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Generation of Langmuir circulations by surface waves—
a feedback mechanism

by Christopher Garrett!

ABSTRACT

Surface gravity waves propagating obliquely through a surface current pattern (U(y), V(y))
representative of Langmuir circulations exert a force on the water which tends to produce sur-
face convergences at maxima of U(y). Moreover, the waves achieve their largest amplitude at
maxima of U(y) and so are most likely to dissipate there and give up their momentum to the
mean flow. A feedback mechanism thus exists, and Langmuir circulations may be regarded as
an instability of the surface layer in the presence of waves. A simple model indicates that the
largest scale cells grow fastest, but that the transverse circulation is stronger for the smaller
scales.

The general theory of the effect of surface waves on mean flows is not restricted in applica-
tion to Langmuir circulations, but may be important in other oceanographic situations.

1. Introduction

Windrows, surface convergence lines parallel to the wind, were first investigated
by Langmuir (1938), who suggested that they were associated with helical circula-
tion patterns in the upper layer of oceans and lakes. Numerous investigations of
these “Langmuir circulations” have since been conducted, and many theories ad-
vanced. None of these have been entirely satisfactory (Faller, 1971; Leibovich and
Ulrich, 1972).

An extensive review of the phenomenon has been given by Faller (1971), who
argued, on the basis of laboratory experiments, that breaking waves play an im-
portant role in the generation of Langmuir circulations, and drew attention to
Myer’s (1971) observation on Lake George that wave amplitudes were greater in
the convergence lines than away from them.

In this paper we investigate the spatial variation of a steady surface wave field
propagating through Langmuir circulation cells, and establish that the back effect
of the waves on the mean flow is such as to reinforce the circulations. A positive
feedback loop thus exists, so that Langmuir circulations arise as an instability of

the surface layer.
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y The basic idea is illustrated in Fig. 1.
Wous ey The downwind velocity U(y) refracts a

iy [ surface wave ray as shown, with two
consequences: (i) The waves exert a

lateral force on the water, tending to

produce an inflow towards a maximum

of U(y). (The effect is most obvious for
/ [ the case where the waves are totally
internally reflected by U(y), and so
lateral force equal to twice

Figure 1. Refraction of a wave ray by a current EXEiongRlate q

U(y). The arrows indicate the lateral forces ﬂ?elr .ongmal .momentum- flux in that
exerted by the waves. direction.) This effect will produce a

coincidence of convergences with maxi-
ma of U(y), as is observed (Langmuir, 1938; Harris and Lott, 1973). (ii) The
waves become larger as they are refracted, reaching a maximum at the maximum
of U(y) (provided that they are not internally reflected before this), consistent with
the observations of Myer (1971). The waves are thus more likely to dissipate at a
maximum of U(y), and as they do so they give up part of their momentum to the
mean flow, reinforcing U(y). The momentum input in the y-direction cancels if the
wave spectrum is symmetric about the downwind direction.
While the above arguments seem plausible, the subject of interactions between
waves and mean flows is fraught with difficulties, and a detailed investigation, with
careful separation between waves and mean flow, is required.

2. Modification of the waves by the currents

We consider surface gravity waves with wavenumber k = (k,]) propagating in
deep water on currents U = (U(y), V(y)) which are steady, independent of x, and
also independent of depth, at least to a depth below which the wave energy is
negligible.

The frequency of the waves relative to the water is

o = gt (k* + 1?3 (2.1)
and the absolute frequency is o = «" + U. k. The group velocity relative to the
water is

¢ = (90'/dk,00'/0]) = % gt (k> + 1)1k 2.2)

and the total group velocity is U + ¢/. Assuming that the mean flow varies little
over a wavelength, i.e. that (»’2/g)L>>1, where L is the length scale of variations
of U, the ray equations are (Phillips, 1966, pp. 43, 44)

do/0t + (U + ¢).Vo =0, 0k/dt + (U + ¢).Vk=0 (2.3)







































