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Abstract

The gravity wave response of a quiescent atmosphere to a growing convective cell is investigated,
using a non-hydrostatic compressible model. A series of experiments are carried out, categorized as:
(i) “MOIST” experiments that employ a parameterization of Kessler warm cloud microphysics, and (i)
“DRY” experiments performed with a prescribed heating function. The heating function used in the
DRY experiments is based on the latent heat released and absorbed in the convective cell of the MOIST

experiment.

A shallow mode disturbance having a strong updraft at low levels develops near the convective cell
when the cell has reached the later growing stage. This disturbance is interpreted as the gravity wave
response to higher vertical-mode forcings that increase during the earlier growing stage of the convective
cell, and decrease in the later growing stage. For this shallow mode disturbance, not only the increase in
the height of heating, but also the narrowness of the width of heating are important. It is found that this
shallow mode disturbance is a particular response to a growing convective cell.

The updraft in the low levels of the shallow mode disturbance provides a net vertical displacement.
This results from a top-heavy heating profile which forms at the maximum stage of the convective cell.
The newly developed cell near the original cell is probably triggered by this net vertical displacement.

1. Introduction

The mechanisms for the maintenance and organi-
zation of mesoscale convective systems (MCSs) have
been studied extensively. Most of the previous stud-
ies have focused on the maintenance of squall lines,
or the development of meso-G-scale convective sys-
tems into meso-a-scale convective systems.

Modeling studies (Rotunno et al. 1988; Fovell and
Ogura 1988, 1989) have addressed the question of
determining the environmental conditions that pro-
mote squall line development. These studies have
focused on interactions between the cold pool and
the environmental vertical wind shear. Rotunno et
al. (1988) proposed an “optimal state”: the updrafts
orient vertically if the negative vorticity of the cold
pool approximately balances the positive vorticity
of the low-level shear.

On the other hand, recent studies on the. develop-
ment of meso-f-scale convective systems into meso-
a-scale convective systems, have focused on the role
of gravity waves (Nicholls et al. 1991; Mapes 1993;
Pandya et al. 1993; McAnelly et al., 1997). These
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studies have investigated the transient linear re-
sponse of a quiescent, two-dimensional, non-rotating
atmosphere to prescribed heating sources resembling
a mature MCS. The vertical heating profiles pre-
scribed by these studies consist of half- and full-wave
modes through the troposphere. In the studies, it
was assumed that the half-wave-mode heating rep-
resented convective heating in the MCS, character-
ized by condensational heating at all levels, with its
maximum heating in the middle troposphere. The
full-wave-mode heating was considered to represent
stratiform heating in the MCS, characterized by con-
densational heating in the upper troposphere, and
evaporative cooling in the lower troposphere. The
resulting MCS heating profile is positive at all levels,
but with a maximum value in the upper troposphere.
Nicholls et al. (1991) showed that the half-wave-
mode disturbance of a downdraft propagates away
from the heating, while the full-wave-mode distur-
bance with an updraft at low levels and a downdraft
aloft, trails the half-wave-mode disturbance. Mapes
(1993), and McAnelly et al. (1997) suggested that
the full-wave-mode disturbance, with an updraft at
low levels and a downdraft aloft, provided a net up-
ward displacement at low levels. This upward dis-
placement favored the development of meso-3-scale
convective systems into meso-a-scale convective sys-
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tems.

Consequently, the importance of the evaporative
cooling of rain in the maintenance and organization
of MCSs is common to these above mentioned stud-
ies, since both the cold pool and the full-wave-mode
heating form through the cooling resulting from the
evaporation of rain. The evaporative cooling of rain,
however, is not always applied to the organization
of scattered meso-vy-scale convective systems (con-
vective cells) into meso-F-scale convective systems
over the tropical ocean. Parsons et al. (1994) re-
ported that the convectively induced cold pool was
shallow over the tropical ocean (about 500 m thick),
compared with the thickness of the cold pool over
the midlatitude continent (e.g., 1-2 km, Wakimoto
1982). This implies that less rain evaporates over
the tropical ocean than over midlatitude continents,
because the relative humidity of the lower atmo-
sphere is higher in the tropics than in the midlat-
itudes. LeMone et al. (1998) reported that con-
vective inhibition (CIN) was small (< 10 J kg™?)
over the tropical ocean, enabling convection to de-
velop without an “optimal state” as was described
in Rotunno et al. (1988), but with only weak forcing.

The response of the atmosphere to convective cell
forcing has received little attention compared with
that of the MCS. This is probably because only a
few observational studies of the response of the at-
mosphere to convective cell development have been
conducted. The high-frequency, small-scale wave
motions excited by a convective cell are very dif-
ficult to detect using conventional radiosonde data.

High-frequency waves, however, can be observed
by wind profilers having fine time resolutions. For
example, Shige (1999) detected mesoscale distur-
bances in the equatorial western Pacific lower tro-
posphere having periods of 1-2 hours in data from
wind profilers with fine time resolution during
the Tropical Ocean Global Atmosphere (TOGA)
Coupled Ocean—Atmosphere Response Experiment
(COARE) (Webster and Lukas 1992). Shige (1999)
concluded that the disturbance having a 60-minute
period, and a 6-hour duration, was a gravity wave
excited by a mesoscale cloud line.

In the present study, focus is placed on the role
of gravity waves in the development of a convective
cell into a meso-(-scale convective system over the
tropical ocean. First, the mechanism of wave exci-
tation by a convective cell is investigated, using a
non-hydrostatic compressible model. Next, the role
of these gravity waves in the formation of new cells
is discussed.

2. The model and experiments

2.1 Numerical model

Use was made of the compressible, non-
hydrostatic cloud model, termed the Advanced Re-
gional Prediction System (ARPS) Version 4.0 (Xue
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et al. 1995), which was developed at the Center for
Analysis and Prediction of Storms (CAPS) at the
University of Oklahoma. The computations were
carried out under a two-dimensional model config-
uration. The basic environmental state was as-
sumed constant in time and horizontally homoge-
neous. The Coriolis terms were neglected. The lower
and upper boundaries were flat, rigid, and under
free slip conditions. A radiation condition (Durran
and Klemp 1982) was used at the lateral bound-
aries. The ARPS model employs a mode-splitting
time integration scheme (Klemp and Wilhelmson
1978) that integrates acoustically active and inac-
tive terms separately in two steps. These time steps
were chosen as 0.5 and 3 s for the active and inac-
tive terms, respectively, in the present study. A 1.5-
order turbulent kinetic energy closure scheme was
also used. The surface momentum and heat fluxes,
and the solar radiation, were not calculated in the
present study. Details of the model have been pre-
sented in Xue et al. (1995).

Experiments were performed in order to investi-
gate the gravity waves forced by the latent heat re-
leased and absorbed by a growing convective cell.
These experiments were classified into two cate-
gories: (i) “MOIST” experiments that employed
a parameterization of Kessler warm cloud micro-
physics, and (ii) “DRY” experiments performed
with a prescribed heating function instead of the
microphysical parameterization. The warm rain mi-
crophysics of Kessler in the MOIST experiments
considers three categories of water (Klemp and
Wilhelmson 1978): water vapor, cloud water, and
rain water. The heating function prescribed in the
DRY experiments was based on the latent heat re-
leased and absorbed by the convective cell in the
MOIST experiment. A similar approach has been
applied to the mesoscale circulation around squall
lines by Pandya and Durran (1996), and Pandya
et al. (2000), and stratospheric gravity waves above
squall lines by Pandya and Alexander (1999).

The vertical resolution in the MOIST experiments
was expanded from 50 m at the lower boundary to
approximately 500 m at the top of the domain. This
varying vertical resolution was chosen to simulate a
shallow cold pool near the lower boundary. The ver-
tical resolution in the DRY experiments was 500 m.
In all of the experiments, the horizontal resolution
was 500 m. The model domain was 90.0 km in the
z direction (horizontal), and 18.5 km in the z direc-
tion (vertical). A Rayleigh damping layer having a
depth of 6.0 km was included at the top of the do-
main to reduce the reflection of gravity waves from
the upper boundary.

2.2 Experimental design
The major experiments and their parameters are
(c.f., Table 1):
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Table 1. List of the major experiments. Qo and a are the magnitude of the heating function Q(z, z,t),

and the half-width, respectively.

Case category | cloud physical process Qo a
FULL MOIST full set

NOEVAP | MOIST no evaporation

SIMPLE DRY no 1.0J kg™ st 0.5 km

STRONG | DRY no 40.0 J kgt s7? 0.5 km
WIDE DRY no 1.0Jkg™ts™! | 10.0 km

(1) Case FULL (MOIST). This is the realistic ref- ] —
erence experiment in which all of the Kessler warm 10 b / _
cloud microphysics are included. In this experiment,
heating profiles from the convective cell were ob- °r 7]
tained and used as the basis for the heating function 8 |- -
in the DRY experiments. _

(2) Case NOEVAP (MOIST). This is the same  E r ]
experiment as in Case FULL except for the exclusion - L /S _
of the evaporation process of rain in the model. In - e
this experiment, there was no formation of the cold s °r 0/ 7]
pool. By comparing this case with Case FULL, the "7 4L / i
importance of the cold pool in the formation of a T /
new cell can be assessed. r / B

(3) Case SIMPLE (DRY). In this experiment, , L // ]
the heating function Q(z, z,t) was prescribed that : i
approximates the temporal and spatial characteris- 11/ N N
tics of the convective cell rather than including the o f P R R R PRI =S N

300 310 320 330 340 350 360

cloud microphysical processes. The heating function
Q(z, z,t) is based on the latent heat released and
absorbed by the convective cell obtained in Case
FULL. To apply a linear analysis to the gravity
waves in the results, the magnitude of Q(z,z,1t),
however, has been reduced to about 40 times smaller
than the heating in the convective cell of Case
FULL. Details of the prescribed heating function
Q(z, z,t) will be discussed in a later section.

(4) Case STRONG (DRY). This experiment is the
same as Case SIMPLE, except that the magnitude
of Q(z, 2, t) is 40 times larger than that of Case SIM-
PLE, being nearly the same as that of the heating in
the Case FULL convective cell. The features in Case
STRONG are compared to those in Case SIMPLE
to assess the linearity of the gravity wave response
to the heating function Q(z, 2, t).

(5) Case WIDE (DRY). This is an experiment
where Q(z, z,t) has a half-width that is 20 times
as wide as that in Case SIMPLE. The magnitude
of Q(z, 2,t) in this experiment is the same as that
in Case SIMPLE. In this experiment, the effects of
the horizontal width of Q(z, z,t) on the response are
investigated.

The MOIST experiments are initialized with the
COARE sounding at Keifu-maru, at 1200 UTC on
6 November, 1992 (Fig. 1), when convection in the
area was active. The 1200 UTC sounding was not
sufficiently moist to support the height of the con-
vection observed in the GMS data. The relative hu-

(K)

Fig. 1. The smoothed sounding used as in-
put in the MOIST experiments, showing
the vertical profiles of potential tempera-
ture 0 (dashed line), equivalent potential
temperature @, (solid line), and saturated
equivalent potential temperature 8 (dot-
ted line). The profiles are based on the
sounding at Keifu-maru, at 1200 UTC
on 6 November, 1992. The thin solid
line indicates observed equivalent poten-
tial temperature.

midity at heights lower than 2750 m was therefore
increased, as shown by the thick solid line in Fig. 1.
It should be noted that the numerically simulated
features did not vary qualitatively by increasing the
low level relative humidity.

Convection was initiated by placing an ellip-
soidal warm thermal (a maximum potential temper-
ature excess of 2.0 K) having a horizontal radius of
10.0 km, and a vertical radius of 1.5 km. The cen-
ter of the thermal is located at £ = 0.0 km and 2
= 1.5 km. On the other hand, for the DRY ex-
periments, the gravity wave response of a quiescent
atmosphere with constant Brunt-Va&isila frequency
N (=0.01 s71) to the heating function Q(z, z,t) is
investigated.
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" (a) w and Q at 25 min FULL

2(km)
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0 (b) w and Q at 33 min FULL

) (Em) 10 20 30
Fig. 2. Time sequence of zonal-height cross
section of vertical velocity and latent
heat for Case FULL, at (a) 25 min, and
(b) 33 min. The contour interval is
0.4 m s~1. Negative contours are dashed
lines; zero and positive contours are solid
lines. The regions in which the latent
heat exceeds 20.0 J kg™! s™! are shaded.

3. Experimental results

The vertical velocity and latent heat for Case
FULL are shown in Fig. 2. A convective cell, initi-
ated by the thermal bubble, is growing at z = 0.0 km
at t = 25 min (Fig. 2a). It is clear from Fig. 2a that a
strong low-level updraft occurs near the original cell,
from £ = -1.0 to —3.0 and 1.0 to 3.0 km, whereas a
downdraft has formed in the outer regions. By ¢ =
33 min (Fig. 2b), a new cell has formed at z ~ +
2.0 km, where the low-level updraft was observed at
25 min. The low-level updraft appears to play an
important role in the formation of the new cell. The
life time of the original cell initiated by the thermal
bubble is about 60 min.

Even in Case NOEVAP, where the evaporation of
rain is excluded, the vertical velocity pattern at ¢t =
25 min (Fig. 3a) is nearly the same as that in Case
FULL (Fig. 2a). Except for the vertical velocity
at (x,2) = (0.0 km, 2.0 km), the vertical velocity
pattern at 33 min in Case NOEVAP (Fig. 3b) is
also very similar to that in Case FULL (Fig. 2b).
These results suggest that the strong low-level up-
drafts seen in Figs. 2a and 3a are not produced by
the cold pool, since the cold pool does not form in
Case NOEVAP.

The width of the convective cell heating varies in
time and height. At ¢t = 25 min (Fig. 2a), the hori-

Vol. 78, No. 6

1O(u) w and Q at 25 min

v

NOEVAP

z(km)

0 ; — S :
~30 -20 -10 0 10 20 30

NOEVAP

(b) w and Q at 33 min

~30 -20 ~10 10 20 30
x(km)

Fig. 3. As in Fig. 2, except for Case NOE-
VAP.

zontal width for Case FULL at z = 3.0 km is about
4.0 km (z =-2.0 to 2.0 km), while that at 2 = 1.5 km
is about 2.0 km (z = -1.0 to 1.0 km). Focus is now
placed on the strong low-level updraft seen near the
original cell at ¢ = 25 min (Fig. 2a), which is ex-
pected to play an important role in the formation
of the new cell. Therefore, the horizontal width at
low levels at 25 min (2.0 km) is considered the hor-
izontal width of the heating in the convective cell.
The influence of the horizontal width on the strong
low-level updraft is very important. The strong low-
level updraft, however, does not vary qualitatively,
even when the horizontal width is 4.0 km. These
points will be discussed in a later section.

The time sequence of latent heating profiles of the
original cell from ¢ = 5 min until 30 min for Case
FULL is shown in Fig. 4a. These heating profiles
are spatially averaged from x = —1.0 km to 1.0 km.
There are two characteristics of the growing convec-
tive cell: 1) the height of the heating increases with
time, and 2) the amplitude of the heating increases
with time. The original cell reaches its maximum
after 30 min. The maximum height of the heating
in the convective cell occurs at about 8.8 km. In
order to roughly approximate these two character-
istics, the heating function used in the DRY exper-
iments is given as:

a? 1—cos(2nt/T) . [ =z
Qo 2 Sm(Hm( ))’
(for 0 < z < Hp(t))

Q(x?zat):
0,
(for z> Hn(), (1)
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Fig. 4. Time sequences of (a) the heating
profiles averaged from z = —1.0 km to
z = 1.0 in Case FULL, and (b) the heat-
ing function Q(z, z,t) at £ = 0.0 km.

where g is the magnitude of the thermal forcing, a
the half-width, and H,,(t) the height of the heating
given by

1—cos(27t/T
. {H (2nt/T)
H,

Here H equals 10.0 km and 7" = 60 min. The height
and amplitude of Q(z,z,t) increase until 30 min,
as shown in Fig. 4b. The horizontal structure of
Q(z, 2,t) is a practical approximation which sim-
plifies the mathematics. The horizontal structure
of Q(z, z,t) does not strictly approximate that of
the heating in the convective cell, because Q(z, z, t)
has a non-zero value, even far from z = £+ 1.0 km.
The features of the gravity wave response around
the convective cell, however, can be captured quali-
tatively.

Figures 5a and b show the vertical velocity at ¢
= 25 and 30 min, respectively, for Case SIMPLE
where Qo = 1.0 J kg7! 571, and a = 0.5 km (see
Table 1). The half-width @ = 0.5 km corresponds
to a horizontal width of 2.0 km. At ¢ = 25 min
(Fig. 5a), a strong updraft is centered at z = 0.0 km
in the heated region and downdrafts have developed
at x ~ £ 10.0 km. The downdrafts extend through-
out the troposphere. It is also clear from Fig. 5a that
at x = £ 2.0 km, low-level updrafts have decoupled
from the heated region. These features at 25 min
found in Case SIMPLE are similar to those at 25 min
for Case FULL (Fig. 2a). When Q(x, z, t) reaches its
maximum at 30 min, deep-mode downdraft distur-
bances have moved beyond « ~ £ 10.0 km (Fig. 5b).
Shallow-mode disturbances of an updraft at low lev-
els and a downdraft aloft are seen at z =~ + 5.0 km.

Figure 6 shows the response for Case STRONG

, (for 0<t<T/2) 2
(for T/2 <t< T).
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s (a) w at 25 min SIMPLE

30

(b) w at 30 min SIMPLE

2{km)

10 20 30

~30 -20 ~10

x(l?m)

Fig. 5. As in Fig. 2, except for vertical ve-
locity in Case SIMPLE at (a) 25 min and
(b) 30 min. The contour interval is 0.01 m
s~1. The regions in which the vertical ve-
locity exceeds 0.1 m s~! are shaded.

with Qo = 40.0 J kg~! s™!, which is nearly the
same as the convective cell heating in Case FULL.
Responses in Case STRONG are nearly the same as
those in Case SIMPLE with Qp = 1.0 J kg=! s~1,
as shown in Fig.5: 1) downdrafts have developed at
z =~ £ 10.0 km with low-level updrafts decoupled
from the center region of a strong updraft at 25 min
(Fig. 5a and Fig. 6a), and 2) deep-mode downdraft
disturbances at ¢ =~ £ 15.0 km with shallow mode
disturbances of an updraft at low levels and a down-
draft aloft at © ~ + 5.0 km are observed at 30 min
(Fig. 5b and Fig. 6b). On the other hand, the ver-
tical velocity in Case STRONG is about 40 times
greater than that in Case SIMPLE. These results
imply a linear relation between Qo and the vertical
velocity, allowing the application of linear analysis
to interpret the results in Case SIMPLE. It may be
noted that the vertical wavelength of the shallow-
mode disturbance in Case STRONG (Fig. 6b) is
somewhat longer than that in Case SIMPLE. This
probably results from the updraft at z = 0.0 km in
Case STRONG being elevated higher than that in
Case SIMPLE, owing to nonlinear effects.

When the half-width of the heating function is in-
creased to 10.0 km (Case WIDE, Fig. 7), the results
change drastically. A strong updraft is centered at
z = 0.0 km, and downdrafts have developed on both
sides of the strong updraft (Fig. 7a), as well as in
Case SIMPLE. The shallow-mode disturbance of an
updraft at low levels and a downdraft aloft, however,
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s (a) w at 25 min STRONG
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s (b) w at 30 min STRONG
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Fig. 6. As in Fig. 2, except for vertical ve-
locity in Case STRONG at (a) 25 min
and (b) 30 min. The contour interval is
0.4 ms™!. The regions in which the verti-
cal velocity exceeds 4.0 m s~* are shaded.

can not be found at either ¢ = 25 min or 30 min
(Fig. 7a and b).

4. Discussion

4.1 Low-level updraft

Discussion is now centered on why the shallow-
mode disturbance of an updraft at low levels and
a downdraft aloft decouples from the heated region
in Case SIMPLE (Fig. 5). This disturbance is very
similar to the “n = 2 mode” disturbance of an up-
draft at low levels and a downdraft aloft as obtained
in Fig. 5b of Nicholls et al. (1991). This n = 2 mode
disturbance is the gravity wave response to the n =
2 mode heating. The n = 2 mode heating approxi-
mates the stratiform heating in the MCS, character-
ized by condensation in the upper troposphere and
evaporation in the lower troposphere. In spite of
the similarity in the disturbances, the heating pro-
files from all cases of the present study do not in-
clude stratiform heating. Therefore, the mechanism
for the excitation of this shallow-mode disturbance
can not be explained by that of the n = 2 mode
disturbance discussed by Nicholls et al. (1991).

The z-independent part of the heating function
Q(z,2,t) (0 < z < Hp(t): Eq. (1)) is given as

1—cos§27rt/T) - (H:Z(t)). 3)

Decomposition of Q(z,t) (Fig. 4b) into discrete ver-
tical modes sin(nmz/Ho) (Fig. 8a) results in

Q(za t) = QO
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Fig. 7. As in Fig. 2, except for vertical
velocity in Case WIDE at (a) 25 min
and (b) 30 min. The contour interval is
0.01 m s™*. The regions in which the

vertical velocity exceeds 0.1 m s™! are

shaded.
Q0 = X @) sin( 52 ). @

where Hj is the maximum height of the decomposed
heating, with Hy = H = 10.0 km.

Linear responses to the modes described in Eq. (4)
implies that the responses satisfy rigid boundary
conditions at z = 0.0 km and z = 10.0 km.

To examine the effect of a rigid lid at 2 = 10.0 km
and the validity of the discussion of using Eq. (4),
an experiment that is the same as Case SIMPLE,
except for a flat, rigid, and free-slip upper boundary
at z = 10.0 km (Case RIGID) is conducted. In Case
RIGID, a Rayleigh damping layer is not included.
Figure 9 shows the response for Case RIGID. Re-
sponses found for Case RIGID are nearly the same
as those from Case SIMPLE (Fig. 5). That is, 1)
downdrafts have developed at x ~ + 10.0 km, and
low-level updrafts have decoupled from the center
region of the strong updraft by 25 min (Fig. 9a),
and 2) deep-mode downdraft disturbances develop
at £ ~ £ 15.0 km, and at x ~ £ 5.0 km shallow
mode disturbances of an updraft at low levels and
a downdraft aloft are observed at 30 min (Fig. 9b).
The updraft at low levels and downdraft aloft of
the shallow-mode disturbance in Case RIGID are
somewhat weaker and stronger than those in Case
SIMPLE, respectively. The difference is, however,
negligibly small. Thus, whether or not the rigid lid
exists at z = 10.0 km has virtually no effect on the
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Fig. 8. (a) Vertical structure of the discrete
vertical modes sin(nwz/Hp) for n = 1
(n1),n=2 (n2),n=3 (n3),and n =4
(n4). Time variations of each vertical
mode forcing Qn(t) until 30 min for nl,
n2, n3, and nd modes of (b) the heat-
ing function Q(z,t) (Fig. 4b), and (c) the
heating profiles within a convective cell
for Case FULL (Fig. 4a).

gravity wave response until 30 min. Therefore, the
results in Case SIMPLE can be plausibly interpreted
using Eq. (4).

Figure 8b shows the time variation of each
vertical-mode forcing Q,(t). It is clear that the
higher vertical-mode forcings have weaker ampli-
tudes and higher frequencies. For example, the
n = 1 mode (nl) forcing Q;(t) reaches a maxi-
mum at 30 min, the n = 2 mode (n2) forcing Q2(t)
ceases at 30 min, with a maximum at 18 min, and
the n = 3 mode (n3) forcing Q3(t) is positive until
18 min and then turns negative until 30 min.

For simplicity, a case is considered where the z-
dependence of the heating function is the Dirac delta
function. Derived from the solution of Bretherton
and Smolarkiewicz (1989), the linear response of the
vertical velocity wy(z,t) to the heating Q,(t)d(z),
is proportional to the time-derivative of Q,(t) as
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(a) w at 25 min RIGID
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x(l?m)

Fig. 9. As in Fig. 2, except for vertical ve-
locity in Case RIGID. The contour inter-
val is 0.01 m s™*. The regions in which
the vertical velocity exceeds 0.1 m s™! are
shaded. The thick horizontal line at z =
10.0 km indicates the rigid upper bound-

ary.

_ i dQn (1)

; (5)
¢, dr rmelzl

wp(z,t)

where 6(z) is the Dirac delta function, and c, the
speed of the wave given by

_NH
T o

(6)

Although Eq. (5) is derived from the infinitesimal-
width case, the results from Case SIMPLE can be in-
terpreted using Eq. (5). A similar approach has been
applied to the interaction between gravity waves and
tropical cloud clusters by Numaguti and Hayashi
(2000).

For the nl forcing, a response of downward motion
would develop for 7(= t—|z|/c,) < 30 min, because
dQ:(7)/dr > 0. For the n2 forcing, downward mo-
tion at low-levels would develop when 7 < 18 min,
since dQ2(7)/dr > 0. Upward motion at low-levels,
then, will develop for 18 min < 7 < 30 min, be-
cause d@Q2(7)/dr < 0. For the n3 forcing, down-
ward motion at low-levels would develop when 7 <
13 min, since dQ3(7)/dr > 0, and upward motion
at_low-levels, for 13 min < 7 < 22 min, because
dQs(7)/dr < 0. Therefore, the shallow mode dis-
turbance in Fig. 5 can be interpreted as the gravity
wave response propagating after the decay of the
n2 and n3 forcings if the heating function Q(z, 2, t)

Cn
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used in this study is considered as the sum of the
nl, n2, and n3 forcings.

If the shallow mode disturbance is a response only
to the n2 forcing, this disturbance would be sym-
metric in the z direction. The updraft at low levels
of the shallow mode disturbance in Fig. 5, however,
is stronger than the downdraft aloft, because this
disturbance is a response not only to the n2 forcing,
but also to the n3 forcing.

The time sequence of the heating profiles within
the convective cell in Case FULL (Fig. 4a) were
also decomposed into discrete vertical modes as
sin(nmz/Hg). Note that a value of Hy = 8.8 km
is used in the decomposition of Case FULL, because
the maximum height of the heating within the con-
vective cell occurs at about 8.8 km. Figure 8c shows
the time variation of each vertical mode in the Case
FULL results. It should also be noted that the
higher vertical-mode forcings have less amplitudes
and higher frequencies as shown in Fig. 8c as well
as was shown in Fig. 8b. Since the time variations
of Q1(t), Q2(t), and Q3(t) in Case FULL are sim-
ilar to those in Case SIMPLE, the strong low-level
updraft at 25 min in Case FULL (Fig. 2a) can be
interpreted as the gravity wave response that has
decoupled from the heated region, and propagates
outward when the n2 and n3 forcings decrease, as
was found in Case SIMPLE.

It should be noted that there are differences be-
tween the time variations of Qo(t) and Qs(t) in
Case SIMPLE and Case FULL. The values of the
prescribed heating Qo(t) are always positive and
Qs(t) decreases to only a small negative value in
Case SIMPLE (Fig. 8b). On the other hand, the
heatings Q2(t) and Q3(t) in Case FULL decrease to
large negative values (Fig. 8c). Attention is now re-
turned to the time sequences of the heating profile
in Case FULL and Q(z, 2,t) in Case SIMPLE (see
Fig. 4). For Case FULL, a top-heavy heating profile
occurred at 30 min, i.e., that the upper-tropospheric
heating was stronger than the lower-tropospheric
heating. On the other hand, the heating profile at
30 min in Case SIMPLE was vertically symmetrical
with its maximum at z = 5.0 km. The differences
between time variations of Q(t) and Q3(t) in Case
SIMPLE and Case FULL result from differences be-
tween the heating profiles at 30 min in Case SIM-
PLE and Case FULL.

Attention is now focused on why no strong low-
level updrafts can be found in Case WIDE. The
Fourier transform of the heating function Q(z, 2,t)
for 0 < z < Hp(t) as given in Eq. (1) in the z
direction results in

~ —ar 1 —cos(2nt/T) . Tz

where () indicates the Fourier transform, and k is the
horizontal wave number. The horizontal wavelength
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of the shallow-mode disturbance is about 10.0 km,
while that of the deep-mode disturbance is about
30.0 km (Fig. 5b). Thus, from Eq. (7), the ra-
tio of the heating amplitude of the shallow-mode
to the deep-mode is exp(-27a/10.0) /exp(-2ma/30.0)
= exp(-2ma/15.0). The ratio is 8.1x107! for Case
SIMPLE with a = 0.5 km, while 1.5x1072 in Case
WIDE with a = 10.0 km. These results indicate that
not only the height increase (see Eq. (2)), but also
the narrow width of Q(z, z,t) are important for the
shallow mode disturbance with a strong updraft at
low levels. Therefore, the shallow-mode disturbance
with a strong updraft at low levels is a particular
response to a growing convective cell.

On the other hand, the ratio of the heating am-
plitude of the shallow-mode to the deep-mode is
6.6x10~! when a = 1.0 km, corresponding to the
horizontal width of 4.0 km. Thus, this ratio is not
very sensitive to such a narrow-range change in the
half-width a.

4.2 Vertical displacement

To calculate the time variation of vertical dis-
placement resulting from the gravity wave response
in Case FULL, a DRY experiment is performed,
termed Case HEAT. The heating has the same ver-
tical profile as was shown in Fig. 4a, but with 1/40
of the magnitude, and having a horizontal struc-
ture of cos{mz/2b) for —b < z < b (b = 1.0 km).
This experiment is carried out with the same ini-
tial sounding and vertical resolution as those in the
MOIST experiments. The vertical displacement at
t = 33 min for Case HEAT is shown in Fig. 10a. In
Case FULL, new cells had formed at x ~ & 2.0 km
at t = 33 min (Fig. 2b). The vertical displacement,
is calculated from the vertical velocity at each hori-
zontal grid point and at z = 1.5 km, where the local
maximum of latent heat first appeared at z ~ =+
2.0 km in Case FULL. The region of upward dis-
placement with the maximum at x = 2.25 km ex-
tends to x = 3.5 km, as shown in Fig. 10a. The re-
gion of upward displacement for Case HEAT nearly
corresponds to the location where the new cell has
formed in Case FULL (Fig. 2b). Therefore, the up-
ward displacement resulting from the gravity wave
response probably triggered the new cell found in
Case FULL.

In order to examine the influence of the heating
profile on the vertical displacement as a result of
the gravity wave response, an additional DRY ex-
periment is performed (Case SIMPLE2). Here the
heating is the same in Case SIMPLE, but with a
horizontal structure of cos(mwz/2b) for —b < z < b
(b = 1.0 km). Figures 10b and c display the time
variations of the vertical displacements calculated
from the vertical velocity at z = 2.0 km and z =
1.5 km for Case HEAT and Case SIMPLE2, re-
spectively. The vertical displacement found in Case
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Fig. 10. (a) Vertical displacement at each
horizontal grid and z = 1.5 km, outside
the heated region at 33 min for Case
HEAT. Time variations of the calculated
vertical displacement at z = 2.0 km and
z = 1.5 km, for (b) Case HEAT, and
(c) Case SIMPLE2.

HEAT (Fig. 10b) is positive between 30-37 min,
while that in Case SIMPLE2 (Fig. 10c) is nega-
tive, except for the small positive value at around
28 min. The next problem is to determine what
causes the difference between the vertical displace-
ments in Case HEAT and Case SIMPLE2.

From Eq. (5), the vertical displacement Az, can
be estimated from the response of vertical velocity
wy(z,t) as

¢ t— Lol S
cn 1 n
DNz, E/ Wy (z,t)dt ~—/ ——Mdr
0 o cn dr
2|

c

(8)

1. t
-[2au)]
[cn 0
Figures 11a and b show time variations of the ver-
tical displacement Az = Y2 _| Az,, at ¢ = 2.0 km
and z = 1.5 km from Case HEAT and Case SIM-
PLE2 as estimated by Eq. (8), respectively. The

time variations of Az = 2731:1 Azy, in Figs. 11a and
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Fig. 11. Time variations of the estimated
vertical displacement at £ = 2.0 km and
z = 1.5 km for (a) Case HEAT, and
(b) Case SIMPLE2. The distributions
are shown for the different mode forcings,
according to the figure legend.

b roughly approximate those of the vertical displace-
ments in Figs. 10b and c, respectively. Therefore,
the vertical displacement due to the gravity wave re-
sponse at £ = 2.0 km and z = 1.5 km for a convective
cell can be rather well estimated as Az = Zi:l Az,
using Eq. (8).

For Case HEAT (Fig. 11a), Az; and Az3 are posi-
tive between 30-40 min and 27-36 min, respectively,
corresponding to the decrease in the n2 and n3 forc-
ings to large negative values (see Fig. 8c). On the
other hand, in Case SIMPLE2 (Fig. 11b), values of
Az, are always negative and those of Az; reach a
slightly positive value between 22-31 min. These re-
sults correspond to Q4 (t) being always positive and
Q3(t) decreasing to a small negative value (Fig. 8b).
As a result, the vertical displacement Az in Case
HEAT differs from that in Case SIMPLE2.

As was discussed in Section 4.1, the top-heavy
heating profile at 30 min in Case FULL (Fig. 4a)
forces Q2(t) and Q3(t) to decrease to large negative
values (Fig. 8c). Therefore, the top-heavy heating
profile at 30 min in Case FULL is very important
for a net upward displacement.

Mapes (1993) also pointed out that a top-heavy
heating profile was very important for “gregari-
ous convection”. The top-heavy heating profile in
Mapes (1993) was due to the superimposition of the
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Fig. 12. The heating profile averaged from
z = —1.0 km to z = 1.0 for Case
NODRAG.

n = 1 mode, representing MCS convective precipita-
tion, and the n = 2 mode, representing MCS strat-
iform precipitation. On the other hand, the heat-
ing profile in Fig. 4a does not include any heating
that represents stratiform precipitation. Therefore,
the top-heavy heating profile in the present study
does not represent the precipitation type that Mapes
(1993) studied.

Up to t = 25 min, the top-heavy heating profile
does not appear seen in Fig. 4a. The difference be-
tween t = 25 and 30 min, is whether or not the
downdraft at low-levels of the convective cell has
formed. At 25 min, a downdraft is not formed at
z = 0.0 km (Fig. 2a). By 30 min, a downdraft has
formed below z = 3.8 km at z = 0.0 km (not shown,
but clear in Fig. 2b). Therefore, it is concluded that
the convective cell is cut off from the advection of
water vapor by the downdraft at low-levels. Thus,
condensational heating at low-levels in the convec-
tive cell decreases. This downdraft is mainly the re-
sult of the drag force associated with precipitation,
because the top-heavy heating profile, the same as
in Case FULL, is also found in Case NOEVAP (not
shown) where the evaporation of rain is excluded.
To confirm this conclusion, another MOIST experi-
ment is performed (Case NODRAG) being the same
as Case FULL except for the exclusion of the drag
force due to rain. The heating profile at 30 min for
Case NODRAG is shown in Fig. 12. The top-heavy
heating profile, such as the profile found in Case
FULL at t = 30 min (Fig. 4a), did not form, which
confirms the above conclusion.

5. Summary and concluding remarks

In the present paper, the gravity wave response
of a.quiescent, two-dimensional, non-rotating atmo-
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sphere to a growing convective cell, using a non-
hydrostatic compressible model, has been examined.
A series of experiments were carried out, which
were classified into two categories: (i) MOIST ex-
periments that employed a parameterization of the
Kessler warm cloud microphysics, and (ii) DRY ex-
periments that were performed with a prescribed
heating function.

The MOIST experiments revealed that a strong
low-level updraft occurred near the convective cell
during the later growing stage, even if evaporative
cooling of rain was excluded. A new cell was then
triggered in the region where the strong low-level up-
draft was found. In the DRY experiments, the heat-
ing function that roughly approximated two char-
acteristics of the growing convective cell obtained
in the MOIST experiment (Case FULL) was pre-
scribed: 1) the height of the heating increased with
time, and 2) the amplitude of the heating also in-
creased with time. A DRY experiment (Case SIM-
PLE) with a half-width of a = 0.5 km also exhibited
that the strong low-level updraft occurred during
the later growing stage of the convective cell with
the prescribed heating function.

A schematic diagram illustrating the gravity wave
response to a growing convective cell up to the max-
imum stage is presented in Fig. 13. A shallow mode
disturbance having a strong updraft at low levels
occurs during the later growing stage of a convec-
tive cell (Fig. 13a). As a result of the increase in
the height of heating (see the profile on the right of
Fig. 13a), higher vertical mode forcings increase dur-
ing the earlier growing stage of the convective cell,
and decrease during the later growing stage. This
disturbance can be interpreted as the gravity wave
response to the higher vertical mode forcings.

For the shallow mode disturbance with a strong
updraft at low levels, not only the increasing height
of the heating, but also the narrow width of the heat-
ing are important. This indicates that the shallow
mode disturbance with a strong updraft at low lev-
els is a particular response to a growing convective
cell.

The updraft at low levels of this disturbance re-
sults in a net vertical displacement, which probably
triggers a new cell near the original cell. This results
from the top-heavy heating profile (Fig. 13b) which
forms at the maximum stage of development of the
convective cell. The top-heavy heating profile is not
due to the superimposition of the n = 1 mode repre-
senting MCS convective precipitation and the n = 2
mode representing MCS stratiform precipitation, as
was suggested by Mapes (1993). It is concluded that
the top-heavy heating profile is mainly due to the
drag force associated with precipitation.

The shallow mode disturbance having a strong
updraft at low levels is probably important for the
structure and maintenance of meso-3-scale convec-
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Fig. 13. A schematic diagram illustrating the gravity wave response to a convective cell until its maximum

stage.

tive systems over tropical oceans. LeMone et al.
(1998) reported that convective inhibition (CIN) is
small (e.g., < 10 J kg~! for COARE) over the tropi-
cal ocean, enabling convection to develop without an
optimal state as described by Rotunno et al. (1998),
but with only weak forcing. For example, slow-
moving tropical cloud lines developed with weak
low-level shear (see Fig. 8 of Barnes and Sieckman
1984), with the cold pool being shallow and weak
(see Fig. 14 of LeMone et al. 1998).

The shallow mode disturbance with a strong up-
draft at low levels may play a certain role in the cell
regeneration of a multicell squall line, where the in-
teraction between the cold pool and the environmen-

tal vertical wind shear is important. The frequency
of the generation of the shallow mode disturbance
may determine the elapsed time between the devel-
opment of successive convective cells within a mul-
ticell squall line. In the future, gravity waves in an
environment with vertical wind shear will be inves-
tigated, using two- and three-dimensional numerical
models.
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