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ABSTRACT

The role of the Kelvin wave, discovered by Hirota (1978), in producing the westerly accelerations of
the semiannual zonal wind oscillation in the tropical upper stratosphere is examined quantitatively.
It is shown that, for reasonable values of the wave parameters, this Kelvin wave could indeed give rise
to the observed accelerations. For the thermal damping rates of Dickinson (1973), the most likely range
of phase speeds for a wavenumber 1 disturbance is from 45 to 60 m s~ For ‘‘photochemically accel-
erated” damping rates (Blake and Lindzen, 1973), a phase speed in excess of 70 m s~ would be required.

The possibility of a significant modulation of the semiannual westerlies by the quasi-biennial oscil-

lation is also suggested.

i. Introduction

In recent years it has been shown (Lindzen and
Holton, 1968 ; Holton and Lindzen, 1972) that upward
propagating equatorial waves of the type discovered
by Vanai and Mauryama (1966) and Wallace and
Kousky (1968) can successfully account for the ob-
served zonal-mean wind tendencies which make up
the so-called quasi-biennial oscillation (QBO) which
was originally discussed by Veryand and Ebdon (1961)
and Reed et al. (1961) and also reviewed by Reed
(1965) and Wallace (1973). In particular, Holton and
Lindzen (1972, hereafter referred to as HL) found
that the “generalized integrated momentum flux” (or
effective stress) due to these waves,

(F)=polu'e’ — (f/ N2WG), (1.1)

would produce, in the presence of thermal damping
and a small amount of viscosity, a long-period oscil-
lation in the latitudinally averaged zonal mean wind,

()= f ady,

whose temporal and spatial structure gave reasonable
agreement with the observed oscillation. To simplify
their calculation, HL used a two-scaling formalism
(Lindzen, 1971; Andrews and Mclntyre, 1976) to
determine the vertical propagation of these waves,
the basic assumption of which is that both zonal-
mean wind and basic-state density vary slowly over
a wavelength. HL also included in their model an
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(1.2)

imposed semiannual zonal wind oscillation, so that
the net mean flow acceleration is governed by

@ 1aF) oXa)
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(1.3)
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where G is a specified forcing function which is tuned

to produce a realistic semiannual oscillation.

The dynamical mechanisms which give rise to the
QBO have been clarified recently by Plumb (1977).2
Three major conclusions from Plumb’s work are as
follows:

1) The downward propagation of easterly and
westerly shear zones must be viewed strictly as a con-
sequence of the flow evolution at Jower levels. The
reason for this lies in the form of the momentum
flux in the WKB approximation :

F(2)=F(0) exp[-—j: D(z’)dz’]. (1.4)

Since D, the dissipation rate (m™), is a function of #
and not of its derivatives, F is not influenced by
what is happening above the level in question. An
important consequence of this, as Plumb pointed out,
is that the imposed semiannual oscillation of HL is
irrelevant to the mechanism of the QBO altogether.

2) The role of viscosity has been clarified. A small
amount of viscosity is essential to the mechanism of
the QBO; it acts to destroy the lowest jet via dif-

2 The reader is referred to the recent report of Plumb and
McEwan (1978) which describes a laboratory simulation of
the QBO.
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fusion across an internal shear layer which develops
above the tropopause.

3) The period of the oscillation, in the simple case
of two internal waves, is proportional to the quantity
kc*/NaF, where « is the thermal damping rate.
(Numerical results presented by Plumb suggest that
this period is also relevant to the QBO.) We note
here that the period is very sensitive to the phase
speed ¢ of the waves,

With these clarifications, it appears that the original
theory advanced by HL is on solid ground, so far as
a latitudinally integrated oscillation is concerned.

Observationally, this quasi-biennial oscillation, while
possessing much intrinsic dynamical interest, is largely
confined to the lower tropical stratosphere. Above
30 km or so, a much larger fraction of the monthly-
mean zonal wind variance makes up the so-called
semiannual oscillation (especially near the equator,
where the annual cycle is small) which has been
discussed by several authors, including Reed (1966),
Quiroz and Miller (1967), van Loon e al. (1972),
Reed (1973), Belmont e/ al. (1974) and Hopkins
(1975). As mentioned above, this semiannual oscil-
lation was included in the HL model; but this model,
in using an smposed semiannual oscillation, could say
nothing of a prognostic nature about it other than that
it dominated the zonal wind field above 30 km.

Somewhat ironically, it is the semiannual, and not
the quasi-biennial, oscillation which has defied theo-
retical explanation for many years. From the work
of Meyer (1970), it is known that eddy momentum
fluxes are essential to the mechanism of the semi-
annual oscillation; any effects due to the semiannually
varying solar insolation at the equator are quite small.
Just what eddies are of importance, however, has
been quite unclear. As Holton (1975) has pointed out,
the appearance of westerlies above the equator is
suggestive of Kelvin wave absorption, especially in
view of the downward propagation of westerlies. In
contrast, the easterlies show little tendency to propa-
gate downward (Reed, 1966); this suggests that a
quasi-barotropic process, rather than equatorial wave
absorption, is of importance. Clearly, such a process
must have a seasonal dependence in order to produce
a half-year oscillation period.

The theoretical work of Dickinson (1968) and the
observational study by Hopkins (1975) suggest that
critical level absorption of midlatitude wintertime
planetary waves may account for the easterly ac-
celerations in the tropics. Dickinson found that, in
the presence of a critical level, there would exist a
discontinuity in momentum flux (in the barotropic
problem) at the critical level. A time-dependent cal-
culation (Dickinson, 1970) showed that the develop-
ment of a critical level would occur asymptotically,
with a time scale on the order of a season or more.
Hopkin’s study indicated a certain amount of cor-
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relation to exist between events in the tropics and
in midlatitudes. Also, monthly mean zonal wind
variance during the easterly phase of the semiannual
oscillation was found to be more pronounced during
the Northern Hemisphere winter than during the
Southern winter, possibly indicating the greater strength
of these planetary waves in the Northern Hemisphere
winter. This critical level absorption mechanism, it
should be pointed out, has also received support from
the numerical studies of Matsuno (1970), Simmons
(1978) and others, and is also evident in observa-
tional studies of stratospheric planetary waves (van
Loon et al., 1973; Barnett, 1975; Hirota, 1976; Hart-
mann, 1976). These authors have found a westward
tilt of planetary wave phase as the equator is ap-
proached, which is suggestive of a poleward transport
of westerly momentum from the equatorial region.

Although this theory of the semiannual oscillation
appears to be an attractive one, there remain at least
two difficulties, which have, to date, prevented a
quantitative analysis of the hypotheses contained in it.
One obvious difficulty is that the Kelvin waves sug-
gested by Holton (1975) as being responsible for the
westerly semiannual accelerations have not appeared
in observational analyses of radiosonde or rocketsonde
data. As will become clear in the discussion below,
such waves, in order to be transparent to lower strato-
spheric winds, would have to be of long vertical
wavelength, and thus would necessarily possess rela-
tively large phase speeds. Both of these properties
would render their detection rather difficult, especially
in view of the coarse temporal resolution characteristic
of rocketsonde data.

A second, theoretical difficulty has appeared with
the advent of “nonlinear critical layer theory” (Benney
and Bergeron, 1969; Davis, 1969; Haberman, 1971;
Beland, 1976; Tung, 1977). This theory leads us to
question the ability of waves to transfer momentum
from their critical surfaces. Time-dependent versions
of this theory (Beland, 1976; Paitnaik ef al., 1976;
Warn and Warn, 1978) suggest that when a wave is
incident on its critical level, a nonlinear steady state
is approached as time progresses, in which many
higher harmonics are present. Furthermore, the net
momentum flux divergence at the critical level ap-
proaches zero. As a result, the nonlinear theory leads
us to believe that midlatitude planetary waves may
be incapable of a continuous transport of westerly
momentum out of the tropics throughout the winter
season. Whether or not this in itself calls into question
the proposed mechanism of the easterly phase of the
semiannual oscillation is not yet clear, however.
Indeed, one hypothesis, which calls for future theo-
retical investigation, is that it is the #nitial excitation
of midlatitude planetary waves at (or near) the
solstices which may provide the necessary easterly
semiannual accelerations. This hypothesis is con-
sistent not only with both the linear and nonlinear
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critical level theories, but also with the actual phase
of the semiannual easterlies (as discussed below in
connection with Fig. 2) which shows maximum easterly
accelerations to be occurring at the solstices, rather
than throughout the winter season.

The present paper seeks to examine this proposed
theory of the semiannual oscillation in a quantitative
way, in spite of these two difficulties. In fact, the

- work reported here has been stimulated largely by
the recent discovery of Hirota (1978), who has given
the first evidence of long vertical wavelength Kelvin
waves in the equatorial upper stratosphere. Although
more detailed observational studies are certainly needed
to confirm Hirota’s discovery, I have chosen here to
adopt Hirota’s Kelvin wave as a model of the type
of Kelvin wave needed to produce the westerly phase
of the semiannual oscillation. Here, the precise role
of such a Kelvin wave is examined quantitatively,
and it is shown that, for reasonable values of the
wave parameters and thermal damping rate, this
wave can indeed account for the westerly accelera-
tions typical of the semiannual oscillation.

I have chosen to confine attention to the dynamical
mechanism responsible for the westerly phase of the
semiannual oscillation only. This is done (as described
below) .in the context of a simple, latitudinally aver-
aged, one-dimensional model of the type used by
Holton and Lindzen (1972) and Plumb (i977). This
model is attractive not only for its simplicity and
economy, but also because it allows us to ignore, for
the moment, any difficulties concerning the easterly
phase of the oscillation. In a manner analogous to
that of HL, a realistic easterly phase of the semi-
annual oscillation is imposed. This is done using a
form of “Rayleigh friction” on an intermittent basis.
This allows the model to be one-dimensional, and
allows a certdin amount of investigation which would
be perhaps harder to perform using a more elaborate
and complete two-dimensional model.

Before discussing the model and its results, the
properties of the Kelvin wave of Hirota (1978) are
reviewed (Section 2) in order to establish reasonable
values for the wave parameters. Also in this section
the WKB expression for the momentum flux of a
thermally dissipating, vertically propagating Kelvin
wave is presented, which is the major tool of this
study. In Section 3, the observed semiannual oscil-

lation (according to Reed, 1966) is reviewed, and this

oscillation is adopted as a model for the present
study. Also in this section a diagnostic model is de-
scribed which shows some hypothetical mean flow
accelerations due to Kelvin waves of the type ob-
served by Hirota, using the wind field of the observed
semiannual oscillation. It is pointed out in this section
that there exist two fundamentally different mean
flow acceleration profiles for the Kelvin wave dis-
sipating in a quasi-Boussinesq fluid. In Section 4,
the prognostic model is described and resuits from
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this model are discussed. Section 5 takes up the
question of a possible modulation of the semiannual
oscillation by the QBO..

2. The Kelvin Wave
a. Mean flow acceleration

For the Kelvin wave, the generalized momentum

flux is simply® '

F=pa'w/, (2.1)

since v'=0 for this wave. The WKB approximation

implies the mean flow acceleration to be of the form
(Plumb; 1977)

Z—?=F(17) exp[ (a—17)/HID () exp—P(z), (2.2)

where z (as throughout this paper) is in kilometers,
and the dissipation rate D (m™) is

D=2 23
o @9
and A

P(z)= / D(z)dz, (2.4)

where z=17 represents the tropopause height.
b. Hirota’s wave

Turning our attention now to the type of distur-
bance observed by Hirota (1978), four notable features
are important:

1) The vertical wavelength L is 15-20 km.

2) Cross spectra of ', TV and o’ suggest that the
wave be identified as a Kelvin wave. ,

3) This wave is observed predominantly during the
easterly phase of the semiannual oscillation.

4) Time-height cross sections, though of poor tem-
poral resolution, reveal a ground-based period of about
10 days.

¢. Deduced properties of this wave

Kelvin waves satisfy the relation (Holton, 1972)
NL

E=—,
27
where é=c—1, the Doppler-shifted phase speed. As-

suming the buoyancy frequency N, is 2.16X1072 s,
one finds an acceptable range of ¢ to be

S0<éLTOms™,

(2.5)

(2.6)

3 Since the Kelvin wave problem is a one-dimensional one,
we need not distinguish between # and (#) [as in Egs. (1.1)-
(1.3)] so long as we are careful to distinguish between F and (F).
It can be shown that these are related as (F)=F (y=0) (x¢/2Qa)*.
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Fic. 1. Thermal damping rates as a function of height. Solid
lines: functional fit to the damping rates of Blake and Lindzen
(1973); bars show probable range of values. Dashed line:
damping rates according to Dickinson (1973). Circles: a linear
fit below 30 km.,

The phase speed relative to the ground, ¢, could
not be determined from Hirota’s single station data;
nevertheless, knowledge of ¢, together with (3) above,
implies a likely range of ¢ to be

30<c<T0ms™, 2.7

Finally, this range of ¢, together with an oscillation
period of 10 days, suggests that k=1 or 2. For the
remainder of this study I adopt 2=1. There is no
loss of generality, however, because the mean flow
acceleration depends only on the ratio a/k; hence,
the k=1 cases described below are all equivalent to
k=2 cases with a(z) doubled.

d. Thermal damping rates

In the experiments reported below, it has been
found that vertical wave propagation, and hence mean
flow acceleration, are quite sensitive to the precise
magnitude of the thermal damping rate. Dickinson
(1973) and Blake and Lindzen (1973) have discussed
these Newtonian cooling rates, and their results are
displayed in Fig. 1. From these rates I have developed
two representative profiles of a(z), corresponding to
the “slow” and “fast” rates of Blake and Lindzen
(1973) (the former are similar to Dickinson’s rates).
The functional fit is of the form

{86400 exp[2.3(a1(z—50)*+a2) I} s, 23230
{0.4X10-54-0.8X 10~9[ (z—17)/13]}s, 2<30.
(2.8)

a(z)=
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Slow damping

a1=7.5257X10* . (2.9a)
a2=0.69897.

Fast damping
a1=1.7474X 1073 (2.9b)

a:=0.30103.

These analytic profiles are also displayed in Fig. 1.

3. A diagnostic observational model

a. The observed semiannual oscillation

Fig. 2a, derived from Reed' (1966), shows in an
idealized fashion the semiannual oscillation under con-
sideration. The oscillation is characterized by the
following two noteworthy features:

1) Both easterly and westerly wind maxima have
magnitudes of 20-30 m s~!, with the westerlies ap-
pearing at higher levels than the easterlies.

2) The westerly shear zone shows a tendency to
descend in time, while the easterly phase does not.

Fig. 2b shows the mean flow acceleration 4, derived
from Fig. 2a. This figure also reveals the tendency of
the westerly shear zone to descend in time.

b. Hypothetical mean flow acceleration due to Kelvin
waves

It is instructive to inquire what fraction of the
observed acceleration in Fig. 2b could be accounted
for by the type of Kelvin wave discovered by Hirota
(1978). For the moment, the following parameter

km
60 1

50 A @

o

T VERE " ;
F1c. 2. (a) An idealized representation of the semiannual

oscillation Units: m s% (b) The zonal mean wind acceleration
derived from (a). Units: m s™ month™.

40 1




36 .

km
60 A
50 - @
40 A
()]

M A M

Frc. 3. (a) Westerly accelerations due to a Kelvin wave
propagating into the wind profile of Fig. 2a.” Parameters are
¢=50 m 571, H=7 km, F(17)=1.333X 1073 m? s~2, damping is
“slow.” (b) As in Fig. 3a except damping is “fast.”

J F

values are chosen:
c=50ms!

. 3.1)

F(17)=1.333X 1073 m? 52
Figs. 3a and 3b show the acceleration! calculated from
Eq. (2.2), using the winds of Fig. 2a, for the slow
and fast « profiles, respectively. From these figures
the following may be inferred:

1) Both profiles, to some extent, show accelerations
comparable in magnitude to those of Fig. 2b.

2) In both cases, the westerly accelerations descend
at a rate quite close to that of the observed oscillation.

3) The semiannual oscillation acts to modulate the
westerly accelerations so that they are at a minimum
during the westerly phase of the oscillation, in agree-
‘ment with Hirota’s observations.

4) There exists the possibility of rather large ac-
celerations in the upper mesosphere; however, - better
data coverage in that region is clearly warranted.

There is, nevertheless, a fundamental difference be-
tween the profiles of Figs. 3a and 3b,.which cannot
be ignored. Specifically, it is to be noted that the
strong westerly accelerations present at and above
60 km in Fig. 3a are absent in Fig. 3b. This reflects
a fundamental distinction between two types of mean
flow acceleration due to wave absorption in a quasi-
Boussinesq fluid. To see this, consider a simple version
of Eq. (2.2) in which # is independent of height.

¢ The reader is reminded that calculated 4 here depend
linearly on F(17); thus, the contours of Fig. 3 are valid for
any value of F(17).
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In such a case,
o z—17 aNH
—c exp[(———)<1— )], (3.2)
ot \ H ké?
where
1 z
a=—— / a(zdz. (3.3)
Z—17 17

The expression in Eq. (3.2) reveals two rather distinct

cases’®:
aNH
1, >1
ké?
In this case,
on
lim —=0.
z2—>0 at

In other words, in a time-dependent model, a critical
level (6—0) would tend to form near the lower bound-
ary (Plumb, 1977).

aNH
2. <1
ké?
In this case,
o
lim —= oo,
zZ—>00 al

Here, in a time-dependent calculation, this large
acceleration would result in the formation of a critical
level nearly instantaneously at the highest level of
the model, followed by a rapid descent of the critical
level.

These two cases suggest the existence of a critical
value of the mean thermal damping rate a. such that

ké?
ae=—". (3.4)
NH
Fig. 4 shows such a critical curve. Although this
analysis is quantitatively exact only when #i s inde-
pendent of height, it is noteworthy that, as also shown
in this figure, the two cases of Fig. 3 tend to lie on
opposite sides of this curve during the easterly phase
of the semiannual oscillation.

This critical curve, in fact, will be useful as a check
for the results of the prognostic model reported below.
In attempting to model the observed oscillation, two
requirements must be met: 1) the choice of @ and é
must be such that the range of points (&¢) lies on,
or to the right of, the critical curve®; and 2) on the
other hand, if these points lie too far to the right
of the curve, one will invariably see large accelera-

5 These two cases assume that lim a(z) >0.

f2ad

6 This &.should be chosen to be representative of the easterly
phase.

\
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tions at high levels (i.e., the formation of critical
levels). The first of these requirements will insure that
westerlies appear first at the top of the model, as
dictated by observations. Whether or not the second
requirement is everywhere necessary is yet uncertain
because of poor data coverage in the upper meso-
sphere. In any case, there is little evidence of critical
level formation in the stratosphere and lower meso-
sphere (Hirota, 1978).

4. The prognostic model

The model used here is basically that of Plumb
(1977), who considered wave driving due to a single
internal wave. The only essential difference is the
addition here of a periodic easterly acceleration, which
is designed to reproduce the easterly phase of the
semiannual oscillation.

a. Easterly phase

A type of “Rayleigh friction” is included to model
the easterly phase, which is of the form

G =fOr@[a.—u(2)], “.1)
where
10)= ‘1, every o.ther 90 days 42)
0, otherwise

70 z—40

r(2) =——|: i+ tanh( >], 4.3)
2 7.5

ro= Eada.y_l, (44)
fle=—25ms™, (4.5)

Here, 7(z) is chosen to be representative of the vertical
dependence of planetary wave amplitude; 7o and %,
are adjustable parameters tuned to produce a realistic
easterly phase.

The total mean flow acceleration is then given by
Eq. (1.3); the viscosity is set equal to 0.3 m? s,
as in HL.

b. Boundaries

For the runs described in this section, the lower
boundary is at 30 km, across which is transported
a constant momentum flux. In reality, one might
expect this flux to be modulated by the QBO; this
possibility is explored in the next section.

The upper boundary is at 70 km. As noted in the
Introduction, the mean flow evolution is independent
of what takes place above, when there is no viscosity.
Here there is nonzero viscosity ; however, model results
indicate that viscous effects are entirely contained
within the top 5 km of the model. Thus the region
below 65 km, which is of interest here, is unaffected
by the presence of this upper boundary.
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F16. 4. The critical mean thermal damping rate. Bars indicate
the relative positions of the two cases of Fig. 3. Dashed line
borders the observationally allowed region of & and ¢ over
which realistic westerly accelerations might be realized in a
numerical model.
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¢. Results

As implied above, there are three model parame-
ters which describe mean flow evolution due to the
Kelvin wave: the phase speed ¢, the thermal damping
rate a(z) and the momentum flux across the tropo-
pause (F(17)). Because observationally none of these
parameters are known with any certainty, a flexible
approach is adopted here which takes into considera-
tion a fairly wide range of parameters. For example,
a(z) is taken to be either slow or fast, and ¢ is varied
over the range given in Eq. (2.7).

The latitudinally integrated lower boundary mo-
mentum flux (F(17)) assumes the value’

(F(17))=1.333%10"* m? 2, (4.6)

It is to be noted that this value is equal to one-third
of the latitudinally integrated flux of the “Wallace-
Kousky” Kelvin wave used in the HL model. Previous
authors (Hopkins, 1975; Holton, 1975; Hirota, 1978)
have speculated that a ratio of 19, would be suf-
ficient to produce the semiannual westerlies. This low
value, however, is insufficient for the following reasons:

1) The basic-state density is reduced only by a
factor of 20 between 25 km (a representative height
of the QBO maximum westerlies) and 45 km (a level
at which there is substantial semiannual westerly
acceleration).

7 The houndary flux at the equator will be at least twice
this mean value (see footnote 3). Thus, westerlies near the
equator will be somewhat stronger, and will descend further,
than those predicted by this latitudinally integrated model.






