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The circulation of the middle atmosphere

R. A. Plumb, CSIRO Division of Atmospheric Physics,
Aspendale, Victoria
(Manuscript received December 1981)

Over the past twenty years or so our knowledge and understanding of the circulation of
the middle atmosphere (about 15 to 100 km) has advanced dramatically. This progress
has arisen both from improved data coverage and via theoretical developments. Here
these developments are reviewed, with particular emphasis on wave transport processes

and their role in the middle atmosphere.

Introduction

The ‘middle atmosphere’ includes that region of the
atmosphere above the tropopause and up to an
altitude of about 100 km, encompassing the
stratosphere, mesosphere and iower thermosphere.
Until about thirty years ago observations of the
region were sparse. Since then the coverage has
much improved, with contributions from radiosonde
(in the lower stratosphere) and rocket data, ground-
based radar observations of the upper mesosphere
and lower thermosphere and, more recently, satellite
radiance measurements of the stratosphere.
Together, the data now give a fairly complete
climatological picture for the northern hemisphere
(except in the lower mesosphere where data
coverage is still poor). In the southern hemisphere
we are still handicapped by the dearth of ground-
based data. Satellites give a good global coverage, of
course, but the lack of a ground-based climatology
limits confidence in the calculation of temperatures
from radiance data; even then, in order to deduce
geopotential heights and hence geostrophic winds
from thicknesses obtained in this way, a good lower-
level (e.g. 100 mb) analysis is needed. We are
perhaps fortunate that many of the interesting
dynamical and structural features of the middle
atmosphere are of large scale (in the horizontal and,
to a lesser extent, in the vertical) so that despite
these handicaps, stratospheric analyses for the
southern hemisphere are now being produced on a
regular basis.

The phenomena these observations have
uncovered have proved both challenging and
illuminating. What makes the dynamical
meteorology of the region so interesting is the
importance of wave transport processes. Unlike the
troposphere, wave excitation via local instability of
the zonal circulation does not appear to be a major
factor in the middle atmosphere; rather, most of the
considerable wave activity in the region propagates
from below. These waves in turn are a dominant
factor in driving the zonal mean circulation, both for
the steady circulation and for some remarkable
time-dependent phenomena. Thus, the middle

atmosphere presents itself as a marvellous natural
laboratory for the study of wave transport
processes.

In this paper I review some of the exciting recent
developments that have taken place in our
understanding of these processes, concentrating
mainly, though not exclusively, on those that have
appeared since the excellent subject review of
Holton (1975). Even so, given limitations of space, it
has been necessary to be selective; the coverage
reflects my own view of what is important and, of
course, my own particular interests. A starting point
is a discussion of a recently developed theory of
wave transport that is coming to play a central role
in the subject. This is followed by a brief summary
in a later section of the observed climatological state
of the northern hemisphere middle atmosphere.
Together these form the basis for discussion of wave
motions in the middle atmosphere and their role in
driving the zonal mean circulation.

Eliassen-Palm fluxes, wave transport
and the non-acceleration theorem

A re-formulation of the theory of atmospheric wave
transport has proved to be a significant factor in
recent advances in our understanding of the
dynamics of the middle atmosphere (and, indeed,
the troposphere). This theoretical development has
centred on a quasi-Lagrangian approach — the
‘generalised Lagrangian-mean’ (GLM) theory of
Andrews and Mclntyre (1978a,b). Despite its
elegance and conceptual advantages, however, the
GLM approach has severe practical limitations
(Mclntyre 1980; Dunkerton 1980). Fortunately,
there is a parallel ‘transformed Eulerian-mean’
(TEM) formulation (Andrews and Mclntyre 1976a,
1978¢c) which has most of the advantages of the
GLM approach but is framed primarily in terms of
observable, well-behaved Eulerian quantities.

One important result from the TEM theory is a
conservation equation for wave activity — a
generalisation of the work of Eliassen and Palm



108

Australian Meteorological Magazine 30:1 March 1982

(1961). — which.in spherical coordinates has the
form
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where @ is latitude and where A and F are zonally-
averaged quantities, quadratic in wave amplitude,
and S is a source or sink term which is a function of
mechanical forcing or dissipation and diabatic
heating terms; S is therefore zero for conservative
motion. The flux, F, of wave activity is known as the
‘Eliassen-Palm’ (EP) flux; its latitudinal and vertical
components are
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in spherical-log pressure (\,¢,z) coordinates where
u,v,w and@ are respectively eastward, northward and
vertical velocity and potential temperature, p(z) is
the basic state density, a the earth’s radius and Q the
earth’s rotation rate, and where the overbar denotes
zonal average and the prime a deviation from that
average. The corresponding density, A, is in general
a complicated expression but under a quasi-
geostrophic approximation and for conservative
motion has the simple form (Mclntyre 1980)
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where m is the northward displacement associated
with the wave motion

[defined such that v=(3/3t + ud/adr)n]

and § is the mean quasi-geostrophic

potential vorticity. Note that A is then positive
definite in regions of positive 0g/d9(which is usually
the case in mid-latitudes). Under these
circumstances it follows from (Eqn 1) that wave
activity is converging (i.e. increasing in amplitude
and/or dissipating, if S # 0) in regions where F is
convergent and diverging where F is divergent. This
illustrates the usefulness of the EP flux as an
indicator of the flux of wave activity (much more so
than the so-called ‘energy’ fluxes py'¢’ whichcan be
quite misleading as a diagnostic; see Mclntyre 1980,
Plumb 1982c). If 8G/d¢ <O or the motions are
significantly non-conservative or ageostrophic,
however, A need not be positive definite and there
may thus be an ambiguity of sign in the
interpretation of the EP flux. Even in such cases,
however, F (or at least its divergence) is of central
importance in the TEM theory of heat and
momentum transport.

Consider the traditional budget equations for
zonal mean momentum and heat (entropy),
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where X and Q are respectively zonal mean
mechanical and diabatic forcing. Now, the ‘eddy
flux’ divergences appearing on the right hand sides
of Eqns 4 and 5 apparently represent separate
contributions to the momentum and heat budgets.
Note, however, that both heat and momentum
fluxes act as forcing terms for the mean meridional
circulation (as can be shown by deriving a diagnostic
‘omega equation’ from Eqns 4 and 5, using thermal
wind balance) which in turn contributes to the heat
and momentum budgets. Indeed, if the waves are of
steady amplitude and conservative, it may be shown
(Andrews and Mclntyre 1976a; Boyd 1976) that the
contributions of the eddy flux divergences in Eqns 4
and S are exactly cancelled by the effects of the
wave-induced mean meridional circulation. This
statement has come to be known as the ‘non-
acceleration’ theorem.

Of course, waves in the atmosphere are never
exactly steady or conservative, but they frequently
come close to meeting these conditions. For
example Fig. 1 illustrates the near-cancellation of
the mean and eddy contributions to the heat and
momentum budgets of the high-latitude northern
stratosphere during winter 1976—7. It is clear from
this example that u'u' and U@’ are not particularly
good indicators of wave transport.

Using Eqn 2, however, it is possible to transform
Eqgns 4 and 5 to obtain the TEM budget equations
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-Fig. 1 Contributions to zonal mean' budget of (a) heat-(b)
momentum in the region 60°N—80°N during
northern winter 1976—77. Dashed curve: eddy flux
divergence. Solid curve: contribution from mean
circulation. (After O’Neill and Taylor 1979.)
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¥, and W, are components of the ‘residual’
circulation which replaces (v,w) in this approach and
which is related to, but not in general the same as,
the Lagrangian-mean circulation. Equations 6 and 7
have a number of conceptual and practical
advantages over Eqns 4 and 5. The EP flux appears
in Eqn 6 as a generalised flux of (negative)
momentum; from Eqn 1,Y. (F cosp) = 0 under ‘non-
acceleration conditions’ — steady, cons€rvative
waves — and the direct wave-induced contribution
to Eqn 6 vanishes. Similarly the term in Eqn 7
involving eddy heat fluxes can be shown to vanish
under these conditions, as does the residual
circulation (v, w,). Therefore each of the wave-
induced contributions to the momentum and heat
budgets vanishes separately in the non-acceleration
limit; this contrasts with the traditional formulation
where these terms are individually non-zero but
mutually cancelling.

The TEM approach becomes particularly
powerful under a quasi-geostrophic assumption,
when Eqns 6 and 7 become
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Note that the forcing of the mean state by the waves
is now entirely described by the EP flux divergence
term. Of course the residual circulation is important
in determining the response to this forcing; this
circulation serves to maintain thermal wind balance
in the face of the wave forcing (e.g. Plumb 1982a)
and for this reason the response is usually deeper in
vertical scale than the forcing itself (e.g. Dunkerton
et al. 1981). However this circulation also is
indirectly driven by the EP flux divergence. Hence
the central role of the EP flux in TEM theory as a
diagnostic tool for the study of wave propagation
and transport.

The zonal mean state

A good starting point for a discussion of the
observed state of the middle atmosphere is its
‘climatological’ zonal mean state. The accuracy to
which this may be defined is limited by the time span
and spatial density of the observations. This is fairly
satisfactory in the northern hemisphere (except in
the region of the stratospause and lower
mesosphere) but not in the southern hemisphere .
where only the relatively recent satellite
observations offer a reasonable spatial coverage.
Therefore only northern hemisphere observations
are discussed in detail here.

Figure 2 shows, for the solstices, the zonal mean
temperature structure of the northern hemisphere in
the region up to about 75 km (Murgatroyd 1969).
For comparison, Fig. 3 shows the calculated thermal
structure at radiative equilibrium. Two striking
features of the observed temperature structure are
the cold winter (polar night) stratosphere and warm
summer stratopause (due to ozone heating). Uniike
the troposphere, where maximum zonally-averaged
temperature is located in the tropics, the pole-to-
pole temperature gradient in the middle atmosphere
is monotonic, the winter pole being up to 40K colder
than the summer pole in the stratosphere but,
remarkably, this gradient changing sign above 65
km — in fact the winter pole is some 80K warmer
than the summer pole at 75 km.

Comparing Figs. 2 and 3 the major departures of
the middle atmosphere from radiative equilibrium
are located in the winter stratosphere (about 40K
warmer than equilibrium) and in the mesosphere
where, relative to equilibrium temperatures, the
summer pole is about 80K too cold and the winter
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Fig. 2 Zonal mean temperature (K) of the northern
hemisphere atmosphere (up to 75 km) at the
solstices. (After Murgatroyd 1969.)
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Fig. 3 Radiative—convective equilibrium temperatures (K)
of the atmosphere (up to 80 km) at the solstices.
(After Murgatroyd 1969.)
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pole about 80K too warm. These discrepancies are
indicative of dynamical heat transport and their
maintenance will be discussed later.

The mean zonal wind structure, shown in Fig. 4, is
broadly consistent (through thermal wind balance)
with the observed mean temperatures. The zonal
circulations of the winter and summer hemispheres
are dominated by westerly and easterly jets
respectively, with jet maxima located in the mid-
latitude lower mesosphere. (The actual location and
intensity of these jets is not altogether certain; cf.
CIRA 1972.) Also worthy of note are the equatorial
easterlies throughout the stratosphere at the
solstices.

This solsticial picture of the zonal mean structure
and circulation represents, of course, the two
extremes of the annual cycle. At the equinoxes, for
example, the zonal winds are everywhere fairly
weak. Even allowing for the seasonal cycle,
however, the climatological picture is not an
accurate representation of the zonal mean at any
given time; superposed on the climatological
average are fluctuations on time scales of about a

km (approx)

Fig. 4 Zonal mean westerly wind (m s—1) of the northern
hemisphere atmosphere (up to 75 km) at the
solstices. (After Murgatroyd 1969.)
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week up to a few years, especially in the winter
hemisphere and in the tropics. These time-
dependent phenomena will be discussed later.

Waves in the middle atmosphere

Throughout winter, the stratospheric zonal flow
shown in Fig. 4 is strongly disturbed by large-
amplitude, quasi-stationary planetary waves; a
typical synoptic map for the northern hemisphere is
shown in Fig. 5. These disturbances are upward
extensions of the quasi-stationary ultra-long waves
of the tropopause, forced by ‘continentality’ —
large-scale orography and thermal land-sea
differences (e.g. Geller 1979); they appear to reach
maximum amplitude around stratopause level
(Green 1972). Noteworthy, however, is the absence
in the stratosphere of the synoptic-scale motions so
prevalent in the troposphere. Further, even the
planetary-scale waves are absent in summer, as
exemplified by Fig. 6, a southern hemisphere
radiance map for the same day as Fig. 5.

This seasonal and scale selectivity is readily
understood in terms of wave propagation theory. In
the quasi-geostrophic system of Matsuno (1970) a
stationary wave whose geopotential structure is of
the form

V(x9,2)=Refy, (9, 2)eimA}

satisfies a wave equation
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where N is the buoyancy frequency and Q,, which
corresponds to the square of a refractive index, is
defined by

Qu(6,7) =200 S8 T2
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Fig. 5 Geopotential height (dam) of the 5 mb surface
north of 30°N, 00 GMT 11 January 1979.
(Redrawn from UK Met. Office 1979).
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Note that in a WKB-type approximation where the
mean state is regarded as slowly varying, wave
propagation may only occur when Q. > 0. Since
0gq/d¢ is normally positive in the region of
interest, Q, < 0if i <0, i.e., there is no meridional
propagation (upward or latitudinal) in easterly flow.
This result, which was first derived for a beta-plane
by Charney and Drazin (1961), is consistent with the
absence of quasi-stationary disturbances in the
summer middle atmosphere. Further, even if the
winds are westerly, Eqn 14 gives a propagation
criterion that

acosp 93 Q2%a%sin?¢ m?
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At a given latitude and for a given wave number this
places an upper limit on U which decreases with
increasing m. In practice, this means that only the
ultra-long waves are free to propagate deeply into
the stratosphere.

Recently, studies of planetary wave propagation
have been taken a step further with the application
of ray-tracing techniques to Eqn 13 (Karoly and
Hoskins 1982). This approach shows that waves are
refracted towards regions of increasing Q,,; since,
under normal conditions, Q,, increases monotonic-
ally towards the equator (cf. Eqn 14), planetary
waves will be refracted towards the equator, where
they meet a ‘critical surface’ of zero wind speed at
which they probably suffer at least some absorption
(Mclntyre 1982). Note that this behavidur is quite
different from the impression given by meridional
cross-sections of wave geopotential amplitude| |
(e.g. van Loon et al. 1973) which appear to show the
waves propagating poleward of the core of the polar
night jet; however| yifis not a good indicator of wave
activity in this regard, although on occasions the
wind structure may be such that the waves do

Fig. 6 100 to 5 mb thickness (dam) south of 30°S, 00
GMT 11 January 1979. (Redrawn from UK Met.
Office 1979.)

90°E

propagate in this way (Karoly and Hoskins 1982;
see also below).

In addition to these quasi-stationary waves,
travelling planetary waves are observed in both
hemispheres; the structure and period of these
disturbances suggest that they may be a
manifestation of free atmospheric normal modes
(Madden 1979; Salby 1981a).

The propagation characteristics discussed above
are not applicable, of course, to ageostrophic
motions. For disturbances of the inertio-gravity
wave type, it is well known that such waves may
propagate in the vertical provided their frequencyw
(relative to the local mean flow) satisfies

N2 >w? > 402 sin?¢ 16

For motions on synoptic time scales (i.e. a few days)
wW?<N? but the second inequality cannot be satisfied
in middle or high latitudes. Near the equator,
however, the Coriolis parameter is small and
vertical propagation is permitted in regions for
which '

. 2

sin?¢ < 2555 17
Matsuno (1966) showed theoretically that there is
indeed a class of equatorially trapped, vertically
propagating waves satisfying this criterion.
Subsequently, two types of these waves have been
identified in the atmosphere: westward propagating
‘mixed Rossby-gravity’ waves (Yanai and
Maruyama 1966) and eastward propagating Kelvin
waves (Wallace and Kousky 1968); an example of
the latter is shown in Fig. 7. These waves are
apparently generated by large-scale variations of
latent heat release in the tropical troposphere
(Holton 1972; Hayashi and Golder 1978) and may
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Fig. 7 Zonal winds observed at Kwajalein (9°N, 168°E) during December 1965—May 1966. Contour interval:
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reach substantial amplitudes in the stratosphere
where they play an important role in the momentum
budget (see ‘Long-period variations in the tropical
stratosphere’ below).

Atmospheric tides are also vertically propagating
motions (although in the case of the diurnal tide,
according to Eqn 17, only within about 30° of the
equator) and in any case the semidiurnal tide is to a
large degree forced thermally within the middle
atmosphere via ozone absorption of shortwave
radiation (Butler and Small 1963). They reach large
amplitudes in the mesosphere where they constitute
a major component of the circulation. The reader is
referred to Chapman and Lindzen (1970) and
Forbes and Garrett (1979) for reviews of the
structure and theory of atmospheric tides.

Internal gravity waves, which are ubiquitous but
usually not meteorologically significant in the
troposphere, also propagate into the mesosphere.
Here they also may be of large amplitude and may
play a fundamental role in the mesospheric
circulation (see below).

There is one further observed wave which
logically comes under the class of transient
planetary waves but which is singled out for special
mention here because of its striking properties and
current interest. This is the so-called two-day wave,
It was first observed (and is most clearly evident) in
ground-based radar observations of mesospheric
winds during mid-summer (e.g. Muller 1972; Craig
and Elford 1981); an example is shown in Fig. 8 of
the meridional winds observed at Adelaide (35°S)
and Townsville (20°S) during January/February
1980 (Craig et al. 1980). The large amplitude (about
50 m s—1) evident in these time series is remarkable
and, in fact, is larger than typical amplitudes (about
20 m s-!) observed at the several northern
hemisphere stations during northern summer. The
phenomenon seems to maximise in the summer
hemisphere, with some spill-over into the winter
hemisphere. By comparing observations at different
longitudes (Muller and Nelson 1978; Craig et al.

1980) and subsequently from satellite observations
(Rodgers and Prata 1981) it appears that the
phenomenon is of zonal wave number 3; its period
seems to be 51 to 52 hours in northern summer
(Muller and Nelson 1978) but somewhat shorter (48
to 49 hours) in January/February (Craig et al.
1981). An apparently similar wave has appeared in
the southern hemisphere mesosphere of a ‘perpetual
January’ general circulation model (Hunt 1981a,b).

One interpretation of this phenomenon, like the
other transient planetary waves mentioned above, is
as a free, normal mode of the atmosphere (Salby
1981b). On this viewpoint, the wave is a global
atmospheric phenomenon which reaches large
amplitude in the summer mesosphere where its
Doppler-shifted frequency becomes small. However,
it is noteworthy that the wave in Hunt’s GCM
exhibits strong equatorward heat flux in the lower
mesosphere (Hunt, private communication); from
Eqn 11 this indicates downward EP flux, which
seems difficult to reconcile with a normal mode
interpretation. An alternative explanation, which is
consistent with a downward EP flux in this region
and which also appears to explain the gross features
of the two-day wave, is that the two-day wave is a
manifestation of baroclinic instability of the easterly
jet in the summer mesosphere (Plumb 1982b). One
crucial observational test would be to see whether
the wave is propagating upward or downward below
the level of jet maximum.

The steady circulation

Significant departures of the observed middle
atmospheric thermal structure at solstice from
radiative equilibrium were noted above. A theory of
the maintenance of these departures is central to our
understanding of the steady mean circulation of the
region. Assuming steady, quasi-geostrophic flow,
Eqn 10 gives
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