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ABSTRACT

:

Laboratory studies of the interaction of crossed waves (on water) and a wind-induced shear are found to
be in quite general agreement with the Craik-Leibovich (CL) theory of Langmuir circulation (LC’s). The
LC’s develop rapidly, convect turbulent fluid to the bottom, and significantly modify the surface current by
a vertical exchange of momentum. Reversal of the wind direction relative to the waves is found to reverse
the sense of rotation of the LC’s, a specific prediction of the CL theory.

1. Introduction

In an earlier report (Faller, 1978, hereafter F) pre-
liminary laboratory experiments were described which
presented experimental evidence essentially in agree-
ment with the earlier Craik-Leibovich theory of Lang-
muir circulations (LLC’s). This short paper presents
additional confirming evidence from variants of the
earlier experiments.

The Craik-Leibovich theories may be divided into
two categories that are here referred to as the CL I
and the CL II theories (models, mechanisms). In CL
I a pattern of crossed irrotational waves, a simplified
representation of the three-dimensional ocean sur-
face, interacts with a vertical shear caused by the wind
stress. In essence, the finite-amplitude waves twist the
vortex lines of the shear flow into a series of alter-
nating helical rolls, the Langmuir circulations (LC’s),
having an across-wind wavelength determined by the
wave pattern. This process is described in Craik and
Leibovich (1976), Leibovich (1977a) and Leibovich
and Radhakrishnan (1977). In Craik (1977) an insta-
bility mechanism was recognized in which the aver-
age Stokes drift of a progressive, but otherwise ran-
dom, wave field interacts with the wind-driven shear
flow. This mechanism has been elaborated in Lei-
bovich (1977b), Paolucci (1979) and Leibovich and
Paolucci (1980a, b, 1981) and is here referred to as
the CL II theory.

Because of the complexity of the ocean surface
under windy conditions it seems unlikely that the CL
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mechanisms of wave and shear-flow interactions will
ever be unambiguously verified by observations in
the field. Despite the apparent success of the theory,
one can imagine that other processes, for example
variations of wind stress over the waves or spatial
variations of turbulence associated with the waves,
may also lead to elongated patterns of vorticity by
interactions not yet analyzed or imagined. Thus one
should retain a certain small degree of skepticism
until other possibilities have been exhausted. For the
same reasons, in the experiments of Faller and Ca-
poni (1978, hereafter FC), where wind-generated
waves caused the LCs, it was not possible to clearly
distinguish between the CL I and the CL II mecha-
nisms or other possibilities. One might be inclined
to attribute those LC’s to the CL II mechanism, but
the waves in those experiments (see photographs in
FC) clearly showed patterns with quasi-hexagonal
and/or crossed-wave structure.

The author’s reservations with respect to existing
theories have been whetted by the work of Mobley
(1977) who generated a three-dimensional numerical
model of crossed waves with variable height of the
free surface and with a stress-induced shear flow. The
model accurately reproduced the shape of finite-am-
plitude waves (in agreement with third-order Stokes
theory), and the crossed waves reproduced the theo-
retical pattern of Stokes drift (Leibovich, 1977a) as
shown from the Lagrangian trajectories of surface
markers. When shear flow was added, however, the
model failed to produce LC’s under conditions where
they should have occurred according to the CL 1
theory.

One is inclined to dismiss these negative results as
being due to numerical error of some sort, or, pos-
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sibly, due to incorrect surface-stress conditions. In-
deed, some difficulties may have arisen from poor
resolution of the cells, and the correct method of ap-
plying a fully nonlinear stress in finite-difference form
over a ‘moving three-dimensional surface was not
clear. Instead, a linearized, constant horizontal stress
was applied, one that appeared to correspond to that
of the CL theories. But one cannot argue the merits
or shortcomings of the numerical model in this short
paper, and Mobley’s study is cited here simply as
motivation for further three-dimensional numerical
simulations and for further laboratory tests of the
reality of the CL theories.

2. Experimental apparatus

Fig. 1 illustrates the basic laboratory apparatus,
which is described in more detail in F and in FC. In
brief, crossed waves are generated by a vertically os-
cillating pair of wedges at the first resonant frequency,
o = 10.604 s!. Assuming a right-hand coordinate
system with x along the direction of the wave prop-
" agation and z vertically upward, distance across the
tank is from y = O at the near wallto y = Y = 88 cm
at the far wall.

The velocity potential of a crossed-wave pattern
has been given by Leibovitch (1977a) as

¢ = 2ack'e** cos[(k sind)y] cos[(k cost)x — ot], (1)

where a is the amplitude of a single wave, &k the (di-
agonal) wavenumber, 0 the angle of each wave crest
with respect to the y axis, k sinf is the apparent wave-
number along y, and k cosf the apparent wavenum-
ber along x. In these experiments § = =n/4, and it
follows that k = 2%/%x/Y.
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At a fixed x the waves appear to be a standing wave
with nodes at y = Y/4 and 3Y/4, and with antinodes
at y,=0, Y/2 and Y. These latter positions also locate
the traces of the wave crest (and wave trough) inter-
sections as the wave pattern moves along x. The wave
height as observed on the side wall was 2.4 cm, and
it follows that the amplitude of each contributing
diagonal wave was 0.6 cm as in F.

In the experiments to be described, the water depth
was H = 17 cm rather than H = 39 cm as in F. This
reduced depth was arranged by adding a false bottom
to provide a depth compatible with the cell wave-
length A\, = 44 cm, the scale forced by the wave pat-
tern. As clearly shown in FC and in earlier experi-
ments (Faller, 1969), with relatively large water depth
(i.e. compared to the scale at which cells are forced),
the energy of small cells cascades to larger scales, and
the eventually-dominant cell size has an across-wind
wavelength A, =~ 2.5H. The use of H = 17 cm thus
was intended to minimize the exchange of energy
between that scale forced by the waves, according to
the CL I theory, and other possible scales.

For prograde winds, as in the earlier experiments
and as in Section 3, air was drawn into the tunnel in
front of the wavemaker (see Fig. 1) by a fan in a tower
at the extreme right-hand end of the tank (FC). Wind
speeds ranged from 100 to 400 cm s™!. For retrograde
winds (Section 4), i.e., opposed to the waves, the fan
was reversed. Unfortunately, the retrograde wind had
poor entrance conditions and could not be made as
uniform across the tank as was the prograde wind.

It was reported in F that with waves (but no wind)
or with light wind (but no crossed waves) plastic floats
remained more or less uniformly distributed across
the tank. With both light wind and crossed waves,
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F1G. 1. Essential features of the wind and wave tank and the regular pattern of
waves produced by the double-wedge wave generator. The illustrated wave amplitude
is very much exaggerated over reality. (From Faller, 1978.)
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however, the floats rapidly lined up along the nodal
lines at y = Y/4 and 3Y/4, in agreement with the CL
I theory. The transient rate of development of the
LCs was determined from a series of experiments with
measurements of float trajectories a short time after
onset of the wind (waves being already present) or
after onset of the waves (the wind being already
present).

By means of dye spread on the bottom, in that case
at z = —39 cm, it was shown that the cells rapidly
convected turbulent surface water to the bottom
where the dye gradually became organized in bands
beneath the antinodes and was then convected up-
ward (see Fig. 2). ‘

The prograde wind experiments of Section 3 used
the same plastic floats, 2.5 cm long and 1.25 ¢m in
diameter, as in F. It has been found, however, as
discussed in Section 4, that these tracers may have
some peculiar action in the complex water motion
and may not truly indicate the surface water veloci-
ties. For the experiments of Section 4, the plastic
floats were replaced by ordinary Y% inch diameter pa-
per dots. But, whereas the plastic floats had the ad-

b) P
/ Water
// Surface

—

F1G. 2. (a) An oblique photograph covering side panel 4 (Fig.
1) to illustrate the pattern of dye at the tank bottom in W5 (Faller,
1978). (b) A schematic diagram to clarify the photograph. A, the
upper edge of glass panel 4; B, the pattern of bottom dye as seen
refracted through the wavy water surface; C, the profile of surface
waves along the glass panel; D, a dark background looking through
the tank; E and F, the far and near edges of the tank bottom; G,
the pattern of bottom dye with a superimposed complex light pat-
tern from light passing through the wavy free surface.
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vantage of being essentially uninfluenced by surface
film, the paper dots required a completely film-free
surface.

3. Growth-rate experiments
a. General conditions and procedures

The experiments reported in F produced cells with
approximately an exponential growth rate described

by
(&) = V(o) exp(—4/T), (2)

where V(¢) was the maximum surface velocity of the
cells at time ¢, V(o) the value approached at large
, and 7 the time constant. For the wind speed w
= 173 cm s™! the values V(o0) = 0.65cm s~ and T
= 12 s were found. The cells, each having an across-
wind width of 22 cm (wavelength A, = 44 cm), carried
turbulent surface water to a depth of 39 cm in about
90 s, thus indicating a vertically-averaged downwell-
ing speed of 0.43 cm s™!' for the initial turbulent
pulses.

The following experiments were among several
performed to develop an alternate and perhaps more
efficient method of determining V() and T for a
variety of experimental conditions. The analysis of
data proved to be very time consuming, however, and
only these two cases have been analyzed.

The experimental conditions were nearly identical

o~

" to those in F except that different wind speeds were

used and the depth of water was reduced from 39 to
17 cm by the addition of a false bottom to the tank.
The two experiments had wind speeds, measured 5
cm above the water surface, of w, = 139 cm s~! (case
W4) and w; = 232 cm s™! (case W7). The single ex-
perimental condition used in F has ws = 173 cm 57!
and that case is referred to as W5. From an empirical
relation in Schlichting (1960) for wall stresses in a
channel, the wind stress on the water (ignoring the
effects of waves and water motion) is assumed to be

(3)

“given approximately by

7/p = 0.0103u"7,

and numerical values are given in Table 1.

To begin an experiment, with the wind blowing
(but with no crossed waves) three sets of plastic floats
(about 60 in each set) were dumped into the tank
through a glass-cover slot (Fig. 1) at 30 s intervals.
(These slots were normally taped over, but were un-
covered for the introduction of dye crystals and trac-
ers.) In this process the wind distributed the floats
over the field of view of the cine camera and also
blew away the surface film to the far (right-hand) end
of the tank. Since the floats were inserted close to the
wind intake, the wind-generated waves were small
and did not lead to noticeable banding of the floats
before onset of the crossed waves (Figs. 3 and 4). The
16 mm camera, operated at 12.85 frames per second,
was mounted 2 m above the water surface, and its
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TaBLE 1. Experimental conditions for W4 and W7 and the fitted values of £y, T, Vsx(o0), Vsa(c0) and Ucs(co) for the curves of Figs.
5 and 6. The initial values of the average wind-driven flow Uy(0) in the surface layer before the onset of the crossed waves are also given.
Corresponding data for W5, the similar case discussed in Faller (1978), are given for comparison where available.

Case H Wind T/p I Vsa2(0) Vsa(c0) Uc2(o0) Uo(0)
All numerical values are in cgs units.

w4 17 139 58 -24 2.6 043 -0.21 0.17 1.70

W5 39 173 85 — 12 0.65 — : — —

W7 17 232 142 -0.2 15 1.68 0 -1.61 3.96

field of view covered that portion of the tank with t=@{"—t)— CpX, 4)

glass side panels 3 and 4 (Fig. 1).

The waves and cine camera were turned on si-
multaneously. Because the tracers were spread out
along x and because the growth of the cells at any

particular location would depend upon the time °

elapsed after passage of the first wave, the speed of
propagation of the wave energy along x had to be
accounted for in order to combine data from tracers
at different x. Time relative to passage of the wave
front was determined from

where ¢’ is real time, ¢, a reference time, and c,, is the
rate of propagation of wave energy along x.

Denoting ¢ as the diagonal phase speed of a wave,
cg as the diagonal group speed, and ¢, as the apparent
phase speed along the wall of the tank, it follows that
¢ = 2"%c and ¢, = 27"%¢,. In deep water (as in F)
one would find ¢, = ¢,/4, but because of the finite
depth (H = 17 cm) it is found from theory that ¢,
= ¢ /3.3.

FIG. 3. A sequence of surface float positions for W4. These photographs are centered 225 cm from the wave generator and
include panel 3 and half of panel 4 (Fig. 1). Float positions have been enhanced and enlarged by opaque white dots. (a) ¢
=0,(b)1=125s,(c) ¢t =249s,(d) t = 37.4 5. In Figs. 3 and 4 a one-to-one correspondence of tracers in successive photos
is not possible. Tracers are sometimes hidden, shaded or indistinguishable from the background for various reasons.
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FI1G. 4. As in Fig. 3 but for W7 with photos at half the interval of Fig. 3.
@t=0,b)t=62s,(c)t=12.5s,(d)t=18.7s.

For the desired regular pattern of crossed waves,
the geometry of the tank requires a fixed diagonal
wavelength K = 88/2'/2 = 62.2 cm. The correspond-
ing theoretically required resonant wave frequency
is o, = 9.635 s”!. The measured resonant frequency,
that which appeared to give the best wave pattern,
was ¢ = 10.604 s7!, larger than ¢, by about 10%.
This higher frequency probably was required to com-
pensate for the surface flow due to the wind, a drift
of a few centimeters per second, and other factors not
included in the theory. Accordingly, the group speed
along x was assumed to be 10% larger than the theo-
retical value, and the value used in (4) was ¢, = 45.0
cm s~} a speed in good agreement with the observed
rate of propagation of wave energy.

b. Data analysis

Cine films of the tracer motions were projected
onto the table of a coordinate digital converter, and
the tracer positions at intervals of 8 frames (0.623 s)
were recorded on punched paper tape for computer
analysis of the velocities. The precision of the recorder
was £0.003 cm and the accuracy of location of a
tracer was +0.013 cm for either the x or y positions.
The corresponding rms error of the component

speeds over the 8-frame time interval was +0.03
cm st

Systematic errors due to optical distortions were
accounted for in the data analysis by relating the ob-
served coordinates of a point to the precisely known
coordinates of an array of fixed points. Another type
of bias was present because of the small difference
between the wave frequency, o = 10.604 s~ and the
frequency of analysis of the cine film, ¢; = 10.092
s~'. This introduced a type of aliasing of the wave
velocities. With the given frequencies and wave am-
plitude it is calculated that the maximum contribu-
tion from the waves to an 8-frame average velocity
would be +0.44 cm s' and the rms contribution
would be +0.22 ¢cm s~!. These contributions to in-
dividual speeds are substantial, but the subsequent
data analysis averaged the contributions of some 200
tracers more or less randomly spaced in x and y and
over a 1 s interval, so the wave contribution was
smoothed out.

The positions and velocity components for all trac-
ers were ordered in time relative to the time of arrival
of the waves using (4). The tracers then were grouped
into overlapping 1 s intervals centered at every 0.5
s. There were ~200 tracers in each group. Thus the
velocities in each 1 s group were from tracers spread
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out along x, but all were within a 1 s interval relative
to the onset of waves.

All velocities in each interval were subjected to a
least-squares Fourier analysis in y to determine the
coeflicients in the equations

2
D) = Vou + 2 VCnxCOS( Wny)
88
27rny)
+ Vi, 5
s sm( 28 ()
2mny
ut(y) = UOI + Z UCnt CcOos
n=1 88
2_@)
+ Us,,,sm( 38 (6)

where 9,(y) and #;(y) are estimates of v,(y) and u,(y),
and where the subscript i indicates one of the 1 s time
intervals. The regression coefficient Vg, ;, for exam-
ple, refers to the nth cosine coefficient of v(y) for the
ith time step. The sines and cosines would be inde-
pendent variates if the data points were equally
spaced across the tank, but since this was not the case,
the values of the coefficients depend to some extent
upon N, the number of components used in (5)
and (6).

In trial calculations the coefficients of the principal
components were found to be essentially the same for
N = 4, 6 and 8. The values presented below are from
calculations with N = 6 in which only the Vg, and
the U, were determined, since for regular cells we
expect only sine components in v()) and only cosine
components in u(y).

(o]
(%]
T 1 T 11
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¢. Experimental results

Fig. 3 shows a sequence of'tracer positions at 12.46
s intervals (160 frames) for W4, and Fig. 4 shows a
similar sequence for W7 at 6.23 s intervals (80
frames). The convergence of tracers into lines at the
nodes of the wave pattern, y = Y/4 and 3Y/4, is ob-
vious. The evolutions of the Fourier components V,,
Vs, Ucs and Ugy for these two cases are shown in
Figs. 5 and 6. Data analysis was terminated at about
11 s because, as may be seen in Figs. 3 and 4, by 12
s the tracers were becoming too concentrated to be
representative of all y.

Fig. 7 illustrates and interprets the meanings of
some of the principal Fourier components to be ex-
pected from regular cells. While Vs, needs no further
comment, some physical explanation of Vg, and Uc,
is instructive.

It is well known from observations (e.g., Scott et
al., 1969) and now from numerical calculations
(Leibovich and Radhakrishnan, 1977) that the down-
welling in LC’s is more concentrated with higher
speeds than the upwelling. A qualitative explanation
of this asymmetry has been offered by Csanady (per-
sonal communication) in terms of the hydrodynamic
concept of image vortices as in Fig. 7a. The image
vortices represent the effect of the free surface which
limits the vertical extent of the real vortices. In vortex
theory, each vortex is advected by the extended cir-
culations of all other vortices, and in the present case
the net effect of the image vortices is to cause the real
vortices to crowd together in pairs toward the surface
convergence lines. The resultant asymmetry gives a
negative value of Vg, as in Fig. 7b. This is clearly seen
to occur in W4 (Fig. 5) but is absent in W7 (Fig. 6).

t (seconds)

FI1G. 5. Plots of the Fourier components of Vs,, Vsi, Ucy and Ugy versus ti.me
for W4. The continuous lines are the curves of best fit for Vs, and Uc,. The vertical
dashed line shows the virtual time of onset of the waves for best fit, 1o = —2.4 s.

p
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FI1G. 6. Plots of the Fourier components of Vg,, Vs, Ucz and Ugy
versus time as in Fig. 5 but for W7.

Uc, arises from two sources that oppose each other

- in sign, as illustrated in Fig. 7c. The Stokes drift of

the forced waves has been given by Leibovich (1977a)
for deep-water waves as

u, = 20a’ke* cosf{1 + cosd cos[2(k sind)y]}, (7)
where 6 is the absolute value of the angle of each wave
crest with the y axis; and in the present case @
= 7/4. To determine Uc,(s) (Stokes) we have used
(7), thus ignoring the small effect of a finite depth.
Taking into account the 2.5 cm depth of the tracers,
we found Ugs(s) =~ 0.23 cm s™'.

The second source of U is a finite-amplitude ef-
fect of the LC’s. Surface water drifting toward the
convergence line accumulates momentum from the
effect of the wind stress. The net resuit, Uc»(c) (cells),
depends upon many factors involved in the overall
surface momentum balance. Apparently in W4 Uc,(s)
dominated Uc,(c) (Fig. 5) and in W7 the reverse was
true (Fig. 6) because of the much stronger cells. No
simple interpretation of U¢, can be given, but in both
cases it was positive and thus contributed to maxima
in u along the convergence lines.

The data points for Vg, ; in Figs. 5 and 6 were fit
(see Appendix A) by exponentials of the form

t— to)]
T b

where V; is an estimate of Vsa,is Vsa(oo) is the long-
time equilibrium value, T the time constant and ¢,
the starting time. The values found for Vs,(c0), T and

V= Vsz(OO)[l - exp(—

to are listed in Table 1 and the fitted curves are drawn
in Figs. 5 and 6. '

The curve fitted to Uce, in Fig. 6 used the values
of T and fo found for Vsz. Then Ucz(lo) and ch(w)
were found by the usual least-squares method. The
resultant curve fits the data well and intersects the
ordinate ¢ = £y at Ucx(fy) = 0.23, precisely the value
calculated for Uca(s). On the other hand in W4 (Fig.
5) it appears that the cells never became sufficiently
vigorous for Ug,(c) to overcome Ug,(s), and prior to
t = 2 Ug, is characterized by unexplained fluctua-
tions.

Table 1 and Fig. 5 show that in W4 we had Vg
~ Vs,/2. It is easily shown that if Vg, > V,/2 there
are narrow convergence linesat y = 0, Y/2 and Y in
addition to the major convergence lines at y = Y/4
and 3Y/4. In Fig. 3 it may be seen that several tracers
remained in the center of the tank and near the walls
for a rather long time. The same apparent effect of
higher modes also was found in FC where floats re-
mained half way between the principal convergence
lines for an unusually long time considering the finite
wave and turbulent fluctuations that would tend to
jostle them into one or the other of the neighboring
major cells.

The three values of Vg,(c0) in Table 1 show a sig-
nificant increase with 7/p, but,no functional relation
can be even suggested because of uncertainties in both
variates. While the values of Vs,(o0) appear to be
reasonably well determined for W4 and W5, that for
W7 is very uncertain. In fact, in obtaining the smooth
curve of Fig. 6 the value of Vg, at f = 11 s was omitted
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F1G. 7. The expected Fourier components of surface flow. (a) A
schematic diagram of asymmetrical cells and their image vor-
tices above the water surface. (b) The components Vs, and Vg,
=~ Vs,/2, for asymmetrical cells as in (a) and as shown for W4 in
Fig. 5. (c) The total U, (solid curve) as a linear sum of that due
to the Stokes drift of the waves, Uc(s) > 0 (dotted curve), and that
due to the cumulative effect of the wind stress, Uc»(c) < 0 (dashed
curve). In this example, as in the later stages of W7, Uca(c)
> U(-z(s).

from the data. If that point is included the fitted val-
ues change from those of Table 1 to Vgy(c0) = 2.51
cms'and T =250s.

The values of T also increase with 7/p, a fact that
clearly contradicts the simple linear model suggested
in F. In that model the growth of the cells was as-
sumed to be limited by turbulent dissipation and the
time scale was given by

T=Quv2d"", (8)

where v, is a constant turbulent viscosity. Then if we
assume that », increases with 7/p, Eq. (8) shows that
T should decrease with 7/p.

This dilemma may be rationalized if we assume
that the growth of the large cells is only partially
caused by the large and regular crossed waves, and
that at the higher wind stresses an important source
of energy comes from the wind-generated waves with
an energy cascade up the spectrum from small to
large LC’s. If such is the case the rate of growth of
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Vs> may in fact be limited by the rate of generation
of small-scale LC’s and/or the rate of energy transfer
from small to large scales.

With respect to the above argument, a major dif-
ference between W4 and W7 was the degree of tur-
bulence. In W4 the wind-generated waves were small
and of relatively little consequence and, from Fig. 5,
Vs, and Vi, behaved in their expected way and rap-
idly approached equilibrium values. In W7, however,
the wind-generated waves were significant, and the
surface layer was obviously much more turbulent
than in W4. It seems likely, therefore, that the wind-
generated waves contributed significantly to the large
LC’s by the cascade from smaller to larger cells. Tur-
bulence and many vigorous smaller cells may also
account for the lack of a systematic Vg, < 0 as well
as for the relatively slow growth rates of Vg, and U,
in W7.

Vertical velocities were not generally observed in
these experiments because the water was usually
made opaque for optimum visibility of the surface
tracers. In W4, however, the water was clear and po-
tassium permanganate crystals were spread on the
tank bottom to observe the deep flow patterns similar
to those of Fig. 2. In Fig. 3 the somewhat irregular
dye patterns in panels a, b and ¢ are primarily due
to the cumulative effect of very weak thermal con-
vection for several minutes prior to the onset of
waves. In Fig. 3d, however, several rings of dye with
relatively clear centers are apparent in the left center
of the photo. These signaled the arrival of downward
jets impinging on the bottom and spreading the dye.
Upon inspection of the cine film these pulses were
first evident at about 16 s after passage of the wave
front, thus indicating a vertically averaged downward
speed of about 1 cm s~!. These initial pulses, however,
are not representative of the average overturning
speeds in W4 which, judging from the other data, are
probably more like 0.5 cm s~

Fig. 8 gives the time dependence of U, for W4 and
W7. Prior to the onset of waves the wind drifts in the
2.5 cm deep surface layer (that represented by the
tracer) were about 1.70 and 3.96 cm s/, respectively.
With the onset of waves U, first increased, apparently
due to the Stokes drift of the waves. The subsequent
slow decreases of U, undoubtedly reflected the ver-
tical exchange of momentum associated with the
growing cells which apparently continued to decrease
U, well beyond the length of our analyzed record.

The local response of U, to changes in the overall
momentum balance involves the redistribution of
momentum throughout the entire tank and cannot
be analyzed with the available data: Thus, the data
of Fig. 8 suggest much longer response times than
found for the growth of the cells. In addition, the
initial growth of U, due to Stokes drift took about
four wave periods (2 s), somewhat longer then one
might expect.
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F1G. 8. Time variations of Uy, the average surface-layer flow, for
W4 and W7. Horizontal lines show the approximate surface-layer
flow (2.5 cm deep) due to wind stress alone. Vertical dashed lines
indicate the onset of waves. Sloping lines are straight-line fits to
the data after 2 s of waves.

From (7) the average Stokes drift should have been
about 0.46 cm s~ !'. This increase was not quite real-
ized either in W4 or W7, however, apparently because
by the time of 2 s the increased vertical momentum
exchange due to the rapidly growing L.Cs had already
begun.

4. Retrograde-wind experiments

The CL theories assume the waves to be irrota-
tional, and the vorticity of the L.C’s is derived from
the vorticity of the shear flow caused by the wind
stress. In the experiments of Section 3, the basic vor-
ticity due to the wind had the principal component
n = du/dz > 0. (The extent of other components
caused by turbulence in the wind and due to the air
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flow over the regular wave pattern is not known.) If
the wind direction is reversed to produce a basic vor-
ticity 7 < 0, it follows from the CL I theory that the
vorticity of the cells, in relation to the crossed-wave
pattern, should also be reversed. Then the conver-
gence lines should coincide with the antinodes, i.e.,
they should lie along y = 0, Y/2 and Y.

The retrograde-wind experiments were first tried
using the same plastic floats as those in the experi-
ments of Section 3, but the results were disappointing,.
There was an occasional tendency for the tracers to
line up according to expectations, but more often they
remained irregularly dispersed, or assumed a pattern
like that sketched in Fig. 9a, with tracers congregating
irregularly in groups on both sides of the antinodes.
As they moved downwind the central tracers often
merged into a sinuous line as in Fig. 9b. It was thought
that these erratic patterns might be due to poor wind
distribution, but efforts to more evenly distribute the
air flow by means of rods and baffles did not seem
to change the general response of the tracers, and so
the initial retrograde-wind experiments were tem-
porarily abandoned.

In later trial experiments, paper dots (from a 3-hole
paper punch) were used as surface tracers together
with the plastic floats, and the responses of the two
tracers were found to be significantly different. The
paper dots lined up quickly along the antinodes and
then moved in straight lines. By implication it would
appear that the more massive plastic floats respond
to the complex of wave motions, shear and turbulence
in a way that is not wholly representative of the hor-
izontal water motions near the surface.

The retrograde-wind experiments with paper dot
tracers are shown in Figs. 10 and 11. Fig. 10 is an
example with both waves and wind, and shows the
paper dot distribution 10 s after the waves first
reached the tracers. Fig. 11 was an identical experi-
ment except for the absence of the crossed waves.

The sequence of events leading to Fig. 10 was as
follows:

1) Starting with water at rest, the wind was turned
on at —330 cm s~! to blow away the ever-present

FIG. 9. Patterns of plastic floats frequently observed in the retrograde wind experiments.
(a) Floats more or less in lines but apparently avoiding the traces of the wave crest (and wave
trough) intersections, the dashed lines. (b) A sinuous line of floats progressing downwind. The
paper dot tracers showed neither of these patterns.
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FiG. 10. (a) A photograph of the pattern of paper-dot surface
tracers with both progressive crossed waves and the retrograde
wind. Depth H = 16 cm, wind w = —283 cm s~ (b) The tracer
pattern together with the instantaneous wave crests (solid diago-
nals) and troughs (dashed diagonals).

surface film, concentrating it near the wavemaker
(left-hand) end of the tank.

2) A thin aluminum ‘plate was inserted vertically
into the tank through a glass cover slot near the
wavemaker to keep the film at that end, and the wind
was turned off for about 2 min to allow the water to
come nearly to rest.

3) Paper dots were inserted through a slot at the
right-hand end of the tank.

4) The aluminum plate was removed, and the
wind and the wavemaker were turned on simulta-
neously.

5) The waves reached the tracers in about 9 s. By
this time the wind had blown the tracers about 135
cm toward the waves, a surface drift speed of about
15cm s~

6) The photo of Flg 10 was taken 10 s later.
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Patterns of the tracers at corresponding times with
and without the crossed waves were photographed for
a range of wind speeds from 140 to 380 cm s~ with
essentially the same results. At wind speeds < 140 cm
s~! the surface film moved upwind (by film pressure
and wave drift) too rapidly to conduct useful exper-

.iments.

A tracer asymmetry due to uneven wind is appar-
ent in both Figs. 10 and 11. This asymmetry repre-
sents a systematic variation in the average longitu-
dinal displacements of the tracers of about +10%. Fig.
10 also shows about 20 cm less total wind drift to the
left because of the effect of the crossed waves. A dif-
ference in the wind-generated waves is also clear, the
waves being larger and more irregular in the presence
of the crossed waves of Fig. 10.

s, Concluding remarks

All experiments to date are in generél agreement
with the CL I model of Langmuir circulations. In
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FiG. 11. An experiment identical to that of Fig. 10
but with no crossed waves.
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particular, the retrograde-wind studies of Section 4
are the most convincing evidence, for they have dem-
onstrated that a reversal of the vorticity in the wind-
sheared surface layer is accompanied by a reversal of
vorticity in the cells. It seems unlikely that this re-
- versal would occur as it does if some other mecha-
nism dominated the generation of the LC’s.

The growth rate experiments of Section 3 have
yielded results that cannot be directly compared with
the analytical model because of various complicating
experimental factors. These are primarily the wind-
wave generated Langmuir circulations and the asso-
ciated turbulence. The most nearly undisturbed ex-
periment (W4) had the most rapid growth rate, how-
ever, and, following the arguments in F, this growth
rate would seem to be more rapid than that predicted
by theory.

The value of T for W5 seems to be rather large in
relation to 7/p compared to the values for W4 and
W7. While this may be in part due to errors in the
estimates of T (especially for W7) it seems likely that
the greater depth in W5 was an important factor. The
greater depth would have three effects each tending
to increase 7. First, a larger mass of water would have
to be accelerated to the equilibrium circulation. Sec-
ond, energy could more easily be transferred to larger
scales, in particular to one pair of cells (\/H
= 88/39 = 2.3) or possibly to a single cell occupying
the entire tank (A\//H = 4.5). Large cells of this nature,
often vacillating between one mode and another, are
regularly observed at large ¢ as reported in Faller
(1969). Third, a shallower rigid boundary would have
a larger viscous drag and would tend to reduce 7.

In addition to the uncertainties in 7 that have al-
ready been discussed in connection with W7, two
other sources of possible error, although small, do
deserve mention. First, with the prograde winds, as
well as with the retrograde winds, the motions of the
plastic floats may be somewhat unrepresentative of
the velocities of the fluid in which they are imbedded.
Second, the tracer displacements are a combination
of advection by the mean flow of the LC’s, turbulence,
and wave oscillations. In time the tracers acquire an
equilibrium distribution that is a balance between the
convergent effect of the mean flow, turbulent disper-
sion and oscillations. At that time the average v of
the tracers must be zero despite the mean flow. It
follows that as the tracers approach this equilibrium
distribution, their average speeds must be less and
less representative of the cellular motions. An ana-
lytical study of the combined effect of a convergent
mean flow, turbulence and waves (Faller and Mig-
nerey, 1982) clearly shows this effect, and further
work, more directly related to the present problem,
will be reported in the near future. In the present case,
however, the data analysis was terminated before the
tracers could become too concentrated.

Perhaps it is appropriate to note here the prelim-
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inary results of some experiments of a different sort
being carried out in collaboration with Mr. Craig
Perini to test the CL II mechanism of instability. In
these studies small amplitude, monochromatic plane
waves (on water) interact with a preexisting shear
flow, O(1 s™!). Having eliminated convection by care-
ful thermal control (as indicated by the observation
of dye streaks over several minutes) the shear flow
alone is found to be completely stable. With waves
added [amplitude O(0.1 cm), wavelength O(30 cm))],
the flow breaks down into longitudinal rolls in a time,
O(1 min), that is inversely related to the wave am-
plitude. The longitudinal rolls then interact with the
shear flow and rapidly produce turbulence. Although
there are some differences between these experiments
and the idealized CL II theory, notably the presence
of a surface film and the transient onset of waves, the
results appear to be in reasonable agreement with the
theoretical predictions represented in the stability
diagrams of Leibovich and Paolucci (1981).
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APPENDIX A
The Curve-Fitting Procedure
Exponential growth curves of the form
Vi = Vo{l — exp[—(t; — 10)/T}, (A1)

having the three parameters V,, f, and T and where
V; is a least-squares estimate of an observation V;,
were fitted to the observed data points with the fol-
lowing modification of the usual least squares pro-
cedure. .

The mean-square difference between V; and V; is

C=i-VP=W(-E)- VI (A2

where the overbar is an average over all / and where
E; = exp[—(t; — to)/T). Setting 8¢%/0V,, = 0 one ob-
tains

_ Vil —E)
(-Ey "’
From (A2) we also find by setting 3¢2/t, = O that

Vi ——ee V., av.
2 (1 = E)Ei+ 2 ViE; + V(1 — E» /=
T VE; + = ViE; ( ) o

(A3)

Lo}

Z W _
- FU-E)32=0. (Ad)
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But by virtue of (A3) the sum of the last two terms
in (A4) is zero so that we have simply

—Vo(1 — E)E; + VE; = 0. (AS)

Given a guess value for 7 and using (A3) for V,
(A5) is an equation of the form f(f) = 0 and was
solved for #, on an HP 41C using the prepared pro-
gram SOLVE. The value of T that minimized ¢ was
then found by trial, and the corresponding V,, and
to, were calculated.
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