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ABSTRACT

Results of analysis of about three years of Northern Hemisphere geopotential data,
from 850 to 10 mb, using a technique of discrete spectral analysis of traveling waves
are presented. The vertical structure of the traveling planetary scale waves (zonal
wave-numbers 1 and 2) in middle latitudes is described. The implications of the results
in regard to vertical energy propagation are discussed. The waves are approximately
barotropic, with relatively small variation of phase with height, for frequencies from

} to about 8 cycles per month.

Introduction

The ultra-long, planetary-scale, waves of the
atmosphere are of considerable amplitude in the
Northern Hemisphere, and are quasistationary,
which causes them to appear conspicuously on
monthly and seasonal average charts. The
Northern Hemisphere winter average 500 mb
chart, for instance, shows definite displacement
of the contours toward the northern Pacific
gsector, which is associated with wave-number
1 in a zonal Fourier analysis. Wave-numbers 2
and 3 are also well-defined in the mean height
fields. The waves appear to be caused mainly
by & combination of ground topography and
large-scale patterns of heating and cooling
(Charney & Eliasen, 1949, and many other
workers).

The fluctuations of the planetary-scale waves
have been studied by a number of authors.
Kubota & Iida (1954) described westward trav-
eling planetary-scale waves superimposed on
the quasi-stationary waves. Deland (1964, 1965)
and Eliasen & Machenhauer (1965, 1969) ana-
lyzed hemispheric isobarie fields for the North-
ern Hemisphere, showing that the planetary-

1 Contribution No. 133, Geophysical Sciences La-
boratory, New York University, Department of Me-
teorology and QOceanography. This research has been
supported by the National Science Foundation, At-
mospheric Sciences Division, under Grant No. GA-
25820.

Tellus XXV (1973), 4

scale fluctuations in the troposphere are largely
due to the presence of apparent westward-
traveling Rossby-type waves, with amplitudes
on the average somewhat less than the ampli-
tudes of the mean waves. Hirota (1967) and
Deland & Johnson (1968) analyzed the appar-
ent traveling waves in the troposphere and
stratosphere of the Northern Hemisphere.
Theoretical studies of the fluctuations include
that of Hirota (1971) who solved the quasi-
geostrophic equations numerically, and con-
cluded that the apparent westward propaga-
tion of the planetary-scale waves in the strato-
sphere is due to the response of the atmosphere
to propagation upward of energy from below,
apparently arising from variable interaction of
the zonal wind with the earth’s topography.
Wiin-Nielsen (1971) obtained analytic solu-
tions to the baroclinic equations on the beta-
plane. He found theoretical modes correspond-
ing roughly to the apparent barotropic behavior
of the fast-moving (of the order of 60 degrees
of longitude per day for wave-number 1) west-
ward-traveling waves, and additional slow-
moving baroclinic modes, with marked varia-
tions of amplitude and phase with height, which
have not yet been observed.

Deland & Johnson (1968) made a detailed
statistical study of the structure of the appa-
rent traveling planetary-scale waves, but their
analysis of the vertical structure was based on
correlation procedures that did not separate
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the traveling component from the other fluc-
tuations. There are presumably random fluc-
tuations due to observational and analysis er-
rors, and there may be fluctuations of amplitude
of the stationary waves, perhaps forced from
below in the manner investigated by Hirota
(1971). These variations are likely to have dif-
ferent vertical and latitudinal structures than
the freely propagating waves, presuming that
these exist. The problem of separating the
traveling and other types of variations has been
recently discussed by Deland (1972a, 1972b). It
i8 evident from inspection of the time-variations
of the Fourier harmonics (e.g. Deland, 1972a)
that waves of more than one speed are present,
or alternatively, the wave speed is not constant
with time. The phase velocity of the traveling
component is of theoretical interest: several
authors have attempted to estimate it from
simplified models of the atmosphere (Diiki &
Golytsyn, 1969; Eliasen & Machenhauer, 1969;
Wiin-Nielsen, 1971; Deland, 1970). Various
estimates of the average speed of different har-
monics have been made, ranging from 20 to
70 degrees per day (westward) for the largest
scale waves at 500 mb in summer, for instance.
The differences in estimates of the average
speed are partly due to the different methods
of analysis. Differentiating with respect to
time, as in the autoregression analysis method
used by Deland & Johnson (1968), ‘‘blues’
the spectrum, increasing the contributions of
high frequencies compared to low frequencies.

Deland (1972a) has presented a method of
spectral analysis of the traveling component of
the fluctuations, which has been used to de-
scribe the structure of the traveling planetary-
scale waves in the SIRS radiance data (Deland,
1973). In this paper, some results of the ana-
lysis of two to three years of Northern Hemi-
sphere pressure levels from 850 to 10 mb, using
the spectral analysis procedure of Deland
(1972a), are presented and compared with other
observational results and theoretical studies.
This paper is restricted to the vertical structure
of the traveling planetary-scale waves in middle
latitude (35° to 55° N).

Data and analysis procedure

The geopotential data for standard isobaric
levels from 850 mb to 10 mb, for two to three
years (not all levels for all months) were pro-
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vided to us on magnetic tape by the National
Center for Atmospheric Research. Daily geo-
potentials heights, at 00Z, were averaged over
10-degree latitude »ands centered at 20°, 30°,
40°, 50°, 60°, 70°, 80° N, the data for the lowest
latitudes being linearly extrapolated to a con-
stant value at the equator. The results were
subjected to zonal Fourier analysis, up to wave-
number 6. Fourier components at each level and
latitude, as funectiors of time, were then Fourier
analyzed with respsct to time over periods of
one month and two months, and the results
analyzed for the traveling wave component ac-
cording to the method of Deland (1972a). This
method is the discrete Fourier equivalent of
the quadrature spectral analysis method used
by Deland (1964), and is related to the method
of Hayashi (1971), but with important dif-
ferences that are d:scussed by Deland (1972a).
The discrete spectral analysis procedure is
advantageous in that the phase information is
preserved; it is losti in the continuous spectral
analysis methods based on the Fourier trans-
form of the autocorrelation function. We are
thus able to analyzs the variation of the phase,
as well as amplitude, of the traveling waves
with latitude and height, from which we can
make some deductions about the dynamics of
these fluctuations, based on the theoretical
work of Eliassen & Palm (1961). The ratio of
the variance accounted for by the computed
traveling component to the total variance as-
sociated with that particular frequency (refer-
red to hereafter as R) is calculated. The sta-
tistical distribution of R has not been derived.
If the four coefficionts which determine R [see
Deland (1972a)] ar» assumed to be uncorrelated
and normally distributed about zero, the mean
value of R is easily estimated using a table of
random normal numbers to be approximately
0.50 (£0.01).

In the following section we present the re-
sults of the computations, comparing them with
theoretical models only where doing so is help-
ful in justifying the method of presentation.
Interpretation of these observations in terms of
the dynamics of the waves is postponed to a
later section.

Results

As an example. the results of the spectral
analysis of six winter and six summer months,
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of the geopotential data at 500 mb and 30 mb,
zonal wave-number 1 at 40° N, are listed in
Table 1. We will discuss these results in some
detail and then describe the vertical structure
of the waves as deduced from the larger col-
lection of statistical results.

In the table, the frequency in cycles per
month corresponds to phase velocity

Ny (360
¢ NZ nﬂl

where N, is frequency in cycles per month, N,
is zonal wave-number, and n,, is the number of
days in the month, which can be approximated
as 30, so that the speed for wave-number 1 is ap-
proximately equal to 12 N degrees of longitude
per day. The phase angle 6 is defined by the
following expression (see Deland, 1972a)

Wz, t) = > Ry, cos [kx+w(t - ~9—)]

w

so that it corresponds to the time at which the
wave maximum crosses a particular meridian.
In the case of westward traveling waves (posi-
tive w) the longitudinal position of a wave
maximum at a given time shifts negatively
(westward) for decreasing 6, that is in the same
sense. For eastward traveling waves (negative
w) the longitudinal position shifts positively
(eastward) for decreasing 6, that is in the op-
posite sense. The amplitude of the traveling
component is given in geopotential meters, and
is shown as a positive number for eastward
traveling components, negative for westward
traveling components.

If we examine the summer spectra in Table
1, we see that the westward traveling compo-
nents predominate from about 3 to 7 cycles
per montbh, i.e. speeds of about 36 to 84 degrees
of longitude per day, averaging about 60 de-
grees of longitude per day. On the average, the
westward motion extends to the lowest fre-
quencies, down to one cycle per month in these
spectra. The spectra seem fairly consistent
from month to month in the middle range of
frequencies, but vary greatly at 1 or 2 cycles
per month. The amplitude of the traveling
waves 1s approximately constant with height.
The coefficient R is greater than 0.5 for most
of the westward traveling components in the
middle frequency range, as can be seen by in-
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spection of Table 1; R is greater than or equal
to 0.50 (rounded), with westward traveling
components, for 20 out of the 35 harmonics
from 3 to 7 cycles at 500 mb, and for 9 of these
harmonics R is greater than or equal to 0.9.

It is not possible, from this method of analy-
sis, to tell whether the slow and fast moving
components are simultaneously present during
the whole of the period analyzed, or, in June
1965 at 500 mb for example, the waves move
slowly eastward for part of the month and more
rapidly westward at other times. Since this
question involves the relations between dif-
ferent spectral components we may not have
enough data to answer this question, in any
case.

Although the amplitudes of the traveling
waves are widely scattered, they appear to in-
creage from 500 to 30 mb, on the average. The
spectra are considerably more erratic in winter
than in summer but westward motions are still
predominant in winter from about 1 to 6
cycles per month. The winter spectra are
shifted to low frequencies compared to the
summer spectra: the greatest amplitudes in
winter are for 1 to 3 cycles per month.

The difference in phase between two levels,
for the same frequency, is meaningful only if
the harmonic is traveling in the same direction
at the two levels. Inspection of the phases in
the table indicate that phases of corresponding
components at the two levels are related for
the summer months given in Table 1. Of the
35 components from 3 to 7 cycles per month,
24 move westward at both levels and have phase
differences in the range —90° to +90°. The
average phase shift for these cases is approxi-
mately zero ( <5°). In winter the phases are
more erratic, but for those harmonics for which
the speed is of the same sign at the two levels
the phase differences again appear to average
close to zero. Although the number of cases is
small, phase shifts in summer from 500 to 30
mb appear to be positive and relatively large
on the average for those harmonics for which
R is close to 1.0 at both levels.

The traveling wave amplitude spectra, as
analyzed for separate months, for 40° N and
50° N, are plotted for zonal wave-numbers 1
and 2 in summer (June, July, August) and win-
ter (December, January, February) in Figs. 1-4.
In plotting and analyzing these spectra the
computed spectral amplitudes are taken as
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Table 1. Traveling-wave spectral results for 500 and 30 mb, 40° N, six vvinter and six summer months

Phase (f) in degrees, amplitude (A) in meters

Cycles/
month 1 2 3 4 5 6 7 8 9 10

A. Summer

64/7 30 mb

] 140 185 330 122 279 152 202 296 286 131

A —74 —47 —46 -39 -78 -10 -69 -5l 3.2 4

R 47 91 .52 .19 01 A1 94 65 .28 .01
64/7 500 mb

] 40 103 349 350 102 138 147 252 215 146

A ~1568 -197 -107 -102 51 —105 1.6 4.7 3.7 3.0

R 85 .86 44 .64 .29 14 .94 85 .88 .60
84/8 30 mb

) 101 16 218 351 233 69 175 341 219 298

A 2.1 44 38 -28 -73 -48 6.8 1.9 -19 2.7

R .08 14 12 41 .56 .63 .96 .16 .38 .90
64/8 500 mb

6 280 84 304 339 217 60 11 241 111 99

A ~142 -96 —20 -11.5 -81 51 —6.9 17 -13 -4

R 61 83 .80 1.00 .92 .53 .98 .19 14 .02
65/6 30 mb

6 360 27 101 195 170 130 299 77 210 27

A -108 -84 -173 -73 -67 -49 -13 45 _1.8 1.8

R .95 .99 .90 .59 7 .90 .19 .94 40 .94
65/6 500 mb

0 12 224 154 169 174 325 254 78 206 226

A 13.2 118 -122 -40 -128 20 24 -53 -12 -21

R 57 87 62 43 .76 40 .29 .06 .27 .50
85/7 30 mb

] 87 13 206 122 102 65 199 217 229 146

A 31 -96 —40 5.1 5 ~8.9 23 -13 -17 1.6

R 14 .98 .18 .92 .00 .93 .53 .80 .57 43
65/7 500 mb

6 21 49 263 278 202 342 237 173 293 29

A -96 -88 -178 11 -60 -46 42 28 4 .6

R 13 92 45 32 .89 94 64 85 83 45
65/8 30 mb

0 7 244 134 257 145 336 305 74 123 184

A —47 -8 ~12.0 -12.9 -100 53 2.4 1.5 1.4 1.4

R 1 .97 .89 1.00 .98 .70 68 .28 .29 .38
65/8 500 mb

6 119 134 74 221 89 350 159 122 114 181

A 7.2 75 -28 -90 -79 -85 1.3 2.1 1.6 2.4

R .35 .26 70 98 .88 .89 .10 .36 .38 .89
66/6 30 mb

) 136 218 317 124 54 234 349 278 7 151

A -63 -86 -84 -62 92 33 -69 -19 36 2.1

R .90 .88 46 .76 .70 .70 .93 80 .32 7
66/6 500 mb

6 62 203 252 148 84 223 308 254 269 230

A 71 —136 —40 -117 -55 -82 -62 25 17 -19

R 24 .56 4 67 .78 12 .97 70 81 81
64/12 30 mb

0 66 205 147 135 33 212 32 57 229 314

A ~55.0 197 —11.3 -202 .9 -17.9 5.0 29 -33 -1l

R 75 3 33 94 .02 .94 .82 a1 .38 .06
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Cycles/
month 1 2 3 4 5 6 7 8 9 10
64/12 500 mb

0 80 116 31 228 63 222 60 257 330 333

A -158 ~6.4 4.5 3.8 7.1 -5.0 3.9 -.6 —-3.8 1.5

R .23 13 .56 12 .66 .89 .60 .02 .66 .26
65/1 30 mb

0 234 93 130 39 45 103 43 234 84 230

A -35.0 11.7 -3563 -183 -8.0 ~14.2 4.3 2.7 4.4 2.1

R ki .82 .95 .96 .94 .75 .40 .52 .57 .63
65/1 500 mb

0 190 253 176 4 332 55 127 167 185 13

A 36.2 6.6 - L6 -17.2 -85 -7.3 4 2.6 1.4 -.9

R .37 .22 .04 .81 a7 .67 .01 .57 41 .07
65/2 30 mb

0 35 40 311 80 40 249 256 272 208 75

A —~22.0 -18.2 -89 -8.1 -84 10.3 5.0 2.3 3.0 -2.9

R .37 .55 37 .85 .62 .51 .87 .68 12 .14
65/2 500 mb

0 56 61 162 197 9 160 123 91 286 189

A -289 -21.9 -123 2.6 —-28 -71 1.1 -10 3.4 -1.5

R .83 .57 .61 .35 71 .40 15 .08 .53 21
65/12 30 mb

0 284 96 341 65 273 121 99 120 85 144

A 107 -18.2 123 -5.5 5.7 4.8 -7.3 2.4 2.6 3.3

R .07 .22 .92 .45 .83 .55 1.00 .39 47 .90
65/12 500 mb

0 86 302 347 331 226 308 50 20 250 314

A 17.7 7.3 -149 -181 -11.1 2.8 -3.9 2.2 1.3 1.2

R .69 .34 94 .64 .72 .18 .58 42 .16 .10
66/1 30 mb

0 332 224 103 41 167 258 157 200 71 326

A — 4.5 -56569 -296 98 -17.6 - 5.6 -4.1 -1.9 1.8 -19

R .10 .89 .85 .47 .65 vy .30 .08 .16 .66
66/1 500 mb

0 20 276 78 26 50 13 177 236 99 187

A -33.9 -48 -3.3 -10.5 -8.0 -2.8 2.9 3.1 -7 3.1

R .82 .10 .25 .71 .39 13 .19 .78 12 .66
66/2 30 mb

0 6 27 248 281 178 343 267 244 355 301

A -124 -13.7 -172 -150 -5.1 -16.0 -84 1.6 3.2 1.9

R .28 31 .99 .64 .95 .95 .96 .46 .40 .33
66/2 500 mb

0 59 105 84 313 179 356 232 102 41 54

A —41.0 5.1 -16.1 7.2 —-4.3 —8.3 -8.5 2.4 2.7 3.5

R .90 .42 .62 .73 .26 .63 .92 .10 24 .39

estimates of the (presumed or hypothetical)
population spectral values: all the values for
the season are plotted together without dis-
tinguishing the results for the different months
and the two latitudes, except that the results
for 1969, plotted as crosses, are separated be-
cause there are fewer pressure levels for this
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year. The other months, represented by cir-
cles, are equally represented at all the levels
from 850 to 10 mb except that one summer
month is missing for 100 mb due to a computer
error. The amplitudes rather than the more
conventional squared amplitudes are shown in
the figures for convenience in plotting on a
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Fig. 1. Traveling-wave spectra, zonal wave-number 1, in summer (Juns, July, August) 40° and 50° N.
Circles for 1964-1966 spectra, crosses for 1969 spectra. Positive amplitudes represent eastward-traveling
components, negative westward. Spectra computed for one-month periods, frequencies in eycles per month.
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Ftg. 3. Traveling-wave spectra, zonal wave-number 1, in winter, otherwise as for Fig. 1.
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linear scale, on which the eastward traveling
and westward traveling components can be
plotted as positive and negative amplitudes
respectively. It is to be expected that the har-
monics for which the coefficient R, the ratio of
the variance due to the traveling wave to the
total variance, is greater than 0.5 should be
more representative of the traveling waves in
the atmosphere than those for which R is less
than 0.5, so the harmonics for which R is
greater than or equal to 0.50 (rounded off) are
represented by larger symbols than those for
which R is less than 0.50. Most of the discus-
sion of these spectra will be in terms of their
average properties as far as they can be esti-
mated from this ample, which is relatively
small by usual statistical standards.

The variation of the wave-vector with height,
which corresponds to a wave in the temperature
field, is due to variations with height of both
amplitude and phase of the zonal harmonie.
As will be seen later, the variation with height
of the phase of the traveling waves is consid-
erably less than that of the quasi-stationary
waves, as estimated from the means for the
period analyzed. Because of the relatively small
variations of phase of the traveling waves, it is
practicable to describe the variations of ampli-
tude and phase separately.

The continuity of the spectral estimates be-
tween different levels is important in lending
credibility to the calculated values as repre-
senting physical traveling waves in the atmos-
phere, rather than an artifact resulting from the
application of the particular method of analy-
sis to random data. Since we can only com-
pare phases for a given harmonic at different
levels if the direction of motion is the same at
the two levels, the comparison of phrases later
in the paper will effectively filter out the
traveling waves for which there is vertical con-
tinuity, and which will be presumed to represent
physical traveling waves. The results of the
phase analysis supports this interpretation, as
will be seen below.

Amplitude spectra in summer

The zonal wave-number 1 spectra in summer
(Fig. 1) are rather similar at all levels analyzed.
The spectra appear to be about the same shape
at all levels, with an apparent small increase in
amplitude of the order of 50 %, from 850 to 10
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mb, most of the increase being from 850 to
500 mb and from 100 to 10 mb. Westward
traveling waves predominate at all levels from
about two cycles to about 7 cycles per month,
as we have already seen for 500 mb at 40° N.
The traveling waves appear to be most clearly
defined at about four or five cycles per month.
In the two-month spectra, not shown, there
are westward traveling waves as slow as 1 cycle
per month at 850 and 500 mb, but at higher
levels up to 30 mb the slowest motions are
mainly eastward, in the summers of 1964 and
1965 (but not in 1969). Since the strueture of
the lowest frequency harmonics is of particular
interest in view of the results of Wiin-Nielsen
(1971), they will be analyzed in more detail
later.

The zonal wave-number 2 results in summer
(Fig. 2) are much more random than those for
wave-number 1. Negative amplitudes represent-
ing westward traveling waves are in the ma-
jority but not conspicuously so at all levels.
The spectra are shifted toward lower frequen-
cies compared to wave-number 1, amplitudes
for frequencies greater than 6 per month (5 at
some levels) appearing to be random. The am-
plitudes of the traveling waves appear to be
almost constant with height, with no evidence
of increase with height as is observed for wave-
number 1.

At the lowest frequency, 1 cycle per month,
there is the same shift from westward motion
at lower levels (in this case 850 mb only) to
eastward motion at higher levels (100, 50 and
30 mb) as was observed for zonal wave-number 1.

Winter spectra

The spectral amplitudes for zonal wave-
number 1 in winter (Fig. 3) increase upward
apparently monotonically by a factor of about
2 or 3 from 850 mb up to 10 mb. The shape of
the spectra appears to change with increasing
height, with the relative contribution of the
lower frequencies increasing with height, that
is the average speed appears to be less at the
higher levels.

The average westward wave speed for wave-
number 1 appears considerably less in winter
than in summer. Westward moving compo-
nents predominate down to one cycle per month,
with maximum amplitudes appearing to be at
about 1 or 2 cycles per month in winter.
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For wave-number 2 in winter (Fig. 4) east-
ward and westward motions are in general
about equally represented. In the stratosphere,
however, at low frequencies, 1 or 2 cycles per
month, eastward motions predominate, con-
sistent with the pattern for the other cases as
described above. The amplitude increases with
height, for wave-number 2 in winter but it is
only for the slowest components in the strato-
sphere, one or two cycles per month, that the
direction of motion (eastward) is sufficiently
consistent that we can consider the spectra to
represent real traveling waves. These compo-
nents increase with height in the stratosphere
by a factor of two or three from 100 to 10 mb.

Variatien of phase with height

The difference of phase between correspond-
ing traveling components at different levels
represents both a time-shift and a longitudinal
displacement. For instance, for a westward-
traveling component, if it leads at a higher level
it is tilted westward with increasing height. For
eastward traveling components, westward tilt
with increasing height corresponds to higher
levels lagging behind lower levels. In the fol-
lowing, the time-wise phase shifts for eastward
traveling components are changed in sign so
that they represent longitudinal displacement.
In the case of wave-number 2, the displacement
in degrees of longitude is one-half the phase-
shifts given. The phase-shifts from the one-
month spectral computations, for 1 to 10 eycles
per month, will be discussed first followed by
the low frequency results from the two-month
computations. The phase-shifts, for the one-
month computations, from 850 to 500 mb, from
500 to 200 mb, from 200 to 100 mb, and from
100 to 10 mb, are plotted with respect to fre-
quency in Figs. 5 and 6 separately for all the
winter (December, January and February)
months of the two years July 1964 to June
1966, for zonal wave-numbers 1 and 2, for 40°
and 50° N. Westward traveling components are
plotted as circles, eastward traveling compo-
nents as crosses.

For both wave-numbers, in summer and win-
ter in middle latitudes, the variation of phase
for the westward-traveling components is
generally small from 850 to 200 mb, averaging
approximately zero from 1 to about 9 cycles
per month. The westward-traveling compo-
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nents are thus approximately vertical in the
troposphere. The eastward traveling compo-
nents, on the othar hand, are tilted westward
with increasing height on the average from 850
to 200 mb.

From 200 to 109 mb, the westward-traveling
components in wiater, for both wave-numbers
1 and 2, tilt eastward with increasing height,
on the average. The eastward-traveling compo-
nents tilt westwarl on the average. In summer
(not shown) for v/ave-number 1 there is con-
siderable scatter and the phase shift is ap-
proximately zero, but for wave-number 2 there
is a definite eastward tilt of the westward trav-
eling components. Wave-number 38, which is
not plotted, behaves similarly to wave-number
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number 2, otherwise as for Fig. 5.

wave-

2, with a well-defined eastward tilt of the
westward components from 200 to 100 mb.

Both westward and eastward-traveling com-
ponents tilt westward on the average from 100
up to 10 mb for both wave-numbers 1 and 2.
The computed phase shifts scatter widely but
the westward tilt averages about 50 degrees
from 100 to 10 mb for the westward traveling
components, the eastward traveling compo-
nents being tilted more, of the order of 100 de-
grees on the average. Also shown in Fig. 5 for
wave-number 1 are the phase-shifts of the mean
wave for the six winter months. It is apparent
that the westward tilt from 100 to 10 mb of
the traveling waves in winter is considerably
less than the tilt of the mean waves. In summer
{not shown), on the other hand, when traveling
waves tilt more than they do in winter, the mean
waves are almost vertical.

The phase-shifts between levels, when the
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average is different from zero, as in the 200-
100 mb layer, appears to decrease approxi-
mately linearly with values at the lowest fre-
quency, so that at low frequencies they cor-
respond to roughly constant (with respect to
frequency) time differences. Deland (1973) has
pointed out a similar feature of the phase shift
between the traveling temperature waves in
different layers of the stratosphere, analyzed
from NIMBUS III SIRS radiances.

The estimate of the phase of the traveling
wave is affected by the presence of a stationary
wave whose amplitude varies periodically with
the wave frequency (Deland, 1972a), in fact if
a traveling wave and an oscillating quasi-
stationary wave are both present, the com-
puted phase for the traveling wave will be
roughly the weighted average of the phases of
the traveling and stationary components. Since
it is likely that there will be fluctuations of
amplitude of the mean wave, associated es-
pecially with upward propagation of energy, it
is to be expected that the apparent tilt of the
traveling waves shown in Figs. 5 and 6 will
reflect to some extent the tilt of the mean
waves, or if their vertical structure is similar,
the average phase error will be zero. If the
traveling waves are excited to a significant ex-
tent by the upward propagation of energy as-
sociated with the qusi-stationary waves, in the
manner illustrated by Hirota’s (1971) model,
the mean phase shifts of the traveling waves
might be biased by the longitudinal displace-
ment of the stationary fluctuations with height.

Since the coefficient R represents the frac-
tion of variance associated with the traveling
wave, we can expect that the higher its value,
the less would be the effect of the quasi-sta-
tionary waves. The maximum phase error due
to the presence of a stationary fluctuation de-
creases with increasing R. It is easy to show
that the maximum phase error is approxi-
mately 20° for R equal to 0.70, and less than 10°
for R equal to 0.90. The phase-shifts were
plotted against the coefficient R, averaged for
the two levels, and also against R for the two
levels as separate variables in an attempt to
determine whether the structure of the waves
varies with respect to these ratios. The phase-
shifts appear to be independent of the coeffi-
cient R for all layers, for both harmonics, and
for both seasons. In all cases, restriction to
larger values of R resulted in reducting the
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scatter of the phase-shifts, as plotted in Figs.
5 and 6 for example, without apparent change
of the average.

Very slow traveling waves

Wiin-Nielsen (1971) has suggested that slow-
moving baroclinic ultra-long waves may be
present in the atmosphers. According to his
theoretical model, there may be waves moving
slowly westward with respect to a stationary
atmosphere, with almost opposite phases near
the bottom and top, and also higher modes
with more complicated vertical structure. Cor-
responding waves in the real atmosphere should
be moving slowly westward in summer, at
perhaps 5 degrees of longitude per day, and
eastward at about the same speed in winter,
if we may presume that they are translated
by the average, over the Northern Hemisphere
atmosphere, of the zonal wind. It therefore
appears worthwhile to examine the vertical
structure of the slowest components in more
detail.

For the purpose of better definition of the
slowest components, traveling wave-spectra
were computed for two-month periods. Har-
monics were calculated for 1, 2, 3 cycles per
two months, ie. }, 1, 1} cycle per month. A
frequency of } cycle per month corresponds to
longitudinal speeds of 6 and 3 degrees of longi-
tude per day at 45° N for wavenumbers 1 and
2 respectively. In Figs. 7 and 8 the longitudinal
phases of the first three harmonics, 1, 2, and
8 cycles per two months, are plotted for zonal
wave-numbers 1 and 2 at 40° N and 50° N, for
summer and winter, with all levels from 850
to 10 mb with the exception of 50 mb plotted
on the same diagram. As plotted the phases
represent the longitudinal position of the maxi-
mum at the beginning of the two-month period
analyzed. For comparison with the phases of
the traveling components, the envelope of the
longitudinal phases of the two-month mean
harmonic (the corresponding harmonic of the
two-month mean field) is represented on the
figures by dashed lines. Points representing
harmonics (for the same period) moving in the
same direction are connected by lines, continu-
ous for adjacent levels, and dotted for separated
levels up to 100 mb. Above 100 mb, the varia-
tions of phase between harmonics moving the
same direction at separated levels with contrary
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motion in betweer. are large and appear to be
random.

These slow components appear to be remark-
ably uniform in vertical structure for the two
seasons and for the two wave-numbers, in the
two latitude bands. They do not appear to dif-
fer much from the faster components, being
almost vertical on the average in the tropo-
sphere, and with a moderate westward slope,
less than that of tae mean waves, in the strato-
sphere. For 1 and 1} ecycles per month the
westward-traveling components tilt westward
on the average in the 200-100 mb layer simi-
larly to the faster-moving waves, but at $}
cycle per month they tilt west in this layer as
do the eastward traveling components on the
average.

The slow components show considerable ver-
tical coherence, extending in many cases from
850 to 10 mb with relatively small phase shifts.
The slope of an 'ndividual harmonic is com-
monly consistent over several levels, especially
from 850 to up L00 mb. The slow eastward
motions at the top levels described previously
(Figs. 1-4) are apparent in these figures as
eastward-traveling components that are not
coherent with similar components at lower
levels.

Since the majority of the harmonies are co-
herent in the vertical, the variation of ampli-
tude with height &t one cycle per month in the
one-month computations, as plotted in Figs.
1-4, is representative of the variation of ampli-
tude with height of the coherent components.
The amplitude is approximately constant with
height in summe:>, and increases upwards in
winter by about a factor of 3 for zonal wave-
number 1, and 1} or two times for wave-num-
ber 2. There is no evidence in these results of
the presence of the slow-moving baroclinic
modes that were t.aeoretically deduced by Wiin-
Nielsen (1971).

Energetics of traveling planetary-scale
waves

It is well-known that for waves with westward
phase speed relat:ve to the atmosphere, as for
stationary waves in the zonal westerlies, west-
ward tilt of the waves corresponds to upward
propagation of energy (Eliassen & Palm, 1961).
In the troposphere, the approximately zero
phase shift with Leight of the westward-travel-

Tellus XXV (1973), 4
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ing components indicates that the average ver- balanced by upward energy flow due to fore-
tical flux of energy associated with these ing at the boundary, theoretially studied by
waves is relatively small in the troposphere. Hirota (1971).

Downward energy flow to compensate for fric- The westward tilt of the eastward traveling
tional or other losses at the ground may be components might be associated with upward
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propagation of energy for the slowest compo-
nents, which are traveling west relative to the
atmosphere, but at the higher frequencies,
greater than one or two cycles per month in the
case of wave-number 1, these waves are propa-
gating east relative to the mean flow in the
troposphere, corresponding to downward energy
propagation. The uniformity of the average
vertical structure of the traveling components,
with respect to frequency and season, suggests
that the apparent eastward traveling compo-
nents are not bound by energy requirements.
They may result from observational deficiencies
and analysis errors, in which case they might
be expected to bear some resemblance to both
the stationary and westward traveling compo-
nents, as indeed they do. Alternatively, the
eastward traveling components may be the re-
sults of applying the method of traveling wave
spectral analysis to stationary waves of varying
amplitude, and the dynamics of these waves
probably cannot be usefully analyzed in terms
of a (linear) superposition of traveling waves.
In the stratosphere, the general westward tilt
of the traveling components is presumably as-
sociated with upward energy propagation, as
discussed by Hirota (1971) in the case of the
traveling waves.

We can apply the Eliassen & Palm (1961)
stationary wave theory to the traveling waves
in more detail if we consider the coordinate sys-
tem to move with the phase-speed of the waves,
so they are regarded as stationary waves in a
modified (faster westerlies for westward wave-
speed) zonal wind field. Eliassen & Palm (1961),
derived the following approximate (linearized
“beta-plane’’) equation for the zonally averaged
wave-energy [their equation (10.3)], in the same
(standard) notation with the same meanings
for all symbols.

- _
@0+ ($o)y= — Uyuv = Upuw + —L o4,

The left hand side represents horizontal and
vertical divergence of energy flux, the energy
generation terms are on the right.

Let us apply the above equation in middle
(or somewhat higher) latitudes in winter, where
both zonal wind and wave-amplitude have maxi-
mum values. Then U, can be approximated as
zero. The eastward (wave) wind component u
is also approximately zero at this latitude. We
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therefore conclude that the generation of wave
energy can be approximated by the last term

1Up

C = —=
[

'v¢‘,
For reference:

f is Coriolis parameter

o represents the static stability, defined by
o= —(Op/ 900)

0 is mean (equilibrium) potential temperature
is northward component of (wave) wind
speed

¢ 1is geopotential

@o is equilibrium density

The generation of wave-energy is thus pro-
portional to the product of the zonal wind shear
and the meridional eddy heat flux.

The above expression for the generation of
wave-energy is independent of zonal wind, and
thus of the moving coordinate system assump-
tion.

In the 200-100 mb layer the westerlies de-
crease with height, so that U, is positive. The
eastward tilt of the westward traveling compo-

nents, in which case v¢, is positive, thus cor-
responds to positive generation of wave-energy
in this layer. Above 100 mb, up to the stratos-
pause, the zonal wind in winter increases with
height, and the generation of wave-energy is
positive as pointed out by Eliassen & Palm
(1961) and discussed by Dickinson (1969) in
the case of the stationary waves.

The westward tilt of the eastward traveling
components and the very slowest westward-
traveling components (4 cycle per month) in
the 200-100 mb layer, corresponding to energy
absorption, suggests that these components are
due to variable forcing from below, similarly
to the stationary waves. It is in this layer that
the differences are most marked between the
apparently freely (for the most part, with rela-
tively little interaction with other compo-
nents) traveling planetary-scale waves, whose
energy appears to be maintained directly by
conversion from zonal energy, and the quasi-
stationary waves whose energy derives, at
least to a considerable extent, from the zonal
flow through interaction with the boundary.

The time variation of wave and zonal energy
associated with the traveling waves has been
discussed by various authors, especially Hirota
(1971). When the traveling component of a
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planetary wave is in phase with the quasi-
stationary forced wave the total amplitude is
large, and when the waves are out of phase the
total amplitude is small. The resulting varia-
tion of wave energy may be supplied from the
zonal flow through the interaction with the
earth’s topography, resulting in the observed
(Hirota and Sato, 1969) negative correlation
between wave-energy, for wave-number 1, and
the energy of the zonal flow. Theoretical ana-
lysis of the interaction of the traveling and sta-
tionary waves with the zonal wind is difficult,
for stationary conditions cannot be assumed.

Concluding remarks

The eastward slope of the westward traveling
planetary-scale waves in the lower stratosphere,
with its associated conversion of zonal to eddy
energy (assuming the applicability of the Elias-
sen & Palm approximations) should require
compensating generation of zonal energy by
mean meridional motions (Dickinson, 1969).
The traveling planetary-scale waves thus ap-
pear to make a positive contribution to, and
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are consistent with, the well-known (deduced)
indirect circulatior. of the lower stratosphere
in the Northern Hemisphere (Newell, 1963).

It is of interest t2> compare these results with
the theoretical moclel of Hirota (1971). The ob-
gservations and FHirota’s theoretical results
agree very closely in the stratosphere. In the
troposphere, the small phase-shift with height
of the observed waves indicates that they are
maintained mainly by energy generation in
situ, rather than oy forcing from below. The
observation of similar traveling waves in the
Southern Hemisphere stratosphere (Deland
1973), where the smaller amplitude of the sta-
tionary waves indicates that upward forcing
is much weaker than in the Northern Hemi-
sphere, is additional evidence that the waves
are, for the most part, internally generated.
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COEKTPAJBHBIN AHAJU3 ABMRKYIINXCA NJIAHETAPHBIX BOJIH:
BEPTUKAJIbHAA CTPYHKTYPA B CPEJHNX NMNPOTAX CEBEPHOTI'O HOJYIIAPUA

IIpencraBieHs peaynbTaTH aHAXW3a AAHHHX O
reomnoTeHunmnane 3a 3 rojga AJA MOBEPXHOCTell OT
850 M6 nmo 10 wm6, HCHONB3YIOHIETO METORBI
JUCKPETHOTO CNEKTPAJBLHOI0 AHAJIN3A [BHMKY-
IMHXCA BOJH. ONMCaHa BEPTHKAJbHAHA CTPYK-
Typa [ABHMKYIIMXCA BOJIH IJIAaHETAPHOrO Mac-
mraba (30HanbHBIE BOJIHOBHE umcia 1 u 2) B
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cpegHux mapoTax. OGCYHAAOTCA NOJYy4YeHHBIE
U3 9THX DE3YJbTATOB BHIBOAB OTHOCHTENBHO
BePTHKAJIBHOINO DPAacCHpOCTPAaHEHMA  DHEpPTuu.
Boanw npubanaurenbHo GapOTPONHEI ¢ OTHO-
CHTEJIbHO MQJIBIMH BapuanuAMH Gasbl O BHCOTE
oiaa dacror ot 1/2 pmo, npubiausurenabHo, 8
IUKJIOB B MecCHll.



