.

(¢) In the surface-tension governing regime of wind-

B Rl e o L T LI LG N PR TR

wave interaction at two low wind veloclties, the

PRTRoN

parasitic caplllaries are concentrated near the
upper half of the leeward face at U = 4,18 m/s,
and move further down the leeward face at U = €.92

m/s.

(d) The breaking of wind waves (without pre-existing
mechanically generated surface waves) was observed
earlier (Wu 1971%) to occur on the leeward face
but very close to the wave peak. Excessive rough-
ness should therefore be concentrated on the upper'

‘half of the leeward face of the_cabrierfwave pro-
“file. With pre-existing wavés, however, the-rela-
tive frequency of océurrence of ripples on the
‘upper half of the windward face at U = 9.60 and
12.25% m/s is seen in Figure & to te greater than
 that oﬁ the windward face. This is somewhat

N A P

surprising observaticns. It is worth noting that
th~ butbling of the water surface and the three-

dimensional type roughness accompanying wave
breaking may escape the optical counting technique,
tut not the glitter photography (Wo 1971t ).

R e
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(e) The lower half of the windward face is the

smoothest segment of the carrier-wave profileQ

5. DIFFERENTIAL ROUGHENING AND SMOOTHING OF A WAVY SURFACE

For a steady wind, the frequency of occurrence of a given
water-surface slope {that 1s, the rate cof light pulses detected
by the optical instrument at a given angie of inclination) for
~an equilibrium, random wind-disturbed water curface should be
nesrly constant, . The éﬁuilibrium—state data were discussed
in the previous sect;on, and the distributions of r obtained from
various segments of the carrier-wave profiles and under different
wind velocities are presented in Figure &,

In order to study the differential roughening of a wavy
vrisurfage_by wind and the differential :ecay of wind-excited ripplés
on a wavy surface, suddenly started and suédeniy stopped winds |
were introduced. The rféquenciga.of'ocgurrénée of water-sirface

alét?s wéfé”de§erm1ned wich the.opt:cal-instbumehtrboth durling

. che_grbﬂth stage (rg) following 8 suddenly sterted wihﬁ.'and
during the decay stgge_(rﬁ) following a sudaenly atopped wind.
-Applying the same procedure as that used-earlier for the steady-
.st&te'data, the growth and decay data were first obtained rrqﬁ ,
'certiin pdrtibns or~the'cabriersuave'proftle, and subsequently,

| the results tor_the'othgr portions of the profile were déduged.A
'_Tﬁefﬁtta for the growth stage waré»dbtained from a period 6{ one

| m;nuta; and those for the decay stage were obtained from a period
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of 30 seconds. The sampling interval of the printer is one
seccnd for the growth stage and is one-half of one second for

the decay stage.

5.1 Growth and Decay of Root-Mean-Square Slopes

The values rg and r, are the frequencles of occurrence of

a particular water-surfaie slope at a given instant following,
respectively. the sudden starting and the sudden stopping of the~
wind. £t any given instant, the distribution of the water-sur-
face slopes can be obtained by complling the instantanecus fre-
-quen;ies of occurrence of various szopes; -Tﬁe.temporal-varia~ A
tions'of the siopé-distribution éurvea for hhelgravth and thé

- decs r stages, not shown. here. follow a general patiern; namely.
'.uic.ning.with_time for the zrowth ztage and pesking with time
jfc the ﬂeéay'stagé. Details af data énéiysis and Q? té@péral
s ope aistrihutibns are similar to those reported earlier (Wu
1973c) uith wina tlowing over tnitiaily ca; water‘

';duringrahe_grouth and: the decsy stages were cslceulated from the
instentsneous slope distributions, Subée@uently, tre varisnces.
‘were rormalized with respect to the value éhtained from the er-
tirarprariie of uarrler'waves'undar st@&ﬁy-wind. The temporal
variations of gha'narmallged variances following the sudden start
snd the sudden stop of the wind are plotted as light ines in
Figures 6 snd-?. respestively. Th§ horizontsl axls 1n.bath Tig~
ures indicates the time t after ellusr the sudden start or the

Tre varianees of the water- Serace slcp@s for rinpiés riding
.on varinuc pertions of the rarrter-na"e profiles at . \arious times

L DD T
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sudden stop of the wind. Generally, the data 1illustrates an
exponentia?! growth and an exponential decay of the water-surface

Sleopes with time.

Two expcnential curves of the following lorms were fitted
°h the basls of the least-squares principles to the wave growth
and decay dat;ai respectively:

(;;)% / (5 = explot/y)
(1}

2 N e |
(27 [ 187N = expl-t/Ty)

“)% and. (s )§ are the root-mean-squars slopas st time £
during, rsspective;y the growth ani the decay stage; (s ’)%

is ‘the staady state root-mean square slope; T and T are the
 ‘respect1ve relaxation times for the growth. anﬁ the d@xag of t&e

mein~squarg slope.' The litted exponential curves are shown 38
the hesvy linee in Figures ¢ and 7. The 43ta sre seen in toth

'rigufés ts follow reascﬁabiylclcsciy the r1t=-§ curves, AThs'
, ‘soatter cr the dsta can not be av@idei heroe, 88 tke interval ve-
- tween daba pciats ia en,y one \econd '

- 5.2 Irrgets of Pr -sxigtiqg_?avss on _irewth aﬁd Deeaiief Rzgg

The r&laxlticn times for the growth and the decsy of ripples
over lone pre-existing waves were obtained I'rom Figures © and 7,

‘and are tabulated in Table 7. The ssme times scales without pre-

existing waves were reported cariter {Wu 1973c¢c), snd thelr va’-es
for the corresponding wind-shesar velocitles sre also shown in

Tavle 2.
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TABLE 2

Relaxation Time Scales of Growth and Decay of
Ripples With and Without Pre-Existing Waves

Wind Growth Time, Tg(sec) Decay Time, Td(sec)

Veloclity s

U (m/s) With Without With Without

Pre-Existing Waves
4,18 2.13 7.7 93.4 28
6.92 2.32 §.2 69.0 25
9.69 3.13 0.9 L . 6 - 17
12.25 b1t 0.1 50.3 18 -
L ) _

[ ime lag between the sudden scart of the wind and the exponential
growth of root-meau-square surfu.e slopes was observed earlier (Wu
19733) in the prce.ent tank without pre-existing waves. Such 2 time
lag 18 not seen irn Filgure 6. The growth t'me Tg shown in Table 2
for the case wlthout pre-existing waves 18 that obtained from the

earlier study with the time for wind initiation delayed by the time
lag.

The growth times with pre-existing waves are seen 1n Table 2
Lo te shorter than those without at low wind veloclties, and longer
than those withcut at high wind velocitles. Inasmuch as the shear
velocltles are the same for both cases, the difference is there-

fore merely due to the cnange of surface wave structures. The

shortened growth time in the surface-tension governing regime with
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parasitic capillaries may be due to the fact that a certain time
is required for the carrier waves to develop from an initlally
calm water surface while the carrier waves already exlist in the
present experiment. The lengthened growth time in the gravity
governing regime may he explained in the similar fashlion as in
the previous section regarding the effects of pre-existing waves
on the mean-square slopes. The results at high wind velocitles
may be applicable to the oceanic condition, while the condition
for the 1low wind velocities may exist only in lavoratecry wind-
wave tanks (Wu 1970).

The decay times with pre-exis.ing waves are seen in Table 2
to be much longer than those withcut for all wind velocities,
This 1s apparently due to the slow damping of long carrier waves,
and very active wave-wave interactlion with ripples deriving energy

from long carrier waves.

5.3 Differential Roughening and Smoothing of Wavy Surfaces

The growth and decay times for various segments of the
carrier-wave profiles were obtained as discussed previously and

are tabulated in Table 3. The general trends of the results are:

(1) There 1s no systematic indication of differential
roughening of the windward and the leeward faces
in either surface tenslon or gravity goveriing

regime of wind-wave interaction.

(2) At the lowest wind velocity, the growth time s

the 1ongest for the upper half of leeward face,

where parasitic caplllaries are concentrated.
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At the highest wind velocity, the growth is again
the longest fcr the same segment of the wave pro-
file, where violent wave breaking takes place.

These trends are also true for the other wind ve-

locities.

TABLE 3

Relaxation Times for Ripples Riding on Various
Portions of Carriler-Wave Profiles

d
Wind Velocity, U(m/s) | 4.18]6.92]9.60 |12, . 6.92| 9.60|12,25
Entire Profile .1312.32¢3. . . . by, 50.5
Leeward Face L1412.09(3. 4, 5 . 42, 4.5
Windwarq Face .33]3.71)3. 2% L 12|R7. . b, 58.6

Upper Half
Leeward Face

Lower Half
Leeward Face

Relaxation Time (sec) Growth Time, Tg Decay Time, T

.02(2.12]3. . . 32. 19.5

.12(1.18]1. 22| 82.7|86.5 | 48.6 |97.5.

Upper Half
Windward Face

Lower Half
Windward Face

221 4.151 3. . 3. . . 22.7

Portion of Carrier
Wave Profile

L.92]2.62] 2, 5 . . 62.7

(3) The lower half of the leeward face 1s seen to pro-

vide the fastest response of the wind excitation,

(4) Opposite trends are seen at low and high wind ve-
locitles for the differential smoothing of the lee-
ward and the windward faces. However, 1t 1s not

clear why thls 1s the case,
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(5) The lower half of the windward face appears to have

e ean

the fastest decay of ripple energy.

6. CONCLUDING REMARKS

The results obtained from the present experimental studies

FhaTAI LS 1 e ot YA v e B s samrn £

are summarized below:

(1) Effects of Pre-Existing Waves on Wind Boundary

Layer and Microstructure: The effects of long

pre-existing waves on the structures of wind and
ripples are consistent. Compared or the basis of
the wind-shear velocity, the roughness length of
the wind boundary layer and the mean-square slope
of the water surface are smailer with pre-existing
waves than without. The reduction of mean-square
slope by long carrier waves appear to provide a
probable explanation of why the laboratory deter-
mined values are larger than oceanic ones, again

compared on the basis of the wind-shear velocity.

Correlation of Micro- and Macrostructures: The

slope distributions of ripples on various segments

of the carrier-wave profiles are skewcd, In the
surface-tension governing regime of wind-wave
interaction, the leeward face 1s much rougher than
the windward face. The parasitic caplllaries are
concentrated on the upper half of che leeward face at

a lower wind veloclty, and move further downward
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at higher wind velcocities. In the gravity
governing regime, the difference In roughness
between the leeward and the windward faces becomes
smaller. However, the roughness on the windward
face 1s concentrated on the upper half of the wave
profile; the lower half of the windward face is the
smoothest segment of the long wave profile. These
observations may be helpful for setting the viewing
angle of the microwave sensors, and for interpreting

the results of the microwave measurements.

Differential Roughening and Smooth: ; of Long
Surface Waves: Small differences in roughening

and smoothlng of various segments of the carrier-
wave profile were found, An important finding in
this part of the study 1s that pre-existing waves
affect the growth and the decay tlme scales of
mean-square surface slopes, especlally those at

high wind velocities., The wind and wave condi-
tions at high wind velocities are simlilar to oceanic
conditions. The relaxation time scales are found

to be much longer wlth than without the presence

of long carrier waves, The presence of long waves
eliminates wave cemponents of intermediate lengths
and extracts tre energy introduced by the wind
through ripples, These results are belleved to be
important for studying wind-wave-current inter-
actions.
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FAGURE 2 - VELOCITY DISTRIBUTIONS OF WIND BLOWING OVER
PRE-EXISTING WAVES OF LARGE AMPLITUDE ( o ) AND
OF SMALL AMPLITUDE (b ). In soch black the profiles
were obtained from bottom 1o top at the order of increas-

ing freestreom wind velocities.
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U(mA)

0.53(0.48)0.47 {0.52)
220 10:2),

* FIGURE 5 - DISTIBUTIONS OF RIPPLES ALONG CARRIER-WAVE
- PROFILES. The wind direction is from left 1o tight of
- the Rgure.
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