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ABSTRACT

A self-sustained oscillation dynamically analogous to the equatorial quasi-biennial oscillation (QBO) was
obtained as a radiative-moist-convective quasi-equilibrium state in a minimal model of the stratosphere—
troposphere coupled system, which is a two-dimensional cloud-system-resolving nonhydrostatic model with a
periodic lateral boundary condition. The QBO-like oscillation shows downward propagation of the zonal mean
signals in the stratosphere. In addition, in the troposphere there are periodic variations associated with the
QBO:-like oscillation, including organized features of moist-convective systems characterized as squall-line- or
back-building-type precipitation patterns. Details of the momentum budget variation are examined to study the
stratosphere—troposphere dynamical coupling associated with the QBO-like oscillation. The vertical flux of
horizontal momentum is separated into three contributions of convective momentum transport (CMT) and
momentum transports by upward- and downward-propagating gravity waves—that is, upward and downward
gravity wave momentum transports (GWMTs)—and the time-height variations of each contribution are
evaluated quantitatively. The method is based on the linear theory of gravity waves to separate upward- and
non-upward-propagating contributions and uses the phase speed spectra of the total cloud mixing ratio to
identify the CMT contribution. The upward GWMT predominates in the stratosphere and contributes to the
acceleration of the zonal mean zonal wind. The CMT and downward GWMT are confined to the troposphere,
and the former predominates. The variations of the mean zonal wind modulate the organization of convective
systems, and the squall-line- and back-building-type patterns appear alternately. According to the modulation
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of convective systems, the spectral features of every momentum transport vary periodically.

1. Introduction

The quasi-biennial oscillation (QBO) is observed as
the dominant variation of the equatorial stratosphere
(~16-50km) and characterized as downward-propagating
easterly and westerly mean zonal wind, with periods av-
eraging approximately 28 months (e.g., Baldwin et al.
2001). The QBO is considered to be an internal oscillation
due to wave-mean flow interactions under the zonally
periodic boundary condition; in the oscillation, waves are
generated in the troposphere and propagate into the
stratosphere. Theoretical works on the QBO assumed the
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separation of the troposphere from the stratosphere to
focus on the interactions in the stratosphere (e.g., Lindzen
and Holton 1968; Holton and Lindzen 1972). However,
there is not such a clear separating boundary between the
stratosphere and the troposphere.

Held et al. (1993) introduced a two-dimensional cloud-
system-resolving regional model with explicit strato-
sphere and troposphere under a periodic lateral boundary
condition, and they obtained a QBO-like oscillation in a
radiative-moist-convective quasi-equilibrium state. It is a
self-sustained oscillation in the minimal model of the
QBO in a stratosphere-troposphere coupled system
without effects of the rotation of the earth nor the zonal
mean upwelling of the Brewer—Dobson circulation. We
reexamined the QBO-like oscillations in such an idealized
dynamical framework with a state-of-the-art regional
cloud-system-resolving model and showed the robustness
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of the oscillation insensitive to the choice of model con-
figuration and parameters (Yoden et al. 2014, hereafter
YBN14). The obtained QBO-like oscillations show
downward propagation of the zonal mean signals in the
stratosphere and associated periodic variations in the
troposphere. Such tropospheric variations associated with
the QBO-like oscillations may be weakened or smeared
by the influences of complicated processes in the real at-
mosphere that are not included in the minimal model.
However, such a model can be a test bed to study possible
dynamical processes of the stratosphere—troposphere
coupling associated with the QBO.

Takahashi (1993) also obtained a QBO-like oscilla-
tion and associated variations in the troposphere in a
two-dimensional model of stratosphere-troposphere
coupled system along the equator that was derived
from a general circulation model (GCM). His simplified
model had very coarse resolutions and employed a
convective parameterization without the rotation of the
earth. Horinouchi and Yoden (1998) conducted aqua-
planet numerical experiments with a three-dimensional
GCM and obtained QBO-like oscillations in the
stratosphere and signals of associated variations in the
troposphere. However, these studies mainly analyzed
the stratospheric part of the oscillation, whereas the
associated variations in the troposphere had received
little attention. Downward influence of the QBO-like
oscillations on the troposphere has not been studied yet.

The use of a hierarchy of numerical models is needed
to reduce the gap between an idealized theory and the
complex real atmosphere (Hoskins 1983; Held 2005). As
stated in YBN14, it would be a good timing to re-
investigate the dynamics of the QBO-like oscillations
obtained in the hierarchy of idealized regional and
global models in two and three dimensions from a
viewpoint of stratosphere-troposphere dynamical cou-
pling in the tropics.

In this study, we examine the momentum budget of a
self-sustained oscillation dynamically analogous to the
equatorial QBO that was obtained by YBN14 in a
stratosphere—troposphere coupled system. It will be
shown that organized features of moist-convective sys-
tems vary rather periodically associated with the QBO-
like oscillation. Two processes are associated with the
vertical momentum transport in this two-dimensional
experiment with a cloud-system-resolving model. One is
convective momentum transport (CMT), which occurs
primarily in the troposphere and is due to organized
circulations associated with slantwise convections (e.g.,
Moncrieff 1992). The other is gravity wave momentum
transport (GWMT), which is associated with vertically
propagating gravity waves generated by convection
(e.g., Fritts and Alexander 2003).
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Regional cloud-system-resolving models in two di-
mensions have been used to investigate stratospheric
gravity waves generated by a squall-line type of con-
vection (Fovell et al. 1992; Alexander et al. 1995) and
their possible role in forcing the QBO in the equatorial
stratosphere (Alexander and Holton 1997). In these
experimental studies with regional models, numerical
time integrations were performed for short time periods,
less than a week, under specific background conditions
with idealized mean zonal wind profiles. These studies
focus on upward influence from the troposphere to the
stratosphere associated with GWMT, without attention
to CMT in the troposphere.

There are only a few studies that examined the re-
lationship between CMT and GWMT in the tropo-
sphere with a regional cloud-system-resolving model.
Recently, Lane and Moncrieff (2010, hereafter LM10)
and Shaw and Lane (2013, hereafter SL13) studied the
connection between CMT and GWMT in a two-
dimensional cloud-system-resolving model with ideal-
ized zonal mean zonal wind profiles. In these studies
they introduced a linear group velocity criterion to ob-
jectively separate CMT from GWMT, assuming that
GWMT is typically associated with upward-propagating
gravity waves. SL13 showed that the GWMT contribu-
tion is present in the troposphere and stratosphere,
whereas the CMT contribution forms a large part of the
residual (non-upward-propagating contribution) and
dominates the fluxes in the troposphere. SL.13 also an-
alyzed the vertical sensible heat flux to isolate the effects
of unstable convection from upward-propagating grav-
ity waves, and the results support the physical in-
terpretation of the CMT and GWMT contributions.

Downward-propagating gravity waves, as well as
upward-propagating ones, are generated by convection.
These could be responsible for the vertical momentum
transport in the troposphere and also the initiation of a
new convective system (e.g., Mapes 1993). As SL13
mentioned, the non-upward-propagating contributions in
their analysis could include momentum transport by
downward-propagating gravity waves.

In this study, we develop a method to separate the
momentum flux in time-space spectral space into three
contributions of the upward and downward GWMTs
and CMT by extending the works of LM10 and SL13.
The method is applied to every 2-day period during the
cycle of the QBO-like oscillation to analyze the periodic
variation of momentum budget in the self-sustained os-
cillation. The results give periodic variations of the
characteristics of vertical momentum transport not
only in the stratosphere but in the troposphere, in as-
sociation with the QBO-like oscillation of the mean
zonal wind.
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The remainder of the paper is organized as follows.
Section 2 describes the two-dimensional cloud-system-
resolving model experiments and diagnostic methodol-
ogy. The general features of the QBO-like oscillation are
also described, including periodic variations of organized
convective systems. Section 3 shows the momentum bud-
get of the QBO-like oscillation. Then, section 4 introduces
the method to separate the momentum flux into CMT and
upward and downward GWMTs and applies it to a time
period of 2 days during squall-line type of precipitation.
The results of separation applied to another 2-day period
during back-building type of precipitation are given in
section 5. In section 6, the modulation of the momentum
transports in accordance with the QBO-like oscillation is
described. Discussion is given in section 7. Finally, section
8 concludes this paper.

2. Cloud-system-resolving model experiments and
diagnostics

a. Cloud-system-resolving model experiments

1) MODEL DESCRIPTION

The model used here is the Advanced Research ver-
sion of the Weather Research and Forecasting (WRF)
Model (ARW), version 3 (Skamarock et al. 2008), and
the model configurations reported here are based on
those for the “Hightop0” case described by YBN14. The
numerical experiment uses a two-dimensional model
domain that is 640km long, with 5-km horizontal grid
spacing and 200 vertical levels up to 40 km at the initial
state. A periodic boundary condition is assumed in the
zonal direction. The Coriolis parameter is set to zero. A
Rayleigh damping layer is introduced at the top boundary
for 5-km depth to absorb vertically propagating gravity
waves by relaxing dependent variables to the reference
state given as an initial condition. Yonsei University
(YSU) PBL is employed as planetary boundary layer
scheme with surface fluxes based on Monin—-Obukhov
similarity theory, and the 1.5-order prognostic turbulence
kinetic energy (TKE) closure option is used for the eddy
viscosities. Convective parameterization is turned off.
The WREF single-moment 6-class microphysics scheme
(WSMS6) is used for cloud microphysics to represent ex-
plicit moist convection. For radiation schemes, the Rapid
Radiative Transfer Model (RRTM) is used for longwave
radiation and MM5 (Dudhia) for shortwave radiation. We
set the solar declination to the equinox condition and fix
the solar insolation to the daily averaged value.

An idealized zonally uniform initial condition is given
by the climatological profiles of temperature and moisture
on the equator that were created from the ERA-Interim
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dataset (Dee et al. 2011). The imposed zonal wind is
5ms~ ! below 11km, Oms~! above 16km, and merges
smoothly between them. At the bottom boundary, the sea
surface temperature (SST) is uniform, with a constant
value of 27°C. Convection is triggered by an initial thermal
bubble with horizontal and vertical radii of 50 and 4.8 km,
respectively, and a perturbation temperature of 3K.

We performed time integration for 2 yr with a time
step of 10s. The outputs were sampled at 5-min intervals
for the periods between days 260 and 408, during which a
quasi-equilibrium state has been already achieved
(YBN14). The output variables are zonal and vertical
winds, temperature, potential temperature, cloud water
mixing ratio, ice mixing ratio, and precipitation.

2) A QBO-LIKE OSCILLATION AND ASSOCIATED
MODULATION OF CONVECTIVE SYSTEMS

In the quasi-equilibrium state, the time mean zonal
mean temperature (Fig. 1 in YBN14) shows a lapse rate
of 7.7 K km ! in the troposphere, similar to the observed
climatology, and has lower values, about 10K, than the
climatology. The tropopause is located around 13 km,
several kilometers below the climatology. A self-sustained
oscillation is obtained in this radiative-moist-convective
quasi-equilibrium state, and it shows a QBO-like oscil-
lation with a period of 134 days in the stratosphere
and associated periodic variations in the troposphere
(Fig. 1a). Note that the mean upwelling of the Brewer—
Dobson circulation, which can affect the descent rate of
the QBO wind shear (e.g., Watanabe and Kawatani
2012), is not present in the two-dimensional model. The
downward propagation of the oscillation signal in the zonal
mean zonal wind starts from the bottom of the Rayleigh
damping layer (~30km) and reaches to the surface,
changing the propagation speed with height. For example,
the zero-wind line propagates downward from 30 to 20 km
during days 265 and 305 at a mean speed of roughly
250mday !, from 20 to 12.5 km during days 305 and 365 at
~125mday !, and from 12.5 km to the surface during days
300 and 350 at ~250m day .

Figure 1b shows the zonal mean potential tempera-
ture anomaly from the time mean. In the stratosphere,
the descent of a warm anomaly with a cold anomaly
above is clear in association with that of shear layers
separating the easterly and westerly zonal mean zonal
winds. In the troposphere, the potential temperature
anomalies appear simultaneously through the entire
depth, and vary periodically; the warm anomalies appear
for days 260-268, 320-340, and 375400 during which the
zero-wind line exists in the middle troposphere at around
z = 2.5-7.5km, whereas the cold anomalies appear dur-
ing the periods when the zero-wind line exists in the up-
per troposphere or lower stratosphere.
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FIG. 1. Time variations of the QBO-like oscillation. Time-height sections of (a) zonal mean zonal wind (ms™ 1),
(b) zonal mean potential temperature anomaly from the time mean (K), (c) zonal mean ice mixing ratio (kgkg ™),
and (d) zonal mean mixing ratio of cloud water (kg kg 1); (¢) time series of zonal mean precipitation (mm h™!) and its
21-day running mean (blue line); (f) zonal-time section of precipitation (mm h™'); and (g) time series of zonal mean
zonal wind at z = 2 km. Overlaid black contours in (a)-(d) show the zero-wind line of the zonal mean zonal wind. Five
pairs of vertical dashed lines show the corresponding 2-day periods presented in Fig. 2. Red and blue bars at the
bottom of (f) denote the BB- and SL-type periods, respectively.

Figures 1c and 1d show the ice mixing ratio and the cloud water exists below the freezing level (z = 0.5—
cloud water mixing ratio, respectively. The ice exists Skm) and has a peak around 2km. As well as the tem-
above the freezing level and below the tropopause (z = perature anomaly, periodic modulation of these cloud
5-12km) and has a peak around 10km, whereas the variables is discernible and should be related to the
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modulation of moist convections; the ice mixing ratio
and cloud water mixing ratio increase for days 310-340
and 370-400, during which the zero-wind line exists in
the middle troposphere. However, the modulation of
the zonal mean precipitation is not very clear because
of large fluctuations of high-frequency components
(Fig. le).

Figure 1f shows a zonal-time section of precipitation.
Precipitation is organized into bands that correspond to
propagating convective activity. Figure 2 shows the
precipitation distributions and the mean flow profiles for
five 2-day periods at intervals of about 20 days, as in-
dicated by the vertical dashed lines in Fig. 1. During days
304-305 (Figs. 2a,b), when the zonal mean zonal wind is
easterly in the troposphere, each precipitation system
propagates westward at the speed of ~—6.0ms™ ', and a
new system emerges at the rear side of the previous one
with a mean ““group velocity” of ~2.0ms~'. We refer to
this type of propagation pattern of precipitation as a
back-building (BB) type. During days 322-323 (Figs. 2¢,d),
when the easterly jet exists in the lower troposphere
at z = 2km, each precipitation system propagates
westward at the speed of ~—10ms ™', and a new system
emerges at the front side of the old one. We refer to this
type of propagation pattern of precipitation as a squall-
line (SL) type. During days 340-341 (Figs. 2e,f), the
zonal mean zonal wind in the lower troposphere is al-
most zero, and precipitation is less organized or of a
weak BB-type signature. During the last half of the os-
cillation, when the tropospheric wind profiles are mirror
images of those during the first half, the BB and SL types
of the precipitation pattern also appear, but the pre-
cipitation patterns propagate in the opposite direction
(Figs. 2g-j).

Precipitation pattern is modulated in association with
the QBO-like oscillation, characterized by alternating
between the SL and BB types periodically (shown as
blue and red bars, respectively, at the bottom of Fig. 1f).
Figure 1g shows that the SL-type periods begin when the
zonal mean zonal wind at z = 2km exceeds ~5ms ™"
and end when it slows to less than ~2.5ms ™', The zonal
mean variables related to moist convections, such as the
tropospheric temperature, ice mixing ratio, and cloud
water mixing ratio, have positive anomalies during the
SL-type periods, whereas negative anomalies during the
BB-type periods, as shown in Figs. 1b-d.

b. Diagnostics

1) MOMENTUM BUDGET

In a two-dimensional (x—z) periodic system without
the rotation of the earth, the tendency equation for the
zonal mean zonal wind 7%(z, t) can be given by
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FIG. 2. (left) Zonal-time sections of precipitation (mmh™")
for 2-day time interval. (right) The 2-day averaged zonal mean
zonal wind (ms™!) for 0 = z = 18 km. (a),(b) Days 304-305 (BB
type); (c),(d) days 322-323 (SL type); (e),(f) days 340-341 (BB
type); (g),(h) days 358-359 (BB type); and (i),(j) days 378-379
(SL type). Red dashed lines show constant phase speeds for
each value.
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where F,(z, t) = py(z)u'w’ is the zonal mean vertical flux
of horizontal momentum; p,(z) is the background den-
sity; u and w are the horizontal and vertical winds, re-
spectively; and the overbar and prime denote the zonal
mean and anomaly from the zonal mean, respectively.
The residual consists of turbulent mixing and implicit
numerical diffusion.

2) UPWARD- VERSUS NON-UPWARD-PROPAGATING
WAVES

As written in section 1, the vertical flux of horizontal
momentum includes contributions from CMT and up-
ward and downward GWMTs. First, the upward- and
non-upward-propagating contributions are separated
using the method that was introduced in LM10 and
used in SL13. Then, in section 4, we introduce a new
method to subtract the contribution related to convec-
tive circulations from the upward- and non-upward-
propagating contributions.

LM10 and SL13 used a filter in spectral space that
isolates the upward and nonupward contributions. This
filter is derived based on the linear theory of gravity
waves and the so-called Eliassen-Palm (EP) theorem
(Eliassen and Palm 1961; Lindzen 1990); that is,

p'w' = pO(C - ﬁ)M,W/ = pocg_E7 (2)

where p is the pressure, c is the phase speed in the x
direction, cg, is the vertical component of group velocity,
and FE is the wave energy per unit mass defined as

_IvP, gt”
F)
dz
where 6 is the potential temperature, g is the magnitude
of gravity, and v' = (u/, w’). Spectral components were
derived by a two-dimensional Fourier transform in the
horizontal space and time coordinates at every vertical
level. Spectral components that have a positive group
velocity (c,, > 0) represent upward-propagating waves.
The remaining spectral components represent the non-
upward-propagating contribution, which is regarded as
momentum transport by convection and downward-
propagating gravity waves. LM10 used the relationship
between the sign of the vertical flux of horizontal mo-
mentum pyu'w’ and the intrinsic phase speed ¢ —u to

separate the spectral components, whereas SL13 used
the sign of the pressure flux p'w’.

E

®)
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We use the spectrum of the momentum flux multi-
plied by the intrinsic phase speed to separate the
spectral components into upward- and non-upward-
propagating contributions. The spectrum of the mo-
mentum flux is calculated by multiplying the cospectrum
of the horizontal and vertical components of wind
anomaly from the zonal mean by the background den-
sity. The sign of each spectral component is used as a
filter in spectral space that isolates the upward and
nonupward contributions. However, as convection and
gravity waves can coexist in the domain at the same
time, the separation using a criterion of the linear wave
theory may not be perfect to separate CMT from
GWMT.

3. Momentum budget

Figures 3a—c show time-height sections of each term
in Eq. (1). In the stratosphere, most of the acceleration
of the zonal mean zonal wind occurs in a confined layer
of about 5km around the zero-wind line for a limited
time interval of about 5 days (Fig. 3a). Easterly ac-
celeration (9u/dt<0) begins around the altitude of
30km on day 270 and propagates downward along with
the zero-wind line with easterly shear (du/dz <0). The
westerly acceleration (9u/0t > 0) begins around 30 km
on day 340 and propagates downward along with the
zero-wind line with westerly shear (971/0z > 0). A sim-
ilar feature is found in the convergence term of the
vertical flux of horizontal momentum Cy,(z, ), but its
vertical position is shifted upward in comparison to the
acceleration term of the zonal mean zonal wind
(Fig. 3b). The residual component is large at around
2km above and below the zero-wind line (Fig. 3c);
there is a positive peak above and a negative peak
below the zero-wind line with easterly shear, whereas a
negative peak above and a positive peak below the
zero-wind line with westerly shear. These dipoles of
the residual component cancel the upward shift of the
convergence term of the vertical flux of horizontal
momentum.

The dipoles of residual component could be caused
by vertical mixing around the zero-wind lines where
the vertical shear of the zonal mean zonal wind is large
(e.g., Geller et al. 1975). Because the model outputs
of this experiment did not include the subgrid TKE, we
estimate the local Richardson number (Ri) [Ri(x, z, t) =
(/6)(36/3z)(9u/dz) ] from the output data. Figure 3e
shows percentage of grid boxes that satisfy Ri < 0.25 at
each level and each time. The grid boxes that satisfy
Ri < 0.25 exist only around the zero-wind lines in the
stratosphere, suggesting vertical turbulent mixing due
to gravity wave breaking around there. The percentage
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FI1G. 3. Time-height sections of each term in Eq. (1): (a) acceleration of the zonal mean zonal wind (9u/dt), (b) convergence of the

vertical flux of horizontal momentum (i.e., Cr,), and (c) residual term. Time-height sections of (d) the zonal mean vertical flux of
horizontal momentum (i.e., F;) and (e) percentage of grid boxes that satisfy Ri < 0.25. Values in (a)-(d) are 2-day averaged values.
Values in (e) are maximum values at every 2-day period. Overlaid contours in (a) show the zonal mean zonal wind with contour intervals
of 15 ms ™! with negative values in dashed contours; only the enhanced zero-wind line is shown in (b)—(e). Red and blue bars at the bottom

of each plot denote the BB- and SL-type periods, respectively.

is mostly less than 2%, and the maximum percentage
is about 25% located at the level of z = 23km. Such
vertical mixing of horizontal momentum can produce
the dipoles of the residual component, whose signs
depend on the sign of the vertical shear (Fig. 3c). The
existence of a cold anomaly above a warm anomaly,
which is independent of the sign of the vertical shear,
around the zero-wind lines in Fig. 1b is also consis-
tent with the vertical turbulent mixing of potential
temperature. In the Rayleigh damping layer above
30km, the residual term almost cancels the conver-
gence term of the vertical flux of horizontal mo-
mentum to reduce the acceleration term to a small
value by the Rayleigh damping through the
oscillation cycle.

In the troposphere, the acceleration of the zonal
mean zonal wind occurs rather simultaneously in a
wide range of heights between the tropopause (z ~
13km) and about 2 km below the zero-wind lines and
has a weaker peak around the zero-wind lines than in
the stratosphere (Fig. 3a). During the SL-type periods,

stronger acceleration occurs in the middle troposphere
when the zero-wind line exists there. The convergence
term of the vertical flux of horizontal momentum
displays a similar feature to the acceleration term of
the zonal mean zonal wind (Fig. 3b). Around the tro-
popause, z = 10-15km, there are two or three layers of
strong convergence and divergence, which persist for
about 5 days, after which new ones immediately ap-
pear. These features are more evident during the
SL-type periods, and similar features of opposite sign
are found in the residual component (Fig. 3c). Below
the altitude of 2km, there are large values in the
convergence and residual terms, especially during
the SL-type periods, when the mean zonal wind jet
exists around z = 2km with a large wind shear near
the surface (see Figs. 2d,j). The percentage of the grid
boxes that satisfy Ri < 0.25 is large in the upper
troposphere and near the surface (Fig. 3e), sug-
gesting instability around there. The peak value is
about 30% and islocated around the tropopause, z =
10-12km, where the two or three layers of large
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negative and positive values exist in the convergence
term (Fig. 3b) and in the residual component
(Fig. 3c).

Figure 3d shows a time-height section of the verti-
cal flux of horizontal momentum [i.e., F,(z, t)]. The
momentum flux is basically positive when the zonal
mean zonal wind is easterly, whereas it is negative
when the mean zonal wind is westerly. In the strato-
sphere, the momentum flux is large between the tro-
popause and the zero-wind lines, around which the
mean zonal wind has a large vertical shear. The mo-
mentum flux is relatively small in the stratosphere
during the SL-type periods, compared with the BB-
type periods. It amplifies suddenly in the depth be-
tween the tropopause and the zero-wind lines at the
time when large acceleration of the zonal mean zonal
wind starts near the bottom of Rayleigh damping layer.
In the troposphere, the momentum flux is large be-
tween the surface and around the zero-wind lines, es-
pecially during the SL-type periods. The momentum
flux is positive (i.e., the upward flux of the eastward
momentum) during days 280-335, when the pre-
cipitation pattern propagates westward (see Figs. 2a,c),
whereas the momentum flux is negative during days
340-395, when the precipitation pattern propagates
eastward (see Figs. 2e,g,i).

4. Method of separating CMT from GWMTs and
its application for an SL-type period

a. Time—space spectral analysis separating upward-
and non-upward-propagating components

As stated above, the vertical flux of horizontal mo-
mentum is associated with CMT and upward and
downward GWMTs. In this section, we introduce a
method of separating the vertical flux into the three
contributions using time-space Fourier separation, ap-
plying it to a 2-day time period during an SL type, as an
example, when the zonal mean variables related to moist
convection and the acceleration of the zonal mean zonal
wind are large in the troposphere (Figs. 1b—d and 3a).
Figure 4a shows the phase speed spectra of the vertical
flux of horizontal momentum [p,(z)u/w’] for all heights z
for days 322-323. To create this plot, the momentum flux
spectrum was computed for zonal wavenumber k and
frequency w using the cospectrum of the horizontal and
vertical components of wind anomaly from the zonal
mean, and each spectral element for k and w was sorted
into phase speed ¢ =w/k bins of 1ms™ ' width. The
spectra were calculated at 0.5-km vertical intervals.
During this period, the spectra have a positive peak in
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FIG. 5. Phase speed spectra of (a) the total cloud mixing ratio (cloud water plus ice) for the height range of 0 < z =< 15 km
for days 322-323 and (b) normalized spectra at each level. Dashed line in (b) denotes 98% range.

the troposphere, with small intrinsic phase speeds
[c ~@(z)]- In the stratosphere, the momentum flux is
mostly negative for negative intrinsic phase speeds
[c¢ <7(z)] and mostly positive for positive intrinsic phase
speeds [c >1(z)], consistent with the upward propa-
gation of gravity waves [c,, >0 as given by Eq. (2)]. In
the troposphere, on the other hand, the spectra also
have a negative peak at the phase speed around 20ms ™~ '—
that is, a positive intrinsic phase speed, suggesting the
existence of downward propagation of gravity waves
(cq. <0).

Next, we apply the separation of the vertical flux
of horizontal momentum using the upward-wave-
propagation criteria from the linear theory of gravity
waves, as described in section 2b. Figures 4b and 4c
show the separated momentum fluxes of upward- and
non-upward-propagating contributions, respectively,
using the relationship between the sign of the mo-
mentum flux and the intrinsic phase speed as given by
Eq. (2)—the same sign for upward-propagating com-
ponents and the opposite sign for non-upward-
propagating components. The upward-propagating
contribution shows that the momentum transport
signals exist from the lower or middle troposphere to
critical levels in the stratosphere, with peak phase
speeds of ¢ ~ 40, 7, —15, and —33ms” L. The non-
upward-propagating contribution is confined to the
troposphere. The downward-propagating signal from
the middle troposphere to the surface is clear, with the
negative peak of positive intrinsic phase speeds
around ¢ ~ 18ms™'. The large positive momentum
flux with small intrinsic phase speeds [c ~i(z)] in the
troposphere in Fig. 4a is separated into the upward-
and non-upward-propagating contributions, even
though it should be regarded as CMT associated with
slantwise convective structures.

b. Separation of convective momentum transport

To separate the momentum flux associated with con-
vective circulations, we first conduct a time-space
spectral analysis of the total cloud (cloud water and
ice) mixing ratio for the same time period in order to
characterize cloud motions. Figure 5a shows the phase
speed spectra of the total cloud mixing ratio for the
height range of 0 = z = 15km for days 322-323. The
spectral power is large for the range of 0.5 = z =
12.5km, with two peaks at z = 2 and 10km that corre-
spond to the peak heights of cloud water and ice, re-
spectively. Figure Sb shows the normalized phase speed
spectra of the total cloud mixing ratio, which is calcu-
lated by dividing the original spectra by the sum of
the spectra at each level. The normalized spectra are
nearly symmetric about the phase speed equal to the
background mean zonal wind #z(z), which means that
clouds are fundamentally steered by background wind
at each level. The phase speed range containing 98%
of the spectral power (denoted by dashed lines) is lo-
cated around 7(z) = 7ms™ ! at each level between z =
0.5 and 12.5km (denoted by thin horizontal lines in
Fig.5). As a criterion to separate CMT from upward and
downward GWMTs, we determined this value by trial
and error to reduce the contamination by gravity waves
in CMT contribution. Most of the results are insensitive
to the choice of that value at least for the range of 95%-
99%. After subtracting spectral elements whose phase
speeds are within this criterion, we regard the remaining
spectral components of upward- and non-upward-
propagating contributions as the upward and down-
ward GWMTs, respectively.

Figures 6a, 6d, and 6g show the phase speed spectra
of the upward GWMT, CMT, and downward GWMT,
respectively, for all heights. CMT is confined to the
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FI1G. 6. (left) Phase speed spectra of (a) upward GWMT, (d) CMT, and (g) downward GWMT for all heights for days 322-323. (center)
Integral of the vertical flux spectra for (b) upward GWMT, (e) CMT, and (h) downward GWMT over the total phase speeds (green solid
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the acceleration of the zonal mean zonal wind (gray line). The convergence of the flux integrated over the total phase speeds is shown as
orange line.
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troposphere as defined and is mostly positive. The CMT
spectra are nearly symmetric about the intrinsic phase
speed with respect to the background wind speed u(z).
The subtraction of the CMT contributions clarifies
that there is an upward GWMT at a phase speed of
about ¢ ~ 18ms ™' (marked D in the figure) within the
troposphere, which is not propagating into the strato-
sphere because of the critical level, in addition to the
upward GWMTs at the aforementioned peak phase
speeds of ¢ = 7, —15, and —33ms ! (marked A, B, and
C, respectively). The spectra for the downward GWMT
also show another peak phase speed at ¢ = —20ms ™!
(marked F) in addition to the aforementioned peak
phase speed of ¢ = 18ms™~ ! (marked E). The figures
suggest that the upward GWMT corresponding to A
occurs from the top of clouds, whereas the upward
GWMTs corresponding to B and C and the downward
GWMTs corresponding to E and F are from the middle
of clouds.

Figure 6 (center) shows the integral of the vertical flux
spectra of the horizontal momentum over the negative
(c —u<0; black dashed line) and positive (¢ —u>0;
black solid line) intrinsic phase speeds, together with the
total flux (green line). Figure 6 (right) also shows their
vertical convergence (i.e., Cr,; the convergence of the
total flux is shown by the orange line), together with the
acceleration of the zonal mean zonal wind (gray line).
The easterly wind acceleration (9z/9t < 0) occurs in the
easterly shear layer (9w/dz <0) in the lower strato-
sphere, centered at z = 16km, and the westerly wind
acceleration (9u/dt>0) occurs in the westerly shear
layer (0u/dz > 0) of the troposphere in the height range
of 2.5 = z = 15km. The upward GWMT associated with
the negative intrinsic phase speeds is larger in magni-
tude than that with the positive intrinsic phase speeds in
the upper troposphere and lower stratosphere, and its
divergence (Cr, <0) near the critical levels contributes
to the easterly wind acceleration in the lower strato-
sphere. Note that the vertical position of the divergence
is shifted upward in comparison to the wind accelera-
tion, as seen in Fig. 3. Although the upward GWMT in
the stratosphere associated with the positive intrinsic
phase speeds is small, the flux around the phase speed of
¢ = 40ms~! propagating from the upper troposphere
results in the large convergence (Cr, >0) in the Ray-
leigh damping layer above z = 30km. The CMTs asso-
ciated with both of the negative and positive intrinsic
phase speeds have positive values, and their conver-
gence in the troposphere contributes to the westerly
wind acceleration. In addition, there is large conver-
gence and divergence of the CMT and the downward
GWMT around the tropopause (z = 10-12.5km), as
seen in Fig. 3b. The downward GWMT associated with
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the positive intrinsic phase speeds exceeds that asso-
ciated with the negative intrinsic phase speeds. The
convergence of the downward GWMT has little contri-
bution to the acceleration of the zonal mean zonal wind
in the troposphere.

c. Gravity waves in physical space

Figure 7a shows an x—t cross section of the vertical
wind at z = 15km in the lower stratosphere, where the
upward GWMT contribution dominates (Fig. 6), above
a convectively active area of 250 = x = 500km. The
vertical wind is separated into the upward GWMT,
CMT, and downward GWMT contributions, respec-
tively, by being applied the time-space Fourier sep-
aration and then transformed into physical space.
Figures 7b—d give x— cross sections of the separation of
the vertical wind at z = 4km in the middle troposphere.
Figures 7a and 7b show waveforms propagating at the
phase speeds of ¢ = 7 (A), —15 (B),and —33 (C) ms~'in
the lower stratosphere and ¢ = 18 (D) and —33 (C) ms
in the middle troposphere. These phase speeds are close
to the peaks in the upward GWMT spectra (Fig. 6a) and
are marked with the same symbols. Figure 7d also shows
waveforms propagating at the phase speeds close to the
peaks in the downward GWMT spectra (Fig. 6g): ¢ =
18 (E) and —20 (F)ms™'. Figure 7c shows that strong
updrafts related to CMT are confined within the cloud
while downdrafts exist on either side of the updrafts,
consistent with what we expect for convective circula-
tion. A waveform propagating at the phase speed of
¢ = —7(G)ms ' can be discernible in this plot, and this
phase speed is a very low intrinsic phase speed for
7 = —8ms ! at this level.

Figures 8a—c show instantaneous x—z sections of the
vertical wind at ¢ = 2:45 on day 322 (the time marked
by a triangle and a horizontal solid line in Fig. 7) that
comprise deep convection in the troposphere around
x = 400km; each panel shows the separation of the
vertical wind into the upward GWMT, CMT, and
downward GWMT contributions. The deep convection
tilts eastward with height (i.e., in the same sense as the
shear vector of the zonal mean zonal wind as shown in
Fig. 8d) and has an anvil-like structure extending
eastward.

Figure 8a exhibits upward energy-propagating dis-
turbances of the vertical wind around the convection
system, which correspond to the waveforms mentioned
in Figs. 7a and 7b (marked with the same symbols A, B,
C, and D in the figure). The disturbance corresponding
to A is located directly above the convection system,
showing a westward tilt with height. The disturbances
corresponding to B and C exist in the western part of the
convection system, from the middle troposphere to the
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lower stratosphere with phase lines tilted westward with
height. The tilts of the phase lines in the stratosphere
are larger than those in the troposphere because of the
difference in the static stability N2. The upward-
propagating disturbances corresponding to A-C reach
each critical level in the stratosphere located around
z = 17-20km (Fig. 6a). The disturbance corresponding
to D exists below the anvil-like structure, showing a
slight eastward tilt of phase lines with height.

Downward-propagating disturbances also exist in the
middle and lower troposphere as shown in Fig. 8c. They
correspond to the waveforms mentioned in Fig. 7d. The
disturbance corresponding to E is located below the
anvil-like structure in the eastern part of the convection
system and shows a slight westward tilt of phase lines
with height. The disturbance corresponding to F is lo-
cated in the western part of the convection system, with
an eastward tilt of phase lines with height.

The flow pattern related to the CMT contribution
(Fig. 8b) has the same eastward tilt with height as the
deep convection, showing the ascending flow from front
to rear and the descending flow in the rear inflow to
have a large positive momentum flux. The disturbance
corresponding to G can be detected in the eastern part
of the convection system, showing a slight eastward tilt
of phase lines with height.

The horizontal phase speed of linear internal gravity
waves is expressed as

N

c= 72
(K2 + m? + 0.25/H?)

=u(z) *

4)

with the sign depending on whether the waves propa-
gate toward the east or west relative to the zonal mean
zonal wind 7(z)—that is, positive or negative intrinsic
phase speed. In Eq. (4), o is the frequency; k and m are
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and ridges.

the horizontal and vertical wavenumbers, respectively;
H = kg/N? is the scale height; and k = R/c, is the ratio
of the gas constant to the specific heat capacity with
constant pressure. The mean static stability parameter
in this numerical experiment is 1.2 X 10 *s 2 in the
middle troposphere and 3.7 X 10 *s™? in the lower
stratosphere. Using these values and the horizontal and
vertical wavelengths (L, =2w/k and L, =2m/m, re-
spectively) from Fig. 8, we can estimate the horizontal
phase speeds c. as listed in Table 1 for waveforms A-G.
The last column gives the phase speed cop,s read from
Fig. 7. As the estimated phase speed c.y is in good

agreement with the observed one c,ps for the waveforms
A-F, we can regard that the disturbances of the vertical
wind shown in the upward and downward GWMT con-
tributions of Figs. 7 and 8 are the linear internal gravity
waves that satisfy the dispersion relationship [Eq. (4)].
On the other hand, the estimated horizontal phase speed
of the waveform G is greater than the observed one by
about a factor of 3 (Table 1). Therefore, the waveform G
could not be recognized as the linear internal gravity
wave. These results support the method we introduced
here to separate the momentum flux into CMT and up-
ward and downward GWMTs.
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TABLE 1. Observed and estimated wave parameters for A-G
during days 322-323. The horizontal and vertical wavelengths (L,
and L., respectively) are measured from Fig. 8. The estimated
phase speed (i.e., ces) is from the dispersion relationship Eq. (4)
with the values of N? and u at 15 km (A-C) and 4 km (D-G), and
the phase speed (i.e., cops) is measured from Fig. 7.

Lx (km) Lz (kl’l’l) Cest (1’1’1 571) Cobs (m Sil)
A 38 4 6.5 7
B 36 12 -159 -15
C 80 18 —34.1 -33
D 27 16 18.3 18
E 27 16 18.3 18
F 40 9 -21.2 -20
G 43 8 -19.6 =7

5. Separation results for a BB-type period

a. Time—space spectral analysis separating CMT and
GWMTs

Figure 9 shows the phase speed spectra of the total
cloud mixing ratio, similar to Fig. 5 but for days 304-305
during a BB-type period. The spectra show similar fea-
tures as those for an SL-type period (Fig. 5), but the
spectral power is smaller in magnitude and the upper
peak is located at z = 8km (Fig. 9a). The phase speed
range containing 98% of the spectral power is wider and
located around 7(z) + 10ms ™' (Fig. 9b).

Figure 10 shows the spectra of the upward GWMT,
CMT, and downward GWMT, similar to Fig. 6 but for
days 304-305. Unlike the SL-type period, the spectra for
the CMT (Fig. 10d) are antisymmetric about the in-
trinsic phase speed with respect to the background wind
speed 7(z); CMT is positive for the negative intrinsic
phase speeds, whereas it is negative for the positive ones.
The upward GWMT (Fig. 10a) has large contribution
for negative intrinsic phase speed with peak phase
speeds of c = —15 and —25ms ™! (marked “a” and “b”

(a) Total Cloud
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in the figure, respectively) from the middle or lower
troposphere to critical levels in the stratosphere. The
spectra for the upward GWMT show other phase speed
peaks at ¢ = 5,15, 25, and 30ms™! (marked “c” for ¢ =
15ms~!) in the lower troposphere and is absorbed at
the corresponding critical levels in the upper tropo-
sphere. The downward GWMT (Fig. 10g) is confined to
the troposphere with peak phase speeds of ¢ = 15
and —25ms~ ! (marked “d” and “e,” respectively). In
comparison with the SL-type period, the range of the
peak phase speeds in the spectra of the upward and
downward GWMTs is narrower, as the difference be-
tween the background wind speeds in the middle and
upper troposphere is smaller.

As seen in gray lines in Fig. 10 (right), the easterly
wind acceleration (97/9t < 0) occurs in the easterly shear
layer (97/9z <0) in the lower stratosphere centered at
z = 20km, and the westerly wind acceleration
(ou/ot > 0) occurs in the westerly shear layer (9u/dz > 0)
in the upper troposphere in the height range of § = z <
13 km. The upward GWMT associated with the negative
intrinsic phase speeds dominates in magnitude in the
upper troposphere and lower stratosphere (Fig. 10b),
and its divergence (Cp, <0) near the critical levels
contributes to the easterly wind acceleration in the
lower stratosphere (Fig. 10c). The vertical position of
the divergence is shifted upward compared with the
wind acceleration, as seen in Figs. 3 and 10c. Near the
tropopause at z ~ 12.5km, the convergence of the up-
ward GWMT associated with the positive intrinsic phase
speeds contributes the westerly wind acceleration
(Fig. 10c). The CMT is positive for the negative intrinsic
phase speeds, whereas it is negative for the positive ones
(Fig. 10e). In the upper troposphere, the CMT associ-
ated with the negative intrinsic phase speeds and its
convergence have the dominant role of the westerly
wind acceleration (Figs. 10e,f). The downward GWMT

(b) Normalized
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FIG. 9. As in Fig. 5, but for days 304-305.
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associated with the negative intrinsic phase speeds is
larger than that associated with the positive intrinsic
phase speeds through the troposphere (Fig. 10h). The
convergence of the downward GWMT has minor con-
tribution to the acceleration of the zonal mean zonal
wind in the troposphere (Fig. 10i), as is the case of the
SL-type period (Fig. 6).

b. Gravity waves in physical space

Figure 11 shows x—¢ cross sections of the vertical wind
at z = 15km in the lower stratosphere (waveform a) and
the separation of the vertical wind into the three con-
tributions at z = 4km in the middle troposphere
(waveforms b—d). In the lower stratosphere, waveforms
propagate at the phase speeds of ¢ = —15 (waveform a)
and —25 (waveform b)ms~!, which are close to the
peaks in the upward GWMT spectra (Fig. 10a). The
vertical wind related to the upward and downward
GWMTs (Figs. 11b,d) in the middle troposphere show
waveforms propagating at phase speeds close to the
peaks in the phase speed spectra (Figs. 10a,g)—for the

upward GWMT contribution ¢ =
and —25 (waveform b)ms ! and for the downward
GWMT contribution ¢ = 15 (waveform d) and
—25 (waveform e) ms ™. The vertical wind related to CMT
(Fig. 11c) in the middle troposphere shows strong up-
draft within the clouds and downdraft on either side of
the updraft, as in the case of the SL-type period. In ad-
dition, some waveforms propagating at the phase speeds
¢ = 1 (waveform f) and —13 (waveform g)ms ', which
are low intrinsic phase speeds, are discernible.

Figure 12 shows instantaneous x—z cross sections of
the vertical wind at ¢t = 2:45 of day 304 (the time marked
by a triangle and a horizontal solid line in Fig. 11) that
constitute a shallow cloud with heights less than 5km at
x = 430-450 km with a westward tilt with height, an almost
upright deep cloud at x = 450-460km with an anvil-like
structure extending eastward, and another shallow cloud
with height less than 4 km at x = 485-505 km.

Figure 12a shows upward-energy-propagating distur-
bances of the vertical wind around the convection sys-
tem, which correspond to the waveforms mentioned in

—15 (waveform c)
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FIG. 12. As in Fig. 8, but for ¢ = 2:45 on day 304.

Figs. 11a and 11b. The disturbance corresponding to
waveform a is located above the convection system,
showing westward tilt with height. The disturbance
corresponding to waveform b exists in the west of the
convection system, in the troposphere and stratosphere,
with a westward tilt with height. The disturbance corre-
sponding to waveform c is located below the anvil-like
structure, with an eastward tilt of phase lines with height.
Downward-propagating disturbances also exist in the
middle and lower troposphere as shown in Fig. 12c. They
correspond to the waveforms mentioned in Fig. 11d. The
disturbance corresponding to waveform d is located in
the east of the convection system, with a westward tilt of
phase lines with height, and the disturbance corre-
sponding to waveform e is located in the west of the
convection system with an eastward tilt with height.

The flow pattern related to the CMT contribution
(Fig. 12b) shows anticlockwise and clockwise circula-
tions in the front and rear of the deep convection as the
system moves westward. The disturbance corresponding
to f is located between the deep cloud around x =
455 km and the shallow cloud around x = 495 km with a
westward tilt with height, and the disturbance corre-
sponding to g is located in the east of the shallow cloud
with an eastward tilt of phase lines with height.

The horizontal phase speeds estimated by the dis-
persion relationship [Eq. (4)] for waveforms a-g are
listed in Table 2, together with the c,,s read from Fig. 12
in the last column. As the estimated phase speed is in
good agreement with the observed one for the wave-
forms a—e, we can regard that the disturbances of the
vertical wind shown in the upward and downward
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TABLE 2. As in Table 1, but for a—g during days 304-305. Here,
L, and L, are measured from Fig. 12 and cqps from Fig. 11. The
estimated phase speed uses the values of N?> and  at 4 km (c—g) and
15km (a and b).

Lx (km) LZ (km) Cest (m Sil) Cobs (m Sil)
a 48 11 —14.6 -15
b 42 15 —24.7 -25
c 68 12 14.7 15
d 68 12 14.7 15
e 48 12 —26.0 =25
f 20 6 412 1
g 20 4 —12.0 -13

GWMT contributions of Figs. 11 and 12 are the linear
internal gravity waves that satisfy the dispersion re-
lationship [Eq. (4)]. For the waveform f in the CMT
contribution, the estimated phase speed is greater than
the observed one by about a factor of 4, suggesting that
the waveform f could not be recognized as the linear
internal gravity wave. On the other hand, for the
waveform g, the estimated phase speed is in good
agreement with the observed one. This indicates that
CMT contribution may include inevitable contamina-
tion by gravity waves with small intrinsic phase speeds
during the BB-type periods.

6. Momentum transports associated with the
QBO-like oscillation

The time variation of the vertical momentum trans-
ports in accordance with the QBO-like oscillation is
examined in Fig. 13. It shows the integral of the phase
speed spectra of the vertical momentum flux over all the
phase speeds (Fig. 13, top), the positive intrinsic phase
speeds (¢ — u > 0; Fig. 13, middle), and the negative in-
trinsic phase speeds (¢ — u < 0; Fig. 13, bottom) for the
upward GWMT (Fig. 13, left), CMT (Fig. 13, center),
and downward GWMT (Fig. 13, right) contributions. In
the stratosphere, upward GWMT predominates. The
positive upward GWMT associated with the positive
intrinsic phase speeds is large in the region where the
zonal mean zonal wind is easterly, whereas the negative
upward GWMT associated with the negative intrinsic
phase speeds is large in the region where the zonal wind
is westerly. Positively large upward GWMT associated
with the positive intrinsic phase speeds commences
suddenly at around day 340 between the tropopause and
the zero-wind line at 30km, whereas negatively large
one associated with the negative intrinsic phase speeds
commences suddenly at around days 270 and 405 be-
tween the tropopause and the zero-wind line at 30 km.
After the commencement of the large upward GWMTs,
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large CMT with the same sign exists around the tropo-
pause for 20-30 days.

In the troposphere, CMT constitutes the most domi-
nant contribution, and downward GWMT constitutes
the second most dominant, particularly in the lower
troposphere. During an SL-type period from day 315,
the CMT associated with the positive intrinsic phase
speeds has the same positive sign as that of the negative
intrinsic phase speeds, and during another SL-type pe-
riod from day 375, the CMT associated with the negative
intrinsic phase speeds has the same negative sign as
that of the positive intrinsic phase speeds. During the
BB-type periods, on the other hand, the CMT has op-
posite sign between the positive and negative intrinsic
phase speeds. Hence, the total CMT is large during the
SL-type periods whereas it is small during the BB-type
periods. The downward GWMT associated with the
positive intrinsic phase speeds is large with a negative
sign during days 315-375. During this period, the zonal
mean zonal wind is westerly in the middle troposphere,
where downward-propagating gravity waves are gen-
erated. In a similar fashion, the downward GWMT
with the negative intrinsic phase speeds is large with
a positive sign during days 260-315 and 375-405 when
the zonal mean zonal wind is easterly in the middle
troposphere.

Figure 14 shows the vertical convergence of the mo-
mentum fluxes shown in Fig. 13. In the stratosphere,
convergence of the upward GWMT predominates for a
limited time interval in the height range around zero-
wind lines to produce a large acceleration of the zonal
mean zonal wind. In the troposphere, convergence of
the CMT comprises the most dominant contribution to
the acceleration of the zonal mean zonal wind, and the
convergence of the downward GWMT has minor
contribution.

7. Discussion

The periodic variations of organized convective sys-
tems are obtained in association with the QBO-like os-
cillation (Figs. 1 and 2). Observational evidence of the
QBO modulation of the tropical deep convection has
been reported by, for example, Collimore et al. (1998,
2003) and Liess and Geller (2012). Recently, Nie and
Sobel (2015) used a cloud-resolving model and showed
that tropical deep convection can be modulated by
temperature variations in the upper troposphere and
lower stratosphere associated with the QBO. Collimore
et al. (2003) thought that the QBO modulation of the
tropopause height and the vertical shear of the zonal
mean zonal wind between the upper troposphere and
lower stratosphere may disrupt the coherent structure of
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convective plumes and shear off convective clouds. Our
QBO-like oscillation is symmetric without the differ-
ence between the easterly shear and the westerly shear
phases, and thus the convective height and intensity are
modulated with a half cycle of the oscillation: Fig. 1c
shows that the height of ice clouds is higher and the ice
mixing ratio is larger during the SL-type periods than
during the BB-type periods. As shown in Fig. 2 (right),
the vertical shear of the zonal mean zonal wind between
the lower stratosphere and upper troposphere—for ex-
ample, the wind difference between z = 12 and 14 km—
is small during the SL-type periods (Figs. 2d,j) compared
with during the BB-type periods (Figs. 2b,f,h), consis-
tent with the hypothesis of Collimore et al. on the in-
fluence of the mean zonal wind around the tropopause
on moist convection.

On the other hand, Liu and Moncrieff (2001) con-
ducted numerical experiments with a two-dimensional
cloud-system-resolving model by changing vertical
shears of the initial zonal mean zonal wind and showed
that the vertical shears in the lower troposphere af-
fects the precipitation patterns and the mesoscale
organization of moist convection. In their Fig. 2, the
precipitation pattern is of SL type when vertical shear
in the lower troposphere is large, whereas it is of BB
type when the vertical shear is zero. These are con-
sistent with our results as shown in Fig. 2. Another

series of numerical experiments by changing the ver-
tical shear around the tropopause would clarify the
relative role of ““bottom up’’ and ““‘top down’’ processes
in the formation of the SL or BB type of precipitation
patterns.

There are three proposed mechanisms of the gener-
ation of gravity waves by convection: pure thermal
forcing, an “obstacle” effect, and a “mechanical oscil-
lator” effect [Fritts and Alexander (2003) and refer-
ences therein]. Alexander et al. (1995) and Piani et al.
(2000) showed numerical results that gravity waves
generated by a thermal forcing in the absence of strong
vertical shear of the zonal mean zonal wind have the
vertical wavelengths in the stratosphere that are ap-
proximately equal to the vertical extent of the convec-
tive heating. In the stratosphere, most of the gravity
waves obtained in our model have a vertical wavelength
comparable to the vertical extent of the tropospheric
moist convection, except for the gravity wave corre-
sponding to A during days 322-323 (Tables 1 and 2).
This indicates that the main forcing of those gravity
waves in the stratosphere is thermal forcing by latent
heat release within the tropospheric moist convection.
The gravity wave corresponding to A could be gener-
ated by either an obstacle effect or mechanical oscillator
effect, and such gravity waves with a short vertical
wavelength might have a role to produce the layers of
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FIG. 14. As in Fig. 13, but for the vertical convergence of momentum flux.

strong convergence and divergence around the tropo-
pause as shown in Fig. 3b.

In the troposphere, the downward-propagating grav-
ity waves obtained in this model have vertical wave-
lengths of 9-16km. The upward-propagating gravity
waves corresponding to D during days 322-323 and
waveform c during days 304-305 appear slightly after
the appearance of the downward-propagating gravity
waves corresponding to E and d, respectively, in the
same region (Figs. 7b,d and 11b,d). They have identical
horizontal and vertical wavelengths as those of the
corresponding downward-propagating waves (Tables 1
and 2). In addition, waveform D appears below around
the altitude of z = 6km (Figs. 8a,c), and waves ¢ and
d appear below around z = 12km (Figs. 12a,c); above
those levels, there are westerly wind as shown in Figs. 6a
and 10a. These results suggest that the downward-
propagating waves are reflected at the surface and
then propagate upward. Shige (1999) reported the ob-
servational evidence of such reflection of gravity waves
at the surface whose periods are 1-2 h based on the data
from wind profiles during TOGA COARE.

The role of tropospheric gravity waves in the initiation
of tropical convection has been studied relying on the
idea proposed by Mapes (1993) that tropospheric grav-
ity waves cause the development of new convection
through upward displacement at low levels in a meso-
scale region surrounding the original convective system.
Oouchi (1999) and Shige and Satomura (2001) used

two-dimensional cumulus-scale-resolving models to
emphasize the role of tropospheric gravity waves gen-
erated by a convection system in developing a new
convection system. Formation of a new convective sys-
tem in this model, particularly in the BB-type period,
should be related to the gravity waves in the troposphere
as described above.

The rapid acceleration just below the Rayleigh
damping layer (shown in Fig. 3a) commences suddenly
in association with the rapid increase of the vertical flux
of horizontal momentum as shown in Fig. 3d and
Figs. 13a,13d, and 13g. In a very simplified and idealized
laboratory analog of the QBO (Plumb and McEwan
1978) or its numerical models (Plumb 1977; Yoden and
Holton 1988; Wedi and Smolarkiewicz 2006), the
switching mechanism of the vertical flux of horizontal
momentum can be clearly understood as follows: When
the switching of the low-level flow into an easterly
(westerly) regime occurs as a result of vertical diffusion
near the bottom boundary, the eastward (westward)-
propagating wave is no longer attenuated at low levels
and penetrates to greater heights to start acceleration of
the zonal mean zonal flow (Plumb 1984). In the real
atmosphere, on the other hand, the observed oscillation
in the zonal mean zonal wind disappears near the tro-
popause, where the switching mechanism in the ideal-
ized system does not work. As Hamilton et al. (2015)
stated, this fundamental aspect of the switching mech-
anism of the QBO in the real atmosphere remains
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mysterious. The QBO-like oscillation in our minimal
model has a kink in the zonal mean zonal wind near the
tropopause with rather different nature of its accelera-
tion in the troposphere (Fig. 1a). Our minimal model of
the QBO-like oscillation includes a switching process of
the vertical flux of horizontal momentum near the tro-
popause in a similar way as the real atmosphere without
an artificial bottom boundary. It would be a test bed to
understand the switching mechanism of the QBO in a
simple dynamical framework.

8. Conclusions

Momentum budget of a self-sustained oscillation dy-
namically analogous to the equatorial QBO obtained
in a minimal model of the stratosphere-troposphere
coupled system (YBN14) was examined to study the
dynamical coupling processes associated with the QBO.
The QBO-like oscillation was obtained as a radiative—
moist-convective quasi-equilibrium state in a two-
dimensional (x—z) cloud-system-resolving nonhydrostatic
model with a periodic lateral boundary condition but no
effects of the rotation of the earth nor the zonal mean
upwelling of the Brewer—Dobson circulation. The ob-
tained QBO-like oscillation shows downward propa-
gation of the zonal mean signals in the stratosphere and
associated periodic variations in the troposphere, in-
cluding cloud properties and precipitation (Fig. 1). The
tropospheric variations are characterized by the mod-
ulation of organized features of moist-convective sys-
tems, with alternating appearance of a squall-line (SL)
type and a back-building (BB) type of precipitation
patterns (Fig. 2).

An analysis of the momentum budget variation
showed that in the stratosphere the acceleration of the
zonal mean zonal wind occurs for a limited time interval
in a confined layer around zero-wind lines (Fig. 3a). In
the troposphere, on the other hand, it occurs rather si-
multaneously in a wide range of heights. The vertical
flux of horizontal momentum (Fig. 3d) and its vertical
convergence (Fig. 3b) are large during the BB-type pe-
riods in the stratosphere whereas they are large during
the SL-type periods in the troposphere.

To examine the vertical momentum transport pro-
cesses in the troposphere, where gravity waves are
generated by convective systems, and in the strato-
sphere, where waves propagate from the troposphere,
we introduced a method that separates the vertical flux of
horizontal momentum into three contributions of con-
vective momentum transport (CMT) and momentum
transports by upward- and downward-propagating gravity
waves (upward and downward GWMTs). First, the phase
speed spectra of the upward- and non-upward-propagating
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contributions for a 2-day interval were estimated
using a space—time spectral filter based on the linear
theory of gravity waves (Fig. 4, as an example). This
part was developed by LM10 and used for the analysis
of momentum transports in the troposphere in cloud-
system-resolving model simulations by SL13. Then,
the CMT spectra, which were estimated from the phase
speed spectra of the total cloud (ice plus cloud water)
mixing ratio (Figs. 5b and 9b), were subtracted
from the spectra of the upward- and non-upward-
propagating contributions to obtain the three contri-
butions as given by Figs. 6 and 10. The validity of the
method was given by showing that the vertical wind
fields related to upward and downward GWMTs satisfy
the dispersion relationship of linear gravity waves both
for an SL-type period (Table 1 together with Figs. 7
and 8) and for a BB-type period (Table 2 together with
Figs. 11 and 12).

Using this method, we quantitatively evaluated the
momentum budget through the cycle of the QBO-like
oscillation in the minimal model of the stratosphere—
troposphere coupled system (Figs. 13 and 14). In the
stratosphere, the upward GWMT predominates, and its
convergence is the most important factor to accelerate
the zonal mean zonal wind. Switching of the zonal mean
zonal wind takes place in association with the sudden
commencement of large upward GWMTs, which is
generated near the tropopause (Figs. 13a,d,g). The
generation processes of gravity waves that cause the
large upward GWMTs near the tropopause is still un-
clear and needs further diagnostic studies. The CMT and
downward GWMT are confined to the troposphere, and
the former is the most dominant contribution to the
acceleration of the zonal mean zonal wind. The varia-
tions of the mean zonal wind modulate the organization
of moist-convective systems with the alternating ap-
pearance of SL- and BB-type precipitation patterns.
According to the modulation of moist-convective sys-
tems, the spectral features of every momentum trans-
port also vary periodically.

The analysis of the stratosphere-troposphere dy-
namical coupling in this minimal model is a step forward
in our understanding of the dynamical coupling pro-
cesses associated with the equatorial QBO. The method
introduced here can be used to quantitatively evaluate
the space—time variations of momentum transport pro-
cesses in the hierarchy of numerical models that include
both contributions of convection and gravity waves of
upward- and downward-propagating components.
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