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ABSTRACT

The excitation and propagation of equatorial planetary waves and inertia~gravity waves were studied by
comparing simulations from the comprehensive GFDL troposphere-stratosphere-mesosphere SKYHI general
circulation model (GCM) and from a linear primitive equation model with the same domain and numerical
resolution. The basic state of the linear model is time dependent and is derived from the mean zonal wind and
temperature obtained from a simulation with the full SKYHI model. The latent and convective heating fields
of this SKYHI integration are used as the forcing for the linear mode! in a parallel simulation,

The wavelength and frequency characteristics of the prominent vertically propagating equatorial Kelvin and
Rossby-gravity waves are remarkably similar in the linear model and in SKYHI. Amplitudes are also similar
in the lower stratosphere, indicating that the latent and convective heating is the dominant mechanism producing
equatorial wave activity in the GCM. The amplitude of these waves in the upper stratosphere and mesosphere
is larger in the linear model than in SKYHI. Given that the linear and SKYHI models have comparable radiative
damping and horizontal subgrid scale diffusion, it appears that the wave amplitudes in SKYHI are limited by
some nonlinear saturation, possibly involving the subgrid-scale vertical mixing.

At low latitudes the linear model reproduces the flux of upward-propagating inertia—gravity waves seen in
the full model. The results also show that a significant fraction of the inertia-gravity wave activity found in the
midlatitude mesosphere of the SKYHI model can be accounted for by tropical convective heating.

The global-scale Rossby normal modes seen in observations were also identified in the analyses of westward-
propagating planetary waves in both models. They are of realistic amplitude in the SKYHI simulation but are
much weaker in the linear model. Thus, it appears that latent and convective heating is not the main source of
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excitation for the Rossby normal modes.

1. Introduction

Middle atmospheric meteorology is largely con-
cerned with understanding various types of traveling
stratospheric and mesospheric waves. The first-order
behavior of such waves over much of the atmosphere
is reasonably described by linear theory. The analysis
of both observational data and general circulation
model (GCM ) simulations in light of simple linear so-
lutions has allowed the identification of particular fea-
tures of the middle atmospheric circulation as Rossby
normal modes, vertically propagating equatorial waves,
and vertically propagating inertia-gravity waves (e.g.,
Andrews et al. 1987). The prime energy source for all
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these waves is presumably in the troposphere, but the
detailed understanding of the excitation mechanisms
responsible for the observed wave spectrum is still a
matter of active investigation.

Considerable work has been done on the possible
excitation mechanisms for the large.scale equatorial
waves. Mak (1969) proposed that tropical disturbances
might be driven by midlatitude forcing at the poleward
boundaries of the tropical region. He demonstrated that
in a two-layer model, westward Rossby—-gravity waves
similar to the observed Yanai~-Maruyama wave (Yanai
and Maruyama 1966; Wallace 1973) can indeed be
generated by this mechanism. This excitation should
be most effective near the solstices, but such a seasonal
dependence is not supported by observations of the
amplitude of atmospheric Rossby-gravity waves
(Hendon and Liebmann 1991). Mak’s mechanism is
also likely to be quite ineffective in forcing Kelvin waves
(which have small meridional velocity).

There have been two different theoretical approaches
to understanding the possible role of latent heating in
forcing equatorial planetary waves. In the wave-CISK
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(convective instability of the second kind) theories,
the mutual interaction of moisture convergence by the
waves and latent heat release leads to an instability
(e.g., Hayashi 1970). The presumption then is that the
fastest growing linear modes will dominate both the
convective heating and the wave motions in the fully
developed flow. Observational evidence of spectral
peaks in tropical convection has been found only for
frequencies corresponding to the Yanai-Maruyama
wave (Nitta 1970; Hendon and Liebmann 1991) but
not for any of the prominent Kelvin waves.

In the other approach ( Holton 1973; Salby and Gar-
cia 1987; Garcia and Salby 1987), a random heating
is specified in the tropical troposphere and the dynam-
ical response is computed using linear theory. The
principal result of these studies is that the vertical
structure of the specified heating plays a crucial role
in determining the dominant vertical wavelength (and
hence horizontal phase speed) of the response. Thus,
even if the forcing has no preferred frequency, the wave
response in the stratosphere may be concentrated over
a limited band of frequencies.

Hayashi and Golder (1978) attempted to separate
the effects of various forcing mechanisms for equatorial
waves by performing a series of controlled experiments
with a comprehensive GCM of the troposphere and
lower stratosphere. They compared a simulation made
with the full model with simulations made with sim-
plified versions, one without a hydrological cycle and
one with eddies arbitrarily suppressed poleward of 30°.
The removal of the midlatitude eddies significantly re-
duces the amplitude of the simulated Rossby—gravity
waves but has little effect on the Kelvin waves. Elim-
ination of the hydrological cycle results in a simulation
in which both the stratospheric Kelvin and Rossby—
gravity waves are virtually absent. They concluded that
latent heat release is by far the dominant excitation
mechanism for the Kelvin waves, while the Rossby-
gravity waves are forced by a combination of latent
heating and propagation of disturbances from the ex-
tratropics. Unfortunately such controlled experiments
cannot be performed in a straightforward way, since
both the elimination of midlatitude eddies and the re-
moval of the hydrological cycle produce very unrealistic
simulations. Hayashi and Golder (1978) dealt with this
problem by including in their model equations an ar-
bitrary relaxation to prescribed mean flows and vertical
temperature gradients.

In addition to the equatorial planetary waves, the
tropical atmospheric circulation may include higher-
frequency and smaller-scale vertically propagating dis-
turbances. Variations in the extratropical mesospheric
wind having periods of minutes to hours have long
been interpreted as evidence for vertically propagating
inertia-gravity waves (e.g., Hines 1960). In the tropics,
where the Coriolis parameter is small, such waves can
have longer periods. In a recent study, Hamilton and
Mahlman (1988) found that gravity waves with periods
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extending from hours to days and with horizontal scales
of several hundred to some thousands of kilometers
play an important role in the tropical circulation of
the middle atmosphere of the GFDL SKYHI tropo-
sphere-stratosphere-mesosphere GCM.

Some attention has been devoted to orography, shear
instability, and frontal collapse as possible excitation
mechanisms for vertically propagating gravity waves
(e.g., Fritts 1984; Nastrom and Fritts 1992; Fritts and
Nastrom 1992). These forcings, however, are likely to
be more significant in the extratropics than in low lat-
itudes where the tropospheric mean winds are weak.
Cumulus convection provides the most obvious exci-
tation for tropical gravity waves.

A number of recent studies have raised the possibility
that a significant tropical heating source may exist for
gravity waves in the extratropical upper stratosphere
and mesosphere. An examination of the total Eliassen—
Palm flux in a SKYHI model simulation led Miyahara
et al. (1986) to suggest that the gravity waves found in
the midlatitude mesosphere might have their origins
in the tropospheric low latitudes. Detailed statistical
analysis of radar observations at Adelaide (35°S,
138°E) by Vincent and Fritts (1987) and of rocket-
sonde observations at Woomera (31°S, 136°E) by
Eckermann and Vincent (1989 ) have revealed the pre-
ferred horizontal orientation of mesospheric wind
fluctuations. The authors interpreted this as indicating
a dominant direction for the propagation of inertia-
gravity waves. During the summer season, a south-
eastward propagation was inferred. Therefore, the au-
thors speculated that the sources of the gravity waves
might be located in the equatorial troposphere north
of Australia. Similar results from observations at a
number of Northern Hemisphere extratropical rock-
etsonde stations have been obtained recently by Ham-
ilton (1991).

Atmospheric Rossby normal-mode oscillations
(such as the familiar “2 day,” “5 day,” and “16 day”
waves ) are quite prominent features of the mesospheric
and upper-stratospheric circulation (e.g., Salby 1984).
Some research has been done on possible excitation
mechanisms for Rossby normal modes in the atmo-
sphere. Garcia and Geisler (1981) found that these
modes are excited by variations in the strength of the
mean flow over large-scale topography in a very simple
model. From the simple diagnostic study of Hamilton
(1987), it appears that the latent heat release makes
at least some contribution to the excitation of the
Rossby normal modes in a full general circulation
model. Hayashi and Golder (1983) speculated that
nonlinear wave-wave interactions in the troposphere
may play an important role in forcing these normal
modes. It is fair to say, however, that at present nothing
conclusive can be said about the significance of any of
these mechanisms.

The present paper examines the role of convective
heating in generating equatorial waves, tropical and
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extratropical gravity waves, and global Rossby normal
modes. The investigation makes use of the availability
of the GFDL SKYHI GCM, which is known to produce
a simulation with a rich (and in some respects realistic)
spectrum of middle atmospheric waves (e.g., Hayashi
et al. 1984; Miyahara et al. 1986; Hamilton and Mahl-
man 1988; Hamilton 1988; Hayashi et al. 1989). In
the work described here, the traveling waves in a 78-
day SKYHI integration are examined in detail and
compared with those appearing in a parallel integration
of a linearized version of the model. The linear model
is forced only by the time series of latent and convective
heating taken from the full model integration. This
simple approach will be shown to lead to some quite
unambiguous conclusions concerning the significance
of convective heating for the various types of middle
atmospheric waves. The detailed analysis of the SKYHI
simulation itself has also produced interesting new re-
sults, most notably in the demonstration that the model
has a rather realistic spectrum of atmospheric Rossby
normal modes.

The research reported here is described in more detail
in Manzini (1992), hereafter referred to as M92. The
documentation for many of the results discussed in
sections 4-6 can be found in M92.

A brief description of the SKYHI model and some
results obtained from the control integration are given
in section 2. Section 3 describes the basic features of
the linear model integration. Section 4 discusses the
results obtained for global-scale vertically propagating
equatorial waves. Section 5 presents the results for
higher-frequency motions, which are identified here as
inertia—gravity waves. Section 6 discusses those aspects
of the results that relate to Rossby normal modes. The
conclusions are summarized in section 7.

2. The SKYHI Model

a. Model formulation

SKYHI is a comprehensive GCM designed to sim-
ulate the evolution of the general circulation of the
troposphere, stratosphere, and mesosphere (Fels et al.
1980). In SKYHI, the full nonlinear primitive equa-
tions are discretized on a latitude-longitude grid by
means of the box method (Kurihara and Holloway
1967). At high latitudes a Fourier filter is applied to
enforce an approximately uniform longitudinal scale.
An explicit leapfrog scheme, combined with a time
filter with the Euler backward scheme applied once
every 24 time steps, is used to integrate the prediction
equations. The model uses a hybrid vertical coordinate
system, which is terrain following near the ground and
purely isobaric above 321 mb. The vertical domain of
SKYHI ranges from the surface to the top prediction
level at 0.0096 mb (about 80 km) and is discretized
on 40 levels. The vertical spacing between levels slowly
increases with height and is about 2 km in the strato-
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sphere. At the top level a linear damping with a coef-
ficient value of (10 800 s) ™! is applied to all deviations
from the zonal mean. This acts as a crude sponge layer
to reduce spurious reflections. A realistic topography
and a zonally symmetric distribution of clouds are pre-
scribed, along with a realistic seasonally varying ocean
surface temperature. The solar diurnal cycle has not
been included.

Of particular interest to the present work are the
precipitation and convection parameterizations. The
parameterizations used in SKYHI consist of moist and
dry convective adjustment as well as the production
of stable rain. The saturation criterion in both the stable
rain and moist convection schemes is taken to be 85%
of the saturation mixing ratio computed using grid-
scale temperatures. The total temperature change that
occurs in applying the precipitation and convection
parameterizations will be referred to as the SKYHI
“thermal forcing™ when it is used in the linear model
experiments described later.

The SKYHI model employs a modification of the
nonlinear Smagorinsky horizontal diffusion as de-
scribed in Andrews et al. (1983), for the temperature
and horizontal wind fields. The vertical mixing consists
of a (very small) molecular diffusion and a subgrid-
scale turbulence parameterization that depends on the
Richardson number (nonzero only when the Richard-
son number drops below 1). A standard surface drag
formulation (with a Monin-Obukhov scheme to de-
termine the drag coefficient) is employed.

During the last decade, integrations of several ver-
sions of SKYHI with different horizontal resolution
have been analyzed. Hayashi et al. (1984) examined
a simulation obtained with 5° X 6° latitude-longitude
resolution. They found evidence for prominent equa-
torial Kelvin waves with scales and frequencies com-
parable to the observed “slow” (Wallace and Kousky
1966), “fast” (Hirota 1978), and “‘ultrafast™ (Salby et
al. 1984) waves seen in observations. Simulations with
the 3° X 3.6° and the 1° X 1.2° versions of the model
are discussed in Miyahara et al. (1986) and Hayashi
et al. (1989). These analyses showed the presence in
both the midlatitudes and the tropics of upward-prop-
agating high-frequency oscillations identified as inertia—
gravity waves. The frequency-wavenumber spectrum
of the inertia—gravity waves broadens as the resolution
is increased. Eastward- and westward-moving gravity
waves are selectively filtered by the stratospheric winds
in accord with the predictions of simple theoretical
models (e.g., Lindzen 1981). Miyahara et al. (1986)
found that the zonal momentum flux convergence due
to the gravity waves contributes substantially to the
total wave driving of the mean flow in the mesosphere.

b. The present simulation

The present study focuses on a 78-day period, 1
April-16 June, from the third year of a long control
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FIG. 1. Meridional section of the zonal-mean zonal wind from the
SKYHI simulation averaged over (top) the M1 period and (bottom)
the M2 period. Contour interval: 10 m s*. Easterly winds are denoted
by dashed contours.

integration of the 3° X 3.6° SKYHI model. The anal-
ysis will concentrate on the last 60 days of this period,
which for convenience are divided into two 30-day in-
tervals denoted by M1 (18 April-17 May)and M2 (18
May-16 June).
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Figure 1 shows the zonal-mean zonal wind averaged
over the M1 and M2 periods. The overall simulation
is reasonably good, although the Southern Hemisphere
mesospheric jet is much stronger than observed. Near
the mesopause the summertime easterly jet is also
somewhat too strong during the M2 period. The stra-
topause semiannual oscillation in the equatorial zonal
wind is clearly present (note the evolution near 1 mb
from mean westerly winds during the M1 period to
mean easterly winds during the M2 period). As in other
GCM simulations, this model produces virtually no
quasi-biennial oscillation in the lower stratosphere,
however.

Figure 2 shows the mean precipitation averaged over
I April-30 June of this third year of simulation. The
distribution of the precipitation seen here has generally
good agreement with observations (e.g., Legates and
Willimott 1990; Taylor 1973). There are some signif-
icant deficiencies, however. In particular, the simulated
precipitation is much too light over northern India. In
the equatorial west Pacific the model precipitation
shows a single equatorial maximum, rather than the
two off-equatorial maxima seen in observations. In the
observations ( Legates and Willmott 1990), there is also
a separate equatorial maximum in rainfall east of the
date line (presumably associated with El Nifio condi-
tions) that is not found in Fig. 2. These problems are
not confined to the three-month period covered in Fig.
2, but also appear in the long-term mean SKYHI con-
trol climatology.

3. The linear model

a. Basic formulation

The simple model developed for this study was de-
signed to solve the primitive equations in isobaric co-
ordinates linearized about a zonally symmetric basic

60°S

0°

0

FiG. 2. Mean precipitation for April-May-June for the SKYHI simulation. The contour value
doubles at each interval, starting from 2 mm day ™. The region with precipitation greater than

16 mm day ! is heavily shaded.



2184

state. The model domain is global and extends to
0.0096 mb. The 40 vertical levels employed are iden-
tical to those at a SKYHI grid point with surface pres-
sure of 1013.25 mb. No orography is included in the
linear model and the geopotential height of the lowest
model level is a prognostic variable. The solution is
represented by a spectral expansion in the zonal direc-
tion. Linearized versions of the SKYHI finite-difference
approximations are employed to represent the vertical
and meridional derivatives. The meridional resolution
is 3°, and only zonal wavenumber 1 is integrated from
pole to pole; for all other zonal wavenumbers a wall is
imposed at the latitude where the Fourier filter is used
in SKYHI. As in SKYHLI, the linear model is integrated
with explicit leapfrog time differencing. The linear
model employed a weak Robert filter applied at each
time step (rather than the intermittent application of
time filtering in the full SKYHI model).

The linear model includes dissipation in the mo-
mentum and thermodynamic equations. In particular,
a Newtonian cooling designed to roughly approximate
the radiative transfer term in the full SKYHI model
was employed. The coefficient was taken from the Fels
(1982) scale-dependent parameterization assuming a
vertical wavelength of 15 km (the mean temperature
profile needed in Fels formula was taken as the “trop-
ical standard” from Fels 1986). A V2 diffusion of both
temperature and momentum with coefficient Ky = 1.8
X 10° m? s~! was also employed. In M92 there is a
comparison of this value with spatial averages of values
of the (deformation dependent) K}, in the full SK YHI
simulation. The K}; used in the linear model is roughly
a factor of 2-3 larger than the mean values in SKYHI.
Just as in the full SKYHI model, an arbitrary linear
damping of eddy fields is imposed at the top level of
the linear model. No surface drag is included in the
linear model.

b. Suppression of baroclinic instability

When the linear model is integrated with forcing in
the thermodynamic equation and basic state taken
from the SKYHI control, exponentially growing baro-
clinic waves appear. These disturbances are strongest
in the midlatitude lower troposphere, but after several
weeks of integration they dominate the solution almost
everywhere. A trial and error approach was used to
arrive at the minimum modification to the model that
successfully suppressed the baroclinic instability. The
solution ultimately adopted was to (i) eliminate the
mean state baroclinicity poleward of 43.5°S and
40.5°N and between the ground and 321 mb, (ii) in-
clude a linear damping in narrow surface layers ex-
tending over the lowest three levels (1003.7 to 922.2
mb) and poleward of 22.5° latitude, and (iii) include
a linear damping in polar sponge regions extending the
full depth of the model poleward of 73.5° latitude. To
accomplish (i), the mean state temperature at all points
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poleward of 40.5°N and all levels below 321 mb was
set to the temperature at the same level at 40.5°N. The
mean zonal wind at levels below 321 mb and points
poleward of 40.5°N was set to the value at 321 mb at
the same latitude. A similar procedure was adopted for
the Southern Hemisphere poleward of 43.5°S. Further
details are given in M92.

c¢. The parallel SKYHI and linear model integrations

During the SKYHI integration from 1 April to 16
June, the hourly mean values of wind, temperature,
surface pressure, and subgrid-scale “thermal forcing”
were achieved.

The linear model was integrated from zero initial
conditions for the same 78 days using a time step of
225 s (changed to 112.5 s for the last 30 days). The
eddy thermal forcing and zonal mean state were taken
from the SKYHI integration and were updated every
hour throughout the linear model run. In order to focus
on the effects of tropospheric wave excitation, the ther-
mal forcing was set equal to zero above 103 mb (thus
eliminating any contribution from activation of the
dry convective adjustment in the middle atmosphere).
Before insertion into the linear model, the SKYHI
thermal forcing at each grid point was also multiplied
by the ratio of the simulated surface pressure to the
standard surface pressure (1013.25 mb). This correc-
tion (normally only a few percent) was a crude attempt
to account for the use of a constant mean surface pres-
sure in the linear model.

In order to keep the volume of data archived within
practical bounds, a number of simplifications were
adopted. While all fields were archived at all latitudes
and pressure levels equatorward of 43.5°, only the zonal
mean fields in SKYHI were archived poleward of 43.5°.
This allowed a global mean state to be specified for the
linear model, but meant that the thermal forcing was
set to zero poleward of 43.5°. This is a reasonable sim-
plification, given the present focus on convective heat-
ing and given the considerable modification that had
to be imposed on the high-latitude mean state. Instan-
taneous values of the linear model fields equatorward
of 43.5° were saved every hour. The zonal resolution
of the linear model was restricted to wavenumbers 1-
24 (i.e., down to wavelengths approximately four times
the zonal grid spacing in SKYHI). Earlier studies with
the 3° X 3.6° SKYHI model (e.g., Hamilton and
Mahlman 1988) suggest that less than 10% of the ver-
tical eddy momentum flux in the middle atmosphere
resides in the portion of the spectrum with wavelengths
less than four times the grid spacing (this part of the
spectrum is also poorly represented by the finite-dif-
ference numerical scheme of the SKYHI model).

d. Analysis applied to the results

The hourly fields from both the SKYHI and linear
model integrations were sampled every four hours and



15 JuLy 1993

MANZINI AND HAMILTON

PRESSURE (mb)

0,01

) \/ 1\.'\ %
\

ol £

10

PRESSURE  (mb)

100

Q\WQ\\’“U
@@

TPAN
Lo
2
\ N
)

iy Lt T St Rl atater I S,

58 68

TIME (days)

FiG. 3. Time-height section of the equatorial zonal wind for eastward-propagating wavenumber 1 at 0° longitude over the M1 and M2
periods. (a) SKYHI and (b) linear model. Contour interval: 2 m s™'. Dashed contours indicate easterly winds. The tick marks on the

vertical axis represent the locations of model levels.

then analyzed into westward- and eastward-propagating
components using space-time Fourier analysis (Hay-
ashi 1971). This was done separately for the M1 and
M2 periods. In addition, for the zonal wavenumbers
1-4, a similar analysis into westward and eastward
components was carried out using 8-hourly data
(means of two 4-hourly snapshots) for the 60-day pe-
riod 18 April-16 June (linear model) and for the full
78-day period 1 April-16 June (SKYHI). Some com-
parisons of results using hourly data and the 4- or 8-
hourly data showed only small differences. In all cases,
the space-time Fourier analysis was performed at all
levels and all latitudes from 43.5°S to 43.5°N. The
zero frequency eddy component of the simulation was
not analyzed and is excluded from all results presented
in this paper.

4. Large-scale equatorial waves

a. Results for eastward-propagating wavenumbers 1
and 2

Figure 3 shows the 60-day time-height section of
the equatorial zonal wind at 0° longitude reconstructed
from the eastward-propagating zonal wavenumber 1

disturbances of all frequencies. The SKYHI results are
shown in panel (a) and those from the linear model
in panel (b). If one ignores for the moment the larger
amplitude of fluctuations in the linear model, then
there is an impressive similarity between the SKYHI
and linear model simulations. In the middle atmo-
sphere both models display the downward phase prop-
agation and upward propagation of temporal wave
packets expected for Kelvin waves excited in the tro-
posphere. In both models the dominant vertical wave-
lengths in the stratosphere are about 12-15 km and
the periods are near 12-14 days. These scales are con-
sistent with Kelvin waves with zonal phase speeds of
the order of 30-40 m s™! and are similar to those of
the “slow” Kelvin waves first observed by Wallace and
Kousky (1968). In the mesosphere of both models,
higher-frequency oscillations occur with vertical wave-
length of about 25 km or more (particularly strong
around day 32 and after day 62).

The altitude variation of the dominant frequency
(and vertical wavelength) for fixed zonal wavenumber
has also been seen in observations (Salby et al. 1984)
and in previous numerical simulations (Hayashi et al.
1984; Garcia and Salby 1987). The high-frequency
waves in the SKYHI mesosphere have properties sim-
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FIG. 4. As in Fig. 3 but for eastward-propagating wavenumber 2.

ilar to the “‘ultrafast” Kelvin waves seen in satellite
data by Salby et al. (1984).

The agreement between the SKYHI and linear
model results in Fig. 3 often extends beyond general
appearance to a nearly exact correspondence of wave
packets and of individual crest and trough positions.
For example, in both simulations a wave packet can
be clearly traced from the upper troposphere around
day 36 to the stratopause at about day 68. In the center
of the wave packets (i.e., where amplitudes are large)
there is very close agreement in wave phase between
the two models. Figure 3 clearly shows that the 18-day
spinup time for the linear model is inadequate for
wavenumber 1. The agreement between the two models
in the upper stratosphere and mesosphere indeed im-
proves during the last 30 days shown.

Figure 4 shows the corresponding equatorial zonal
wind fluctuations for eastward-propagating wavenum-
ber 2. Again the overall appearance of downward phase
velocity and upward group propagation of well-defined
pulses is consistent with earlier observations of wave-
number 2 in the equatorial middle atmosphere (e.g.,
Salby et al. 1984; Coy and Hitchman 1984 ). The dom-
inant vertical wavelengths are similar to those for
wavenumber 1 (~12 km in the stratosphere to more
than 20 km in the mesosphere). The dominant periods

in Fig. 4 are ~5-6 days in the stratosphere (i.e., roughly
a factor of 2 less than for wavenumber 1). There are
several distinct wave packets that can be traced in both
panels of Fig. 4, in particular those starting at about
100 mb near day 18, day 27, day 39, day 56, and day
64. The last two of these are rather weak and are more
easily seen in the linear model results (but are also
clearly present in the SKYHI simulation). The vertical
group propagation appears to be somewhat faster in
SKYHI than in the linear model, although Figs. 4a
and 4b actually show very impressive agreement at least
up to 0.1 mb when laid directly over one another. In
contrast to wave 1, the 18-day spinup period appears
to be adequate for wave 2 Wwith its faster group velocity.

Figure 5 shows the latitude-time section of the 10-
mb zonal wind associated with eastward-propagating
wave 2. The results for both SKYHI and the linear
model feature an equatorially trapped signal that agrees
well with expectations for a Kelvin wave with phase
speed ~30-40 m s~'. The agreement in phase between
the two simulations near the equator is spectacular,
particularly when the wave pulses are strong. At higher
latitudes one sees longer period fluctuations, which
presumably reflect the presence of quasi-stationary
planetary waves. While both models have such mid-
latitude variations, there is no agreement in the details
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FiG. 5. Time-latitude sections of the zonal wind for eastward-
propagating wavenumber 2 at 10 mb and 0° longitude over the M1
period; (top) SKYHI and (bottom) linear model. Contour interval:
1 m s™'. Dashed contours indicate easterly winds. These figures have
been slightly smoothed by taking a running mean over one day and
applying a 1-2-1 averaging over the 3° latitude grid.

of the phase propagation. This is understandable since
such waves are presumably strongly influenced by to-
pography (which is not included in the linear model)
as well as by diabatic forcing at latitudes poleward of
43.5° (also omitted in the linear model).

Similar conclusions can be drawn from a comparison
of the latitude-time sections for wavenumber | (not
shown).

The temperature variations associated with eastward-
propagating wavenumbers 1 and 2 were examined and
found to have very similar behavior to the zonal wind
fluctuations. The very same wave pulses are clearly
seen in the temperature field. The temperature varia-
tions are very nearly in quadrature with those of the
zonal wind (not shown ). The fluctuations in equatorial
meridional wind associated with eastward-propagating
waves | and 2 were also examined and found to be
much weaker than the corresponding zonal wind fluc-
tuations (consistent with the view that equatorial Kel-
vin waves dominate the eastward-propagating wave
field).

For wave one (Fig. 3) the largest zonal wind am-
plitudes in SKYHI are ~5 m s™!, which occur near
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10 mb in the peak of the wave pulse around day 58.
This is less than the 8 m s™! value quoted as a typical
amplitude of the Wallace-Kousky wave in the lower
stratosphere during the easterly phase of the QBO
(Wallace and Kousky 1968; Wallace 1973). For wave
two, the peak amplitude near 10 mbisalso ~5ms™'.
Taking the waves 1 and 2 together, the peak amplitude
becomes comparable to that estimated by Wallace and
Kousky as the typical amplitude. On this basis it seems
reasonable to conclude that on average the stratospheric
Kelvin waves in SKYHI are somewhat weaker than
observed.

The amplitude of each of the wave 1 and 2 Kelvin
waves is clearly larger in the linear model than in the
SKYHI simulation (see Figs. 3-5). The difference is
evident at all levels, but above the tropopause the ratio
of linear amplitudes to SKYHI amplitudes grows with
height (particularly evident in Fig. 4 for wavenumber
2). By 10 mb the linear model waves are about twice
as strong as those in SKYHI. The most obvious inter-
pretation would be that the dissipation in SKYHI is
stronger than that in the linear model. Explicit calcu-
lations with reduced Ky in the linear model showed
that the horizontal diffusion does not play a significant
role in damping the large-scale Kelvin waves (see
M92). The radiative damping was designed to be sim-
ilar in the two models (although there cannot be exact
agreement given the simple Newtonian cooling scheme
used in the linear model). A notable difference in the
two models is the presence of the Richardson number-
dependent vertical mixing and dry convective adjust-
ment in SKYHI. When the linear solution for all waves
is resynthesized there are frequent occurrences of lo-
cally unstable lapse rates (see M92). Thus, it seems
probable that the nonlinear vertical mixing parame-
terizations act to constrain amplitudes of the vertically
propagating waves in SKYHI. There are also differ-
ences between the amplitudes in the two simulations
at the tropopause and in the troposphere itself (where
high-frequency motions are much stronger in the linear
model). These may reflect the absence of both vertical
mixing and surface drag in the linear model.

b. Results for westward-propagating wavenumbers 1
and 2

Figure 6 shows time-height sections of the equatorial
zonal wind fluctuations associated with westward-
propagating zonal wavenumber 1 for both SKYHI and
the linear model. Clearly there are significant differ-
ences between the westward planetary-scale waves in
the SKYHI and linear models. A succession of distur-
bances with quasi-barotropic vertical structure is seen
in the mesosphere of SKYHI. For instance, a pulse of
waves with an 8-9-day period is apparent between days
24 and 42 in Fig. 6a. Another pulse extending into the
upper stratosphere with a 16-day period occurs between
days 54 and 70. Superimposed on these long-period
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FIG. 6. As in Fig. 3 but for westward-propagating wavenumber 1.

pulses are other rather barotropic features of shorter
period (for instance, around day 48). Corresponding
disturbances are difficult to find in the linear solution
(Fig. 6b). This difference between the SKYHI and lin-
ear model simulations is also apparent for wave 2 (not
shown). In section 6 it will be demonstrated that the
fluctuations in the SKYHI middle atmosphere reflect
the presence of global Rossby normal modes. The cor-
responding modes are much weaker in the linear model
simulation.

¢. Results for zonal wavenumbers 3 and 4

The equatorial time-height sections corresponding
to Figs. 3 and 4 were also computed for the eastward-
propagating wavenumber 3 and 4 components. These
figures (see M92) reveal the presence of vertically
propagating Kelvin wave pulses quite similar to those
seen for waves 1 and 2, but with higher frequencies
and smaller amplitudes. The dominant periods in the
stratosphere are about 4 days for wave 3 and 2-3 days
for wave 4. These periods, and the dominant vertical
wavelengths of about 15 km, are similar for SKYHI
and the linear model. In both models, eastward-prop-
agating waves 3 and 4 have higher frequencies and
longer vertical wavelengths (~20-25 km) in the me-

sosphere. The peak zonal wind amplitudes of waves 3
and 4 in the stratosphere are a factor of 2-3 smaller
than for wave 1 or 2. As for waves 1 and 2, the am-
plitudes of waves 3 and 4 in the linear model are a
factor of ~1.5-2 larger than in SKYHI.

The equatorial zonal wind field associated with
westward-propagating zonal waves 3 and 4 is much
weaker than for the corresponding eastward waves.
There is no evidence in waves 3 and 4 for the quasi-
barotropic fluctuations so clearly seen in westward-
propagating zonal wavenumbers 1 and 2 in the SKYHI
simulation (e.g., Fig. 6). It is worth noting that the
published observational studies have not found evi-
dence for the zonal wavenumber 3 and 4 Rossby nor-
mal modes ( with the exception of the identification of
the observed “2 day” wave with the wavenumber 3
Rossby-gravity mode, e.g. Salby 1981b).

In observations, a prominent vertically propagating
Rossby—gravity wave with dominant zonal wavenum-
ber ~3-4 is evident in the meridional wind field in
the equatorial stratosphere (Yanai and Maruyama
1966; Wallace 1973). A similar feature can be seen in
the westward-propagating wavenumber 3 component
in both the SKYHI and linear model simulations. The
cleanest example of a Rossby—gravity wave pulse is il-
lustrated in Fig. 7, which is a time-height section of
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westward-propagating wavenumber 3 at 0° longitude. Results shown
for 20 days and only from 100-3 mb. (a) SKYHI and (b) linear
model. Contour interval I ms™'.

the westward-propagating wave 3 component of the
equatorial meridional wind. A wave pulse propagates
from 100 mb at day 28 to 3 mb at day 44. The dom-
inant wave period is ~4 days and the vertical wave-
length is ~5-6 km; both these features are similar to
the observed Yanai-Maruyama wave. The amplitudes
of the meridional velocity fluctuations associated with
the observed Yanai-Maruyama wave in the lower
stratosphere have been estimated to be ~2-3 m s™!
(Wallace 1973). It appears that the corresponding wave
in the both SKYHI and the linear model is much
weaker. The peak amplitude of the wave pulse in Fig.
7 significantly exceeds 1 m-s~! only above 10 mb, and
this is the strongest event seen in the entire 60-day
period. The comparison with observations is not
straightforward, since Wallace quotes values appro-
priate for weak mean westerlies, while the present
models have mean easterlies in the tropical lower
stratosphere, but it is hard to avoid the conclusion that
the Yanai~Maruyama wave in SKYHI is unrealistically
weak. The meridional wind field is shown only up to
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3 mb in Fig. 7. Above this level the meridional wind
fluctuations are dominated by rather irregular distur-
bances with periods shorter than 3 days and with much
longer vertical wavelengths (~25 km or more).

For zonal wavenumber 4 there is some indication
of an even weaker westward-propagating Rossby—
gravity wave with period near 3 days and vertical
wavelength ~6 km (not shown). This is apparent only
below about 50 mb.

d. The thermal forcing

Figures 8 and 9 show time-height sections of the
meridionally averaged (from 10.5°S to 10.5°N) ther-
mal forcing for the eastward- and westward-propagating
wavenumber 1, respectively. Only the bottom 16 levels,
ranging from 100 mb to 1000 mb, are shown. The
heating rates have been slightly smoothed by means of
a daily running mean. The thermal forcing is very co-
herent vertically, and (when expressed as the heating
per unit mass) generally peaks around 500 mb. A very
rough estimate of the dominant vertical scale of the
thermal forcing might be 8-10 km.
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FiG. 8. Time-height sections of thermal forcing for eastward-
propagating wavenumber 1, at 0° longitude and meridionally averaged
over 10.5°8-10.5°N. The (top) M1 period and the (bottom) M2
periods are shown. Contour interval: 0.1 K day ~'. Dashed contours
indicate negative values. The zero contour is not plotted. The data
have been slightly smoothed by taking a one-day running mean. The
tick marks on the vertical axis indicate the positions of model levels.
The space-time Fourier decomposition was done separately for the
M1 and M2 periods; thus, there are discontinuities at the boundary
between the panels.
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F1G. 9. As in Fig. 8 but for westward-propagating wavenumber 1.

The most prominent variation of the eastward com-
ponent of the forcing is a long (~30-40 day) period
modulation. This feature is notably absent in the west-
ward component, which has a dominant period of os-
cillation of the order of a few days. It is natural to
associate the long period variation in Fig. 8 with the
Madden-Julian oscillation (Madden and Julian 1972),
which appears as a large-scale eastward-propagating
precipitation maximum in the tropics.

In Fig. 8 there is no prominent signal corresponding
to the 12-14-day period of the wavenumber 1 strato-
spheric Kelvin wave signal. The stratospheric response
in Fig. 3b is strikingly more periodic than the thermal
forcing.

The time-latitude sections of the vertically integrated
thermal forcing for wavenumber 1 were also computed
(not shown). The forcing presented in this way looks
rather noisy, with significant meridional coherence
generally extending only over two or three grid points
(6-9 degrees of latitude). Centers of strong forcing
mostly cluster around the equator, but also appear at
higher latitudes. There is a modest, but clearly dis-
cernible, shift of the forcing into the Northern Hemi-
sphere in the M2 period.

e. Discussion

The large-scale eddy circulation in the SKYHI
equatorial stratosphere is dominated by eastward-
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propagating Kelvin waves. For each individual zonal
wavenumber, the equatorial zonal wind and temper-
ature fields display roughly periodic oscillations with
an amplitude that is modulated so that most activity
is concentrated into well-defined upward-propagating
pulses. The period of the dominant stratospheric os-
cillation decreases with wavenumber, so that the hor-
izontal phase speed is roughly 30-40 m s ! for each of
zonal wavenumbers 1-4. The same vertical wavelength
of ~12-15 km is characteristic of each individual
wavenumber. The wavenumber 1 and 2 Kelvin waves
in SKYHI have properties very similar to those of the
observed Wallace-Kousky wave, although observations
suggest that the dominant phase speed is somewhat
smaller (~25 m s™'; e.g., Wallace 1973) than found
in the model.

The stratospheric Kelvin wave field in SKYHI is
well reproduced by the linear model. Thus, it appears
that heating by the convective parameterization is the
principal source of excitation for these waves in
SKYHLI. The impressive periodicity of the stratospheric
waves is consistent with Holton’s (1973) finding that
the vertical wavelength and horizontal phase speed of
Kelvin waves forced by a broad spectrum of tropo-
spheric heating are largely determined by the vertical
scale of the forcing. There is no indication that wave~
CISK plays any role in forcing the stratospheric Kelvin
waves. On the other hand—given the prominent long
period modulation of the eastward-propagating thermal
forcing—it is tempting to speculate that wave-CISK
may be crucial in forcing the Madden-Julian oscillation
in SKYHI.

Higher-frequency Kelvin waves appear to dominate
the eastward-propagating component of the wave field
in the equatorial mesosphere of SKYHI. A shift to
higher frequencies with height is to be expected, since
(for fixed zonal wavenumber) the lower-frequency
waves have slower vertical group velocity and are se-
lectively filtered by any dissipation. By the mesopause
the dominant phase speeds may exceed 100 m s™!.
These very fast Kelvin waves are also seen in the linear
simulation, suggesting that they are excited by tropo-
spheric convective heating.

The good agreement between SKYHI and linear
simulations for the eastward waves 1 and 2 contrasts
strongly with the situation for the global-scale westward
waves. For westward-propagating waves 1 and 2, the
upper stratosphere and mesosphere is dominated by
quasi-barotropic fluctuations that appear to be only
weakly excited in the linear simulation.

For waves 3 and 4, there is some suggestion in both
models of a weak westward-propagating signal corre-
sponding to the observed Yanai-Maruyama wave,
When this wave is relatively strong, the amplitude in
the linear model is comparable to or larger than that
in SKYHI. Thus, convective heating appears able to
account for the excitation of the Yanai-Maruyama
wave in SKYHIL
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5. Smaller-scale waves

Figure 10 shows the space-time power spectrum for
the equatorial zonal wind at 1.08 mb for both the
SKYHI and linear simulations. Power is concentrated
in two regions, one with eastward phase speeds of ~30—
50 m s~! and another with westward phase speeds of
about the same magnitude (consistent with earlier
studies, e.g., Hamilton and Mahlman 1988). For west-
ward-propagating wavenumbers 1-3 in SKYHI, there
is also a center at low frequencies (around 0.1 day '),
which is not apparent in the linear model. This pre-
sumably reflects the presence of prominent Rossby
normal modes in the SKYHI simulation (see section
6 below).
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FiG. 10. Space-time power spectrum of the equatorial zonal wind
at 1.08 mb for (a) SKYHI and (b) linear model. The contour value
doubles at each interval, starting from 0.5 m? s~2 day. The zero fre-
quency is not included in this analysis. The fields have been smoothed
by means of a running mean over five adjacent Fourier frequencies
(i.e., over a bandwidth of 0.167 day').
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While the power in both models drops off with in-
creasing wavenumber, there is a substantial fraction of
the variance at less than planetary scales. The spectrum
becomes less red at higher altitudes. The spectrum of
vertical momentum transport emphasizes the higher
wavenumbers even more, and the fluxes from the
small-scale waves can significantly affect the general
circulation of both the tropics and extratropics (e.g.,
Miyahara et al. 1986; Hamilton and Mahlman 1988).
In this section the motions with zonal wavenumbers
greater than 4 will be compared in the linear and non-
linear models. In what follows, the sum of all wave-
numbers > 4 will be examined and will be loosely re-
ferred to as the “inertia-gravity” (IG) wave field.

a. Comparison of results in the control runs

Figure 11 shows a time-height section of the equa-
torial zonal wind at 0° longitude when all eastward-
propagating waves with zonal wavenumber > 4 are
resynthesized. The overall pattern of downward phase
propagation and upward group propagation is apparent
in both models, as is a clear tendency for the dominant
frequencies and vertical wavelengths to increase with
height. In the mesosphere the dominant period appears
to be somewhat over 1 day. In SKYHI, the amplitude
of the IG wave field is comparable to that of the plan-
etary-scale Kelvin waves in the stratosphere and is ac-
tually larger in the mesosphere (note that the contour
interval in Fig. 11 is twice that in Figs. 3 and 4). While
the linear and full GCM simulations have similar wave
periods and wavelengths, it is not possible to find much
agreement in the positions of individual crests and
troughs. This lack of detailed agreement is not sur-
prising for small-scale waves, since in the linear model
the only advective effects on wave propagation are those
associated with the zonal mean. It does seem possible,
however, to identify some of the same wave pulses in
the two simulations—notably one traveling from about
10 mb at day 28 to 0.01 mb at day 32, and one from
near 10 mb at day 38 to 0.01 mb at day 44.

Figure 12 shows the same analysis but for westward-
propagating IG waves. The overall appearance of this
time-height section is similar to that seen for the east-
ward waves, but the westward wave amplitudes are
somewhat smaller and the dominant frequency is
somewhat higher. The differences may reflect the effects
of the mean easterlies in the tropical stratosphere (see
Fig. 1a)in filtering out the slower westward-propagating
components of the spectrum. In this case the two most
obvious wave pulses in the SKYHI simulation show
up clearly in the linear solution as well (days 26-30
and days 40-43).

Equatorial time-height sections corresponding to
Figs. 11 and 12 were produced for several other lon-
gitudes. While there is little detailed correlation be-
tween time series at locations widely separated in lon-
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FiG. 11. Time-height section of the equatorial zonal wind for the sum of all eastward-propagating disturbances with zonal wavenumber

> 4 at 0° longitude over the M1 period. (a) SKYHI and (b) linear model. Contour interval: 4 m s

winds.

gitude, the general agreement between the SKYHI and
linear solutions is found at each longitude.

Figure 13 shows the vertical component of the Elias-
sen-Palm (EP) flux associated with the eastward-
propagating IG waves in both models during the M1
period. The isobaric coordinate form of the EP flux is
used along with the sign convention of Andrews et al.
(1983). Thus, positive values represent upward eddy
fluxes of westerly momentum. Note that the negative
values in Fig. 13 occur in regions of strong mean west-

~!. Dashed contours indicate easterly

erlies, where much of the eastward-propagating com-
ponent of the spectrum might be traveling westward
relative to the mean flow. Near the equator in Fig. 13,
both models have comparable fluxes emerging into the
stratosphere. The equatorial values of the flux drop off
with height and the wave fluxes appear to spread out
to higher latitudes. Equatorward of about 20° the fluxes
in the SKYHI and linear models agree quite well, but
by 25°-30° latitude the flux in the linear simulation
is significantly less than in the full GCM. It seems log-
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F1G. 12. As in Fig. 11 but for westward-propagating wavenumbers > 4.
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ward-propagating wavenumbers > 4, averaged over the M1 period.
(a) SKYHI and (b) linear model. The contour labels represent mul-
tiples of 0.25 X 10~ m mb s~2. Dashed contours indicate negative
fluxes. The tick marks on the vertical axis indicate the positions of
model levels.

ical to conclude that other sources contribute signifi-
cantly to the IG wave field in the SKYHI subtropics.
In both the SKYHI and linear results, the fluxes are
larger in the Northern Hemisphere than in the South-
ern Hemisphere and this difference increases with
height. This asymmetry is presumably caused by the
filtering effects of the mean westerlies in the Southern
Hemisphere middle atmosphere (Fig. 1).

The results for the vertical EP fluxes associated with
the westward-propagating IG waves in the M1 period
are shown in Fig. 14. Near the equator the fluxes in
the two models are nearly equal, but the magnitude of
the linear model flux is noticeably less than that in
SKYHI poleward of about 15°. In both cases the fluxes
decrease much less rapidly in the Southern Hemisphere
(where there are strong mean westerlies).

The vertical component of the EP flux for the west-
ward-propagating IG waves during the M2 period in
the two models was also compared. Again there was
found to be good agreement between the two simula-
tions at low latitudes, but the SKYHI fluxes become
significantly stronger than the linear fluxes in the sub-
tropical stratosphere. The interhemispheric asymmetry
of propagation is enhanced over that seen in the M1
period, presumably reflecting the intensification of the
Southern Hemisphere westerly jet and the Northern
Hemisphere easterly jet (see Fig. 1).

The results in Figs. 11-14 suggest that the tropo-
spheric thermal forcing considered here can account
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for essentially all the gravity wave activity found in
SKYHI near the equator and may also be responsible
for a substantial part of the IG wave field even in the
extratropics. Figure 15 is the time-height section of the
1G zonal wind field for eastward-propagating waves for
a location at 30°N. The SKYHI results in Fig. 15a
look rather similar to those at the equator, in that
downward phase propagation is evident almost all the
time. The dominant periods here are shorter than at
the equator; this is expected since vertically propagating
IG waves must have intrinsic angular frequency greater
than the local Coriolis parameter. The linear model
results in 15b look very different in the stratosphere,
with very weak amplitudes and almost random phase
propagation. Above about 1 mb strong pulses appear
in both models. Periods of strong activity in the SKYHI
mesosphere around days 18-22, 26-28, 29-32, 38-40,
and 42-44 all have corresponding pulses in the linear
model simulation. A similar pattern is seen in the cor-
responding plots for the westward-propagating IG
waves at 30°S (not shown). In this case days 26-31,
days 40-44, and days 46-48 appear as periods of in-
tense mesospheric activity in both models.

An obvious interpretation of the linear model results
in Fig. 15 would be that mesospheric wave pulses arrive
from lower latitudes, and that there is little direct prop-
agation upward from subtropical tropospheric sources
(accounting for the very weak amplitudes seen in the
stratosphere in Fig. 15b). The SKYHI results show
many of the same mesospheric wave packets (presum-
ably also excited by low-latitude tropospheric convec-
tion) as well as additional wave activity in both the
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FIG. 14. As in Fig. 13 but for westward-propagating disturbances
with zonal wavenumber > 4. Results for the M1 period.
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FI1G. 15. Time-height sections of the zonal wind for eastward-propagating wavenumbers > 4 at 30°N and 0° longitude over the M1
period. (a) SKYHI and (b) linear model. Contour interval: 4 m s~!. Dashed contours indicate easterly winds.

stratosphere and mesosphere generated by mechanisms
not included in the linear model.

Manzini (1992) presents height-time sections sim-
ilar to those in Figs. 15 for 43.5°N and 43.5°S. At these
higher latitudes the dominant wave periods are even
shorter, but the overall pattern of large mesospheric
pulses is similar to that seen at 30° latitude. '

Manzini also computed the EP flux vectors sepa-
rately for the westward- and eastward-propagating IG
waves in both the linear and full SKYHI models. The
correspondence between the two models at low lati-
tudes is quite striking. In each case the direction of the
EP fluxes indicate the presence of a dominant low-
latitude tropospheric source with flux spreading upward
and poleward in the stratosphere. In the middle at-
mosphere away from the equator, the fluxes show
strong hemispheric asymmetry, with the westward
waves propagating effectively only in the Southern
Hemisphere (where there are mean westerlies ) and the
eastward waves propagating only into the Northern
Hemisphere. In the case of the westward-propagating
IG waves, the total EP flux remains poleward (using
the sign convention of Andrews et al. 1987; this cor-
responds to a poleward flux of wave activity) in the
linear model to at least 43.5°N. By contrast, in SKYHI
the poleward EP flux component diminishes with lat-
itude, so that by 43.5°N there is perhaps a slight equa-
torward component of the EP flux. This result high-
lights the likely importance of higher-latitude sources
for the gravity waves in the extratopics.

b. Experiments with low-latitude forcing only

The pattern of the EP fluxes shown in the linear
model results in Figs. 13 and 14 suggests that the con-

vective excitation is strongly concentrated near the
equator and that the waves forced in the equatorial
troposphere spread out over a considerable range of
latitudes in the middle atmosphere. To investigate this
further, the linear model simulation for the first 48
days was performed with the thermal forcing set to
zero poleward of 4.5° latitude and then repeated with
the forcing set to zero poleward of 10.5°. The results
for the vertical EP flux associated with westward-prop-
agating IG waves in these two experiments are shown
in Figs. 16a and 16b, respectively. The waves forced at
these low latitudes obviously do spread out over a wide
meridional range in the stratosphere and mesosphere.
It is striking how well these figures agree with those
from the full linear simulation (Fig. 14), at least to
about 15° latitude. Similar results were found for the
eastward propagating IG waves (not shown).

¢. Thermal forcing

Figure 17 is the time-height section of the thermal
forcing for the wavenumber > 4 waves reconstructed
at 0° longitude for the M1 period. As in Figs. 8 and 9,
the heating rates have been averaged over 10.5°S to
10.5°N. In this case the results for westward-propa-
gating waves are in panel (a) and for eastward-prop-
agating waves in panel (b). The thermal forcing for
these smaller scales has the strong vertical coherence
that characterized the wavenumber 1 forcing examined
earlier (Figs. 8 and 9). The heating rates in Fig. 17
appear to peak slightly lower than those in Figs. 8 and
9. The heating rate time series for both westward- and
eastward-propagating waves in Fig. 17 feature promi-
nent pulses of activity (days 28-34 and 43-46 in Fig.
17a, and days 18-23 in Fig. 17b), presumably asso-
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FIG. 16. As in Fig. 14 in the experiment with thermal forcing
confined between (a) 4.5°S and 4.5°N, and (b) 10.5°S and 10.5°N.

ciated with the passage of synoptic systems. It is note-
worthy that the difference in the behavior of the west-
ward- and eastward-propagating thermal forcing com-
ponents is much less pronounced in the wavenumber
> 4 results than it is for the wave 1 results shown earlier
(Figs. 8 and 9).

d. Discussion

The present results have shown that the convective
heating is a very strong excitation for resolved IG waves
in the SKYHI model. This forcing is typically very
coherent over the depth of the troposphere. Thus, the
tendency for the horizontal phase velocities to cluster
around a 30-50 m s~! range may be a result of the
same selection mechanism operating in the case of the
global-scale Kelvin waves (Holton 1973). The IG wave
amplitudes in the equatorial lower stratosphere were
similar in the linear and full SKYHI models. The near
agreement for the IG waves contrasts with the earlier
finding that the Kelvin waves in the linear model are
actually stronger than those in SKYHI, even at the
tropopause (section 4 above). The smaller-scale IG
waves have faster vertical group velocities than the
large-scale Kelvin waves, and thus should be less af-
fected by dissipation. Hence, the fact that there is no
vertical diffusion in the linear model may have little
effect on the ratio of IG wave amplitudes in the linear
model and SKYHI simulations (but have a large effect
on the amplitude ratio for the global-scale Kelvin
waves).
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The linear model produces large IG wave fluxes in
the extratropical mesosphere as well, suggesting that
convective heating may be an important excitation for
the waves observed in the midlatitude middle atmo-
sphere.

Finally, it must be noted that the present calculations
address only the part of the gravity wave spectrum ex-
plicitly resolved in the GCM. The real atmosphere has
significant variance at higher frequencies and smaller
horizontal scales than can be represented in a GCM
(and these high-frequency waves may actually be as-
sociated with a large fraction of the vertical eddy mo-
mentum fluxes). The present study cannot assess the
importance of the convective excitation for these high-
frequency waves.

6. Rossby normal modes

As noted earlier, the westward-propagating wave-
number 1 and 2 fields in the SKYHI simulation are
dominated in the mesosphere by fairly long period,
nearly barotropic oscillations (e.g., Fig. 6). In this sec-
tion it will be shown that these oscillations are iden-
tifiable with the Rossby normal modes that have been
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FIG. 17. Time-height sections of the thermal forcing for (a) west-
ward-propagating wavenumbers > 4 and for (b) eastward-propagating
wavenumbers > 4, at 0° longitude and meridionally averaged over
10.5°S-10.5°N. The M1 period is shown. Contour interval: 0.5 K
day~'. Dashed contours indicate negative values. The zero contour
is not plotted.
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detected in observations, such as the “16-day wave”
and the “5-day wave” (see Salby 1984 for a review).
Although this analysis is unfortunately restricted to the
region equatorward of 45°, some unambiguous con-
clusions will be obtained. In particular, it will be dem-
onstrated that the spectrum of normal-mode Rossby
waves in the SKYHI model has some impressively re-
alistic features. A comparison of the SK YHI simulation
with that from the linear model will also be presented,
allowing a direct determination of the significance of
thermal forcing for normal modes in the full general
circulation model.

Following the usual convention, the Rossby normal
modes will be denoted by the two numbers: (s, n),
where s is the zonal wavenumber and 7 is the merid-
ional mode number (i.e., there are n — 1 zero crossings
in the height field from pole to pole in the idealized
no~mean flow solution ). The meridional structures of
the zonal wind and geopotential for the gravest few
modes of a motionless atmosphere are given in Lon-
guet-Higgins (1968), while the corresponding solutions
in the presence of realistic mean flows are discussed in
Salby (1981a). The range of periods associated with
the Rossby normal modes observed in the upper
stratosphere (Hirota and Hirooka 1984; Hirooka and
Hirota 1985) is compared with those predicted by Salby
(1981a) in Table 1.

a. Analysis for zonal wavenumbers 1 and 2

Figure 18 shows the time-latitude section of the
westward-propagating zonal wavenumber 1 compo-
nent of the 0.2-mb zonal wind when filtered to retain
periods longer than 7.5 days. Results for both SKYHI
and the linear model are presented. The SKYHI field
(top panel) reveals somewhat irregular fluctuations
with considerable meridional coherence. Overall, the
results appear to be consistent with the presence of
some mixture of low-order modes [ particularly the an-
tisymmetric (1,2) mode and the symmetric (1,3)
mode]. The corresponding linear model field (lower

TaBLE 1. Theoretically predicted periods of the gravest wave-
number 1 and 2 Rossby normal modes in the atmosphere from Salby
(1981a). Also shown are the approximate observed period range from
Hirota and Hirooka (1984) and Hirooka and Hirota (1985). The
final column gives the names that have been used in the literature
for the modes.

Period range

Theoretical Observed
Mode (days) (days) Name
(1,1) 4.4-5.7 5.0-6.0 5-day wave
(1,2) 8.3-10.6 7.5-12.0 10-day wave
(1,3) 11.1-20.0 12.0-24.0 16-day wave
2,1 3.8-4.8 4.0-5.0 4-day wave
(2,2) 6.6-7.7
2,3) 11.1-20.0
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FiG. 18. Time-latitude section of the 0.2-mb zonal wind at 0°
longitude for westward-propagating wavenumber 1 filtered to retain
only pertods longer than 7.5 days. Results for the M1 and M2 periods
for SKYHI (top) and the linear model (bottom). The contour interval
is 2 m s™! and dashed contours denote easterly wind.

panel) is quite different. The wind fluctuations are
much weaker than in the SKYHI model and have no
consistent agreement in phase (a striking contrast with
the result for eastward waves in Fig. 5). The linear
model disturbances in Fig. 18 are particularly weak in
the first half of the record, possibly suggesting that a
long spinup time is needed for the linear model. Even
at the end of the 78-day integration, however, the
agreement between the linear and SKYHI models is
quite poor. This point is reinforced by examination of
comparable time-latitude sections of the westward-
propagating zonal wavenumber 2 (not shown). In this
case as well, the SKYHI wind fluctuations are found
to be much stronger than those in the linear model
throughout almost the entire integration.

In order to isolate individual modes in the SKYHI
data, the wind and geopotential height variations for
westward-propagating wavenumbers 1 and 2 were re-
synthesized for period ranges similar to those in Table
1. As an example, Fig. 19 shows westward-propagating
wavenumber 1 zonal winds resynthesized over periods
ranging from 15.6 to 26 days. This period range is a
compromise between the few low frequencies resolved
in a 78-day record and the band of periods suggested
by earlier studies of the “16-day wave” (see Table 1).
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F1G. 19. Time-latitude section of the zonal wind at 0° longitude
for westward-propagating wavenumber 1 filtered to retain only periods
between 15.6 and 26 days. Results are for all 78 days of the SKYHI
integration at 0.2 mb (top) and 1 mb (bottom). The contour interval
is 2 m s~' and dashed contours denote easterly wind.

The results for the entire 78-day SKYHI integration
are presented for both the 0.2-mb and 1-mb levels. A
zonal wind pattern resembling the idealized (1,3) mode
is easily identified for the first 30 days. Local amplitude
maxima occur at the equator and poleward of 30° in
both hemispheres. These maxima are separated by
nodal surfaces at about 15°N and 15°S. A clear signal
of the (1,3) mode is not so apparent between days 30
and 60, but becomes well established once more after
day 60. There is a near-exact coincidence of phase be-
tween the wind fluctuations at 0.2 and 1 mb at all lat-
itudes, particularly when the (1,3) mode is strong.
When the geopotential fluctuations in the SKYHI
model were filtered in the same manner (not shown),
the expected structure for the (1,3) mode was clearly
revealed. The amplitude of the 1-mb geopotential
height fluctuation in the filtered field at 43.5°N and
43.5°S is roughly 100 m, in agreement with the obser-
vations of the (1,3) mode by Hirooka and Hirota
(1985).

Figure 20 shows the westward-propagating wave-
number 1 zonal wind field filtered to retain only periods
between 4.6 and 6.7 days. Results are shown at 0.2 mb
for both SKYHI (top) and the linear model (bottom).
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The SKYHI results show a very clean signal of the
(1,1) mode, with maximum near the equator, a hint

- of a nodal point near 40° in each hemisphere, and

strong meridional coherence. The corresponding geo-
potential fields for SKYHI (not shown ) also agree with
theoretical expectations for the (1,1) mode. The 0.1-
mb geopotential height amplitude for the (1,1) mode
near 45° latitude in the SKYHI simulation is of the
order of 50 m, in rough agreement with the findings
of Hirota and Hirooka (1984 ). The linear model sim-
ulation also has a clear signal of a (1,1) normal mode,
but the amplitude is much smaller than that seen in
SKYHI (note the contour interval in the bottom panel
of Fig. 20 is one-quarter that of the top panel). There
is also very little agreement between the phase of the
(1,1) mode in the two simulations.

Mazini (1992) gives further details of the attempt
to isolate individual modes. The “4-day wave” or (2,1)
mode can be very clearly detected in the SKYHI sim-
ulation, but is virtually absent from the linear model
results. The antisymmetric modes (1,2) and (2,2) are
rather more difficult to see in pure form. Even in ob-
servations it is apparently difficult to separate the (2,2)
and (2,3) modes (Hirooka and Hirota 1985).
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FIG. 20. Time-latitude section of the zonal wind at 0° longitude
for westward-propagating wavenumber ! filtered to retain only periods
between 4.6 and 6.7 days. The top panel is for SKYHI and the contour
interval is 2 m s™'. The bottom panel is for the linear model and the
contour interval is 0.5 m s™'.
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FI1G. 21. Time-latitude section of the westward-propagating wavenumber 3 component of 0.2-
mb geopotential height at 0° longitude, filtered to retain only periods between 1.9 and 2.6 days.
Results for SKYHI during the M1 and M2 periods. Contour interval 5 m.

b. The two-day wave

Many observational studies of transient fluctuations
in the mesosphere have found prominent oscillations
of about 2-day period, particularly in summer (e.g.,
Salby 1981b). Salby (1981a,b) identified this 2-day
wave with the westward-propagating wavenumber 3
Rossby—-gravity normal mode (3,0). Salby (1981a)
performed linear calculations of the (3,0) modal struc-
ture in a realistic solstitial mean wind configuration.
His computations showed that, while in the troposphere
the (3,0) mode should retain its basically antisymmetric
character, by mesospheric heights the mode should be
much intensified in the summer hemisphere (with
geopotential amplitude peaking around 25° latitude).
This meridional structure has also been found in global
satellite observations of the 2-day wave near solstice
(Rodgers and Prata 1981).

Figure 21 shows the time-latitude section of the
westward-propagating wavenumber 3 component of
the 0.2-mb geopotential height resynthesized over the
periods ranging from 1.9 to 2.6 days. Results are shown
only for SKYHI. The presence of a meridionally co-
herent wave in the Northern Hemisphere (peaking near
25°N) is apparent over much of the period shown. In
the early part of the record (particularly days 18-20
and 26-30) there is some indication of a Southern
Hemisphere manifestation of the oscillation that is out
of phase with that in the Northern Hemisphere. This
overall behavior seems consistent with the expected
development of the (3,0) mode during the evolution
toward the June solstice. The peak height amplitudes
in Fig. 21 of about 10-15 m are very roughly consistent

with the observational estimate of temperature ampli-
tudes in the summer hemisphere mesosphere of the
order of 0.5 K (Rodgers and Prata 1981). By contrast,
nothing recognizable as the (3,0) mode occurs in the
corresponding linear model results (not shown).

c. Discussion

Examination of the SKYHI data filtered over fre-
quency ranges characteristic of the Rossby normal
modes revealed the clear presence of the (1,1), (1,3),
(2,1), and (3,0) modes that are familiar from many
earlier observational studies. Amplitudes for these
modes appear to be comparable to those seen in ob-
servations. There are also indications of the occurrence
of the (1,2), (2,2), and (2,3) modes, although these
are more difficult to isolate in the limited data produced
in the present project.

Some evidence of the occurrence of some of the same
Rossby normal modes can be found in the linear model
simulation. In all cases, however, the modes in the lin-
ear model appear to have at most one-quarter the am-
plitude seen in the full SKYHI model. Note that the
results in section 4 concerning large-scale vertically
propagating waves suggest that overall, the dissipation
in the linear model is weaker than in SKYHI. Given
these findings, it seems clear that latent and convective
heating is at most a minor forcing mechanism for the
Rossby modes in the SKYHI general circulation model.

A note of caution about the interpretation of the
linear model results should be added. Recall that the
basic zonal mean flow of SKYHI is modified in the
low and middle troposphere at middle and high lati-
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tudes, in order to render the linear integration stable
(section 3b). This modification may be justified for
vertically propagating waves by its negligible influence
on the wave activity emanating from the tropical tro-
posphere, but it could influence the Rossby normal
modes because of their global nature. However, note
that the mean wind modifications employed are typi-
cally of the order of 5 m s~!, and so are considerably
smaller than the phase speed of the modes.

7. Conclusions

This paper has examined the response of a linear
wave model when forced by the parameterized latent
and convective heating taken from an integration of
the comprehensive SKYHI troposphere-stratosphere—
mesosphere GCM. This work is a logical extension of
two paths of research that have been pursued over the
last two decades: the study of linear wave response to
specified idealized tropospheric heating (Holton 1973;
Salby and Garcia 1987) and the diagnosis of forcing
mechanisms for wave generation using general circu-
lation models experiments (Hayashi and Golder 1978;
Hamilton 1987). Practical constraints ( particularly on
the volume of data that needed to be repeatedly ma-
nipulated during analysis) restricted the study to a
moderate resolution (3° in latitude), a limited period
(78 days), and a reduced meridional domain for anal-
ysis (43.5°S-43.5°N). There were also obstacles to
constructing an exact linear analog to the full GCM,;
that is, the nonlinearity of the subgrid-scale dissipation
in the GCM and the basic state modification needed
to suppress baroclinic instability in the linear model.
Despite these limitations, the results presented here are
quite striking in some respects, and they lead to some
rather unambiguous conclusions.

The SKYHI model was shown to produce a spec-
trum of eastward-propagating disturbances in the
stratosphere dominated by pulses of Kelvin waves with
vertical wavelengths and phase speeds similar to the
observed Wallace-Kousky wave. At higher altitudes
shorter period (longer vertical wavelength) waves
dominate, a tendency also seen in observations. For
these waves there is an impressive degree of similarity
between the linear model and full GCM simulations.
The principal difference is a clear tendency for the lin-
ear model Kelvin waves to be stronger than those in
the SKYHI simulation. These results are consistent
with the view that latent and convective heating is the
dominant forcing mechanism for these Kelvin waves,
and that the effective dissipation of these waves is larger
in SKYHI than in the linear model.

The present results on the large-scale eastward waves
allow verification of each step in Holton’s (1973) sce-
nario for Kelvin wave excitation. The convective heat-
ing in the SKYHI troposphere was shown to have a
rather broad frequency spectrum (certainly much less
monochromatic than the stratospheric response ), but
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with impressive vertical coherence and a vertical extent
~ 10 km. The resulting stratospheric Kelvin waves all
had similar dominant phase speeds and vertical wave-
lengths, regardless of zonal scale. There is no evidence
that wave—CISK plays a role in generating stratospheric
Kelvin waves in the model.

The results for global-scale westward-propagating
waves contrast strongly with those for the eastward
waves. In SKYHI the westward-propagating zonal
wavenumbers 1 and 2 are largely explained by Rossby
normal modes. The 5-day (1,1), 4-day (2,1), and 16-
day (1,3) modes are each clearly identifiable and each
appears to have a realistic amplitude. The “2-day wave”
is also clearly present in the SKYHI simulation as a
westward-propagating global mode. The linear model
has at most very weak signals corresponding to the
Rossby modes. Thus, in SKYHI at least, tropospheric
latent and convective heating is not a major source of
excitation for normal modes.

The SKYHI simulation also includes a broad spec-
trum of shorter-scale, higher-frequency waves. Exam-
ination of the EP fluxes associated with these smaller-
scale waves suggests that they are largely forced in the
low-latitude troposphere, and then spread out into the
subtropical and extratropical middle atmosphere. This
picture is confirmed to some extent by the linear model
results. These show that the equatorial inertia-gravity
wave field seen in SKYHI can be adequately explained
by the latent and convective heating within a few de-
grees of the equator. The waves excited by this low-
latitude thermal forcing do spread out over a broad
meridional range in the stratosphere and mesosphere,
but this effect can account for only a fraction of the
gravity waves fluxes seen in the SKYHI extratropics.
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