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ABSTRACT: The compressional beta effect (CBE) arises in a compressible atmosphere with the nontraditional Coriolis
terms (NCTs), the Coriolis force from the locally horizontal part of the planetary rotation. Previous studies proposed that
the CBE speeds up the eastward propagation and slows down the westward propagation of zonal vertical circulations in a
dry atmosphere. Here, we examine how the CBE affects the propagation of convectively coupled tropical waves. We per-
form 2D (x, z), large-domain cloud-resolving simulations with and without NCTs. This model setup mimics the atmosphere
along Earth’s equator, and differences between the simulations highlight the role of the CBE. We analyze precipitation, pre-
cipitable water, and surface and upper-level winds from our simulations. Gravity wave signals emerge in all fields. In the no-
NCT simulation, eastward and westward gravity waves propagate at the same speed. With NCTs, eastward gravity waves
propagate faster than westward gravity waves. To quantify the strength of the CBE, we then measure the difference in grav-
ity wave speed and find that it linearly increases with the system rotation rate. This result is consistent with our theoretical
prediction and suggests that the CBE can induce zonal asymmetry in propagation behaviors of convectively coupled waves.

SIGNIFICANCE STATEMENT: The rotation of Earth turns eastward motion upward and upward motion west-
ward, and vice versa. This effect is called the nontraditional Coriolis effect and is omitted in most of the current
atmospheric models for predicting weather and climate. Using an idealized model with cloud physics, this study
suggests that the inclusion of the nontraditional Coriolis effect speeds up eastward-moving rainy systems and
slows down westward-moving ones. The speed change agrees with a theory without cloud physics. This study en-
courages restoring the nontraditional Coriolis effect to the atmospheric models since it increases the accuracy of
tropical large-scale weather prediction while the cost is low.

KEYWORDS: Tropics; Dynamics; Gravity waves; Madden-Julian oscillation; Atmospheric waves;
Spectral analysis/models/distribution; Cloud resolving models; Idealized models

1. Introduction

Most global weather and climate models solve the primitive
equations for Earth’s atmosphere, assuming a thin atmosphere
in the hydrostatic balance. To conserve energy and angular mo-
mentum, these models neglect the locally horizontal compo-
nent of Earth’s rotation vector. This is called the traditional
approximation (Eckart 1960), and the neglected Coriolis com-
ponents are known as the nontraditional Coriolis terms (NCTs;
which are terms involving 2€) cosd, where () and 9 denote plan-
etary rotation rate and latitude). These approximations were
believed to hold accurately for large-scale circulations in
Earth’s atmosphere (e.g., Vallis 2017).

However, recent studies have emphasized that NCTs can
significantly affect thermodynamic states and atmospheric cir-
culations in the tropics (Hayashi and Itoh 2012; Igel and
Biello 2020; Ong and Roundy 2019, 2020a,b). For example,
NCTs affect thickness between pressure levels—a measure of
effective atmospheric buoyancy—by about 10% of the thick-
ness variability (Ong and Roundy 2020a). Ong and Roundy
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(2019) found that, in response to steady heat sources, NCT's
can generate anomalous winds that are about 12% of the total
wind response. Ong and Roundy (2020b, hereafter OR20b)
further showed that NCTs produce an eastward propagation
tendency for atmospheric waves in Earth’s tropics. Ruling out
other effects of NCTs by testing linear models, OR20b identi-
fied that the underlying mechanism was the compressional
beta effect (CBE), which had been only considered significant
in the atmosphere of giant planets and stars (e.g., Gilman and
Glatzmaier 1981; Glatzmaier et al. 2009; Verhoeven and
Stellmach 2014).

While the thickness theory (Ong and Roundy 2020a) is in-
herent to all the above-mentioned theories about NCTs, the
CBE theory (OR20b) is dynamically distinct from the others
by vorticity thinking. In the three-dimensional (3D) vorticity
equation with the anelastic approximation on an equatorial
beta plane (see appendix A for derivations), NCTs (2} given
¥ = 0) appear in two terms:

:—(;J+[(V~V)w+[3vk—(w-V)v—Byg—:

+By%k—Vka]=ZQg—;—ZQ% j. 1)

The variables are defined as follows: w is the 3D relative vor-
ticity, v is the 3D velocity, w is the vertical velocity, H is the
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scale height, v is meridional velocity, B is the meridional deriv-
ative of the traditional Coriolis parameter, and b is the buoy-
ancy. The left-hand side shows terms without NCTs,
including local tendency of vorticity and others (bracketed).
The right-hand side shows terms with NCTs, including the
stretching-tilting term (stretching of and tilting from meridio-
nal planetary vorticity) and the CBE term. The stretching—
tilting term needs the meridional dimension while the CBE
does not. The stretching—tilting term has been associated with
zonal wind response to heat sources (Hayashi and Itoh 2012;
Igel and Biello 2020; Ong and Roundy 2019).

These recent studies have advanced our understanding
of NCTs. However, most of them were based on simple
models with imposed flow field or prescribed moist physics
and solved linear problems. Though Igel and Biello (2020)
presented nonlinear cloud-resolving model (CRM) simula-
tions, they focused on the stretching-tilting effect in our
Eq. (1) (“Coriolis shear” in their words), which is distinct
from the CBE. The present study uses a zonal vertical two-
dimensional (2D) CRM to further explore possible effects
of the CBE on explicitly simulated convectively coupled
circulations. We remove the stretching—tilting effect by us-
ing the 2D domain. The 2D CRM experiments simulate
gravity waves and self-aggregated convection (e.g., Held
et al. 1993; Yang 2018) in radiative—convective equilibrium
(RCE), and their propagation characteristics are examined
given NCTs switched on and off.

The rest of this paper is organized as follows. Section 2 re-
views the CBE and forms a hypothesis. Section 3 describes the
methods of modeling and spectral analyses. Section 4 presents
the results and tests the hypothesis. Section 5 summarizes this
paper and discusses the implications for the Madden—Julian os-
cillation (MJO).

2. The CBE

OR20b introduced both NCTs and the vertically decreasing
density to the wave theory on an equatorial beta plane
(Matsuno 1966). The present study confines the domain to a
zonal vertical plane at the equator. This choice of domain re-
moves the traditional beta effect, which is the major source of
west—east asymmetry of the inertio-gravity wave mode, isolat-
ing the CBE. Modified by the CBE, the dispersion relation of
gravity waves can be approximated to the first order as fol-
lows. Start from rearranging Eq. (11) of OR20b and taking the
quasi-hydrostatic approximation (see appendix A for details):

, 20 N?
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= 2
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where the variables are defined as follows: ¢ is the phase
speed, N is the effective buoyancy frequency, and
m2,=m? + 1/(4H?), where m denotes vertical wavenumber.
Solve Eq. (2) for c:
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FIG. 1. Zonal temporal dispersion relations of gravity waves con-
fined to a zonal vertical plane at the equator with the FOCBE pa-
rameter of Earth’s tropical troposphere of 0.265 m s~ ! (solid) and
without the FOCBE (dash). The red, green, and blue lines corre-
spond to Q of 1/6, 1/18, and 1/54, respectively.

Define ¢y = ¢(Q = 0) = =N /my and rewrite Eq. (3):

R @

Using ¢=c/cy and Q = 0/(m3 Hcy), nondimensionalize
Eq. (4):
A A2

c=0+V1+0" )

Expand the square root in Eq. (5) around o’ =o
+0(Q). (6)

Define Ac = ¢ — ¢ and dimensionalize Eq. (6):

Q 1 Q
Ac=—5—+—|—>%
miyH  2co\myH
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The first term on the right-hand side is defined as the first-
order CBE (FOCBE) parameter. A negative phase speed
denotes westward propagation, and vice versa. Figure 1 de-
picts three pairs of ¢ and ¢( in a wavenumber—frequency do-
main given the FOCBE parameter in the tropical troposphere
derived from an observational dataset (see section 4 for esti-
mation), and it shows that the FOCBE makes gravity waves
propagate faster eastward and slower westward in a way that
the dispersion lines rotate counterclockwise in the wavenumber—
frequency domain. The higher-order terms are negligible since
Q is small in general; for example, the three pairs of ¢, in Fig. 1
correspond to Q of 1/6,1/18, and 1/54 (from slow to fast). To our
hypothesis, regarding a wavenumber in the whole space-time
spectrum of simulated precipitation or other variables, the CBE
may shift eastward power to a higher frequency and westward
power to a lower frequency. Thus, the corresponding power shift
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is counterclockwise. For gravity wave bands, the speed change is
predicted by Eq. (7).

3. Methods
a. Model description

This study uses the System for Atmospheric Modeling (SAM)
(Khairoutdinov and Randall 2003) version 6.11.2 and complies
with the protocol of RCE Model Intercomparison Project
(RCEMIP; Wing et al. 2018, 2020). We restored NCTs to
SAM as released in version 6.11.7. The implementation of
NCTs was validated by the compressional Rossby wave
benchmark (OR20b). It increased the central processing unit
(CPU) time by less than 0.01% of the total cost of full-physics
simulations. The whole process from restoration, validation,
to releasing was simple. Thus, the cost for NCTs was low. This
is consistent with Skamarock et al. (2021), who reported that
the restoration of NCTs increased the cost of the global atm-
ospheric dynamical core by less than 5%. For spherical coor-
dinates, a little extra care is needed to retain the angular
momentum conservation (e.g., White and Bromley 1995).
Since SAM uses Cartesian coordinates, the restoration is
straightforward.

Deviations from the RCEMIP protocol (Wing et al. 2018)
are explained as follows. First, six simulations are conducted
with the system rotation rate set to 0, 1, 4, 8, 16, and 64 times
Earth’s rotation rate (named X00, X01, X04, X08, X16, and
X64). Second, the meridional dimension is eliminated (2D).
Third, the size of the zonal and temporal dimensions is 24 576 km
and 1632 Earth’s days. Fourth, the model top is lowered from
33 to 28 km. Last, mean zonal velocity is nudged toward zero
by linear relaxation at a time scale of 86400 s at each level to
prevent development of mean winds that may affect convec-
tive system propagation.

All other procedures and settings follow the elongated
channel SAM simulation over sea surface temperature of
300 K in RCEMIP (labeled SAM_CRM/RCE_large300).
The initial vertical profile is derived from the correspond-
ing small domain simulation data in RCEMIP (labeled
SAM_CRM/RCE_small300). In theory, the X00 spectrum
should be west—east symmetric.

b. Spectral analyses

To analyze the overall propagation characteristics of con-
vective systems in the 2D RCE simulations, the data except
the first 96 days are transformed into space-time spectra fol-
lowing the sampling procedure by Wheeler and Kiladis (1999,
hereafter WK99) based on the method by Hayashi (1971,
1982). The sample length is 64 days. This procedure yields
raw spectral power in the wavenumber—frequency domain.
To focus on the east-west asymmetry, we contrast the raw
spectra to reference spectra made from the X00 spectra by
taking the average of spectral power density symmetric about
wavenumber zero. We symmetrize the reference for two rea-
sons. First, the X00 simulation does not distinguish west from
east, so zonally flipped X00 spectra are equally valid as the
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raw X00 spectra. Second, a symmetric reference spectrum
would help highlight NCT-induced zonal asymmetry.

To measure the gravity wave speed, we take the power-
weighted average of phase speed in a gravity wave band.
Using the normalization procedure by WK99, we take contigu-
ous bands with normalized power greater than unity following
gravity wave dispersion lines as gravity wave bands. To quantify
the uncertainty, we test the sample lengths of 128, 192, 256, 384,
512, and 768 days, and the smoothing passes in wavenumber of
16, 32, 48, and 64 times. The smoothing passes in frequency are
set to the sample length divided by 8.

To estimate the vertical wavenumber relevant to the
FOCBE parameter, the data are transformed into vertical
normal modes assuming a rigid tropopause (Fulton and
Schubert 1985) with the approximated set of analytic basis
functions omitting small vertical variations of scale height
and static stability (Kiladis et al. 2009) as follows:

Vo@u(x. 2.0 = D | Unlx, t)cos(%), ze[0,D], (8)
M=0

where the variables are defined as follows: p is the density,
u is the zonal velocity, D is the tropopause height, and Uy,
is the amplitude of the Mth vertical mode. The vertical
wavenumber m equals to Ma/D. The power U3, is propor-
tional to the vertically integrated kinetic energy of the ver-
tical mode. Given the level of the minimum temperature
in the mean profile, D is located at 15.5 km. The data are
linearly interpolated to vertical levels equally spaced by
Az = 500 m from Az/2 to D — Az/2, and then 4/pu is calcu-
lated. Then, the domain is extended to 2D — Az/2, and the
upper half of the new domain is filled with the mirror image
of y/pu from the lower half. For each profile, a fast Fourier
transform is performed. The resulting coefficients can be fil-
tered for a target time scale with the Lanczos filter. This
procedure yields the vertical-mode spectrum.

For comparison, the same vertical-mode analysis is applied
to an observational dataset. The dataset used is the Merged
Sounding (Giangrande et al. 2011) over Gan Island, Maldives,
from 1 October 2011 to 9 February 2012 during the Dynamics
of the MJO (DYNAMO) field campaign (Yoneyama et al.
2013). The above-mentioned procedure is followed, but
D and Az are 17.0 km and 200 m.

4. Results

We first focus on the raw spectra without NCTs (top row of
Fig. 2) of precipitation rate, precipitable water (PW), zonal
velocity at the lowest level (USFC) and at 200 hPa (U200).
They all show power peaks that follow the dispersion lines for
convectively coupled gravity waves with a speed of about
+16 m s~! (26-m equivalent depth). In addition, they show
weaker peaks corresponding to dry gravity waves with a speed
of about =42 m s™! (180-m equivalent depth) except in the
precipitation spectrum (Fig. 2a). Here we take the power-
weighted average of speed in each gravity wave band in the
normalized U200 spectra (Figs. 3d,h,I). Moreover, the raw
spectra (Fig. 2) show another pair of local power maxima
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FIG. 2. Raw spectra of (from left to right) the precipitation rate, precipitable water, and zonal velocity at the lowest level and at
200 hPa, respectively, from (from top to bottom) the X00, X08, and X64 simulations, respectively. The darker shading denotes the
larger base-10 logarithm of the power; the shading interval is 0.3 arbitrary units. The dashed and solid lines denote 26- and 180-m

equivalent depths, respectively.

at the lowest resolved frequency at around wavenumber
+12 except in the U200 spectra (Figs. 2d,h,l). These low-
frequency spectral peaks correspond to slowly propagating
long-lived convective systems with a characteristic wave-
length of 2048 km, which conforms to the scale of the self-
aggregated convective clusters in Yang’s (2018) 2D RCE
simulation over 300 K. Appendix B shows the evolution of
the self-aggregated convection filtered for its band within
the dashed box in the top row of Fig. 2. With increasing sys-
tem rotation rate (from top to bottom of Fig. 2), the spectra
seem similar, but the gravity wave peaks shift with the dis-
persion lines (both dashed and solid) significantly in the
X64 spectra (bottom row of Fig. 2).

We compare Fig. 2 with the raw observed power spectra
of eastward propagating convection symmetric about the
equator (Fig. 1 of Roundy 2020; see also Kiladis et al. 2009;
WK99). When convectively coupled, the simulated gravity
waves (dashed lines in Fig. 2) as well as the observed Kelvin
waves (e.g., Fig. 4b of WK99) correspond to an equivalent
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depth of about 25 m. However, unlike the raw simulation
spectra with multiple maxima in frequency (Fig. 2), the raw
observational spectra do not show a peak in the Kelvin
wave band. Instead, the Kelvin wave maximum emerges
from the normalization by a smoothed background spectrum
(Roundy 2020). Another notable difference lies in the horizon-
tal scale of the low-frequency power maxima; the simulated
convective clusters scale ~2000 km while the MJO scales
~20000 km.

To test our hypothesis of counterclockwise power shift in
the wavenumber—{requency domain, we first contrast the X64
spectra to the symmetrized X00 spectra (bottom row of Fig. 4;
section 3b). First, the precipitation spectrum (Fig. 2a) shows
bands where the power decreases toward a higher frequency
eastward or a lower frequency westward, including the coun-
terclockwise side of the dashed lines, the clockwise side of the
solid lines, and a band roughly covering wavenumbers from
4 to 12 and a frequency of 0.125 cycle per day (cpd) or lower.
In these bands, the spectral power increases in the X64
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FI1G. 3. Asin Fig. 2, but depicting the ratio of the raw spectrum to the background spectrum. The sample length is set to 128 days. Each
background spectrum is created by smoothing for 64 times in wavenumber and is different from one another.

spectrum (Fig. 4i) as if the CBE shifts the power counter-
clockwise. Even the power minima in the precipitation spec-
trum associated with dry gravity waves (solid lines in Fig. 2a)
shift toward a higher frequency eastward and a lower fre-
quency westward (Fig. 4i). Similarly, in the USFC spectrum
(Fig. 2c), such counterclockwise power shift due to the CBE
occurs in bands including the counterclockwise side of the
dashed and solid lines as well as a part of the self-aggregated
convection band roughly within wavenumbers 2 and 14 along
with its extension toward the dashed line. The power also in-
creases in these bands in the X64 spectrum (Fig. 4k). On the
other hand, the power generally decreases in these spectra
(Figs. 41,k) in the clockwise side of power maxima and coun-
terclockwise side of power minima. Similar reasoning applies
to the PW (Fig. 4j) and U200 (Fig. 41) spectra except the up-
ward side of the dispersion lines in the PW spectrum, which
implies power changes in a nonshifting manner. With decreas-
ing system rotation rate (from bottom to top of Fig. 4), the
power ratio becomes noisy, but the above-mentioned power
changes can mostly be found to have smaller magnitude.

To quantitatively test the FOCBE theory, we first estimate
the FOCBE parameter. The simulations and the observations
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yield different vertical-mode spectra of kinetic energy; the
former peak at the third mode, but the latter peak at the first
mode (Fig. 5). Unlike the observational red spectrum with a
concentrated single maximum, the simulation spectra are
characterized by not only the prominent third-mode peak but
also weaker redness with energy dispersed into higher vertical
modes (Fig. 5). Besides, the power slightly moves from the
first two modes to higher when filtered for the time scale of
simulated gravity waves (1.5-18 days in Fig. 2) and observed
Kelvin waves (2.5-30 days in WK99). With these caveats, the
most energetic vertical mode is taken to estimate the charac-
teristic FOCBE parameter of the observation and each simu-
lation (Table 1). The prominence of the third vertical mode in
our simulations can lead to severe underestimation of the
effect of NCTs according to the FOCBE theory; the theo-
retical gravity wave speed change is one-ninth of the first
mode. Consequently, the X08 simulation best corresponds
to Earth’s tropical troposphere, where the first vertical
mode seems to dominate. Also shown in Table 1, we use the
speed of a convectively coupled gravity wave (co = 16 ms™ ')
as the reference to nondimensionalize the FOCBE parameter
[Q= Q/(m2 Hcy), see section 2]. The results suggest that the
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FIG. 4. As in Fig. 2, but the shading denotes the power ratio of tge X08, X16, and X64 to the symmetrized X00. The shading levels are
spaced by a common ratio of V2 except that the level 1 is omitted.

CBE is insignificant with respect to the gravity wave. How-
ever, given ¢y in the denominator of Q, slower-propagating
phenomena could be more prone to the CBE.

The XO08 spectra show power changes in frequency lower
than the convectively coupled gravity wave bands (top row of
Fig. 4). In the low-frequency USFC spectrum (Fig. 4c), the
power increases in the eastward band and decreases in the west-
ward band. However, in the U200 spectrum (Fig. 4d), the power
changes are the opposite. To explain this contrast, we compare
their low-frequency raw spectra (Figs. 2¢,d). The USFC spec-
trum (Fig. 2c) is red mostly in frequency. Hence, taking a
constant wavenumber, the counterclockwise power shift
would lead to an eastward power increase and a westward
power decrease. Similar explanations can be applied to
parts of the precipitation and PW spectra (Figs. 4a,b). On
the other hand, the U200 spectrum (Fig. 2d) is red mostly in
wavenumber, Hence, taking a constant frequency, the shift
would result in an eastward power decrease and a westward
power increase. Though noisy in X08, these features are ro-
bust; they incrementally amplify in X16 and X64 results.

Finally, we test the FOCBE theory quantitatively. To avoid
complication due to the proximity of the two types of gravity
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wave peaks, here we measure the gravity wave speed from
the normalized precipitation spectra (Fig. 3a column), where
the dry gravity wave peaks are absent. The measured gravity
wave speed (solid lines) captures the gravity wave peaks in
the normalized spectra of the other variables (Fig. 3). As a ca-
veat, the smoothed background spectra for the normalization
also change with the system rotation rate. Nevertheless, our
conclusion holds even when measuring the gravity wave speed
from the raw spectra. We take the average of the positive and
negative phase speed as the speed change (Ac).

The Ac results (Fig. 6) agree with their FOCBE parameter
(Table 1). The X00 results are about zero and not shown in
Fig. 6 because they include negative values, which cannot be
converted to log scale. As shown in Fig. 6, the X01 results are
almost undetectable because the asymmetry hardly stands
out from the noise (see online supplemental material).
The other simulation results are incremental to ¢ (about
16 m s~') and discernable only by computers except that
the X64 results yield Ac scaling 11% of ¢, which is notic-
eable by sight (bottom row of Figs. 2-4). Nevertheless,
the robust agreement shown in Fig. 6 confirms that the
dry-dynamical FOCBE theory can predict Ac due to the
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FIG. 5. Vertical-mode spectra of kinetic energy (power) de-
rived from zonal velocity profiles in the Merged Sounding dur-
ing DYNAMO (black) and the 2D RCE with SAM (blue),
each unfiltered (solid) and filtered for the time scale of Kelvin
or gravity waves (dashed; see text). The power is normalized
by the average in the first eight modes.

inclusion of NCTs even given the free interactions be-
tween circulation and moist physics in the 2D RCE.

5. Summary and discussion

This study explores one of the effects of the nontraditional
Coriolis terms (NCTs), specifically the compressional beta
effect (CBE), on explicitly simulated convective system prop-
agation in radiative—convective equilibrium (RCE) in a zonal
vertical domain using the System for Atmospheric Modeling
(SAM). The use of a zonal vertical domain eliminates the
other effect of NCTs, the stretching-tilting effect. We restored
NCTs to SAM to represent the effects of system rotation
about a meridional axis. The system rotation rate is tested
over a wide range. We hypothesize that the CBE makes the
eastward propagation of convectively coupled circulations
faster and the westward propagation slower. The simulated
propagation characteristics are analyzed with space-time
spectra. The raw spectra show local power maxima in bands
associated with self-aggregated convection and convectively
coupled gravity waves. Given the power spectra red in fre-
quency, the CBE can qualitatively explain the power increase
in the band of eastward propagating convective clusters and
its decrease in the band of westward ones. Furthermore, this
study measures the speed change of convectively coupled
gravity waves from the precipitation spectra. The resulting
speed change agrees with the theoretical speed change due to
the FOCBE, which is estimated from the system rotation
rate, the scale height, and the vertical wavenumber derived
from the vertical-mode analysis. In this idealized frame-
work, these changes due to the inclusion of NCTs are robust
and meaningful while the computational cost for the imple-
mentation of NCTs in SAM increases by less than 0.01%.
Also given that the restoration of NCTs to the dynamical
core is simple, we recommend it for model development.

These results, for the first time, show that NCTs can affect
convective system propagation because of the CBE, which was
derived from dry dynamics. The dry-dynamical theory agrees
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TABLE 1. The characteristic FOCBE parameter.

D H FOCBE

Casename O M (km) (km)® (ms™) QO (%)
DYNAMO 1 1 17.0 7.0 0.265 1.66
X00 0 3 15.5 7.0 0 0
X01 1 3 15.5 7.0 0.028 0.17
X04 4 3 15.5 7.0 0.111 0.69
X08 8 3 15.5 7.0 0.222 1.39
X16 16 3 15.5 7.0 0.445 2.78
X64 64 3 15.5 7.0 1.779 11.12

2 Normalized by Earth’s rotation rate of 7.292 X 10 s~ .
®Virtual temperature times gas constant divided by gravity
acceleration averaged in the troposphere with the data equally
spaced in height.

¢ FOCBE divided by a convectively coupled gravity wave speed of
16ms "

with the moist simulation results over a wide range of the
FOCBE parameter (Fig. 6). Such agreement allows us to
infer changes in convective system propagation from the
FOCBE parameter. Among our simulations, the one with
an 8-times Earth’s rotation rate may be comparable to
Earth’s tropical troposphere, because the first vertical
mode dominates in the observations while the third mode is
the strongest in our simulations.

The use of a zonal vertical 2D domain simplifies the inter-
pretation of the results but limits their applicability to the real
tropical atmosphere. The 2D domain disables the stretching
and tilting of vorticity, leaving the CBE the only way for

1779
0.889 |-
0.445 |

0.222 | %

0.111

Ac (m s'1)

0.056

0.028

0.014 [

0.014 0.028 0.056 0.111 0.222 0.445 0.889 1.779
Q/miH msT)

FIG. 6. Scaling of the gravity wave speed change (boxes and
whiskers) against the FOCBE parameter (horizontal axis; see
Table 1). Each box-and-whiskers set denotes the quartiles and
full range of the speed measurement results from each simula-
tion. The blue star marks denote the first, second, and third
vertical modes (from right to left) from the Merged Sounding
during DYNAMO; the mark sizes are proportional to the unfil-
tered power. The axes are log scaled.
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F1G. B1. Hovmoller diagrams of the PW in the 2D RCE (a) with NCTs (X16) and (b) without NCTs from the raw
data (shading; mm) and data filtered for the self-aggregated convection (contours; interval: 5 mm). The solid and
dashed contours denote positive and negative values, respectively, and the zero contour is omitted.

NCTs to affect the vorticity dynamics. However, the 2D do-
main also disables the traditional beta effect, which is the ma-
jor source of west—east asymmetry of real equatorial waves.
To better assess the relevance of NCTs in the real tropical at-
mosphere, further tests with general circulation models are
needed. Though OR20b showed that NCTs cannot affect at-
mospheric wave propagation by the stretching—tilting effect in
linear models, neither OR20b nor the present study can rule
out this effect from affecting convective system propagation
through 3D nonlinear processes.

For Earth’s tropical troposphere, the FOCBE theory im-
plies a gravity wave speed change of one FOCBE parameter,
0.265 m s~!, which scales only 2% of the gravity wave speed
itself. Yet this change may have implications for the propaga-
tion speed of the MJO. Regarding the MJO speed, the
FOCBE can be introduced to two of the diverse MJO theo-
ries. First, Yang and Ingersoll (2013) determined the MJO
speed by the average of inertio-gravity wave speed (negative
westward and vice versa), which may increase by one FOCBE
parameter. Second, Kim and Zhang (2021) proposed that the
MJO speed arises from the damped Kelvin wave speed, which
may speed up by one FOCBE parameter. However, given the
diversity of MJO theories (Zhang et al. 2020), further studies
are needed.

Our results show that the CBE can produce a significant
east-west asymmetry in the spectral power density of precipi-
tation, PW, and winds. Given a power spectrum red in fre-
quency, NCTs can lead to enhanced power of low-frequency
variability of eastward propagating signals (e.g., Figs. 4a—c),
which are associated with convective self-aggregation in our
simulations and might become the MJO in the real atmo-
sphere. Therefore, restoring NCTs in atmospheric models
may improve the representation of the MJO, the variability of
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which is significantly underestimated by the current climate
models (Le et al. 2021).
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APPENDIX A

Derivations

To derive Eq. (1), start from the 3D momentum equation

on an equatorial beta plane:
d

6—:+(V'V)v+Bkav+V<p—bk= —=2Qj Xv,
where ¢ denotes the pressure-like variable defined by
Lipps and Hemler (1982). Taking the curl and applying
V - v = w/H (i.e., the anelastic approximation) yields
Eq. (1).
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To derive Eq. (2), first take the meridional component of
Eq. (1), confine the domain to zonal and vertical, and line-
arize it around a motionless reference state:

d (ou w ab
— — ¢
9z ax

w
2 +2120% -9
ot dx H ’

where € serves to dynamically trace the vertical acceleration
term during the derivation. Then, eliminate b by applying
ob/ot = — N?w:

2 /5
3 (dui 8w)7N28_w+ZQ w _

ac\oz “ox o H o

Next, rewrite the equation in terms of ¥, where pu = 9W/dz
and pw = —9W/ox:
v
az2

az( EE
L
a2\ ox?

1 aqf)
x? H ot ox

L PV 20 9 IV

N2 —— — =0
H iz
Last, assume plane wave solutions, ¥ = Wexp(—z/ 2H)expli(kx +
mz — wt)], where k and o denote wavenumber and frequency,
and find the dispersion relation:

2
(ek2+m2+i)w 20 N?=0.

AH?)IC H k
This is equivalent to Eq. (11) of OR20b. Setting € to zero
(i.e., the quasi-hydrostatic approximation) and applying
¢ = wlk yields Eq. (2).

APPENDIX B

Filtering for the Self-Aggregated Convection

To confirm the association of the self-aggregated convection
with the spectral band in the dashed box in the top row of
Fig. 2, the PW is filtered for this band. The Hovmoller dia-
grams of the filtered PW (Fig. B1) show many convective
clusters (solid contours) and dry regions (dashed contours).
These systems grow (or split), migrate, and decay (or merge)
in a complex manner with generally 12 convective clusters
maintained in total. Such metabolism occurs in periods other
than the 96 days shown in Fig. B1.
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