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Simulation of planetary waves and their influence on the zonally averaged
circulation in the middle atmosphere
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A linearized numerical model is used to simulate the propagation of stationary planetary waves through the
stratosphere and mesosphere into the lower thermosphere. Wave forcing at the lower boundary has been specified
by the perturbation of the geopotential height for January. The dependence of planetary wave structure on the
zonally averaged wind is investigated through the analysis of results of simulation with different background wind
distributions. The global model of stationary planetary waves has been modified to simulate traveling planetary
waves, and the spectrum of resonant planetary modes has been obtained by forcing the model with a periodic
perturbation of the vertical velocity near the surface. Wave-activity density, Eliassen-Palm flux, and its divergence
are used as a diagnostics of wave propagation and wave-mean flow interaction. It is found that planetary waves can
provide substantial acceleration of the mean flow which is comparable to that one associated with gravity wave and
atmospheric tide breaking and/or saturation. Results of numerical simulation are compared with the climatological
model of stationary planetary waves in the stratosphere and with the preliminary results of wind observations using
WINDII instrument on the UARS.

1. Introduction
Analysis of the results obtained by the Wind Imaging In-

terferometer (WINDII) and High Resolution Doppler Im-
ager (HRDI) on the Upper Atmosphere Research Satellite
(UARS) shows a presence of the strong large-scale longitu-
dinal variations of the emission rates and horizontal winds
in the mesosphere and lower thermosphere (Shepherd et al.,
1993; Smith, 1997), which were interpreted as manifesta-
tion of planetary waves (PWs). Besides, the main purpose of
the PSMOS project is the establishment of a ground-based
mesopause observing system for the investigation of plane-
tary scale disturbances, and the purpose of present paper is
to show some results of the simulation of PWs in the middle
atmosphere and to discuss a possibility of the observation of
these waves by satellite and ground-based equipment. The
comparison of numerical results with the experimental data
will be made and the contribution of PWs to the zonally av-
eraged dynamics of mesopause region will be considered.

2. Model Formulation
The initial set of the equations describing the disturbances

and zonally averaged state can be written as follows (Boyd,
1976; Andrews, 1985)

(ū−c)u′
λ/(a cosϕ)− f1v

′+ūzw
′+φ′

λ/(a cosϕ) = X ′, (1)

(ū − c)v′
λ/(a cosϕ) + f2u

′ + φ′
ϕ/a = Y ′, (2)

φ′
z = Rθ ′ exp(−κz/H)/H, (3)

u′
λ/(a cosϕ)+(cosϕv′)ϕ/(a cosϕ)+(ρ0w

′)z/ρ0 = 0, (4)
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(ū − c)θ ′
λ/(a cosϕ) + θ̄ϕv′/a + θ̄zw

′ = Q′, (5)

ūt − f1v̄
∗ + ūzw̄

∗ = X̄ + ∇·F/(ρ0a cosϕ), (6)

( f + ū tanϕ/a)ū + φ̄ϕ/a = Ḡ, (7)

φ̄z = Rθ̄ exp(−κz/H)/H, (8)

(cosϕv̄∗)ϕ/(a cosϕ) + (ρ0w̄
∗)z/ρ0 = 0, (9)

θ̄t + θ̄ϕ v̄∗/a + θ̄zw̄
∗ = Q̄ − (ρ0∇ θ̄ ·v′θ ′/θ̄z)z/ρ0. (10)

Hereλ is longitude,ϕ is latitude, z = −H ln(p/ps) is the ver-
tical coordinate, where p is pressure, ps = const is a standard
reference pressure, H = const is the scale height; u, v, and
w are the corresponding velocities, φ denotes the geopoten-
tial, and θ the potential temperature; R is the gas constant for
dry air, κ = R/cp, cp is the specific heat at constant pressure;
X, Y are the unspecified horizontal components of friction
or other nonconservative mechanical forcing, Q is the di-
abatic heating term; ρ0(z) = ρs exp(−z/H) is a reference
density profile, ρs = const; f1 = f + ū tanϕ/a − ūϕ/a,
f2 = f + 2ū tanϕ/a, f = 2	 sinϕ is the Coriolis pa-
rameter; 	 and a are the Earth’s rotation rate and radius;
F = (0, F (ϕ), F (z)) is the Eliassen-Palm (EP) flux vec-
tor, Ḡ represents all the terms that lead to departures from
the gradient wind balance between φ̄ϕ and ū; v̄∗ and w̄∗ de-
fine the residual meridional circulation velocities. In Eqs.
(1)–(10) an overbar denotes the zonally averaged values, the
disturbance is denoted by a prime; the subscripts λ, ϕ, z, t
denote corresponding derivatives.
We assume the disturbances in Eqs. (1)–(10) to be a sum

of zonal harmonics, i.e., q ′(λ, ϕ, z, t) = Re
∑

m q ′
m(ϕ, z)

exp[i(mλ − ωt)], where q ′
m is the complex amplitude and

m is the zonal wavenumber. It is necessary to note that Eqs.
(1)–(5) are the linearized set of equations for disturbances,
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and that they apply for a single zonal harmonic with phase
speed c.
The formulation of the boundary-value problem for sim-

ulation the latitude height structure of the planetary scale
disturbances and the numerical method of the solution were
described in the paper Pogoreltsev and Sukhanova (1993),
and here we will only present and discuss the results of the
simulations with this model. However, it is necessary to note
that the simplification of the initial set of equations for dis-
turbances based on the scale analysis (by assuming a large
Richardson and a smallRossbynumbers (Pogoreltsev, 1996))
are not justified in the case of inertia-gravity PWs (Salby,
1980) (for instance, the 2- and 5-day travelling PWs), and in
present paper we will consider the solution of exact primitive
set of Eqs. (1)–(5).
Following Pogoreltsev (1996), we resolve (1) and (2) with

respect to v′ and introduce a new function ψ ′ as follows

ψ ′ = a cosϕ

iσR
v′ = a cosϕ

iσR( f1 f2 − σ 2
R)

[−iσRφ′
ϕ/a

+ f2imφ′/(a cosϕ) + i f2ūzw
′], (11)

i.e.,
v′ = iσRψ ′/(a cosϕ), (12)

whereσR = mū/a cosϕ−ω−iβR, βR is theRayleigh friction
coefficient.
Solving (5) with respect to w′, and eliminating v′ using

(16), we obtain

w′ = 1

N 2
[iσR f2ūzψ

′/(a cosϕ) − iσNφ′
z], (13)

where σN = mū/a cosϕ − ω − iαN, αN is the Newtonian
cooling coefficient. Account being taken of (3) and the fol-
lowing expressions θ̄ϕ/a = −ūz f H exp(−κz/H)/R, θ̄z =
N 2H exp(−κz/H)/R, where N 2 = R(T0z + κT0)/H is the
Brunt-Väisälä frequency squared, T0 is the background tem-
perature. The dissipative processes were parameterized in
the form of Rayleigh friction (X ′ = −βRu′, Y ′ = −βRv′)
and Newtonian cooling (Q′ = −αNθ ′).
Then, using (12) and (13), Eq. (1) can be resolved with

respect to the perturbation of the zonal velocity

u′ = 1

a cosϕ

[(
f1 − f2

ū2z
N 2

)
ψ ′ − m

σR
φ′
]

+ ūzσN

σRN 2
φ′
z .

(14)
Substituting (13) into (11), and solving the later with respect
to φ′

ϕ , we obtain

φ′
ϕ = m f2

σR cosϕ
φ′− a f2ūzσN

σRN 2
φ′
z−

f1 f2 − σ 2
R − f 22 ū

2
z/N

2

cosϕ
ψ ′.

(15)
Substituting u′ (14) and v′ (12) into (4), and eliminating w′

using (13), we obtain the following equation

ψ ′
ϕ = −m f2(1 − ū2z/N

2)

σR cosϕ
ψ ′ + i

σR

∂βR

∂ϕ
ψ ′

+ m2

σ 2
R cosϕ

φ′ − maūzσN

σ 2
RN

2
φ′
z + ia2 cosϕ

σRρ0

× ∂

∂z

{ ρ0

N 2
[iσR f2ūzψ

′/(a cosϕ) − iσNφ′
z]
}

, (16)

account being taken of ∂σR/∂ϕ = m( f2 − f1)/ cosϕ −
i∂βR/∂ϕ.

The set of Eqs. (15) and (16) is very similar to those consid-
ered in Pogoreltsev and Sukhanova (1993), and the numerical
method described in this paper can be applied to the solution
of the boundary value problem with small modifications.

3. The Background State
The numerical simulations of the global structure of plan-

etary waves were carried out for the climatic conditions of
the Northern hemisphere winter. The background tempera-
ture was taken from the MSIS-90 model (Hedin, 1991). The
vertical profile of T0(z) is shown in Fig. 1. The simulations
that we discusswere performed for the atmospherewith scale
height H = 7 km using the vertical step �z = H/4.

To simulate the global structure of SPWs, we used three
models of the background wind for January conditions

1) HWM-93 model (Hedin et al., 1996);

2) In altitude region between 90 and 120 km we used an
empirical model of zonal wind based on the WINDII
data (Wang et al., 1997).
The background wind distributions in the HWM-93 and
WINDII models are shown in Figs. 2 and 3. One can
see that in these models the westerlies over equator in
the mesosphere are absent. However, the direct mea-
surements by the HRDI for January 1992 through June
1993 show thewesterlies over equator up to the 90 km in
winter (Lieberman et al., 1993; Lieberman and Riggin,
1997). To investigate the effect of themesosphericwest-
erlies over equator on the propagation of the PWs, we
used

3) MODIFIED model, which was defined as follows

ū = ū(WINDII)

+30 exp

[
−
(
z − 75

15

)2
]
exp

[
−
( ϕ

30

)2]
. (17)

Fig. 1. The vertical profile of the background temperature.
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Fig. 2. Meridional contours of background zonal wind (m/s) for HWM-93
model, solid—westerlies, dashed—easterlies. January conditions.

Fig. 3. As in Fig. 2, for WINDII model.

The distribution of the background wind for the
MODIFIED model is shown in Fig. 4.

4. Dissipation Parameters
The dissipative processes were parameterized in the form

of Rayleigh friction and Newtonian cooling with coefficients
βR(z, ϕ) and αN(z). To avoid the numerical instability of the
solution near the critical surfaces, we introduce a localized
effective Rayleigh friction coefficient in these regions

Fig. 4. As in Fig. 2, for MODIFIED model.

Fig. 5. The vertical profile of the radiative damping rate.

βR(z, ϕ) = βR0 + (mβRm − βR0) exp

[
−
(

ū − c

a cosϕβRm

)2
]

,

(18)
where βR0 = 10−6 s−1, βRm = 3 · 10−6 s−1. For Newtonian
cooling we used the parameterization of damping rate in the
cool-to-space limit given by Zhu (1993). Above 120 km the
infrared radiation resulting from 5.3 μm nitric oxide band
plays the main role in the lower thermosphere heat balance,
and we used the formula given by Kockarts (1980) to cal-
culate the damping rate in the thermosphere. The resulting
Newtonian cooling coefficient is presented in Fig. 5.
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Fig. 6. Latitude-height section of amplitude (dam) for the perturbation of
the geopotential height in SPW with m = 1 and background wind from
HWM-93 model.

Fig. 7. As in Fig. 6, for WINDII model.

Fig. 8. As in Fig. 6, for MODIFIED model.

5. Boundary Conditions
To simulate the global structure of stationary planetary

waves (SPW) with zonal wave number m = 1, the ampli-
tudes and phases of geopotential height perturbations at the
level 18.55 mb (z = 28 km) taken for January conditions
from CIRA-86 climatic model (Barnett and Corney, 1985)
were set as a low boundary condition. The lower boundary
condition for traveling PWs will be discussed later, when
we will consider the resonant response of the atmosphere to
lower boundary forcing. The perturbation of the geopoten-
tial at the upper boundary which is set at 140 km was taken
to be equal zero. This upper boundary condition leads to the
PWs reflection. However, due to strong dissipation in the
lower thermosphere, the influence of this reflection becomes
negligible at short distances from the upper boundary.

6. The InfluenceofBackgroundWindDistribution
on SPW

The results of simulation of the stationary planetary wave
with zonal wave number m = 1 in a form of isolines of am-
plitude of the geopotential height perturbation are shown in
Figs. 6–8 for HWM-93, WINDII, and MODIFIED models
of the background wind. One can see that in the cases of
the HWM-93 and WINDII models SPW propagates mainly
into the high latitude region of the Northern hemisphere and
then dissipates at the altitudes of the lower thermosphere (see
Figs. 6 and 7). In the case of MODIFIED model there is a
penetration of SPW into the Southern hemisphere across the
equator through themesosphericwesterlies. In result the am-
plitudes of the geopotential height perturbations in the SPW
withm = 1 are comparable in the lower thermosphere of the
winter and summer hemispheres. The comparison Figs. 6–8
with results obtained by Pogoreltsev (1996) using CIRA-
86 zonal mean wind model (Chandra et al., 1990) shows
that in our case the latitudinal structure of the geopotential
height perturbation is more smooth (themaximum at 75◦N in
the mesopause region is absent, see figure 3 in Pogoreltsev,
1996). It seems that the main reason for this discrepancy is
the strong latitudinal smoothing of the zonal mean wind due
to including only limited set of the vector spherical harmon-
ics in the analytical empirical horizontal windmodels (Hedin
et al., 1991; Wang et al., 1997).

7. Comparison of the Computations andObserva-
tions

The vertical structure of the geopotential height perturba-
tion in SPWwithm = 1 at the latitude 60◦N for MODIFIED
background wind model is shown in Fig. 9. Dotted lines
show the vertical profiles of the amplitude and phase taken
from empirical model of SPW (Barnett and Corney, 1985).
The comparison of the results of simulation (solid lines) with
observations shows good agreement.
The latitudinal dependencies of the amplitude and phase

of the meridional wind perturbation in SPWwith zonal wave
number m = 1 at the altitude z = 90 km are shown in
Fig. 10. Dotted lines show the results obtained fromWINDII
data averaged over period 1992–1996 (Wang, D. Y., private
communication). Solid lines show the results of simula-
tion with the MODIFIED background wind model. One can
see that the latitudinal structure of the amplitude does not
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Fig. 9. The vertical profiles of the amplitude and phase (the position of
ridges) of the geopotential height perturbation in SPW with m = 1 at
the latitude 60◦N. Dotted lines show the results from empirical model
CIRA-85.

Fig. 10. Latitudinal dependencies of the amplitude and phase of the merid-
ional wind perturbation in SPW with m = 1 at the altitude z = 90 km.
Dotted lines show the results obtained from WINDII data averaged over
period 1992–1996 (Wang, D. Y., private communication).

show good agreement between WINDII observations and
solution. Perhaps the reason for this discrepancy is the lati-
tudinal smoothing of the background wind in the analytical
empirical horizontal wind models (Hedin et al., 1991; Wang
et al., 1997). However, the latitudinal behavior of the phase
(westward slope) shows good agreement between WINDII
observations and solution. It is necessary to note that west-
ward slope of the phase, when we move from the Northern
to Southern hemisphere, indicates the cross equatorial SPW
propagation, and this result supports our assumption that in
winter there are the westerlies over the equator in the meso-
sphere.

8. Response of the Atmosphere to the Lower
Boundary Forcing

The model of the global structure of SPW (Pogoreltsev
and Sukhanova, 1993) was modified to simulate the spectral
atmospheric response to the symmetric and asymmetric forc-
ing by the perturbation of the vertical velocity at the lower
boundary. This problem is similar to the problem which
was considered by Schoeberl and Clark (1980). However,
there are some reasons to reconsider this question oncemore.
Schoeberl and Clark (1980) used the quasi-geostrophic vor-
ticity equation for the simulation of the structure of PW.
Kirushov (1988) investigated the eigenvalues and eigenfunc-
tions of the latitudinal structure operator of PW under quasi-
geostrophic approximation, and it has been shown that the
spectrum becomes quasi-confluent and symmetricmodes co-
incide with asymmetric ones with the exception of the sign
in another hemisphere when the Rayleigh friction coefficient
tends to zero. In other words, we have the complete set of
the eigenfunctions in each hemisphere separately, and the
Northern and Southern hemispheres do not interact in this
case. In result low frequency responses of the atmosphere to
the symmetric and asymmetric forcing are very similar (see
figure 2 in Schoeberl and Clark, 1980). In the case of primi-
tive set of equations the responses become noticeably differ-
ent. This problem was investigated by Salby (1981a), and it
has been shown that the background wind shears cause the
spectral broadening and shifting of the resonant responses.
However, it seems that strong spectral broadening obtained
by Salby (1981a) is the consequence of the low latitudinal
resolution and small dissipation. Lindzen and Blake (1972)
showed that realistic dissipation mechanisms suppress the
atmospheric response, and that the effect increases with the
period of the wave.
To investigate the sensitivity of the atmospheric response

to lower boundary forcing, we specified the following bound-
ary conditions. For the symmetric forcing we used w̃∗(z =
0) = w̃∗

0 cos 2ϑ , and for asymmetric forcing w̃∗(z = 0) =
w̃∗

0 cosϑ , where w̃∗ = w∗2	a/gH cosm ϕ, w∗ = w′ −
iωφ′/g is the analog of the vertical velocity in the geometric
coordinates, ϑ = π/2 − ϕ is co-latitude, and w̃0 = 10−5. It
is necessary to note here that all calculations connected with
traveling PWs were made with the HWM-93 model of the
background wind for January conditions.
The amplitude responseof themodel to the lower boundary

forcing for westward PWs with m = 1 as function of the
period are shown in Fig. 11. Here we define the response as
follows

Response = 1

N

All∑
i, j

|φ′
i j | exp(−zi/2H), (19)

where N is a number of grid points. One can see from this
figure that there are well defined resonant responses at the
periods about 5 and 16 days for symmetric, and at the pe-
riod about 10 days for asymmetric forcing. The latitudinal
structures of the geopotential height perturbations in the 10-
and the 16-day PWs at the altitude z = 7 km are shown in
Fig. 12. This figure shows that these waves can be identi-
fied with first asymmetric (1, 2) and second symmetric (1, 3)
normal atmospheric modes in the nomenclature of Longuet-
Higgins (1968). By analogy the 5-day PW can be identified
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Fig. 11. Response to the symmetric (solid) and asymmetric (dashed) forcing
for the westward PWs with m = 1.

Fig. 12. The latitudinal structure of the geopotential height perturbations
in the 10- and 16-day PWs at altitude 7 km.

with first symmetric mode (1, 1). The amplitude response
of the model to the lower boundary forcing for the westward
PW with m = 2 is shown in Fig. 13. It is easy to identify
the maxima in this figure with first symmetric (2, 1) and first
asymmetric (2, 2) normal modes with the periods about 4
and 7 days, respectively. The second symmetric mode for
PW with m = 2 does not develop due to strong dissipation.
To reproduce the realistic conditions, we calibrate the solu-

tion in ourmodel using themeasured geopotential height am-

Fig. 13. Response to the symmetric (solid) and asymmetric (dashed) forcing
for the westward PWs with m = 2.

Fig. 14. Latitude-height section of amplitude (dam) for the perturbation of
the geopotential height in 16-day PW.

plitude of the 16-day PW in stratosphere averaged over Jan-
uary 10–22, 1979—the maximum is about 100 dam (Smith,
1985). The latitude-altitude structure of the geopotential
height amplitude for the 16-day PW is shown in Fig. 14. One
can see that this wave propagates from winter stratosphere
into the summer lower thermosphere across the equator. This
result is similar to the result obtained by Forbes et al. (1995)
using the Global Scale Wave Model—GSWM (Hagan et al.,
1995). The direct comparison of our results with the ones
obtained using the GSWM is impossible because the dif-
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ferent background wind models were used for simulation.
However, it is necessary to note that the propagation of the
16-day PW across the equator without the westerlies in the
mesosphere at low latitudes is more effective in our case.
We calibrate the 10-day PW solution by similar way, assum-
ing that in the mesopause region this wave has the ampli-
tude comparable with the amplitude of the 16-day PW, and
the latitude-altitude structure of the 10-day PW is shown in
Fig. 15. The latitudinal structures of the geopotential height
perturbations in the 10- and16-dayPWsat the altitude z = 96
km are shown in Fig. 16. One can see from this figure that
the latitudinal changes in these waves are very similar, and
there are westward slopes of phases from Northern to South-
ern hemisphere for both of waves. These slopes indicate
the propagation of PW from winter into summer hemisphere
across the equator. We cannot identify the 10- and 16-day
PWs in the mesopause region with the normal atmospheric
modes as, for instance, in the troposphere (see Fig. 12), and it
is possible to make a conclusion that the latitudinal structure
of these waves in the middle and upper atmosphere depends
mainly on the distribution of the background wind, and does
not depend on the latitudinal structure of the lower boundary
source. The structures of the amplitude of zonalwind, merid-
ional wind, and temperature perturbations due to the 16-day
PW are shown in Figs. 17–19. These figures show that there
exist substantial (±15 m/s) variations of the zonal wind in
the mesopause region conditioned by the 16-day wave. The
variations of the meridional wind are smaller by a factor of 2.
These values are in a good agreement with the experimental
data obtained by Forbes et al. (1995) from radar measure-
ments over Obninsk, Russia (54◦N, 38◦E) and Saskatoon,
Canada (52◦N, 107◦W). The variations of the temperature
at the middle latitudes of both hemispheres can reach ±5 K.
The response of themodel to asymmetric forcing for west-

ward PWs with m = 3 is shown in Fig. 20. The maximum
in this figure is situated at the period 52.5 hours, and this
PW can be identified with well known third Rossby-gravity
normal atmospheric mode (3, 0), the so-called 2-day wave.
This result is in a good agreement with the result obtained
by Salby (1981a) who obtained the resonant response at the
period about 54 hours. The influence of the zonal mean wind
on the atmospheric response to the asymmetric low boundary
forcing with zonal wave number m = 3 was considered by
Hagan et al. (1993) using GSWM. It has been shown that
a relatively weak eastward winter jet and a reversal of the
westward jet at lower thermospheric heights in the summer
hemisphere can shift the resonant period to about 46 hours
and lead to strong increases in the calculated amplitudes of
the 2-day PW at tropical to middle summer latitudes. How-
ever, it seems that this result is associated with increase of
the PW amplitude at the altitude about 70 km in the summer
hemisphere (see figure 6 in Hagan et al., 1993) due to weak
numerical instability near the critical surface and does not
relate to the resonant atmospheric mode. The reason for this
conclusion is that the period of resonant response depends
mainly on the zonal mean wind and temperature distribu-
tions within the first three atmospheric scale heights (Salby,
1981a) and must be insensitive to changes of background
parameters in the upper layers of the atmosphere.
To reproduce the realistic conditions, we calibrate the so-

Fig. 15. As in Fig. 14, for the 10-day PW.

Fig. 16. The latitudinal structure of the geopotential height perturbations
in the 10- and 16-day PWs at altitude 96 km.

lution using the observed by WINDII during January 1993
magnitudes of the horizontal wind variations due to the 2-day
wave (Ward et al., 1996). The latitudinal structures of the
amplitude of zonal and meridional wind perturbations in the
2-day PW at the altitude z = 96 km are shown in Figs. 21
and 22. Dashed lines show the results obtained from the
analysis of WINDII data, solid lines show the numerical so-
lution. One can see that latitudinal structure of the amplitude
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Fig. 17. Latitude-height section of amplitude (m/s) for the perturbation of
zonal wind in 16-day PW.

Fig. 18. As in Fig. 17, for the perturbation of meridional wind.

Fig. 19. As in Fig. 17, for the perturbation of temperature.

Fig. 20. Response to the asymmetric forcing for the westward PWs with
m = 3.

of the zonal wind does not show good agreement between
WINDII results and solution. The latitudinal structure of
the PW, and especially the perturbation of the zonal wind, is
strongly sensitive to the latitudinal changes in the background
wind, and one of the possible reasons of the discrepancy be-
tween calculated and observed latitudinal variations of the
zonal wind is the smoothing of the background wind in the
HWM-93 model. The latitudinal structure of the meridional
wind shows good agreement between the WINDII data and
solution. The latitude-altitude structure of the amplitude of
the meridional wind component in the 2-day PW is shown
in Fig. 23. One can see that the 2-day wave propagates from
the equatorial stratosphere into the lower thermosphere of
the Southern (summer) hemisphere. The results of our cal-
culations show that there is a good agreement between the
simulation and observation ofmeridional wind component in
the mesopause region. However, the amplitude of the merid-
ional wind perturbation in the upper stratosphere exceeds 60
m/s, and this is much larger than the observation. To explain
this discrepancy we performed the simulation of the 2-day
PW structure using slightly modified zonal mean wind in the
equatorial stratosphere, which was defined as follows

ū = ū(HWM − 93)

+20 exp

[
−
(
z − 45

15

)2
]
exp

[
−
( ϕ

30

)2]
. (20)

It is interesting to note that latitude-height structure of the
amplitude of the meridional wind perturbation (Fig. 23) is
very similar to the results obtained by Salby (1981b) for
the equinox conditions when the westward jet in the lower
stratosphere at the low latitudes reverses to the eastward jet
in the upper stratosphere. This is the reason to introduce
modification (20). The vertical profiles of HWM-93 and
modified zonal mean wind over the equator are shown in
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Fig. 21. Latitudinal dependencies of the amplitude and phase of the zonal
wind perturbation in 2-day PW with zonal wave number m = 3 at the
altitude z = 96 km. Dashed lines show the results obtained from analysis
of WINDII data.

Fig. 22. As in Fig. 21, for the perturbation of meridional wind.

Fig. 24. This figure shows that the modification decreases
the positive vertical gradient of the background wind in the
upper stratosphere.
The calculated vertical profiles of the amplitude (left) and

phase (right) of the meridional wind perturbation over the
equator obtained using the HWM-93 and modified zonal
mean wind models are shown in Fig. 25. This figure shows
that small modification of the background wind in the strato-
sphere over the equator leads to considerable increase of the

Fig. 23. Latitude-height section of amplitude (m/s) for the perturbation
of the meridional wind component in 2-day PW. HWM-93 zonal mean
wind model has been used.

Fig. 24. Vertical profiles of the zonal meanwind over the equator. Solid line
shows the HWM-93 model and dashed—modified according Eq. (20).

vertical wave-length in the upper stratosphere (from about
15 to 30 km), and to the better propagation of the 2-day PW
from the stratosphere into the lower thermosphere. In re-
sult the amplitude of the 2-day PW increases in the lower
thermosphere and to reach agreement between the ampli-
tude obtained by simulation and the WINDII observations
we must recalibrate the solution (divide by factor about 3).
Latitude-height section of the amplitude of the meridional

wind perturbation obtained after this calibration is shown in
Fig. 26. One can see from this figure that discrepancy be-
tween the numerical solution and experimental data in the
upper stratosphere disappeared. It is necessary to note that
the structure of the amplitude of the meridional wind pertur-
bation in the mesopause region practically does not change
(compare Figs. 23 and 26). The calculated structures of the
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Fig. 25. Vertical profiles of amplitude (left) and phase (right) of the merid-
ional wind perturbation in 2-day PW over the equator obtained using the
HWM-93 (solid) and modified (dashed) wind models.

Fig. 26. Latitude-height section of amplitude (m/s) for the perturbation of
the meridional wind component in 2-day PW. Modified zonal mean wind
model has been used.

amplitude of zonal wind and temperature perturbations due
to the 2-day PW obtained using the modified background
wind model are shown in Figs. 27 and 28.
The comparison of results obtained using the HWM-93

and modified zonal mean wind models shows that small
variations of the background wind in the stratosphere over
the equator (for instance, quasi-biennial oscillations) exert
strong influence on the propagation of the 2-day PW from
the lower into the upper atmosphere and can modulate the
amplitude of this wave in the mesopause region.

9. The Wave-Mean Flow Interaction
The generalized Eliassen-Palm theorem states that F (see

(6)) appears as the flux in the wave-activity density conserva-
tion law, which can be written for waves of small amplitude
α as follows (Andrews and McIntyre, 1976, 1978)

∂A/∂t + ∇·F = D + O(α3), (21)

Fig. 27. As in Fig. 26, for the perturbation of zonal wind.

Fig. 28. As in Fig. 26, for the perturbation of temperature.

where A, D and F are mean O(α2) functions of wave quan-
tities and D vanishes for conservative (i.e. adiabatic, fric-
tionless) waves. Note that in the case of the steady waves
∇·F = D. Thus, for the steady non-conservative waves
D �= 0 and defines the acceleration of the zonally mean flow
by the waves.
Andrews (1987) obtained the simple explicit expressions

for the wave-activity density A and non-conservative source
of wave-activity D, which involve Ertel’s potential vorticity,
and include only Eulerian quantities

A = ρ0a cosϕ(A1 + A2 + A3), (22)

A1 = 1

2
ρ0$′2/ J̄ , A2 = 1

2
ρ0(ūz/ρ0)zθ ′2/θ̄2

z ,

A3 = −u′
zθ

′/θ̄z,

D = ρ0a cosϕ(D1 + D2 + D3), (23)

D1 = ρ0$′!′/ J̄ , D2 = ρ0(ūz/ρ0)zθ ′Q′/θ̄2
z ,
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Fig. 29. The force per unit mass on the mean flow ∇·F/(ρ0a cosϕ), due
to SPW (m = 1) dissipation. Contour interval is 2 ms−1day−1, solid
contours are positive, dashed negative and zero contour is removed.

Fig. 30. As in Fig. 29, but for the summary effect of westward traveling 2-,
5-, 10-, and 16-day waves. Contour interval is 4 ms−1day−1.

D3 = −(X ′
zθ

′ + u′
z Q′)/θ̄z,

$′ = P ′ − θ ′ P̄z/θ̄z, !′ = R′ − Q′ P̄z/θ̄z,

J̄ = 1

a

∂(P̄, θ̄ )

∂(ϕ, z)
≡ 1

a
(P̄ϕθ̄z − P̄z θ̄ϕ),

where P is Ertel’s potential vorticity, and Ertel’s theorem
states that

DP/Dt = R, (24)

where D/Dt is thematerial derivative, and R represents non-
conservative effects. The latitude-height section of the EP
flux divergence (the force per unit mass on the mean flow
due to PWs dissipation) for SPW with m = 1 are shown
in Fig. 29. Our calculations show that in the case of PWs
|A1| � |A2|, |A3| (|D1| � |D2|, |D3|), and as a conse-
quence of this fact, the sign of the wave-activity density (and
EP divergence) is determined by the sign of J̄ . The sign of J̄

is mainly determined by the sign of the latitudinal gradient of
the background Ertel’s potential vorticity. As a result, in the
region of the negative latitudinal gradient of the Ertel’s po-
tential vorticity A < 0 and D > 0, i.e., we have the eastward
acceleration of the zonally averaged flow. The comparison
of Fig. 29 with the result obtained by Pogoreltsev (1996) us-
ing CIRA-86 mean zonal wind model (Chandra et al., 1990)
shows that the background wind distribution is crucial for re-
sulting distribution of the EP flux divergence (see figure 5 in
Pogoreltsev, 1996). This strong influence of the zonal mean
wind on the force per unit mass on themean flow due to SPW
dissipation can be explained by summary effect of the back-
ground wind on the SPW structure and on the distribution of
J̄ .
The magnitudes of the accelerations due to the traveling

PWs are comparable with the ones due to SPW with m = 1.
However, if we add together the effects of different west-
ward traveling PWs, the accelerations due to these waves
become more significant. In Fig. 30 the force per unit mass
on the mean flow due to the 2-, 5-, 10-, and 16-day waves are
shown. One can see from this figure that in the mesopause
region these accelerations can reach the magnitude about
30 ms−1day−1. This value is comparable with the accelera-
tions due to the internal gravity waves and atmospheric tides
breakdown and/or saturation (Lindzen, 1981).

10. Main Results
The results of simulations with the numerical model of

the SPW and traveling PWs structure can be formulated as
follows

• There is a good qualitative agreement between the re-
sults of simulation of the planetary waves and the avail-
able experimental data.

• The latitudinal structures of PWs in the middle atmo-
sphere are strongly dependent on the distribution of the
background wind, and to provide the detailed compari-
son of the results of simulation with the characteristics
of PWs obtained from experimental data, it is necessary
to use (and develop) the background wind models tak-
ing into consideration the local latitudinal variations of
the zonally averaged wind.

• There is the experimental support (westward slope of
the phase) of the cross equatorial propagation of the
stationary PWs from the winter stratosphere into the
summer lower thermosphere through the westerlies in
the low latitude mesosphere, and the question about the
existence of eastward zonal wind in this region is cru-
cial for our understanding of the dynamical interaction
between hemispheres.

• Small variations of the zonal mean wind in the strato-
sphere over the equator exert strong influence on the
propagation of the 2-day PW from the lower into the
upper atmosphere and can modulate the amplitude of
this wave in the mesosphere and lower thermosphere.

• Planetary waves can provide the substantial accelera-
tions of the zonally averaged flow in the mesosphere
and lower thermosphere so that to simulate the general
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circulation of these regions it is necessary to develop
three dimensional models.

• The magnitude of the perturbations of the meteorologi-
cal parameters due to presence of PWs in themesopause
region is sufficient to be registrated by satellite and
ground-based instruments.
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