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ABSTRACT

A space-time spectral analysis is applied to the Northern Hemisphere winter of an 11-layer GFDL general
circulation model with seasonal variation. A statistical study is made of the stationary and transient ultra-
long waves and transient long waves with respect to their wave characteristics, three-dimensional structure
and energetics.

The stratospheric stationary waves attain their maximum amplitude in geopotential at the latitudes of
the stratospheric jet in agreement with observations and theories, although their amplitude is too large. The
tropospheric stationary waves corresponding to the Siberian high and the Aleutian low are characterized by
large eddy available potential energy which is mainly converted from zonal available potential energy. On
the other hand, the tropospheric stationary wave corresponding to the local intensification of the subtropical
jet is characterized by large eddy kinetic energy which is supplied by the energy flux from the region of
large eddy energy conversion occurring to the north of the latitude of the Tibetan Plateau.

The transient ultra-long waves are too weak in the troposphere and are associated with a more eastward
moving component contrary to those observed in the troposphere. They are characterized by baroclinic
energy conversion in the troposphere and barotropic conversion in the stratosphere.

The transient long waves corresponding to cyclones are well simulated and their phase relations agree
with both observations and linear theories. Their kinetic energy is largest around 300 mb in agreement with
observations, but contrary to linear theories. Their kinetic energy maxima occur over the Pacific and the
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Atlantic to the east of the maximum latitudinal gradient of the time mean temperature.

1. Introduction

In recent years, remarkable progress has been made
in the development of general circulation models.
These models together with observational and theo-
retical studies have made invaluable contributions to
the simulation and understanding of larg-scale atmo-
spheric phenomena. They yield an abundance of output
data both in space and time and also provide vertical
velocity and heating which are not directly observable.
This study is a comprehensive space-time spectral
analysis of mid-latitude disturbances appearing in the
Northern Hemisphere winter of a GFDL global general
circulation model (Manabe ef al., 1974), extending the
previous spectral analysis of tropical disturbances
(Hayashi, 1974). For the gross statistics of mid-latitude
disturbances in a general circulation model with and
without mountains, the reader is referred to Manabe
and Terpstra (1974) which provides a framework for the
present analysis.

Large-scale mid-latitude waves may be classified
into stationary and transient ultra-long waves (wave-

‘numbers 1-3) and long waves (wavenumbers 5~7).
The stationary ultra-long waves have been theoretically
interpreted as waves forced thermally and/or oro-
graphically [see a review by Saltzman (1968)]. Charney

and Eliassen (1949), Bolin (1950) and Gambo (1956)
demonstrated by barotropic models that stationary
waves are produced by flow over mountains. On the
other hand, Smagorinsky (1953), Doos (1962) and
Murakami (1967) concluded that thermal effects ac-
count for the essential features of the observed distribu-
tion of sea level pressure, while the relative importance
of mountain effects increases with increasing altitude.
The effects of mountains and heating were also studied
theoretically by Sankar-Rao (1965), Sankar-Rao and
Saltzman (1969), Derome and Wiin-Nielsen (1971) and
Egger (1976a,b).

Recently, general circulation models have also pro-
duced interesting results concerning the generation of
stationary waves. The mountains in these models have
not only a lifting effect but also a blocking effect on
the air. Mintz (1965) suggested that the Tibetan
Plateau is responsible for maintaining the Siberian
high during the winter, based on the Mintz-Arakawa
general circulation model with realistic orography.
Kasahara and Washington (1971), based on a NCAR
general circulation model, concluded that thermal rather
than orographic effects are the dominating factor which
determines the stationary flow in the troposphere,
while orographic effects become important in the
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Fi6. 3.1a. Latitude-height section [pressure (mb) left, height
(km) right] of the mean zonal wind of the model atmosphere
during the period October-March.

stratosphere (Kasahara ef al., 1973; J. Williams, 1976).
On the other hand, Manabe and Terpstra (1974) con-
cluded, based on a GFDL general circulation model,
that stationary waves are substantially énhanced by the
effect of mountains not only in the stratosphere but
also in the troposphere through an increase in energy
conversion from available potential energy. They also
found that the location of the Siberian high shifts
southward if the Tibetan Plateau is taken out. In the
present study, it will be of interest to make a detailed
analysis of the three-dimensional structure and ener-
getics of stationary waves in a general circulation model
which incorporates internally determined diabatic
heating and realistic orography. It is also a point of
interest to examine how the energy of the simulated
stationary waves propagates “through the horizontal
and vertical wind shear as has been studied theoretically
by Eliassen and Palm (1960), Charney and Drazin
(1961), Dickinson (1968), Matsuno (1970), Clark
(1972), Simmons (1974a) and Garcia and Geisler (1974)
[see also a review by Holton (1975)].
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Fic. 3.1b. Latitude-height section of the mean zonal wind of
the real atmosphere during the period December-February (after
Newell et al., 1970).
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Fi16. 4.1. Model wavenumber power spectra of zonal component
(left) and meridional component (right) of the wind at 45.6°N.
Full and dashed lines show variance spectra for stationary and
transient waves, respectively.
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Transient ultra-long waves may play an important
role in long-range weather forecasting. These waves
have been studied for the real atmosphere by Kubota
and Tida (1954), Deland (1964, 1965a,b, 1972, 1973a,b},
Deland and Liu.(1967), Deland and Johnson (1968),
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Fig. 4.2. Model (left) and observed (right) wavenumber power
spectra of zonal (top) and meridional (bottom) wind during the
period December—February 1964. The observed power spectra
are adapted from Kao and Wendell (1970) with the values
doubled as corrected by Willson (1975).

Eliasen and Machenhauer (1965, 1969), Arai (1965,
1971, 1973), Bradley and Wiin-Neilsen (1968), Kao and
Wendell (1970), Kao e al. (1970), Iwashima (1973,
1974) and Pratt and Wallace (1976). However, the
three-dimensional structure of these waves is not well
explored. There are only a few theoretical studies rele-
vant to these waves. According to Green (1960), Burger
(1962), Hirota (1968b), Garcia and Norscini (1970) and
Geisler and Dickinson (1975), baroclinic instability also
occurs at very long wavelengths and higher vertical
modes. Numerical experiments by Brown (1969a,b),
Song (1971a,b), Simons (1972) and Gall (1976a) have
shown that barotropic instability is possible at very long
wavelengths in the presence of both horizontal and verti-
cal shear. However, such unstable ultra-long waves are
associated with small growth rates and move eastward
in the westerlies while observed ultra-long waves have
significant amplitude and generally move westward
(Kubota and Iida, 1954). Hirota (1971) suggested that
traveling ultra-long waves in the stratosphere are
excited by a periodic fluctuation of tropospheric sta-
tionary waves forced by a pulsating zonal flow over
mountains. On the other hand, Manabe and Terpstra
(1974) demonstrated by their general curculation model
that although stationary waves are enhanced by the
effect of mountains, transient ultra-long waves are

Y. HAYASHI AND D. G. GOLDER

239

reduced in the troposphere. In the present study it
will be of interest to examine whether the transient
ultra-long waves appearing in a general circulation
model correspond to those studied observationally or
theoretically.

Transient long waves may essentially be explained
by baroclinic instability (Bjerknes and Holmboe, 1944;
Charney, 1947; Eady, 1949; Fjortoft, 1951; Kuo, 1952,
1953, 1973; G. P. Williams, 1974) in the presence of
vertical shear rather than barotropic instability (Kuo,
1949) in the presence of horizontal wind shear. The
combined barotropic-baroclinic instability in the pres-
ence of both horizontal and vertical shear (Charney
and Stern, 1962; Pedlosky, 1964a,b; Stone, 1969;
Brown, 1969a,b; McIntyre, 1970; Song, 1971a,b) pre-
dicts that the long waves gain energy from potential
energy by the baroclinic process, while they lose energy
to the zonal flow by the barotropic process.
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F1c. 4.3. Model (left) and observed (right) co-spectra of
meridional flux of momeéntum (top) and sensible heat (bottom)
during the period December-February 1964. The observed mo-
mentum and heat fluxes are adapted from Kao et al. (1970) and

Kao and Sagendorf (1970), respectively.
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Fic. 4.4a. Frequency-height section of power spectra of the
zonal component: left, computed at 52.8°N, 33°W; right, ob-
served at 53.0°N, 35°W, a 13-winter average (adapted from
Hartmann, 1974).

Recently, Simons (1972), Gall (1976a) and Simmons
and Hoskins (1976) studied the combined barotropic-
baroclinic instability based on a more realistic zonal
flow and static stability. In particular, Gall (1976a),
based on a linear experiment with a GFDL general
circulation model, found that the initial growth rate
attains its maximum at wavenumbers 12-15 rather than
at wavenumbers 5-7, which had been predicted by
previous linear theories. Moreover, the long waves
(wavenumbers 5-7) attain their maximum geopotential
amplitude near the surface with a secondary maximum
in the upper troposphere, whereas the observed maxi-
mum occurs in the upper troposphere. Gall (1976b,c)
further demonstrated that linear theories can explain
only the initial growth and structure for the first
3-4 days, while the preferred scale and structure at
the mature stage can be simulated by the nonlinear
equations. In the present study it will be of interest
to examine the three-dimensional structure of long
waves appearing in a general circulation model which is
based on a set of nonlinear equations with zonally
varying vertical and horizontal wind shear.

2. Brief description of the model

The global model chosen for this study was con-
structed by Manabe and Holloway primarily to in-
vestigate the seasonal variation of climate (Manabe
et al., 1974; Manabe and Mahlman, 1976). It has 11
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F16. 4.4b. As in Fig. 4.4a except for the meridional component.
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levels and an interval of 2.4° between the horizontal
grids developed by Kurihara and Holloway (1967)
and modified by Holloway and Manabe (1971). The
seasonal variation of solar radiation and sea surface
temperature is prescribed. The temperature at the
land surfaces is determined in such a way that ‘it
satisfies a condition of heat balance. The effect of
moist convection is represented by moist convective
adjustment (Manabe ef al., 1965). Mountains are in-
corporated by the use of the sigma coordinate system
(Phillips, 1957).

3. Mean zonal wind

Since waves are sensitive to the zonal mean state,
the model’s mean zonal wind (Fig. 3.1a) is compared
to that observed (Fig. 3.1b) by Newell et al. (1970).
In the model, the jet stream in the northern strato-
sphere is too strong by a factor of more than 2, while
the subtropical jet around 30°N is not pronounced.

4. Classification of mid-latitude waves
a. Wavenumber analysis

In order to determine the characteristic scale of the
model’s mid-latitude stationary and transient waves,
a wavenumber analysis was performed during the -
period from October through March. ““Stationary” is
defined as a 6-month mean, while “transient” is de-
fined as a deviation from this mean. For wavenumber
analyses of observed mid-latitude waves, see reviews
by Van Mieghem (1961) and Saltzman (1970).

Fig. 4.1 shows the wavenumber spectra of stationary
and transient waves for various levels at 45.6°N.
Stationary ultra-long waves are associated with a major
spectral peak at wavenumber 1 in the zonal component
of the wind above 835 mb and a minor peak at wave-
number 3 in the meridional component below 65 mb.
This minor peak does not appear in a model without
mountains (see Manabe and Terpstra, 1974). On the
other hand, transient waves are associated with a peak
at wavenumber 1 in the zonal component above 835 mb
corresponding to transient ultra-long waves and also
a significant spectral peak at wavenumber 5 below
65 mb in the meridional component corresponding to
transient long waves. The peak at wavenumber 5 of
transient waves is seen only up to 110 mb, consistent
with the wave propagation theory (Charney and Drazin,
1961 ; Charney and Pedlosky, 1963 ; Holton, 1973) that
long waves cannot penetrate into regions of strong
westerlies.

In Fig. 4.2, wavenumber spectra at 190 mb are com-
pared with those observed (Kao and Wendell, 1970),
confirming that the spectral peaks in the model occur
at the observed characteristic wavenumbers. However,
the model’s stationary ultra-long waves are too strong,
its transient ultra-long waves too weak, and the tran-
sient long waves somewhat weaker compared to those
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Fic. 4.5. Frequency-wavenumber section of power spectrum density
(m? s day™) of zonal component (upper) and meridional component
(lower) at 315 mb, 45.6°N. The thick dashed line in the lower diagram
indicates the wavenumber-frequency expected from a linear instability

theory (after Gall, 1976a).

observed. This conclusion is not altered, even if the
observed wave activity varies from year to year (not
illustrated).

In Fig. 4.3, wavenumber cospectra of the horizontal
flux of momentum and sensible heat are compared to
those observed by Kao et al., (1970) and Kao and
Sagendorf (1970), respectively. It is seen that both
momentum and sensible heat flux of the model’s sta-
tionary waves are associated with a primary peak at
wavenumber 1 and a secondary peak at wavenumber 3,
whereas the observed fluxes of momentum and sensible
heat are characterized by a primary peak at wave-
number 3. On the other hand, both the model’s and the
observed transient momentum and sensible heat
fluxes are characterized by a spectral peak at wave-
numbers 4-5.

b. Frequency analysis

In order to examine the characteristic time scale of
the transient waves a conventional time-power spectral
analysis of the model’s data has been made. Figs. 4.4a,
and 4.4b show a time-power spectrum density (variance
per unit frequency) of the model’s zonal and meridional
wind components, respectively, compared to those ob-
served (Hartmann, 1974). This comparison confirms
that the model’s transient ultra-long waves associated
with periods of 30-60 days are too weak compared to
those observed. Since these long-period oscillations are
weak, spectral peaks at 4-5 day and 12 day periods

are clearly seen in the model. The 12-day period may
be interpreted as a time interval between rather strong
cyclones, while the 4-5 day period is due to weaker
cyclones. However, the observed data show a rather
vague spectral peak at 4-5 day periods and no isolated
peak at 12-day periods. In the paper of Hartmann
(1974), the long-period oscillations look weaker and
the 4-5 day peak appears sharper than those in Fig. 4.4,
since he employed a logarithmic representation of power
spectrum which is multiplied by frequency. In both
representations the power spectrum drops sharply for
periods <4 days.
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Fic. 5.1a. Latitude-height section of the amplitude (m) of stationary geopotential
height (wavenumber 1) in January: left, model wave; right, observed wave
(monthly average of several years) after van Loon ef al. (1973).

¢. Wavenumber-frequency analysis

When dealing with linear theories, disturbances are
assumed to take the form of sinusoidal waves in longi-
tude and time. Their phase speeds, preferred scale and
structure of the wave solution are then examined. In
the case of a nonlinear experiment with a nonuniform
basic state, disturbances are no longer simple sinusoidal
waves. However, it is still of interest to analyze these
disturbances in their wavenumber-frequency domain
and compare them with the results of linear theories
and those observed. For this purpose, we shall make use
of the space-time cross spectral analysis technique
developed by Hayashi (1971,1973, 1977). Wavenumber-

PHASE (COMPUTED)

frequencyanalysis of observed mid-latitude disturbances
was first performed by Kao and Wendell (1970), based
on the two-dimensional direct Fourier transform method
presented by Kao (1968). The present method gives
additional information of phase and coherence. A lag
correlation method with a 30-day lag was used in the
present computation.

The power spectra of the wind components in the
wavenumber-frequency domain are given in Fig. 4.5.
The upper diagram reveals that transient ultra-long
waves of the zonal component of the wind at 315 mb,
45.6°N are associated with wavenumber 1, moving
eastward with a period of about 60 days. The meridional
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F1c. 5.2. Vertical profile of normalized amplitude (left) and phase (right) of the
stationary wave (wavenumber 1) at 50°N. Observed phase line (ridge) is taken
from Muench (1965) for January 1958 at 50°N.

component, shown in the lower diagram, indicates that
transient long waves take the form of a wave packet
consisting of a broad spectrum of wavenumbers and
frequencies with an eastward phase velocity. Two
representative spectral peaks are seen, one at wave-
number 5 with a period of 12 days corresponding to
strong cyclones, the other at wavenumber 7 and period
of 4 days corresponding to weak cyclones. We would
now like to see if these wavenumber-frequency relations
agree with linear theory.

Recently, Gall (1976a) conducted a linear experi-
ment with a general circulation model, using for the
basic state, winds and temperatures given by the
present model. The resulting dispersion curve of this
model’s stable waves is entered in the lower diagram
of Fig. 4.5. As indicated in this diagram, the peak at
wavenumber 5 (12 day period) falls on this curve.
However, the peak at wavenumber 7 does not, and is
associated with shorter periods than predicted by his
linear experiment.

The power spectrum of the geopotential height of
wavenumber 1 at 60°N is shown in Fig. 4.6 as a func-
tion of frequency and height. According to this figure,
the ultra-long waves are associated with more eastward
than westward moving components at all levels. This is
contrary to observed ultra-long waves in the troposphere
which are associated with more westward moving com-’
ponents (see Deland, 1964). In the stratosphere, how-
ever, recent observational analysis by Sato (1976)
reveals a more eastward moving component for wave-
number 1 in the years 1966 and 1967.

In the following sections a detailed analysis will
be made of the model’s stationary and transient ultra-
long waves and transient long waves with respect to
their three-dimensional structure and energetics.

5. Analysis of stationary ultra-long waves
a. Three-dimensional structure

The meridional sections shown in Fig. 5.1 compare
the distributions of amplitude and phase of the station-
ary wave (for geopotential height, wavenumber=1)
of the model to those observed (van Loon et al., 1973).

The location of the tropospheric maxima of ampli-
tude occur at 200-300 mb around S0°N and 25°N, in
good agreement with those observed except that the
model’s amplitude is somewhat larger. On the other
hand, the model’s stratospheric maximum occurs about
10° south of that observed and its amplitude is too
large by a factor of more than 2. This stratospheric
maximum of the geopotential amplitude coincides with
the maximum westerlies as presented in Fig. 3.1a. In
this respect, the model agrees with both observations
(Hirota and Sato, 1969; van Loon ef al., 1973) and
theories (Matsuno, 1970; Simmons, 1974) using realistic
basic winds. However, it does not agree with the theory
using idealistic basic winds by Dickinson (1968) in
which the geopotential maximum occurs to the north
of the westerly maximum as pointed out by Simmons
(1974a).

Fig. 5.1b indicates that the model’s geopotential
phase lines tilt westward with height in middle latitudes
in agreement with those observed. The horizontal
phase line tilts from southwest to northeast between
30°N and 80°N, whereas, observationally, a reversal in
the horizontal tilt occurs around 50°N. One can also
note that around 30°N there is a rapid variation in the
horizontal phase both in the model and observed
atmospheres.

The vertical structure of the stationary wave is
illustrated in Fig. 5.2. The ridge lines can be seen to
tilt westward with height in good agreement with
observed data by Muench (1965) which is entered in
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the same figure. This westward tilt with height implies,
according to the relation by Eliassen and Palm (1960),
that energy is transported from the troposphere to the
stratosphere in agreement with observations (Reed
et al., 1963; Oort, 1964). Fig. 5.2 also shows that the
stratospheric stationary wave is 180° out of phase with
the tropospheric stationary wave except for their
vertical velocities. This phase shift occurs around 110 mb
where the geopotential amplitude becomes small. This
node can be interpreted as a result of the reflection
of the stationary wave by the strong stratospheric
westerlies as discussed observationally by Sato (1974).

The ridge is situated about 90° to the west of the
downward motion ({divergence) in the troposphere,
while it is situated about 90° to the west of the upward
motion (divergence) in the stratosphere. This feature
is consistent with the quasi-geostrophic vorticity equa-
tion in the absence of friction,

5.1)
ot ax

which implies that the ridge occurs 90° to the east or
west of the divergence (—dw/dp) associated with
stationary or traveling waves. Furthermore, for ultra-
long waves, the time derivative and advective terms
may be neglected according to the scale analysis by
Burger (1958) as

d _0: ¢ ow
("_+ U—_)V2¢+B—-=f2_,
dox ap

do Ow
g—=f—;. (5.2)
dx ap

90°N
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which indicates that the ridge occurs 90° to the west
of divergence (—dw/dp>0).

Here, it is also of interest to point out the phase
relations near the Tibetan Plateau with respect to
energetics. Fig. 5.2 indicates that around 90°E in the
troposphere a northerly wind is associated with cold air.
Therefore, the meridional flux of sensible heat is pole-
ward (7v">0) whichin turn suggests that thereis a con-
version of energy from zonal available potential energy
to eddy available potential energy [ — (87/3y)T"%>0].
Further examination of Fig. 5.2 reveals that sinking
motion is associated with cold air (—T"w’>0) indicating
that the eddy available potential energy is further
converted into eddy kinetic energy. This point will
be discussed quantitatively in the next section on
energetics.

In order to visualize the three-dimensional structure
of the stationary waves, a synoptic analysis is presented
in Fig. 5.3. The time-mean height contours in Fig. 5.3a
are composed of wavenumbers 1, 2, 3. One can see that
the high and low occur around 50-60°N at levels 38,
190 and 940 mb, consistent with the results of the
spectral analysis (Fig. 5.1a). On the other hand, Fig.
5.3b depicts how these stationary ultra-long waves
appear in a time-mean synoptic map with the zonal
mean included. Interestingly, the high is shifted
southward, while the low is shifted northward due
to the latitudinal gradient of the zonal mean geopo-
tential height.

38 MB_ WAVE NUMBER = 1~3
T

90°N,

£Q.

90°N

H0°N|

Q.

F16. 5.3a. Map of time-mean heights (m) composed of wavenumbers
1-3 (top) during the period October-March at 38, 190 and 940 mb.
The dashed lines in the bottom figure indicate topography.
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F16. 5.3b. As in Fig. 5.3a except for wavenumbers 0-20. The dotted
lines in the middle figure show the zonal wind (m s™).

In Fig. 5.3a, one can see that the high and low at
38 mb appear to the west of their counterparts at 190
mb, consistent with the westward tilt of the geopotential
phase line with height. At 190 mb in Fig. 5.3a, an addi-
tional high appears over the Pacific, situated east of the
Tibetan Plateau, with a horizontal axis running south-
west to northeast. This corresponds to the minor
maximum of the geopotential amplitude of wavenumber
1 at 190 mb (Fig. 5.1a) and the rapid variation in the
horizontal phase (Fig. 5.1b). If the zonal mean is
included (Fig. 5.3b) the geopotential height gradient
at 190 mb looks very strong hetween the low and high
around 150°E and the zonal velocity (dotted isopleths)
becomes extremely large, corresponding to the strength-
ening of the westerly jet stream to the east of the
Tibetan Plateau. This large zonal velocity accounts
for the large power spectra of the zonal component
which will be shown in Fig. 5.5b.

At 940 mb in Fig. 5.3a, one can see the anticyclone
known as the Siberian high is formed north of the
Tibetan Plateau and the Aleutian low is formed over
the Bering Sea.

It is also of interest here to examine the distribution
of the vertical velocity of the stationary wave in the
lower "troposphere and see whether it is appreciably
affected by the flow over mountains or frictional con-
vergence within the Ekman layer. The upper diagram
of Fig. 5.4, illustrating the model’s time-mean isopleths
of the vertical p-velocity for wavenumbers 0-20, shows
that strong sinking motion occurs northeast of the
Tibetan Plateau near Manchuria, while rising motion

occurs in the northeast Pacific. The lower diagram is
adapted from Saltzman and Irsch (1972) who computed
the topographically induced vertical velocity at the
surface based on the observed horizontal wind [see also
Fig. 7 in Egger (1976a)]. According to this figure, a
maximum sinking motion occurs to the lee-side of the
Tibetan Plateau. This comparison suggests that the
model’s vertical velocity of the stationary wave at
940 mb is not appreciably affected by the flow over the
mountains. Instead, this sinking motion is associated
with the horizontal divergence of flows around the
Tibetan Plateau as seen in Fig. 5.2 of Manabe ef al.
(1974). The above analysis suggests that the effect of
the Tibetan Plateau is not merely the flow over moun-
tains as parameterized in conventional linear theories.
By comparing Fig. 5.4 and the lower portion of Fig. 5.3b,
it is seen that the sinking motion occurs somewhere be-
tween the Siberian high and the Aleutian low. This
means that the frictional convergence (Charney and
Eliassen, 1949) which should occur in the low pressure
area of the Ekman layer does not significantly affect the
vertical velocity at 940 mb. This result is consistent with
a theoretical model of Smagorinsky (1953) for stationary
waves with large meridional width. It should also be
noted that this sinking motion is associated with cold air
(see Fig. 5.10 bottom), implying that available potential
energy is being converted to kinetic energy.

In order to examine the detailed structure of sta-
tionary waves by spectral analysis, the meridional cross
sections of the power spectra of stationary wavenumber
1, for geopotential height, zonal wind component,
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Fic. 5.4. Map of time-mean vertical pressure velocity (—w, top) in
the mode]l and topographically induced vertical velocity (w, bottom)
adapted from Saltzman and Irsch (1972).

temperature and the vertical p-velocity are given in

Fig. 5.5.
The geopotential height (Fig. 5.5a) of the stationary

wave shows major maxima around 55°N, both in the
troposphere and in the stratosphere. On the other hand,
the major tropospheric maximum of the zonal compo-
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F16. 5.5. Latitude-height sections of the power spectra of the stationary wave (wavenumber 1) geopotential (a), zonal
component (b), temperature (c) and vertical pressure velocity with topography (maximum surface level) (d).
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F16. 5.6. As in Fig. 5.5 except for geopotential (a), zonal
component (b) and vertical pressure velocity with topography (c)
for wave number 3.

nent occurs at the latitude (30~40°N) of the Tibetan
Plateau, indicating that the tropospheric stationary
wave has more kinetic energy here. This large zonal
component amplitude may be interpreted as a strength-
ening of the jet stream to the east of the Tibetan
Plateau, as has been shown in Fig. 5.3b.

Fig. 5.5¢c shows that the temperature perturbation

is large in mid-latitudes, while it is small in low latitudes
in agreement with observations by Oort and Rasumus-
son (1964). This means that the tropospheric stationary
waves corresponding to the Siberian high and the Aleu-
tian low are associated with relatively large eddy avail-
able potential energy compared to that of the stationary
waves appearing in the subtropical jet.

Fig. 5.5 shows that the vertical velocity associated
with mid-latitude stationary waves attains its maximum
to the north (~45°N) of the latitude of the Tibetan
Plateau. The latitudinal maximum shifts poleward
with height following the shifting of the maximum of
westerly zonal flow presented in Fig. 3.1a.

The power spectra of stationary wavenumber 3 are
presented in Fig. 5.6 for comparison. The power spec-
trum of geopotential height for wavenumber 3 (Fig.
5.6a) indicates only one maximum, at 50°N and 190 mb,
and is smaller than that of wavenumber 1 by a factor
of 5. However, the amplitude is in agreement with the
observed amplitude of wavenumber 3 (see van Loon
et al., 1973). The power spectrum of the zonal compo-
nent of wavenumber 3 (Fig. 5.6b) attains its maximum
at 30°N, 190 mb where the subtropical jet appears.
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F1c. 5.7, Latitude-height sections of the cospectra of the
stationary wave (wavenumber 1) eddy conversion (a) and
horizontal barotropic conversion (b).
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energy flux vector (p’_v’, #'w’) for the stationary wave: wave-
number 1 (a), wavenumber 3 (b).

The maximum of the vertical velocity for wavenumber
3 (Fig. 5.6¢) occurs to the north (55°N) of that of wave-
number 1 in the troposphere and does not shift with
height in contrast to wavenumber 1.

b. Energetics

With the three-dimensional structure of the sta-
tionary waves described above, it would be of interest
here to examine the sources, sinks and propagation of
the energy associated with these waves. Since we are
not particularly interested in a complete energy
balance, equations of eddy kinetic energy and available
potential energy may be simplified as

——Ju’v’—a_’w—’, (5.3)

oKE (aﬁ aw) o
€4

3 ay  ap / ay
JAE 0 o
——=——'a'+d' ' +ya' (5.4)

a¢ cdy
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KE=1 (22477, (5.5)

E
AE=—, (5.6)

20

d1n®
0= —g——, (5.7
op

R

y=—- (5.8)
Cpo P

In the above # and v are eastward and northward
velocity components, respectively, w the vertical pres-
sure velocity, a the specific volume, ¢ the geopotential,
Q the heating rate, © the potential temperature, ¢, the
specific ‘heat capacity at constant pressure, R the gas
constant, p the vertical coordinate pressure and v the
lateral coordinate. The overbar denotes the zonal and
time average. The above energy terms are computed
with corrections due to the sphericity of the earth.

I
o tagta

COWPECTRA (a Q-7 WAVENUMEER |, OCT MAR

MNORTH LATITUDE

F1G. 5.9a. Latitude-height sections of the cospectra of the '
stationary wave (wavenumber 1) for generation of eddy available
potential energy by diabatic heating (i.e., convective heating
plus vertical diffusion of sensible heat).
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F16. 5.9b. As in Fig. 5.9a except for conversion of zonal available
potential energy into eddy available potential energy.
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F16. 5.10. Geographical distribution of the time-mean diabatic heating at 500 mb
(top), 990 mb (middle) and the temperature at 990 mb (bottom).

The conversion of eddy available potential energy maximum at 40-50°N and its stratospheric maximum

WAVE NUMBER=1

to eddy kinetic energy (—o'w’) for stationary wave-
number 1, shown in Fig. 5.7a, attains its tropospheric
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vertical coberence (right) with respect to temperature at 500 mb (circled). Phase difference
associated with low coherence (<0.5) is indicated by cross. Wavenumber 1, period 30 days
(eastward moving), 60°N.

249



250

PRESSURE {MB)

PRESSURE (MB)

PRESSURE (MB)

JOURNAL OF THE ATMOSPHERIC SCIENCES

WAVE NUMBER=]

IOH

D
30

%]
=]

(»)

HEIGHT (KM)

PERIOD=30 DAYS {EASTWARD)

685 & \\

83544

940 Y=

9900 05 1.0 0 05T -
AMPLITUDE

PHASE DIFFERENCE

PRESSURE

60°N

.
1
L]

1
1
i
1
1
[}
1

F1c. 6.1b. As in Fig. 6.1a except for a reference level of 65 mb.
WAVE NUMBER =]

PERIOD=30 DAYS (WESTWARD)

— 30 ?‘
i
H
1
i
y
i
|
20
H &J
X pl
T 2
O &
w o
I .
10
-¢
TROUGH
L )
99000 05 10 T 0.5 . [} —0.57 0.0 0.5 1
AMPLITUDE PHASE DIFFERENCE COHERENCE
Fic. 6.2a. As in Fig. 6.1a except for westward moving ultra-long waves.
WAVE NUMBER =1 PERIOD=30 DAYS {WESTWARD) 60°N
10 1
30f \
[}
i
! -¢
1
T i
1
1
38 t TROUGH
20F H
65 {-w
=3 \/
1o = Pwarm que 3
T \ &
[4] [ g
i !
190 e »
1oF
35
500
685
835
940 i
[ 0.5 To 0 Zosw -r 00 6.5 .0
AMPLITUDE PHASE DIFFERENCE COHERENCE

F16. 6.2b. As in Fig. 6.2a except for a reference level of 65 mb.

VoLUME 34



FEBRUARY 1977

WAVE NUMBER=1
QON —

Y. HAYASHI AND D. G. GOLDER

PERIOD=30 DAYS (EASTWARD)

251

38 M8
(— 9ON 90N

AMPLITUDE

PHASE DIFFERENCE

70 70
60 60— ¢
1 ®so0 T 50}~
W w
a )
2 ¢ =
= i~ b~
> 40 4
g =
30 3o
L 20 20
10 10—
Q L ") I EQ_ ) £Q |
0.0 0.5 10 2 ST 0.5m 0 05T 0.0 0.5 1.0

COHERENCE

FiG. 6.3. Meridional profiles of normalized amplitude (left), meridional phase difference
(middle) and meridional coherence (right) with respect to geopotential at 50°N (circled).
Phase difference associated with low coherence is indicated by a cross. Wavenumer 1, period

30 days (eastward moving), 38 mb.

lose their eddy kinetic energy to zonal kinetic energy
of the stratospheric and subtropical jets as is illustrated
by Fig. 5.7b.

It will be of interest to examine how the wave
energy flows in a meridional cross section. The energy
is expected to flow from its source in such a way as to
avoid the region of small refractive index square as
demonstrated by Matsuno (1970). The refractive index
square for isothermal atmospheres is given by Matsuno
(1970) as

0 1 987 m?* [PPsin®
®cosh 30 cos®®  4HG

I

(5.9)

where @ is the angular speed of the basic zonal flow,
6 is the latitude, ¢ is the potential vorticity of the basic
state and 9§/96 involves the first and second deriva-
tive of zonal wind, and m is the zonal wavenumber.

Fig. 5.8a shows the refractive index square for wave-
number 1 computed from the model’s zonal wind
(Fig. 3.1a) and energy flux vector (p’s/, p'w’). It
should be noted that the refractive index square be-
comes very small at 40°N and 20 km. The energy
seems to flow toward the subtropical jet and the strato-
spheric jet avoiding this region. It should be mentioned
that according to the theory by Charney and Drazin
(1961), we should expect small refractive index square
in the region of strong westerlies. However, it turns out
that the refractive index square becomes large at the
latitude of strong westerlies due to the large second
derivative of the horizontal wind shear which is
neglected by Charney and Drazin (1961).

The refractive index square and the energy flux
vectors for wavenumber 3 are also presented in Fig. 5.8b
for comparison. It is seen that the refractive index
square is small in the stratosphere and the energy flow
is confined in the troposphere. In this respect, this result
is consistent with the theory by Charney and Drazin
(1961) that waves with higher wavenumbers are
trapped vertically.

The above energy flux suggests that the kinetic
energy of the stationary wave in the subtropical jet is
supplied by the energy flux from north of the latitude
of the Tibetan Plateau rather than directly by the flow
over the mountains. It should be noted that the eddy
conversion within the subtropical jet is small* (Fig. 5.7a)
and the wave loses its kinetic energy to the zonal mean

kinetic energy (Fig. 5.7b).

Since stationary waves were generated particularly
in the lower troposphere by the regional difference of
the diabatic "heating in the Jand-sea model without -
mountains (Manabe and Terpstra, 1974), it is of
interest here to examine the effect of such heating in
the present study. Fig. 5.9a shows that eddy available
potential energy is generated by diabatic heating while
it is destroyed near the surface between 35°N and
55°N. The diabatic heating in the mid-troposphere is
mainly the result of moist convective heating, while that
near the surface is mainly due to the sensible heat flux
from the surface. Although the eddy available potential
energy is destroyed near the surface, it is converted

! This eddy conversion is much smaller than the convergence of

the energy flux [see Figs. 9.3 and 9.4 in Manabe and Mahiman
(1976) 7.
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F1c. 6.4. Latitude-height sections of power spectrum density
of eastward moving waves (wavenumber 1, period 30 days) for
geopotential (a), zonal component (b) and vertical pressure
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from the zonal.available potential energy as seen in
Fig. 5.9b. This suggests that the effect of the sensible
heat flux at latitudes 35-55°N is to trigger stationary
waves which actually derive their energy from the
zonal available potential energy and the convective
heating in the mid-troposphere. This interpretation is
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consistent with observational studies by Brown (1964)
and Holopainen (1970), who showed that diabatic
heating destroys the available potential energy during
the winter season. On the other hand, between 55-80°N
diabatic heating actually generates the eddy available
potential energy.

The geographical distribution of the diabatic heating
is shown in Fig. 5.10 in order to interpret the above
spectral analysis. The diabatic heating at 500 mb
(upper diagram) shows maxima over the Pacific and
the western Atlantic. The diabatic heating at 990 mb
(middle diagram) attains its maxima over northeast
China, near Japan, where the temperature (bottom
diagram) is relatively cold and also over the Gulf
Stream in the North Atlantic.

6. Analysis of transient ultra~long waves
a. Three-dimensional structure

The vertical structure of the eastward moving ultra-
long wave at 60°N is illustrated by Fig. 6.1a, b. The
phase lines shown in Fig. 6.1a tilt westward with height
in the lower troposphere in agreement with the ob-
served eastward moving ultra-long waves (Pratt and
Wallace, 1976). On the other hand, the phase lines
tilt slightly eastward with height in the stratosphere.
Since the vertical coherence with respect to temperature
at the 500 mb level drops in the stratosphere, the
vertical phase difference in the stratosphere in Fig. 6.1a
may not be meaningful. In order to confirm this east-
ward tilt, Fig. 6.1b is presented. This figure is similar to
that of Fig. 6.1a except that the vertical coherence and
phase difference are measured with respect to the 65 mb
level, resulting in a high vertical coherence in the
stratosphere.

Although westward moving components of transient
ultra-long waves are weak and are not associated with a
frequency spectral peak (Fig. 4.6), it is of interest to
compare their vertical structure with that of eastward
moving components. This westward moving component
is partly due to the standing wave oscillations which are
composed of both westward and eastward components,
as-will be seen in Fig. 6.5. From Figs. 6.2a, and 6.2b,
it can be seen that the vertical profiles of the normalized
amplitude are similar to those of the eastward moving
ultra-long wave. However, the vertical tilt of the phase
lines is smaller than that of the eastward moving wave.
According to Pratt and Wallace (1976), the observed
westward moving ultra-long wave exhibits little vertical
tilt in the troposphere. This result is also consistent
with the theoretical studies by Wiin-Nielsen (1971a,b),
that ultra-long waves with lower vertical mode are
associated with larger westward phase velocity.

The meridional structure of the stratospheric (38 mb)
eastward moving ultra-long wave is shown by Fig. 6.3.
The north-south profiles of the amplitudes of the zonal
and meridional wind components along with geopo-
tential reveal that these waves take the form of eddies
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F16. 6.5. Geographical distributions of time-power spectra (integrated over
periods 20-30 days) of wavenumber filtered geopotential height (wavenumber
0-3) at 38 mb (top), 190 mb (middle), 940 mb (bottom).

centered at 60°N and tilt slightly from southeast to
northwest in the low and high latitudes.

The latitude-height distribution of the power spec-
trum of the eastward moving ultra-long wave is pre-
sented in Fig. 6.4. The geopotential (Fig. 6.4a) looks
similar to that of the stationary ultra-long wave (Fig.
5.5a) except that the tropospheric maximum is at
60°N, i.e., 5° north of that of the stationary wave.
This difference is more apparent in the zonal component
of the wind (Fig. 6.4b) which shows a maximum occur-
ring at 40-50°N, i.e., 10° north of that of the stationary
wave (Fig. 5.5b).

Fig. 6.4c shows that the power spectrum of the
vertical p-velocity attains its maximum around 60°N
in the stratosphere. Unlike the stationary ultra-long
wave (Fig. 5.5d), the vertical p-velocity in the tropo-
sphere is not particularly large to the north of the
Tibetan Plateau.

The horizontal distribution of the time-power spectra
(integrated over periods of 20-30 days) of geopotential
height, consisting of wavenumbers 0-3, is given in
Fig. 6.5. The upper diagram (38 mb) shows that the
maximum amplitude occurs over Alaska (150°W)
where the stationary high pressure is situated (see
Fig. 5.3a). A time-longitude section at 38 mb (not
illustrated) shows that wave amplitudes pulsate like

standing wave oscillations at this longitude. These
standing wave oscillations are composed of eastward
and westward moving components which are coherent
with each other (see Hayashi, 1977).

On the other hand, the middle diagram (190 mb)
indicates that three maxima over northern Russia,
Japan and Canada do not coincide with the stationary
high or low in Fig. 5.3a. In Hayashi (1977) it is shown
that wavenumber 1 at 60°N, 190 mb travels back and
forth rather than pulsates like standing wave oscilla-
tions. The lower diagram (940 mb) reveals two maxima
corresponding to the pulsation of the Siberian high and
Aleutian low in Fig. 5.3a.

b. Emergetics

Fig. 6.6a shows that for the eastward moving ultra-

long waves, the baroclinic conversion (—a'w'>0) from
eddy available potential energy to eddy kinetic energy
occurs in the troposphere. These eastward moving
waves have a steering level in the troposphere consistent
with baroclinically unstable waves. On the other hand,
Fig. 6.6b shows a large barotropic conversion from
zonal to eddy kinetic energy occurring in the strato-
sphere where unrealistically strong horizontal shear
exists. This feature is consistent with the linear baro-
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(b) a. Three-dimensional structure

tropic instability of the present model examined by
Gall (1976a). There is also the possibility of nonlinear
energy transfer from stationary waves, since the
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Fig. 7.1 shows the vertical structure of the transient
long wave with wavenumber 5 [a period of 12 days
(Fig. 7.1a)] and with wavenumber 7 [a period of
3.75 days (Fig. 7.1b)]. Both the figures reveal that the
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F1G. 7.1a. Vertical profile of normalized amplitude (left), vertical phase difference (middle)
and vertical coherence (right) with respect to the temperature at 500 mb (circled). Wave-
number 5, period 12 days (eastward moving), 50.4°N.
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Fi1c. 7.1b. As in Fig. 7.1a except for wavenumber 7, period 3.75 days.

amplitude of the geopotential attains its maximum
around 300 mb, while the amplitude of the temperature
has its maximum near the surface. For the lower
troposphere, the trough line tilts westward with height,
while the temperature tilts eastward and exhibits a
180° phase jump around 300 mb. This is consistent with
the linear theory of Kuo (1952) and the spectral analysis
by Nitta et al. (1973) and Hartmann (1974).

One can also note that upward motion occurs to the
east of the trough even at 990 mb where frictional con-
vergence takes place. Barcilion (1964) and Williams and
Robinson (1974) theoretically studied the effect of
Ekman pumping on baroclinic waves. According to
Williams and Robinson, upward motion occurs at the
trough near the surface. This discrepancy with the

LINEAR MODEL
0 528°N !

PRESSURE (MB)

general circulation model may be due to the large
surface friction in their model which is designed to
simulate laboratory annulus experiments.

In a recent study, Gall (1976a) examined the growth
of long waves by using a linear model with the same
static stability and wind shear as that of the general
circulation model used in the present study. Fig. 7.2
displays the vertical structure of Gall’s wavenumber
7 for comparison. His waves are similar to those in
Fig. 7.1b except that the temperature and vertical
velocity are more in phase and that the geopotential
attains its maximum near the surface rather than
around 300 mb where it exhibits a secondary maximum.
Gall (1976b) further demonstrated by a zonal wave
interaction model that the amplitude aloft becomes

WAVENUMBER=7

HEIGHT (KM}

AMPLITUDE

PHASE DIFFERENCE

F16. 7.2. Vertical profile of normalized amplitude (left) and phase difference (right)
of a linear experiment of a general circulation model (after Gall, 1976a).
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F1c. 7.3. Meridional profiles of normalized amplitude (left), meridional phase difference
(middle) and meridional coherence (right) with respect to the temperature at S0°N (circled).
Phase difference associated with low coherence (<0.5) is indicated by a cross. Wavenumber 5,

period 12 days (eastward moving), 315 mb.

largest when the wave reaches its mature stage. The
present spectral analysis results seem to be contrib-
uted to mostly by mature stage cyclones Wthh have
a large amplitude aloft.

In Fig. 7.3, we show the latitudinal dlStI‘IbuthIlS of
the amplitude, phase and coherence at 315 mb of the
models geopotential and wind components for wave-
number 5 (eastward moving, 12-day period). Examina-
tion of the left-hand side of Fig. 7.3 reveals that the
geopotential is confined to mid-latitudes, with the
maximum meridional wind and geopotential amplitudes
occurring at 50°N, where westerlies attain their latitu-
dinal maximum in the lower troposphere (see Fig:
3.1a). This feature is consistent with the theories of the
meridional scale of baroclinic unstable waves discussed
by Stone (1969, 1975), Simmons (1974b, 1975) and
Gent (1974, 1975). '

The right-hand side of Fig. 7.3, where the geopo-
tential at 50.4°N was used as a reference, shows a large
horizontal coherence between 30° and 50°N. Here, the
zonal component is 90° out of phase with the meridional
component and undergoes a -180° phase shift across
50°N indicating that those waves take the form of a
vortex. The tilt in the phase line from southwest to the
northeast in the mid-latitudes indicates a poleward
momentum flux.

In Fig. 7.4 the latitude-height distributions of several
variables of the model’s long wave are shown. It is seen
that the power spectrum of the geopotential (Fig. 7.4a)
attains its maximum around 50°N and 300 mb. The
power spectrum of the temperature (Fig. 7.4b) attainsa

primary maximum at the surface between 45° and
60°N and a secondary maximum at 100 mb and 45°N.
The vertical p-velocity (Fig. 7.4c) shows maxima at
500 mb between 35° and 55°N. It should be mentioned
here that wavenumber 7 (not Illustrated) has a s1m11ar
meridional-vertical structure.

In order to examine the regional variation of the
intensity of long waves, the horizontal distribution at
500 mb of the time-power spectra (integrated over
periods of 3-20 days) of the meridional component,
consisting of wavenumbers 4-10, is presented in Fig. 7.5
(top). The maxima of the power spectra are found to
occur over the Pacific and the Atlantic. These maxima
are situated to the east of the strong north—south tem-
perature gradient (Fig. 7.5 bottom) on the leeward
side of the Tibetan Plateau and Rocky Mountains.

This result may be interpreted to mean that cyclones
are generated on the leeward side of the Tibetan
Plateau and Rocky Mountains where the baroclinicity
is large and then develop as they move eastward. This
interpretation is consistent with Petterssen (1956) who
showed that there is a significant increase in the fre-
quency of cyclogenesis on the leeward side of the
Tibetan Plateau and Rocky Mountains. The present
result is also in agreement with the statistical analysis
of observed data by Blackmon (1976). This regional
variation of amplitude may explain why Julian (1971)
did not find a significant frequency spectral peak at
Columbia, Mo. (39°N, 92°W), while Hartmann (1974)
found a rather significant peak over the Atlantic
(53°N, 35°W).
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b. Energetics

Fig. 7.6a shows that the baroclinic conversion
(—aw’) attains its maximum below 500 mb near 50°N.

The barotropic conversion [ — (94/dy)u’v’] presented
in Fig. 7.6b is small compared to the baroclinic con-
version. It should be noted that the wave loses its energy
to zonal kinetic energy to the north (35-45°N) of the
latitude of the subtropical jet.

The vertical energy flux (—¢’w’) shown in Fig. 7.6¢
reveals that energy is transported upward between
45-60°N. This energy flux is important in maintaining
the kinetic energy maximum at 300 mb.

Fig. 7.6d shows that available potential energy is
generated also by the diabatic heating in the mid-
troposphere at 50-60°N as simulated by Manabe e al.
(1970), while it is being destroyed near the surface.

Fig. 7.7 shows the geographical distribution of the
local generation of the eddy available potential energy
by the baroclinic process (top) and the diabatic heating
(bottom) for long waves. Here the overbar in the energy
equation (5.4) means the time average only. It is seen
that eddy available potential energy is generated not
only by the baroclinic process but also by convective
heating, particularly over the Pacific and Atlantic.

8. Conclusions

Based on a space-time cross spectral analysis of mid-
latitude disturbances in the Northern Hemisphere,
simulated by a global general circulation model during
the period October through March, the following main
conclusions have been made,

a. Stationary ultra-long waves

1) The stratospheric stationary waves attain their
maximum amplitude in geopotential at the latitude
of the maximum westerlies in agreement with observa-
tions, although their amplitude is too large. The tropo-
spheric stationary waves corresponding to the Siberian
high and the Aleutian low are characterized by rela-
tively large available potential energy. On the other
hand, a kinetic energy maximum occurs at 30-40°N,
corresponding to the strengthening of the subtropical
jet to the east of the Tibetan Plateau.

2) The wave energy flows upward and equatorward
from the region of maximum energy conversion which
occurs to the north of the latitude of the Tibetan
Plateau. It avoids the region of low refractive index
at 20 km and 40°N. The tropospheric stationary waves
in the subtropical jet receive kinetic energy from this
energy flow and lose it to the mean flow.

3) The eddy available potential energy of the tropo-
spheric stationary wave is mainly converted from zonal
available potential energy and is partly generated by
convective heating. However, it is destroyed by the
sensible heat flux from the surface particularly over
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F1c. 7.4. Latitude-height sections of power spectrum density
of eastward moving waves (wavenumber 5, period 12 days)
for geopotential (a), temperature (b) and vertical pressure
velocity (c).

northeastern China where the temperature is rela-
tively low.

4) The sinking motion associated with the tropo-
spheric stationary wave occurs somewhere between the
Siberian high and Aleutian low, while rising motion
occurs to the east of the Aleutian high. However, this
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sinking motion does not correspond to the flow over
mountains or the Ekman pumping.

b. Transient ultra-long waves

1) The transient ultra-long waves (wavenumbers 1-3,
period 20-60 days) are too weak in the troposphere and
are associated with more eastward moving components
than westward moving components contrary to those
observed in the troposphere. They are partly due to the
pulsation of standing waves.

2) The vertical phase lines tilt westward with height
in the troposphere and slightly eastward in the strato-
sphere. The vertical tilt of the eastward moving com-
ponent is larger than that of the westward moving
component.

3) These waves derive their energy from the avail-
able potential energy in the troposphere and from the
zonal kinetic energy in the stratosphere.

c. Transient long waves

1) The long waves are associated with two major
spectral peaks, at wavenumber 5 (period of 12 days)
corresponding to strong cyclones and at wavenumber 7
(period of 4 days) corresponding to weak cyclones.

2) The maximum kinetic energy occurs around 50°N
at 300 mb in agreement with observations, while a
linear theory predicts a kinetic energy maximum near
the surface.

3) The kinetic energy maximum occurs to the east
of the regionof strong north-south temperature gradient
found to the east of the Tibetan Plateau and Rocky
Mountains. The eddy available potential energy is

partly generated by convective heating over the
Pacific and Atlantic.

4) The long waves lose their kinetic energy to the
zonal kinetic energy to the north of the latitudes of the
subtropical jet.
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