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ABSTRACT

Equatorially trapped wave modes, such as Kelvin and mixed Rossby—gravity waves, are believed to play a
crucial role in forcing the quasi-biennial oscillation (QBO) of the lower tropical stratosphere. This study examines
the ability of a general circulation model (GCM) to simulate these waves and investigates the changes in the
wave properties as a function of the vertical resolution of the model. The simulations produce a stratopause-
level semiannual oscillation but not a QBO.

An unfortunate property of the equatorially trapped waves is that they tend to have small vertical wavelengths
(<15 km). Some of the waves, believed to be important in forcing the QBO, have wavelengths as short as 4
km. The short vertical wavelengths pose a stringent computational requirement for numerical models whose
vertical grid spacing is typically chosen based on the requirements for simulating extratropical Rossby waves
(which have much longer vertical wavelengths). This study examines the dependence of the equatorial wave
simulation of vertical resolution using three experiments with vertical grid spacings of approximately 2.8, 1.4,
and 0.7 km.

Several Kelvin, mixed Rossby-gravity, and inertio—gravity waves are identified in the simulations. At high
vertical resolution, the simulated waves are shown to correspond fairly well to the available observations. The
properties of the relatively slow (and vertically short) waves believed to play a role in the QBO vary significantly
with vertical resolution. Vertical grid spacings of about | km or less appear to be required to represent these
waves adequately.

The simulated wave amplitudes are at least as large as observed, and the waves are absorbed in the lower
stratosphere, as required in order to force the QBO. However, the EP flux divergence associated with the waves

785

is not sufficient to explain the zonal flow accelerations found in the QBO.

1. Introduction

Several general circulation models (GCMs) intended
for simulating the middle atmosphere have been con-
structed in recent years, and results have been reported
in the scientific literature (e.g., Mahlman and Um-
scheid 1984; Boville and Randel 1986; Rind et al.
1988a,b). A notable failure of these GCMs has been
their inability to simulate the quasi-biennial oscillation
(QBO) of the equatorial lower stratosphere.

The QBO, which dominates the variability of the
zonal mean wind in the equatorial lower stratosphere,
was discovered independently by Reed et al. (1961)

and by Veryard and Ebdon (1961). It consists of al- -

ternating regions of easterlies and westerlies that prop-
agate downward over time with a variable period av-
eraging about 26 months. A recent summary of the
properties of the QBO is given by Naujokat (1986). A
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plausible theoretical explanation of the QBO was first
proposed by Lindzen and Holton (1968). Holton and
Lindzen (1972) proposed a revised form of the theory
that is still generally accepted and is summarized briefly
below. Numerous one- and two-dimensional simula-
tions of the QBO have been published using models
based on the Holton~Lindzen theory (e.g., Dunkerton
1981; Takahashi 1987). A QBO-like phenomenon has
even been produced in a laboratory experiment by
Plumb and Bell (1982). However, no GCM simula-
tions of the QBO have ever been reported. Indeed, no
three-dimensional numerical QBO simulations of any
kind were reported prior to the work of Takahashi and
Boville (1992) using a simplified “mechanistic”” model.

Figure 1 shows what seems to be a fairly typical sim-
ulation of the time evolution of the equatorial zonal
wind from GCM simulations. The experiment from
which the results were obtained is described below. A
semiannual oscillation (SAO) can be seen in Fig. 1 in
the vicinity of the stratopause (near 1 mb) and in the
vicinity of the tropopause (near 100 mb). Reasonably
successful simulations of the stratopause SAO have
previously been reported by Hamilton and Mahlman
(1988) and by Rind et al. (1988b). In common with
those studies, Fig. 1 shows no evidence of a QBO in
the region between 100 and 5 mb.
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F1G. 1. Time-height cross section of the monthly and zonally av-
eraged zonal wind at 3°S for L30. Month 1 is November. The contour
interval is 5 m s™; regions with negative values are hatched.

The Holton-Lindzen theory of the QBO is based on
the interaction of two equatorially trapped wave modes
with the background (zonal mean ) flow. The easterlies
are believed to be forced by westward-propagating
(easterly phase speed) mixed Rossby-gravity (MRG)
waves with zonal wavenumber 4 or 5 and periods near
S days. The westerlies are believed to be forced by east-
ward-propagating Kelvin waves with zonal wavenum-
ber 1 and periods near 15 days. The existence of these
waves in the equatorial lower stratosphere was first re-
ported by Yanai and Maruyama (1966) and by Wallace
and Kousky (1968). Both waves decay exponentially
away from the equator, with meridional scales of about
10 degrees. The vertical scales of the observed waves
fit with the expected structure of Kelvin and MRG
waves. Their vertical wavelengths are ~5-10 km away
from critical levels (where the wave phase speed equals
the zonal wind speed ) and decrease rapidly as the waves
approach critical levels.

GCMs are computationally expensive and have
strong constraints on the resolution that can be used,
especially when multiyear simulations are required.
Horizontal resolutions have typically been restricted
to 2.5° or greater, resulting in models that are capable
~ of representing horizontal wavelengths greater than
~ 1000 km, since at least four grid points are required
to represent a wave accurately. The prime concern in
most middle-atmosphere GCM studies has been on
extratropical circulations, where quasigeostrophic dy-
namics impose the relationship L,/L, = N/f ~ 100
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(where N is the Brunt-Viisild frequency and fis the
Coriolis parameter) between the horizontal and vertical
length scales of disturbances. Therefore, the vertical
resolution in current middle atmosphere GCMs is
usually chosen to be roughly consistent with the hor-
izontal resolution using the above scaling relationship
(this choice has not always been deliberate). Given
~ 1000-km minimum horizontal wavelengths, vertical
resolutions have been restricted to ~2.5 km or greater
in order to resolve vertical wavelengths longer than
~10 km. '
Designing GCMs for extratropical problems has re-
sulted in models that are not capable of properly re-
solving the waves believed to be important in forcing
the QBO. Far from critical levels, the Kelvin waves can
be resolved by some GCMs, but the MRG waves can-
not. As critical levels are approached, even the Kelvin
waves rapidly become too short to be resolved. This
point has been made previously by Plumb (1984),
among others. Experience with idealized one- and two-
dimensional models (Takahashi, personal communi-
cation) has indicated that QBO simulations are possible
with a vertical resolution of 1 km or smaller but that
no QBO occurs at resolutions as coarse as 2 km. This
constraint is probably based on simulating the sharp
shear zones in the zonal mean flow. The idealized
models do not even attempt an explicit representation
of the waves, as in a GCM, but use the WKB approx-
imation to solve directly for the wave momentum flux

_based on the mean state.

Takahashi and Boville (1992) have simulated the
QBO by running a simplified three-dimensional model
at very high vertical resolution (1/2-km vertical grid
spacing). The model was simplified by eliminating the
troposphere and directly forcing Kelvin and MRG
waves at the tropical tropopause instead of relying on
a GCM’s tropospheric simulation to produce them.
The present study examines the behavior of equatorial
waves in a full GCM as the vertical resolution is in-
creased to the point of being adequate to resolve them.

Distinct Kelvin and MRG modes are readily iden-
tifiable in both the model and observations. We ex-
amine the amplitudes, structures, and mean flow forc-
ing for several waves, including those associated with
the QBO in the Holton-Lindzen theory. It is instructive
to examine individual modes because the analysis of
both model and observations shows that the wave vari-
ance is concentrated along modal dispersion curves
(associated with preferred vertical wavelengths). It
should be noted that the particular zonal wavenumbers
and frequencies typically associated with the QBO
contribute only ~10% of the total mean flow forcing.
This occurs because variance is distributed at multiple
zonal wavenumbers along dispersion curves and be-
cause multiple modes are present.

The GCM, the experiments, and the analysis meth-
ods are described in section 2. The Kelvin waves pro-
duced by the model and their variation with resolution
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TABLE |. List of experiments.
Number of Max spacing  Max spacing Length
Name levels Aln(p) height (km)  (months)
L30 30 0.4 2.8 40
L55 55 0.2 1.4 5
L107 107 0.1 0.7 5

are discussed in section 3 and MRG waves are discussed
in section 4. Conclusions appear in section 5.

2. Model description and analysis methods

The model used in this study is based on the NCAR
Community Climate Model, Version 1 (CCM1; Wil-
liamson et al. 1987), where the parameterizations of
convection, surface processes, vertical diffusion, and
radiative transfer are described. The original model was
intended for the simulation of the troposphere, and
extensive modifications have been incorporated in the
process of extending the model domain vertically to
include the upper stratosphere and lower mesosphere
as described in Boville and Baumhefner (1990). The
modifications include the use of a hybrid vertical co-
ordinate following Simmons and Striifing (1983) that
reduces to pressure above 100 mb and the use of bi-
harmonic horizontal diffusion at all levels. The model
uses the spectral transform method in the horizontal,
with the spherical harmonic expansions truncated at
total wavenumber 21 (T21).

The experiments in this study used a vertical domain
extending from the surface t0 0.025 mb ( ~75 km) and
employed 30, 55, or 107 levels. The standard version
of CCM 1 uses 12 levels spaced relatively close together
[in In(p), or height] near the surface. The [In(p)] dis-
tance between adjacent levels increases monotonically
away from the surface and exceeds 0.4-scale heights
above 110 mb. The 30-level model maintains a con-
stant spacing of 0.4-scale heights (about 2.8 km) above
110 mb, consistent with a horizontal resolution of
about T42 (~1000-km minimum resolved scale). The
55-and 107-level models were constructed by decreas-
ing the maximum spacing between levels to 0.2- and

0.1-scale heights, respectively. In each case, the original .

CCM1 levels were used until their spacing exceeded
the specified threshold. Above this point, the levels were
equally spaced in In(p). The level spacings are sum-
marized in Table 1.

All of the experiments begin on 15 October using
initial conditions from a previous simulation, and the
subsequent analysis of equatorial wave properties uses
the 120-day period from 15 November to 15 March
(only the first year is used from the 40-month
L30 run).

Figure 1 shows the time evolution of the equatorial
zonal mean wind for L30. As mentioned above, an
SAOQ is evident at the stratopause but there is no evi-

BOVILLE AND RANDEL 787

dence of a QBO. The results of Takahashi and Boville
(1992) indicate that whether a QBO will occur in a
simulation should be obvious within the first 40
months. Of course, a QBO is not expected in the L30
simulation because of the 2.8-km vertical grid spacing.

Figure 2 shows the zonal mean winds in the tropics
averaged over the 4-month analysis period for all three
experiments. The three simulations are similar in the
tropics, although there is a systematic strengthening of
the easterlies in the upper stratosphere and lower me-
sosphere as the resolution increases. The westerly shear
zone over the equator between 1 and 0.1 mb strength-
ens considerably as the resolution increases. L107 is
much more realistic than the lower-resolution simu-
lations when compared to the observations for 1979
discussed by Hitchman and Leovy (1986). However,
the observational results of Belmont et al. (1975) and
Delisi and Dunkerton (1988) indicate that the shears
were anomalously strong in 1979. The three simula-
tions are almost identical outside of the tropics, as ex~
pected from the quasigeostrophic nature of the dy-
namics there. The L30 model already has more than
enough vertical resolution to be compatible with the
T21 truncation.

The power spectra that appear below were obtained
by taking the direct Fourier transform of the model
fields: first in longitude, then in time. The longitudinal
transforms were truncated at (zonal ) wavenumber 12.
The time transforms are based on 240 time samples
(120 days sampled twice daily) giving a Nyquist fre-
quency of 1 day™! (all frequencies are given here in
cycles per day). Gaussian smoothing was applied to
the spectra before plotting, as in Randel et al. (1990).
Wave amplitudes and phases are calculated by inte-
grating the Fourier coefficients over a frequency band
for a fixed zonal wavenumber and computing the mag-
nitude and phase (relative to a base point) of the re-
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FiG. 2. Latitude-height cross sections of the zonally averaged zonal
wind at 3°S for L30, L35, and L107. The contour interval is 10
m s~!; regions with negative values are hatched.
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sulting complex coefficient. Coherence with respect to
the base point is calculated from the copower and
quadpower, and the number of degrees of freedom is
estimated as the number of frequencies entering the
integral. Significance can then be computed and con-
tours are only plotted where 90% confidence is ex-
ceeded. Comparisons of the wave amplitudes with at-
mospheric observations are made using data from the
Limb Infrared Monitor of the Stratosphere (LIMS ) in-
strument on Nimbus 7 described by Gille and Russell
(1984). LIMS version 4 daily data were used for the
period 16 November 1978-15 March 1979.

Spectra of the Eliassen-Palm (EP) flux and its di-

vergence (actually the body force per unit mass in the
zonal momentum equation) are computed using Egs.
(Al)and (A2) of Dunkerton et al. (1981). Cross-spec-
tral power is substituted for the eddy fluxes resulting
‘in spectra of the EP flux and its divergence. The time
and zonal means of the potential temperature and zonal
wind are used in place of the zonal means in the original
equations.

3. Kelvin waves

Kelvin waves have been identified in LIMS satellite
temperature by Salby et al. (1984), among others, and
in GCM simulations by Hayashi et al. (1984 ) and Bo-
ville and Cheng (1988). Kelvin waves have several in-
teresting properties that make them easy to identify.
They are eastward propagating with equatorially sym-
metric temperature (Fig. 3) and zonal wind pertur-
bations but negligible meridional wind perturbations.

a. Identification of wave modes

The latitudinal distribution of the L107 temperature
spectrum for the lower stratosphere in Fig. 3 is domi-
nated by stationary power outside of the tropics and
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F1G. 3. Frequency-latitude cross section of the k = 1 temperature
power spectral density (K?* day) near the 50-mb level for L107. The
frequency axis is labeled in cycles per day. Contours are spaced log-
arithmically with four contours per decade. Light stippling indicates
values less than the minimum contour level of 10~%. Medium and
heavy stippling indicate values greater than 1072 and 10, respec-

-tively.
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by an equatorially symmetric eastward-moving feature
with period near 15 days (or frequency near 0.067 cy-
cles day ~'). The feature decays away from the equator
with an e-folding width of ~15°, in accordance with
the latitudinal structure equation for a Kelvin wave of
15-day period and zonal wavenumber one [see An-
drews et al. (1987), Eq. (4.7.9)]. This feature in the
model’s spectrum is associated with the Kelvin wave
originally identified in observations by Wallace and
Kousky (1968) and believed to be important in forcing
the QBO. Wind spectra are not shown; however, the
zonal wind has a corresponding symmetric peak. A
peak is also found in the meridional wind but is several
orders of magnitude smaller than the zonal wind peak,
lending further support to the identification of this fea-
ture as representing a Kelvin wave.

The vertical wavelength of the Kelvin waves ob-
served in the stratosphere is believed to be determined
by the vertical structure of the diabatic heating in the
troposphere {e.g., Salby and Garcia 1987). The zonal
wavenumber spectrum is then determined by the spa-
tial scale of the heating, and the frequency spectrum
is determined by the dispersion relation [ Andrews et
al. (1987), Eq. (4.7.8a)]:

w = —Nk/m, (1)

where o is frequency (radians s7!); N is the Brunt-
Viisdld frequency; kK = k/a and m = 27/ L are dimen-~
sional zonal and vertical wavenumbers, respectively;
k is the nondimensional zonal wavenumber; a is the
radius of the earth; and L is the vertical wavelength.
All frequencies quoted here are in cycles per day, or
@ = w X 86 400/2x. The dispersion relation (1) is
valid for weak background winds. The resulting waves
are horizontally nondispersive and appear as straight
lines emanating from the origin on wavenumber-fre-
quency diagrams (Figs. 4 and 5).

The wavenumber-frequency distributions of tem-
perature power in lower stratosphere for the three res-
olutions (Fig. 4) are similar, particularly for L107 and
L55. Almost all significant power is eastward moving
with wavenumbers and frequencies consistent with
those of Kelvin waves having vertical wavelengths be-
tween 5 and 20 km. 130 also has substantial stationary
power because the S0-mb level in 1.30 is only one level
above the tropical tropopause. The tropical troposphere
is dominated by stationary power that decays rapidly

above the tropopause (see Fig. 5) and is significant .

only in the first level or two above the tropopause.
According to (1), if the 15-day, k = 1 feature in Fig.

3 was a Kelvin wave, it should have L =~ 10 km. Indeed,

for low wavenumbers the spectrum in Fig. 4 peaks

along the L = 10 km dispersion line, and this is the

strongest feature in the entire wavenumber-frequency
spectrum for the lower stratosphere. L = 10 corre-
sponds to about four grid lengths in L30, which is rather
short to be accurately represented by the vertical finite
differences. As might be expected, this wave is weaker

020z dunr |, uo3senb Aq 2:00°0'2<OSVIMI:68.0>6+0(2661)6970-0251/S.L L '0L/4pd/10p/Bi0-d0s}oWe S|EUINO//:dRY WOl papeojumoq



1 May 1992
107 level T 51.0 mb
‘2—[ T T T T '| T T T
L £
‘o Ik
E -
= ok
£ il
L]
>
] E
= el
T T T T I T T T
55 leve
12 T T T T '| i T 1§
. £
a 9T
£ E
= e
=y pdt
(4] i
>
U ——
== Ak
T T T T | T T T
30 level
12 1 T T T '[ T T
. £
o e
E -
: -
=t 6—F
o L
>
U -
==
T T T T I T T
=1 -0.5

Frequency

FIG. 4. Frequency-wavenumber cross sections of the temperature
power averaged from 10°S to 10°N at the level nearest 50 mb for
L107, L5S, and L30. Three contours per decade and stippling as in
Fig. 3. Dispersion curves are shown for Kelvin waves with L = 5,
10, 15, and 20 km.

in L30 than in the higher resolution simulations; L55
and L107 probably represent this wave fairly well.

Both L30 and L35 have additional spectral peaks at
high zonal wavenumber (5-10) and low frequency that
lie roughly along the respective dispersion lines for two
gridlength waves. These peaks are probably caused by
waves that are forced in the lower troposphere, where
the resolution is higher in all simulations, and that are
misrepresented by the numerics as the levels spread
farther apart in the upper troposphere and lower
stratosphere. L1035 has near uniform resolution above
the boundary layer and has noticeably less power at
these wavenumbers and frequencies.

The dominant zonal wavenumber and frequency for
Kelvin waves tends to shift with height because the
vertical group velocity [Andrews et al. (1987), Eq.
(4.7.8b)]:

¢ = Nk/m* = w*/ Nk, (2)
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depends strongly on these wave properties. The waves
are damped as they propagate vertically (largely by ra-
diation) so that power tends to shift toward waves with
larger vertical group velocity with height. The wave-
number-frequency spectrum changes with height in
two different ways, according to the alternate forms
of (2) above. The first form of (2) implies that
c,/7increases with k along a particular dispersion line
(i.e., for fixed L or m). Therefore, the wavenumber-
frequency spectrum tends to shift outward along dis-
persion curves toward larger k£ with height. The second
form of (2) implies that ¢, increases with w for fixed
k or that power will tend to shift toward higher fre-
quency with height. Because Kelvin wave packets gen-
erally occur at a set of distinct vertical wavelengths,
selective damping of the shorter (slower) waves results
in the maximum power shifting to dispersion lines of
larger L as the height increases. This effect is strength-
ened by the increase of the radiative damping rate with
decreasing L (e.g., Fels 1982), which corresponds to
decreasing w according to (1).
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FIG. 5. As in Fig. 4, except that temperature power
is shown for L107 near 1, 10, and 170 mb.
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Both shifts of the wavenumber-frequency spectrum
with height can be seen in Figs. 4 and 5. There is no
evidence of Kelvin wave activity below the tropopause
(169 mb), where the spectrum is dominated by sta-
tionary power. At 50 mb, the spectrum is dominated
by the 15-day Kelvin wave with L ~ 10 km and k = 1
< 3, as discussed above. At 10 mb, there is power
aligned along two dispersion lines. The power along
the L ~ 10 km dispersion line has increased for larger
k, with significant power at least to kK = 5, while the
power has decreased for small k. The maximum power
at 10 mb is still at & = 1, but has shifted to & ~ 0.12
(period near 8.5 days) with power extending along the
L =~ 17 km dispersion line. At 1 mb, the dominant
wave is slightly faster yet, with @ ~ 0.133 (period
near 7.5 days) for k = 1, and extends along the L ~ 20
km dispersion line. Significant eastward power
is found near the L = 20 km dispersion line out to
the Nyquist frequency. The westward power at high
wavenumbers near the Nyquist frequency at 1 mb
probably results from aliasing of even faster eastward
power.

Some stationary power is found at 1 mb resulting
from extratropical Rossby wave activity. The lower
stratospheric Rossby wave activity is confined to middle
and high latitudes. Rossby wave activity extends farther
equatorward with increasing height, reaching well into
the tropics at the stratopause. The fast westward (fre-
quency 0.75) wave 1-2 peak at 10 and 1 mb in Fig. 5
is caused by an inertio~gravity wave (the first antisym-
 metric mode). This mode will be discussed further.

No evidence can be found in these figures for the
fast Kelvin wave in the upper stratosphere, with period
near 4 days and L ~ 40 km, which was discovered by
Salby et al. (1984 ) using LIMS data. This wave may
not be forced in the model because the convective
heating is too shallow, a known problem with CCM1.
The results of Randel and Gille (1991) suggest that
this fast Kelvin wave is only present episodically in the
atmosphere. It is worth noting that Hayashi et al.
(1984) did find a fast (5-day) Kelvin wave in their
simulation.

b. Wave structures and comparison with
observations

It has now been established that slow (~15 day)
Kelvin waves exist in the lower stratosphere and faster
(~7.5 day) waves exist in the upper stratosphere of
the model simulations. The slow Kelvin wave is be-
lieved to be important in forcing the QBO, but it has
a short enough vertical wavelength (L ~ 10 km) that
it should not be well resolved by L30. Its structure in
the three simulations will be compared in more detail
and verified against observations. The faster wave,
which may be important in forcing the SAO, has a
long enough vertical wavelength (L ~ 20 km) that all
of the simulations resolve it reasonably well and only
L1107 will be examined and compared against obser-
vations.
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Figures 6 and 8 show the mean temperature ampli-
tude and phase structures and the EP flux divergence
for the simulated 15- and 7.5-day waves. Figures 7 and
9 show the corresponding temperature amplitudes and
phases determined from LIMS data. The EP flux di-
vergence is not shown for the observations because it
requires a vertical velocity field. The wave amplitudes
are symmetric about the equator and the phase lines

are horizontal in all cases, as expected for Kelvin waves.

The Kelvin waves in the simulations and in the ob-
servations share many similar characteristics. The
slower ( 15 day) Kelvin wave has maximum amplitude
near 40 mb and decays above, although the decay is
very slow for L30 and L55. No coherent signal is found
above ~5 mb. The vertical wavelength, as determined
from the spacing of the phase lines, is 11-12 km, in
reasonable agreement with the dispersion relation
[Eq. (1)].

The faster (7.5 day) wave has maximum amplitude
in the stratosphere near 2 mb, a minimum at the stra-
topause, and a larger maximum in the mesosphere.
The stratopause minimum is much stronger in the
LIMS data than in the model. The mesospheric max-
imum does not appear in the LIMS data because it is
not sufficiently coherent with the 10-mb level used as
a reference point. The vertical wavelength is 20-21 km,
again in agreement with (1). As predicted by theory,
the meridional extent of the fast Kelvin wave is greater
than that of the slow wave for both model and obser-
vations.

Many of the similarities between the simulations and
observations mentioned above follow directly from the
fact that the Kelvin waves have the same frequency
(or vertical wavelength ) in all cases. From (1) and (2),
once k and either w or L are specified, then all properties
of a Kelvin wave are known, except the amplitude as
a function of height. The fact that the frequencies are
similar in the CCM and in LIMS data suggests that the
vertical scale of the forcing in the model is not much
different than that in the atmosphere.

Although the slow Kelvin wave is coherent over ap-
proximately the same vertical domain in all three sim-
ulations, there is considerable increase of the amplitude
with vertical resolution. The maximum amplitude for
L107 (~1.4 K) is nearly twice that for 1.30, yet even
L30 amplitude is somewhat larger than the 0.6 K am-
plitude of the wave in LIMS data. It should be noted
that Wallace and Kousky (1968) quote an amplitude
of 2-3 K for this wave. The LIMS data may be un-
derestimating the wave amplitude because the instru-
ment has only ~70% response for waves with L ~ 10
km (see Gille and Russell 1984; Gille et al. 1984).

¢c. Wave forcing of mean flow

The observed QBO period is about 26 months (780
days) and the peak-to-peak zonal wind variations are
about 40 m s~! (over one-half period), implying that
the average acceleration of the zonal wind is roughly
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FI1G. 7. As in Fig. 6, except that LIMS data are shown for tem-
perature only. The reference point for phase is at 50 mb.

m s~!/day occurred in L107 in association with a tem-
perature amplitude of ~ 1.4 K. The EP flux is related

to the covariances of wave properties and, therefore, -

to the square of the wave amplitude. It appears that
an amplitude >4 K would be required to produce EP
flux divergences of ~0.1 m s™'/day. Even allowing
for the effect of the instrument response, the mean wave
amplitude during the LIMS observation period was no
larger than 1 K, although temperature fluctuations with
amplitudes as large as 2 K were routinely present, in
agreement with Wallace and Kousky (1968). There-
fore, it appears that the slow Kelvin wave present in
the model cannot simultaneously reproduce both the
observed QBO accelerations and the observed Kelvin
wave amplitude.

The variation of the simulated EP flux divergence
with vertical resolution for the slow Kelvin is even
greater than the variation of the amplitude, as expected
from dependence of the EP flux on square of the am-
plitude. The maximum EP flux divergence occurs lower
in the stratosphere as the vertical resolution increases
and also increases in magnitude because the wave am-

. plitude increases. From these simulations, it is not pos-

sible to draw firm conclusions as to whether the EP
flux divergence for the slow Kelvin wave would con-

" tinue to change significantly with increasing resolution

0.1 m s~!/day. The EP flux divergences in Fig. 6 are
a measure of the forcing of the mean zonal flow by the
waves, although the mean flow accelerations found in
the model are usually much smaller than the EP flux
divergence, in part because of cancellation with other
waves. The maximum EP flux divergence of ~0.01

beyond that of L107. However, the fast Kelvin wave
can be used to gain more information on this point
since its vertical wavelength is twice that of the slow
Kelvin wave. Figure 8 shows results only for L107;
however, there is little difference between L55 and
L107, even in the EP flux divergence. Significant dif-
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FIG. 8. As in Fig. 6, except that only L107 data are shown. The center of the frequency band
corresponds to a period of 7.5 days, the reference point for phase is at 10 mb and 2.2°S, and the
contour intervals are 0.25 K for temperature and 2 X 1072 m s™!/day for EP flux divergence.
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FIG. 9. As in Fig. 8, except that LIMS data
are shown for temperature only.

ferences still exist between L30 and 155, although these
are less than the differences found for the slower wave.
The fast Kelvin wave simulation appears to be roughly
invariant to resolution for grid spacings shorter than
the ~1.4-km spacing of L55, suggesting that the slower
wave is probably invariant to resolution for spacings
shorter than the ~700-m spacing of L107. In fact, a
grid spacing of about 1 km is probably adequate.

Another aspect of the faster Kelvin wave that is worth
mentioning is that it generates EP flux divergence near
the stratopause and in the lower mesosphere. This wave
(including the k = 2, 3 components with the same L)
appears to be responsible for at least the bulk of the
westerly accelerations in the simulated SAQ. Unfor-
tunately, the 120-day period used for the space-time
analysis above covers a substantial part of an SAO pe-
riod that results in smearing the wave forcing in the
vertical and making its amplitude appear small. 1.30
is the only simulation that extends far enough into
spring to see the westerlies descend to stratopause level.
Therefore, Fig. 10 shows the evolution of the zonal
wind, the observed acceleration, and the EP flux di-
vergence associated with wavenumbers 1-6 for 1.30.
The wave forcing is clearly associated with the westerly
accelerations of the zonal mean wind and is generally
larger than the observed acceleration. This implies that
the Kelvin waves (or at least large-scale waves) can
explain the westerly phase of the simulated SAQO. In
contrast, Hamilton and Mahlman (1988) found that
gravity waves were largely responsible for forcing the
SAOQ in their simulations.
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4. Mixed Rossby-gravity waves

Theory indicates that MRG waves may be either
eastward or westward propagating, although the dis-
persion properties differ depending on the direction of
propagation. The 5-day, k = 4 westward-propagating
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FIG. 10. Time-height cross sections, averaged from 2.8°S to 2.8°N,
of the zonally averaged zonal wind (top, contour interval 10 m s7!),
its partial derivative with respect to time (middle, contour interval
1 m s~'/day), and the EP flux divergence summed over all frequencies
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day ). Negative contours are dashed. The zero contours are omitted
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MRG waves, which were discovered by Yanai and
Maruyama ( 1966 ) using equatorial rawindsonde data,
are believed to be important in forcing the QBO. East-
ward-propagating MRG waves have rarely been dis-
cussed in the literature, although Randel et al. (1990)
have identified fast eastward planetary-scale MRG
waves using satellite observations together with the
model results discussed below.

MRG waves have equatorially symmetric meridio-
nal wind perturbations and antisymmetric temperature
and zonal wind perturbations. The temperature per-
turbations are an order of magnitude smaller than those
of Kelvin waves, making them more difficuit to identify
in satellite data. This problem is exacerbated by short
vertical wavelengths (L < 8 km). The response of the
LIMS instrument to waves this short is less than 50%
(and decreasing rapidly as the wavelength decreases),
while most other satellite instruments cannot resolve
such wavelengths at all. MRG waves are most easily
identified in both rawinsonde data and model output
using their meridional wind perturbations, since the
other significant equatorial waves (Kelvin waves) have
no significant signal in this field. The analysis of MRG
waves in model results presents no difficulties since the
meridional wind fields are available and can be treated
in the same fashion as the temperature fields were
treated for analyzing Kelvin waves.

a. Identification of wave modes

Following Andrews et al. (1987), the MRG wave
dispersion relation can be obtained in a similar form
to(1)as

w= 2_161' {Nk + [N%> + 4mNB]'2},  (3)

where 8 = 2Q/a and Q and a are the angular velocity
and radius of the earth. Dispersion curves are indicated
in Fig. 11 for several vertical wavelengths. The plus
sign in (3) applies for eastward-propagating waves (w
> 0), and the dispersion characteristics resemble those
for Kelvin waves——at least for large vertical wavelengths
(m < N*k?/4NB). For the westward-propagating
waves, the dispersion curves depend weakly on both k
and m, becoming nearly indistinguishable for k > 4.
The spectrum of the symmetric component of the
meridional wind field in the lower stratosphere (Fig.
11) has a broad peak distributed approximately along
the dispersion curve for westward-moving MRG waves
with L = 5 km. Eastward-propagating features are
found at small £ along the L = 5 and L = 15 km
dispersion curves, although these features have only
~10% of the power spectral density of the westward
feature. .
Latitude—frequency spectra for the k = 4 component
of the meridional wind in the lower stratosphere (not
shown) contain a westward-propagating symmetric
peak with the meridional structure of an L ~ 5 km

VoL. 49, No. 9

76.0 mb

107 level
12

o, 0 N

Tl D

18

Wave number
m
|

55 leve
12 S o DI T L
: T
o 9T
E e
=y —+
£ ik
o E
>
C o
== s n
30 level V

12 T

w
o] O O |
| S AN AR GRS |

Wave number
(+2]

w
|

1
v Bt R CERE KR

T T T T
=1 A 0
Frequency

F1G. 11. As in Fig. 4, except that meridional wind power is shown
near 75 mb and dispersion curves are shown for MRG waves with
L = %5, 10, 15, and 20 km.

MRG wave and a period ~ 5 days (& ~ 0.2). This
feature appears to correspond with the K = 4 MRG
wave identified by Yanai and Maruyama (1966) and
invoked in the QBO theory of Holton and Lindzen
(1972).

Most of the observational evidence for the existence
of the kK = 4, ® ~ 0.2 MRG wave comes from upper
tropospheric and lower stratospheric rawinsonde ob-
servations over the western Pacific Ocean (see the re-
view by Wallace 1971). However, this MRG wave is
not a particularly strong feature in upper tropospheric
wind spectra calculated from global analyses and may
not always be present. For example, Yanai and Lu
(1983) were able to identify this feature at 200 mb
during June-August 1967 but not during June-August
1972. Randel (1992 ) has used a long series of ECMWF
analyses to show that MRG waves occur intermittently
at 200 mb. The 1.107 spectra in the upper troposphere
(Fig. 12) agree reasonably well with the spectra com-
puted by Randel from ECMWF analyses except for the
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F1G. 12. Asin Fig. 11, except that meridional wind power
is shown for 1107 near 1, 10, and 170 mb.

presence of a large amount of power near w = 0. This
stationary power is found in all of the simulations and
probably results from the presence of mean westerlies
in the upper troposphere, allowing excessive penetra-
tion of midlatitude Rossby waves into the tropics.

The evolution of the wavenumber-frequency spec-
trum in the vertical is governed largely by the depen-
dence of the vertical group velocity:

() — Fo?

L PT R @

on frequency and zonal wavenumber. For eastward-
moving waves, (4) resembles (2), the equivalent
expression for Kelvin waves. Larger group velocities
are found for larger k and L, so that power tends to
shift both outward along dispersion curves and to the
dispersion curves for larger L with increasing height.
The shift to larger L can be seen in Figs. 11 and 12,
where the maximum eastward power is found for k
= [ and L = 5 km in the lower stratosphere, with a
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secondary maximum for k = 1 and L = 15 km. At 10
mb and above, the L = 15 km dominates. This is the
eastward MRG wave with period of about 2 days, which
was discussed by Randel et al. (1990). It is more dif-
ficult to identify outward shifts of the power along dis-
persion curves, although there is some evidence of this
for the L = 15 km feature between 10 and 1 mb.

The group velocity for westward-moving waves in-
creases only with L and decreases with k. The effects
of this dependence can be seen in Figs. 1! and 12,
where the westward power shifts to higher frequency
and lower k between 75 and 10 mb, At 10 mb, the
maximum power lies between the L = 10and L = 15
km dispersion curves, with period ~ 3 days. This wave
was also discussed by Randel et al. (1990). The changes
above 10 mb are complicated by the presence of ad-
ditional (non-MRG) westward-moving waves in the
spectrum. However, the MRG wave power continues
to shift to higher frequency and longer vertical wave-
length.

The fast eastward and westward MRG waves are
striking features of the spectra for both temperature
and meridional wind in the middie stratosphere when
latitudinal distributions are examined (Fig. 13). There
are symmetric peaks centered on the equator in the
meridional wind spectrum near & = —0.35 and 0.5,
corresponding to periods of 3 and 2 days, respectively.
These peaks are associated with pairs of temperature
peaks centered near 10° for the westward wave and
near 15° for the eastward wave. The temperature power
in these peaks is about 5% of that associated with the
Kelvin waves. Further analysis has shown that the
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FIG. 13. As in Fig. 3, except that meridional wind and temperature
power are shown for L107 near 10 mb.
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temperature variations in these peaks are out of phase
across the equator, as expected for MRG waves. The
greater meridional extent of the eastward wave is in
accordance with its longer vertical wavelength (~18
km as opposed to ~13 km). Similar. behavior was
found in observations by Randel et al. (1990).

At even higher frequencies in Fig. 13, small spectral
maxima with the characteristics of inertio-gravity
waves can be found. These waves have temperature
perturbations symmetric about the equator and anti-
symmetric meridional wind perturbations, which result
in paired peaks in the spectrum on either side of the
equator. A westward-moving inertio-gravity wave with
@ a~ —0.75 (1.3-day period) is easily identifiable in
Fig. 13. This wave has about one-half of the temper-
ature power of the fast MRG waves and about one-
third of the meridional wind power. An eastward-
moving inertio-gravity wave with & ~ 0.85 can also
be found in Fig. 13, but this wave is even weaker than
the westward wave. These inertio—~gravity waves do not
appear to have any appreciable effect on the strato-
spheric circulation.

It is interesting that the westward-moving power in
the lower stratosphere (~75 mb) emerges from a rather
different spectrum in the upper troposphere (~170
mb). While there is some evidence that the 5-day west-
ward MRG wave exists in the upper troposphere, it is
a weak feature in the power spectra of both the model
and the atmosphere. Spectra calculated from 200-mb
global analyses by Randel (1992) maximize for slower
frequencies (periods 6-10 days). Immediately above
the tropopause the principal feature remaining in the
spectra appears to be a westward MRG wave with L
=~ 5 km. The analysis below will concentrate on k = 4,
since this is the wave that has generally been discussed
in connection with the QBO. It should be born in mind
that the model spectra are not strongly peaked at k
= 4; however, the vertical structure of the spectra and
other wave properties can be seen most clearly by fo-
cusing on a single k. The k = 4 spectra in Fig. 14 show
that the westward L ~ 5 MRG wave found in the
lower stratosphere decays rapidly above the tropopause,
at least at the higher resolutions. This wave penetrates
much deeper into the stratosphere in L.30, a model
artifact related to the numerical approximations, which
are not capable of properly representing such a short
vertical wavelength.

b. Wave structures

It has now been established that westward-moving
MRG waves of moderate period (~5 days) exist in
the lower stratosphere, while faster MRG waves, mov-
ing both eastward and westward, exist in the middle
and upper stratosphere of the simulations. The east-
ward-moving waves have periods near 2 days while the
westward-moving waves have periods of 2-3 days, with
period decreasing with height. The moderate westward-
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wind power for L107, L5S, and L30. Contours and stippling as in
Fig. 3.

moving MRG wave is believed to be important in forc-
ing the QBO, but its vertical wavelength (L ~ 5 km),
as inferred from the dispersion relation, is so short that
both the L30 and L55 simulations should have trouble
resolving it. Five kilometers corresponds to three—four
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grid lengths in L55, while it is only about two grid
lengths in L.30. The faster waves are interesting because
they exist in both the model and the atmosphere, but
they do not appear to be significant in terms of affecting
the circulation.

The k = 4 meridional amplitude, relative phase, and
EP flux divergence are shown in Fig. 15 for the 5-day
lower stratospheric westward MRG wave. Unfortu-
nately, corresponding figures cannot be constructed
from observations, even for amplitude and phase. For
L107, the amplitude is nearly symmetric about the
equator with ~ 10° meridional scale. There is a small
amount of asymmetry with larger values north of the
equator, probably because of the horizontal shear in
the mean zonal winds (Fig. 1). A coherent wave is
found over a very limited region because of the rapid
decrease of the amplitude with height. Immediately
above the tropopause the amplitude is ~1 m s}, but
the wave has vanished at 30 mb. In fact, a coherent
oscillation is found over only a single vertical wave-
length, as indicated by the phase lines.

The wavelength over the entire coherent region is
~6.5 km but decreases with height from ~8 km below
50 mb to ~5 km above 50 mb. The decrease in the
vertical wavelength results from increasing zonal mean
easterlies in the lower stratosphere, which decrease the
intrinsic phase speed (and frequency ). Over the region
from 100 to 30 mb, the zonal mean wind at the equator
decreases from near zero to ~ —10 m s™'. The phase
speed of the wave is —23 m s ™!, so that it has a critical
level near 3 mb according to Fig. 1. Therefore, the
absorption ( vanishing) of the wave below 30 mb must
be caused by processes other than critical-layer ab-
sorption. The shortening of the vertical wavelength as
the easterlies strengthen increases the radiative damp-
ing rate and the effect of vertical diffusion on the wave,
while the vertical group velocity decreases according
to (4). All of these effects contribute to reducing the
wave amplitude.

The wave structure varies considerably with reso-
lution, as might be expected given the short vertical
wavelengths involved. The L55 structure is surprisingly
similar to the L107 structure, with a coherent oscilla-
tion found over about the same domain. The L55 am-
plitude also compares favorably with L107, although
differences are readily apparent. However, 155 shows
little evidence of the decrease in vertical wavelength
with height found in L107. The L55 grid spacing is not
adequate to permit significant reductions in the vertical
wavelength. The L30 structure bears little resemblance
to that at the higher resolutions. Although the L30 am-
plitude is similar to the L107 amplitude near 70 mb,
the amplitude increases again above 50 mb (as was
seen in the power spectra of Fig. 14), reaching a max-
imum near 20 mb. The entire region with coherent
oscillations is shifted upward with respect to those for
L107 and L55, with no coherent signal found below
100 mb. The meridional extent of the coherent signal
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is also reduced in L30 compared to the higher reso-
lutions.

The structure of the fast westward (3-day period, k
= 1) MRG wave mentioned above is shown in Fig. 16

_ for L107. This wave has a large enough vertical wave-

length that its structure is similar at the lower resolu-
tions. The vertical wavelength diagnosed from the dis-
persion curves in Fig. 12 was 10-15 km, which cor-
responds with L ~ 10 km determined from the phase
lines in Fig. 16. A coherent wave is found over most
of the stratosphere with maximum amplitude of 1.2
m s~! near 3 mb. The amplitude of the fast MRG wave
in the lower stratosphere is ~0.5 m s, similar to that
of the slower wave discussed above. There is northward
shifting of the patterns in Fig. 16 above 10 mb, likely
due to the mean wind shears (Fig. 2). A similar effect
was found in observations by Randel et al. (1990; their
Fig. 4a). Both the westward and eastward fast MRG
wave identified here are also present in the simulation
of Hayashi et al. (1984, see their Fig. 10), although
not mentioned in the text of that paper.

¢. Wave forcing of mean flow

The EP flux divergence associated with the moderate
westward MRG wave is confined to a small region
above the tropopause, corresponding with the rapid
decay of the wave amplitude. The maximum EP flux
divergence for L107 is ~0.01 m s~'/day, similar to
that produced by the slow Kelvin wave, although the
MRG wave maximum occurs somewhat lower. Since
the MRG wave spectrum is not as strongly peaked as
the Kelvin wave spectrum, the net easterly forcing pro-
duced by MRG waves of moderate phase speed in L107
is somewhat larger than the westerly forcing produced
by slow Kelvin waves. However, this forcing is still an
order of magnitude smaller than would be required in
order to produce a realistic QBO. The MRG wave
forcing is also confined much too low in the strato-
sphere. For the zonal winds found in L107, QBO mod-
els based on Holton and Lindzen (1972) would have
maximum easterly forcing immediately below the crit-
ical level near 3 mb.

The variation of the simulated EP flux divergence
with vertical resolution is substantial. The L30 EP flux
divergence is less than half of that in L107. As with
the amplitudes, LS5 is surprisingly similar to L107.
Some of the vertical structure seen in 1107 is not found
in L55, but the magnitude of the EP flux divergence
is nearly the same. The biggest difference between L107
and LS55 is that L55 EP flux divergence is nearly sym-
metric about the equator. The maximum EP flux di-
vergence in L107 shifts from south of the equator im-
mediately above the tropopause to symmetric about
the equator slightly higher up.

The EP flux divergence for the fast westward MRG
wave is not shown because it is negligible at all levels.
This is also true for the fast eastward MRG wave.
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FiG. 15. As in Fig. 6, except that meridional wind is shown in place of temperature. The center of the frequency band corresponds to a
period of 5 days, the reference point for phase is at 50 mb and 2.2°S, and the contour intervals are 0.1 m s™' for meridional wind and 2

X 1073 m s™"/day for EP flux divergence.
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FIG. 16. As in Fig. 15, except that only the meridional wind for
L1107 is shown. The center of the frequency band corresponds to a
period of 3 days, and the reference point for phase is at 10 mb and
2.2°S.

5. Conclusions

The GCM simulations examined here contain sev-
eral classes of equatorially trapped waves, including
Kelvin, MR@G, and inertio-gravity waves. The partic-

EPDIV, k=[1,12]
107 level

w=[-1.000,-0.05
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ular examples of these waves found in the model are
characterized by the range of vertical wavelengths be-
tween 5 and 20 km. There does not appear to be a
continuous distribution of waves; instead discrete wave

~ groups of each class are found that have wavenumbers

and frequencies distributed along the dispersion curves
for particular vertical wavelengths. The 15-day, k = 1
Kelvin wave and the 5-day, & = 4 MRG wave believed
to be important in forcing the QBO are found in the
simulations.

Only limited observations of the equatorial strato-
sphere are available, rendering detailed verifications of
the simulated wave properties impossible. Kelvin waves
are most readily identifiable in satellite temperature
observations, and the 15- and 7.5-day modes found in
the model results compare reasonably well with LIMS
data. The faster 4-day wave in LIMS data is not found
here but is not apparent every year in observations
either, according to Randel and Gille (1991). Randel
et al. (1990) used the model simulations to identify
planetary-scale MRG waves in LIMS observations of
the upper stratosphere. Only the fast inertio-gravity
waves have not as yet been identified in an observa-
tional dataset. These waves have no apparent impor-
tance other than as “naturalily” occurring examples of
waves that are well known to be theoretically possible

_solutions of the primitive equations.

Theoretical and simplified modeling studies have
indicated that the forcing depth should be the primary
factor determining the vertical wavelength (and fre-
quency through the dispersion relation) of equatorial
waves. This expectation is consistent with the range of

EPDIV, k=[1,12]
»=[0.050,1.000]

Pressure {(mb)
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FIG. 17. Latitude-height cross sections of the L107 total EP flux divergence for waves 1-12

summed over all westward (left) and eastward

frequencies (right) faster than 20 days™'. The

contour interval is 0.025 m s™'/day; negative contours are dashed.
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‘vertical wavelengths (5-20 km) for which equatorial
waves are found in the current simulations. It is also
interesting that there is little evidence below the tro-
popause of either the Kelvin or MRG waves that dom-
inate the power spectra in the lower stratosphere. The
spectral peaks associated with these waves emerge im-
mediately above the tropopause from tropospheric
spectra with completely different temporal and spatial
characteristics. The MRG waves in the lower strato-
sphere have shorter vertical wavelengths (5-8 km) than
do the Kelvin waves (10-15 km). This suggests that
the forcing of the MRG waves may be different than
that for the Kelvin waves. In this context, it is inter-
esting to note that Salby and Garcia (1987) were able
to produce Kelvin waves but not MRG waves using
stochastic thermal forcing.

The Kelvin and MRG waves, believed to be impor-
tant in forcing the QBO, have relatively short vertical
wavelengths (5~10 km). Consequently, the character-
istics of these waves change substantially with vertical
resolution between simulations with 2.8-, 1.4-, and 0.7-
km grid spacings. However, the wave properties change
much less between the 1.4- and 0.7-km resolutions than
between the 2.8- and 1.4-km resolutions. In fact, the
forcing of the mean flow by the equatorial waves is
similar at the two higher resolutions. It appears that
vertical resolution of about 1 km should be adequate
to simulate the waves believed to force the QBO.

The vertical resolutions used in the simulations dis-
cussed here are all greater than could be justified using
quasigeostrophic scaling arguments appropriate to the
extratropical regime. A model designed to simulate the
extratropics would require horizontal resolution of
about 100 km in order to justify 1-km vertical reso-
lution. Only the GFDL SKYHI model has been used
for stratospheric simulations with horizontal resolution
near 100 km (Mahlman and Umscheid 1987). How-
ever, the vertical resolution of that model was not ad-
justed to maintain compatibility with the horizontal
resolution. As has been common with other studies
varying the horizontal resolution of models (e.g., Bo-
ville 1991), Mahlman and Umscheid (1987) held the
vertical resolution fixed (at about 1.7 km in the lower
stratosphere ) while increasing the horizontal resolution.

The magnitudes of the Kelvin and MRG waves pro-
duced by the high-resolution simulations were com-
parable to the observed values. However, the zonal
momentum forcing (EP flux divergence) produced by
these waves in the lower stratosphere was at most 10%
of the forcing required to explain the observed QBO
accelerations. The result is more encouraging when the
EP flux divergence is integrated over zonal wavenum-
ber and eastward or westward frequencies, as shown
in Fig. 17. The total forcing by both eastward and west-
ward waves is approximately symmetric about the
equator in the lower stratosphere and is about 10 times
bigger than the EP flux divergence associated with the
single waves discussed above. Thus, the forcing of the
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mean flow by the waves is comparable to the mean-
flow acceleration observed in the QBO. However, the
results of Takahashi and Boville (1991) indicate that
EP flux divergences of ~0.4 m s~ /day are required
to produce a realistic QBO in a three-dimensional
model. )
In summary, the simulated equatorial wave modes
are as large as the observed modes, and the simulated
wave spectra agree with the observed spectra to the
extent that the latter can be determined. In spite of

_ this agreement, the total wave driving produced by the

model is too small to force a QBO. This fact has recently
been verified by a multiyear integration with 1-km ver-
tical resolution. Either the shape of the model’s equa-
torial wave spectrum differs from reality outside of the
small range sampled by observations or additional
processes, such as gravity waves, must be important in
forcing the QBO in the atmosphere.
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