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Abstract

To evaluate simulations and theories of equatorial Kelvin and mixed Rossby-gravity (MRG) waves,
and to gain insight into their generation mechanism and role in the quasi-biennial oscillation, a space-time
spectral analysis is performed on output data from the 40-level, three-degree latitude GFDL “SKYHI”
general circulation model and on the GFDL FGGE dataset.

The SKYHI and FGGE stratospheric Kelvin waves are dominated by an eastward-moving, wavenumber-
one, 10-20-day period component in the lower stratosphere. These waves are accompanied by higher
wavenumber-frequency components, which can be detected more clearly in the upper stratosphere than
in the lower stratosphere. On the other hand, the SKYH] and FGGE MRG waves are dominated by
a westward-moving, wavenumber 3-5, 4-6-day component in the lower stratosphere. These waves are
dominated by lower-wavenumbers (1-2) and shorter periods (2-4 days) in the upper stratosphere. The
amplitudes of the SKYHI/FGGE Kelvin and MRG waves are comparable to those estimated from observed
(non-FGGE) station data, whereas the SKYHI model produces only a very weak quasi-biennial oscillation.
The SKYHI precipitation data intermittently exhibit grid-size pulses of precipitation, but do not clearly
exhibit spectral peaks which correspond to Kelvin and MRG waves.

On the basis of the present analysis, it is proposed that Kelvin, MRG, and gravity waves result from
wave-convection interactions and are intermittently triggered by random pulses of convective heating. It
is speculated that the quasi-biennial oscillation is produced primarily by gravity waves and will increase
in amplitude with horizontal resolution, as grid-size pulses of convective heating and small-scale gravity
waves are more adequately produced in the model.

1. Introduction a. The mized Rossby-gravity wave

The MRG wave was discovered in the equatorial
lower stratosphere by Yanai and Maruyama (1966)
while searching for disturbances which would verti-
cally transport momentum to account for the quasi-
biennial oscillation (QBO) of the zonal wind in the
lower stratosphere. Maruyama (1967) showed that
this wave moves westward with a zonal wavelength
of about 10,000 km (wavenumber four) and a pe-
riod of 4-5 days, tilting westward with height with
a vertical wavelength of 5-10 km. It takes the form
of vortices centered over the equator, resembling the
theoretical MRG wave discussed by Matsuno (1966).

The MRG wave was also observed in the equa-

The tropical atmosphere is known to be associated
with certain distinct periodicities other than the
seasonal and diurnal cycles. Among them are the
4-5-day easterly wave, the 4-5-day mixed Rossby-
gravity (MRG) wave, the 10-20-day Kelvin wave,
and the 40-50- and 25-30-day tropical intrasea-
sonal oscillations. Reviews of observed MRG and
Kelvin waves has been presented by Wallace (1971,
1973) and Yanai (1975), while a recent review of
observed tropical intraseasonal oscillations has been
presented by Madden and Julian (1994). A brief re-
view of theories of tropical transient waves relevant
to the present study can be found in Hayashi and

torial troposphere (Yanai et al., 1968). The tro-
Golder (1993). pospheric MRG wave differs from easterly waves
©1994, Meteorological Society of Japan in structure and preferred location (Nitta 1970;

Takayabu and Nitta 1993). The MRG wave was
found to transport both momentum and energy up-
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ward into the stratosphere (Maruyama 1968, Yanai
and Hayashi 1969). In spite of the vertical transport
of westerly momentum, the theoretical MRG wave
results in an acceleration of the mean easterly flow
(Hayashi 1970). This results from the vertical mo-
mentum flux convergence being dominated by the
Coriolis acceleration due to mean meridional circu-
lations, which are induced by the wave heat flux.
This easterly acceleration is consistent with the ef-
fective vertical momentum flux (Lindzen 1970) or
the more general EP flux (Andrews and Mclntyre
1976), which involves the fluxes both of momentum
and heat. It is believed that the MRG wave accounts
for the easterly phase of the QBO. The observed
MRG wave is associated with the energy conversion
from available potential energy generated by tropo-
spheric heating (Nitta 1970, 1972).

The MRG wave has been simulated by an 11-level
GFDL general circulation model (Hayashi 1974)
and a 12-level NCAR model (Tsay 1974). Hayashi
and Golder (1978) demonstrated, using an ideal-
ized GFDL model, that the MRG wave appears
even in the absence of geographical effects. In
the absence of extratropical disturbances, its am-
plitude is greatly reduced. Furthermore, without
condensational heating, the MRG wave was found
to disappear. It was concluded that the simulated
MRG wave is primarily generated by condensa-
tional heating and enhanced by extratropical distur-
bances. Hayashi and Golder (1980) further demon-
strated that the seasonal amplification of the simu-
lated MRG wave is related to extratropical distur-
bances. Zangvil and Yanai (1980, 1981) and Yanai
and Lu (1983) found that a pronounced equator-
ward flux of wave energy accompanied the observed
MRG wave. Itoh and Ghil (1988) showed, using a
numerical model with moist convective adjustment,
that equatorially asymmetric forcing from middle
latitude disturbances enhances MRG waves.

b. The Kelvin wave

The Kelvin wave was first observed in the tropical
lower stratosphere by Wallace and Kousky (1968).
This wave moves eastward with zonal wavenum-
ber one and a period of 10-20 days, tilting east-
ward with height with a vertical wavelength of 5-
10 km. It is characterized by its wind vectors be-
ing directed parallel to the equator, resembling the
theoretical Kelvin wave of Matsuno (1966). The ob-
served Kelvin wave transports both momentum and
energy upward into the stratosphere (Wallace and
Kousky 1968, Maruyama 1969). In contrast to the
MRG wave, the Kelvin wave theoretically results in
a westerly acceleration. It is believed that this wave
accounts for the westerly phase of the QBO (e.g.,
Holton and Lindzen 1972).

The Kelvin wave was simulated by an 11-level
GFDL general circulation model (Hayashi 1974)
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and a 12-level NCAR model (Tsay 1974). Hayashi
and Golder (1978) demonstrated, using an idealized
GFDL model, that the Kelvin wave appears even in
the absence of geographical effects. In contrast to
the MRG wave, its amplitude was hardly affected
in the absence of extratropical disturbances. In the
absence of condensational heating, the Kelvin wave
was found to disappear, similar to the results for
the MRG wave. It was concluded that the simulated
Kelvin wave is generated by condensational heating,
but not appreciably affected by extratropical distur-
bances.

In addition to the lower stratospheric Kelvin
wave, Hirota (1978, 1979) observed an upper strato-
spheric Kelvin wave, which is also characterized by
wavenumber one, but with shorter periods of 5-10
days and a longer vertical wavelength of 20-25 km
than the lower-stratospheric Kelvin wave. Subse-
quently, Salby et al. (1984) observed a mesospheric
Kelvin wave of wavenumber one but shorter peri-
ods of 34 days and a longer vertical wavelength
of 30-50 km than the upper-stratospheric Kelvin
wave. These shorter-period Kelvin waves were sim-
ulated by the 40-level SKYHI model (Hayashi et al.,
1984), and have been related to the simulated semi-
annual oscillation in the tropical middle atmosphere
(Hamilton and Mahlman 1988).

c. Tropical intraseasonal oscillations

The tropical intraseasonal oscillation discovered
by Madden and Julian (1971) is associated with
wavenumber one and propagates eastward with a
period of 40-50 days. It is also associated with a
180-degree phase reversal between the upper- and
lower-tropospheric zonal velocities, taking the form
of the Walker (zonal-vertical) circulation (Madden
and Julian 1972).

The 40-50-day oscillation was adequately simu-
lated by a GFDL R30 (30 zonal wavenumbers) spec-
tral general circulation model (Hayashi and Golder
1986, 1988, 1993) and the SKYHI model (Hayashi
and Golder 1993). The simulated 40—-50-day oscilla-
tion was found to be accompanied by a 25-30-day
oscillation having a comparable magnitude. The
SKYHI model results indicate that the 25-30-day
oscillation has a greater penetration of its amplitude
into the stratosphere and a longer vertical wave-
length in the lower stratosphere than the 40-50 day
oscillation (Hayashi and Golder 1993). The 25-30-
day oscillation can also be found in observed data
(Hayashi and Golder 1986; Hartmann et al., 1992),
although it is much weaker, on the long-term aver-
age, than that simulated (Hayashi and Golder 1993).
It was suggested (Hayashi and Golder 1993) that the
25-30-day oscillation is a lower vertical mode than
the 40-50-day oscillation, but higher than the 10-
20-day Kelvin wave. The 40-50 and 25-30 day os-
cillations, however, may not contribute to the QBO,
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Fig. 1. (a) Latitude-height distribution (three-year average) of the annual mean zonal wind (m/s) of
the 40-level, N30 (3 degree mesh) GFDL SKYHI general circulation model with seasonal variations.
The levels of the finite-difference model are indicated by the standard heights. (b) As in Fig. la
except for the GFDL FGGE data (December 1978-November 1979). The levels of the model used
for four-dimensional assimilation are indicated by both the pressures and standard heights. No data
are available above the model’s highest level (56 km).

since their amplitudes are essentially confined to the
troposphere.

d. The quasi-biennial oscillation

Mechanistic models have demonstrated that the
QBO might result from wave-mean flow interac-
tions involving either gravity waves (Lindzen and
Holton 1968) or Kelvin and MRG waves (Holton and
Lindzen 1972). Current general circulation mod-
els, however, simulate only a very weak QBO (e.g.,
Hamilton et al., 1994; Carilolle et al., 1993). This

may be due to a deficiency in the amplitudes of the
Kelvin and MRG waves and/or gravity waves pro-
duced by the model.

An 11-level GFDL GCM adequately simulated
Kelvin and MRG waves during the period July
through August (Hayashi 1974), while a 12-layer
NCAR model adequately simulated the Kelvin wave
but severely underestimated the MRG wave during
January (Tsay 1974). Recently, Manzini and Hamil-
ton (1993) examined stratospheric tropical waves
during a 60 day (April 18-June 16) integration of the
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Fig. 2. Wavenumber-frequency distributions of the space-time power spectral density of the zonal velocity
averaged over 10°N-10°S for (a) the SKYHI model at the 104-mb level and (b) the FGGE data at
the 100-mb level. The contour values are 1, 2, 5, 10, 20, 50, 100, and 200 (10 m? s7? day). Dark
shade indicates values greater than 10, light shade values less than 5.

40-level GFDL SKYHI model. The amplitudes of
the simulated wavenumbers 1-2 Kelvin waves were
found to be slightly lower than those quoted for typ-
ical observed amplitudes by Wallace and Kousky
(1968), while the zonal wavenumbers 3-4 MRG am-
plitudes were considerably smaller than those in-
dicated by the original observations of Yanai and
Maruyama (1966). On the other hand, Boville and
Randel (1992) concluded that both Kelvin and MRG

waves are adequately simulated during the period
July through October by the current high-vertical-
resolution NCAR model.

The above conclusions may be subject to the tem-
poral length of the data, since the amplitudes of
Kelvin and MRG waves are intermittent and un-
dergo seasonal and interannual variations (Hayashi
and Golder 1980; Maruyama 1991). To evaluate the
amplitudes of the simulated waves in relation to the
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Fig. 3. As in Fig. 2, except for (a) the SKYHI model at the 28-mb level and (b) the FGGE data at the
30-mb level. Contour values: 2, 5, 10, 20, and 50 (10 m? s~2 day). Dark shade > 10, light shade < 2.

QBO, it would be more appropriate to use an entire-
year dataset rather than a few months worth of data.
Moreover, caution should be used in estimating the
amplitudes of these waves from space-time spectra
and time spectra, since the space-time amplitude is
much smaller than the maximum value of longitudi-
nally varying time amplitude (see Appendix B).
The present paper is intended to evaluate simula-
tions and theories of Kelvin and MRG waves in com-
parison with observed data, and to gain insight into
the generation mechanism and role of these waves

in the QBO. To accomplish this, a space-time spec-
tral analysis was conducted on three years of output
data from the SKYHI model and the GFDL four-
dimensional dataset for the FGGE year. Section 2
describes the model and observed data. Sections 3
and 4 analyze Kelvin and MRG waves, respectively.
Conclusions and implications are given in Section 5.
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2. Model and observed data

The general circulation model analyzed in the
present study is the 40-level GFDL “SKYHI” model
extending from the surface to about 0.01 mb (80 km)
and includes the troposphere, stratosphere, and
mesosphere with a horizontal resolution of N30 (3.0°
latitude by 3.6° longitude). The model’s physi-
cal processes include moist convective adjustment
(Manabe et al., 1965), surface hydrology, a plane-
tary boundary layer, and radiation. Also included
are orography, and imposed annual cycle of insola-
tion, climatological set of seasonal sea-surface tem-
peratures, and climatological cloudiness. However,
neither the parameterized drag due to the orograph-
ically forced gravity waves nor the diurnal cycle
of solar insolation is incorporated. Details of this
model can be found in Fels et al. (1980), Levy et al.
(1982), Hamilton and Mahlman (1988), and Manzini
and Hamilton (1993). Results obtained from this
model have been described in Mahlman and Sin-
clair (1980), Mahlman and Umscheid (1984, 1987),
Andrews et al. (1983), Hayashi et al. (1989), Miya-
hara et al. (1986), Hamilton and Mahlman (1988),
Hayashi et al. (1989), and Manzini and Hamilton
(1993). :

The simulated data analyzed here were sampled
once daily from the model,which had been inte-
grated over three model years. The model data were
analyzed by the use of space-time spectrum and fil-
ter analyses. For comparison purposes, the same
analyses were performed on the FGGE IIIb dataset
(four-dimensional assimilation) processed by the use
of an 18-level general circulation model at GFDL
(see Ploshay et al., 1983) during the FGGE observa-
tional period from December 1978 through Novem-
ber 1979. These data are, however, not available
above 56 km.

Space-time spectral analysis (see Hayashi 1982)
reveals wavenumber-frequency spectral distribu-
tions, as well as the statistical structure of the
eastward- and westward-moving components for a
given wavenumber and period. The space-time spec-
tra were estimated by use of the maximum entropy
method (see Hayashi 1982). Since the present spec-
tral analysis makes use of an entire year of data, it
is not necessary to remove the seasonal cycle prior
to the spectral analysis.

Space-time filter analysis (see Hayashi and Golder
1986) reveals the zonal propagation and the wave
patterns. The data, which are filtered for a given
wavenumber and period range, can be composited,
being phase-shifted for the desired eastward or west-
ward phase velocities. The compositing acts to en-
hance the chosen eastward or westward component,
depending on the direction of the phase shift. The
space filtering and time filtering were accomplished
by the use of a zonal Fourier decomposition and a re-
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Matsuno (1966, Fig. 3a). The
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Rossby-gravity modes, Rossby modes,
and eastward- and westward-moving
gravity modes.

cursive filter (see Murakami 1979), respectively. The
frequency response of a 10-20-day band-pass recur-
sive filter, for example, is designed in such a way
that the amplitudes corresponding to 10 and 20 day
periods are halved, while it is almost unchanged at
a period of 15 days.

Figure 1 shows the latitude-height distributions
of the annual-mean zonal wind of the SKYHI model
and FGGE data. The model (Fig. 1a) exhibits equa-
torial easterlies and westerlies appearing alternately
with height, whereas the FGGE data (Fig. 1b) ex-
hibit equatorial easterlies throughout the depth of
the atmospheric domain. The discrepancy in the
model stratosphere is due to the lack of a realistic
quasi-biennial oscillation. The westerlies in the sim-
ulated equatorial troposphere and the easterlies in
the observed troposphere result from a small resid-
ual of local easterlies and westerlies, which are can-
celed in the zonal mean.

3. Kelvin waves

a. Wavenumber-frequency distributions

Figure 2 displays the wavenumber-frequency dis-
tributions near 100 mb of the space-time power spec-
tral density of the SKYHI (a) and FGGE (b) zonal
velocities averaged over 10°N-10°S. In both dia-
grams, a spectral peak of comparable magnitude can
be seen at wavenumber one and an eastward-moving
period of 15 days. These peaks are consistent with
the zonal scale and period of the stratospheric equa-
torial Kelvin wave observed by Wallace and Kousky
(1968).
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Fig. 5. Wavenumber-frequency distribution (wavenumber 1-50, period > 0.167 days) of the cospectral
density (107% m s™2 day) of the vertical flux of zonal momentum (—u'w’/p) at 0.10 mb (= 66.0 km)
over the equator during December 20-27 of the N90 SKYHI model (adapted from Hayashi et al.,
1989). Only 1-50 out of 0-150 wavenumber components are shown. Contour values: —2.0, —1.0,
-0.5, —0.1, 0.1, 0.2, 0.5, 1.0. Dark shade indicates absolute values greater than 1.0, while light shade

indicates absolute values less than 0.1.

Figure 3 is the same as Fig. 2 except for a higher
level at 30 mb. Figure 3a (SKYHI model), as well as
Fig. 2a, reveals the existence of higher wavenumber-
frequency components for eastward-moving periods.
It is seen that the typical frequency of these compo-
nents increases with wavenumber, qualitatively con-
sistent with the dispersion relation (see Fig. 4) of
the theoretical Kelvin mode. Recently, Maruyama
(1994) found a two-day Kelvin wave in the equato-
rial stratosphere. The high wavenumber-frequency
components at 30 mb are more pronounced than
those at 100 mb. The increase in these compo-
nents with height is consistent with the theoretical
Kelvin wave in that the high-frequency component
has a greater vertical group velocity (see Hayashi
1976, Fig. 5) and a more efficient upward prop-
agation than the low-frequency component. The
group velocity of Kelvin waves is roughly propor-
tional to frequency as well as phase velocity (see
Appendix A, Eq. A3b). Figure 3a also reveals a sub-
stantial westward-moving component at wavenum-

ber one and 15-30 days, which corresponds to ob-
served external Rossby waves (i.e., the so-called 16-
day wave, Madden 1978). The FGGE data (Fig.
3b) reveal more pronounced westward-moving than
eastward-moving components.

To examine the wavenumber-frequency distri-
bution over a much wider range, Fig. 5 shows
the wavenumber-frequency spectral distribution
(wavenumber 1-50, period > 0.167 days) for the
cospectral density of the vertical momentum flux at
0.10 mb over the equator, during the period Decem-
ber 20-27 of the N90 SKYHI model, making use
of hourly data (adapted from Hayashi et al., 1989;
Fig. 10b). It is seen that for wavenumbers greater
than 20, the eastward- and westward-moving com-
ponents of the vertical momentum flux have com-
parable magnitudes and opposite signs, being con-
sistent with eastward- and westward-moving gravity
waves. The net momentum flux due to these gravity
waves plays a more important role in SKYHI sim-
ulations of the semiannual oscillation (SAO) of the
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Fig. 6. Frequency-height distributions (wavenumber one) of the space-time power spectral density of the
zonal velocity averaged between 10°N-10°S for (a) the SKYHI model and (b) the FGGE data. Only

the eastward-moving components are shown. Contour values: 2, 5, 10, 20, 50, 100, and 200 (m2 S

day). Dark shade > 100, light shade < 20.

tropical middle atmosphere than that due to Kelvin
waves (Hamilton and Mahlman 1988). A careful in-
spection of Fig. 5 also reveals that, for wavenumbers
1-5 and periods longer than 2 days, the eastward-
moving component is associated with a larger mo-
mentum flux than the westward-moving component,
being consistent with the dominance of eastward-
moving Kelvin waves.

Figure 6 compares the frequency-height distri-
butions of the SKYHI (a) and FGGE (b) power
spectral density of wavenumber-one zonal velocities
averaged between 10°N-10°S. Only the eastward-

-2

moving components are shown. In the upper tro-
posphere (around 200 mb) of the SKYHI model,
spectral peaks are seen at periods of 40-50 and 25—
30 days, corresponding to observed and simulated
tropical 40-50- and 25-30-day oscillations (Hayashi
and Golder 1993). The 40-50-day peak is confined
to the troposphere, while the 25-30-day peak pene-
trates into the lower stratosphere. This contrast is
consistent with the vertical group velocity of theo-
retical Kelvin waves consisting of different vertical
modes, which increases with frequency for the same
wavenumber (see Appendix A, Eq. A3c).
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Fig. 7. As in Fig. 6, except for wavenumbers 3-5 and different shading. Contour values: 2, 5, 10, 20, 50,
100, 200, and 500 (m? s~2). Dark shade > 50, light shade < 10.

In the upper troposphere and lower stratosphere,
a 10-15-day peak can also be seen, which corre-
sponds to observed stratospheric Kelvin waves. At
higher levels, the wavenumber-one component ex-
hibits spectral peaks at shorter periods. These spec-
tral peaks correspond to upper-stratospheric and
mesospheric Kelvin waves observed by Hirota (1979)
and Salby et al. (1984) and simulated by the SK'YHI
model (Hayashi et al.,, 1984). In the FGGE data,
however, these peaks are not clearly seen, probably
owing to the coarse vertical resolution.

Figure 7 is the same as Fig. 6 except for
the wavenumber 3-5 components. As in the
wavenumber-one component, the dominant fre-

quency in the model is found to increase with height
(Fig. 7a). In contrast to the model results, the high-
frequency components in the stratosphere can not be
clearly seen in the FGGE data (Fig. 7b), due to the
coarse vertical resolution.

Since conventional spectral analyses of observed
tropical data are mostly based on station data,
Fig. 8 displays frequency-height distributions of the
SKYHI (a) and FGGE (b) time power-spectral den-
sity (averaged over 150°E-150°W and 5°N-5°S) of
the zonal velocity consisting of wavenumber 0-10
components. For both the SKYHI and FGGE re-
sults, the time spectral density values at 10-20-day
periods in the lower stratosphere are about 100-200
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Fig. 8. Frequency-height distributions of (a) the SKYHI and (b) the FGGE time power spectral densities
(averaged over 150°E~-150°W, 5°N-5°S) of the zonal velocity consisting of the wavenumber 0-10
components. Contour values: 50, 100, 200, 500, 1000, 2000, and 5000 (m? s72 day). Dark shade

> 200, light shade < 50.

(m/s)? day. These values are almost the same for
each year of the SKYHI data (not illustrated) and
are comparable to an observed value (Yanai and Mu-
rakami 1970a) based on station data at Canton Is-
land (2°S, 171°W). The amplitude calculated from
the time power-spectral density over the 10-20-day
period range is about 4 m/s, which is somewhat less
than the value quoted for a typical amplitude of the
observed Kelvin wave by Wallace (1973).

On the other hand, for both SKYHI and FGGE
(Figs. 6a, 6b), the space-time spectral density values
for wavenumber-one at periods of 10-20 days (east-
ward moving) in the lower stratosphere are only 20—
50 (m/s)? day, which is 4-5 times smaller than the
time spectral density. This discrepancy is due to the
presence of multiple-wavenumber components in the
time spectra. These components result from Kelvin
waves being localized, and substantially contribute

NII-Electronic Library Service



December 1994

Y. Hayashi and D.G. Golder

911

05
COHERENCE

(a)
8 U, WAVENUMBER=1, PERIOD=15.0 DAYS (EASTWARD), 10°N-10°$
| /
SKYHI
FGGE 1
i
5ot .
g | 1l
= i
= dor \./
g e R
30} ] -
i /‘ :’
20} T ’/”’
/
10F —__’,/ +
0.0 5 1o 1855967 0° o0° -iso*
AMPLITUDE PHASE DIFFERENCE
(b)
U, WAVENUMBER=3, PERIOD=2.5 DAYS (EASTWARD), 10°N-10°$
' 1
\ ¢
— \

907
PHASE

AMPLITUDE

Fig. 9.

0.0

05
COHERENCE

1.0

DIFFERENCE

(a) Vertical distributions of the space-time amplitude (normalized by the maximum SKYHI

value), phase difference, and coherence (wavenumber one, eastward-moving 15.0-day period) of the
zonal velocity averaged between 10°N-10°S for the SKYHI model (solid lines) and the FGGE data
(dashed lines). The reference level (16 km) for the phase difference and coherence is indicated by
open circles. (b) As in Fig. 9a except for the wavenumber three, eastward-moving 2.5-day period,

and reference level of 32 km.

to the time power spectra as is explained mathemat-
ically in Appendix B. The wavenumber-one space-
time spectra are similar to the time spectra con-
sisting of only the wavenumber-one component (not
illustrated).

b. Vertical structure

Figure 9a shows the vertical distributions of
space-time amplitude, phase difference, and coher-
ence of the wavenumber one, eastward-moving, 15-
day-period component of the zonal velocity, av-
eraged between 10°N-10°S for the SKYHI model
(solid lines) and the FGGE data (dashed lines). The
reference level for the phase difference and coherence
is located around 16 km. The amplitude reaches a

maximum around 25 km in the SKYHI distribution
and around 13 km for FGGE. The decrease of the
FGGE amplitude above 13 km is probably due to
the coarse vertical resolution. The SKYHI phase-
line tilts eastward with height from 5 to 50 km,
with a typical vertical wavelength of 15 km. Ow-
ing to the coarse vertical resolution above 25 km,
the FGGE data exhibit a similar phase tilt only be-
tween 5 and 25 km. The eastward tilt of Kelvin
waves with height theoretically implies an upward
transport of energy and momentum (Lindzen and
Matsuno, 1968). The low value of vertical coher-
ence at higher levels in the model is probably due to
the amplitude of the Kelvin wave being dominated
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WAVENUMBER 1, 10-20 DAY FILTER, SEPTEMBER
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Fig. 10. Longitude-latitude sections of the wavenumber-one component of frequency-filtered wind vec-
tors and geopotential height contours for (a) the SKYHI model at the 104-mb level and (b) the
FGGE data at the 100-mb level. The 10-20 day filtered data have been composited over one month
(September) along the longitude-time isoline of 31 m/s eastward phase velocity. The data have been
further modified to extract the equatorially symmetric component of the zonal velocity and geopo-
tential and the equatorially antisymmetric component of the meridional velocity. Shading indicates
positive contour values. The longitudes indicate only relative position. The latitudinal scale and the
meridional component have been enlarged by a factor of 2 relative to the longitudinal scale and the

zonal component, respectively.

by the eastward-moving component that is nonlin-
early produced by westward-moving external Rossby
waves as noted in Figs. 3a and 3b.

The structure of the simulated and observed
wavenumber-one component for shorter periods
(“fast Kelvin waves”) can be found in Hayashi et al.
(1984) and Salby et al. (1984), respectively. Figure
9b is the same as Fig. 9a except for the wavenumber-
three, eastward-moving 2.5-day-period component.
The reference level is around 32 km. The amplitude
is seen to increase with height in both the SKYHI
and FGGE distributions. The SKYHI phaselines
(solid lines) tilt eastward with height above 15 km,
with a typical vertical wavelength of 20 km. This
tilt can be detected, even above 50 km, in contrast
to the wavenumber-one component. This contrast
is due to the wavenumber-three component having a
greater penetration into the mesosphere and a larger
signal-to-noise ratio than the wavenumber-one com-
ponent. On the other hand, the FGGE phaseline

(dashed lines) exhibits an eastward tilt only below
20 km.

c. Horizontal structure

Figure 10 consists of longitude-latitude sections
near 100 mb of the wavenumber-one 10-20-day fil-
tered wind vectors and geopotential contours of (a)
the SKYHI model and (b) the FGGE data. (The
longitude marks denote only relative location). The
filtered data have been composited daily during the
month of September along the longitude-time isoline
of 31 m/s eastward phase velocity, corresponding to
wavenumber one and a 15-day period. September
was chosen for the compositing presented here, since
both the SKYHI and FGGE Kelvin-wave patterns
appear distinctly during this month. To enhance
Kelvin modes, the equatorially symmetric compo-
nent was extracted for the zonal velocity and geopo-
tential while the equatorially antisymmetric compo-
nent was extracted for the meridional velocity (see
Yanai and Murakami 1970b for the procedure of the
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POWER SPECTRA, SKYHI, 10°N-10°S
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Fig. 11. Wavenumber-frequency distributions of the space-time power spectral density of the equatorially
symmetric component of (a) the precipitational heating and (b) the 537-mb vertical pressure velocity
averaged over 10°N-10°S of the SKYHI model. Contour values: (a) 5, 10, 20, 50, 100, 200, and
500 (23.4 W? m™* day). Dark shade > 100, light shade < 20. (b) 5, 10, 20, 50, 100, 200, and 500
(10 Pa? s=2 day). Dark shade > 50, light shade < 20.

decomposition).

The SKYHI and FGGE patterns between 10°N—
10°S resemble the theoretical Kelvin mode (see
Matsuno 1966, Fig. 8), which is characterized by
geopotential height contours centered over the equa-
tor, wind vectors directed parallel to the equator,
and the zonal component varying with longitude in
phase with the geopotential height. The cause of the

considerable discrepancy between the SKYHI and
FGGE patterns at 10°-30° latitudes is unknown.
The wavenumber-three component with a 2-3 day
filter also exhibits the Kelvin-mode pattern between
10°N-10°S (not illustrated).

d. Precipitation and evaporation
Figure 11 displays the SKYHI wavenumber-
frequency distribution of the equatorially symmet-
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POWER SPECTRA, SKYHI, 10°N-10°S
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Fig. 12. Asin Fig. 11 except for (a) the evaporational heating and (b) the 973-mb zonal velocity. Contour
values: (a) 2, 5, 10, 20, 50, 100, 200, and 500 (2.34 W2 m~* day). Dark shade > 50, light shade
< 10. (b) 2, 5, 10, 20, 50, 100, 200, 500, and 1000 (0.01 m* s~? day). Dark shade > 50, light shade

< 20.

ric component of (a) precipitation and (b) the 537-
mb vertical pressure-velocity averaged over 10°N-—
10°S. The theoretical Kelvin mode is character-
ized by equatorially symmetric zonal and vertical
velocities. The frequency-spectral distributions of
precipitation and vertical velocity are roughly that
of red noise; that is, there is no distinct spec-
tral peak which would correspond to the eastward-
moving, wavenumber-one, 10-20-day Kelvin wave.

This result is consistent with previous analyses of an
11-level GFDL general circulation model (Hayashi
1974) and the N30 SKYHI model (Manzini and
Hamilton 1993). This conclusion is contrary to
wave-CISK theory (Hayashi 1970; Lindzen 1974)
which predicts that both convective heating and ver-
tical velocity have distinct periods in the absence of
random noise. This result also is contrary to the
maximum response of equatorial waves to random
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WAVENUMBER=1, PERIOD=15.0 DAYS (EASTWARD), 10°N-10°S
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Fig. 13. (a) Vertical distributions of the normalized space-time amplitude, phase difference, and co-
herence (wavenumber one, period 15 days, eastward moving) of the vertical pressure velocity (w,
solid lines) and convective-adjustment heating (Q, dashed lines) averaged between 10°N-10°S of the
SKYHI model. The phase difference and coherence are measured with reference to —w (open circles)
at 537 mb. (b) As in Fig. 13a except for the FGGE data. Convective heating is not available from

the FGGE dataset. The phase difference and c
circles) at 500 mb.

thermal forcing (Holton 1973; Hayashi 1976; Chang
1976; Itoh 1977) in which the vertical velocity forced
by random heating has a distinct periodicity. Pre-
cipitation is not available in the FGGE dataset.

Figure 12 shows the wavenumber-frequency distri-
bution (SKYHI model) of the symmetric component
of (a) evaporation and (b) the 973-mb zonal veloc-
ity averaged over 10°N-10°S. Neither the evapora-
tion nor the 973-mb zonal velocity exhibits a distinct
spectral peak at an eastward-moving period of 10-20
days, contrary to evaporation-wind feedback theory
(Neelin et al., 1987; Emanuel 1987) in which both
evaporation and winds should have a distinct period
if there is no background noise. Evaporation is not
available from the FGGE dataset.

Figure 13a shows the SKYHI vertical distribu-
tions (up to 20 km) of the normalized space-
time amplitude, phase difference, and coherence
(wavenumber one, eastward-moving 15.0-day pe-
riod) of the equatorially symmetric component of
vertical pressure-velocity (w) and convective heating
(Q) averaged between 10°N-10°S. The phase dif-
ference and coherence were measured with respect
to —w around 5 km. The maximum amplitudes of
Q and w are found to occur in the middle tropo-
sphere, contrary to traditional wave-CISK theory,
in which the heating maximum is prescribed in the

oherence are measured with reference to —w (open

upper troposphere to explain the observed 10-20-
day Kelvin waves. When the heating maximum is
prescribed in the middle troposphere, the period of
wave-CISK Kelvin waves lengthens to 25-30 days
(e.g., see Takahashi 1987) for a strong heating pa-
rameter. (For a weak parameter, the period can be
10-20 days, but the growth rate is zero.)

It is also seen that Q and —w are nearly in phase
in the troposphere, being consistent with wave-CISK
theory. However, this phase relationship is contrary
to random thermal-forcing theory (Holton 1973;
Hayashi 1976; Chang 1976; Itoh 1977; Salby and
Garcia 1987; Garcia and Salby 1987) which predicts
a quadrature-phase relationship, as pointed out by
Hayashi (1976). Both Q and w tilt westward with
height in the lower troposphere. A similar westward
tilt of w also occurs in the FGGE data (Fig. 13b).
Convective heating is, however, not available in the
FGGE dataset. The westward tilt of Q and w can
be found also in simulated intraseasonal oscillations
(Hayashi and Golder 1988, 1993). The phase tilt of
w probably results from boundary-layer convergence
and results in a phase lag between mid-tropospheric
convective heating and low-level convergence. The
vertical tilt of Q is contrary to both wave-CISK and
random thermal-forcing theories, which assume no
vertical phase variation in Q.
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Fig. 14. Wavenumber-frequency distributions of the space-time power spectral density of the meridional
velocity averaged over 10°N-10°S for (a) the SKYHI model at 104 mb and (b) the FGGE data at
100 mb. The contour values are 1, 2, 5, 10, 20, 50, 100, and 200 (0.1 m? s~2 day). Dark shade
indicates values greater than 20, light shade values less than 5.

4. Mixed Rossby-gravity waves

a. Wavenumber-frequency distributions

Figure 14 displays wavenumber-frequency distri-
butions near 100 mb of the space-time power spec-
tral density of (a) the SKYHI and (b) the FGGE
meridional velocities averaged over 10°N-10°S. The
SKYHI spectra are associated with stronger west-
ward than eastward moving components; the domi-
nant period increasing with wavenumber, consistent
with the dispersion relation (see Fig. 4) of the theo-
retical MRG mode. The FGGE spectra are also as-
sociated with stronger westward than eastward mov-

ing components, although the increase of the period
with wavenumber is not as clear as in the SKYHI
spectra. The FGGE spectral peak at wavenumber
4 and periods of 5-6 days, which corresponds to the
observed lower-stratospheric MRG wave (Yanai and
Maruyama 1966), has a magnitude comparable to
that of the SKYHI spectra.

At a higher level (47.9 mb), the low-wavenumber
and high-frequency components of the SKYHI
meridional wind spectra (Fig. 15a) are more pro-
nounced. This is consistent with low-wavenumber
and high-frequency components of theoretical MRG
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Fig. 15. Wavenumber-frequency distributions of the space-time power spectral density of the meridional
velocity averaged over 10°N-10°S for (a) the SKYHI model at 47.9 mb and (b) the FGGE data at
50.0 mb. Contour values: 1, 2, 5, 10, 20, and 50 (0.1 m? s~ 2 day). Dark shade > 10, light shade < 5.

waves that have a larger vertical group velocity
(see Hayashi 1976, Fig. 5) and a more efficient
upward energy propagation than high-wavenumber
and low-frequency components. In the correspond-
ing FGGE spectra (Fig. 15b, 50.0 mb), however, the
low-wavenumber components are not as pronounced
as in the SKYHI spectra. This is probably due to the
coarse vertical resolution of the FGGE data. The
SKYHI low-wavenumber components are consistent
with the upper-stratospheric MRG waves found by
Randel et al. (1990) in observed satellite tempera-
ture data.

At a lower level (781 mb), the SKYHI meridional-
wind spectra (Fig. 16a) exhibit a 4-6-day period

peak over wavenumbers 2-10, while the FGGE spec-
tra (Fig. 16b, 800 mb) show a somewhat weaker 4~
6-day period peak over wavenumbers 4-9. The sub-
stantial high-wavenumber components are consis-
tent with lower-tropospheric MRG waves found by
Liebmann and Hendon (1990) in the ECMWF data
(see also Dunkerton 1993). They are also consis-
tent with the dispersion relation of theoretical MRW
waves in the presence of a basic flow. Although the
period of the theoretical MRG mode increases with
wavenumber in the absence of a basic flow (see Fig.
4), it does not increase for high-wavenumber com-
ponents in the presence of low-level easterlies, owing
to an increase in the westward phase velocity (not
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Fig. 16. Wavenumber-frequecny distributions of the spece-time power spectral density of the meridional
velocity avereged over 10°N-10°S for (a) the SKYHI model at 781 mb and for (b) the FGGE data
at 800 mb. Contour values: 1, 2, 5, 10, 20, 50, and 100 (0.1 m? g2 day). Dark shade > 10, light

shade < 5.

shown).

Figure 17 compares frequency-height distribu-
tions of the power spectral density of wavenumber
3-5 meridional velocities averaged between 10°N-—
10°S for (a) the SKYHI model and (b) the FGGE
data. Only the westward-moving components are
shown. Both the SKYHI and FGGE spectra indi-
cate a decrease in the dominant westward-moving
periods from the upper troposphere to the strato-
sphere. This decrease is consistent with the vertical
group velocity of MRG waves consisting of differ-
ent vertical modes, which increases with decreasing
period for the same wavenumber. The FGGE spec-

tra above 10 mb are much weaker than the corre-
sponding SKYHI spectra, probably due to the coarse
vertical resolution of the FGGE data. The upper-
tropospheric spectra are consistent with the low-
frequency upper-tropospheric MRG waves found by
Randel (1992) in the ECMWF data.

Figure 18 is the same as Fig. 17, except for the
wavenumber 1-2 components. As in the wavenum-
ber 3-5 components, the SKYHI and FGGE spec-
tra exhibit a decrease in the dominant westward-
moving periods from the upper troposphere to the
stratosphere. The FGGE wavenumber 1-2 spectra
above 10 mb are much weaker than the correspond-
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SPACE-TIME POWER SPECTRA ( v), WAVENUMBER 3-5, 10°N-10°S
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Fig. 17. Frequency-height distributions (wevenumber 3-5) of the space-time power spectral density of
the meridional velocity averaged between 10°N-10°S for (a) the SKYHI model and (b) the FGGE
data. Only the westward-moving components are shown. Contour values: 2, 5, 10, 20, and 50 (m2 s72

day). Dark shade > 10, light shade < 2.

ing SKYHI spectra.

To compare the present results with conventional
spectral analyses based on station data, Fig. 19
presents the frequency-height distributions of the
(a) SKYHI and (b) FGGE time power spectral den-
sity (averaged over 150°E-150°W, 5°N-5°S) of the
meridional velocity consisting of the wavenumber 0-
10 components. For both the SKYHI and FGGE
results, the time spectral density values over 4-5-
day periods are 20-50 (m/s)? day. These values are
almost the same for each year of the SKYHI data
(not illustrated) and are comparable to an observed
value (Yanai and Murakami 1970a)} based on station

data at Canton Island (2°S, 171°W). The amplitude
calculated from the time spectral density over the 4—
5-day period range is about 2 m/s, which is close to
the value quoted for a typical amplitude of observed
MRG waves by Wallace (1973). In contrast, for both
the SKYHI and FGGE results (Fig. 17a, 17b), the
space-time spectral density values over wavenum-
bers 3-5 and westward-moving periods of 4-5 days
in the lower stratosphere are 2-5 (m/s)? day, being
one order of magnitude smaller than the time spec-
tral density. This discrepancy is due to the pres-
ence of multiple-wavenumber components (0-10) in
the time spectra. The wavenumber-four space-time
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Fig. 18. As in Fig. 17 except for the wavenumber 1-2 components. Contour values: 1, 2, 5, 10, 20, 50,
and 100 (m? s~2 day). Dark shade > 5, light shade < 1.

power spectra appear similar to the time power spec-
tra of the wavenumber-four component (not shown).
The multiple-wavenumber components result from
the amplitude of MRG waves being localized, as was
found in simulated (Hayashi 1974, Fig. 15) and ob-
served (Hendon and Liebmann 1991) MRG waves.

b. Vertical structure

Figure 20a shows the vertical distributions of the
space-time amplitude, phase difference, and coher-
ence of the wavenumber four, westward-moving, 5.0-
day period component of the meridional velocity av-
eraged between 10°N-10°S for the SKYHI model
(solid lines) and the FGGE data (dashed lines). The
reference level for the phase difference and coherence

is located around 16 km. The SKYHI amplitude has
a relative maximum between 10-20 km, exhibits a
slight decrease and then increases with height. The
SKYHI phaseline tilts westward with height from 15
to 25 km, with a vertical wavelength of 5 km. On
the other hand, the FGGE amplitude is largest at
10 km and dereases with height in the stratosphere.
The FGGE phaseline does not exhibit a tilt similar
to that of the SKYHI phaseline except between 20—
25 km. The discrepancies between the SKYHI and
FGGE results in the stratosphere are probably due
to the coarse vertical resolution of the FGGE data.
The westward tilt of MRG waves theoretically im-
plies an upward transport of energy and westerly
momentum Lindzen and Matsuno (1968). The lack
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Fig. 19. Frequency-height distributions of (a) the SKYHI and (b) FGGE time power spectral density
(averaged over 150°E-150°W, 5°N-5°S) of the meridional velocity consisting of the wavenumber 0-10
components. Contour values: 10, 20, 50, 100, 200, and 500 (m2 s7? day). Dark shade > 50, light

shade < 20.

of vertical tilt and the low value of vertical coher-
ence above 30 km, in both the model and FGGE
data, suggest that the upward propagation of the
wavenumber-four MRG wave is not very efficient.
Figure 20b is the same as Fig. 20a except for the
wavenumber-one, westward-moving 3.0-day-period
component, with the reference level located around
21 km. The SKYHI amplitude increases with height
from 5 to 40 km, while the FGGE amplitude in-
creases from 0 to 20 km. The SKYHI phaselines
tilt westward with height above 15 km, with a typ-
ical vertical wavelength of 10 km. In contrast to
the wavenumber-four component, this tilt can be de-
tected with high coherence even above 30 km. The

FGGE phaseline does not exhibit a similar tilt and
is associated with low vertical coherence, probably
owing to the coarse vertical resolution of the FGGE
data.

c. Horizontal structure

Figure 21 consists of longitude-latitude sections
near 50 mb of the wavenumber-one 2—4-day filtered
wind vectors and geopotential-height contours of (a)
the SKYHI model and (b) the FGGE data. The fil-
tered data have been composited daily during the
month of February along the longitude-time isoline
of 155 m/s westward phase velocity corresponding to
wavenumber one and a period of 3.0 days. Febru-
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Fig. 20. Vertical distributions of the space-time amplitude (normalized by the maximum SKYHI value),
phase difference, and coherence (wavenumber four, period 5.0 days, westward moving) of the merid-
ional velocity averaged between 10°N-10°S for the SKYHI model (solid lines) and the FGGE data
(dashed lines). The reference level (16 km) for the phase difference and coherence is indicated by
the open circles. (b) As in Fig. 20a except for the wavenumber-one, westward-moving 3.0-day period

and reference level at 21 km.

ary was chosen for the compositing presented here,
since both the SKYHI and FGGE MRG wave pat-
terns appear very distinctly during this month. In
order to enhance the MRG mode, the equatorially
symmetric component was extracted for the merid-
ional velocity while the equatorially antisymmetric
component was extracted for the zonal velocity and
geopotential height (see Yanai and Murakami 1970b
for the procedure of the decomposition).

The SKYHI wave pattern between 20°N-20°S re-
sembles the theoretical MRG mode (see Matsuno
1966, Fig. 5b), which is characterized by vortices
centered over the equator and a pair of closed con-
tours of high and low geopotential heights strad-
dling the equator. The FGGE pattern exhibits a

similar feature except that the MRG wave pattern
is confined between 10°N-10°S and that the geopo-
tential height exhibits a considerable meridional tilt.
The cause of the discrepancies is not known. The
wavenumber-four component with a 4-6-day filter
for both the SKYHI and FGGE data also exhibits
the MRG mode pattern (not illustrated).

d. Precipitation and evaporation

Figure 22 displays the SKYHI wavenumber-
frequency distributions of the equatorially antisym-
metric component (see Appendix A) of (a) precipi-
tation and (b) the 537-mb vertical pressure-velocity
averaged over 10°N-10°S. Theoretical MRG modes
are characterized by symmetric meridional velocity
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WAVENUMBER 1, 2-4 DAY FILTER, FEBRUARY
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Fig. 21. Longitude-latitude sections of the wavenumber-one component of frequency-filtered wind vectors
and geopotential height contours for (a) the SKYHI model at the 48-mb level and (b) the FGGE data
at the 50-mb level. The 4-6 day filtered data have been composited over one month (February) along
the longitude-time isoline of 155 m/s westward phase velocity. The data have been further modified
to extract the equatorially antisymmetric component of the zonal velocity and geopotential and the
equatorially symmetric component of the meriodional valocity. Shading indicates positive contour
values. The longitudes indicate only relative position. The latitudinal scale and the meridional
component have been enlarged by a factor of 2 relative to the longitudinal scale and the zonal

component, respectively.

and antisymmetric vertical velocity. As in the sym-
metric component (Fig. 11), the frequency-spectral
distributions are roughly that of red noise; that is,
no distinct spectral peak appears, which would cor-
respond to the westward-moving wavenumbers 3-5
and 4-5-day period stratospheric MRG wave. This
result is contrary to wave-CISK theory in which
both convective heating and vertical velocity have
distinct periods. It is also contrary to random
thermal-forcing theory, in which the vertical velocity
forced by random heating has a distinct periodiciy.

Figure 23 displays the SKYHI wavenumber-
frequency distributions (antisymmetric component)
of (a) evaporation and (b) the 973-mb zonal velocity
averaged over 10°N-10°S. The amplitudes of these
variables are confined to lower wavenumbers, in con-
trast to the precipitation and vertical-velocity am-
plitudes. Neither the evaporation nor the 973-mb
zonal velocity exhibits a distinct spectral peak at
westward-moving 4-5-day periods, contrary to an

evaporation-wind feedback theory for MRG waves
(Goswami and Goswami 1991).

Figure 24a shows the SKYHI vertical distribu-
tions (up to 20 km) of the normalized space-
time amplitude, phase difference, and coherence
(wavenumber four, westward-moving period of 5.0
days) of the equatorially antisymmetric component
of vertical pressure-velocity (w), and convective-
adjustment heating (Q) averaged over 10°N-10°S.
The phase difference and coherence were measured
with reference to —w at a height near 5 km. The
maximum amplitudes of Q and w are found in the
middle troposphere, contrary to traditional wave-
CISK theory in which the heating maximum is pre-
scribed in the upper troposphere to explain the ob-
served 4-5 day MRG waves. When the heating max-
imum occurs in the middle troposphere, the period
of wave-CISK MRG waves should become longer
than that observed. The phase difference between
Q and —w is small, consistent with wave-CISK the-
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POWER SPECTRA, SKYHI, 10°N-10°S
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Fig. 22. Wavenumber-frequency distributions of the space-time power spectral density of the antisym-
metric component of the SKYHI-model (a) precipitational heating and (b) 537-mb vertical pressure

velocity averaged over 10°N-10°S. Contour values for (a): 5, 10, 20, and 50 (23.4 W?

m™* day); dark

shade > 100, light shade < 20. Contour values for (b): 5, 10, 20, 50, 100, 200, and 500 (10 PaZ s~2

day); dark shade > 50, light shade < 20.

ory, but contrary to random thermal forcing the-
ory which predicts a quadrature-phase relationship.
Both Q and w exhibit a slight eastward tilt in the
lower troposphere, with a phase variation of nearly
45 degrees between the 0- and the 5-km level. The
eastward tilt of w can also be found in the FGGE
data (Fig. 24b). The eastward tilt of w is probably
due to the effect of boundary-layer convergence and

results in a phase lag between the mid-tropospheric
convective heating and the low-level convergence.
The vertical tilt of Q is contrary to both wave-CISK
and random thermal-forcing theories which assume
no vertical phase variation in Q.
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POWER SPECTRA, SKYHI, 10°N-10°S
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Fig. 23. As in Fig. 22 except for (a) evaporational heating and (b) 973-mb zonal velocity. Contour values
for (a): 2, 5, 10, 20, 50, 100, 200, and 500 (2.34 W2 m~* day); dark shade > 50, light shade < 10.
Contour values for (b): 2, 5, 10, 20, 50, 100, 200, 500, and 1000 (0.01 m? s~2 day); dark shade > 50,

light shade < 20.

5. Conclusions and implications

To evaluate simulations and theories of equatorial
Kelvin and mixed Rossby-gravity (MRG) waves and
to gain insight into their generation mechanism and
role in the quasi-biennial oscillation (QBO), space-
time spectral analyses were performed on three
years of output data from the GFDL “SKYHI”
general circulation model and on the GFDL four-
dimensional dataset for the FGGE year. The follow-

ing conclusions have been obtained with respect to
the wavenumber-frequency spectral distribution and
structure of the waves, and the associated SKYHI
precipitation and evaporation:

1) The SKYHI and FGGE Kelvin waves are
dominated by an eastward-moving, wavenumber-
one, 10-20-day period component in the lower
stratosphere. ~They are accompanied by higher
wavenumber-frequency components, which can be
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Fig. 24. (a) Vertical distributions of the SKYHI-model normalized space-time amplitude, phase dif-
ference, and coherence (wavenumber four, period 5.0 days, westward moving) of the equatorially
antisymmetric component of vertical pressure-velocity (w, solid lines) and convective heating (Q,
dashed lines) averaged between 10°N-10°S. The phase difference and coherence are measured with
reference to —w (open circles) at 537 mb. (b) As in Fig. 24a except for the FGGE data. Convective
heating is not available from the FGGE dataset. The phase difference and coherence are measured

with reference to —w (open cirdes) at 500 mb.

detected more clearly in the upper stratosphere than
in the lower stratosphere. This is consistent with
the high-frequency Kelvin mode which has a greater
vertical group velocity and a more efficient upward
energy propagation than the low-frequency Kelvin
mode.

2) The SKYHI and FGGE MRG waves are dom-
inated by a westward-moving, wavenumber 3-5, 4-
6-day period component in the lower stratosphere,
and are dominated by smaller wavenumbers (1-2)
and shorter periods (2-4 days) in the upper strato-
sphere. This is consistent with the high-frequency
MRG mode which has a greater vertical group veloc-
ity and a more efficient upward energy propagation
than the low-frequency MRG mode.

3) The space-time amplitudes of SKYHI Kelvin
and MRG waves are comparable to those found
in the FGGE data. The time amplitudes of
SKYHI/FGGE Kelvin and MRG waves are much
greater than the space-time amplitudes and are com-
parable to time amplitudes estimated from observed
(non-FGGE) station data.

4) The SKYHI precipitation and evaporation do
not exhibit distinct wavenumber-frequency spec-
tral peaks which would correspond to Kelvin and
MRG waves, being consistent with random thermal-
forcing theory, but contrary to wave-CISK and

evaporation-wind feedback theories. The SKYHI
tropospheric convective heating and vertical veloc-
ity corresponding to Kelvin and MRG wavenumber-
periods are nearly in phase, being consistent with
wave-CISK and evaporation-wind feedback theories,
but contrary to random-forcing theory.

On the basis of the above results, the authors
propose a unified wave-generation mechanism which
combines instability and random-forcing theories.
This mechanism consists of the following processes:
1) Kelvin, MRG, and gravity waves are weakly un-
stable waves, while tropical intraseasonal oscilla-
tions are strongly unstable waves. These unstable
waves result from the coupling between waves and
convection.

2) Kelvin, MRG, and gravity waves are intermit-
tently triggered by random convective heating, while
tropical intraseasonal oscillations grow essentially
through evaporation-wind feedback instability.

3) MRG and gravity waves can also be triggered by
extratropical disturbances.

In the present model, moist convective adjust-
ment could couple waves and convection through
“prognostic” adjustment which continually adjusts
temperature and moisture changes primarily due
to adiabatic cooling, moisture convergence, and

evaporation. On the other hand, moist convec-
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Fig. 25. Longitude-time distributions of the daily accumulated precipitational heating at the equator,
simulated by (a) N30 and (b) N90 SKYHI models. Contour values: 0.5, 1, 2, 4, 6, 8, 10, and 12

(485 W m~2).

tive adjustment could also trigger random pulses
of convective heating through “diagnostic” adjust-
ment which abruptly neutralizes, upon intermittent
supersaturation, any pre-existing conditionally un-
stable stratification (i.e., the “saturation-triggering
mechanism”). Random thermal-forcing theories
lack the coupling between waves and convection,
while instability theories lack the triggering process.
The proposed mechanism is currently being investi-
gated both numerically and theoretically.

To gain an insight into the heating due to convec-

tive adjustment, Fig. 25 shows longitude-time distri-
butions of the daily accumulated precipitation at the
equator during June, simulated by the (a) N30 and
(b) N90 SKYHI models with 3° x 3.6° and 1 x 1.2
latitude-longitude resolutions, respectively. It can
be seen that grid-size pulses of precipitation appear
intermittently. These pulses are triggered through
diagnostic adjustment and magnified through prog-
nostic adjustment. The width of the N90 pulses is
smaller than that of the N30 pulses, while the in-
tensity, density, and frequency of the N90 pulses
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Fig. 26. (a) Longitude-time distribution at the equator of N90 convective heating sampled every three
hours at the 530-mb level over the limited longitiude-time span (90°E to 90°W and the period June
6-16), which is the rectangular subdomain displayed in Fig. 25b. Contour values 0.01, 0.02, 0.05, 0.1,
0.2, 0.5, 1, 2, 5, and 10 (100 K/day). (b) As in Fig. 26a except for 530-mb vertical pressure-velocity
(contours are drawn only for upward velocity). Contour values 0.1, 0.2, 0.5, 1, 2, 5, and 10 (mb/s). (c)
As in Fig. 26b except for the 102-mb vertical pressure-velocity (contours are drawn only for upward
velocity). Contours 0.1, 0.2, 0.5, 1, 2, 5, and 10 (0.1 mb/s).
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are greater than those of the N30 pulses. As in- gravity waves are composed of both eastward- and

dicated by arrows, groups of these pulses exhibit a
slow (5-10 m/s) eastward propagation, correspond-
ing to observed superclusters having a half wave-
length of 2000-4000 km (Nakazawa 1988; Hayashi
and Nakazawa 1989).

To examine the pulses of convective heating in
more detail, Fig. 26a shows the longitude-time dis-
tribution of the N90 SKYHI equatorial convective
heating at 530 mb over the limited longitude-time
span (90°E to 90°W, and the period June 6-16),
which corresponds to the rectangular subdomain
displayed in Fig. 25b. The individual pulses appear
to propagate westward rather than eastward around
the 180° longitude, where the superclusters are seen
to propagate eastward. However, these pulses ap-
pear stationary around 100°E, where the eastward-
moving superclusters are not clearly seen. These
pulses could crudely represent mesoscale (100 km)
cloud clusters which are observed (Nakazawa 1988)
to propagate westward. Recently, Takayabu (1994a,
b) suggested observationally that westward-moving
cloud clusters are due to westward-moving gravity
waves.

Figure 26b is the same as Fig. 26a except for
the vertical pressure velocity (contours are drawn
only for upward velocity). The 530-mb vertical
velocity has a major supercluster component con-
sisting of grid-size pulses of upward vertical veloc-
ity. In addition, the vertical velocity has a minor
gravity-wave component consisting of both upward
(shown) and downward (not shown) velocites. These

westward-moving components, which are probably
triggered by the convective-heating pulses. Figure
26c is the same as Fig. 26b except for the 102-mb
level. In contrast to the 530-mb level, the 102-
mb vertical velocity has a major gravity-wave com-
ponent, indicating that this component propagates
upward more efficiently than the supercluster-scale
component.

The present study has demonstrated that the
Kelvin and MRG waves simulated by the SKYHI
model have realistic amplitudes, while the N30
SKYHI model simulates an unrealistically weak
stratospheric QBO (Hamilton et al., 1994), the am-
plitude being about 10 % of the observed value (20—
30 m/s). A realistic QBO is not simulated, however,
even with greatly enhanced vertical resolution and
a more accurate vertical convergence of eddy mo-
mentum flux (Hamilton and Yuan 1992). Accord-
ing to the results of a three-dimensional mechanistic
model (Takahashi and Boville 1992), the amplitudes
of Kelvin and MRG waves must be unrealistically
large in order for the model to adequately produce
the QBO.

In view of the above difficulties, the authors spec-
ulate that the QBO is primarily produced by grav-
ity waves which are intermittently triggered by ran-
dom pulses of convective heating. Small-scale grav-
ity waves and grid-size convective heating are prob-
able not adequately produced by the present SKYHI
model, owing to the insufficient horizontal resolution
of the model.
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- According to Hayashi et al. (1989), the tropical
gravity-wave momentum flux increased by a factor
of two, when the horizontal resolution of the SKYHI
model was increased from N30 to N90. In contrast,
the tropical gravity-wave kinetic energy did not in-
crease with horizontal resolution. This is probably
due to the effect of the earth’s rotation on the par-
tition between the rotational and divergent winds of
rotational gravity waves. In contrast to the gravity-
wave momentum flux, the kinetic energy of gravity
waves simulated by the N30 SKYHI model is com-
parable to that found in observed tropical and ex-
tratropical station data (Hamilton 1993).

It has been observationally suggested (Carter and
Balsley 1982; Fritts 1984) that the kinetic energy
spectra of simulated gravity waves follow an approx-
imate —5/3 distribution over frequencies greater
than 1/day. The N90 SKYHI model exhibits such
an approximate —5/3 distribution of kinetic en-
ergy over wavenumbers greater than around 50 (see
Hamilton 1993, Fig. 5). The lower limit for the
horizontal wavelength of theoretical internal gravity
waves with a phase speed of 30 m/s is about 10 km
(see Jones 1969). This wavelength corresponds to
wavenumber 4000 which could be resolved by an
N2400 resolution model. Theoretically, the —5/3
distribution in the kinetic energy of gravity waves
corresponds to a —2/3 distribution in the vertical
momentum flux (see Hamilton 1993, p. 170).

When the kinetic energy is assumed to be constant
over wavenumbers 1-50 and then decreases with a
—5/3 distribution, the energy is expected to increase
by a factor of only 2.5 from N30 to N2400, 2.4 from
N30 to N900, and 1.8 from N30 to N90. In contrast,
when vertical momentum flux is assumed to be con-
stant over wavenumber 1-50 and then decreases with
a —2/3 distribution, the flux is expected to increase
by a factor of as much as 11 from N30 to N2400, 7.5
from N30 to N900, and 2.4 from N30 to N90. It is
unknown whether the QBO amplitude will increase
by a factor of nearly two when the model resolution
is increased from N30 to N90, since the N90 model
has not been integrated for a sufficiently long pe-
riod. The expected increase should be examined by
extending the integration of the N90 model in order
to test the hypothesis that gravity waves primarily
force the QBO.

The SKYHI model also simulates a realistic
stratopause semiannual oscillation (SAO) and an
unrealistically weak mesopause SAO (Mahlman and
Umscheid 1984). The westerly phase of the SAO
simulated by the SKYHI model is primarily pro-
duced by the vertical momentum flux associated
with gravity waves explicitly simulated by the model
(Hamilton and Mahlman 1988). This result is con-
sistent with the observed estimate (Hitchman and
Leovy 1988) of the mean flow forcing due to Kelvin
waves, which is too weak to account for the SAO.

Vol. 72, No. 6

On the other hand, the NCAR community model
(CCM2) simulates an SAO having unrealistically
weak westerlies (Sassi et al., 1993). This deficiency
is probably due to the fact that the gravity waves
simulated in the CCM2 model are much weaker than
the simulated Kelvin waves. The weak gravity-wave
amplitudes may be due to the absence of the “above-
proposed” saturation-triggering mechanism in the
simple mass-flux convective parameterization em-
ployed in the CCM2 model.

The realistic amplitude of the SKYHI stratopause
SAOQ in spite of presumably weak gravity waves is
probably due to the following mechanisms. First,
the phase speed of the gravity waves that produce
the SKYHI SAO is about 55 m/s (Hamilton and
Mahlman 1988), being faster than that (30 m/s) of
the gravity waves which would produce the QBO.
Fast gravity waves have a fast vertical group ve-
locity and their vertical momentum flux decays
slowly with height, thereby penetrating through the
stratopause. Since the zonal momentum is much
weaker in the mesosphere than in the stratosphere
due to the lesser density, a weak momentum conver-
gence is sufficient to produce a strong SAO. Second,
high-wavenumber fast gravity waves, which presum-
ably exist in the real atmosphere, do not efficiently
deposit momentum to contribute to the stratopause
SAOQ, since the vertical group velocity of fast gravity
waves increases with horizontal wavenumber.

The weakness of the SKYHI mesopause SAO
may be due to the absence of the high-wavenumber
components of fast gravity waves, which propagate
more efficiently to the mesopause than the low-
wavenumber components. The weakness may also
be due to the effect of the upper boundary condi-
tion imposed near the mesopause (see Hamilton and
Mahlman 1988 for a discussion of several other pos-
sible causes).

The weakness of the SKYHI QBO may be due
to the absence of the high-wavenumber components
of slow gravity waves. In contrast to fast gravity
waves, the vertical group velocity of slow gravity
waves may not substantially increase with horizon-
tal wavenumber. This is because the vertical group
velocity of gravty waves is not only proportional to
the horizontal wavenumber, but also to the relative
phase velocity (¢ — U) squared (Appendix A, Eq.
A3a), which vanishes at the critical level. Thus,
even for high wavenumbers, slow gravity waves can
efficiently deposit momentum near the critical level
in the lower stratosphere to produce a strong QBO.

The effect of gravity waves, in addition to fast
Kelvin waves, was incorporated in several mechanis-
tic models of the SAO (e.g., Dunkerton 1982; Taka-
hashi 1984). However, the gravity waves were repre-
sented by a single-wavenumber component which is
comparable to or even weaker than the fast Kelvin
waves. The mechanistic models should be modified
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in such a way that both the QBO and SAO are pro-
duced by multiple-wavenumber gravity waves, even
without the inclusion of Kelvin and MRG waves.
Recently, Held et al. (1993) demonstrated that
a strong “QBO-like” oscillation with a period of
about 60 days is produced by gravity waves gen-
erated in a two-dimensional idealized model with an
explicit scheme of moist convection. On the other
hand, Takahashi (1993), and Takahashi and Shio-
bara (1994) demonstrated that strong “QBO-like”
oscillations with periods of about 60 days and 400
days are produced in two- and three-dimensional
idealized models, respectively, by gravity waves gen-
erated in the presence of moist convective adjust-
ment. In the realistic SKYHI model, however, such
unrealistic “QBO-like” oscillations are somehow pre-
vented from occurring, while a weak QBO emerges.
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Appendix

A : Vertical group velocity

The dispersion relation for Kelvin waves and two-
dimensional irrotational internal gravity waves in an
isothermal atmosphere with a constant basic flow is
given by

(6 —kU) x %2 = (N x %2 k x %2)
/ (m**2 + k% %2 + s x x2), (Ala)

or equivalently
m*%2 = [N*%x2/(c—U)**2] —k**2— sx%2.(A1Db)

Here 6 is the wave frequency, while k£ and m are the
zonal and vertical wavenumbers, respectively. N is
the buoyancy frequency, while s is defined as 1/(2H)
where H is the scale height. U is the constant basic
flow, while ¢ is the absolute phase velocity given by
6/k.

The vertical group velocity Cy is derived (e.g.,
see Hayashi 1976) by taking the derivative of 6 with
respect to m as

Cy = Nkm
/ [(m* %2+ k % %2 4+ s % x2) x x(3/2)], (A2a)
= [k(c —U) * *3/N x x2][N * %2/(c — U) * *2
— kxx2 — 5% x2] x %(1/2), (A2b)
where (Ala) and (Alb) have been used to derive
(A2Db) from (A2a).
The C, determined by (A2b) is graphically illus-

trated as a function of k, 6, and ¢—U in Jones (1969,
Fig. 1)
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For either small relative phase velocity (¢ — U) or
small values of k and s, (A2b) can be approximated
as

Cy = k(c—U) x*2/N % %2, (A3a)
= (6 —kU)(c—U)/N % *2, (A3Db)
= [(6 — kU) * x2/k]/N * 2. (A3c)

B : Time spectra of multi-wavenumber
components

This appendix proves that even when the space-
time power spectrum of minor wavenumber compo-
nents is negligible compared with that of the major
wavenumber component, the time power spectra of
the multiple-wavenumber components can be much
larger than that of the major wavenumber compo-
nent.

As a simple example, the space-time series W (z,t)
is assumed to consist of two traveling wave compo-
nents having the same frequency 6 and two different
wavenumbers k1 and k2 as

W = Alcos(klz + 6t) + A2cos(k2z + 6t). (B1)

The space-time power spectra P1 and P2 of these
components can be calculated as the space-time
variance of each component, resulting in

Pl = A1 x%2/2, (B2)
and
P2 = A2 % x2/2. (B3)

On the other hand, the time power spectrum P of
the series W can be calculated as the time variance
of the sum of the two components, resulting in a
function of x as

P = (Al%x2+ A2x%2)/2+ A1 A2 cos(k1—k2)z,(B4)

with its maximum and minimum values Pmaxz and
Pmin given by

Pmaz = (Al + A2) x x2/2, (B5)
and
Pmin = (A1 — A2) % %2/2. (B6)

When the space-time ampltudes are A1 = 1.0 and
A2 = 0.4, the respective space-time power spec-
tra have values of P1 = 0.5 and P2 = 0.08, the
ratio being P2/P1 = 0.16. This means that the
space-time power spectrum of the minor component
is negligible compared with that of the major com-
ponent. On the other hand, the maximum value
(Pmaz) of the time power spectra is 0.98, the ratio
(Pmax/P1) being equal to 1.96. This means that
the time power spectrum (Pmax) consisting of the
two components can be twice as large as the space-
time power spectrum (P1) of the major component,
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whereas the time spectrum of the major component
alone equals the space-time power spectrum. The
ratio between the time power spectrum of the sum of
all components and the space-time power spectrum
of the major component increases as the number of
minor components increases.
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