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the upper troposphere and lower stratosphere as a function 
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ABSTRACT 
The influence of variations of the mean zonal wind in the upper atmosphere on the structure of 
planetary waves in the upper troposphere and lower stratosphere has been investigated by means 
of a two-dimensional stationary wave-propagation model. It is found that the amplitude and 
phase at altitudes between 5 and 20 km, where the refraction index was left unchanged, are very 
sensitive to the mean zonal wind in the upper stratosphere. The reason for this dependence is the 
reflection of the planetary wave at the polar night jet. In the region above 20 km the structure of 
planetary waves depends strongly on the mean zonal wind as was previously found by Schoeberl 
and Gella (1976). Our calculations corroborate the conception that anthropogenic modi- 
fications and extra-terrestrial effects in the middle stratosphere can lead to consequences in the 
troposphere, as previously discussed by Bates (1977) and Grieger and Schmitz (1978). 

1. Introduction 

The propagation of planetary waves in the 
stratosphere and mesosphere was investigated by 
Matsuno (1970) and Schoeberl and Geller (1976, 
1977) by means of a two-dimensional model. The 
latter found that the amplitude and phase of 
planetary waves show a great variability in the 
stratosphere and mesosphere when the mean zonal 
wind is changed in these heights. The reason for 
this is the dependence of the refraction coefficient 
on the mean zonal wind. 

In this study we show the variability of planet- 
ary waves and associated meridional transport of 
sensible heat in lower atmospheric levels where the 
refraction coefficient is unchanged, whereas the 
mean zonal wind field is only changed in the upper 
levels. 

Bates (1977) and Grieger and Schmitz (1978) 
(in the following denoted by I) have investigated 
this problem by means of one-dimensional models. 
Bates solved the equation of quasigeostrophic 
theory of type 2 for analytical wind profiles, and 
the Newtonian cooling coefficient was assumed 

zero in the stratosphere below about 45 km. In (I) 
the equation for geostrophic motion of the first kind 
was solved up to 100 km with a real mean zonal 
wind profile and a constant Newtonian cooling 
coefficient. 

Both papers showed that the variation of the 
zonal wind maximum in the high stratosphere, 
while the tropospheric and lower stratospheric wind 
field remained unaltered, produced major fluctu- 
ations in the amplitude and phase of the planetary 
waves and the corresponding transport quantities 
in troposphere and lower stratosphere, respectively. 
The investigations showed that this result is due to 
the reflection of planetary waves at the west wind 
maximum. Attention was drawn by Bates (1977) 
and, independently, by (I) to the fact that this 
major dynamic process indicates how anthropo- 
genic modifications and extra-terrestrial effects in 
the middle stratosphere can lead to consequences in 
the troposphere. 

This paper continues the studies of the problems 
presented in (I), this time using a two-dimensional 
wave propagation model, since the simple P-plane 
model reproduces only qualitative aspects of 
planetary wave propagation. 
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2. Themodel 
The calculations are based on the linearized 

quasi-geostrophic equations of motion, Dickinson 
(1968b), and take the Newtonian cooling and 
Rayleigh friction into account: 

d p A y +  u-'(u- [U-'(OO),,,IJ~, + pA#=O, 

h - p y =  0, 

dhz - O.~/KO,IJJ, + SW =-ah,, 
A # +  w , - w = O .  

ry, 4 are the stream function and velocity potential, 
(p, A are the latitude and longitude, A is the Laplace 
operator, h is the geopotential height, w = UfRao, 
U is the zonal wind, a is the radius of the earth, R is 
the angular velocity of the earth, S is a non- 
dimensional statical stability term, a is the Newto- 
nian cooling coefficient, p, Rayleigh friction, d = 

1000 mb, w = dzldt, p = sin p and u = cos (p. 

y =  0 for (p= 0, d 2 .  

At the bottom boundary, in 5 km, the experi- 
mentally determined disturbances, as shown in Fig. 
1, based on the results from Van Loon et al. (1973), 
are given. 

The radiation condition applies to the upper 
boundary. 

The differential quotients in the model equations 
are replaced by finite difference quotients and the 

(afat + o s w a f a ~ ) ,  dD = d + . p R ,  z = In polp,po = 

At the meridional boundaries, it is assumed that 

resultant system of algebraical equations is solved 
numerically by the method described by Lindzen 
and Kuo (1969). The numerical results depend 
largely on the number of grid points, and we have 
investigated this dependence for different Newto- 
nian cooling coefficients. Our results described here 
are based on a vertical resolution of about 2.5 km 
and a latitudinal resolution of Ap = 2 S 0 .  

Fig. 2 shows the used Newtonian cooling profile 
which is based on a profile given by Cunnold et al. 
(1975). The Rayleigh friction parameter is 

pR = 1.10-8 s-1. 

At the upper boundary we assume that there is no 
vertical wind-shear. 

We have not solved the correct meridional 
eigenvalue problem, but assume a constant atmo- 
spheric rotation and have calculated the eigenvalue 
with a mean zonal wind value as described by 
Dickinson (1968a). 

Fig. 3 shows that the vertical stucture of the 
planetary wave does not critically depend on the 
chosen eigenvalues. With this boundary condition 
we can show in Fig. 4 that our numerical results are 
in agreement with experimental data from Schmitz 
and Grieger (1979). 

3. Wind models 
The wind profiles M, M,,,, M,.2 shown in Fig. 5a 

and based on a profile given by Matsuno (1970) 
were used as a basis for the model calculation of 
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Fig. 1. The amplitude and phase of geopotential for 
wave number 1 at 5 km, the lower boundary, after Van 
Loon et al. (1973). 
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Fig. 2. The Newtonian cooling profile based on 
Cunnold et al. (1975). We assume a linear decreasing 
from 60 to 80 km. 
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Fig. 3. The amplitudes and phases of the geopotential for wave number 1 in 50 and 60°N of two-dimensional model 
calculations with Newtonian cooling and Rayleigh friction coefficient & = 1.10-* s-' for different eigenvalues Y 
(after Dickinson 1968a) at the upper boundary condition ( y :  = 80., -, y: = 600.. . . .). 

the propagation of planetary waves with the wave 
number one. The profiles M,,8 and M,.* were 
obtained from the profile M by reducing or 
increasing the wind maximum in the stratosphere 
by factors of 0.8 and 1.2, respectively. 

In the case of the modified profiles, the wind in 
the troposphere was left unchanged. The assumed 

fluctuations in the stratospheric winds lie within the 
normal range of fluctuation revealed by experi- 
mental results described in (I) (Fig. 2). To permit 
comparison of the dserent  solutions obtained by 
our two-dimensional calculations, Fig. 5b shows 
the vertical wind profiles at the latitudes of 40, 50 
and 60°N. 
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Fig. 4. The amplitudes and phases of the geopotential for wave number 1 in 60°N for a two-dimensional model 
calculation with Newtonian cooling profile as shown in Fig. 2 and B, = 1,10-8 s-l and the 
experimental data for different years based on Schmitz and Grieger (1979) (0 January 1972, + January 1975, 
0 January 1976). 

4. Results 

Fig. 6a and b show how the amplitudes and 
phases of the planetary wave of wave number one 
of the geopotential depends on altitude at latitudes 
40, 50 and 60°N in the different wind models. 
The figure shows the following: 

(1) At 50 ON and 60 ON, the amplitudes and phases 
of the planetary wave for the different wind 
profiles fluctuate considerably at altitudes from 
5 to 20 km although the wind does not vary 
within this range. 

(2) The amplitude and phase variations of the 
planetary wave of wave number one for the 
different wind profiles exhibit a pronounced 
dependence upon latitude at altitudes between 
5 km and 20 km. These differences are shown 
in detail in Fig. 7 for the amplitude of the 
geopotential and the meridional transport of 
sensible heat. The influence of mean zonal 
wind variations in the upper stratosphere on 
the structure of planetary waves in lower layers 
is very sensitive to the Newtonian profile and is 

increased with decrease of the profile 
maximum. 

The intensity minima in the lower stratosphere 
shown in Fig. 6a and b can, according to (I), be 
interpreted as the result of wave reflections. In 
order to illustrate this conception of reflection, Fig. 
8 shows the vertical distribution of the kinetic 
energy of the zonal and meridional wind wave 
components. A pronounced intensity minimum can 
be seen at altitudes between 10 km and 20 km. This 
occurs at different heights for different wind profiles 
and is obviously determined by the reflection of the 
wave. Corresponding models of the reflection 
process were elaborated by Sat0 (1974) on the 
basis of observational results. 

The results obtained with the /?-plane and 
two-dimensional models, respectively, have been 
compared. At 50 ON the one-dimensional and 
two-dimensional models produce roughly the same 
variations in amplitude and phase at  altitudes 
between 5 km and 20 km for the different wind 
profiles. The two-dimensional models thus also 
confirm the effect of the mean zonal wind in the 
upper stratosphere on the structure of planetary 
waves in the lower layers. 

Tellus 32 (1980), 3 



MODEL CALCULATIONS ON THE STRUCTURE OF PLANETARY WAVES 21 1 

W 

- 4 
60 

0 

80 

60 

40 

M 

4 
'F 
+l 2 $ 
0 

'\ > 
/' 

I/ I I 1 

23 40 60 80 

Fig. 5. The mean zonal wind field CJ, m s-I (a), and the wind in different latitudes (b). (--- M,,,, - 
.... MI,*). 
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Fig. 6. The amplitudes (a) and phases (b) of the geopotential for wave number 1 of two-dimensional model calculations 
for different latitudes according to the wind fields. (--- M,,, - M,, , . . . . M,.d. 
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Fig. 7. The relative deviations between model calculations with changed wind profiles (---- M,.,, .. .. . M,J and those 
with unchanged wind profile for the amplitudes (a) of the geopotential and the meridional sensible heat transport (b) 
for wave number 1 in different latitudes in the region where the wind profiles are approximately the same, see Fig. 5b. 

Fig. 8. The kinetic energy of the planetary waves of wave number 1 for the model calculations with different wind 
profiles, notation as in Fig. 6. 
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5. Conclusions stratosphere. The calculations show that this 
The two-dimensional results for wave propa- process increases to higher latitudes. In order to 

gation confirm the idea that the structure of cover any effects at altitudes below 5 km, it is 
planetary waves at upper tropospheric and lower necessary, by further studies, to describe the 
stratospheric altitudes is influenced decisively by excitation processes for planetary waves in the 
the reflection of planetary waves in the middle troposphere, which is in preparation. 
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MODEnbHblE BbIWiCJIEHMX CTPYKTYPbI lTJIAHETAPHbIX BOJIH B BEPXHEm 
TPOlTOCQEPE €4 HMXHEfi  CTPATOCQEPE B 3ABMCMMOCTM O T  nOJIX BETPA B 

BEPXHEG CTPATOCQEPE 
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