tion of photolytically formed hydrogen
atoms with the flavin in the ground state,
but, under the present conditions, the
hydrogen atoms are scavenged by the
methanol, forming H,.

Since the Q of H, is, in general, much
less than the Q(e™,4) value (see Table 2),
it can be assumed that €™, and the flavin
triplet are mainly engaged in the forma-
tion of semiquinone and of the leuco
(1,5-dihydro) form of the flavins. The
electron-gjection process of flavins by il-
lumination at 253.7 nm very likely takes
place from the singlet manifold, as has
already been demonstrated for phenol
and related compounds (/5), aromatic
amines (/9), and monophenylphosphate
@n.
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Experiments with Controlled Langmuir Circulations

Abstract. Laboratory experiments in which wind was blown gently over a regular
crossed-wave pattern have clearly shown the existence of regular, steady, and repro-
ducible Langmuir circulations. The circulations were present only when both the
wind and the wave patterns existed at the same time. With circulations having an
across-wind wavelength of 44 centimeters, the descending vertical motions carried
turbulent surface water downward 39 centimeters to the bottom of the wind and wave
tank. The observations are in general agreement with the mathematical model of
Craik and Leibovich, although further experiments will be required to definitively test

the analytical model.

The phenomena known as Langmuir
circulations (LC’s) consist of longitudi-
nal roll vortices in the surface mixed lay-
ers of lakes and oceans. Their axes lie
more or less parallel to the wind direc-
tion, there may be more than one scale
present at any time, and the spacings of
the convergence lines of the largest scale
may be comparable to the depth of the

mixed layer (/). These circulations were
first systematically studied by Langmuir
2), who pondered the cause of lines of
seaweed in the open ocean with spacings
of the order of 100 m and similar but
smaller-scale (1 to 10 m) lines of floating
debris in Lake George, New York. From
a variety of ingenious experiments over a
period of several years, he concluded
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that these circulations were ‘‘the essen-
tial mechanism by which the epilimnion
is produced” (2, p. 123). He believed
that wind stirring was the primary cause
of mixing and that organized rolls (as op-
posed to more random turbulence) were
the dominant mechanism for the vertical
transport of heat and momentum. The
importance of LC’s for planktonic activi-
ty has long been recognized (3), for these
circulations concentrate floating materi-
als in lines and may cause slightly buoy-
ant particles to undergo large vertical
excursions into and out of the photic
zone.

An understanding of the basic mecha-
nism leading to the generation of LC’s
has been clouded by the complexity of
the natural environment and the con-
sequent lack of definitive observations.
A number of plausible theories have
been advanced but most of these have
been shown to be inadequate (¢). An
idealized mathematical model by Craik
and Leibovich (5), however, has recently
attracted wide attention and has been
followed by a series of papers (6-9) that
extend the application of the basic Craik-
Leibovich (CL) model to more realistic
conditions. The significance of these lat-
er papers, however, rests on some of the
same basic premises as the original CL
model. Accordingly, the goal of this re-
search has been to experimentally test
the original idealized model. That model
involves a nonlinear interaction of the
shear flow produced by the wind stress
with two crossing trains of surface
waves. In brief, the spatially variable
Stokes drift associated with the pattern
of waves is believed to twist the vorticity
of the shear flow into the vorticity of the
LC’s.

Figure 1 illustrates the essential geom-
etry of a wind and wave tank in which a
regular pattern of crossed waves is gen-
erated by a double wedge that oscillates
vertically at a resonant frequency o. A
light wind is drawn over the waves by an
exhaust fan at the far end of the tank.
With the wind alone or with the waves
alone no LC’s occur. With both wind
and waves, however, the well-organized
circulations depicted in Fig. 2 are ob-
served.

A series of experiments was carried
out with the following conditions: wind
speed U = 173 cm/sec measured at a
height z = 7 cm above the water surface,
o = 9.94 sec™!, and wave geometry as
indicated in Figs. 1 and 2. The circula-
tion was determined from cine photogra-
phy of surface floats and KMnO, crystals
sprinkled over the bottom. Figure 2
shows how the floats (weighted polyeth-
ylene rods 2.54 ¢cm long and 1.27 cm in
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diameter) converged into two lines in a
matter of 20 seconds. At the same time
streaks from the dye crystals showed a
three-band pattern of convergence in the
return flow at the bottom.

Analysis of the float trajectories from
repeated experiments with the same con-
ditions is represented by the data in Fig.
3. The essential results were that (i) the
same transient response occurred imme-
diately after turning on the waves or af-
ter turning on the wind, the other com-
ponent being already in action; (ii) the
exponential response time for the devel-
opment of the cells near the surface was
T = 12 seconds; (iii) the steady-state
maximum across-wind component of ve-
locity at the surface was V* = 0.65 cm/
sec; and (iv) the dye at the bottom re-
mained undisturbed for 90 = 20 seconds
after the wind or the waves were started.
After 90 seconds the dye was disrupted
by turbulence that was carried to the bot-
tom directly beneath the two surface
convergence lines. The dye pattern (Fig.
2) then developed quickly and wisps of
dye could be seen ascending from each
of the convergent zones. The time of 90
seconds corresponds to a vertically aver-
aged (and time averaged) downwelling
speed of 0.43 cm/sec. Interior dye trac-
ers confirmed the regular (but turbulent)
cellular structure. Since the wind had a
rather short fetch over the water, the
depth of the turbulent layer with the
wind alone was only a few centimeters,
but with both wind and waves the entire
fluid layer became turbulent through the
convective action of the cells. The floats
remained perfectly aligned for the entire
useful length of the tank, which was
about 3 m beyond panel 4 (Fig. 1), the
principal area of observation.

Certain interesting estimates can be
made from the available data. As a rough
approximation, a spatially and tempo-
rally constant eddy viscosity v, is as-
sumed, and the cells are taken to be
square and periodic so that the wave
number of the cells, ! = 2w/L, where L is
the across-wind wavelength of the LC’s,
is the same in the horizontal and vertical
directions. Then assuming in addition (i)
a source of vorticity independent of the
strength of the cells, (ii) that when the
cells are fully developed the source of
vorticity is balanced by viscous (eddy)
dissipation, and (iii) that internal dis-
sipation dominates side wall and bottom
effects, it follows from linear theory that
the exponential time constant for the rate
of generation of V* should be given by
T = QQul»™*. Using T = 12 seconds, it is
found that v. = 2 cm?%sec, a reasonable
value. The corresponding rate of dis-
sipation of Kinetic energy of these simple
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cells is given by pv.V*22L/2 (p is the fluid
density), which equals 0.38 erg/cm2-sec
for the data given above. The rate of en-
ergy input by wind stress is given by
Toldo, Where 7, = 0.065 dyne/cm? was the
estimated wind stress (I0) and u, = 9
cm/sec was the measured water surface
speed. This energy input was therefore
0.59 erg/cm?2-sec. Thus the rate of energy

Motor and
variable transmission
Wind
shield

dissipation in the cells was of the same
magnitude at the rate of energy input by
the wind stress, but it should be noted
that some of the energy for the cells may
be drawn from the waves and may be a
significant sink of energy for the waves.
If so, LC’s may represent a mechanism
whereby wave energy is converted to
that of organized convection and turbu-
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Fig. 1. Essential features of the wind and wave tank and the regular pattern of waves produced

by the double-wedge wave generator.
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Fig. 2 (left). Langmuir circulations generated
by wind over a regular pattern of waves. (a)
Vertical section indicating the scale and sense
of rotation of the cells relative to the wave
pattern. (b) Plan view of the displacement of

surface floats from their initial positions (@) to
their positions 20 seconds later (O). The
shaded area indicates the corresponding
bands of convergence of dye at the bottom.
Arrows indicate streaks from individual dye
crystals. The side walls of the tank at the wa-
ter surface are indicated by solid lines. The
dashed lines indicate the walls at the bottom,
displaced inward by photographic paral-

lax. Fig. 3 (right). Rate of development of
the Langmuir circulations after turning on the
wind (A) or the waves (O), the other com-
ponent (waves or wind) being already in ac-
tion. The points were computed by fitting a
sine function with amplitude V* to the across-
wind displacements of the floats over a 5-sec-

ond interval. The error bars represent 1 standard deviation in the variation of the observations
from the assumed sine function. The abscissa is running time (1).
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lence for deepening of a mixed layer.

With the estimates of 7, and v,, it is
now possible to evaluate certain parame-
ters in the CL model. The Langmuir
number (6) is given by La = (vek/Au,)
(velo)'?, where A is the wave amplitude,
k is the wave number of the surface
waves, and u, = (7¢/p)'? is the friction
velocity. For this experiment La = 0.59,
compared to the value La = 0.01 used in
the computations of (6) and (7). A small-
er value of La implies faster growth of
the cells. In the CL model the time scale
for the growth of the cells is given by
Tq = weo)?lou, Ak, and it is suggested
6, 7) that a time of 10 7} is required for
full development of the cells. For the ex-
perimental data it is found that T; would
be 29 seconds. The experimental re-
sponse time for V* was T = 12 seconds,
a somewhat faster response than predict-
ed by the theory, although there is some
uncertainty in the value of v, and other
assumptions.

The observed circulations are in gen-
eral agreement with the CL model in that
both wind and waves were necessary for
the formation of the LC’s and that the
upwelling occurred beneath the traces of
the wave crest intersections, as shown in
Fig. 2. Trial reversals of the wind direc-
tion clearly reversed the circulation of
the cells, a result that is also in agree-
ment with the CL model, since the sign
of the vorticity due to the wind stress
was reversed. It is conceivable, how-
ever, that some wind-wave-turbulence
interaction other than that of the CL
model may also produce longitudinal
rolls, and further experiments over a
wide range of parameters will be re-
quired to definitively test the mathemati-
cal model.

Apart from the comparison with theo-
ry, the experiments have definitely
shown that a light wind blowing over a
pattern of waves of rather small ampli-
tude can generate well-organized circula-
tions. The characteristic time for the
growth of surface cells in this case was
about 18 wave periods. In a more com-
plex pattern of waves it should be ex-
pected that circulations of many scales
will be generated, perhaps with a domi-
nant scale determined by the pattern of
the dominant waves. Larger, secondary
scales may then form by nonlinear inter-
actions of the primary LC’s and, as em-
phasized in (/), the larger scales may
grow to dominate the entire pattern of
flow. An alternative progression of
events may occur through the instability
recognized by Craik (8) and amplified by
Leibovich (9).

Since the mechanism leading to the

generation of LC’s has not previously
been well understood or well demon-
strated, there has been a tendency for
casual observers of the problem to
equate LC’s with thermal convective
rolls, cloud bands, rolls in the laminar
sublayer of turbulent boundary layers, or
other mechanisms known to produce
two-dimensional structures. It is now
clear, however, that the interaction of
the waves and the wind produces a dis-
tinctly different mechanism for the for-
mation of longitudinal rolls, one that can-
not be ignored by any serious student of
the mixed layers of lakes and oceans.

ALAN J. FALLER
Institute for Physical Science and
Technology, University of Maryland,
College Park 20742
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Left Ventricular Receptors Inhibit Brain Serotonin

Neurons During Coronary Artery Occlusion

Abstract. Acute coronary artery ligation in pargyline-treated rats decreased sero-
tonin and increased 5-hydroxyindoleacetic acid in the medulla and posterior hypo-
thalamus. Lidocaine applied topically to the left ventricle completely prevented these
alterations. No changes in serotonin were observed in the other brain regions exam-
ined. These data suggest a reflex inhibition of bulbar and hypothalamic serotonergic
nerves by left ventricular receptors following acute coronary artery occlusion in the

rat.

Experimental coronary artery occlu-
sion may result in cardio-cardiac reflex
alterations in autonomic nerve traffic (-
4). Afferent signals may arise in either
mechano- or chemoreceptors (¢-7) in the
left ventricular myocardium and travel
through vagal fibers (1, 5) or sympathetic
afferents, or both (3, 4), to the central
nervous system. Neural integration has
been reported at both spinal 3) and su-
praspinal levels (/, 7). The resultant al-
terations in efferent autonomic nerve
traffic are important both as determi-
nants of hemodynamic state (/-3, 8) and
as contributors to the enhanced vulnera-
bility to lethal arrhythmias (9) accom-
panying acute myocardial infarction.

The identification of neurotransmitters
that participate in these reflexes is of
therapeutic importance.

Nerve fibers, containing the neuro-
transmitter serotonin, have been demon-
strated in brain regions (10, 11) believed
to be important in cardiovascular control
(12). Recent studies have supported a
role for central serotonergic neurons in
blood pressure regulation (/3) and in the
regulation of cardiac autonomic tone
(14). The present studies were performed
to determine whether central sero-
tonergic neurons participate in the reflex
alterations in neural activity associated
with acute myocardial ischemia.

Three groups of six rats were exam-

Table 1. Serotonin concentration in rat brain regions. Results are expressed as mean * standard

error.
Region Control Ligated Lidocaine-ligated
& (ne/e) (ne/9) (ug/e)

Thoracic cord 0.96 + 0.03 1.02 = 0.02 1.00 = 0.04
Medulla 2.77 £ 0.13 2.44 = 0.07* 2.90 + 0.03
Pons-midbrain 2.69 = 0.02 2.57 £ 0.13 2.69 = 0.03
Posterior hypothalamus 2.92 = 0.04 2.64 = 0.061 3.16 = 0.10
Anterior hypothalamus 2.88 = 0.11 3.06 = 0.06 2.99 + 0.11
Thalamus 2.14 = 0.10 2.24 + 0.05 2.21 = 0.06
Cerebellum 0.49 = 0.01 0.50 = 0.01 0.50 = 0.01

*Different from control at P < .05 and from lidocaine-ligated at P < .001.

tDifferent from control at

P < .005 and from lidocaine-ligated at P < .001 (Student’s ¢-test was used).
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