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ABSTRACT

Based on the transformed Eulerian—mean equations, the dynamics of planetary waves are discussed.
Both observations and simulations indicate that in the Morthern Hemisphere winter there are two
waveguides for the meridional propagation of quasi—stationary planetary waves, One is the high latitude
waveguide, and the other is the low latitude waveguide. These results are in pood agreement with theoretical
analysis. Moreover, the convergence of EP flux indicates that the stratospheric sudden warming is the result
of anomalous planetary wave propagation along the high latitude waveguide and its interaction with mean
flows, The tropical quasi-biennial oscillation (QBO) winds, which represent one significant variation of zon-
al flow in the lower stratosphere at low latitudes, can influence the low latitude waveguide of planctary wave
propagation, Our results of the wave—mean flow coupled model show that these tropical winds can also mod-
ulate the high latitude waveguide significantly in the case of wave—rmean flow interaction,

The transport effect of planetary waves on ozone is also analyzed. The residual mean circulation forced
by planetary waves indicates thai there is strong transport circnlation for the dissipative planetary waves,
Under the forcing of northward eddy heat transport, a positive transport circulation can result which rises at
low latitudes and sinks at high latitudes, At the same time, the modification of planetary wave propagation
by the equatorial QBO winds is shown to have an important impact on the transport circulation, The model
results indicate that the meridional transport is amplified during the easterly phase of the QBO. This mecha-
nism may explain the interannual variability of ozene in the stratosphere at high Iatitudes.

Key words quasi—stationary planctary waves, wave propagation, planetary wave—mean flow interaction,
transport effect

1. Introduction

It is well known that the concept of Rossby wave energy dispersion proposed by Rossby
(1945) and Yeh (1949) has been widely used in the dynamical studies of weather and atmos-
pheric large—scale disturbances for more than forty years. This theory can explain the propa-
gation of atmospheric large—scale disturbances and has been regarded as one of the most im-
portant classical theories in atmospheric dynamics. The energy of waves is dependent upon
their frequency and is propagated with the group velocity of the waves. Yeh (1949) used this
principle to explain the dynamical effect of a large—scale disturbance on its upper and lower
reaches in a uniform flow. At the same time, Charney (1947) and Eady (1949) put forward the
theory of baroclinic instability of long waves, and Kuo (1949) proposed the theory of
barotropical instability of long waves. After that, these theories were widely used to explain
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the evolution and propagation of perturbations in a uniform basic flow and laid a foundation
for modern atmospheric dynamics.

From the 1960s, many meteorologists paid attention to the energy dispersion of waves in
the vertical direction. For example, Charney and Drazin (1961) and Eliassen and Palm (1961)
independently investigated the vertical propagation of quasi—stationary planetary waves in ba-
sic flow with vertical shear, Matsuna (1970, 1971) simulated the vertical propagation of
quasi—stationary planetary waves from the troposphere to the stratosphere with a basic flow
quite similar with the real one, and proposed the mechanism of siratospheric sudden
warming. However, these investigations discussed only the propagation and evolution of
waves in the zonal and vertical directions, not in the meridional direction. In recent decades,
due to the discovery of many observational facts, much attention has been given to the propa-
gation of large—scale disturbances in a non—uniform atmosphere and their interaction with
the zonal flow, especially in the three—dimensional spherical atmosphere, In the early 1980s,
Huang and Gambo (1982, 1983a, 1983b) investigated the characteristics of three—dimensional
propagation of quasi—stationary planetary waves during the Northern Hemisphere winter
and summer, They proposed theoretically that in the Northern Hemisphere winter there are
two waveguides for the propagation of quasi—stationary planetary waves.

As is well known, planetary waves are the dominant wave structure in the stratosphere
(Andrews et al. 1987). They may exert significant influences on the distribution of trace spe-
cies, such as ozone, in the middle atmosphere, Ozone is formed mainly in the tropical regions,
while the observed total ozone and its variations are the largest at high latitudes. So there
should be a dynamical transport of ozone from the tropical regions to the middle and high lati-
tudes, On the basis of observed ozone data, Dobson (1956) pointed out that a poleward trans-
port circulation ascending at low latitudes and descending at middle and high latitudes was
needed to account for the increase of ozone from the equator to high latitudes. Murgatroyd
and Singleton (1961) obtained a similar circulation from the results of a radiative heat budget
calculation with neglect of eddy terms. Nevertheless, the eddy transport neglected by
Murgatroyd and Singleton is important (Vincent 1968) and it was shown that the cancellation
between the transport by mean meridional circulation and eddy transport holds exactly for
steady and conservative waves (Andrews and Mclntyre 1976, 1978). Therefore, in the past,
most studies assumed that waves were steady and conservative, and so they could be carried
out using the Eulerian mean approach. Matsuno (1980) explained that the mean meridional
circulation contained, to a large extent, a component that was forced by eddy transport. This
part of the mean circulation would be cancelled naturally by the eddy transport and the net
transport circulation would be the residual mean meridional circulation. So the effects of plan-
etary wave transport are closely related to the interactions between wave and mean flow,

In this paper, based on the transformed Eulerian—mean equations, we will first investigate
the meridional propagation of planetary waves in the Northern Hemisphere winter. Then we
shall discuss the effect of planetary wave—mean flow interaction on the phenomena of
stratospheric sudden warming and extratropical QBC from the viewpoint of waveguides for plan-
etary wave propagation in sections 2 and 3 respectively, We shall analyze further the transport ef-
fect of planetary waves on ozone in section 4, Finally, summaries are given in section 5,

2. The transformed Eulerian—mean equations and stratospheric sudden warming

In the 1940s, Rossby (1941) pointed out that eddies are necessary for the maintenance of
zonal flow. Starr (1948) and Yeh and Chu (1958) stated that the maintenance of zonal flow is
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due to the angular momentum transfer by eddies. Lorenz (1967) showed that eddies could not
only accelerate zonal—mean flow but also induce mean meridional circulation. Therefore, the
dispersion or propagation of waves can cause the variation of zonal mean flow and
meridional mean flow. This can be described more conveniently with the transformed
Fulerian—mean equations {(Andrews et al. 1987). The transformed Eulerian—mean equations
can be written as follows,

-_— — D= . 1
€t g b acosq)V F, (L)
fi,-25,= 0., @)
] —_— —_— —_

pr (v cosp), + @, =0, 3)
85 a4 -

E+ G‘D - §5= 0 5 (4)

where (v *, @ " ) is the residual meridional circulation, i, e.,
Y
> (Ep ) : ®)
5t
' =3 + 1 € (0 v_COSQ ) , (6)
acose do 0,

The vector F is the Eliassen—Palm flux {EP flux}, introduced by Eliassen and Palm (1961)
and extended by Andrews and Mclntyre (1976). However, Andrews and MclIntyre demon-
strated the conservative properties of wave activity only in the case of a f~plane approxima-
tion. Qbviously, the f—plane approximation does not hold for planetary—scale waves because
the meridional wavelength of these waves extends from high to low latitudes, Therefore, it is
necessary to investigate the wave—action conservation equation and the wave—action flux in a
spherical atmosphere. Edmen et al, (1980) extended the wave--action conservation from a
B—piane approximation case to a spherical atmosphere under the assumption of the smallness
of Af/ f, where fis the Coriolis parameter and Af is its meridional change. It is evident that
this assumption does not hold for the planetary waves in low latitudes, because there the
change of Coriolis parameter is large and the Coriolis parameter is small, Thus, it is necessary
to reasonably derive the wave—activity conservation. In this way, it is possible to obtain the ac-
curate relationship between the EP flux divergence and the evolution of basic flow,

Huang (1984) derived the poiential vorticity equation with the influence of the divergent
component of motion on the meridional advection of potential vorticity. From this, the
wave—action conservation in a spherical atmosphere is demonstrated using the WKBJ meth-
od, i e,

94,

St veF=0, 7

where 4, is the wave action and F is the EP flux, i. e.,
F= (— acospu’v’, facospdv’/ ﬁp) . )

Moreover, it is also demonstrated that in a spherical atmosphere, EP flux is parallel to the
local group velocity of the wave, With a primitive equations model for describing planetary



1116 Advances in Atmospheric Sciences Vol 19

0 T T T T
(a} R b}

60 oI b 0]  desadicqramens \'\\\\\\\\\\\ih
SIITIIIILN . S cant ittty
....... A

50 NN

- -—*-::_':Q .t NN 50  cccecciaenvrns X2 RSNV
DI DI DD NN
gab  CTTIZEDUEERATL e e
3 TITUSIINN N F N e VP PR
o L. ,,_,_._k-\\::\\\‘ ©
£l bbb NN e
bl N .k:'::\ RN ;’g 150 TSRS L b 0 PSRN
_______ ~ N ©
,,,,,,,, NN : i -~ - & a0f SRRSO N B S
______ Y - -
| .o IZTilx NI P ‘\\'\\\V/‘ih .......
0 s SIEAY S 200 BT R 8 o
LIl - -
[ N . . ,.,--..-.\\\\\\UTH’. ,,,,,,
PR N \
ok TTTTTT 1 - so0l IUTPRCC L R BN N7 T
_ N b ricgreenan RN IPeaa., ..
5 1 500 1 vaan
N ' posd TR A tea. il
, L i A . B0 ‘H” ”“21‘.:::
15N 30K 45N G0N TN SON TUER 10N 20N JON 40N 50N 6ON JON 80N SON
Latitude

Latitude

Fig. 1. (a} The modeled meridional distribution of EP fluxes in the Northern Hemisphere. (b) The
observed mean EP fluxes in the Northern Hemisphere winter from 1958 / 1959—1997 / 1998,

waves, Chen and Huang (1999) investigated the propagation of quasi—stationary waves in a
three—dimensional atmosphere with EP flux of waves. Fig. la presents the simulated
meridional distribution of the EP fluxes in the Northern Hemisphere, The distributions of EP
flux vectors show vividly that there are two waveguides for the quasi—stationary planetary
wave propagation in winter, One is from the lower troposphere into the stratosphere in high
latitudes. The other is from the troposphere in middle latitudes to the uppet troposphere in
low latitudes, These are in good agreement with the theoretical analysis of Huang and Gambo
(1983b). Using NCEP reanalysis data, we computed the 40 years averaged EP fluxes in the
Northern Hemisphere winter from 1958 / 1959—1997 / 1998 (Fig. 1b). The NCEP reanalysis
data includes the lower stratosphere. So we see that the observations confirm the results of
both the theory and the model by showing the quite similar two waveguides,

The EP flux is not only a useful measure of wave propagation, but also a useful tool for
diagnosing wave—mean flow interacticn. The EP flux has been widely applied to the investiga-
tion of acceleration or deceleration of zonal mean flow. For example, Palmer (1981a, 1981b),
Kanzawa (1980, 1984), O'Neill and Youngblut (1982) performed an analysis on stratospheric
sudden warming using EP flux diagnosis. Huang and Zou (1989) discussed the formation and
maintenance of blocking in the troposphere and stratospheric sudden warming in the North-
ern Hemisphere during 14—28 February 1979 with the EP flux. Here we give the evolution of
zonal wind and divergence ol EP flux at 75°N. As shown in Fig. 2, the convergence of the EP
flux appears in the upper troposphere in high latitudes due to the upward propagation of the
planetary wave. At the same time, the basic flow is decelerated and the warming occurs, There-
fore, the stratospheric sudden warming is the result of anomalous planetary wave propaga-
tion along the high latitude waveguide and its interaction with mean flows.
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Fig. 2. Relationship between the zonal-mean wind (solid curves) and the divergence of EP flux (da-
shed curves) at 75°N, {Units for wind: ms™', Units for divergence: 10" m®).

3. The modulation of planetary wave propagation by tropical QBO zonal winds

The presence of a quasi—biennial oscillation (QBQ) in zonal winds in the equatorial strat-
osphere is well known (Reed et al. 1961). The generally accepted theory of the QBO was devel-
oped by Lindzen and Holton (1968) and Holton and Lindzen (1972). Quasi—biennial varia-
tions have also been detected in middle and high latitudes in both dynamical and tracer fields,
including ozone (Holton and Tan 1982; Hasebe 1983; Labiizke and van Loon 1988). The ba-
sic mechanism responsible for the ozone QBO near the equator appears to be well understood
(Andrews et al. 1987). However, the mechanism for the extratropical QBO signal
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Fig. 3. (a) The EP fluxes and zonal winds for the easterly phase of the QBO in the stratosphere of
the Northern Hemisphere, (b) For the westerly phase. (c) The difference of EP fluxes with
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Fig. 4. (a) The difference of amplitudes with easterly—minus—westerly for wavenumber 1, (b) For
wavenumber 2. (Units: m),

in the zonat wind, temperature, and ozone distributions is not well understood. Quasi—station-
ary planetary waves are produced in the troposphere by the forcing of topography and
diabatic heating. And as shown in section 2, quasi—stationary planetary waves can propagate
into the stratosphere along the high latitude waveguide and propagate to the lower strate-
sphere via the low latitude waveguide in the Northern Hemisphere winter, As we know, the
planetary wave propagation varies with the different structure of zonal flow. Since the tropi-
cal QBO wind is one significant variation of zonal flow in the stratosphere, it may influence
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Fig. 5. Same as Fig. 3, but for the case of wave—mean flow interaction,

the propagation of planetary waves. Chen and Huang (1996a, 1996b, 1999) investigated the
interannual variation of planetary waves with a coupled wave—mean flow model in both the
steady flow case and the non—steady flow case. In the following, we will show the influence of
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tropical QBO winds on planetary wave propagation.

The wave—mean {low coupled model is a primitive equation model with the log—pressure
altitude as the vertical coordinate. The model details can be seen in Chen and Huang (1999).
We integrated the model in the case of steady flow and in the case of wave—mean flow
interaction. In the linear case of steady flows, the difference of dissipative planetary wave
propagation between easterly and westerly phases of the QBO is apparent. but is confined
chiefly to low latitudes with a weak difference at high latitudes. Fig. 3 presents the modeled
35—day mean EP fluxes and zonal winds in the linear case of steady flows for the easterly and
the westerly phases of QBQ in the stratosphere of Northern Hemisphere winter. Both Figs. 3a
and 3b display upward and equatorward refraction of the EP fluxes, However it can be dis-
cerned that the planetary waves can propagate into lower latitudes when the tropical winds
are weslerly, because in this case the zero wind line is shifted into the summer (southern) hemi-
sphere, When the tropical winds are easterly, the zero wind line is shified further north. There-
fore the easterly winds confine the planeiary waves to more further north, The difference of
the easterly phase minus the westerly phase is shown in Fig. 3¢, From this diagram, it is clear
that the main difference is confined around the shifting area of the zero wind line of the tropi-
cal QBO winds, A westerly over the tropics lets the planetary waves propagate across the equa-
tor, while in the phase of the easterly, the planetary waves are prevented from propagating in-
to low latitudes, Under these conditions, the differences of planetary wave amplitudes with
easterly—minus—westerly present a dipole pattern with increasing values at high latitudes (fig-
ure not shown),

The situation is quite different when the planetary waves are coupled with the zonal
mean flows, The differences of planetary wave amplitudes between the easterly phase and the
westerly phase of the QBO are shown in Fig, 4, It can be seen that the planetary waves are
stronger at middle—high latitudes of the Northern Hemisphere in the easterly phase winter
than in the westerly phase winter, Eliassen—Palm cross sections for the easterly and the wester-
ly phase winters are shown in Fig, 3, Although it is similar that the planetary waves are blocke
d near the zero wind surface in the easterly phase winter (Fig_ 5a) and propagate into lower lat-
itudes in the westerly phase winter (Fig. 5b), their difference (easterly~minus—westerly) pres-
ents a prominent feature with larger upward and equatorward fluxes at middle and high lati-
tudes (Fig. 5¢). Comparing this with Fig. 3, it is clear that in this quasi—linear case of
wave—mean flow interaction, the tropical QBO winds can significantly modulate the planeta-
ry wave propagation at middle—high latitudes.

Therefore, in the linear case of steady flows, the tropical QBO winds mainly influence the
low latitude waveguide since the variation of zonal flow appears in the lower stratosphere at
low latitudes. However, in the case of wave—mean flow interaction, the tropical QBO winds
can modulate the high latitude waveguide significantly. The impact of this modification on
the transporl effect of planetary waves will be discussed in section 4.

4. The transport effect of planctary waves on ozone in the atmosphere

It is weil known that ozone forms mainly in the tropical regions, but the total ozone and
its variations are the largest in high latitudes, So there must be a dynamical transport of czone
from the tropical regions to the middle and high latitudes. The study on this dynamical trans-
port has been one of the significant works of scientific research in the middle atmosphere for a
long time (Andrews et al, 1987). Since the traditional Eulerian mean circulation is not suitable
for studying the transport of ozone in the stratosphere, the generalized Lagrangian mean,
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which is made along the trajectory of fluid parcels, was suggested for the investigation of the
transport circulation (Andrews and McIntyre 1978). Furthermore, the residual mean circula-
tion may be regarded as an approximation to the Lagrangian advective motion projected
onto the meridional plane (Plumb and Mahlman 1987).

Using the log—pressure coordinate as the vertical coordinate, we obtain a set of equations
in the f—plane from Equations (1}—6), as in Chen and Huang (1995), Then the equation for
lheAstre:im function ¥ " of residual mean circulation can be obtained with the assumption
of D= §= 0,

fo (v 1o\, @Y _podo
-N—z(azz TH oz )+ ay? % E(PDV'FJ. ©)

From Eq.(9), the following results can be obtained,

(1) The case of no waves

When there is no planetary wave in the stratosphere, it is quite evident that the
Lagrangian mean circulation is zero,

(2) The case of steady, conservative planetary waves

If the upward—propagating planetary waves are steady and conservative, the amplitudes
of the planetary waves do not change with height. Thus, 7 + F= 0, and the Lagrangian mean
circulation is also zero, In this case, the forced Eulerian mean circulation is cancelled exactly
by the effect of the waves, as suggested by Matsuno (1980),

(3) The case of dissipative planetary waves

When the dissipative planetary waves propagate upward, their amplitudes will change
with height, as do the eddy heat transports, Therefore, the forcing term of the residual mean
circulation is not zero, which may cause the wave—mean flow interaction. We take the eddy
heat transport in the form of a function as follows:

T {AD . sinZ%(z— z4) " sinzj-:j-y , 8zKz,+ D
0, z< gy or > zz+ D

where A, is a constant, z, is a specified height, and D is the vertical range of eddy heat trans-
port. Taking the values of the parameters as: L=5000 km, H=7 km, D=12 km,
fo=10"s", N=2%10"5", z;, =14 km, and 4, =50 ms~' K, the solutions of the elliptical
equation (9) can be obtained, Fig, 6 shows the forced Eulerian mean circulation and the force
d residual mean circulation, The Eulerian mean circulation is an obvious negative circulation
at middle latitudes, and two weak positive circulations are distributed in the south and the
north respectively. The residual mean circulation, on the other hand, is an obvious one—cell
positive circulation, That means the transport is from the low latitudes to the high latitudes
when there is a northward eddy heat transport in the stratosphere at middle latitudes. Moreo-
ver, this transport due to planetary wave propagation has seasonal variability with a maxi-
mum during the Northern Hemisphere winter and a minimum in the summer (se¢ Chen and
Huang 1995, 1996a, 1996b).

As discussed in section 3, the planetary wave propagation is influenced by the tropical
QBO winds. Fig. 7 presents the result with the residual meridional circulation of the easterly
phase winter minus that of the westerly phase winter in the case of wave—mean flow
interaction, The difference shows that the meridional transport is amplified during the easter-
ly phase of QBO. Therefore, the modification of planetary wave propagation by the equatori-
al QBQ winds may also explain interannual variability of ozone in the stratosphere at high
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latitudes. In the lower stratosphere, ozone may be considered as a passive tracer of the flow,
The photochemical time constant of ozone decreases with increasing altitude as shown by
Rood and Schoeberl (1983), Thus the ascending motion should decrease the ozone values,
and the descending motion should do the reverse. The enhanced transport during the easterly
phase should increase ozone values at middle and high latitudes. This tendency is in agree-
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ment with the behavior of total column ozone (Hasebe 1983; Bowman 1989},
5. Summaries

In this paper, we investigate planetary wave dynamics based on the transformed
Eulerian—mean equations, Specifically, from the viewpoint of waveguides for planetary wave
propagation, we address the effect of planetary wave—mean flow interaction on the
phenomena of stratospheric sudden warming and QBO of extratropical ozone., The transport
effect of planetary waves on ozone is also analyzed.

The quasi—stationary planetary waves are produced in the troposphere by the forcing of
topography and diabatic heating. Both the observations and the simulations show that in the
Northern Hemisphere winter there are two waveguides for the propagation of quasi—stationa-
ry planetary waves. One is from the middle latitudes to the high latitudes and propagates into
the stratosphere. The other is from the lower troposphere in the middle latitudes to the upper
troposphere in the low latitudes, These results are in good agreement with theoretical
analysis, Moreover, the planetary wave propagation varies with the different structures of zon-
al flow, and also the waves may interact with the mean flows, The convergence of EP flux indi-
cates that the stratospheric sudden warming is the result of anomalous planetary wave propa-
gation along the high latitude waveguide and its interaction with mean flows, The QBO of
tropical winds is one significant variation of zonal flow in the lower stratosphere at low lati-
tudes. These tropical QBO winds should influence the low latitude waveguide of planetary
wave propagation, Our results of the wave—mean flow coupled model indicate that these tropi-
cal winds can also modulate the high latitnde waveguide significantly in the case of
wave—mean flow interaction.

The residual mean circulation and the Eulerian—mean circulation forced by planetary
waves are analyzed theoretically, The results show that there is no transport effect when the
waves are steady and conservative. However, there is strong transport circulation for the
dissipative planetary waves, Under the forcing of northward eddy heat transport, a positive
transport circulation can occur which rises at low latitudes and sinks at high latitudes. Mean-
while, the modification of planetary wave propagation by the equatorial QBO winds is shown
to have an important impact on the transport circulation. The mode! results indicate that the
meridional transport is amplified during the easterly phase of the QBO. This mechanism may
explain the interannual variability of ozone in the stratosphere at high latitudes,
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