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ABSTRACT

The theory of internal equatorial planetary-scale waves as developed by Matsuno and by Lindzen is
extended to include the effects of shear in the basic state. By means of a numerical study we find that both
the equatorial Kelvin wave (the gravest symmetric westerly mode) and the Yanai wave (the gravest anti-
symmetric easterly wave), the two most commonly observed internal equatorial waves, are absorbed
shortly before reaching critical levels where their frequencies are Doppler shifted to zero. Away from such
levels, these waves retain their identity within shear zones. However, they become more closely confined to
the equator as their Doppler-shifted frequencies are reduced. It is found, moreover, for a given frequency
and vertical wavelength, that the vertical group velocity of the Yanai wave is smaller than that of the Kelvin
wave, In addition, as the Doppler-shifted frequency & is reduced, the vertical group velocity of the Yanai
wave diminishes as &% while the vertical group velocity of Kelvin wave diminishes only as &2, As a result of
these two features, Yanai waves ten dto be more significantly affected by dissipation than are Kelvin waves.

1. Introduction

Lindzen and Holton (1968) attempted to explain the
quasi-biennial oscillation of zonal wind in the equatorial
stratosphere through the interactions of observed
internal waves (period ~4-10 days) with the mean flow.
A number of assumptions were made which for the most
part may be classified into two categories: 1) those
concerning the generation of the internal waves, and
2) those concerning the transmission of momentum by
the waves and the absorption of the momentum by the
mean flow. In this paper an attempt is made to deal
with some of the assumptions in the second category.

One assumption in category 2) was that waves with
an easterly phase speed relative to the mean flow carried
easterly momentum upward, while waves with a westerly
phase speed relative to the mean flow carried westerly
momepntum upward. This was merely an extension of a
well-established property of internal gravity waves in a
nonrotating atmosphere. Observed westerly waves
(essentially internal equatorial Kelvin waves) did
appear to have this property (Wallace and Kousky,
1968b). However, observed easterly waves appeared to
carry westerly momentum upward (Maruyama, 1968;
Lindzen and Matsuno, 1968). This left one without a
needed source of easterly momentum. This particular
problem appears to be easily resolved. It was presumed
by both Maruyama and by Lindzen and Matsuno
that the vertical flux of zonal momentum was given by
poiw (where pg is the unperturbed density, # the zonal
velocity perturbation, and w the wvertical velocity
perturbation). However, it has been shown by Jones
(1967) and Bretherton (1969) that in a rotating system
the vertical flux of zonal momentum is given by the sum

of pew and —pof7 (where f is twice the vertical com-
ponent of the rotation rate and 5 is the perturbation
fluid displacement in the northward direction), the
latter giving the contribution of the Coriolis force.
Lindzen (1969) has shown that the inclusion of both
terms leads to the conclusion that easterly waves do
carry easterly momentum upward.

A second assumption in category 2) was that equa-
torial planetary-scale waves of the type observed by
Maruyama and Yanai (1967) and Wallace and Kousky
{(1968a) are absorbed at critical surfaces where the mean
flow Doppler shifts the waves’ intrinsic frequency to
zero. This behavior is well established for internal
gravity waves in nonrotating atmospheres (Booker and
Bretherton, 1967; Hazel, 1967; Bretherton ef al.,
1967). However, the observed equatorial waves are
strongly influenced by rotation, the waves observed by
Maruyama and Yanai (1967) being an inseparable
blend of gravity and Rossby waves. A heuristic argu-
ment for the role of a critical level in the vertical
propagation of internal gravity waves is that since
1) a critical level separates the region where the relative
phase speed is westerly from the region where it is
easterly, and ii) internal gravity waves carry westerly
momentum when their relative phase speed is westerly
and easterly momentum when their relative phase speed
is easterly, then either a critical level must totally
reflect a wave leaving one with zero net flux of mo-
mentum or else there must be an exchange of momentum
between waves and the mean flow at the critical level.
Theoretically and observationally, the latter is correct.
Lindzen and Holton (1968), under the mistaken notion
that at least the lowest modes antisymmetric about the
equator [those observed by Maruyama and Vanai






