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ABSTRACT

The problem of motion of atmospheric waves superimposed on a basic state of no
motion and a constant temperature lapse rate has been solved. It is found that there
exists several vertical modes. For each of the vertical modes there exists several hori-
zontal modes, each moving with a separate speed and having & certain south-north
variation of the amplitudes of the geopotential, the stream function and the velocity
potential.

The solution is obtained by expanding each variable for each vertical mode in a
truncated series of associated Legendre functions. It is found that the waves connected
with the first vertical mode behave as waves in a homogeneous fluid with a free sur-
face, while the waves connected with the second and third vertical modes move with
& much smaller speed. All waves move from east to west. The structure of the waves
is compared with the structure as obtained from atmospheric observations with fair
agreement.

The solutions are compared with the motion of transient, very long waves as ob-

tained from a quasi-geostrophic model.

1. Introduction

In a recent paper (Wiin-Nielsen, 1970, here-
after referred to as I) an analysis was made of
the motion and structure of transient, very
long waves in the atmosphere. The investiga-
tion was based on a perturbation analysis of
the waves superimposed on a basic state char-
acterized by no motion and a constant tem-
perature lapse rate. The main results of the
investigation described in I were that there
exists an infinite number of vertical modes,
each characterized by an equivalent depth and
each with a separate speed of propagation,
that the basic mode depends critically on the
lower boundary condition and can be described
as the divergent barotrophic mode, because it
corresponds to the mode present in a homo-
geneous fluid with a free surface, and that the
higher vertical modes are described with good
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approximation by Burger’s (1958) equations
and by a simplified lower boundary condition
(w =dp/dt =0 at p = p, =100 cb).

In order to keep the analysis relatively
simple, a beta-plane geometry was adopted in
I. The advantage of this approach is that it is
possible to obtain a formula for the phase speed
in a closed form, and it becomes rather straight-
forward to analyze the influence of the various
parameters which enter into the problem.
These parameters are the equivalent depth, the
width of the channel, the horizontal wavelength,
and the values of the Coriolis parameter (f)
and the Rossby parameter (8 =df/dy). However,
it has been shown that the beta-plane approxi-
mation cannot be justified as a satisfactory
approximation when we are dealing with the
largest horizontal scale (Phillips, 1963). 1f we
want to make a more detailed comparison
with the observed motion in the atmosphere
than was possible in I, it becomes necessary
to replace the beta-plane geometry by the
more realistic spherical geometry. The main
purpose of this paper is to report the results
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of such an investigation. The investigation will
follow the same lines as in I, the only dif-
ference being the adoption of spherical geo-
metry.

2. The model

The perturbation equations using the same
basic state as in I are

ou 1 2
1w,
ot acos @ 94
v 1 24
_=_._____fu
ot a op

2
Vov+ 2 =0

op

(2.1)

where the notations are the same as in I except
that A is longitude, ¢ latitude, and a the radius
of the earth. It becomes convenient to replace
the first two equations in (2.1) by the cor-
responding vorticity and divergence equations
obtained in the usual manner. They are
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(-

1
V=S Vi= 5
a a

o L1 e ( ) (2.5)
— — {cos p— .
cos’p 84’ cos ¢ ap ‘Patp

A. WIIN-NIELSEN

where V; is a notation for the quantity in the
bracket in (2.5).

The horizontal flow will be deseribed by a
stream function p and a velocity potential y.
In terms of these functions we have:
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(2.6)
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while { =V2p and V-v =V?2y.

As will be seen later our problem will be
analogous to the problem treated by Eliasen &
Machenhauer (1969) wusing a homogeneous
fluid with a free surface. To ease a comparison
with this study we shall adopt the same nota-
tions and scaling whenever possible. In agree-
ment with this statement we write the pertur-
bations of the stream function, the velocity po-
tential, the geopotential and the vertical veloc-
ity in the form:
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It is furthermore convenient to introduce
the nondimensional phase speed

(2.8)

where v is the frequency.

When (2.7) is substituted in (2.2) and the
last two equations in (2. 1), and we furthermore
introduce the new coordinate y =sin ¢, we ob-
tain the following system of equations:
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where V; in terms of the new coordinate y is:
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It is a straightforward matter to eliminate
w, between the last two equations in (2.9).
These two equations are then replaced by the
equation:

(2.10)
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An inspection of the first two equations in
(2.9) end equation {2.11) reveals that these
equations -can be solved by a separation of
variables in the form:

Ymltts ) = F(p)Pple)
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if F(p) satisfies the equation:
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where —(gh)~! is the constant of separation.
‘We note that (2.13) is identical with the verti-
cal structure equation found in I. The solutions
to (2.13), including the discussion of the various
boundary conditions, can therefore be adopted
without change from I. We have therefore
from the previous investigation all the numeri-
cal values of the equivalent depths listed in
Tables 14 of 1.

Introducing (2.12) and (2.13) in the first
two equations of (2.9) and equation (2.11) we
get the following equations for ¢, £,, and 7,

., of
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gh

h
where 0

Q =

The system (2.14) is completely analogous to
the system solved by Eliasen & Machenhauer
(1969) for their case of a homogeneous fluid with
a free surface. In that case A is simply the depth
of the fluid which they took to be 8 800 m
resulting in a value of @ =0.1. In the present
case we have removed the arbitrary choice of
the equivalent depth which is determined by
the solution of {2.13) as described in I. These
values of h determine our values of @ in the
system (2.14).

Since the system (2.14) is completely equiv-
alent to the system of equations presented by
Eliasen & Machenhauer (1969) we shall adopt
their method of solution which consists of
expanding each of the variables ¥, %,,, and 7,
in a series of associated Legendre functions.
The reader is referred to the paper by Eliasen
& Machenhauer (1969) for the details of this
procedure. It suffices to mention that each
geries is truncated at a certain place which
determines the degree of accuracy with which
the eigenvalues are determined. While the
convergence of the series is rapid for values
of @ equal to 0.1, it turns out that the smaller
values of @ which correspond to the higher
vertical modes require more terms in the series
in order to give good accuracy in the determina-
tion of the eigenvalues. The numerical results
of the study will be presented in the next sec-
tion including a discussion of the meridional
structure of the waves.

3. Numerical results

The series of associated Legendre functions
used in order to obtain appropriate solutions
to the system (2.14) are of the form

R
> A(m,m+ 2r) P(m,m+2r, p)

T=0

G () = (3.1)

where d,, can be either ¢, %,, or #,, if d, (4)
is an even function of y, i.e., d,,(u) is symmetric
around the equator. On the other hand, if
4,(u) is an odd function, i.e., antisymmetric
around the equator, we use a series of the form
R

> Am,m+2r+1) Pm,m+2r + 1, u)

r=0

dm(ﬂ) =
(3.2)
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Table 1. Successive approximations to the eigenvalues corresponding to Rossby waves (m =1,
Q=0.1)

ﬁm R=0 R=1 R=2 R=3 R=4 B=5 R=6
odd —278.69 —297.81 —298.03 —298.03 —298.03 —298.03 —298.03
even - 73.92 ~ 68.52 — 68.34 -~ 68.34 — 68.34 -~ 68.34 — 68.34
odd — 41.14 — 41.76 — 41.77 — 41.77 - 41.77 — 41.77
even -~ 29.99 — 28.48 — 28.46 — 28.46 — 28.46 — 28.46
odd — 20.31 -~ 20.43 — 20.43 - 20.43 —~ 20.43
even - 15.79 -~ 15.26 - 15.26 — 15.26 - 15.26
odd - 11.74 - 11.77 - 11.77 - 11.77
even - 9.56 - 934 — 0.34 - 9.34
odd -~ 17.56 - 7.57 - 7.67
even - 6.36 - 6.26 - 6.26
odd — b.25 - 525
even — 4.563 -  4.47
odd - 3.8
even - 3.38

In (3.1) and (3.2) P(m, n, u) is the associated
Legendre function, while A(m,n) i8 the un-
known coefficient. It is seen from (2.14) that
if 4, and £, are even functions of y, then ¢,
is odd and vice versa. R determines the point
at which the series (3.1) and (3.2) are truncated.
The minimum value of R is clearly R =0. We
would expect on the other hand that a larger
value of R would give a more accurate deter-
mination of the eigenvalues.

The basic equations (2.1) of the problem in-
dicate that we can expect to find eigenvalues
corresponding to gravity-inertial waves and
other eigenvalues corresponding to Rossby-
type waves. This was also clearly indicated by
the solutions presented by Eliasen & Machen-

hauer (1969) for @ =0.1. In this study we shall
only be interested in the Rossby-type waves
although all eigenvalues were determined by
the numerical solutions of (2.14). The eigen-
values corresponding to gravity-inertial waves
are easily recognized from the numerical solu-
tion because they appear in pairs and have
large numerical values.

A fundamental problem in this procedure is
the numerical value of R necessary to insure
an accurate determination of the eigenvalues.
It is seen from (2.14), (3.1), (3.2), and the equa-
tions presented by Eliasen & Machenhauer
(1969) that R =0 leads to a cubic equation for
the eigenvalue. Two of the roots in this equa-
tion correspond to waves of the gravity type,

Table 2. Swuccessive approximations to the eigenvalues corresponding to Rossby waves {(m =1,

Q =0.0039)

Tim R=0 R=1 BR=2 R=3 R=4 R=5 R=6
odd —60.57 ~116.96 —147.60 —157.54 —-159.17 —159.34 -159.35
even —-11.08 — 15.80 - 16.07 — 15.32 — 14.99 — 14.93 — 14.93
odd —  4.65 - 6.88 — 841 - 9.03 - 9.18 - 919
even —  4.39 - 6.22 - 7.08 -  6.97 - 6.77 - 6.72
odd - 3.37 -~  4.26 - 4.92 - 5.24 - 5.33
even - 3.31 — 4.12 - 4.59 - 4.60 — 449
odd - 2.87 - 3.39 - 3.67 - 3.82
even - 2.84 - 3.27 - 3.52 - 3.50
odd - 2.54 - 284 - 3.02
even - 2,52 - 280 - 291
odd - 2.24 — 247
even - 2.22 - 2.43
odd - 197
even - 195

Tellus XXIIT (1971), 3
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Table 3. Successive approximations to the eigenvalues corresponding to Rossby waves (m =1,
@ =0.0018)

fim R=0 R=1 R=2 R-3 R=4 R=5 R=8
odd - 35.92 ~79.86 —110.14 —126.79 —132.66 —133.96 —134.15
even -~ 5.72 - 9.70 - 11.02 — 10.85 — 10.43 - 10.22 - 10.17
odd - 2.24 -~  3.55 - 4.79 ~ b5.64 - 6.04 -~  6.17
even - 2.12 - 3.27 —~  4.26 ~ 4,73 -~ 4.71 —  4.57
odd - 1.69 - 219 - 2.73 - 3.16 - 3.14
even -~ 1.62 - 213 - 2.63 - 297 - 3.06
odd - 1.44 - 1.73 - 2.03 - 2.28
even - 1.43 - L71 - 1.99 - 220
odd - 1.32 - 151 - 1.69
even - 1.32 - L50 - 176
odd - 123 - L37
even - 1.23 -~ 1.38
odd - L15
even - 114

while the third root is the first approximation
to the speed of one of the possible Rossby waves.
The next approximation will be R =1 which
gives an eigenvalue problem corresponding to
a sixth degree equation. Among the six roots
of this equation two will correspond to Rossby-
type waves. In general, we get (R +1) Rossby-
type wave speeds if the series (3.1) and (3.2)
are truncated at a certain value R. We shall
later be concerned with the interpretation of
the various numerical values by investigating
the meridional structure of the waves. How-
ever, at the moment we are mainly concerned
with the accuracy of the solution for given
values of R and Q. As examples we present the
values given in Tables 1-3.

Table 1 gives the eigenvalues corresponding
to Rossby waves expressed as the wave speed
using the unit, deg. long. day—?, for the case
of wave number 1 (i.e., m =1) and @ =0.1. For
each value of R we present all the eigenvalues
corresponding to both the odd and the even
case. The first column gives the symmetry of
the height field. From this it is known that the
velocity potential will have the same sym-
metry while the stream function will be of the
opposite kind. Furthermore, we have ordered
the eigenvalues according to their absolute
value. It is seen that if we are interested in
only the numerically largest eigenvalues it
would in this case be sufficient to select a
rather small value of R as was done by Eliasen
& Machenhauer (1969).

Table 2 provides similar information for the

Tellus XXIIT (1971), 3

case m =1, @ =0.0039 corresponding to the
second vertical mode as described in I if the
lapse rate is 8.5°K km-1. It is seen from this
table that larger values of R are necessary to
provide sufficient accuracy. However, R =6 is
sufficient to obtain the necessary accuracy, in
particular, for the numerically largest values
of the wave speed.

Table 3 is similar to Tables 1 and 2 except
that this table gives the various approxima-
tions to the eigenvalues for @ =0.0018 corre-
sponding to the third vertical mode for the
same lapse rate. It is seen that the convergence
becomes slower as the value of @ decreases.
However, good accuracy is obtained for R =6
for the numerically large values, and the re-
maining values are numerically small.

Based upon the information in Tables 1-3
and similar tables for other values of m and @
(not reproduced) it was decided to use R =6
for all calculations. All values of the wave
speed, expressed in deg. long. day—?, for m =1,
2, and 3 and the values of @ corresponding to
the first three vertical modes (lapse rate:
8.5°K km~!) are given in Table 4. The values
for @ =0.1 are naturally only an extension of
the wave speeds already considered by Eliasen
& Machenhauer (1969). We shall be interested
in the computed wave speeds for the second
and third vertical modes corresponding to the
values @ =0.0039 and Q =0.0018. With excep-
tion of the values in the first row in Table 4
we find relatively small numerical valuesof
the wave speed for these two vertical modes.
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Table 4. Values of the phase speed for Rossby-type waves in the unit: deg. long. day-! (R = 6)

Q=0.1 Q=0.0039 @ =0.0018
Height m=1 m=2 m=3 m=1 m=2 m=3 m=1 m=2 m=3
odd ¢y —-298.0 -110.0 -57.3 ~-159.3 —70.1 —41.3 -134.2 604 —-36.4
even ¢, - 683 - 469 —31.8 — 149 -—14.1 —12.8 - 10.2 -~ 9.8 - 9.2
odd Cq - 41.8 - 29.7 -21.4 - 92 — 88 — 8.2 - 62 - 6.0 — 5.8
even ¢, - 285 - 208 -15.6 - 6. - 6.5 — 6.1 — 46 — 44 - 4.3
odd ¢y - 204 - 154 -11.9 - 53 - 5.2 - 4.9 - 34 - 34 - 3.3
even ¢ - 152 - 11.8 — 9.4 - 45 — 43 — 4.1 - 31 - 3.0 - 2.9

This result is in very good agreement with the
results obtained in I. When we furthermore
recall that the values appearing in Table 4 are
computed under the assumption of no motion
in the basic state, we observe that all the
waves will move with a speed smaller than the
basic current.

The only investigation which has been made
up to the present time of the wave speeds of
the second and higher vertical modes is by
Bradley & Wiin-Nielsen (1968). The major em-
phasis in this study was on the vertical and
horizontal structure of the waves, and the
wave speeds were obtained by a simple visual
inspection of the variation of the phase angle
as a function of time. There is clearly a need
for an empirical investigation of the motion
of the waves in the horizontal fields related
to the higher vertical modes using a procedure
similar to the one employed by Eliasen &
Machenhauer (1969) based on quadrature
spectra. However, there is at least qualitative
agreement between the results given in Table
4 and those presented by Bradley & Wiin-
Nielsen (1968) because most wave speeds are
numerically small, implying that they will
move eastward relative to the earth when cor-
rections have been made for a basic zonal cur-
rent different from zero. It is furthermore in
agreement with the observational study that
the wave speeds for the second and third verti-
cal modes vary rather slowly with the longitu-
dinal wave number in contrast to the first
vertical mode which varies very markedly with
m, the longitudinal wave number. Finally, the
order of magnitude of the computed wave
speeds when corrected for the basic current
compares favorably with those obtained from
the observational study.

The major weakness of a study of transient

waves in a system as simple as the basic state
employed in this study is naturally that one
obtains infinitely many wave speeds. The val-
ues listed in Table 4 are the wave speeds ob-
tained for the value R =6, but if we increase
R we would naturally obtain additional values.
On the basis of the present analysis it is im-
possible to determine if all the possible waves
are present in the atmosphere, or if only certain
waves, excited by instability mechanisms or
heat sources, will dominate the atmospheric
flow. In an investigation to be published later
it will be demonstrated that some transient,
ultra-long waves are unstable when the basic
state has vertical wind shear. This investiga-
tion is based upon Burger’s assumption and a
simplified lower boundary condition as dis-
cussed in I.

From an empirical point of view we have
considerable evidence that only certain modes
of atmospheric motion are present with con-
siderable amounts of energy in the atmosphere.
The major evidence concerning the vertical and
meridional structure is given by Bradley &
Wiin-Nielsen (1968) in terms of empirical ortho-

107

Fig. 1. Normalized height field as a function of
4 =sin @ for the first vertical mode and for the first
three Rossby waves. Symmetric case.

Tellus XXIITI (1971), 3
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Fig. 2. As Fig. 1. Antisymmetric case.

gonal functions and by Eliasen & Machenhauer
(1969) in terms of associated Legendre functions.
These empirical results can now be compared
with the theoretical results obtained here and
in I. With respect to the vertical structure
functions a comparison was already made in I.
We shall here be concerned with the meridional
structure of the waves whose wave speed was
given in Table 4.

For a given value of the wave speed we can
go back to the linear equations which came
from substituting the series (3.1) and (3.2} in
(2.14). Setting an arbitrary coefficient in the
series of associated Legendre functions equal to
unity we may find all the other coeificients in
the series for the geopotential, the stream
function and the velocity potential. It is then
possible to sum the series (3.1) or (3.2) for each
of the three variables for any value of u. We
can consequently find d,(#) as a function of
latitude where d4,,(u) is either the geopotential,
the stream function, or the velocity potential.
Because there are three parameters (equivalent
depth, longitudinal wave number, and the com-
puted phase speed) in each case, it is neither
possible nor desirable to display all the latitu-
dinal distributions. It will suffice to give some
examples.

Considering the height field it turns out
that the normalized functions #(u) are almost
the same for the three longitudinal wave num-
bers m =1, 2, and 3 for the same value of @
and the corresponding values of the phase speed
¢ for the Rossby-type waves. For each value
of @ and m we have arranged the phase speeds
in a series of numerically decreasing values.
Such a series will be denoted ¢,, ¢, g, ..., 88 in-
dicated in Table 4.

Fig. 1 shows the normalized distributions
fim =fim(p) for the first three values ¢,, ¢, and

Tellus XXIII (1971}, 3
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Fig. 3. Normalized height field as a function of
p=sin g for the second vertical mode and for the
first three Rossby waves. Symmetric case.

¢, for the first vertical mode (@ =0.1) and for
the symmetric cases, while Fig. 2 gives the
analogous distributions for the antisymmetrie.
cases. Fig. 3 (symmetric cases) and Fig. ¢4 (an-
tisymmetric cases) show the distributions for
the second vertical mode, while Figs. 5§ and 6
correspond to the third vertical mode. The
curves in Figs. 1-6 are all drawn for m =1 but
almost identical curves were obtained for m =2
and m =3 (not reproduced) showing that the
meridional distributions are essentially inde-
pendent of the zonal wave number as also
found by Bradley & Wiin-Nielsen (1968) in an
observational study.

We notice furthermore that the position of
the northernmost maximum in all cases is
found further to the north as the index of ¢
increases. The distributions corresponding to
¢ =¢, have one maximum and one minimum in
the symmetric cases, but only one maximum
in the antisymmetric cases for 0 <pu <1.

The speed and structure of the waves con-
sidered in this study are obtained as perturba-
tion solutions using a basic state of no motion

Fig. 4. As Fig. 2. Antisymmetric case.
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Fig. 5. Normalized height field as a function of
p=sin @ for the third vertical mode and for the
first three Rossby waves. Symmetric case.

and a specified thermal stratification. Since all
the waves in this case are neutral, we have no
possibility to decide which waves may be ob-
served in the atmosphere. In order to judge
whether or not some of the waves appear in
atmospheric flow it is therefore necessary to
resort to observational studies. It was shown
by Bradley (1967) and Bradley & Wiin-Nielsen
(1968) using empirical orthogonal functions
that it is possible to recognize at least three
vertical and four meridional modes. The study,
based upon atmospheric data for a three-
month period, was unfortunately limited to the
latitudinal region north of 20°N. The first
three latitudinal modes obtained by Bradley
(1967) are given in Fig. 7 as a function of u =
sin ¢ and normalized in such a way that the
absolute maximum is equal to one. A compari-
son between Fig. 7 and the theoretical curves
in Figs. 1-6 clearly indicates that there is con-
siderable similarity between the two sets of
curves. Bradley (1967) found that the meri-
dional distributions in the various horizontal
modes were essentially independent of the
zonal wave number. This observation was also

1.0
09
08

07 €]
06+ @
05+ w
041 3

03
02 el

o] [1)]

—_ T TR TS W IO |
-04 -02 [¢]e] 02 04 08 o8 (K]

Fig. 6. As Fig. 5. Antisymmetric case.
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Fig. 7. Normalized height field as a function of
u=sin @ for the first three Rossby waves based on
observations.

made in the theoretical study. He found,
furthermore, that the horizontal modes were,
for practical purposes, independent of the ver-
tical modes. This observation does not hold
true for the theoretical modes as can be seen
from Figs. 1-6. However, the main difference
in the modes is in the low latitudes due to the
fact that there are both symmetric and anti-
symmetric distributions. In the middle and
high latitudes there is great similarity between
the distributions of #,(u) for the various verti-
cal modes for the same values of c.

The meridional variation of the functions
Pnln) and f,(u) was also caleulated. However,
because no observational study exists with
which a comparison can be made, these curves
are not reproduced. It is of interest to in-
vestigate the vorticity and the divergence of
the various modes. These quantities can be
obtained from the series expansions for the
stream function and the velocity potential. If
the expansion of the stream function is

R
Pulpy = 2, Yim, m+2r) Pim, m+2r, u)

r=0

(3.3)

we find that the vorticity is given by the
geries

R
Enlp) = 2 (m+2r) (m+2r+ 1) ¥ (m,m+ 2r)
=0

x P(m, m+2r, u) (3.4)
with an analogous expression for the diver-
gence expressed in terms of the coefficients for
the velocity potential. It is of special interest
to obtain information concerning the ratio of

Tellus X XIII (1971), 3
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Table 5. The ratio of RMS—Values of the divergence and the vorticity

Q=01 @ =0.0039 @ =0.0018
Height m=1 m=2 m=3 m=1 m=2 m=3 m=1 m=2 m=3
¢, 0.044 0.027 0.015 0.092 0.130 0.123 0.095 0.150 0.159
even ¢y 0.016 0.013 0.010 0.030 0.048 0.055 0.027 0.048 0.059
cg  0.004 0.004 0.004 0.020 0.031 0.034 0.018 0.029 0.035
c; 0.450 0.153 0.063 0.768 0.487 0.319 0.830 0.559 0.388
odd e, 0.047 0.037 0.024 0.074 0.125 0.140 0.085 0.118 0.148
c; 0.008 0.008 0.006 0.041 0.063 0.066 0.041 0.068 0.080

the order of magnitude of the divergence to the
vorticity in the transient waves, because this
ratio indicates whether or not the waves are of
a quasi-geostrophic nature. As a measure of the
order of magnitude of each of the quantities
it was decided to select the root-mean-square
values computed for the region from the South
Pole to the North Pole (—1<u<1). These
values were computed from the values of £,
(#) and D, (u), when D =V2y is the divergence.

Table 5 shows the results obtained for the
ratio of the RMS values of divergence and
vorticity as a function of the vertical mode,
the longitudinal wave number, and for the
first three Rossby-type waves. The numerical
values of ¢,, ¢,, and ¢, can be obtained from
Table 4. We note first of all that the ratio is
smaller than unity in all cases. It is secondly
seen that the values decrease as the index of
¢ increases. In general, we find that the ratio

between divergence and vorticity is smaller

than 0.1 for the second and third Rossby-type
waves. The exception is in the waves where m
is 2 and 3 for the second and third vertical
mode, and the height field is antisymmetric.
In these four cases we find values between 0.10
and 0.15. For the Rossby waves corresponding
to the speeds ¢, and ¢; we can therefore state.
that the divergence is about one order of
magnitude smaller than the vorticity. The
same statement cannot be made for the Rossby
wave corresponding to c; in the case where the
height field is antisymmetric, in which case the
ratio may be as large as 0.8. These waves have
numerically large phase speeds as can be seen
from the first row in Table 4, especially in the
cases where the ratio is large. It should be
stressed that the observational study by Elia-
sen & Machenhauer (1969) shows that there
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are no observed waves corresponding to these
modes.

4. Quasi-geostrophic modes

It is of interest to investigate to which ex-
tent the behavior of the transient very long
waves as found and described in the preceding
sections can be obtained from a quasi-geo-
strophic model because such a model is used
in some instances for diagnostic and predic-
tive purposes.

The quasi-geostrophic vorticity equation can
be written in the form

3
Ne_poe X2 (&.1)
at ap

where f, is a standard value of the Coriolis
parameter. In obtaining (4.1) we have already
incorporated the same basic state as used ear-
lier in this investigation. Using the same form
of the thermodynamic equation as given in the
last equation in (2.1) one can eliminate @ be-
tween that equation and (4.1) and obtain:

2
3 (2] 2
at ap \é op a 9A

(4.2)

This equation can easily be solved by sub-
stituting the perturbation expression for ¢
listed in (2.7) into (4.2), separating the vari-
ables according to (2.12), whereby we obtain
(2.13) for the function F(p) and the following
equation for #,,

d df m’ 20 a’fs
—la- sl _ 4 - +
dﬂ[( l‘)dy] l__l‘z’?m (
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Table 6. Values of phase speed for Rossby waves in deg. long. day—!

strophic theory (S = a%fg/gh)

A. WHN-NIELSEN

computed from quasi-geo-

8, =85 . =46.3 S, =68.6
Height m=1 m=2 m=3 m=1 m=2 m=3 m=1 m=2 m=3
even ¢ —68.3 —49.5 —-35.0 -14.9 -13.8 -12.3 -10.2 -9.7 —8.9
odd ¢, —49.5 —-35.0 -25.2 —~13.8 -12.3 -10.9 - 9.7 -89 -8.1
even ¢, —-35.0 —-25.2 —-18.7 -12.3 —-10.9 - 9.4 - 8.9 -8.1 -7.3
odd Cy —-25.2 -18.7 —-14.3 —10.9 - 94 — 81 - 8.1 -7.3 —6.5
even  cy -18.7 —-14.2 —-11.2 - 9.4 -~ 8.1 - 7.0 - 7.3 —6.5 -5.8

It is seen that (4.3) has solutions of the form

fim = A P(m, n, p) (4.4)
where A is a constant provided the phase speed
¢ is equal to

2Q

242

a'fe

1)+ —

n(n+1) oh

(4.5)

where gh has values as obtained in I,

It is a straightforward matter to compute
values of ¢ from (4.5). We note that the nu-
merical values of ¢ are somewhat arbitrary de-
pending on the numerical value selected for f,,
the standard value of the Coriolis parameter.
In order to ease the comparison between the
values computed from (4.5) and those listed
in Table 4 we have for each value of m, the
zonal wave number, and of the equivalent
depth selected a value of f, which gives agree-
ment between the two values for the compo-
nent (m, m). The values of ¢ computed from
(4.5) on this basis are given in Table 6. The unit
is deg. long. day~!.

‘We notice that there are no quasi-geostrophic
wave speeds equivalent to those found in the
first row of Table 4. These waves were charac-
terized by a rather large ratio between diver-
gence and vorticity as seen from Table 5. The
comparison between Table 4 and Table 6
shows, furthermore, that the quasi-geostrophic
wave speeds are numerically larger than those
given in Table 4, indicating a somewhat faster

motion from east to west in the quasi-geo-
strophic case.

5. Concluding remarks

The main purpose of this paper has been
to extend the analysis made in I to spherical
geometry. While the vertical modes are the
same as in I, there are significant changes in
the horizontal modes, expressed here in terms
of truncated series of associated Legendre
functions. In addition to a determination of
the phase speed of the horizontal modes for
each vertical mode we have also investigated
the structure of the horizontal modes and ob-
tained a fair comparison with results based on
observations.

The present analysis gives the possible modes
which may exist in the atmosphere. However,
due to the simplicity of the basic state all
these modes are neutral, and a more realistic
basic state is necessary in order to determine
which modes will be dominating the atmos-
pheric flow. The comparison with analysis
based on observations indicates that the basic
modes in both the vertical and horizontal direc-
tions are present in the atmosphere.
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O IBIHEHNH PA3JIUNYHEIX BEPTRHAJIbBHBIX MO HECTAIIMOHAPHBIX VJbTPA-
OJIVUHHBIX BOJH. YACTH II. COEPUYECKUN CIVUAN

Pemaerca samava 0 JBUMKEHMHM aTMOCHepHEIX
BOJIH, HAJIOMKEHHHX HA OCHOBHOE COCTOSHHE
TNOKOA ¢ NOCTOSAHHHM IpafgueToM TeMIepaTyphl.
Haiigeno, uTo cymecTByeT HECKOJIBHKO BepTH-
KAJbHEIX MoOZ. [JaA Kakmoll BepTHHKAIbHOMN
MOJH CYIECTBYET HECKOJIbKO I'OPMBOHTAJNBHEIX
MOJI, IBMKYIIUXCH C PABAMYHHMH CKOPOCTAMU U
NMEIINX ONpefesIeHHHI MePUANOHAJIBHEIA IPO-
¢HIb reomoTeHNMaNa, QYHKUHM TOKA M IOTeH-
nuajia cropocreil. Pelenme HaxoguTca pasdo-
JHEHMEeM HKaMOOro MepeMeHHOr'o HAJA Kamoh
BEPTHKAJIBHOK MOZE B KOHEYHHI pAQX Mo OpH-
COeAMHeHHHM moJuHoMam Jlexauppa. Hait-
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JleHO, YTO BOJHEI, CBABAHHEIE C IePBO{ BepTH-
KaJpHOX MOmo#t BexyT ce0A Kak BOJHH B OXHO-
PORHOMN KUIKOCTH CO CBOGOLHOM NOBEPXHOCTHIO,
TOT[a KAaK BOJHH, CBA33HHEE CO BTOPO# H
TpeTbell BePTMKANLHEMHI MONAMH, ABHIKYTCH CO
B8HAYNTEILHO MEHBIINMY CKOpoCcTAMH. Bee BoJHH
ABHKYTCA C BOCTOKA Ha 3amapg. CTPpYKTYypa BOJH
XOpOIIIO COrJIaCyeTCA ¢ COOTBETCTRYOMIEH CTPYK-
Typoit, nony4enHol no armMochepHHM Habmioxe-
HUAM. PemeHns CpaBHUBAIOTCA € [BH:KeHHEM
HEeCTAlMOHAPDHHX YJAbBTPAAIUHHHX BOJH, MOJIY-
9aeMHX B KBasureocrpoduueckoit Momeu.



