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ABSTRACT

The interaction between convectively excited waves and the mean zonal wind in the equatorial lower strato-
sphere is investigated with a simplified general circulation model (GCM). The model has T42 truncation, and
the vertical resolution is about 700 m in the stratosphere. Although it is an “aquaplanet” model with uniform
sea surface temperature, cumulus convection in low latitudes has realistic hierarchical structures with reasonable
space-time spectral distributions. The model produced an oscillation having quite similar features to the equatorial
quasi-biennial oscillation (QBO), although the period is 400 days.

Waves in the equatorial lower stratosphere of the model are excited mainly by the cumulus convection in low
latitudes. The energy of these waves is a little larger than that observed in the real atmosphere. The dominant
waves are gravity waves having an equivalent depth of about 200 m and those of 40-100 m. About half of the
transport and deposition of zonal momentum contributing to the oscillation is accounted for by the gravest
symmetric gravity modes: eastward momentum by Kelvin waves and westward momentum by n = | gravity
waves. The momentum deposition is done over a wide range of zonal wavenumber (2-30), while about half of
it is done over a period of 1-3 days. The deposition has rather continuous phase speed distributions and a
considerable portion of it is provided by waves having critical levels. Since gravity waves with small intrinsic
phase speeds have small vertical wavelengths, vertical grid spacings of 700 m or less appear to be required in
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the lower stratosphere for GCMs in order to simulate the QBO.

1. Introduction

The quasi-biennial oscillation (QBO) is an interesting
phenomenon that dominates the low-frequency vari-
ability in the equatorial lower stratosphere. The first
successful theory of the QBO was proposed by Lindzen
and Holton (1968), who showed that the critical-level
absorption of gravity waves with continuous phase-ve-
locity distributions leads to mean flow oscillations under
a suitable upper boundary condition such as the presence
of the equatorial semiannual oscillation. Holton and
Lindzen (1972) reformed this theory by including the
dissipation of waves due to Newtonian cooling. They
supposed momentum transport only by two waves: a
Kelvin wave of zonal wavenumber 1 and a period of
about 15 days, and a Rossby—gravity (RG) wave of zon-
al wavenumber 4 and a period of about 4 days. Both
are dominant planetary-scale waves in the equatorial
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lower stratosphere and were found by Wallace and
Kousky (1968) and Yanai and Maruyama (1966), re-
spectively. The Holton-Lindzen theory was refined by
Plumb (1977), who illustrated how the interaction be-
tween two internal waves and mean flow leads to an
oscillation of the mean flow. This mechanism was con-
firmed by laboratory experiments by Plumb and Mc-
Ewan (1978). Furthermore, the Holton-Lindzen theory
was extended to a two-dimensional (latitude—height)
model by Plumb and Bell (1982) and a three-dimen-
sional model by Takahashi and Boville (1992). Cur-
rently, this theory is accepted as the standard theory of
the QBO.

Although the QBO is undoubtedly caused by wave—
mean flow interaction, observational studies have point-
ed out that the momentum transport by the RG waves
is insufficient for driving the QBO (e.g., Lindzen and
Tsay 1975). Furthermore, Dunkerton (1991) pointed out
that the equatorial upwelling of the Brewer-Dobson cir-
culation acts to reduce the downward propagation of the
QBO phases. Thus, the deficit of the momentum flux
became more serious. Takahashi and Boville (1992) suc-
ceeded in a three-dimensional simulation of the QBO
for the first time by forcing Kelvin and RG waves near
the tropopause. However, to have a QBO-like oscilla-
tion, the amplitude of the RG wave had to be about five
times as large as the observational values and that of
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the Kelvin wave also had to be (less severely) larger
than the observational values, although the model did
not have the Brewer—Dobson circulation.

Probable candidates for the carriers of zonal momen-
tum in addition to these two waves are gravity waves
of intermediate scales smaller than planetary scale [see
Dunkerton (1997) for a review]. Recently, equatorial
gravity waves have been studied intensively by radio-
sonde observations (e.g., Tsuda et al. 1994a,b; Maruy-
ama 1994; Sato et al. 1994; Ogino et al. 1995). These
studies have shown that gravity waves with periods less
than 3 days exist ubiquitously in the equatorial lower
stratosphere. Tsuda et al. (1994a,b) observed gravity
waves having vertical wavelength 2-2.5 km and fre-
quencies about 2 days by an intensive observational
campaign at Watukosek, Indonesia (8°S, 113°E). Ma-
ruyama (1994) and Sato et al. (1994) analyzed long
datasets of operational radiosonde observations at Sin-
gapore (1°N, 104°E). Maruyama (1994) estimated that
the net eastward momentum transport by short-period
(about 2 days) gravity waves is comparable to that of
the long-period (7-30 days) Kelvin waves. Sato and
Dunkerton (1997) estimated momentum flux of east-
ward- and westward-propagating waves separately and
showed that the flux of short-period (1-3 days) waves
is much larger than that of waves with larger periods.
Thus, the momentum deposition by such short-period
waves could be important for driving the QBO.

Equatorial gravity waves are also studied with aircraft
and satellites. Pfister et al. (1993a.b) studied gravity
waves over mesoscale cumulus systems by aircraft mea-
surements and inferred the momentum flux associated
with the observed mesoscale gravity waves. Bergman
and Salby (1994) inferred the Eliassen—Palm (EP) flux
propagating vertically into the stratosphere by project-
ing, as the proxy for cumulus heating, high-resolution
global cloud imagery onto Hough functions. According
to their estimation, more than half of the EP flux was
accounted for by the waves with periods less than 2
days. Hayashi et al. (1984) showed that gravity waves
with periods less than 2 days and zonal wavenumber 1—
30 exist in the equatorial upper stratosphere and mes-
osphere in the GFDL “SKYHI" general circulation
model (GCM).

For a long time after the proposal of the Holton—
Lindzen theory, the QBO was not simulated by GCMs
even though they had realistic Kelvin and RG waves
(Boville and Randel 1992; Hayashi and Golder 1994)
nor even though they could simulate the equatorial semi-
annual oscillation (Mahlman and Umshied 1984). Re-
cently, however, Takahashi and his group succeeded in
simulating the QBO by GCMs. Takahashi and Shiobara
(1995) obtained a QBO-like oscillation in a numerical
experiment with a spectral T106, 1/5 sector model de-
rived from a GCM, although the oscillation was in the
upper stratosphere. The model was an “‘aquaplanet”
model with 1-km vertical grid spacing in the strato-
sphere without seasonal cycle. The westward acceler-
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ation in the oscillation was brought mainly by n = 1
gravity waves showing an anomalous spectral peak and
the eastward acceleration by “‘random gravity waves;
the analyses were presented by Takahashi and Kuma-
kura (1995). Takahashi (1996) succeeded in simulating
the QBO by a T21 comprehensive GCM (the first ver-
sion of the CCSR/NIES GCM). To produce the QBO-
like oscillation he had to reduce the vertical grid spacing
to about 500 m in the stratosphere and reduce the co-
efficients of horizontal diffusion by more than one order
of magnitude. Takahashi et al. (1997) conducted further
analyses of this oscillation and inferred that the west-
ward acceleration was due to westward-propagating »
= 1 gravity waves, westward-propagating “random
gravity waves,” and Rossby waves, while the eastward
acceleration was due to Kelvin waves and eastward-
propagating gravity waves, although they were not
shown very clearly.

It seems natural that Takahashi (1996) had to increase
the vertical resolution in order to produce the oscillation,
since, in general, the vertical resolutions of GCMs are
too coarse to resolve the waves in the equatorial strat-
osphere. The vertical resolutions are usually determined
on the basis of mid- and high latitudes. For example,
the SKYHI GCM has the vertical grid spacing about 2
km in the stratosphere. As shown by Boville and Randel
(1992), this resolution is insufficient to simulate the di-
vergence of the momentum flux of equatorial waves.
On the other hand, it is less certain why he had to reduce
the horizontal diffusion coefficients in order to get the
oscillation.

The studies mentioned in this section lead to the fol-
lowing problems to be considered:

* What waves drive the QBO in the real atmosphere?
* What is required for GCMs to produce the QBO?

In this study, we obtained a quite realistic QBO-like
oscillation in a simplified GCM. Thus, the wave—mean
flow interaction driving the oscillation is studied in de-
tail. The horizontal resolution of the model is T42, and
the vertical resolution is about 700 m in the stratosphere,
which is as small as that used by Takahashi (1996). On
the other hand, the horizontal diffusion coefficients are
not reduced. We investigated which kind and what
amount of waves exist in the equatorial lower strato-
sphere of the model and how these waves drive the
oscillation. Then, we examined the problems above.

The model is described in section 2. Climatology and
moist convection in the model are presented in section
3. In section 4, waves in the equatorial lower strato-
sphere are analyzed in physical space and wavenumber-
frequency space. Analyses of the EP flux and its relation
to the QBO-like oscillation are presented in section 5.
In these two sections, some comparisons with obser-
vational studies are also made. The results are discussed
in section 6, where necessary conditions to simulate the
QBO in a GCM are discussed, as well as the implications
for waves driving the QBO in the real atmosphere. Con-
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clusions are given in section 7. Appendices describe
analysis methods.

2. Model description

The model used in this study is derived from an at-
mospheric GCM (AGCMS5) in the GFD-DENNOU Li-
brary. It is a spectral model with a triangular truncation
of T42 (the maximum “total wavenumber” is equal to
42). For the vertical coordinate, o = p/p, is used (p, is
surface pressure). The model has 40 vertical levels; the
vertical grid spacing is about 0.4 km near the surface,
about 1.5 km in the middle troposphere, and about 0.7
km in the stratosphere (see tick marks inside the vertical
axes in Fig. 4). Since the static stability in the strato-
sphere is larger than that in the troposphere, it is natural
to take higher vertical resolution in the stratosphere. The
highest four levels of o < 0.01 (p < 10 hPa) are sponge
layers, where the Rayleigh friction with e-folding time
0.4 days is incorporated. Time integration is done with
the semi-implicit scheme with time increment 15 min.

The moist convective adjustment (MCA) scheme with
a critical relative humidity of 0.99 is used as cumulus
parameterization. In addition, the large-scale conden-
sation scheme (condensation at each grid point) and the
dry convective adjustment scheme are applied after the
MCA for each time step. Horizontal diffusion propor-
tional to V¢ is used; the e-folding time for the maximum
total wavenumber is 12 h. The coefficient of vertical
diffusion is set equal to 0.1 m? s '. For the surface
processes, the bulk method with the coefficients for the
neutral stratification with roughness length 0.1 mm is
used. The whole globe is assumed to be covered with
the ocean (aquaplanet) with uniform sea surface tem-
perature (SST) of 300 K, so that no baroclinic instability
occurs in this model. Radiative processes in the tro-
posphere are replaced with a simple globally uniform
cooling rate; the atmosphere below o = 0.25 (=250
hPa) is cooled by 0.8 K day~', and the cooling rate is
reduced linearly with —lne from o = 0.25 to o = 0.19,
and no uniform cooling is incorporated above this level.
Radiative processes in the stratosphere are replaced with
Newtonian cooling; the e-folding time is 40 days for o
= (0.15-0.13 and is 20 days above that. The basic tem-
perature for Newtonian cooling is 198 K below o =
0.11 and increase linearly with —lno so that it is 250
K at ¢ = 0.005. Because of the constant SST and the
horizontally uniform radiative processes, this model has
no external horizontal asymmetry except for the earth’s
rotation.

Originally, these horizontally symmetric thermal con-
ditions are chosen to suppress the baroclinic waves in
midlatitudes. The model was arranged to analyze the
stratospheric waves excited by tropical cumulus con-
vection. Thus, we wanted to suppress the possible sec-
ondary waves that are excited by baroclinic waves and
propagate into the equatorial stratosphere. Although our
choice is rather strange for a GCM, the model repro-
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FiG. 1. Time-averaged zonal-mean precipitation (W m~?) from day
350 to day 1410.

duced realistic features of the tropical cumulus convec-
tion as shown in section 3. Thus, we retained the original
choice in this study. Note that the most important tro-
pospheric process for the QBO is the tropical cumulus
convection, which excites the waves driving the QBO.

The initial state is an isothermal atmosphere at rest.
For the first 100 days, time integration was done with
the T10 version of the model (the same model except
for the horizontal resolution being T10). Then the model
was replaced with the T21 version; the output of the
T10 model was interpolated and passed to the T21 ver-
sion and the integration was done until day 275. Finally,
the T21 model was replaced with the T42 version and
an adjustment integration was done for 75 days. Thus,
the data from day 350 are used for the analyses; the
length of the data set is 1060 days (up to day 1410).
The outputs were sampled every 3 h for the periods
intensively analyzed in the following.

3. Climatology in the equatorial region
a. Cumulus convection

The waves propagating into the equatorial strato-
sphere of this model are excited by cumulus convection
represented by the MCA. Although there is no external
asymmetry except for the earth’s rotation, the cumulus
convection in low latitudes has different form from that
in mid- and high latitudes due only to this asymmetry.
In mid- and high latitudes (poleward of about 20°) most
of moist convection has structures similar to tropical
cyclones; the vorticity in the lower levels has high cor-
relation to the precipitation, which is organized circu-
larly with a diameter of about 1000 km and a duration
of over a week. On the other hand, precipitation in low
latitudes is not so persistent and has realistic features
as the cumulus convective systems over the tropical
ocean, as shown in the following of this section.

Figure 1 shows the time-averaged zonal-mean pre-
cipitation. The precipitation is largest on the equator
and smallest between 10° and 20° since the Hadley cir-
culation exists between ¢ = *20° despite the uniform
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FiG. 2. Time-longitude section of precipitation averaged over lgl = 10° (W m ?), Contours are log-scaled [(1, 2, 5) X 10”]
with the minimum value 200 W m*.

SST. The maximum precipitation intensity of 2.3 X 102
W m~? (2.9 m/year) at the equator is within the cli-
matological values in the intertropical convergence zone
(ITCZ; see, e.g., Peixoto and Oort 1992, their Fig. 7.24).
The averaged precipitation intensity of 1.0 X 10 W
m~? for lgl = 10° is slightly smaller than the climato-
logical value. It is also smaller if averaged over lgl =
1:3%.

Figure 2 shows a time—longitude section of precipi-
tation averaged over lol = 10°. Small-scale westward-
moving structures exist in large-scale eastward-moving
structures. This is similar to the cumulus convective
systems commonly observed over the tropical ocean
(Nakazawa 1988): westward-moving cloud clusters ex-
ist in eastward-moving structures from super cloud clus-
ters to planetary-scale intraseasonal oscillations. In this
model, the westward-moving “cloud clusters” have
larger scales than those in the real atmosphere, which
is a natural consequence of the low resolution of T42.
On the other hand, their duration has some realistic
values of 1-2 days.

Figure 3 shows the power spectral density of verti-
cally averaged cumulus heating (condensation heating
due to the MCA) in low latitudes. This figure shows an
ensemble average of five analyzed periods. However,
the following features are observed in each period too.
The overall feature of the spectrum is white with respect
to zonal wavenumber and red with respect to frequency.

In addition, there are spectral peaks that indicate an
organization along the dispersion curves of equatorial
gravity waves with an equivalent depth h about 20 m.
Such a spectral organization exists in the real at-
mosphere. Takayabu (1994a,b) showed that cumulus
convective systems over the tropical Pacific are orga-
nized along the dispersion curves of equatorial waves
(Kelvin, RG, inertia—gravity, and Rossby waves of small
n's) with & = 20 m. The same feature is clearly seen
in Fig. 3 for Kelvin and n = 1| gravity waves. There
also are small spectral peaks at zonal wavenumbers 0
and +1 coinciding with the dispersion relations of the
RG wave with h = 20 m although the dispersion curve
for the RG wave is not shown in Fig. 3. All of these
spectral peaks are found in the spectra of horizontal
wind in the troposphere (not shown). The spectral peak
along the dispersion curve of the Kelvin wave corre-
sponds to the tropical intraseasonal oscillation (Madden
and Julian 1972), whose phase speed of 15 m s™' is
similar to observational values. Note, for reference, that
the equatorial radius of deformation [, for h = 20 m is
0.78 X 10® m, where [, = (gh)"* B (g is gravity, B
is the meridional gradient of the Coriolis parameter).

b. Zonal-mean state in the equatorial region

Figure 4a shows time-averaged zonal-mean temper-
ature. The tropopause is coldest near the equator because
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FiG. 3. Zonal wavenumber-frequency distribution of the meridionally averaged (I¢l = 107) space—
time power spectral density of the mass-weighted vertical average of cumulus heating (K? s?
day). Shown is an ensemble average of five spectra, each of which is calculated from 60-day data
with a 3-h sampling. In addition, the three-point smoothing is done with respect to frequency.
See appendix A for details. Positive wavenumbers are eastward-moving components and negative
ones are westward-moving components. Unit of the frequency is day ' (cycles per day). Thick
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lines show the dispersion relations of Kelvin and n = 1 gravity waves with an equivalent depth

of 20 m.

of the Hadley circulation. Figure 4b shows two buoy-
ancy frequencies averaged over lgl = 10°: the log-pres-
sure buoyancy frequency (see Andrews et al. 1987) for
the log-pressure scale height H = 7000 m and the or-
dinary local buoyancy frequency. These two frequencies
are different by the ratio of the local scale height to H.
The buoyancy frequencies are comparable to those in
the real atmosphere, although they are a little smaller
in the upper troposphere.

This model produced a QBO-like oscillation in the
equatorial lower stratosphere. Figure 5 shows the time—
height section of zonal-mean zonal wind over the equa-
tor. The highest two grids of the model are not shown
and the highest two grids in the figure are in the sponge
layer where the mean zonal wind is very weak due to
the Rayleigh friction. A QBO-like oscillation (hereafter,
sometimes referred to simply as QBO) with a period of
about 400 days is clearly seen in the lower stratosphere.
Although the period is about half of the QBO in the
real atmosphere, it might be doubled if a realistic Brew-
er—Dobson circulation is incorporated (see section 6a).
The maximum speed of the easterly wind (28 m s ') is
larger than that of the westerly wind (22 m s '), both
of which are close to the observed values (35 m s~ and
20 m s~', respectively; see Naujokat 1986). The peak
eastward mean flow accelerations are larger than the
peak westward accelerations, and the downward prop-
agation of the westerly shear zones (westerly in the
upper levels and easterly in the lower levels) is faster
than that of the easterly shear zones.

Figure 6 shows zonal-mean zonal wind averaged over
days 570-630 and 750-810 (periods 1 and II, respec-
tively; see Fig. 5). Period I is in a westerly shear phase
of the QBO, while period Il is in an easterly shear phase.
The meridional width of the QBO is similar to that in
the real atmosphere. The eastward acceleration when
the westerly wind appears is concentrated near the equa-
tor, while the westward acceleration at the opposite QBO
phase is rather broad (not shown), as is observed (Ham-
ilton 1984; Dunkerton and Delisi 1985).

All of these results show that the QBO-like oscillation
in this model is quite realistic. Among the simulated
QBO-like oscillations with GCMs, this is the first one
that reproduced the observed asymmetry of the easterly
and westerly wind maxima; in both of the QBO-like
oscillations obtained by Takahashi and Shiobara (1995)
and Takahashi (1996), easterly winds are weaker than
westerly winds. This asymmetry is discussed further in
section 6g.

As shown in Figs. 5 and 6, zonal-mean zonal wind
in the equatorial upper troposphere is westerly unlike
the real atmosphere. Time-averaged zonal wind around
o = 0.07 (70 hPa) over the equator is also westerly.
There is no realistic jet stream in midlatitudes in this
model because of the uniform SST. The mean zonal
wind in midlatitudes is weak easterly, being maximum
at about ¢ = *30° and ¢ = 0.1. On the other hand, it
is westerly around ¢ = *=15° in the troposphere because
of the Hadley circulation.
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FiG. 5. Time-height section of zonal-meﬁn zonal wind (m s~') over the equator (strictly, ¢ = 1.4°) sampled every 4 days. Two intensive-
ly analyzed periods are indicated under the abscissa: [—days 570-630 and ll—days 750-810.
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FiG. 6. Latitude-height section of time—averaged zonal-mean zonal wind (m s~ ') for period I (left) and period II (right).

4, Wave analyses
a. An overview

Figure 7 shows an example of vertical sections of
zonal wind deviation from the zonal mean over the equa-
tor, together with cumulus heating. With such a snap-
shot, we can illustrate many features of the disturbances

- in the equatorial region. In the troposphere, vertical
structures of zonal wind disturbances are dominated by
one-cell structures—that is, those of the ““first baroclinic
modes.” Most cumulus heating is accompanied by con-
vergence in lower levels and divergence in higher levels.
The wind disturbances also have a wide variety of hor-
izontal scales as cumulus convection shown in the pre-
vious section; large-scale disturbances are coupled with
structures of cumulus convection with the similar scales
and propagate eastward as shown in Fig. 2.

Vertical scales of wind disturbances are significantly
reduced above the tropopause due to the increase of the
static stability (see Fig. 4). Wind disturbances in the
stratosphere are dominated by wavelike structures tilted
eastward or westward with height. The former propa-
gates eastward and the latter westward. There are large-
amplitude eastward-propagating waves having small
vertical wavelength (=5 km) just above the tropopause.
Such waves are often observed in the real atmosphere

too (Nishi and Sumi 1995). In this model these waves
seem to be closely related to the tropospheric “‘intra-
seasonal oscillation™ (section 3a). Above these levels,
eastward- and westward-propagating waves have similar
amplitude; the former waves have larger horizontal
scales than the latter in general. In the following sec-
tions, we will describe detailed analyses of waves in the
equatorial lower stratosphere.

b. Space-time spectral analyses

First, we compare our results with a study based on
datasets based partly on observations; Hayashi and
Golder (1994) studied waves in the FGGE dataset pro-
duced by a four-dimensional assimilation with a GCM
at GFDL and an output of the GFDL SKYHI GCM.
Kelvin and RG waves in these datasets have realistic
amplitude in the equatorial lower stratosphere.

Figure 8 shows space—time power spectral densities
of zonal wind at o = 0.023 (=23 hPa) and meridional
wind at o = 0.047 for period II. The two panels are
drawn in similar ways as used for Figs. 3 and 15 in
Hayashi and Golder (1994),' respectively. However,

"Due to a typographical error, the unit in their Fig. 3 is 1/10 of
that shown in the caption (Y. Hayashi 1996, personal communication).
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contour interval is 5 m s ') and cumulus heating (K s') averaged over lgl = 10° (black and white tones) at day 756.5.

since they showed spectra for zonal wavenumbers less
than 10 and frequencies less than 0.5 day ' (cycles per
day), the comparison is possible only within this range.
The phase of the QBO-like oscillation in period II is
similar to that of the QBO in the FGGE observational
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i 1 1

power
L a—a|

spect(u)

frequency

wavenumber

period (December 1978-November 1979). In addition,
zonal-mean wind in the equatorial lower stratosphere in
period II is relatively small. Thus, in this section, we
present the results with data of this period.

The spectra obtained in our model have larger mag-

power spect(v) 10N-10S o0=0.047
" i P 1 i N " i

frequency

FiG. 8, Zonal wavenumber-frequency distributions of the meridionally averaged (I¢l = 10°) space-time power spectral densities of zonal
wind at o = 0.023 (left) and meridional wind at o = 0.047 (right) for period II (m? s * day). The three-point smoothing (appendix A) is
done with respect to frequency. The minimum values of the log-scaled contours [(1. 2. 5) X 107] are 1 (left) and 0.2 (right). Note that the
shadings, which differ with the two panels, are corresponding to Figs. 3 and 15 in Hayashi and Golder (1994),
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nitude than those for the FGGE and SKYHI datasets.
As for eastward-moving components of zonal wind
spectrum, the power is 1-3 times larger than that for
the SKYHI dataset (it is larger especially for large wave-
numbers, while they are similar for s = 1), which, in
turn, is larger than that of the FGGE dataset. As for
westward-moving components, on the other hand, the
power is 1-2 times larger than that for the FGGE dataset,
which, in turn, is larger than that for the SK'YHI dataset.
The spectra of meridional wind in the model have also
larger magnitude than that of the SKYHI and FGGE
datasets. These results suggest that kinetic energy of
waves in our model may be somewhat larger than in
the real atmosphere. Note, however, that the vertical
resolutions of the two GFDL models are too coarse to
reproduce the entire spectra in the equatorial lower strat-
osphere. Thus, studies with these models might under-
estimate the power of the waves in this region.

To examine wavenumber and/or frequency distribu-
tions of wave amplitude or wave energy, it is convenient
to use the energy content form for spectral presentation
(appendix A). Figure 9 shows space—time power spectral
densities in this form. Since the QBO-like oscillation
below o = 0.095 (about 17 km) is very weak, the spectra
at this level (upper panels) are nearly independent of
the QBO phase. For small zonal wavenumbers less than
5, the power of the eastward-moving disturbance is
dominant in two regions: one having roughly constant
phase velocities of about 20 m s~' and the other having
roughly constant frequencies of f = 0.5 day'. The
former is due to Kelvin waves and the latter is due to
inertia—gravity waves, as is shown in section 4c. These
two regions join at higher wavenumbers. The power of
the westward-moving components show similar fea-
tures. However, westward-moving disturbances with s
< 10 and f < 0.3 day ! are identified mainly as Rossby
waves, while those with f > 0.3 day~' are identified
mainly as inertia—gravity waves (sections 4c and 4d).
Frequency spectrum of eastward-moving components is
large between 0.3 and 0.6 day ', while that of westward-
moving components is large between 0.4 and 0.8 day'.
Zonal wavenumber spectra show wide distributions of
both eastward- and westward-moving components over
s = 1-20. For the eastward-moving components, spec-
tral distribution is rather uniform over s = 1-15 and
decreases in larger wavenumbers. Whereas, that of west-
ward-moving components shows a maximum at s = 6.

The overall features of the spectrum at o = 0.023
(about 26 km) shown in the lower panels in Fig. 9 are
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similar to those at & = 0.095 described above, although
there are some quantitative differences. Eastward-mov-
ing components with phase speeds of about 20 m s '
are smaller than those at o = 0.095, while westward-
moving components are larger. Such quantitative dif-
ferences are dependent on the QBO phase; in period II,
westerly wind in the lower part of the lower stratosphere
selectively damps eastward-propagating waves. Vertical
propagation of equatorial waves depending on the QBO
phases is described in section 5.

The frequency spectra at o = 0.023 are compared
with the observed spectra presented by Sato and Dunk-
erton (1997, hereafter SD97) and Sato et al. (1994); they
showed frequency spectra averaged over 20-25 km,
which were derived from long-term twice-daily radio-
sonde data at Singapore. The frequency spectra of the
model have large power at 0.3 < f < 1 day~', where
the maximum value is more than 20 m?® s 2 for both
eastward- and westward-propagating waves. The spec-
tral power seems to be about three times larger than the
observed value for these high frequencies, while it is
comparable to the observation for f = 0.1 day '.

c. Energy of Hough modes

In order to investigate the meridional structures of
the disturbances in the equatorial lower stratosphere,
wave energy of each meridional mode is estimated using
the expansion by Hough functions as described in ap-
pendix B. Strictly speaking, this expansion is meaning-
ful only for conservative linear waves in a resting or
rigidly rotating basic wind. However, it is verified that
this expansion is effective for gravity modes with small
n’s if an appropriate speed is chosen for the rigidly
rotating basic wind. Here the results for the data of
period II are presented as in the previous section. The
velocity of the rigidly rotating basic wind used here is
—3,3,3,3, and 0 m s~! at the equator for 95, 67, 47,
33, and 23 hPa, respectively; these values are deter-
mined subjectively but the results are not very sensitive
to the difference of these values of about 5 m s '.

Figure 10 shows zonal wavenumber-frequency dis-
tributions of meridionally averaged total wave energy
(E) [see Eq. (B2)] of gravity modes of small n’s: Kelvin
(n = —1), RG (n = 0), and inertia—gravity waves of n
= 1-4 at 23 hPa, Here, for convenience, RG waves are
classified as gravity modes even when they propagate
westward. Obviously, the dominant eastward-propagat-
ing mode is the Kelvin wave and the dominant west-

—

FiG. 9. Zonal wavenumber—frequency distributions of the meridionally averaged (I¢l = 10°) space-time power spectral densities of horizontal
velocities: summation of the spectra of zonal and meridional winds for period II (m? s~*). The upper half shows spectra at o = 0.095 (=95
hPa) and the lower half shows those at & = 0.023 (=23 hPa). The left half shows westward-moving components and the right half shows
eastward-moving components. Color panels are space—time spectra, where thin solid lines indicate constant zonal phase speeds of 20 and
40 m s'. Colors are scaled logarithmically. Bottom panels are zonal wavenumber spectra obtained by integrating the space-time spectra
with frequency. Left and right panels are frequency spectra obtained by integrating the space—time spectra with zonal wavenumber. All of

these are shown in the energy content form.
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(higher frequencies).

(483

SHINHAIDS DIY4TdHdSONWLY HHL 40 TVNINOTI

€C TWNTOA



15 FEBRUARY 1998

ward-propagating mode is the n = 1 gravity wave. Thin
solid lines in each panel show the dispersion curves of
each mode with equivalent depths & 70 and 200 m. The
spectrum of each mode has two dominant regions rough-
ly along these lines. That is, there are two characteristic
equivalent depths at this height. The corresponding fig-
ure for 95 hPa (not shown) also indicates the dominance
of two equivalent depths. However, the dominant equiv-
alent depths are about 50 and 200 m; the larger one is
unchanged throughout the lower stratosphere (h = 200
m) while the smaller one increases with height from 40
to 100 m. Such a splitting due to two dominant equiv-
alent depths is faintly observed in Figs. 9 and 17. Note,
for reference, that [, = 0.98, 1.1 and 1.4 X 10° m for
h = 50, 70, and 200 m, respectively; thus, the modes
with these equivalent depths and small n’s are trapped
within low latitudes.

The dominance of two equivalent depths can be in-
terpreted in terms of the characters of atmospheric re-
sponses to transient heating in the troposphere. The
waves that effectively respond to the heating are those
having vertical wavelengths in the troposphere about
twice the vertical scale of the heating. The dominance
of h = 200 m is interpreted by this fact [Hayashi (1976),
Salby and Garcia (1987), and see Horinouchi and Yoden
(1996) for a thorough explanation]. On the other hand,
the equivalent depths of # = 40-100 m may be dom-
inant because the frequency spectrum of the thermal
forcing in the troposphere is red; that is, although these
waves do not respond effectively, their amplitude can
be large when the forcing is large. Since waves with
smaller equivalent depths have smaller vertical group
velocities, they are damped in lower altitudes so that
the smaller dominant equivalent depths increase with
height.

Figure 11 shows the total wave energy of each gravity
mode integrated over zonal wavenumbers and frequen-
cies. Symmetric modes with respect to the equator (n:
odd numbers) have larger energy than antisymmetric
modes. Kelvin and n = 1 gravity waves are dominant,
and the wave energy decreases with n. The Kelvin waves
account for 60% of the energy of eastward-propagating
gravity waves at 95 hPa in the lowest part of the strato-
sphere, while n = 1 gravity waves account for 50% of
the energy of westward-propagating gravity waves at
95 hPa. These percentages are somewhat smaller in
higher altitudes.

d. Vertical structures

Vertical structures of various waves can be elucidated
with appropriate space—time filters. Figure 12 shows
time—height sections of some filtered zonal wind dis-
turbances at a given longitude A = 0° over the equator.
As expected from the spectral analyses, the first four
panels consist mainly of gravity waves, while the last
panel consists mainly of Rossby waves; this is confirmed
by comparing the vertical wavelengths estimated from
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FiG. 11. Mass-weighted (multiplied by p/1000) (E} (m? s?) of
Hough modes integrated over the whole frequencies and zonal wave-
numbers at 95, 67, 47, 33, and 23 hPa for period II. The abscissa is
the meridional mode number n, where odd modes are symmetric and
even modes are antisymmetric with respect to the equator. Only the
gravity modes of small n's are shown [Kelvin wave (n = —1), RG
wave (n = (1), inertia—gravity waves of n = 1-8].

the figure with theoretical vertical wavelengths esti-
mated from the dispersion relation.

In general, eastward-propagating gravity waves (Figs.
12a,b) have larger periods than westward-propagating
ones (12c,d), as expected from Fig. 9. The vertical wave-
length of slow eastward-propagating waves (12a) are
about 5-7 km in the stratosphere. The amplitude of these
waves is large just above the tropopause and decreases
rapidly with height. On the other hand, typical vertical
wavelength in (12b) is more than 10 km, and the am-
plitude does not decrease with height. The vertical
wavelengths of westward-propagating gravity waves are
similar to the eastward-propagating ones: 5-6 km for
slow waves (12c¢) and about 10 km for fast waves (12d).
This dependence of vertical wavelength on phase ve-
locity is explained by the linear theory of gravity waves:
gravity waves of small phase speeds (12a,c) are ex-
pected to have small equivalent depths, thus having
small vertical wavelengths. In addition, they have small
vertical group velocities and are susceptible to critical
level absorption.

Low-frequency disturbances in the stratosphere
shown in Fig. 12e mainly consist of Rossby waves. The
vertical wavelengths are too large for gravity waves of
phase speeds about 20 m s ' (see Fig. 9). The source
of these Rossby waves is mainly in midlatitude tropo-
sphere as described in section 5. Thus, these waves are
not realistic because the midlatitude processes of this
model are not realistic.

5. Eliassen—Palm flux and its relation to the
QBO-like oscillation

The relation between various waves and the QBO-
like oscillation is investigated by computing Eliassen—
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FiG. 12. Time-height sections of zonal wind at A = 0° and ¢ = 1.4° filtered with respect to zonal phase velocity (¢) and/or frequency
(N@I0<e<30ms', (MWW <e<60ms', (c) -30<c< —-10ms'and f >03day"', (d) -80<c¢c < —-30ms'and f >
0.3 day ', and (¢) ¢ < 0 and f = 0.3 day '. Contour interval: (a) 5 m s°', (b)-(e) 2.5 m s~'. Negative values are shaded. All filters do
Fourier transform and the inverse transform where coefficients outside the specified range are set equal to zero. Panels (a)—(d) consist mainly
of gravity waves, while (e} consists mainly of Rossby waves (see the text).

Palm (EP) flux mainly with data of period I (westerly F = [F@, F@| = cosg[@v'0'/0. — v'u’,

shear phase) and period II (easterly shear phase). The _ e g

EP flux in the log-pressure coordinate is defined as fol- {f — @ cose),/la cosp)}v' 016, — w'u'], (1)
lows, by dividing Eq. (3.5.3) in Andrews et al.(1987) where the overbar denotes zonal mean, prime deviation
by p.a: from the zonal mean, z = —H In(p/p,) (H = 7000 m),



15 FEBRUARY 1998 HORINOUCHI AND YODEN 515
F & Df eastward F & Df westward f).3 F & Df westward f{(=.3
570-630 570~-630 570-630

i 1 il i 1 I L i i |
; .....
.‘- 20 20

- 12 - ;

; = =

(7] 0 @0

(U] w0 "

© o @

— — .

a a 50 a 50

100 100 JERILY el
-30 0 30 -30 0 30 -30 0 30
L latitude L latitude latitude

XUNIT = B,333E-02, YUNIT ='8.333E~-02

XUNIT = B8.333E-02, YUNIT = B.333E-02

XUNIT = 1.250E-02, YUNIT = 1.250E-02

Fic. 13. EP flux F (vectors) and its divergence divF (contours with interval 0.1 m s ' day ') averaged over period 1. Contributions of
eastward-moving disturbances (left), westward-moving disturbances with f > 0.3 day ' (middle), and westward-moving disturbances with
f = 0.3 day ' (right). Reference vectors and their magnitudes (m? s?) are shown below each panel, although F* is multiplied by a constant
so that the direction of the vectors shows that of the wave propagation in the panels.

and others are in standard notation. If % and @ are in-
dependent of time, zonal wavenumber-frequency dis-
tribution of F is derived from space-time Fourier co-
efficients of u’, v’, w', and 6'. In the following, & and
@ in Eq. (1) are approximated by their time averages
over each of the analyzed periods. We confirmed that
errors due to this approximation are small. All variables
are interpolated to the log-pressure coordinate to com-
pute F.

Figure 13 shows F and divF averaged over periods
I and Fig. 14 for period II. Eastward- and westward-
moving components are distinguished using space—time
Fourier transform. Furthermore, westward-moving com-
ponents are divided by frequency in order to distinguish
gravity waves (f > 0.3 day'; middle panels) from
Rossby waves (f = 0.3 day'; right panels). Both east-
ward- and westward-moving gravity waves (left two

F & Df eastward
750-810

750-810

F & Df westward f).3

panels) have almost vertically oriented EP flux with a
maximum over the equator independently of the QBO
phase. These results justify the interpretation in terms
of meridional modes trapped near the equator as was
done in section 4c. On the other hand, Rossby waves
in the stratosphere (right panels) propagate from the
midlatitude troposphere. Since the midlatitudes of this
model are not realistic these waves may not be realistic.
However, the contribution of these waves to the QBO-
like oscillation is weak since divF of these waves is
much smaller than that of the westward-propagating
gravity waves. Thus, the QBO in this model is driven
mainly by gravity waves excited in the low-latitude tro-
posphere.

Period I (Fig. 13) is in a westerly shear phase of the
QBO and the eastward acceleration takes place above
40 hPa. In accordance with this, there exists large pos-
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FiG. 14. As in Fig. 13 except for period II.
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FiG. 15. Vertical component /' (m® s~?) of the EP flux averaged over lgl = 13° for periods I (left)
and II (right). Thick solid lines: eastward-moving components, thin solid lines: eastward-moving
components with f > 0.3 day ', thick dashed lines: westward-moving components, thin dashed lines:
westward-moving components with f > 0.3 day ', and dotted lines: total F©'.

itive divF of eastward-propagating gravity waves (the
left panel). On the other hand, period II (Fig. 14) is in
an easterly shear phase of the QBO and the westward
acceleration takes place above 30 hPa. There is large
negative divF provided by westward-propagating grav-
ity waves (the middle panel).

Figure 15 shows F@ averaged over lgl = 13°, Most
of it is due to waves having frequencies larger than 0.3
day~' as shown by thin lines. The results are compared
with the indirect estimates of u'w’ by SD97, where
contributions of eastward- and westward-moving dis-
turbance were estimated separately for the first time as
a study by radiosonde data. They showed that both of
the eastward- and westward-moving components have
similar magnitude and consist mainly of waves having
periods less than 3 days in the westerly shear,
"W | pars T 10 W'l eivarg 18 20—-60 X 107 m? s—2 with
a little excess of the eastward momentum flux, while in
the easterly shear it is 7-30 X 10~* m? s ? with com-
parable contribution from both directions. Our results
in Fig. 15 show similar imbalance for the westerly shear
(period I) and similar balance for the easterly shear (pe-

riod II). The magnitude of IF“| in the westerly shear is
in the range of their estimates and that in the easterly
shear is about twice the estimates.

Zonal wavenumber distributions of F® are summa-
rized in Tables 1 and 2. About 45% of F© of eastward-
moving disturbances is distributed to s = 4-11 when
propagating into the stratosphere (see rows for 95 hPa),
and about 40% to s > 12. That of westward-moving
disturbances is distributed to even higher wavenumbers.
In general, as shown by Eq. (B4), F© is distributed to
larger zonal wavenumbers than wave energy due to the
factor s (see also Bergman and Salby 1994),

Figure 16 shows (F©') of each gravity mode for period
II, where (F@) is defined by Eq. (B5) and is approxi-
mately equal to meridionally averaged F“. For both
eastward- and westward-propagating components, the
dominant mode is the gravest symmetric mode: Kelvin
waves (n = —1) for eastward-propagating components
and n = 1 gravity waves for westward-propagating ones.
Contributions of antisymmetric modes are small. The
contribution of Kelvin waves in (F'“') of eastward-prop-
agating gravity waves is summarized in Table 3. More

TaBLE 1. Zonal wavenumber distributions of /% of eastward-moving disturbances (102 m? s-?) averaged over |¢| = 13° for periods |

and IL.
s=1-3 s =4-11 s = 12-30 s = 1-42
I 95 hPa =0.36 (16%) = 1.00 (44%) —{.85 (37%) -2.29
23 hPa —0.54 (14%) - 1.92'(52%) —1.22 (33%) =373
1 95 hPa =0.32 (16%) —0.88 (45%) —0.70 (36%) —-1.96
23 hPa —0.40 (17%) = 1.30 (54%) —0.67 (28%) —2.41
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TABLE 2, As in Table 1 except for westward-moving disturbances whose frequencies are larger than 0.3 day .
s=1-3 s = 4-11 s = 12-30 5§ = 1-42
I 95 hPa 0.14 (12%) 0.51 (43%) 0.48 (41%) E17
23 hPa 0.42 (22%) 1.01 (51%) 0.50 (26%) 1.96
I 95 hPa 0.11 (8%) 0.63 (46%) 0.57 (41%) 1.37
23 hPa 0.19 (7%) 1.35 (49%) 1.17 (42%) 2.76

than half of (F@) of eastward-propagating gravity waves
propagating into the stratosphere (see rows for 95 hPa)
is due to Kelvin waves. The contribution decreases with
s from 80% for s = 1-3 to 40% for s = 12-30. Note
that Kelvin waves of s > 4, which are important for
the momentum transport, should be interpreted merely
as the gravest symmetric gravity modes since the fre-
quency separation from other inertia—gravity waves is
small. The contribution of n = 1 gravity waves is also
summarized in Table 4; more than half of (F) is dom-
inated by them and the dependence on s is rather small.
Linear plotting with n as in Fig. 16 may not reflect
the meridional mode-number distribution properly since
in such a figure all n's are weighted equally. Thus, we
tested a pseudo-energy-content view by multiplying
(F2) by (n + 2). Even with the weight, I(F©)| of sym-
metric modes decreases with n both for eastward- and
westward-propagating gravity waves. Therefore, we can
conclude that the meridional mode-number distribution
of (F©) is “‘red”; the simpler the meridional structure
of a mode is, the more significant it is for (F©).
Figure 17 shows zonal wavenumber-frequency dis-
tributions of F© and divF at 23 hPa averaged over ¢l
= 137 in the energy content form for period I (the upper
half) and period II (the lower half). Compared with
kinetic energy shown in Fig. 9, IF®| and |divFI| are dom-
inant at higher wavenumbers and frequencies. Signs of
F% are consistent with upward propagation of wave
activity. Although the wavenumber-frequency distri-
butions of divF are dappled, their signs on the average
indicate that zonal momentum is deposited as waves
propagate upward. In period I, during which zonal wind
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is accelerated eastward at this height, there is large pos-
itive divF for 20 < ¢ < 40 m s ' (¢: zonal phase ve-
locity), although the phase velocity dominant for F© is
larger. This implies that eastward-propagating waves
with 20 << ¢ < 40 m s~ ! are damped around this height
and cause the zonal acceleration. These waves consist
mainly of Kelvin waves; the Hough-mode expansion of
F© shows that about 60% of positive divF between 47
hPa and 23 hPa in this period is provided by Kelvin
waves. In period II during which westward acceleration
takes place, on the other hand, there is large negative
divF of westward-propagating waves around f = 0.8
day ' and s = 8. This is mainly due to symmetric gravity
waves with small n’s; the Hough-mode expansion of F**’
shows that about 50% of negative divF between 47 hPa
and 23 hPa in this period is provided by n = 1 gravity
waves.

Divergence of F, which contributes to the acceleration
of the QBO-like oscillation is distributed over a wide
range of zonal wavenumbers from 2 to 30 both for west-
ward and eastward accelerations and the contribution of
wavenumber 1 is small. Table 5 summarizes the wave-
number distributions of divF associated with the ac-
celeration. The upper row shows the distribution for
period 1. Eastward-propagating waves with 5 = 1-3
provide only 20% of divF, although this percentage is
larger than that for F© listed in Table 1. Thus, the Kelvin
wave of s = 1, which is assumed as the carrier of east-
ward momentum in the theoretical model by Holton and
Lindzen (1972) plays only a minor role in this model.
On the other hand, the percentage of s = 4-11 and s
= 12-30 is about 50% and 30%, respectively. Thus,
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FiG. 16. As in Fig. 11 except for showing (F“') (m? s ) where eastward- and westward-moving modes are distinguished.
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TABLE 3. Percentage of the contribution of the Kelvin waves in
(F9) of eastward-propagating gravity waves with the meridional
mode number n = 18 for the period II.

s =13 s =4-11 s=12-30 5= 1-30
95 hPa 79% 03% 42% 57%
23 hPa 66% 60% 32% 51%

most of the eastward momentum is transported by in-
termediate-scale gravity (Kelvin and inertia-gravity)
waves. The westward acceleration in period II is pro-
vided by waves of larger wavenumbers than the east-
ward acceleration. The contribution of waves with s =
1-3 is about 15%, while that of both s = 4-11 and s
= 12-30 is about 40%.

Table 6 shows the frequency distributions of divF
associated with the acceleration. More than half of the
divF is provided by waves with 0.3 < f < | (day™")
both for the eastward and westward accelerations; the
remaining part of it is distributed mainly to lower fre-
quencies for the eastward acceleration (I), whereas it is
distributed mainly to higher frequencies for the west-
ward acceleration (II).

Although descriptions above are based on the clas-
sification in terms of zonal wavenumber and frequency,
it is more informative to show the phase-velocity dis-
tributions of F and divF in order to compare the results
with theories of the QBO. Figure 18 shows vertical sec-
tions of zonal phase-velocity distributions of F<' as well
as the zonal-mean zonal winds near the equator for four
60-day periods. For all the periods shown, eastward-
moving components have narrower phase-velocity dis-
tributions and smaller mean phase velocities than west-
ward-moving ones. The eastward-moving components
around 100 hPa have a maximum at 20 m s and a
secondary peak at 40 m s~'. The westward-moving ones
also have local maxima at 20 and 40 m s~', although
the maximum at 20 m s ' is not so conspicuous as that
of the eastward-moving ones. The two maxima of east-
ward-moving components correspond to the two dom-
inant equivalent depths described in section 4c; zonal
phase velocity of Kelvin waves is 22 m s~ ! for A = 50
m and 44 m s ' for & = 200 m. Note that each panel
of Fig. 18 shows that waves having critical levels are
damped near their critical levels.

Figure 19 shows vertical sections of phase-velocity
distributions of divF as well as the zonal-mean zonal
wind near the equator. The distributions are narrower
than those of F'9, because waves with large intrinsic
phase velocities have large vertical group velocities and
thus do not suffer significant damping during their ver-
tical propagation. Although a considerable portion of
F® is distributed to phase velocities larger than 40 m
s~!, the divergence is small for such phase velocities.
On the other hand, waves having small phase speeds
provide divF effectively. Especially, waves having crit-
ical levels provide large IdivF| near their critical levels,
although F'“ of such waves is not always large. Vertical
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TABLE 4. As in Table 3 except for n = | gravity waves in
westward-propagating gravity waves,
s=1-3 s=4-11 §=12-30 s =1-30
95 hPa 59% 63% 54% 59%
23 hPa 59% 63% 60% 61%

averages of divF over 70-15 hPa (not shown) are dis-
tributed to phase speeds mainly over 10-40 m s~! with
a maximum at 20 m s~' both for eastward- and west-
ward-moving components. The phase-velocity distri-
bution of divF contributing to the QBO-like oscillation
is summarized in Table 7 in terms of the intrinsic phase
velocity (¢ — U). Waves with Ic — Ul < 10 m s7!
provide 30%—-50% of divF driving the oscillation, while
the contribution of waves with le — Ul > 20 m s~! is
small.

6. Discussion
a. Effect of the Brewer—Dobson circulation

Dunkerton (1991) pointed out that the equatorial up-
welling of the Brewer—Dobson circulation acts to hinder
the downward propagation of the QBO phases (see
Dunkerton 1997 for a review). Recent observations of
water vapor in the equatorial lower stratosphere (Mote
et al. 1996) show that the upwelling in this region has
about the same speed as that of the downward propa-
gation of the QBO phases. Thus, about half of the mo-
mentum deposition by waves is consumed in sustaining
the QBO phases against the upwelling.

Our model has almost no Brewer—Dobson circulation
since planetary waves in mid- and high latitudes are
very weak because of the absence of mountains and jet
streams. Thus, if a realistic equatorial upwelling existed
in the model, the period of the QBO-like oscillation
might be doubled since the downward propagation of
the QBO phases would be halved. If so, the period of
the oscillation becomes about 800 days, which is close
to the period of the QBO in the real atmosphere.

b. Phase velocities of waves contributing to the QBO
acceleration and their implications for the vertical
resolution for the simulation of the QBO

Waves contributing to the acceleration of the QBO-
like oscillation in this model are gravity waves with
various scales from planetary to intermediate scales. As
shown in Figs. 18 and 19, the phase velocities of the
waves are distributed continuously and a considerable
portion of the acceleration of the QBO-like oscillation
is provided by waves having a critical level. These re-
sults suggest that waves contributing to the oscillation
are something like those assumed by Lindzen and Hol-
ton (1968), who considered gravity waves with contin-
uous phase-velocity distributions, rather than those as-
sumed by Holton and Lindzen (1972), who considered
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TABLE 5. Zonal wavenumber distributions of divF (0.1 m s~' day ') of eastward-moving disturbances averaged over || = 13° and 33-
15 hPa for period I (the first row), and those of westward-moving disturbances averaged over |¢| = 13° and 26-13 hPa for period II (the
second row). These pressure bounds correspond to the heights where the zonal wind is accelerated intensively.

s=1-3 s = 4-11 s = 12-30 s = 1-42
[: eastward-propagating waves 0.68 (19%) 1.75 (48%) 1.17 (32%) 3.63
II: westward-propagating waves —0.42 (14%) —1.30 (43%) —1.19 (40%) —2.97

two planetary-scale waves with discrete phase velocities
without any critical level.

The divergence of zonal momentum flux in low lat-
itudes is distributed to phase speeds over 10-40 m s~'
with a characteristic phase speed of 20 m s '. Some
30%-50% of momentum flux deposition is distributed
to intrinsic phase speeds less than 10 m s~'. Such slow
waves have small vertical wavelengths. Moreover,
waves approaching the critical level reduce their vertical
wavelengths. Now we can roughly estimate the vertical
resolution required to simulate the momentum transport
and deposition by these waves. If we assume Kelvin
waves or small-scale gravity waves free from the effect
of earth’s rotation (this is a good assumption for gravity
waves of large wavenumber), the vertical wavelength
A, = 2#a/N)lc — Ul = 2@/N)(gh)”?. Thus, A, = 5.7
km forlc — Ul = 20 m s ! and A, = 2.9 km for lc —
U =10ms '"if N = 2.2 X 1072 s~'. These values are
consistent with the time-height sections of wave dis-
turbances shown in Fig. 12. Boville and Randel (1992)
showed that vertical grid spacings of 1 km or less are
required in order to simulate divF of RG waves with A,
= 5 km properly. Thus, in order to simulate divF of
gravity waves with le — Ul = 10 m s ', vertical grid
spaings as small as about 500 m appear to be required.
The vertical grid spacing of this model is about 700 m
and it seems to be close to a marginal value to simulate
divF. Moreover, since there are some observational ev-
idences that gravity waves with A. = 2-3 km exist in
the equatorial lower stratosphere (e.g., Tsuda et al.
1994b), vertical grid spacings smaller than 700 m appear
to be preferable to simulate the effect of these waves
in order to simulate the QBO.

c. Horizontal diffusion

To simulate the QBO with a T21 comprehensive
GCM, Takahashi (1996) had to change two standard
parameters. One is to reduce the vertical grid spacing,
the necessity of which was already discussed. The other
is to reduce the coefficients of horizontal diffusion by
more than one order of magnitude. However, the ne-
cessity of this is not clear.

Generally horizontal diffusion is incorporated in
spectral models in order to prevent energy accumulation
at large wavenumbers. It is not determined physically
but numerically; the coefficients of the diffusion are
usually expressed in terms of the e-folding time at the
maximum total wavenumber and typically given by a
value of about a day or less. The “standard” diffusion
determined in this way for T2l rapidly damps inter-
mediate-scale waves, which seem to be important for
the QBO acceleration, much more effectively than ra-
diative processes do. That is, such a *“*standard” hori-
zontal diffusion in the models with T21 or lower res-
olution is too large to simulate the momentum transport
contributing to the QBO.

The coefficients of the horizontal diffusion in our
model, which produces a quite realistic QBO-like os-
cillation, are standard ones. However, since the reso-
lution is T42 and a hyperdiffusion proportional to V©
is used instead of V* by Takahashi (1996), it does not
damp most of the intermediate-scale waves much; the
damping rate is comparable or smaller than that of New-
tonian cooling for wavenumbers smaller than 20 (see
section 6d).

This discussion implies that the reduction of hori-
zontal diffusion is necessary only for low-resolution
models such as T21 and is not a necessary condition
for the simulation of the QBO, while a fine vertical grid
spacing appears to be necessary.

d. Wave damping in the model

Several processes that cause wave damping in the
model are classified into linear and nonlinear ones. The
linear processes consist of horizontal and vertical dif-
fusions and Newtonian cooling; the Rayleigh friction is
incorporated only in the sponge layer. The e-folding
time of Newtonian cooling is set equal to 20 days. The
horizontal diffusion has the same damping rate as New-
tonian cooling at horizontal total wavenumber 20 and
the vertical diffusion has the same damping rate at ver-
tical wavelength 3.7 km. Here, we estimated the scales
corresponding to an e-folding time of 40 days taking it
into account that Newtonian cooling damps only tem-

TABLE 6. As in Table 5 except for showing the frequency distributions. The unit of the frequency f is cycles per day.

F=04 0.1 <f=03 03 <f=1 1<f Toral
I: eastward-propagating waves 0.29 (8%) 0.97 (27%) 1.93 (53%) 0.44 (12%) 3.63
11; westward-propagating waves —0.19 (6%) —0.20 (7%) —1.76 (59%) —0.82 (28%) -2.97
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perature disturbances. Most of the momentum transport
contributing to the QBO acceleration is distributed to
larger scales than these. Thus, the dominant linear
damping process in this model is Newtonian cooling.
However, the diffusion is not negligible. Especially, the
vertical diffusion may be significant for the damping in
the vicinity of critical levels.

Radiative processes in the stratosphere can be well
approximated by Newtonian cooling whose coefficient
is dependent on vertical wavelength and height (Fels
1982). The damping timescales are smaller for smaller
vertical wavelengths (A.) and higher altitudes. Accord-
ing to his estimates, the e-folding time for waves with
A, = 6 km is 10 days at 20 km and 5 days at 30 km,
both of which are smaller than that used in this model
(20 days). This value is comparable to the e-folding
time of waves with A, = 12 km at 20 km. Thus, if we
incorporate a realistic radiative scheme into the model,
waves with small vertical wavelengths will be damped
more effectively. It is of interest how the QBO-like
oscillation will be changed by this improvement.

The nonlinear damping processes include wave—wave
interaction and wave breaking. The latter is parameter-
ized by the dry convective adjustment, which is ex-
amined here. Figure 20 shows the magnitude of the dry

convective adjustment and Newtonian cooling over the
equator. The magnitude of Newtonian cooling is in 0.1-
0.2 K day~' in most of the region shown in the figure.
It is sometimes larger than 0.2 K day ' between 13 and
20 hPa and along the lines where zonal wind is nearly
equal to zero in the westerly shear of the QBO (see Fig.
5), but never exceeds 0.3 K day'. On the other hand,
the magnitude of the dry convective adjustment varies
much larger; in most regions shown in the figure it is
less than 0.02 K day~', but it exceeds 0.3 up to about
1 K day ™' in the vicinity of the zero-wind lines in the
westerly shear. Thus, Newtonian cooling is the dominant
damping process except for the westerly shear zones.
The reason why the wave breaking is confined in the
vicinity of the zero-wind lines in the westerly shear
seems to be that the amplitude of the eastward-propa-
gating waves is larger than that of the westward-prop-
agating ones and that dispersion of the former waves,
which consist mainly of Kelvin waves, is smaller.

e. Waves contributing to the QBO

Waves in the equatorial lower stratosphere in our
model seem to have greater energy than in the real at-
mosphere (section 4b) and their momentum flux is a
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Fic. 19. As in Fig. 18 except for divF (day').

little larger than the indirect estimates by SD97 (section
6), although observations are still not enough to estimate
the entire spectrum of waves in the equatorial strato-
sphere. Now suppose that the momentum flux in the
model is realistic and the wave energy in the model is
larger than in the real atmosphere. This indicates that
the ratio of lu'l to Iw'l, or the phase tilts of waves, in
the model is larger than in the real atmosphere on an
average, since the ratio of u'* (approximately propor-
tional to the energy) to u'w’ (approximately propor-
tional to the momentum flux) is larger. This implies that
the horizontal scales of waves in the model are larger
than in the real atmosphere since the vertical scales seem

to be comparable while phase tilts are smaller. In fact,
the horizontal resolution of T42 is not enough to cover
the broad wavenumber distribution suggested by Berg-
man and Salby (1994) and is not enough to resolve the
cloud clusters with horizontal scales about 100 km. Al-
though waves with small horizontal scales have large
vertical group velocities, they will be damped even in
the lower stratosphere if they have critical levels. Pfister
et al. (1993a,b) reported quasi-stationary mesoscale
gravity waves excited by tropical mesoscale convection.
As they estimated, such mesoscale gravity waves may
supplement the QBO acceleration in the real atmo-
sphere.

TasLE 7. Distributions of divF in terms of intrinsic zonal phase velocities. Here, divF of eastward-moving (upper two rows) or westward-
moving (lower two rows) disturbances is averaged over |¢| = 4.2° for four periods. For each period, three pressure levels centered at the
level where total divF of eastward- or westward-moving disturbances is maximum are selected as listed in the second column. Divergence
of F is summed up for three ranges with respect to ¢ — U (m s') shown in the table, where ¢ is the phase velocity and U/ is mean zonal
wind at each level averaged over the period and |¢| = —4.2°. Only the percentage is listed in the table.

Period Pressure levels 0<e—-U<10 W<e—-U<20 W<e—-U
570-630 days (I) 26.3-20.8 (hPa) 27% 58% 15%
630-690 days 37.4-29.6 (hPa) 36% 45% 19%

10 L5 =U <0 “W<¢—-U<-—10 c— U< =20
750-810 days (II) 18.5-14.7 (hPa) 30% 32% 38%
810-870 days 29.6-23.4 (hPa) 51% 24% 25%
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these two panels.

f. Rossby—gravity waves

In this model, the EP flux due to westward-propa-
gating RG waves is much smaller than that due to west-
ward-propagating n = | gravity waves. The amplitude
of the RG waves seems to be smaller than that observed
in the real atmosphere too. Although the direct esti-
mation with a Fourier filter is difficult because of the
presence of Rossby waves, a rough estimation from the
kinetic energy derived by the Hough-mode expansion
suggests that the amplitude of the meridional wind as-
sociated with westward-propagating RG waves of zonal
wavenumbers 3—6 is about 1 m s~'. This is smaller than
the typical observed value of 2-3 m s™'.

Since the “ITCZ"” in this model is over the equator,
it is natural to expect that RG waves are weak; Hess et
al. (1993) conducted aquaplanet simulations with var-
ious combinations of cumulus parameterizations and
SST distributions and showed that RG waves are active
when a model has two ITCZs straddling the equator. In
addition, RG waves in our model may be weak because
midlatitude processes are not realistic due to the as-
sumption of constant SST; there are observational ev-
idences that westward-propagating RG waves are ex-
cited or triggered by forcing from midlatitudes (see Ma-
gana and Yanai 1995).

g. Asymmetry between easterly and westerly flows in
the QBO

In the QBO-like oscillation, the maximum speed of
easterly wind is larger than that of the westerly wind,
as in the QBO of the real atmosphere. This may be
because westward momentum flux in the equatorial low-
er stratosphere is distributed to larger phase speeds than
the eastward one (Fig. 18) and thus the westward-prop-
agating waves have larger “effective phase speeds’ than
the eastward-propagating waves (Saravanan 1990). The
westward-propagating gravity waves have larger phase
speeds than Kelvin waves especially at small wavenum-
bers. Taking these into account, it seems reasonable that

the QBO-like oscillation obtained by Takahashi and
Shiobara (1995) with a 1/5 sector model with T106
resolution has larger maximum westerly wind than max-
imum easterly wind since their model does not contain
zonal wavenumbers less than 5. However, it is not ex-
plained from this point of view why the full spherical
model with T21 resolution used by Takahashi (1996)
also produced faster westerly wind. This could be be-
cause the tropical cumulus convection in his model is
not very realistic (Takahashi et al. 1997).

As shown in section 3b, the eastward acceleration of
the QBO-like oscillation is larger than the westward
acceleration as in the real atmosphere. This asymmetry
was explained first by Plumb and Bell (1982) in terms
of the asymmetry of the meridional circulation that ac-
companies the QBO. In the present model, the merid-
ional residual circulation contributes to the asymmetry
of the acceleration too (not shown). However, the asym-
metry of divF itself contributes more to the asymmetry
of the acceleration.

h. Semiannual oscillation as an upper boundary
condition

The semiannual oscillation in the real atmosphere
may help the evolution of the QBO by producing critical
levels (e.g., Lindzen and Holton 1968; Takahashi 1996).
Our model does not have the semiannual oscillation.
Instead, zonal-mean wind above 10 hPa is kept to almost
zero by the Rayleigh friction. Thus, the upper boundary
condition of the present model does not promote the
QBO-like oscillation.

7. Conclusions

A QBO-like oscillation is obtained with a simplified
GCM and the wave-mean flow interaction associated
with the oscillation is investigated. Although the SST
is uniform in this model, the Hadley circulation exists
in low latitudes and cumulus convection near the equa-
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tor is separated from that in mid- and high latitudes.
The cumulus convection in low latitudes has realistic
hierarchy that small-scale westward-moving structures
exist in large-scale eastward-moving structures. The
model reproduced the observed large-scale organization
of cumulus convection along the dispersion curves of
equatorial waves with equivalent depths about 20 m.

The QBO-like oscillation produced in the model has
a period of about 400 days. However, if a realistic mag-
nitude of the equatorial upwelling of the Brewer-Dob-
son circulation is incorporated, the period is may be
doubled, thus nearly equal to that of the QBO in the
real atmosphere. The peak eastward mean flow accel-
erations are larger than the peak westward accelerations
and the downward propagation of the westerly shear
zones is faster than that of the easterly shear zones. The
meridional width of the oscillation is also realistic and
the transition to the westerly begins within narrower
meridional extent than that to the easterly. The maxi-
mum easterly wind speed is 28 m s ' and is larger than
the maximum westerly wind speed of 22 m s~'. All of
these features show that the QBO-like oscillation in this
model is quite realistic. This is the first simulation with
a GCM that reproduced the observed asymmetry of the
maximum zonal wind speeds.

Waves in the equatorial lower stratosphere of the
model are excited mainly by cumulus convection in low
latitudes. Since the cumulus convection has some re-
alistic features, these waves are also expected to have
some realistic features. Most of the energy and EP flux
of these waves is due to gravity waves including Kelvin
waves. Although Rossby waves propagate from mid-
latitudes, they are not significant for the acceleration of
the QBO-like oscillation. The energy of the gravity
waves is distributed to zonal wavenumbers 1-20. The
vertical component of the EP flux is distributed to even
higher zonal wavenumbers (thus to higher frequencies)
as is naturally expected; most of the EP flux is due to
intermediate-scale waves with higher frequencies than
0.3 day~'.

The gravity waves can be interpreted in terms of me-
ridional modes trapped near the equator. The dominant
waves in the stratosphere are gravity waves having
equivalent depths about 40—-100 m or 200 m; the smaller
characteristic equivalent depths increase with height
while the larger one is roughly constant. More than half
of the westward momentum flux propagating into the
stratosphere is due to Kelvin waves, while more than
half of the eastward momentum flux is due to n = 1
gravity waves. Note that Kelvin waves with zonal wave-
number larger than 4, which are important for the mo-
mentum transport, should be interpreted merely as the
gravest symmetric gravity modes since the frequency
separation from other inertia—gravity waves is small.
Antisymmetric modes such as Rossby-gravity waves
are weak in this model, and dependence of zonal mo-
mentum flux on the meridional mode number » is “red.”

Divergence of the EP flux, which contributes to the
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acceleration of the QBO-like oscillation, is distributed
over the wide range of zonal wavenumbers from 2 to
30. About 20% of the divergence of eastward momen-
tum flux contributing to the eastward acceleration is
distributed to wavenumbers 1-3, about 50% to 4-11,
and about 30% to more than 12. The divergence of
westward momentum flux contributing to the westward
acceleration is distributed to even higher wavenumbers:
15% to 1-3, 45% to 4-11, and 40% to more than 12.
These results support the significance of short-period
gravity waves with intermediate scales, as is suggested
observationally and theoretically (e.g., Sato and Dunk-
erton 1997; Dunkerton 1997). As for meridional modes,
about half of the divergence, as well as the momentum
flux itself, is due to Kelvin waves (eastward) and west-
ward-propagating n = 1 gravity waves (westward).
The vertical component of the EP flux in the equa-
torial lower stratosphere is distributed to phase speeds
of 5-80 m s ', while its divergence contributing to the
acceleration of the QBO-like oscillation is to 10—40 m
s ! with a maximum around 20 m s~ '. Waves with such
small phase speeds often have critical levels and a con-
siderable portion of the acceleration of the QBO-like
oscillation is provided by the momentum deposition by
gravity waves having critical levels. Thus, the waves
contributing to the oscillation are similar to those as-
sumed by Lindzen and Holton (1968) rather than those
assumed by Holton and Lindzen (1972). Some 30%-
50% of momentum flux deposition is distributed to in-
trinsic phase speeds less than 10 m s~'. To represent
the propagation and damping of the waves with such
small intrinsic phase speeds properly in a model, the
vertical resolution should be high enough, typically a
grid spacing of 500 m. Takahashi (1996) showed that
in order to simulate the QBO he had to use such a fine
spacing as well as to reduce the horizontal viscosity.
The former seems necessary to GCMs in order to sim-
ulate the QBO, while the latter seems necessary only
to those having low horizontal resolution such as T21.
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APPENDIX A
Spectral Analyses and Other Analysis Methods

Spectra in this study are one-sided power spectral
densities derived by the direct method with the fast Fou-
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rier transform. Thus, the space—time power spectral den-
sity of a quantity x is defined as follows (Hayashi 1982):

P(s, ) = 2T Ii(s, HI?, (A1)
where T (day) is the period analyzed and

s
27T

Here A, 1, 5, and f are longitude, time, zonal wavenum-
ber, and frequency, respectively. One-dimensional pow-
er spectral densities with respect to zonal wavenumber
or frequency are derived by integrating Eq. (A1) with
frequency or zonal wavenumber, respectively. When
axes are shown in logarithmic scales, an energy content
form of the power spectral densities is used:

O(s, f) = 2TF5li(s, F)I2. (A3)

The energy content form of one-dimensional power
spectral densities is defined in the same way by mul-
tiplying by s or f.

When explicitly mentioned in figure captions, spectra
are smoothed with a three-point smoothing filter of 1/4:
1/2:1/4.

All interpolations are done with the cubic spline in-
terpolation. This is used for numerical differentiation
too.

Meridional averaging in this paper is done with re-
spect to sing (¢ is latitude) or equivalently with respect
to ¢ with a weight of cose.

0w+l 2
X, H= f x(A, De SAm0 dadr. (A2)
o 0

APPENDIX B
Expansion by Hough Functions

The computational methods and validation of the ex-
pansion of wave energy and EP flux by Hough modes
are described in the following. Hough functions are cal-
culated with expansion by associated Legendre poly-
nomials as eigenvalue problems for given zonal wave-
numbers and frequencies. The total wavenumber is trun-
cated at 42 as in the present GCM. Since eigensolutions
with small equivalent depths (k) are not accurate due
to truncation errors and we are not interested in high
latitudes, those solutions with A < 5 m are not used.
Furthermore, we use data only within ¢ = =30° for the
expansion; for gravity modes (Kelvin, RG, and inertia—
gravity waves), the results are roughly equal to those
without such a meridional cutoff.

Variables necessary for the calculation are interpo-
lated into the log-pressure coordinate. Wave potential
energy in the log-pressure coordinate is expressed as
follows:

P = —(®N), (B1)

el R

where @' is geopotential deviation, subscript z denotes
the differentiation by z = —H log(p/1000), and N is
the log-pressure bouyancy frequency. Since Hough
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functions are eigenfunctions of ®" and 7' (temperature
deviation), P of each Hough mode can be derived from
both of these, where the vertical structure equations for
linearized primitive equations (see Andrews et al. 1987)
are assumed in order to differentiate @' with z. Since
the model is not conservative nor linear with respect to
a resting (or rigidly rotating) basic state, expansion by
Hough functions is not necessarily meaningful, although
it is always possible. To validate the expansion, the two
estimates with ®" and 7" are compared with each other
since they do not coincide with each other because of
these nonconservative and nonlinear effects. As a result,
the difference of the two estimates is small for small
n’s in an appropriate rigidly rotating basic state is in-
corporated.

In the main text, wave energy is calculated from 7",
where total energy averaged horizontally over the whole
globe is given by

1 2
(E) = .3 f f [’ + v'2 + (PYN)?] dAd(sing).
47? =] [t

(B2)
Here, linearized solutions of #" and v’ are used. Thus,
(E) is derived only from T".

If the disturbances are steady, the vertical component
of the EP flux [Eq.(1)] can be expressed as follows under
the same assumptions as are necessary for the separation
of variables to derive Laplace’s tidal equations:

F@o = @ ®!/(aN?), (B3)
where a is the earth’s radius. For a zonal wavenumber s,
F@ = Re(is®'®!)/(aN?). (B4)

From this equation, it is understood that F© is distrib-
uted to larger zonal wavenumbers than wave energy in
general. Meridionally averaged F'“ of each Hough mode
is defined by

1
4ara

1 2m
(Fo) = zf j (P,®!) drd(sing), (B5)
=1 a

where N is set to be a function only of z, and the in-
tegration in the right-hand side is calculated from the
expansion by the Hough function.
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