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ABSTRACT

To examine several mechanisms for the generation of low- and high-frequency tropical waves, numerical
experiments are conducted using an idealized nine-level R21 spectral model with the original scheme of moist
convective adjustment (MCA). The model prescribes globally uniform, time-independent distributions of sea
surface temperatures and insolation, thereby excluding stationary waves and extratropical baroclinic waves. The
idealized model, however, still produces tropical intraseasonal oscillations, superclusters, Kelvin waves, and
mixed Rosshy—gravity waves.

When eliminating the wind fluctuations in the parameterized surface fluxes of latent and sensible heat, the
intraseasonal oscillations are profoundly weakened while other waves are not substantially weakened. Subse-
quently, the MCA scheme is modified to neutralize any conditionally unstable stratification that would otherwise
develop during periods of nonsaturation. This modification suppresses the part of the MCA process that neu-
tralizes, upon saturation, any preexisting unstable stratification. In spite of the presence of moisture convergence,
all tropical transient waves then disappear, in contrast to the wave-CISK (conditional instability of the second
kind) mechanism.

The above results are consistent with the united mechanisms proposed as follows. Intraseasonal oscillations
are maintained primarily through the evaporation—wind feedback mechanism. Other waves are maintained pri-
marily through the ** saturation-triggering mechanism’ and/or the lateral-triggering mechanism. The saturation-
triggering mechanism hypothesizes that transient waves can be triggered by the intermittent onset of nonequi-

librium moist convection, upon saturation, to neutralize any preexisting unstable stratification.

1. Introduction

Tropical transient disturbances consist of periodic,
quasi periodic, and nonperiodic oscillations. Periodic os-
cillations consist of diurnal and annual cyclesalong with
their higher harmonics. Examples of tropospheric quasi-
periodic oscillations are the 4-5-day easterly wave
(Riehl 1954), the 40-50 day tropical intraseasonal os-
cillation (T10) (Madden and Julian 1971, 1972), and
the 25-30 day TIO (Hayashi and Golder 1986, 1988,
1993). Among the nonperiodic waves are superclusters
(Nakazawa 1988; Hayashi and Nakazawa 1989), cloud
clusters, and gravity waves, having a wide wavenumber—
frequency range. Examples of stratospheric quasiperiodic
oscillations are the 4-5-day mixed Rossby—gravity
(MRG) wave (Yanai and Maruyama 1966) and the 10—
20-day Kelvin wave (Wallace and Kousky 1968). In the
present paper, theterm *“MRG waves”’ refersto vertically
propagating MRG waves that extend from the tropo-
sphere to the stratosphere, not the tropospherically con-
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fined MRG waves (e.g., Hendon and Liebman 1991; Ran-
del 1992). Reviews of observed tropical transient waves
have been presented by Wallace (1971, 1973), Yanai
(1975), and Madden and Julian (1994).

Since the initiation of basic equatorial-wave theory
(e.g., Matsuno 1966; Lindzen 1967; Lindzen and Mat-
suno 1968), a number of theories have been proposed
to explain tropical stratospheric and tropospheric tran-
sient waves. Most of the existing theories, except those
for easterly waves, can be classified as follows:

1) Lateral-forcing theory, which studies the response
of tropical waves to prescribed lateral forcing.

(@) Periodic lateral forcing (e.g., Charney 1969;
Bennet and Young 1971; Wilson and Mak
1984; Zhang and Webster 1989, 1992; Zhang
1993).

(b) Random lateral forcing (e.g., Mak 1969; Hay-
ashi 1976; Itoh 1978).

2) Thermal-forcing theory, which studies the response
of tropical waves to prescribed thermal forcing.

(@) Periodic thermal forcing (e.g., Holton 1972;
Yamagata and Hayashi 1984; Hayashi and Mi-
yahara 1987; Webster and Chang 1988; Itoh
and Nishi 1990; Itoh 1994; Hendon and Salby
1996).
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(b) Random thermal forcing (e.g., Holton 1973;
Hayashi 1976; Chang 1976; Itoh 1977).

(c) Episodic thermal forcing (Salby and Garcia

1987; Garcia and Salby 1987; Horinouchi and

Yoden 1996).

Impulsive thermal forcing (Bretherton and

Smolarkiewicz 1989; Nicholls et al. 1991,

Pandya et al. 1993; Bretherton 1993; Mapes

1993).

3) Wave-instability theory, which studiestheinstability
of tropical waves coupled with moist convection,
condensation, and evaporation.

(a8) High-frequency wave-CISK (conditional in-
stability of the second kind) (e.g., Yamasaki
1969; Hayashi 1970; Lindzen 1974; Kuo
1975; Steven and Lindzen 1978; Davis 1979).
Low-frequency wave-CISK (e.g.,, Lau and
Peng 1987; Miyahara 1987; Takahashi 1987;
Yamagata 1987; Chang and Lim 1988; Wang
1988; Hendon 1988; Itoh 1989; Lau et al.
1989; Davey 1989; Lim et al. 1990; Y oshizaki
1991; Dunkerton and Crum 1991; Crum and
Dunkerton 1992, 1994; Frederiksen and Fred-
eriksen 1993; Blade and Hartmann 1993; Cho
1994; Wang and Li 1994; Salby et al. 1994;
Xie 1994; Lau and Wu 1994).

(c) Evaporation—wind feedback instability (e.g.,
Neelin et al. 1987; Emanuel 1987, 1993; Yano
and Emanuel 1991; Goswami and Goswami
1991, 1996; Xie et a. 1993a,b; Neelin and Yu
1994; Yu and Neelin 1994).

(d)

(b)

A brief review of the above theories can be found in
Hayashi and Golder (1993). In particular, wave-CISK
theory has been critically evaluated by Emanuel et al.
(1994) and Chao (1995). This instability is crucially
dependent on the wave-CISK parameterization of moist
convection in terms of large-scale moisture conver-
gence. Wave-CISK theory is consistent with the Kuo
(1965) scheme, since the wave-CISK parameterization
is essentially a simplification of the Kuo scheme. In the
presence of strong cumulus friction, however, only syn-
optic-scale wave-CISK modes grow (Steven and Lind-
zen 1978). This instability does not occur at al in the
linear model of Neelin and Yu (1994), which employs
the Betts—Miller scheme (Betts 1986; Betts and Miller
1986). It isalso virtually absent from other linear models
(Stark 1976; Bates et al. 1978; Crum and Stevens 1983)
that use the Arakawa—Schubert (1974) scheme. More-
over, if atime lag is alowed in the response of con-
vective heating to the large-scale field, net cooling and
wave damping occur in the absence of the evaporation—
wind feedback (EWF) mechanism (Emanuel 1993; Yu
and Neelin 1994). Neelin et al. (1987) demonstrated,
using a low-resolution idealized general circulation
model with moist convective adjustment (MCA), that
the tropical 25-30-day TIO appearing in the model is
substantially weakened when the EWF mechanism is
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eliminated. It was not determined, however, whether the
weak amplitudes that occurred in the presence of MCA
were due to the wave-CISK mechanism or some other
mechanisms.

Numerical simulations of tropical transient wavesrel-
evant to the present study include the following papers.
For Kelvin and MRG waves, see Hayashi (1974), Tsay
(1974), Hayashi and Golder (1978, 1980, 1994), Hay-
ashi et a. (1984), Itoh and Ghil (1988), Boville and
Randel (1982), Hess et a. (1993a,b), and Manzini and
Hamilton (1993). For intraseasona oscillations, see
Hayashi and Golder (1986, 1988, 1993), Lau and Lau
(1986), Hayashi and Sumi (1986), Neclin et al. (1987),
Pitcher and Geisler (1987), Lau et al. (1988), Swinbank
et al. (1988), Kuma (1990, 1994), Tokioka et al. (1988),
Park et al. (1990), Slingo and Madden (1991), Sumi
(1992), Yip and North (1993), Chao and Lin (1994),
Seager and Zebiak (1994), Brown and Bretherton
(1995), Sheng (1996), and Slingo et al. (1996). For su-
perclusters, see Hayashi and Sumi (1986), Numaguti
and Hayashi (1991ab), Sumi (1992), Kuma (1994),
Hayashi and Golder (1993, 1994), Chao and Lin (1994),
Yano et al. (1995), and Chao and Deng (1996). For cloud
clusters, see Yamasaki (1977), Nakajima and Matsuno
(1988), and Xu (1993). For gravity waves, see Hayashi
et al. (1984), Hayashi et a. (1989), Miyahara et al.
(1986), Hamilton and Mahlman (1988), Held et al.
(1993), Takahashi (1993), and Takahashi and Shiobara
(1995).

These simulations are based on either realistic or ide-
alized models that use different schemes of moist con-
vection and different resolutions. From the analyses of
realistic Geophysical Fluid Dynamics Laboratory
(GFDL) general circulation models with MCA, which
simulated Kelvin and MRG waves, TIOs, and super-
clusters, the following results have been obtained (Hay-
ashi 1974; Hayashi and Golder 1986, 1988, 1993, 1994;
Manzini and Hamiliton 1993).

1) The simulated precipitation and evaporation do not
exhibit distinct periodicities corresponding to Kelvin
and MRG waves, being consistent with nonperiodic
thermal-forcing theories but contrary to instability
theories.

2) The Fourier components of simulated tropospheric
convective heating and vertical velocities corre-
sponding to T1Os, Kelvin waves, and MRG waves
are nearly in phase, being consistent with instability
theories but contrary to nonperiodic thermal-forcing
theories.

3) The simulated precipitation and evaporation exhibit
distinct periodicities corresponding to T1Os, being
consistent with instability theories but contrary to
nonperiodic thermal-forcing theories.

Since none of the existing theories can adequately
explain tropical low- and high-frequency waves, Hay-
ashi and Golder (1994) proposed the “‘united mecha-
nisms,” which consist of the EWF mechanism, the ** sat-
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uration-triggering (ST) mechanism,” and the lateral-
triggering mechanism. The EWF mechanism assumes
that tropical transient waves, coupled with quasi-equi-
librium moist convection, can grow through the wave
instability resulting from the interaction between surface
evaporation and the low-level wind. The ST mechanism
assumes that tropical transient waves can be triggered
and resonantly amplified by the intermittent onset of
nonequilibrium moist convection upon saturation. The
onset neutralizes any preexisting conditionally unstable
stratification that has developed during periods of non-
saturation. The intermittency results from the assump-
tion that moist convection does not occur during periods
of nonsaturation. The lateral-triggering mechanism as-
sumes that tropical transient waves can be triggered and
resonantly amplified by lateral forcing extending from
the extratropics.

To examine the united mechanisms, the present study
has conducted numerical experiments with the use of an
idealized R21 spectra model having the original MCA
scheme. The idealized model has globally uniform, time-
independent sea surface temperatures and equinox in-
solation conditions, thereby excluding stationary waves,
diurnal and annual oscillations, and extratropical baro-
clinic waves. The model, however, still produces intra-
seasona oscillations, superclusters, Kelvin waves, and
MRG waves. The lateral-triggering mechanismis not ex-
amined here, since the model does not produce extra-
tropical disturbances. In the future, a realistic model will
be used to reexamine the united mechanisms, including
the lateral-triggering mechanism.

Since the present results are based on an idealized
model atmosphere and are sensitive to the choice of the
moist convective scheme, they are not directly appli-
cable to the real atmosphere. Nevertheless, this study is
a step toward uniting plausible wave-generation mech-
anisms that occur in the real atmosphere.

Section 2 describes the experimental procedure, while
section 3 presents the experimental results. Section 4 is
devoted to discussion, and section 5 presents conclu-
sions and remarks.

2. Experimental procedure
a. ldealized model

The idealized model, which was used for the control
experiment (experiment 1), was constructed by simpli-
fying a nine-level GFDL spectral general circulation
model with rhomboidal truncation at zonal wavenumber
21 (R21) that employs the original MCA scheme (Man-
abe et al. 1965). Detailed descriptions of the realistic
model can be found in Manabe et al. (1979) and Gordon
and Stern (1982). The idealized model has globally uni-
form sea surface temperatures of 300 K, insolation, and
gaseous absorbers, thereby eliminating stationary waves
and extratropical baroclinic waves. The insolation con-
ditions and distributions of the absorbing gases were
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FiG. 1. Latitude-height distributions (5-yr average) of (a) the zonal-
mean zonal wind and (b) zonal-mean temperature of the idealized
model. The contour value for (a) is 2 m s¢, with light shading in-
dicating negative interval (easterlies). The contour interval for (b) is
10 K, with dark shading indicating values greater than 270 K and
light shading values less than 190 K.

fixed at equatorial equinox values. No cloud—radiation
feedback was incorporated.

Figure 1 shows the latitude-height distributions of
the (a) zonal-mean zonal velocity and (b) temperature
averaged over a 5-yr integration of the idealized model.
In Fig. 1a, weak easterlies (—2 m s=%) appear in the
lower tropical troposphere, while the vertical shear is
extremely weak in the extratropics. Although the zonal-
mean easterlies are weaker than those observed (—5 m
s 1), they are comparableto thelocal low-level easterlies
found over the convectively active western Pacific. The
low-level flow is easterly and therefore satisfiesthe con-
dition for eastward-moving T1Os to grow through the
EWF instability mechanism (Neelin et al. 1987; Eman-
uel 1987).

In Fig. 1b, small latitudinal variations appear in the
mean-temperature field, in spite of the uniform sea sur-
face temperature and insolation conditions. These tem-
perature variations result from the adiabatic heating due
to mean meridional circulations, which probably result
from wave—-mean flow interactions. Interestingly, the
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mean upward motion (not illustrated) is concentrated
between 7°N and 7°S, resembling the Hadley cell. The
tropopause occurs at approximately 100 mb at all lati-
tudes. The temperature of the equatorial tropopause is
178 K, which is about 12 K colder than that (190 K)
of the realistic model under equinox conditions and
about 22 K colder than that (200 K) observed. The effect
of this unredlistic feature on intraseasonal oscillations
will be discussed in section 3h.

b. Experiments

Five fundamental experiments (experiments 1-5), in-
cluding the control experiment (experiment 1), were
conducted with the use of the idealized model. In ad-
dition, several supplementary experiments were per-
formed to clarify the results of the fundamental exper-
iments.

In experiment 2, the idealized model was modified
in such a way as to eliminate the EWF mechanism by
suppressing the wind fluctuations in the surface fluxes
of latent and sensible heat (i.e., “‘wind-feedback re-
moval’’), following Neelin et a. (1987). This was ac-
complished by replacing the low-level windsin the par-
ameterized surface fluxes of latent and sensible heat
with the zonal- and time-mean equatorial value of the
lowest-level wind taken from experiment 1.

In experiment 3, the idealized model was modified as
in experiment 2 to eliminate the EWF mechanism. In
addition, the wave-CISK mechanism was eliminated by
replacing vertical moisture advection with its zonal mean
at each time step and then predicing the moisture. Asis
explained in the appendix, this modification only removes
the feedback of the horizontal convergence of winds to
the fluctuations of moisture convergence. This feedback
(i.e., " convergence feedback’’), which is part of themois-
ture convergence, is crucial to wave-CISK. The horizon-
tal moisture advection, which is not crucial to wave-
CISK, isnot modified. Thisexperiment, therefore, should
not beinterpreted as completely eliminating the moisture-
convergence or moisture-advection fluctuations.

In experiment 4, the idealized model was modified
as in experiment 2 to remove the EWF mechanism. In
order to remove the ST mechanism, the scheme of MCA
was also modified to always neutralize any conditionally
unstabl e stratification that would otherwise develop dur-
ing periods of nonsaturation. The MCA process can be
interpreted as consisting of two consecutive processes.
The first MCA process neutralizes, upon saturation, any
preexisting conditionally unstable stratification that has
developed during periods of nonsaturation. Subsequent-
ly, the second MCA process continually neutralizes any
conditionally unstable stratification predicted during pe-
riods of saturation. The modified MCA scheme sup-
presses the first process, while allowing the second pro-
cess. In practice, thisis accomplished by allowing MCA
and large-scale condensation to occur, even during pe-
riods when nonsaturation is predicted in the absence of
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condensation. This procedure eliminates not only the
ST mechanism, but also artificially allows both positive
and negative values of condensation in such away that
the atmosphere becomes always saturated.

In experiment 5, the idealized model was modified
as in experiment 2 to remove the EWF mechanism. In
contrast to experiment 4, however, experiment 5 elim-
inates only the ST mechanism while retaining the pos-
itive-only property of condensational heating. In prac-
tice, the process of dry convective adjustment, which
is part of the MCA scheme, was modified by replacing
the dry adiabat with the moist adiabat. The modified
dry-adjustment process continually neutralizes any con-
ditionally unstable stratification that would otherwise
develop during periods of nonsaturation, thereby sup-
pressing the first MCA process while allowing the sec-
ond MCA process.

In experiments 1 and 2, the models were integrated
over a period of 5 years to obtain statistically stable
wavenumber-frequency spectra, while experiments 3-5
were integrated over a 1-yr period to obtain time-de-
pendent wavenumber kinetic energy. The initial con-
ditions for experiment 1 were taken from the end of a
1-yr spinup integration of the idealized model. The ini-
tial conditions for experiments 2-5 were taken from the
last day of the fourth year of integration of theidealized
model (experiment 1).

Using once-daily output data, space-time spectrawere
computed by the maximum entropy method (see Hayashi
1982). To enhance Kelvin modes, the equatorially sym-
metric component (i.e., the half-sum of Northern and
Southern Hemispheric values) was extracted from the
zonal velocity, vertical velocity, and convective heating,
following the procedure proposed by Yanai and Murak-
ami (1970). To enhance MRG modes, the equatorially
symmetric component was extracted from the meridional
velocity, while the equatorial ly antisymmetric component
(i.e., the half-difference between Northern and Southern
Hemispheric values) was extracted from the vertical ve-
locity and convective heating.

3. Results

To examine the effects of several mechanisms on the
transient kinetic energy, Fig. 2 shows transient kinetic
energy as a function of time for three ranges of zonal
wavenumbers. 1-4 (top), 5-9 (middle), and 10-21 (bot-
tom). The energey has been integrated in the vertical
and over latitudes 10°N-10°S, and smoothed by an
11-day running mean. In thisfigure, experiment 1 refers
to year 5 of the idealized model. The initial conditions
for experiments 2-5 were taken from the last day (la-
beled day 0) of the fourth year of the idealized model.
Wavenumbers 1-4 include intraseasonal oscillationsand
shorter-period components such as 10-20-day Kelvin
waves. Wavenumbers 5-9 comprise superclusters and
mixed Rossby—gravity waves, while wavenumbers 10—
21 represent high-wavenumber components.
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Fic. 2. Time distribution (day 0-360) of transient kinetic energy
(units 10 3 m—2) for wavenumbers 1-4 (top), 5-9 (middle), and 10—
21 (bottom). The energy has been integrated in the vertical and over
latitudes 10°N-10°S, and smoothed by an 11-day running average.
The thick solid lines indicate experiment 1 (idealized model), thick
dashed lines experiment 2, thin solid lines experiment 3, thin dashed
lines experiment 4, and thin dotted lines experiment 5. The initial
conditions for experiments 2-5 were taken from the last day (labeled
day 0) of the fourth year of integration of the idealized model.

a. Effect of wind feedback

As can be seen in Fig. 2, the transient kinetic energy
for wavenumbers 1-4 of experiment 1 (thick solid line)
is substantially reduced by the removal of wind feed-
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back in experiment 2 (thick dashed line). As will be
shown later, this substantial reduction is essentially due
to the pronounced reduction of the wavenumber 1 40—
50-day TIO component, which accounts for only part
of the wavenumber 1-4 component. For wavenumbers
5-9 and 10-21, in contrast, the transient kinetic energy
is not substantially reduced by the wind-feedback re-
moval.

b. Effect of convergence feedback

In experiment 3, convergence feedback, which is cru-
cial to the wave-CISK mechanism, was removed in ad-
dition to the wind-feedback removal, although moisture
convergence was not entirely removed. Convergence
feedback not only reduces the effective value of static
stability, but also affects the onset of saturation and
moist convection. As can also be seen in Fig. 2, the
transient kinetic energy is substantially reduced by the
additional removal of convergence feedback for all
wavenumber ranges in experiment 3 (thin solid line).
Even in the absence of the wave-CISK mechanism,
however, the transient kinetic energy is not completely
dissipated, although the fluctuations in precipitation are
drastically reduced (not illustrated). This result dem-
onstrates that another mechanism must exist in the ide-
alized model to generate transient kinetic energy in the
absence of the wave-CISK, EWF and lateral-triggering
mechanisms.

c. Effect of the saturation triggering mechanism

To examine the ST mechanism, experiments 4 and 5
eliminated in different manners as described in section
2, in addition to the wind-feedback removal, any con-
ditionally unstable stratification that would otherwise
develop during periods of nonsaturation. Convergence
feedback, however, was not removed.

As can be seen in Fig. 2, the transient kinetic energy
is completely dissipated for all wavenumber ranges in
both experiment 4 (thin dashed lines) and experiment 5
(dotted lines), in spite of the presence of convergence
feedback. This result demonstrates that the transient ki-
netic energy in experiment 2 is generated through the
ST mechanism in the absence of the EWF and lateral-
triggering mechanisms. It also demonstrates that the
MCA scheme does not allow wave-CISK that would
generate wave energy in the absence of the EWF, ST,
and lateral-triggering mechanisms.

d. Tropical intraseasonal oscillations

Figure 3a is based on the results of experiment 1,
showing the frequency—height distribution of the wave-
number 1 space-time power spectral density over 5
years of the equatorially symmetric 205-mb zonal ve-
locity averaged between 10°N and 10°S. This figure
exhibits a pronounced 40-50-day peak for the eastward-
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Fic. 3. Frequency—height distributions of the space-time wave-
number 1 power spectral density of the equatorially symmetric zonal
velocity averaged between 10°N and 10°S for (a) experiment 1 and
(b) experiment 2. Contour values are 0.1, 0.2, 0.5, 1, 2, 5, 10, 20,
50, 100, 200, and 500 (m s%)? day. Dark shading indicates values
greater than 10, light shading less than 1.

moving component in both the lower and upper tro-
pospheres, corresponding to the observed 40-50-day
TIO. Since the wavenumber 1 component of the ob-
served (Nakazawa 1986) and simulated (Hayashi and
Golder 1986) TIO has a dominant 40-50-day period,
the wavenumber 1 component of the idealized TIO
should also have a 40-50-day period, provided that the
TlO isalinear wave. The phase velocity of thelocalized
T10 observed in convective regions, however, is slower
than the idealized phase velocity, since the localized
TIO consists of multiple wavenumber components hav-
ing the same period.

Fiqure 3bisthe sameasFig. 3a, except for experiment
2, which removes wind feedback. Comparison between
Figs. 3a (experiment 1) and 3b (experiment 2) indicates
that the 40-50-day TIO is profoundly weakened by the
wind-feedback removal. This result demonstrates that
the simulated 40-50-day TIO is maintained primarily
through the EWF mechanism.
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POWER SPECTRA (Q), WAVENUMBER 1, 10°N-10°S
(a) Exp.1 _
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Fic. 4. As in Fig.3 except for the equatorially symmetric MCA
heating (Q). Contour values: 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, and
5 (K day—%)2 day. Dark shading indicates values greater than 0.2, light
shading less than 0.02.

e. Kelvin waves

Figure 3a also reveals a stratospheric peak at east-
ward-moving periods of 10-15 days, corresponding to
the 10—20-day Kelvin wave (Wallace and Kousky
1968). Comparison between Figs. 3a (experiment 1) and
3b (experiment 2) indicates that the Kelvin wave peak
is not appreciably reduced by the wind-feedback re-
moval, in contrast to the 40-50-day TIO. Since waves
in experiment 2 are maintained entirely through the ST
mechanism, this result demonstrates that the Kelvin
wave in experiment 1 is maintained almost entirely
through the ST mechanism. It is also seen that the tro-
pospheric TIO in experiment 2 has as much variance as
the stratospheric Kelvin wave. This result suggests that
the ST mechanism contributes as much variance to the
tropospheric T1O as it does to the stratospheric Kelvin
wave, although the T1O is maintained primarily through
the EWF mechanism.

Figures 4a and 4b are the same as Figs. 3a and 3b,
respectively, except for the symmetric MCA heating
(Q). Figure 4a displays a pronounced spectral peak at



1268

POWER SPECTRA (v), WAVENUMBER 3-5, 10°N-10°S
(a) EXP.1
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Fic. 5. Frequency—height distributions of the space-time wave-
numbers 3-5 power spectral density of the equatorially symmetric
meridional velocity averaged between 10°N and 10°S for (a) exper-
iment 1 and (b) experiment 2. Contour values: 0.1. 0.2, 0.5, 1, 2, 5,
10, and 20 (m s %) day. Dark shading indicates values greater than
5.0, light shading less than 0.5.

eastward-moving periods of 40-50 days, corresponding
to the 40-50-day T1O. Comparison between Figs. 4a
(experiment 1) and 4b (experiment 2) indicates that the
TI10 peak is profoundly weakened by the wind-feedback
removal. On the other hand, a distinct 10—15-day peak,
which would correspond to the stratospheric Kelvin
wave, is not seen in the MCA heating spectra.

f. Mixed Rossby—gravity waves

Figures 5a and 5b are based on experiments 1 and 2,
respectively, displaying the frequency—height distribu-
tions of the space-time wavenumber 3-5 power spectral
density of the equatorially symmetric meridional ve-
locity, which has been averaged between 10°N and 10°S.
The stratospheric spectral peak found at westward mov-
ing periods of 4-6 days corresponds to MRG waves
(Yanai and Maruyama 1966). Comparison between Figs.
5a and 5b indicates that the MRG wave is not appre-
ciably reduced by wind-feedback removal. This result
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demonstrates that the MRG wave in experiment 1, like
the Kelvin wave, is maintained almost entirely through
the ST mechanism. In both Figs. 5aand 5b, the dominant
period of the wavenumber 3-5 MRG wavesin the upper
troposphere is 5-10 days, shifting to 3-5 days in the
lower stratosphere. The shift of MRG wave frequencies
with height can also be found in arealistic GFDL SKY-
HI model and the First GARP (Global Atmospheric Re-
search Project) Global Experiment data (Hayashi and
Golder 1994). The multiple frequencies suggest that not
only Kelvin waves but also MRG waves consist of mul-
tiple vertical modes.

Fiqures 6a and 6b are the same as Figs. 5a and 5b,
respectively, except for the antisymmetric MCA heating
(Q). A distinct 3-5-day peak, which would correspond
to stratospheric MRG waves, does not appear inthe MCA
heating spectra. The heating spectra are uniformly re-
duced over all frequencies by the wind-feedback removal.

g. Superclusters

Observed superclusters (Nakazawa 1988; Hayashi
and Nakazawa 1989) have a half-wavelength of 2000—
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Fic. 7. Wavenumber—frequency distributions of the space-time
power spectral density of the equatorially symmetric 515-mb MCA
heating, which is averaged between 10°N and 10°S. Contour values:
0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, and 5 (K day?) day. Dark shading
indicates values greater than 1, light shading less than 0.

4000 km (wavenumbers 5-10) and periods of 5-15 days,
propagating eastward with phase speeds of 5-10 m s*
in the western Pacific. On the other hand, observed T1Os
have local phase speeds of 5-10 m s~* in the western
Pacific and 10-15 m s in less convectively active
regions. The TIOs consist of several superclusters,
which inturn consist of westward-moving cloud clusters
having a half-wavelength of 100500 km (Nakazawa
1988; Mapes and House 1993). Recently, Takayabu
(1994a,b) and Takayabu et al. (1996) have observation-
aly interpreted the westward moving quasi-2-day cloud
clusters as westward-moving gravity waves.

Figures 7a and 7b are based on experiments 1 and 2,
respectively, showing the wavenumber—frequency spec-
tral distribution of the space-time power spectra of the
symmetric 515-mb MCA heating (Q). The slanted line
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in each figure indicates an eastward phase velocity of
10 m s, corresponding to that of the 40-50-day TIO.
The power spectra distributed over the broad eastward-
moving range of wavenumbers 3-10 and periods of 10—
30 days correspond to superclusters. The simulated su-
perclusters have a slightly slower phase speed than the
simulated 40-50-day TIO. Comparison between these
figures indicates that the MCA heating associated with
the 40-50-day TIO is profoundly reduced by the wind-
feedback removal, whereas that associated with the su-
perclusters is not substantially reduced.

To visualize the zonal propagation of superclusters,
Figs. 8a and 8b display equatorial longitude-time dis-
tributions over a period of one year (the fifth year) of
the daily averaged precipitational heating in experi-
ments 1 and 2, respectively. Both figures reveal the
eastward propagation (indicated by the 5 and 10 m s*
arrows) of superclusters consisting of grid-scale precip-
itation that mimics cloud clusters. It is difficult to detect
TIOs without space-time smoothing. Comparison be-
tween these figures indicates that superclusters are not
appreciably reduced by the wind-feedback removal.

Since it is difficult in Figs. 8a and 8b to see any
detailed time variation of grid-scale precipitation, Figs.
9a and 9b show the equatorial longitude-time distri-
butions of the 515-mb convective heating Q over the
last 90 days of the fifth year for experiments 1 and 2,
respectively. In these figures, it is seen that episodic
convective heating occurs randomly. The TIOs cannot
visually be detected in these figures without space-time
smoothing. In the high-horizontal-resolution (1°) GFDL
SKYHI model with MCA, episodic convective heating
appears to move both eastward and westward (Hayashi
and Golder 1994). If the horizontal resolution is suffi-
ciently increased, episodic heating might better resem-
ble the westward-moving cloud clusters observed by
Nakazawa (1988). Comparison between Figs. 9a (ex-
periment 1) and 9b (experiment 2) indicates that grid-
scale waves are not appreciably reduced by the wind-
feedback removal.

Figures 10a and 10b are the same as Figs. 9a and 9b,
respectively, except for the 515-mb vertical pressure
velocity, where contours are drawn only for upward
motion. Both experiments 1 and 2 exhibit superclusters
consisting of grid-scale episodic upward vertical mo-
tion, corresponding to episodic MCA heating. In ad-
dition, the vertical velocity has grid-scale components
consisting of a pair of upward (shown) and downward
(not shown) velocities. It is speculated that these com-
ponents are associated with gravity waves, which are
triggered by the episodic MCA heating (Figs. 9a,b) and
then propagate in both eastward and westward direc-
tions. Comparison between Figs. 10a (experiment 1) and
10b (experiment 2) indicates that these ** gravity wave”
components are not appreciably reduced by the wind-
feedback removal.
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FiG. 8. Longitude—time diagrams over a period of 1 year of the daily averaged equatorial precipitational heating (year 5) for (a) experiment
1 and (b) experiment 2. The two arrows indicate eastward phrase velocities of 5 and 10 m s*. Contour values: 0.5, 1, 2, 3, 4, 5, 6, 7, and

8 (484 W m ).

h. Additional experiments

The present idealized model exhibits a pronounced
wavenumber 1 40-50-day spectral peak but does not
reveal a 25-30-day peak that appears strongly in real-
istic models and weakly in observed data (Hayashi and
Golder 1993). There is the possibility that the domi-
nance of the 40-50-day peak in the present model results
from the unrealistically weak tropospheric static stabil-
ity due to excessively low temperatures in the upper
troposphere. To examine this possibility, the idealized
model was modified by replacing the latitudinally uni-
form insolation and gaseous absorbers based on equa-
torial values with those based on values at 20°N. As
will be shown in a subsequent paper, this modification
resulted in the upper troposphere having fairly realistic
temperatures and both 40-50 and 25-30 day peaks hav-
ing comparable magnitudes. The result of wind-feed-
back remova from this modified model indicates that
almost 90% of the kinetic energy of the 40-50-day TIO
is maintained through the EWF mechanism, as was
found in the present model. On the other hand, about
70% of the kinetic energy of the 25-30-day TIO is
maintained through the EWF mechanism. The result for
the 25-30-day TIO is consistent with that from the ex-
periment by Neelin et al. (1987), based on an idealized
R15 model having a zonally uniform distribution of sea

surface temperatures. The ST mechanism for the 25—
30-day TI10O, however, could be exaggerated in low-res-
olution idealized models.

In order to clarify the relative roles of the latent and
sensible heat fluxes, wind fluctuations in the surface
fluxes of latent and sensible heat were separately elim-
inated from the idealized model. The wind-feedback
removal in the latent heat flux was found to have amuch
greater effect on the kinetic energy of TIOs than that
of the sensible heat flux.

The effect of convergence feedback on simulated
transient waves in the presence of the EWF mechanism
was also examined by removing this effect from ex-
periment 1 instead of experiment 2. It was found that
transient kinetic energy was substantially reduced in the
absence of convergence feedback, which affects not
only the ST mechanism but also the EWF mechanism.

To examine the effect of condensational heating,
MCA was eliminated from the idealized model, leaving
the dry-adjustment process unmodified. It was found
that tropical transient waves were drastically weakened
but did not completely disappear. Subsegquently, when
wind fluctuations in the surface flux of sensible heat
were eliminated from the dry model, all waves com-
pletely disappeared. This result demonstrates that, even
in the absence of moist convection, tropical transient
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waves can be qualitatively generated through the cou-
pling between waves and dry convection, being desta-
bilized through the feedback between winds and the
sensible heat flux.

4, Discussion

The present results are based on the MCA scheme
that turns off moist convection during periods when
|arge-scal e moisture becomes unsaturated. This turn-off
condition may be too strict, since moist convection can
occur in the real atmosphere even when the environment
is unsaturated. Nevertheless, this condition assures that
condensation occurs at the lifting condensation level
(LCL; see Holton 1992, 288). In order for moist con-
vection to occur, subcloud air parcels must be somehow
lifted above the LCL to become saturated and further
lifted above the level of free convection (LFC) to be-
come buoyant. When the lifting is primarily due to
short-period gravitv waves, the vertical motion changes
direction over the wave period, resulting in an upper
limit that a subcloud-layer parcel can reach before it
descends. There could be random lifting mechanismsin
the atmosphere, but they do not necessarily trigger moist
convection unless the low-level parcel reachesthe LFC.

Other schemes, such as those proposed by Gadd and
Keers (1970), Kurihara (1973), Arakawa and Schubert
(1974), and Emanuel (1991), do not assume a critical
value of relative humidity below which parameterized
moist convection is suppressed, regardless of the strat-
ification. It follows that the other schemes do not allow
the stratification to become unstable during periods of
subcritical relative humidity and therefore do not allow
the ST mechanism. If an inversion layer exists at low
levels, however, the Arakawa-Schubert (AS) scheme
allows a conditionally unstable stratification above the
inversion layer, since the AS scheme is not applied
above this layer. If the MCA scheme is additionally
applied to neutralize any conditionally unstable strati-
fication above this layer, the ST mechanism is allowed,
even in a model having the AS scheme. Moreover, if
critical relative humidity is incorporated, the ST mech-
anism is allowed, even in models employing the other
schemes.

Except for the assumption of critical relative humid-
ity, the ST mechanism can be interpreted in a less pa-
rameterization-dependent context, since the first and
second MCA processes defined in section 2b are qual-
itatively present in the other schemes. For example, the
first and second MCA processes are analogous to the
initial (i.e., nonequilibrium) and quasi-equilibrium ad-
justment processes, respectively, in the AS schemewith
prognostic adjustment (Arakawa and Xu 1992; Randall
and Pan 1993).

The other schemes do not always adjust or relax the
moisture and lapse rate to the respective saturated and
conditionally neutral values. For example, the Gadd—
Keers scheme empirically relates the critical lapse rate
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for the onset of MCA to relative humidity, while the
Kurihara scheme objectively relates the critical lapse
rate to relative humidity through the effect of entrain-
ment. The AS scheme also has an implicit relationship
between the critical lapse rate and relative humidity
through lifting condensation and entrainment (see Ar-
akawa and Chen 1987).

The present experiments have demonstrated that no
mechanism other than the EWF, ST, and lateral trig-
gering mechanisms existsin the present idealized model
having the original MCA scheme. On the contrary, Hu
and Randall (1994, 1995) demonstrated, using one-di-
mensional radiative—convective models having either
the MCA scheme modidfied by Randall et al. (1989) or
a simplified AS scheme, that nonlinear interactions
among radiation, convection, and the surface moisture
flux can result in a new mechanism for the 30—60 day
T10O. This mechanism probably depends on the fact that
their models allow the lapse rate and relative humidity
to oscillate. In contrast to the original MCA scheme,
the modified MCA scheme allows the |lapse rate to de-
viate from the moist adiabat, even during periods of
moist convection. The deviation is due to the fact that
the large-scale condensation process is allowed after the
modified scheme first adjusts the lapse rate to the moist
adiabat, whereas the original MCA scheme simulta-
neously adjusts temperature and moisture. The modified
scheme, however, does not allow the ST mechanism, in
spite of the fact that the large-scal e condensation process
is turned on at the onset of saturation. This is due to
the lapse rate being always adjusted to the moist adiabat,
even during periods of nonsaturation.

5. Conclusions and remarks

To examine several mechanisms for the generation of
low- and high-frequency tropical waves, numerical ex-
periments were conducted with the use of an idealized
nine-level R21 spectral general circulation model hav-
ing the original scheme of moist convective adjustment
(MCA). This model prescribes globally uniform, time-
independent distributions of sea surface temperatures of
300 K and equinox insolation conditions, thereby ex-
cluding stationary waves and extratropical baroclinic
waves. The results are summarized as follows:

1) Experiment 1 (control) produced intraseasonal os-
cillations, superclusters, Kelvin waves, and mixed
Rossby—gravity waves in the idealized model.

2) Experiment 2 eliminated the evaporation—wind feed-
back (EWF) mechanism from the idealized model
by suppressing wind fluctuations in the parameteri-
zed surface flux of latent and sensible heat. The in-
traseasonal oscillations were profoundly weakened,
while other waves were not substantially weakened.

3) Experiment 3 eliminated the wave-CISK mechanism
from experiment 2 by suppressing ‘‘ convergence
feedback,” which is part of moisture convergence.
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All waves were substantially weakened, but did not
completely disappear. This result demonstrates that
another mechanism must exist in the idealized model
to generate wave energy in the absence of the wave-
CISK, EWF and lateral-triggering mechanisms.

4) Experiment 4 eliminated the EWF mechanism, asin
experiment 2. This experiment also eliminated the
saturation-triggering (ST) mechanism by modifying
the original MCA scheme in such a way that MCA
is alowed to occur even during periods of nonsa-
turation. The modified MCA scheme neutralizes any
conditionally unstable stratification that would oth-
erwise develop during periods of nonsaturation,
thereby eliminating the ST mechanism. All waves
disappeared in spite of the presence of convergence
feedback. This result demonstrates that the transient
waves in experiment 2 are generated through the ST
mechanism. It also demonstrates that the MCA
scheme does not allow wave-CISK that would gen-
erate wave energy in the absence of the EWF, ST,
and lateral-triggering mechanisms.

5) Experiment 5 is the same as experiment 4, except
that the ST mechanism was eliminated by modifying
the process of dry convective adjustment, which is
part of the MCA scheme, in such away that the dry
adiabat was replaced with the moist adiabat. Asin
experiment 4, the modified dry-adjustment process
neutralizes any conditionally unstable stratification
that would otherwise develop during periods of non-
saturation, thereby eliminating the ST mechanism.
In contrast to experiment 4, however, experiment 5
retains the positive-only property of condensational
heating. Asin experiment 4, all waves disappeared,
in spite of the presence of convergence feedback.
This result demonstrates that preexisting unstable
stratification is essential to the ST mechanism.

The above results are consistent with the united mech-
anisms proposed as follows, although the lateral-trigger-
ing mechanism was not presently examined. Intrasea-
sonal oscillations are maintained primarily through the
EWF mechanism, while other waves are maintained pri-
marily through the ST mechanism and/or the lateral-trig-
gering mechanisms. All these waves, however, can be
qualitatively generated through either of these mecha-
nisms.

The relative effects of the EWF and ST mechanisms
could substantially depend on the idealized model and
resolution as well as on convective schemes. Since the
present results are based on the MCA hypothesis, they
do not necessarily deny the existence of the wave-CISK
mechanism in the real atmosphere. If both the wave-
CISK and ST mechanisms exist in the real atmosphere,
al existing convective schemes must be improved to
adequately simulate tropical transient waves.

In a subsequent paper (Hayashi and Golder 1997),
the united mechanisms will be theoretically interpreted.
Further experiments will be conducted to clarify the
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effects of realistic static stability and the nonlinear ef-
fects of evaporation and condensation on the united
mechanisms. In the future, these mechanisms will be
reexamined by use of arealistic high-resolution model.
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APPENDIX
Definition of Convergence Feedback

The moisture-convergence terms can be written in
advection form as
L JC R T Y
X ay op X ay ap
where q is the specific humidity, while u, v, and » are,
respectively, the zonal, meridional, and vertical veloc-
ities in pressure coordinates. In deriving (A1), the con-
tinuity equation has been employed.

In the CISK parameterization (Ooyama 1964; Char-
ney and Eliassen 1964), the horizontal moisture-advec-
tion termsin (A1) are neglected, and the moisture con-
vergence terms are therefore approximated by the ver-
tical moisture advection term.

When this term is vertically averaged, it can be re-
written as

a9\ [ow
{eim) = () =
ou v
A5k e
= Py (A%)
Ap b/

where angle brackets denote the vertical pressure av-
erage, p, the pressure at the top of the subcloud layer,
and Ap the pressure depth of the subcloud layer.

In deriving (A2) through integration by parts, o is
assumed to vanish at the lower and upper boundaries.
In deriving (A3) from (A2), the continuity equation has
been used. In deriving (A4) from (A2), q is assumed to
be concentrated in the subcloud layer and is approxi-
mated by a step function.

In the present paper, ‘‘ convergence feedback’ is de-
fined asthe zonal deviation of (A3), whichisinterpreted
as the feedback of horizontal wind convergence to the
vertically averaged moisture-convergence fluctuation.
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