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ABSTRACT

M echanisms responsible for westward generation of eastward-moving tropical convective bandsin the Tropical
Ocean and Global Atmosphere Coupled Ocean—Atmosphere Response Experiment (TOGA COARE) are inves-
tigated using a two-dimensional numerical cloud model. Sequential generation of new convective bands to the
west of an old eastward-moving convective band is successfully simulated in an environment of a convectively
active day during TOGA COARE, characterized by west winds at low levels and strong easterlies aloft.

It is concluded that the westward generation of new convective bands is explained by a gravity wave mech-
anism. Two westward-propagating modes excited below the convective cells moving westward relative to the
convective bands appear to play an important role. A slow-propagating mode (~15 m s-*) excited by a shallow
convective band is ducted in the troposphere under an unstable layer of small Richardson number containing
its critical level. A fast-propagating mode (~25 m s-') excited by a deep convective band is ducted in the
troposphere under the remaining region of the convective cell containing its critical level. These two modes
propagate horizontally to the west and promote the growth of shallow convection into long-lived convective
bands. A dry model with thermal forcing representing the convective cell showed that preferential excitation of
westward-propagating waves below the convective cell is due to westward motion and ascension of the convective
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cell. A comparative simulation without the critical level confirms the proposed gravity wave mechanism.

1. Introduction

A hierarchy of tropical convective activity over the
equatorial western Pacific has been investigated by
many researchers. Nakazawa (1988) found that ** super
cloud clusters’ (SCC) move eastward with a phase
speed of about 10-15 m s—*, and disturbances propagate
westward with a lifetime of ~2 days within a super
cloud cluster during the active phase of intraseasonal
oscillation (ISO; Madden and Julian 1971), using the
3-hourly satellite infrared data. Takayabu (1994) re-
ported the dominance of aquasi-2-day modein the cloud
field in the December—February season, and identified
this mode with the westward-propagating n = 1inertio—
gravity wave theoretically found by Matsuno (1966).

Although Matsuno (1966) found an eastward-prop-
agating n = 1 inertio—gravity wave as well as a west-
ward-propagating n = 1 inertio—gravity wave as linear
solutions under the equatorial beta plane approximation,
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an eastward-propagating n = 1 inertio—gravity wave has
never been observed.! Yoshizaki (1991) analytically
studied linear responses to localized heating, which
moves westward or eastward uniformly on the equa-
torial beta plane. He showed that the westward-propa-
gating inertio—gravity wave is strongly excited by the
westward-moving heating, while the eastward-propa-
gating wave is not so excited by the eastward-moving
heating. He pointed out that this arises from the differ-
ence in meridional structure. His results indicated the
possible dominance of the westward-propagating iner-
tio—gravity wave when the clouds are organized and
propagate westward on the equator.

One might infer that mesoscale convective bands
propagate westward owing to easterly trade winds; thus,
they act as the westward-moving heating that excites
the westward-propagating inertio—gravity wave. Lin and
Johnson (1996), however, reported that the typical zonal
wind in the convectively active phase of the ISO was
westerly through the lower troposphere during the Trop-
ical Ocean Global Atmosphere Coupled Ocean—Atmo-
sphere Response Experiment (TOGA COARE; Webster
and Lukas 1992). LeMone et al. (1998) demonstrated

tIn the equatorial lower stratosphere, the disturbances that likely
correspond to eastward-propagating n = 1 inertio—gravity waveswere
observed by Wada et al. (1999).
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that, consistent with this, 80% of the convective bands
sampled by the aircraft in TOGA COARE propagate
toward the east. Shipboard radar observations (Rick-
enbach and Rutledge 1998) also suggested that most
mesoscale convective systems moved eastward with
low-level westerlies. Hence it is difficult for COARE
convective bands to act as the westward-moving heating
that excites the observed westward-propagating inertio—
gravity waves.

Some case studies reported generation of a new con-
vective band to the west of an old convective band in
TOGA COARE. Mori (1995) observed sequential gen-
eration of a new convective band to the west of an old
convective band on 10-12 November during TOGA
COARE. Lewis et al. (1998) also reported generation
of a new convective band to the west of an old con-
vective band on 20 February 1993. Halverson et al.
(1999) examined a convectively active day, 11 February
1993, in which several convective bands evolved and
moved eastward across the TOGA COARE Intensive
Flux Array (IFA) under westerly wind burst conditions.
They reported that a convective band moved eastward
and anew band formed to its west, with zonal separation
between individual bands of 150—200 km. The west-
ward generation of new convective bands observed by
Mori (1995), Lewis et al. (1998), and Halverson et a.
(1999) occurred in a group of cloud clusters, which is
a part of the 2-day westward-propagating disturbance.
Westward generation of new convective bands possibly
acts as the westward-moving heating that excites the
westward-propagating inertio—gravity waves. Thus,
westward generation of new convective bandsis not just
an interesting phenomena—it is also expected to play
an important role in the interaction between mesoscale
convective systems and the 2-day westward-propagating
disturbances.

Recently, researchers have focused on the role of
high-frequency tropospheric gravity waves in the hi-
erarchy of tropical convective activity. Oouchi (1999)
simulated SCC-like hierarchical cloud organization un-
der easterlies at low levels, using a two-dimensional
model. He demonstrated that high-frequency tropo-
spheric gravity waves play the following key rolein the
successive formation of cloud clusters to the east. Inner
convective systems of SCC move westward owing to
easterlies at low levels. Gravity waves excited by these
convective systems propagate eastward, and contribute
to the formation of new clouds to the east where the
low-level atmosphere is moistened by the wind-induced
surface heat and moisture exchange (WISHE; Emanuel
1987; Neelin et a. 1987). Lin and Johnson (1996), how-
ever, reported that observations during TOGA COARE
do not appear to support the WISHE mechanism. Fur-
thermore, the question of why gravity waves propagat-
ing opposite to the direction of the motion of the storm
are preferentially excited by inner convective systems
of SCC was not answered.

Recent studies have investigated gravity waves gen-
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erated by prescribed heating sources resembling a me-
soscale convective system (Nicholls et a. 1991; Mapes
1993; Pandya et al. 1993; Pandya and Durran 1996;
McAnelly et a. 1997). Pandya and Durran (1996) dem-
onstrated that gravity waves forced by the low-fre-
guency component of the latent heating and cooling in
the leading edge determined the mesoscale circulation
around squall lines; the mesoscale circulation includes
an ascending front-to-rear flow, a midlevel rear inflow,
and a mesoscale up- and downdraft in the trailing strat-
iform region. Pandya and Durran (1996) attributed the
preferential rearward excitation of low-frequency tro-
pospheric gravity waves to the tilt of the forcing.

Theselow-frequency tropospheric gravity waveshave
little resemblance to monochromatic gravity waves, in
the sense that they do not have a periodic structure in
time or space, as pointed out by Mapes (1993). In con-
trast, high-frequency gravity waves are more nearly
monochromatic. The mechanism for excitation of high-
frequency gravity waves should therefore be different
from that of low-frequency gravity waves. Fovell et al.
(1992), using atwo-dimensional numerical model, dem-
onstrated that the high-frequency stratospheric gravity
waves propagating upward and opposite to the direction
of the motion of the storm are preferentially excited by
a mesoscale convective storm. Their simulations
showed that the most important factor for the prefer-
ential generation of gravity waves was not the tilt of
the forcing, but the presence or absence of horizontal
propagation in the forcing.

In addition to wave generation mechanisms, wave
propagation characteristics are different. The direction
of energy propagation for gravity waves in a resting
atmosphere can be described by

w

Vs @

(Pandya et al. 2000), where « is the angle of energy
propagation measured from the vertical, N is the Brunt—
Vaisda frequency, and w is the frequency of the wave.
Equation (1) predicts that the low-frequency gravity
waves can propagate for long distances while retaining
significant energy and would be expected to influence
tropospheric circulations. Equation (1) also predictsthat
the high-frequency gravity waves would normally lose
their energy through vertical propagation intothe middle
atmosphere. A mechanism for trapping wave energy in
the troposphere is therefore necessary for them to play
a role in the westward generation of new convective
bands.

Shige (1999) detected mesoscale disturbances in the
equatorial western Pacific lower troposphere having pe-
riods of 1-2 h in data from wind profilers with fine time
resolution during TOGA COARE. He estimated a dis-
turbance having a 60-min period and a 6-h duration as
agravity wave. He concluded that this gravity wavewas
excited by a mesoscale cloud line and then propagated

cot(a) =
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westward in awave duct in the troposphere under strong
easterlies aloft, caused by the mechanism proposed by
Lindzen and Tung (1976). The strong easterlies a oft
are common to the westward regeneration convective
activity cases (see Fig. 2 of Mori 1995; Figs. 5 and 6
of Lewis et al. 1998; Fig. 10 of Halverson et al. 1999),
and they are expected to play an important role for the
wave duct.

Therole of upper-level wind shear in the organization
of mesoscale convective systems has received less at-
tention than those of low- and midlevel wind shear.
Barnes and Sieckman (1984) described two classes of
tropical cloud convective lines over thetropical Atlantic
in the GATE,? so-called fast- and slow-moving lines.
Fast-moving lines developed with strong low-level
shear and were nearly normal to the low-level shear,
while slow-moving lines devel oped with weak low-level
shear and were parallel to the shear from ~900 to 500
mb. Similar behavior was reported for tropical cloud
convective lines in EMEX?® by Alexander and Young
(1992) and in TOGA COARE by LeMone et al. (1998),
but with slow-moving lines parallel to the midlevel
shear from 800 to 400 mb. Furthermore, LeMone et al.
(1998) reported that with appreciable shear at low- and
midlevels, the low-level shear determined the orienta-
tion of the primary convective band, while the midlevel
shear determined whether trailing secondary bands
would be present. Although the classification scheme of
LeMone et al. (1998) allows for a more complex, yet
still ordered, structure observed for convective systems
than previous studies, this classification scheme does
not account for the westward regeneration convective
activity cases.

In the present study, we investigate mechanisms re-
sponsible for generation of a new convective band to
the west of an old convective band, using a nonhy-
drostatic cloud model. We focus on the role of high-
frequency tropospheric gravity waves generated by con-
vective cells in the westward generation of new con-
vective bands. The effect of the strong easterlies aloft
on the westward generation of new convective bandsis
also examined.

2. Numerical model and initial conditions
a. Numerical model

The present study uses a nonhydrostatic cloud model,
the Regional Atmospheric Modeling System (RAMS),
developed at Colorado State University. The computa-
tion was carried out under a two-dimensional configu-
ration. The Coriolis terms were neglected. The lower
and upper boundary conditionswereflat, rigid, and free-

2 GATE: (Global Atmospheric Research Program) Atlantic Tropical
Experiment, conducted in the tropical Atlantic in 1974.

3 EMEX: Equatorial Mesoscale Experiment, conducted north of
Australiain 1987.
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FiG. 1. Initial thermodynamic soundings used in model simulations,
showing the vertical profiles of potential temperature 6 (dashed line),
equivalent potential temperature 6, (solid line), and saturated equiv-
aent potential temperature 6, (dotted line).

dlip. The surface layer fluxes of heat and water vapor
into the atmosphere were computed with the scheme of
Louis (1979). Bulk moist processes, including the for-
mation and interaction of clouds and precipitating liquid
and ice hydrometers, were employed. The model do-
main was 950 km in the x direction (horizontal) and 27
kminthezdirection (vertical). The horizontal resolution
was 500 m. The vertical resolution was expanded from
50 m at the lower boundary to 500 m at the top of the
domain; this varying vertical resolution was chosen to
simulate a shallow cold pool near the lower boundary.
A Rayleigh damping layer having a depth of 10 km was
included at the top of the domain to reduce the reflection
of gravity waves from the upper boundary. A radiation
condition (Klemp and Wilhelmson 1978) was used for
the lateral boundaries. The model domain wastranslated
at a constant speed (13.84 m s—1) to keep the simulated
convective systems away from the lateral boundaries.

b. Initial conditions

For all simulations discussed herein, the thermody-
namic structure was specified according to the sounding
of R/V Vickers at 0600 UTC 11 February 1993 (Fig.
1). The surface temperature was fixed at 302.15 K from
the Integrated Sounding System (I1SS) sea-surface tem-
perature observation of R/V Vickers on 11 February
1993. It was the convectively active day during TOGA
COARE examined by Halverson et al. (1999). They
documented that nine convective bands evolved and
moved from the direction of 255° (toward the east-north-
east) across the region of shipboard radar in the TOGA
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Fic. 2. Initial wind profiles for the CONTROL case (thick solid
line) and NOEAST case (dotted line). The thin solid line indicates
the translation speed of the model domain (13.84 m s1).
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COARE IFA. These bands initiated from scattered con-
vection in the western portion of the IFA, and with time
they gradually intensified and grew to large convective
bands before exiting the IFA to the east (see Fig. 4 of
Halverson et al. 1999). The zonal separation between
individual bands was characteristically on the order of
150 km.

We compared two simulations to examine the influ-
ence of upper tropospheric winds on the westward gen-
eration of new convective bands. The examined hori-
zontal wind profiles are shown in Fig. 2. In the first
case (CONTROL), the wind profile was specified ac-
cording to the wind sounding in the storm motion di-
rection of 75° of R/V Vickersat 0600 UTC 11 February
1993. Horizontal winds are westerlies at low to middle
levels and easterlies aloft. Lin and Johnson (1996) re-
ported that this is a typical profile in the convectively
active phase of the 1SO. In the other case (NOEAST),
easterlies aloft are artificially reduced.

Convection was initiated by placing a warm thermal
(a potential temperature excess of 4 K) having a hori-
zontal width of 20 km and a vertical width of 3.2 km.
This therma was centered at 550 km from the left
boundary (hereafter x = 0 km), and z = 1.6 km. The
initial sounding used here was not moist enough to sup-
port the rate of development and strength of the ob-
served convection. The above strong thermal wasthere-
fore used. It should be noted that the numerically sim-
ulated features did not vary qualitatively if the potential
temperature excess is 2 K.

3. Results

A time-zonal cross section of the mixing ratio of rain
at z= 23.9 minthe CONTROL case is shown in Fig.
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3. The thin line in this figure indicates 0 m s~ relative
to the ground. The primary band near x = 0 km was
initialized by the thermal bubble. Figure 3 clearly shows
an asymmetry of precipitating clouds between the pri-
mary band’'s western and eastern sides. On the western
side of the primary band, precipitating clouds became
organized into long-lived bands B2 and B3. New bands
sequentially developed to the west of old bands. Long-
lived band B2 developed to the west of short-lived band
B1, then long-lived band B3 developed to the west of
band B2. In contrast, none of the small precipitating
clouds become organized into long-lived bands on the
eastern side.

The overall structures of the primary band’s western
and eastern sides are illustrated in Figs. 4a— and 4d—
f. These figures show vertical cross sections of the ver-
tical velocity field superposed on the cloud outline. The
cloud outline, defined as the region in which the mixing
ratio of condensates exceeds 0.1 g kg—?, is shown by a
bold line. It isclear from Fig. 4 that there are differences
in the horizontal scale and height of clouds between the
western side and eastern side. The western side clearly
exhibits sequential growth of shallow convection into
deep convection to the west of old bands. Att = 330
min, the heights of short-lived band B1 and earlier B2
were about 10 km (Fig. 4a). Short-lived band B1 dis-
sipated without growing into a large and deep convec-
tive system. After band B1 dissipated, band B2 became
organized into alarge, long-lived system, and its height
reached about 14 km (Fig. 4b). After band B2 decayed
in intensity, band B3 became organized into a large,
long-lived system, and its height reached about 14 km
(Fig. 4c). On the eastern side, however, small clouds
were not organized on the mesoscale and their heights
were less than 10 km (Figs. 4d-f).

Shipboard radar data collected during TOGA COARE
provided evidence of abundant populations of midlevel
cumulus congestus clouds in addition to the well-known
large populations of shallow cumulus clouds, and deep
cumulonimbus clouds in the tropics (DeMott and Rut-
ledge 1998; Johnson et al. 1999). Although the cumulus
congestus clouds with tops between 4.5 and 9.5 km do
not produce heavy rain as the deep cumulonimbus
clouds with tops near the tropopause, congestus are the
most abundant of all precipitating clouds in TOGA
COARE. Short-lived band B1, earlier B2, and earlier
B3 on the western side, and all precipitating clouds on
the eastern side can be classified into cumulus congestus
clouds, while later B2 and later B3 can be classified as
deep cumulonimbus counterparts. Johnson et al. (1999)
pointed out that restriction of growth of congestus
clouds to just above the 0°C level limits further en-
hancement of cloud buoyancy through glaciation.

We now focus on why cumulus congestus clouds can
grow into deep, long-lived convective bands only on
the western side. A possible explanation for the asym-
metry of precipitating clouds between the western and
eastern sides lies in the difference of surface thermo-
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Fic. 3. Time-zona cross section of mixing ratio of rain (g kg=*) at z = 23.9 m in the CONTROL case. The degree of shading denotes
the range of mixing ratio of rain, as indicated by the value bar at the bottom of the figure. The rectangle indicates the region that is expanded
in Fig. 5. The thin line indicates 0 m s~* relative to the ground. B1, B2, and B3 indicate precipitating bands.

dynamic conditions between the western and eastern
sides due to an effect similar to WISHE (Emanuel 1987;
Neelin et al. 1987). In order to examine the influence
of the WISHE-like effect on the asymmetry of clouds
between the western and eastern sides, we performed
an additional simulation (NOWISHE). This simulation
is the same as the CONTROL case except that the sur-
face heat and moisture fluxes are calculated using a
constant surface wind of 8.4 m s=*, which is the av-
eraged wind speed on the western side at t = 240 min
inthe CONTROL case. Precipitating clouds on the west-
ern side are still stronger than those on the eastern side
asin the CONTROL case (not shown). Thus, the asym-
metry of clouds between the western and eastern sides
is not due to the WISHE-like effect.

An expanded view of the rectangle in Fig. 3 isillus-
trated in Fig. 5, which shows the time-zonal cross sec-
tion of vertical velocity at z= 6.675 km and the mixing
ratio of rain at z= 23.9 m. It is clear from Fig. 5 that
the wave activity generated by the convective bands is
biased to the western side. Disturbance D1 propagates
westward from the band B1 and promotes the devel-
opment of the band B2. Disturbance D3 then propagates
westward from band B2 and promotes the development
of band B3. Disturbance D1 has a horizontal wavelength
L, = 12 to 14 km and horizontal phase speed ¢, = —15

to —16 m s* relative to the ground, while disturbance
D3hasL,=20to21 kmandc, = —24t0o —27 ms™*.
Additionally, disturbance D2 has a phase speed similar
to that of disturbance D1, and disturbance D4 has a
phase speed similar to that of disturbance D3, as shown
in Fig. 5. These results suggest that slow-propagating
waves (D1 and D2) are excited by shallower bands (B1
and earlier B2), and fast-propagating waves (D3 and
D4) by deeper bands (later B2 and later B3). Once they
have excited waves, these bands decay in intensity.
Figure 6 is the same as in Fig. 5 but for potential
temperature and rain mixing ratio at z = 23.9 min the
CONTROL case. The cold pool spreading rearward
from the primary band initialized by the thermal bubble
is responsible for the initiation of band B1. Moncrieff
and Liu (1999) showed that when the shear and surface
flow vectors are in the same direction, lifting is gen-
erated in the upstream-propagating currents. Thisis the
case here because the westerly shear at low levels and
surface westerly can be seen in Fig. 2. However, the
cold pool spreading rearward from the primary band
was very shallow (about 500 m thick) and therefore, the
speed was very slow. It should be noted that the western
edge of the cold pool spreading from the primary band
propagates eastward relative to the ground at a speed
of 2 m s, These characteristics of the simulated cold
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Fic. 4. Contours of vertical velocity (contour interval 1.0 m s—*) and cloud outline (bold line) defined as the region in which the mixing
ratio of condensates exceeds 0.1 g kg~*; for (a)—(c) the western side and (d)—(f) the eastern side in the CONTROL case at t = 330, 380,
and 430 min. Positive (negative) values are solid (dashed). Updrafts greater than 1.0 m s—* are heavily shaded, and downdrafts less than

—1.0 m st are lightly shaded.

pool agree with the observation over the western Pacific
ocean (Parsons et a. 1994). Thus, the cold pool spread-
ing rearward from the primary band could not develop
deep bands, or it does not account for westward gen-
eration speed of new convective bands. In fact, it is
clear from Fig. 6 that the cold pool spreading rearward
from the primary band is not responsible for the de-
velopment of long-lived band B2. Theinitiations of con-
vection are not always attributed to the cold pool, and
differ from case to case. For example, disturbance D2
appears to contribute to the initiation of band B3 (Fig.
5).

The time sequence of westward-propagating distur-
bance D3 with atime interval of 6 min isillustrated in
Fig. 7, which showsvertical cross sectionsof thevertical
velocity field superposed on the cloud outline. Convec-
tive band B2 at x = —240 km propagated eastward by
discrete growth of new convective cells at the leading
edge of the gust front. An old convective cell denoted
by “C" separated from the leading edge of band B2 at
X = —240 km and moved westward relative to band
B2, as shown in Figs. 7a,b. This behavior is typical of
multicell storms and has been simulated by previous
modeling studies (Rotunno et al. 1988; Fovell and Ogura
1988; Tao and Simpson 1989; Lafore and Moncrieff
1989; and many others). From model outputs at 2-min

intervals (not shown), we see that cell C ascended with
westward acceleration. Westward-propagating distur-
bance D3 of upward motion is produced below cell C.

Figure 8 shows the vertical velocity fields superim-
posed in potential temperature fields. The cold pool ex-
tends from the leading edge of the band B2 at x = —240
km to x = —280 km and does not pass under the shallow
convection at X = —305 km (Fig. 8f). Thus, the cold
pool of band B2 does not promote the growth of shallow
convection into along-lived convective band B3 at x =
—305 km, as mentioned earlier. Cell C dissipates near
z= 14.5kmuntil t = 390 min (Fig. 8c), sinceits closed
contour region of high potential temperature has dis-
appeared. The level where cell C dissipated roughly
corresponds to the equilibrium level where the equiv-
alent potential temperature of the parcel ascending from
the surface crosses the environmental potential temper-
ature (Fig. 1). The contours of potential temperature in
Figs. 8c—e clearly show that the unstable region denoted
by R remains after cell C has dissipated. Remaining
region R moves near z = 14.5 km with a speed of about
—21 m s~* relative to the ground. Since this speed
roughly corresponds to the mean horizontal wind near
z = 14,5 km, remaining region R is considered to be
passively advected by the mean horizontal wind. Even
though cell C has dissipated, disturbance D3 propagates
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Fic. 5. Time-zonal cross section of vertical velocity (m s—*) at z= 6.675 km and rain mixing ratio (g kg—*) at z = 23.9 min the CONTROL
case illustrating an expanded view of the rectangle in Fig. 3. The degree of shading denotes the range of vertical velocities, as indicated by
the value bar at the bottom of the figure. The heavy (light) solid lines indicate the region in which the rain mixing ratio exceeds 0.3 g kg *
(0.05 g kg—*). The thick dashed lines indicate 0, —15, and —25 m s~* relative to the ground. D1, D2, D3 and *‘D4" indicate westward-

propagating disturbances.

horizontally with remaining region R. Its upward motion
then promotes the growth of shallow convection into
long-lived convective band B3 at x = —305 km (Figs.
7e and 7f).

Figure 9 shows the vertical cross section of wind
vectors superimposed on temperature perturbation at t
= 390 min just after the dissipation of cell C. Thewind
vectors and temperature perturbation were extracted by
using a bandpass filter with cutoff horizontal wave-
lengths of 10 and 30 km. In this figure, the antinode
and node of vertical velocity are clearly seenat z = 6
and 10 km. Maximum (minimum) in temperature per-
turbations is centered one-quarter wavelength ahead of
(i.e., to the left of ) the updraft (the downdraft) at z =
6 km. In addition, the updraft is located one-quarter
wavelength behind a maxima in horizontal wind per-
turbations below and a minimum in horizontal wind
perturbations above. A vertically standing structurewith
the above quadrature relationship indicates that distur-
bance D3 is aducted gravity wave, and thus could reach
shallow convection at x = —305 km without propa-
gating into the middle atmosphere. The vertical wave
length is calculated as about 16 km.

The wave parameters for disturbance D3 can be

roughly estimated from the linear dispersion relation for
internal gravity waves under the Boussinesq approxi-
mation as

= N2 f—
U —-rc)?

wherem (=27/L,) isthe vertical wave number, k (=27/
L,) the horizontal wave number, and U the background
wind speed. The vertical profiles of the horizontal wind
relative to the ground U (m s—1) and the square of the
Brunt-Vaisaa frequency N2 (s~2) averaged from x =
—300 km to x = —260 km at t = 360 min before the
passages of disturbance D3 are shown in Fig. 10. The
Brunt-Vaisala frequency is calculated for saturated fair,
following Durran and Klemp [1982, see their Eq. (36)].
From the soundings shown in Fig. 10, N2 (9.9 X 10-°
s72), U (=29 m st) and d?U/dz? (—9.2 X 108 m~*
s~1) are obtained by averaging from z = 2.0 km to z
= 14.5 km. For a horizontal phase speed ¢, = —24 to
—27 m st and a horizontal wavelength L, = 20 to 21
km, vertical wavelength L, is calculated from (2) as 18
to 22 km, in fair accord with the result from Fig. 9. This
result confirms that westward-propagating disturbance

d*U/dzz
U-—c

mZ

2
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Fic. 6. Asin Fig. 5 but for potential temperature (K) and rain mixing ratio (g kg=*) at z = 23.9 m in the CONTROL case. The degree
of shading denotes the range of potential temperature, as indicated by the value bar at the bottom of the figure. The heavy (light) solid lines
indicate the region in which the rain mixing ratio exceeds 0.3 g kg—* (0.05 g kg~*). The thick dashed lines indicate 0 and +2 m s~* relative

to the ground.

D3 is a gravity wave. The increasing rate of easterly
wind shear (—d?U/dz?) used for calculating the vertical
wavelength is possibly underestimated by averaging
from z = 2.0 km to z = 14.5 km, so the calculated
vertical wavelength may be overestimated. In the same
way for the disturbance D3, vertical wavelength L, of
disturbance D1 is calculated as 11 to 12 km, in fair
accord with the estimated value of 12 km from the ver-
tical cross section (not shown).

4. Discussions
a. Wave excitation below the convective cell

Fovell et al. (1992), using a two-dimensional nu-
merical model, demonstrated that the high-frequency
stratospheric gravity waves propagating upward and op-
posite to the direction of the motion of the storm are
preferentially excited by a mesoscale convective storm.
They attributed the preferential excitation of rearward-
propagating waves to the rearward storm-relative mo-
tion of convective cells. Although the preferential ex-
citation of the westward-propagating waves in CON-
TROL issimilar to that in Fovell et al. (1992), the waves
in CONTROL propagate below the convective cells in

contrast to the wavesin Fovell et a. (1992) propagating
upward.

To investigate preferential excitation mechanisms of
westward-propagating waves below the convective cell,
we conducted a series of simulations in which gravity
waves are excited by thermal forcing (“‘DRY’’). The
model is the same as that used in the CONTROL case
except for a constant vertical resolution of 500 m and
exclusions of cloud microphysics and the model-domain
tranglation. The static stability profile has a constant
Brunt-Vaisdlafrequency N (=0.01 s *). The horizontal
wind profile examined in the DRYO and DRY 1 cases
is shown in Fig. 11. The wind speed is set to 0 m s7*
below z = 5 km and easterly shear of 4 m s=* per 1
km above z = 5 km, which is a simplified wind profile
in the CONTROL case. In the DRY2 case, the wind
speed is set to 0 m s~ in the whole domain. The thermal
forcing function is given as

1
[1+ (X — Xp)%a2 + (z — z,)?/a?]¥">

v 1 — cos(27t/T)
5

(?(XvZ,U = (g

3)
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Fic. 7. Time sequence of vertical cross sections of vertical velocity (contour interval 1.0 m s—*) superposed on cloud outline (bold line),
defined as the region in which the mixing ratio of condensates exceeds 0.1 g kg1, for the CONTROL case. Positive (negative) values are
solid (dashed). Updraft greater than 1.0 m s~ is heavily shaded, and downdraft less than —1.0 m s~* is lightly shaded. C indicates an old
convective cell separating from the leading edge of band B2 at x = —240 km.

where the magnitude of the thermal forcing Q, = 1 J
kg%, the half-widtha = 1 km, T = 10 min,
O
du 2T t
— |1 - — || +
dz - 1 cos( 2T> X DRYO
Xo = 4)
At X DRY1
Xs DRY?2
and
sin mt + z, DRYO
2T °
zZ, = DRY1 ®)

sin mt

2T
HeredU/dz = —4 X 103 s, X, = 0km, z, = 5 km,
H = 10km, z, = 10 km, and U, = —20 m s™*.

In DRYO, the source function has the form of an
ascending and westward-accelerated thermal restricted
to asmall region in space centered at (X,, Z,). The hor-
izontal velocity of the ascending thermal is the same as
that of the wind at z,(t). This form of source function
approximates the characteristics of the convective cell

) +z. DRY2.

separating from the leading edge of a multicell storm;
it ascends with westward acceleration and then dissi-
pates. The DRY1 and DRY2 cases are conducted to
examine the role of westward motion and ascending of
the forcing in the preferentia generation of the west-
ward-propagating wave below the cell. In DRY1, the
thermal forcing isfixed at aconstant height, but it moves
westward. In DRY 2, the thermal forcing is fixed in the
x direction, but it ascends until z = 15 km the same as
in DRYO.

The vertical velocity at t = 10 min in the DRY 0O case
is shown in Fig. 12b. A strong updraft is seen at x =
—13 km and z = 13 km. Below this strong updraft,
upward motion is produced upstream relative to the ther-
mal forcing (to the west). This pattern of updraft is
similar to that in the CONTROL case (Fig. 12a).

Figures 12c and 12d show the vertical velocity at t
= 10 minin DRY 1 and DRY 2, respectively. In DRY 1,
the disturbances with upward motion are produced up-
stream both below and above the forcing. These dis-
turbances in DRY 1 propagate westward relative to the
ground. In DRY 2, upward motion below the forcing is
preferentially generated. Theresponsein DRY 2is, how-
ever, symmetric about the forcing. These results suggest
that two factors contribute to preferential generation of
westward-propagating waves below the cell (forcing) in
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Fic. 8. Asiin Fig. 7 but for vertical velocities and potential temperature (contour interval 5 K). Updraft greater than 1.0 m s~ is heavily
shaded, and downdraft less than —1.0 m s~* is lightly shaded. R indicates the remaining unstable region of cell C.

CONTROL and DRYO: westward motion of the cell
excites westward-propagating waves, and ascension of
the cell excites waves below the cell.

Generally, the phase of the wave locks onto the mo-
tion of the forcing in a steady state. Thus waves excited
by awestward-moving source naturally propagate west-
ward. Lin and Li (1988), investigating the steady re-

sponse of the atmosphere to an elevated stationary heat
source, showed that the wave energy propagates down-
ward and upstream relative to the air in an unbounded
steady shear flow, but is advected downstream by the
basic flow. The wave activity is thus found downstream
relative to the source, which is similar to the mountain
wave. In contrast to Lin and Li (1988), the wave activity
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Fic. 9. Vertical cross section of wind vectors and temperature perturbation (contour interval 0.5 K) at t = 390 min for the CONTROL
case. Rightward and upward unit vectors show horizontal wind (u’) and vertical velocity (w’) perturbations of 1.0 m s, respectively.
Temperature perturbations greater than 0.5 K (less than —0.5 K) are heavily (lightly) shaded. The wind vectors and temperature perturbation
are extracted by using a bandpass filter with cutoff horizontal wavelengths of 10 and 30 km.



3734 JOURNAL OF THE ATMOSPHERIC SCIENCES VoLUME 58

7 17 ' T , 20 — I T B S S e
16 |- — 16 — — [ T
15§ — 15 - | i
14 — 14 — - 4
13- — 13 _. 15 - -
12 — 12 — | i
1 |
11 — 11 - — - 4
] L | |
10— — 10 — — E
—~ ] L 10 -
E 9 — — 89— — { B
~ 1 r N | ]
8 — 8- -
N r L 4
7 — 7 - —
8 — 6 |- — 5 —
51— = 5| _| - d
= — 4 — L .
3 — 3 — F ]
- ] ob— L .
2 7 2 T -60 -50 -40 -30 -20 -10 0 10
. - 1= - U (ms-1)
%30 20 <10 o0 10 20 o5 ; Too2 Ze-a Fic. 11. Initial wind profile for DRYO and DRY 1.
U (ms~!) N2 (s72)

Fic. 10. (left) Vertical profiles of horizontal wind relative to the . . .
ground and (right) square of the Brunt-Vaisala frequency averaged is found upstream relative to the source in CONTROL

fromx = —300kmtox = —260kmat t = 360 min for theCONTROL ~ and DRY Q. Studies on the transient response of the at-
case. The thin vertical line in the left panel indicates U = —25 m  mosphere to a spatially and temporally localized heat
s source showed that, when theintensity of the heat source
decays, upward motion develops in the adjacent region
and propagates outward as agravity wave (e.g., Nicholls
et al. 1991; Shige and Satomura 2000); therefore, the
phase of the disturbance does not lock onto the source.
Since the intensity of the heat sourcein CONTROL and
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Fic. 12. (a) Asin Fig. 7 but for t = 386 min in CONTROL. Vertical cross section of vertical velocity (contour interval 0.01 m s=*) in
(b) DRYO, (c) DRY1, and (d) DRY 2. Positive (negative) values are solid (dashed). Updraft greater than 0.01 m s~ is heavily shaded, and
downdraft less than —0.01 m st is lightly shaded.
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Fic. 13. Vertical profiles of the Richardson number Ri averaged
(a) from x = —240 km to x = —200 km at t = 300 min before the
passage of disturbance D1 and (b) from x = —300 km to x = —260
km at t = 360 min before the passage of disturbance D3 for the
CONTROL case. The thin lines indicate the levels of the mean wind
speed of () —15 m st and (b) —25 m s~*. The dotted lines indicate
the Richardson number value of 0.25.

DRYO0 decayed, the wave energy could propagate up-
stream relative to the source as a transient response to
the decaying source.

In contrast, for an ascending source, the phases of the
excited waves propagate upward. The vertical group
velocity has a sign opposite to the vertical phase speed.
Thus, for an ascending source, waveswith upward phase
propagation should be observed below the source be-
cause their energy propagates downward. In CONTROL
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and DRY 0, the wave activity was, therefore, found be-
low the source.

The dominant horizontal phase speeds of excited
waves near their source region deeply depend on the
moving speed of their source. Waves of fast (slow) hor-
izontal phase speed are excited by afast (slow) moving
source. In deeper bands (later B2 and later B3; Figs. 4b
and c), convective cells ascend higher and are accel-
erated by stronger easterlies; thus they generate fast-
propagating waves (D3 and D4; Fig. 5). In shallower
bands (B1 and earlier B2; Fig. 4a), convective cells
ascend lower and are accelerated by weaker easterlies;
thus they generate slow-propagating waves (D1 and D2;
Fig. 5).

b. Wave duct

Lindzen and Tung (1976) proposed four conditions
necessary for aduct in which gravity waves are trapped:
1) a statically stable duct layer, in which gravity waves
could propagate, is adjacent to the ground; 2) the duct
is deeper than one quarter of the vertical wavelength of
the gravity waves; 3) the duct is topped by an unstable
layer of Richardson number Ri[=N?/(dU/d2)?] < 0.25;
and 4) the unstable layer contains a critical level where
the mean wind speed is equal to, or nearly equal to, the
ground-relative phase speed of the gravity wave.

As shown in Fig. 10, the mean profile of N2 below
z = 10 km is favorable for wave propagation. The ver-
tical profile of Richardson number Ri averaged from x
—240 km to x = —200 km at t = 300 min before
the passage of disturbance D1 is shown in Fig. 13a. The
critical level at z= 12.3 km where the mean wind speed
(=15 m s7) is nearly equal to the phase speed of dis-
turbance D1 (—15 to —16 m s%) isillustrated by the
horizontal thin line in Fig. 13. Although the layer con-
taining the critical level has Ri > 0.25, the Richardson
number is small (about 0.5). Disturbance D1 is consid-

t = 390 min

16 1 1 SN (R — T T ]
12 | -
E ol 1
SN ]
4 ]

0 :J,g ¥ S R Y, 2 ]

-310 -300 -290 -280 —R70 -260 -250 240
X (km)

Fic. 14. Asin Fig. 9 but for regions having Ri < 0.25 (contour) superposed on vertical velocity field at t = 390 min for the CONTROL
case. A bold line indicates the critical levels where the horizontal wind (—25 m s—?) is nearly equal to the phase speed of disturbance D3
(—24 to —27 m s™*). Updrafts greater than 1.0 m s~* are heavily shaded, and downdrafts less than —1.0 m s~* are lightly shaded.
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Fic. 15. Asin Fig. 3 but for the NOEAST case. The rectangle indicates the region that is expanded in Fig. 16. S indicates a precipitating
band.

ered to be trapped in the troposphere because the ducting
conditions proposed by Lindzen and Tung (1976) are
roughly satisfied.

The vertical profile of the Richardson number aver-
aged from x = —300 km to x = —260 km at t = 360
min before the passage of disturbance D3 is shown in
Fig. 13b. The critical level at z = 14.5 km where the
mean wind speed (—25 m s71) is nearly equal to the
phase speed of disturbance D3 (—24 to —27 m s71) is
illustrated by the horizontal thin line in Fig. 13b. It is
clear from thisfigurethat the layer containing thecritical
level has a large Richardson number (about 3.0). Ac-
cording to Booker and Bretherton's theory (1967),
waves should be absorbed by the critical level for a
large Richardson number flow.

Figure 14 shows the regions having Ri < 0.25 su-
perposed on the vertical velocity field at t = 390 min
just after the dissipation of cell C. A local region having
Ri < 0.25 at x = —280 to —275 km just above dis-
turbance D3 is noticed around the critical levels where
the horizontal wind (—25 m s~1) is nearly equal to the
phase speed of the disturbance D3 inFig. 14. Thisregion
with Ri < 0.25 isremaining region R (Fig. 8c) of con-
vective cell C that excited disturbance D3 and dissi pated
near z = 14.5 km. Remaining region R is passively
advected by the mean flow near the equilibrium level
(z = 14.5 km). Thus, disturbance D3, with a horizontal

phase speed that happens to match the mean flow near
the equilibrium level, is trapped in the troposphere ow-
ing to remaining region R because the ducting condi-
tions proposed by Lindzen and Tung (1976) are locally
satisfied. Lindzen (1988) noted that, for the reflection
of a wave, the wave must tunnel through the layer of
Ri < 0.25 to reach the critical level, thus the layer of
Ri < 0.25 must not be too deep. Therefore, the shal-
lowness of remaining region R is rather favorable for
the trapping and reflection of the wave.

For the slow-propagating waves generated by the
shallow bands (B1 and earlier B2) whose heights are
lessthan 12 km, waves (D1 and D2) having their critical
levels within the small Richardson number layer at z =
12 km are ducted. The ducting situation of the slow-
propagating mode is similar to that in Shige (1999). On
the other hand, for fast-propagating waves (D3 and D4)
generated by the deep bands (later B2 and B3) whose
heights exceed than 12 km, waves (D3 and D4) having
their critical levels within the remaining region of con-
vective cells are ducted.

c. Effect of strong easterlies aloft

In order to examine the effect of the strong easterlies
aloft on the westward generation of new convective
bands, we performed an experiment with awind profile



15 DecemBER 2001

w(ms-l) at z =

SHIGE AND SATOMURA

6.675 km and rain (g/kg) at z =

3737

23.9 m: NOEAST
T

240 ¢ T T -1 T [ T T

300 [—

TIME (min)

360

T T T T T T T

420

W (m/s)

~0.5

-1.0

-1.5

0.5 1.0 1.5

Fic. 16. Asin Fig. 5 but for the NOEAST case, illustrating an expanded view of the rectangle in Fig. 15. The thick dashed line indicates
—10 m s* relative to the ground. E indicates a westward-propagating disturbance.

in which easterlies aloft are reduced (NOEAST). The
initial wind profile used in the NOEAST case is shown
Fig. 2. The wind speed in the NOEAST caseisOm s
relative to the ground above z = 11 km. Figure 15 shows
a time-zonal section of the mixing ratio of rain at z =
23.9 m in the NOEAST case. Discrete generation of
new convective bands to the west of an old convective
band is much weaker than the CONTROL case.

An expanded view of the rectangle in Fig. 15 is il-
lustrated in Fig. 16, which shows a time-zonal cross
section of vertical velocity at z = 6.675 km and mixing
ratio of rain at z = 23.9 m. Band S remained nearly

n
T

Wmax (mM/s)
I

45
x (km)

Fic. 17. Peak vertical velocities associated with disturbances D1
(dotted), D3 (dashed), and E (solid). The horizontal axis indicates
the horizontal distance from the leading edge of the bands that excited
waves.

0
15

stationary at x = —180 km in the moving frame. The
time-zonal cross section of potential temperature (not
shown) indicates that band S was initiated by the cold
pool spreading rearward from the primary band initiated
by the thermal bubble, the same as band B1 in the CON-
TROL case. Band S was aso a short-lived band, con-
firming that the cold pool spreading rearward from the
primary band cannot develop long-lived bands. West-
ward-propagating disturbance E has horizontal phase
speed ¢, = —9 to —10 m s relative to the ground,
and horizontal wavelength L, = 11 to 12 km. The ver-
tical wave length is calculated as 8 to 9 km. Disturbance
E does not promote the development of convection to
the west of band S.

Figure 17 shows the peak vertical velocities associ-
ated with disturbances D1, D3, and E. Vertical velocities
for disturbances D1, D2, and E were extracted by using
bandpass filters with cutoff horizontal wavelengths of
10 and 30 km (D1), 6 and 18 km (D2), and 5 and 15
km (E). Disturbances D1 and D3 still have peak vertical
velocities exceeding 1.0 m s—* even after they propagate
horizontally about 60 km from the bands that excited
them. In contrast, the peak vertical velocity of distur-
bance E isless than 1.0 m s—* when it propagates about
60 km from the band that excited it. Thus, even if a
shallow convection exists to the west of band S, dis-
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Fic. 18. (left) Vertical profiles of horizontal wind relative to the
ground and (right) Richardson number Ri averaged from x = —250
kmtox = —210 km at t = 270 min for the NOEAST case. The thin
vertical line in the left panel indicates U = —10 m s~*. The dotted
lines indicates Ri = 0.25.

turbance E cannot promote its growth to a long-lived
band.

The vertical profile of horizontal wind speed relative
to the ground U (m s*) and Richardson number Ri
averaged fromx = =250 kmtox = —210 kmatt =
270 min before the passages of disturbance E are shown
in Fig. 18. There are no critical levels of disturbance E,
although there is arelatively small Richardson number
layer at z = 10 km. Thus disturbance E is not trapped
and loses its energy. These results confirm that strong
easterlies are very important for discrete generation of
anew convective band to the west of an old convective
band in the CONTROL case.

As mentioned in the Introduction, Mori (1995) and
Lewis et al. (1998) also reported generation of a new
convective band to the west of an old convective band
in TOGA COARE. The wind profile characterized by
west winds at low levels and strong easterlies aloft (~20
m s~1) is common to these cases (see Fig. 2 of Mori
1995, and Figs. 5 and 6 of Lewiset al. 1998). The strong
easterlies are likely to match the phase speeds of the
westward-propagating gravity waves generated by east-
ward-moving convective bands. Thus, these cases are
also possibly explained by the convectively generated
gravity wave mechanism proposed in this paper.

The typical zonal wind in the convectively active
phase of the ISO during TOGA COARE was charac-
terized by strong easterlies aloft with low-level west-
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erlies (Lin and Johnson 1996). Murakami and Wang
(1993), using 10 years of data for outgoing long radi-
ation (OLR) and 8 years of data for 200-mb winds,
showed that easterlies in the equatorial upper tropo-
sphere are strongest above the convective center over
the maritime continent (100°—150°E). Their results in-
dicate that the climatic wind profile in this area favors
the trapping of westward-propagating gravity wavesin
the troposphere. Thus, we consider that westward gen-
eration of new convective bands by ducted gravity
waves occurs in convectively active regions over the
equatorial western Pacific.

5. Summary and concluding remarks

Mechanisms responsible for westward generation of
eastward-moving tropical convective bands over the
equatorial western Pacific were investigated using a nu-
merical cloud model. A simulation was initialized with
the sounding of R/V Vickers on 11 February 1993 dur-
ing TOGA COARE, with west winds at low levels and
easterlies aloft. It was a convectively active day on
which discrete generation of a new convective band to
the west of an eastward-moving convective band was
observed (Halverson et al. 1999).

In this paper, the westward generation of new con-
vective bands was explained by a gravity wave mech-
anism. Two westward-propagating modes excited bel ow
cells moving rearward relative to eastward-moving con-
vective bands appeared to play an important role. A
slow-propagating mode (~15 m s—1) was ducted in the
troposphere owing to an unstable layer of small Rich-
ardson number containing its critical level (Fig. 19a).
The slow-propagating mode was excited by the cell in
a shallow convective band whose height was less than
theunstablelayer. A fast-propagating mode (~25ms—1)
was excited by the cell in adeep convective band whose
height exceeded than the unstable layer (Fig. 19b). The
fast-propagating mode was ducted in the troposphere
owing to the remaining region of the cell containing its
critical level (Fig. 19¢). These two modes thus propa-
gated horizontally with no significant energy leak into
the stratosphere and promoted the growth of shallow
convections into long-lived convective bands.

In order to investigate preferential excitation mech-
anisms of westward-propagating waves below the cell
(Fig. 19b), we conducted a series of simulations in
which gravity waves were excited by a thermal forcing
representing the cell (““DRY™). These simulations
showed that preferential excitation of westward-prop-
agating waves was due to westward motion of the cell,
while that of waves below the cell was due to ascension
of the cell.

A comparative simulation (NOEAST) showed that a
new convective band was not generated to the west of
an old convective band when the critical level was re-
moved. This result confirms strong easterlies are very
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Fic. 19. A schematic model for generation of a new convective
band to the west of an old convective band in a moving frame. Solid
arrowsindicate upward motion. Bold linesindicate cold pool outlines.
The regions of small Richardson number (<=0.25) are shaded. (a)
A slow-propagating mode, which hasits critical level within the small
Ri layer, propagates horizontally and promotes the growth of shallow
convection to a long-lived convective band. (b) A fast-propagating
mode is excited below an old convective cell in a deep convective
band whose height is higher than the small Ri layer. (c) The fast-
propagating mode, which has its critical level within the remaining
region of the cell, propagates horizontally and promotes the growth
of shallow convection into a long-lived convective band.

important for discrete generation of a new convective
band to the west of an old convective band.
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