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Abstract

Tropical gravity waves and superclusters simulated by 40-level GFDL SKYHI general circulation model
experiments with higher horizonta! resolutions (0.6° longitude x 0.72° latitude) and (1.0° x 1.2°) are
compared with those simulated by a lower-resolution (3.0° x 3.6°) experiment.

Results indicated that simulated precipitational heating appears to excite tropical gravity waves. At
higher resolutions, precipitation is more confined in space and time, resulting in a broader wavenumber-
frequency spectral distribution. Grid-scale precipitation, which is thought to mimic the precipitation
associated with cloud clusters, is organized into larger-scale superclusters. The westward propagation of
cloud clusters and eastward propagation of superclusters can be more clearly seen in the high-resolution
experiments.

The high-resolution (0.6° x 0.72°) model indicates that the lower-stratospheric gravity-wave momentum
flux is dominated by high-frequency components having periods shorter than one day. This flux doubles as
the resolution is increased from (3.0° x 3.6°) to (0.6° x 0.72°). It is speculated that a further increase in
both the horizontal and vertical resolutions could substantially enhance the gravity-wave momentum flux
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convergence, thus forcing a stronger quasi-biennial oscillation.

1. Introduction

In previous papers (Hayashi et al., 1984, 1989;
Miyahara et al., 1986; Hamilton and Mahlman,
1988; Hayashi and Golder, 1994), tropical gravity
waves appearing in the GFDL “SKYHI” general cir-
culation model were analyzed with respect to their
wavenumber-frequency spectral distribution, struc-
ture, and propagation. The simulated gravity waves
consisted of eastward- and westward-moving com-
ponents having comparable magnitudes for periods
of less than two days and wavenumbers greater than
five.

In particular, Hayashi and Golder (1994) demon-
strated that the 40-level SKYHI model with a
horizontal resolution of N30 (3.0° latitude x

3.6° longitude) adequately simulated stratospheric -
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Kelvin waves (Wallace and Kousky 1968) and
mixed Rossby-gravity (MRG) waves (Yanai and
Maruyama, 1966), concurring with the same conclu-
sions (Boville and Randel 1992) based on.an NCAR
model. These waves had been theoretically assumed
(e.g., Holton and Lindzen, 1972) to be the primary
momentum forcing of the observed (Reed et al.,
1961) quasi-biennial oscillation (QBO) of the equa-
torial stratospheric zonal wind. The QBO simulated
by the N30 SKYHI model, however, was one order
of magnitude weaker than that observed (Hamilton
et al., 1995). It was then speculated (Hayashi and
Golder, 1994) that this weak QBO could be substan-
tially enhanced by small-scale gravity waves which
were not resolved by the N30 model. Although grav-
ity waves were originally assumed to force the QBO
in the first theory of QBO (Lindzen and Holton,
1968), this assumption had not been accepted, since
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gravity waves were not observed in the tropics at
that time.

On the other hand, Maruyama (1994) 'and Sato
et al. (1994) demonstrated that the vertical momen-
tum flux associated with observed gravity waves in
the period range of 1-3 days was synchronized with
the QBO. Since oscillations having periods shorter
one day were not resolved by the twice-daily sam-
pled wind and temperature data used in their anal-
yses, the 1-3-day momentum flux diagnostically es-
timated from these data could be severely underes-
timated, as suggested by Sato (1977).

Other observational and numerical studies (e.g.,
Pfister et al., 1993; Bergman and Salby, 1994;
Mengel et al., 1995; Alexander and Holton, 1997;
Dunkerton, 1997) also suggest that the meso-scale
gravity-wave flux could substantially contribute to
the QBO. An updated review of equatorial gravity-
wave momentum flux can be found in Dunkerton
(1997).

Recently, the SKYHI model has been integrated
at a much higher resolution of N150 (0.6° x0.72°) for
model months of May and June at the Los Alamos
National Laboratory (see Jones et al., 1997 for the
simulated climatology). The present study ana-
lyzed tropical gravity waves and superclusters sim-
ulated by the N150 model during June and com-
pares the results with those from the N30 and N90
(1.0° x 1.2°) models integrated at GFDL. Prelim-
inary results from the N30 and N90 models have
been presented in Hayashi and Golder (1994). Sec-
tion 2 describes the model data and wave analyses.
Section 3 summarizes the results and discusses the
implications for the role that the gravity-momentum
flux plays in the QBO.

2. Wave analyses

2.1 Model data

The general circulation models analyzed in the
present study are the 40-level “SKYHI” models ex-
tending from the surface to about 0.01 mb (80 km)
with a vertical resolution of about 1, 2, and 4 km
in the troposphere, stratosphere, and mesosphere,
respectively. These models have horizontal resolu-
tions of N30 (3.0° latitudes by 3.6° longitudes), N90
(1.0° x 1.2°), and N150 (0.6° x 0.72°). The model’s
physical processes include a scheme of moist con-
vective adjustment (Manabe et al., 1965), surface
hydrology, a planetary boundary layer, and radia-
tion. Also included are orography, an imposed an-
nual cycle of isolation, a climatological set of sea-
sonal sea-surface temperatures, and climatological
cloudiness. Neither the parameterized drag due to
orographically forced gravity waves nor the diurnal
cycle of solar insolation is incorporated. Details of
the SKYHI model can be found in the papers of
Fels et al. (1980), Levy et al. (1982), Hamilton and
Mahlman (1988), Manzini and Hamilton (1993), and
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Hamilton et al. (1995). Results obtained from this
model have been described in the following papers:
Mahlman and Sinclair (1980), Mahlman and Um-
scheid (1984, 1987), Andrews et al. (1983), Miya-
hara et al. (1986), Hamilton and Mahlman (1988),
Hayashi et al. (1989), Manzini and Hamilton (1993),
Hayashi and Golder (1993, 1994), Hamilton (1995),
Hamilton et al. (1995), and Hamilton (1996, a re-
view).

The simulated data analyzed are hourly data dur-
ing June 6-July 4 sampled from the N30 and N150
models, in addition to the 3-hourly data sampled
from the N90 model data used in Hamilton (1993)
and Hayashi and Golder (1994). The model data
are examined through a space-time spectral anal-
ysis (see Hayashi, 1982) using the lag-correlation
method. The space-time power spectra and cospec-
tra are “equatorially” averaged over the latitudinal
bands of 10.5°-10.5°S for N30, 0.5°N-0.5°S for N90,
and 0.9°N-0.9°S for N150. Although a rather wide
equatorial band is used only for the N30 spectra to
increase the statistical significance, the N30 spec-
tra are found to be insensitive to a decrease in the
latitudinal band width.

2.2 Precipitation and vertical velocity

Recently, Hayashi and Golder (1997a, b) numeri-
cally and theoretically examined several mechanisms
for the generation of low- and high-frequency tropi-
cal waves simulated in an idealized model with moist
convective adjustment. It was demonstrated that
superclusters, as well as Kelvin and MRG waves,
are maintained primarily through the “saturation-
triggering mechanism” proposed by Hayashi and
Golder (1994). This mechanism hypothesizes that
several tropical transient waves are triggered by the
intermittent onset of moist convection, upon satura-
tion, to neutralize any pre-existing conditionally un-
stable stratification that has developed during peri-
ods of nonsaturation. The results from the idealized
model suggested that tropical gravity waves could
also be generated by this mechanism, although the
horizontal resolution of the model was not sufficient
to examine this possibility.

Since tropical gravity waves may be excited by
the convective heating associated with vertical mo-
tion, precipitation and vertical velocity are first ex-
amined. Figure 1 shows the longitude-time distribu-
tion of three-hourly averaged N150 equatorial pre-
cipitational heating over 90°E-90°W during June 1-
July 4. This figure reveals eastward-moving groups
of westward-moving grid-scale oscillations. Figure
2 displays the longitude-time distributions at (a)
N30, (b) N90, and (c) N150 of three-hourly aver-
aged equatorial precipitational heating over 90°F to
90°W during June 6-16. It is seen that precipitation
is more confined in space and time in the N150 and
N90 models than in the N30 model.



December 1997

Y. Hayashi, D.G. Golder, and P.W. Jones

N150 SKYHI PRECIPITATION (EQUATOR)

1127

o— TIME (days)

't

AL TG
' 0 Yo

e
hOaats B M » 1
S/
9 4y .
‘

' e ‘

Fig. 1. Equatorial longitude-time distribution of the N150 three-hourly averaged precipitational heating
over 90°E-90°W during June 1-July 3. The contour values are 0.5, 1, 2, 5, 10, 20, 50, 100, and 200

(388 W m~?).

Observed superclusters (Nakazawa, 1988, 1995;
Hayashi and Nakazawa, 1989; Mapes and Houze,
1993; Chen et al., 1996) are associated with a half-
wavelength of 2000-4000 km and periods of 5-15
days, propagating eastward with phase speeds of
5-10 ms~!. They consist of several smaller-scale
(half-wavelength of 100~500 km) cloud clusters that
propagate westward. Recently, Takayabu (1994a,
b) observationally interpreted the westward-moving
quasi-two-day cloud clusters as westward-moving
equatorial inertio-gravity waves. The westward-
propagation of grid-scale precipitation, which is

thought to mimic cloud clusters, and the eastward-
propagation of superclusters can be more clearly
seen in the N90 and N150 models (Figs. 2b and
2c) than in the N30 model (Fig. 2a), although these
propagations are not as clear as those observed.
Figure 3 shows the wavenumber-frequency distri-
butions (a) N30, (b) N90, and (c) N150 of the equa-
torially averaged power spectra of precipitational
heating. The precipitational heating spectra, char-
acterized by eastward- and westward-moving com-
ponents of comparable magnitude, are associated
with broader wavenumber-frequency distributions
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Fig. 2. Equatorial longitude-time distribution of the (a) N30 , (b) N90, and (c) N150 three-hourly
averaged precipitational heating over 90°E-90°W during June 6-16. The contour values are 0.5, 1,

2, 5, 10, 20, 50, 100, and 200 (388 W m~2).

at higher resolutions.

This figure (Fig. 3), however, does not reveal
space-time spectral peaks corresponding to those
(wavenumbers 11-21 and periods 1-3 days) of
observed westward-moving equatorial cloud clus-
ters estimated over an 80°E-160°W longitude span
(Takayabu, 1994a, b), although the westward prop-
agation of grid-scale precipitation can be seen in

the longitude-time section (Fig. 1). This proba-
bly results from the domain of the present space-
time spectral analysis including longitude spans
where the precipitation does not propagate. More-
over, spectral peaks corresponding to eastward-
moving superclusters (wavenumber 5-10, period 10~
20 days) are not seen, although their eastward prop-
agation can be seen in Fig. 1. This is probably due
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Wavenumber-frequency distribu-
tions of the equatorially averaged power
spectra of the (a) N30, (b) N90, and
(c) N150 precipitational heating in the
range of wavenumber 0-250 and peri-
ods longer than 0.083 days that can be
resolved by the hourly sampled N150
grid-point data. The inner domains in-
dicate the range of wavenumbers and
frequencies resolved by the (a) hourly
sampled N30 grid-point data (wavenum-
bers 0-50, periods longer than 0.083
days) and (b) three-hourly sampled N90
grid-point data (wavenumbers 0-150,
periods longer than 0.25 days). The con-
tour values are 0.5, 1, 2, 5, and 10 (135
W? m™* day)
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to the record length of 30 days being too short for
the present spectral analysis technique to isolate su-
perclusters.

Figures 4 and 5 show longitude-time distribu-
tions of the N150 upward and downward pressure-
velocities, respectively. The 9.2-mb pressure-
velocity field is dominated by gravity waves consist-
ing of both upward (Fig. 4a) and downward (Fig. 5a)
pressure-velocities. The upward 537-mb pressure-
velocity (Fig. 4b) reveals eastward-moving super-
clusters consisting of grid-scale pulses of upward
pressure-velocity. These upward velocities corre-
spond to grid-scale pulses of precipitation (Fig. 2c).
In contrast to the upward 537-mb pressure-velocity
(Fig. 4b), the downward 537-mb pressure-velocity
(Fig. 5b) exhibits much weaker grid-scale pulses.
The superclusters are confined to the troposphere,
whereas the gravity waves appear to propagate up-
ward from the troposphere to the stratosphere.

Figures 6a and 6b show the wavenumber-
frequency distributions of equatorially averaged
power spectra of the N150 pressure-velocity at
9.2 mb and 537 mb, respectively. = The 537-
mb pressure-velocity spectra are characterized by
eastward- and westward-moving components of
comparable magnitude, being biased toward the
westward-moving component for wavenumbers 50—
200. In contrast to the 537-mb spectra, the 9.2-mb
spectra lack low-frequency components. This result
is consistent with the fact that lower-frequency grav-
ity waves theoretically have smaller vertical group
velocities, and thus less efficiently propagate from
troposphere.

2.3 Vertical momentum fluz

Figure 7a, 7b and 7c show the wavenumber-
frequency distributions of equatorially averaged
cospectra of the N30, N90, and N150 vertical mo-
mentum fluxes at 9.2 mb (32 km), respectively.
These spectral distributions are similar to the power
spectral distribution of the 9.2-mb vertical pressure-
velocity (Fig. 6a), except that the momentum-flux
spectra allow negative as well as positive values.
These spectra indicate that westward- and eastward-
moving gravity waves transport easterly and west-
erly momentum, respectively. The slanted lines in
the figures indicate a constant phase velocity of
30 ms~1. It is seen that these spectra are associated
with wider wavenumber and frequency distributions
at higher resolutions. For the lower half of the re-
solvable wavenumbers, the dominant frequencies in-
crease with wavenumber. This increase is consis-
tent with theoretical nonrotating hydrostatic grav-
ity waves, which have the same vertical wavenum-
ber and the same phase velocity for different zonal
wavenumbers (i.e., a constant ratio between fre-
quency and zonal wavenumber). For the higher
half of the resolvable wavenumbers, the dominant
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Fig. 4. Equatorial longitude-time distributions of
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the N150 vertical pressure-velocity at (a) 9.2 mb and

(b) 537 mb. Contours are drawn only for upward velocity. The contour values are (a) 0.1, 0.2, and
0.5 (10~ mb s™!), and (b) 0.2, 0.5, 1, 2, and 5 (units 1072 mb s~?).

frequencies decreases with wavenumber, implying
lower phase speeds for the higher wavenumbers. It
was suggested (Hayashi et al,, 1989, p. 429) that
the lower phase speeds are due to finite-difference
errors, since the phase speeds depend on horizontal
resolution.

Table 1 lists the height distributions of the equa-
torially averaged vertical momentum flux spectra for
the N30 model (wavenumbers 5-50) and N150 model
(wavenumbers 5-250), along with the ratio of the
N150 to N30 spectra. According to this table, the
stratospheric momentum flux and also its vertical
convergence (not indicated here) are twice as strong
in the N150 model as in the N30 model. The mo-
mentum flux reverses sign around the 5-km level.
The sign reversal theoretically implies that gravity-
wave energy propagates upward and downward from
its energy source in the middle troposphere.

2.4 Long- and short-period spectra

Table 2 lists the height distributions of the vertical
momentum flux for the N150 model (wavenumbers
5-250), partitioned into the long-period (1-30 days)
and short-period (0.08-1.0 day) components. Ac-
cording to this table, the short-period components
of the lower-stratospheric momentum flux and also
its vertical convergence (not indicated here) are one
order of magnitude stronger than the long-period
component. A large cancellation occurs between the
eastward- and westward-moving components, con-
sistent with the observed estimates of these compo-
nents by Sato and Dunkerton (1997).

Figure 8 and 9 compare the June equatorially av-
eraged time power spectra (60°E-120°E mean) of
N150 zonal (Fig. 8a) and meridional (Fig. 9a) ve-
locities with those observed (Figs. 8b and 9b) at
Singapore (1°N, 104°E) during 1984-1993 (adapted
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Fig. 5. As in Fig. 4, except that the contours are drawn only for downward velocity

from Sato et al., 1994). The spectra have been
multiplied by frequency. Since the observed data
were sampled twice-daily, only the long-period (1-
20 days) spectra are compared. The zonal-velocity
spectra include 10-20-day Kelvin waves, while the
meridional-velocity spectra include 3-5-day mixed
Rossby-gravity waves. Both the observed and sim-
ulated spectra indicate that the long-period spec-
tra are of the same magnitude. It should be noted
that the SKYHI model has no diurnal cycle. Nei-
ther of these spectra, however, indicates any distinct
spectral peak around 2-3-day periods. (Note that
the light shading indicates weak values rather than
strong values.) This result suggests that the ob-
served 2-3-day oscillations (Maruyama, 1994; Sato
et al., 1994) are a small portion of gravity-wave spec-
tra distributed over a wide range of periods.

2.5 Wavenumber-spectral distribution

Figure 10a shows the equatorially averaged strato-
spheric (47.9-104 mb mean) N150 transient vertical
momentum flux as a function of zonal wavenum-
ber in log-log coordinates. The wavenumber spectra
have been smoothed over almost equal logarithmic
intervals (see Table 3). It is seen that the momen-
tum flux spectra (thick curve) fit the theoretical
(Kraichnan, 1976) and observational (Gage, 1979)
—2/3 power distribution (thin straight line) rather
well for wavenumbers 50-250. The —2/3 power dis-
tribution for gravity-wave momentum flux is diag-
nostically consistent with a —-5/3 power distribu-
tion of gravity-wave kinetic energy (see Hamilton,
1993, p. 170). The net momentum flux is found
to fit the —2/3 power distribution better than the
eastward- and westward-moving components (not
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tions of equatorially averaged power
spectra of the NI150 vertical pres-
sure-velocity at (a) 9.2 mb and (b)
537 mb. The contour values are (a)
1, 2, 5, and 10 (107'* mb? s? day).
Dark and light shadings indicate val-
ues greater than 5 and less than 1, re-
spectively. In (b) the contour values
are 1, 2, 5, 10, 20, 50, 100, and 200
(107'° mb? s~2 day). Dark and light
shadings indicate values greater than
100 and less than 50, respectively.

illustrated). This is probably because these com-
ponents can not accurately be separated for high
wavenumber-frequency components, owing to the
model’s variables being discretized.

The spectral distribution curve in log-log coor-
dinate representation gives the impression that the
high-wavenumber components hardly contribute to
the wavenumber-integrated momentum flux. The
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Fig. 7. Wavenumber-frequency distribu-
tions of equatorially averaged vertical
momentum flux spectra for the (a)
N30, (b) N90, and (c) N150 models at
9.2 mb. The slanted lines indicate con-
stant 30 ms~! phase velocity. The con-
tour values are 0.5, 1, 2, 5, 10 and 20 (9.2
10~% ms~! mb s~! day). Dark and light
shadings indicate upward and downward
fluxes, respectively.

area under the curve is, however, not proportional
to the wavenumber-integrated momentum flux. To
better visualize the wavenumber-integrated momen-
tum flux, Fig. 10b displays the N150 vertical mo-
mentum flux spectra multiplied by wavenumber
(thick solid line), plotted on a linear scale as a func-
tion of logarithmic wavenumber. The —2/3 power
distribution curve multiplied by wavenumber (i.e.,
1/3 power distribution) is indicated by the thin solid
curve. The areas under the curves are now pro-
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Table 1. Height distributions (June) of equatorially averaged vertical eddy momentum flux —w'w’ (10™° ms~!-mbs™!)
associated with westward- and eastward-moving components consisting of zonal wavenumhers 5-50 (N30 model)
and 5-250 (N150 model). The flux has been averaged over several levels. Positive and negative values indicate
upward and downard fluxes, respectively. The right-hand columns indicate the ratio of the N150 to N30 flux.

N30 (5 < k < 50) N150 (5 < k < 250) ratio (N150/N30)
level (km) | westward [ eastward | westward | eastward westward | eastward
51-68 -0.4 14 -3.3 2.7 7.5 1.9
34-48 -1.9 2.9 -7.0 7.3 3.6 2.5
23-32 -44 6.8 -12.7 13.3 2.9 2.0
16-21 -6.6 11.0 -13.6 18.1 2.1 1.6
6.2-14 -7.0 8.3 -15.7 38.6 2.2 4.7
1.4-5.0 29.1 -34.8 85.1 -24.5 2.9 0.7
Table 2. Height distributions (June) of equator.ially averaged N150 vertical momentum flux —w'w’

(107% ms™'-mb s~!) associated with westward- and eastward-moving components consisting of zonal wavenum-
bers 5-250 in long-period (1-30 days) and short-period (0.08-1.0 days) ranges. The flux has been averaged over
several levels. The right-hand columns indicate the ratio of the short-period to long-period flux.

long period short period ratio (short/long)
level (km) | westward | eastward westward | eastward | westward | eastward
51-68 —0.004 0.034 -3.3 2.7 825 79
34-48 -0.03 0.18 -7.0 7.1 233 39
23-32 -0.11 0.68 -12.5 12.6 114 19
16-21 0.23 1.8 -13.9 16.3 —60 9
6.2-14 5.6 7.4 -21.2 31.2 -4 4
1.4-5.0 11.5 -5.6 73.6 -18.9 6 3

TIME POWER SPECTRA (u)

TIME POWER SPECTRA (v)
°S-09°N. 60°E-120°E. June

HEIGHT (km)

§
A I
£
;
§
PERIOD (days) E
9
Fig. 8. (a) Equatorially averaged time £
power spectra (60°E-120°E mean) of
the N150 zonal velocity in June. (b)
Time power spectra of the observed PERIOD (days)
zonal velocity at Singapore (1°N, 104°E)
during 1984-1993 (adapted from Sato et Fig. 9. As in Fig. 8, except for meridional velocity.

al. 1994). The spectra have been multi-
plied by frequency. Dark shade and light
shadings indicate values greater than 50
and less than 10, respectively. The units
are in (ms™!)2.
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Fig. 10. (a) Equatorially averaged stratospheric (47.9-104 mb)-mean N150 transient vertical momentum
flux spectra (ms™' mb s™!) plotted (thick solid curve) as a function of zonal wavenumber in log-log
coordinates. The wavenumber spectra have been smoothed over equal logarithmic intervals (see Table
3). The thin solid line indicates the —2/3 power law distribution. (b) As in Fig. 10a, except that the
spectra are multiplied by wavenumber and plotted (thick solid curve) in log-linear coordinates. The

thin solid curve indicates the 1/3 power law distribution. The units are in 7.1 ms~! mbs

Table 3. Ranges of zonal wavenumber (k) for the
smoothing of wavenumber spectra by averaging over
approximately equal intervals of log (k/2)-log (2k).

=

k/2 ~ 2k
1-1
14
26
2-8
3-10
312
314
4-16
5-18
5-20

10-40
15-60
20-80
25-100
50-200
200 | 100-250

>
o

(9
o

2

-1

portional to the wavenumber-integrated momentum
flux.

Theoretically (Jones, 1969), the horizontal wave-
length must be greater than 10 km for the exis-
tence of internal gravity waves having a phase speed
of 30 ms~!, which is comparable to the equatorial
stratospheric zonal velocity. This wavelength corre-
sponds to wavenumber 4000, which can be resolved
by an N2400 model. If it is assumed that the sim-
ulated gravity-wave momentum flux is distributed
according to a —2/3 power law for wavenumbers 1-
4000, the gravity-wave momentum flux should in-
crease by a factor of two as the resolution is in-
creased from N30 to N150, and an additional factor
of three from N150 to N2400, as is demonstrated in
Fig. 10b.

2.6 Oscillations in the monthly-mean zonal velocity

Figure 11 displays the equatorial time-height dis-
tributions of the composited monthly-mean zonal-
mean zonal velocities for the (a) N30 and (b) N90
models. The monthly-mean zonal velocities have
been annually composited over 10 and 2 years for
the N30 and N90 models, respectively. These fig-
ures exhibit the downward propagation of the sim-
ulated semiannual oscillation (SAO) above 25 km,
which had previously been detected (Hamilton and
Mahlman, 1988; Hamilton et al., 1995) in the N30
model. The reader is referred to Hamilton et al.
(1995) and Jones et al. (1997) for the latitude-
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height distributions of zonal wind climatologies from
the SKYHI models having various horizontal reso-
lutions.

Figure 12a shows the equatorial time-height dis-
tribution of the N30 monthly-mean zonal-mean
zonal velocity, exhibiting the downward propaga-
tion of the simulated mesospheric SAO over the 10-
year period. Figure 12b is the same as Fig. 12a ex-
cept that it displays the deviation from the 10-year
composite, revealing the downward propagation of a
weak stratospheric QBO, which had previously been
detected (Hamilton et al., 1995) in the N30 model.

Figure 13 shows the equatorial frequency-height
distributions of the time-power spectra of the
monthly-mean zonal-mean zonal velocity of the (a)
N30 model over a period of 10 years and (b) the N90
model over 2 years. Both the models exhibit spec-
tral peaks at 6 and 12 months. Neither model, how-
ever, exhibits a QBO spectral peak isolated from the
dominant annual peak. It is, therefore, not possible
to determine whether the N90 model has a stronger
QBO than the N30 model.

3. Summary and implications

Tropical gravity waves and superclusters simu-
lated by 40-level GFDL SKYHI general circulation
models with high horizontal resolutions of N150
(0.6° latitude x 0.72° longitude) and N90 (1.0° x
1.2°) were compared with those simulated by a
lower-resolution N30 (3.0° x 3.6°) model.

Results indicate that precipitational heating ap-
pears to excite tropical gravity waves. For higher
resolution, precipitation is more confined in space
and time, resulting in a broader wavenumber-
frequency spectral distribution. Gird-scale precip-
itation, which is thought to mimic precipitation as-
sociated with cloud clusters, is organized into super-
clusters. The westward propagation of cloud clus-
ters and eastward propagation of superclusters are
more clearly seen in the higher-resolution models,
although these propagations are not as clear as ob-
served.

The high-resolution (N150) model indicates that
the lower-stratospheric gravity-wave momentum
flux and its vertical convergence are dominated by
high-frequency components having’ periods shorter
than one day, although the high- and low-frequency
components have comparable values of kinetic en-
ergy. This result suggests that observed gravity
waves having periods shorter than one day may
provide the principal source of momentum for the
QBO. It also supports the suggestion (Sato, 1997)
that the gravity-wave momentum flux diagnostically
estimated from observed twice-daily samples wind
and temperature data (Maruyama, 1994; Sato et al.,
1994) could be severely underestimated.

The lower-stratospheric gravity-wave momentum
flux and its vertical convergence are twice as strong
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STANDARD HEIGHT (km)

STANDARD HEIGHT (km)

TIME (year)

Fig. 11. Equatorial time-height distribu-
tions of the composited monthly-mean
zonal-mean velocities of the (a) N30 and
(b) N90 models. The monthly-mean
zonal velocities have been annually com-
posited over 10 and 2 years for the N30
and N90 models, respectively. The con-
tour interval is 5 ms ™! and westerlies are
shaded.

in the N150 model as in the N30 model. When -5/3
and —2/3 power wavenumber distributions are as-
sumed over wavenumbers 1-4000 (wavelengths 10~
40,000 km) for gravity-wave kinetic energy and ver-
tical momentum flux, respectively, the gravity-wave
momentum flux should increase by an additional
factor of three as the horizontal resolution is fur-
ther increased from N150 to N2400. The N30 model
simulates only a very weak QBO (Hamilton et al.,
1995). Since the stratospheric gravity-wave momen-
tum flux convergence in the N150 model is twice as
strong as that in the N30 model, it is expected that
the QBO amplitude in the N150 model should be
twice as strong as that in the N30 model. A fur-
ther drastic increase in the horizontal resolution of
the N150 model substantially enhance gravity-wave
momentum flux convergence, thus forcing a stronger

QBO.
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STANDARD HEIGHT (km)

STANDARD HEIGHT (km)

Fig. 12.

Equatorial time-height distri-
butions of the (a) N30 monthly-mean
zonal-mean zonal velocity and (b) its
deviation from the 10-year composite.
Westerlies are shaded. (a) The contour

interval is 10 ms™!.
intervals are 6 ms™!
2 ms™! below 40 km.

(b) The contour
above 40 km and

In an effort to examine the effect of the simulated
gravity-momentum flux convergence on the simu-
lated QBO amplitude, composite and time-spectral
analyses were performed for the equatorial monthly-
mean zonal-mean zonal velocity simulated by the
N30 and N90 models. It was, however, not possible
to determine whether the N90 model has a stronger
QBO than the N30 model, since no QBO spectral
peak isolated from the dominant annual cycle was
found.

Recently, Takahashi (1996) demonstrated, using
a low-horizontal resolution (T21) general circula-
tion model with moist convective adjustment, that
a fairly realistic QBO having a period of about 1.5
years can be simulated when the vertical resolution
is as high as 0.5 km and the horizontal diffusion
coefficient is one order of magnitude weaker than
the conventional value. In this model, Kelvin and
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TIME POWER SPE!

e

CTRA (u), EQUATOR

Fig. 13. Equatorial frequency-height
distributions of the time-power spec-
tral density ((ms™')? month) of the
monthly-mean zonal-mean zonal veloc-
ity of the (a) N30 model over 10
years and (b) N90 model over 2 years.
Dark and light shadings indicate values
greater than 50 and less than 10, respec-
tively. The contour values are 5, 10, 20,
50, 100, 200, 500, 1000, 2000, 5000, and
10000.

gravity waves play a major role in the momentum
forcing of the QBO (Takahashi et al., 1997). The
horizontal diffusion coefficient used in the SKYHI
models decreases with grid size, being one order of
magnitude weaker in the N90 model than in the N30
model. There is the possibility, therefore, that even
the N90 model could simulate a strong QBO, if the
vertical resolution is sufficiently increased to resolve
short-vertical-scale gravity waves approaching their
critical levels. In addition, increased vertical reso-
lution will result in less inconsistency between the
horizontal and vertical resolutions, as discussed by
Lindzen and Fox-Rabinovitz (1989). The effect of
increasing the vertical resolution of the N90 model
on the gravity-wave momentum flux and the simu-
lated QBO is being investigated.
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