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Abstract

A three-dimensional numerical simulation of a convective-cloud ensemble was performed in order
to study the formation process of long-lasting precipitating convective cells. As the initial condition,
random small thermals were given in the horizontally homogeneous atmosphere.

The convective cells were classified into three types: The first type (S-type) was short-lived and had

a downshear-tilting updraft. The second type (F-type) was forced by the other cells and persisted
for a long time, although the airflow structure was similar to S-type. The third type (L-type) was
long-lasting and had an upshear-tilting updraft.

In the formation process of an L-type cell, the updraft root must move in a downshear direction
faster than the rising air parcels in order to build an upshear-tilting updraft. The fast movement of the
updraft root is initially forced by the neighboring cells. The results showed there are three patterns
in this process. In Pattern I the updraft root moves with outflow diverging from one short-lived cell.
In Pattern II it moves with outflow boundaries of several short-lived cells which form successively. In
Pattern III it moves together with outflow diverging from a pre-existing L-type cell. Once an upshear-
tilting updraft is built, the cell produces a strong cold air pool near the surface and is self-maintained

at its edge.

1. Introduction

Generally, a cumulonimbus cloud consists of sev-
eral precipitating convective cells. The life-times
of the cells are usually a few tens of minutes, but
sometimes special cells which persist for more than
several hours are observed. Typical of such long-
lasting cells is a supercell storm, which consists of
one updraft and one downdraft, and persists for
several hours (e.g., Browning and Ludlam, 1962;
Fankhauser, 1971; Seko and Takeda, 1987). In
Japan, long-lasting convective echoes whose hori-
zontal scales are much smaller than supercell storms
are sometimes observed (e.g., Takeda and Imai,
1976; Tabata et al., 1989). These cells are also re-
garded as long-lasting precipitating convective cells.

It is rather rare that such long-lasting cells
are completely isolated, and they are usually sur-
rounded by many short-lived cells. For example,
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Takeda and Imai (1976) observed that a few long-
lasting convective echoes appeared among many
short-lived echoes. Bluestein and Parker (1993)
showed supercell storms often formed among a few
ordinary cells. It is very strange that only a few cells
can persist for a long time among many other cells,
although all the cells exist under a similar atmo-
spheric condition. This variability in the life-time
is considered to result from the interaction of con-
vective cells. The main purpose of this study is to
discuss the convective-cell interactions which act in
the formation process of a long-lasting cell.
Long-lasting cells have common features in their
airflow structure. In the case of ordinary cells, the
updraft tilts in the direction of the vertical wind
shear. The downdraft, which is located to the down-
shear side, cuts off the supply of warm and moist
air into the updraft. In the case of long-lasting
cells, however, the updraft tilts against the direc-
tion of the vertical wind shear and the downdraft
is located on the upshear side (Browning and Lud-
lam, 1962). This arrangement of airflow is favor-
able for the maintenance of a convective cell because
the downdraft does not cut off the supply of warm
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and moist air into the updraft. Earlier investigators
questioned why the updraft could tilt against the
direction of the vertical wind shear. Takeda (1971)
used a two-dimensional numerical model and showed
that an upshear-tilting updraft formed when an am-
bient vertical shear changed its direction at a certain
level. Seitter and Kuo (1983) studied the forma-
tion of an upshear-tilting updraft in a uni-directinal
vertical shear. They concluded that the updraft is
tilted by the effect of water loading and evapora-
tive cooling of precipitating water. The results of
Fovell and Ogura (1988) more clearly indicate the
mechanism of the upshear-tilt: At the leading edge
of a cold-air pool, which is produced by evapora-
tive cooling of precipitating water, the hydrostatic
pressure gradient is directed to the downshear side
in the lower layer. It forces an updraft root to the
downshear side and tilts the updraft to the upshear-
direction.

The results of these studies made clear the mech-
anism of upshear-tilting updraft formation. But it
is not always clear how the situation in which the
mechanism act is produced by convective-cell inter-
actions. In the simulations of long-lasting cells, large
isolated thermals, whose horizontal scale is about 20
km, are often given as initial disturbances to simu-
late upshear-tilting updrafts (e.g., Wilhelmson and
Klemp, 1978; Clark, 1979; Schlesinger, 1980). How-
ever, such a large thermal does not exist in the real
atmosphere. It is considered that some interaction
processes play the role of such an artificial thermal.
The present paper focuses on these processes.

An observational study on convective-cell interac-
tions is very difficult because it needs dense three-
dimensional data for various meteorological compo-
nents. Therefore, the use of a three-dimensional nu-
merical model is reasonable for this study. Three-
dimensional numerical simulation of a convective-
cloud ensemble has been performed by some mod-
ellers. Tao and Soong (1986) evaluated the collective
feedback effect of a convective-cloud ensemble on
the large-scale atmosphere. Balaji and Clark (1988)
simulated the formation process of a cumulonim-
bus cloud from a cumulus-cloud ensemble. Tao and
Simpson (1989a) simulated squall-lines which devel-
oped from many small thermals. Tao and Simpson
(1989b) also studied the merging process of convec-
tive clouds by numerical simulation.

In the present study we perform a three-
dimensional numerical simulation of a convective-
cloud ensemble. The results of the computations
are analyzed by paying special attention as to how
convective cells produce a long-lasting cell.

2. The numerical model and initial field

2.1 The model
The following assumptions are adopted in our nu-
merical model.
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Fig. 1. Initial vertical profiles of temperature
and humidity. For reference, 344 K moist
adiabat, 15.7 g/kg mixing ratio and 301 K
dry adiabat lines are also shown. The thick
broken line represents a parcel ascent from
the surface based on a surface mixing ratio
15.7 g/kg.

(a) Air motions in the model are anelastic and the
Coriolis force is neglected.

(b) The friction and the orographic effect at the
lower boundary are neglected.

(¢) The absorption and release of latent heat asso-
ciated with ice-phase processes are not consid-
ered.

(d) Condensed-water is divided into cloud water,
whose falling velocity relative to the air is neg-
ligible, and precipitating water.

(e) Precipitating water evaporates in the absence
of cloud water.

The equation of motion, and the prognostic equa-
tion for the potential temperature and water sub-
stance are similar to those used by Yoshizaki (1978),
except for the formation rate of precipitating water.
Details of the model description are presented in Ap-
pendix A.

The domain for computation has a height of 15 km
and a width of 150 km. Mesh sizes are 0.5 km as Az,
and 2 km as Az and Ay. The variables are arranged
in a staggered way similar to Yoshizaki (1978).

It is assumed that the upper and lower bound-
aries are rigid and that the air slips freely at the
boundaries. For potential temperature and water
substance, the normal gradients are assumed to be
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Fig. 2. (a) Vertical profiles of initial ambient wind for uni-directional shear cases. (b) Vertical change in

wind direction for a veering wind case.

zero at the lower boundary, and these variables re-
main undisturbed at the upper boundary. For tan-
gential velocity components, potential temperature
and water substance across lateral boundaries, the
horizontal gradients are assumed to be zero. For the
normal velocity components, the radiation bound-
ary condition (Orlanski,1976) is adopted in order to
minimize the reflection of gravity waves at the lat-
eral boundaries.

2.2 Initial field

The vertical profiles of the temperature and rel-
ative humidity in the basic field are shown in Fig.
1. The surface temperature is 27.75°C. The lapse
rate of the temperature is 9°C/km from the surface
to 1.25 km, 8°C/km from 1.25km to 1.75km, and
1°C/km from 10.75 km to the top. In the layer from
1.75 km to 10.75 km, two lapse rates of 7°C/km and

6°C/km are given. The CAPE (convective available
potential energy) is 3010 m?/s? and 2380 m?/s? in
the two lapse rates, respectively. The CAPE of 3010
m?/s? is a rather high value in the real atmosphere.
By giving such a large CAPE, it is expected that
a lot of convective cells will develop and many in-
teraction patterns will occur in the domain. The
effects of the instability of the atmosphere will be
discussed by comparing the results of the two lapse
rates. CIN (convective inhibition) is 17m?/s? in
both lapse rates. The pressure at the surface is 1000
mb and hydrostatic balance is initially assumed.
Four types of wind fields are initially given. In
three types, the initial wind velocity is zero in the
y-direction and vertical wind shear is given only in
z-direction, as shown in Fig. 2a. In order to exam-
ine whether the process found in a unidirectional
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Fig. 3. Horizontal distribution of initial tem-
perature deviations at 0.25 km level. Areas
of temperature deviations larger than 0.5
K are shaded. -
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wind field could occur in a three-dimensional shear
field, another type of vertical wind shear is given, as
shown in Fig. 2b. Horizontal convergence or diver-
gence due to large-scale air motion is not included
in any of the cases.

Many small thermals are given as the initial dis-

, turbances in order to simulate a cluster of convective

cells. Two types of initial disturbances are shown in
Fig. 3. In the first type of disturbance, D1, thermals
of positive temperature deviations less than 1.5 K
are inserted at random places in a region of 30 km
diameter at the 0.25km level. In the second type
of disturbance, D2, the same number of thermals is
inserted into a region of 90 km diameter.

The values of the parameters in each case are
shown in Table 1. Case A is a control case. The ef-
fects of changing the value of each parameter (the ar-
rangement of the initial disturbance, ambient wind
shear, or the instability of the atmosphere) will be
studied by comparing the result of Case A with B,
C, and D. The Bulk Richardson number in each case
is also shown in Table 1. The values in Cases A and
B are in the middle range between a multi-cell and
supercell storms according to Weisman and Klemp
(1982). Cases C1 and C3 are in the range of a multi-
cell storm, and Cases C2 and D are in the range of a
supercell storm. Numerical computation was made
for 150 minutes in Case C3, and 120 min in the other
cases.

3. Results of case A

8.1 Behavior of cells

Thermals given as the initial disturbance de-
veloped into precipitating convective cells. All
of these cells produced precipitation. Figure 4
shows the horizontal distributions of the vertically-
integrated precipitating-water content. Precipitat-
ing water found at 45 min was produced in these
cells. After they decayed in several tens of min-
utes, many precipitating cells formed and decayed.
At 120 min, precipitating water was distributed in
bands. These bands consist of several precipitat-

Table 1. Values of parameters.

Temperature Vertical
lapse rate wind shear
from 1.75km to  below 9.75 km bulk

10.75 km level level Initial Richardson

case (°C/km) (ms~!/km) disturbance Number
7 2 D1 42

B 7 2 D2 42
C1 7 1 D1 84
C2 7 3 D1 19
C3 7 *1.7 D1 67
D 6 2 D1 33

* Containing veering in vertical wind shear below 3 km level
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Fig. 5. Frequency distribution of the duration
time of cells in case A. The cells which
existed still at 120 min are shown by the
shaded areas.

ing convective cells. Here, a precipitating convective
unit, in which the intensity of an updraft exceeded
1m/s at the 5.25 km level, is identified as “a cell”.

Figure 5 shows the frequency distribution of the
life-time of precipitating convective cells. The life-
time of each cell is defined by the duration time of
an updraft stronger than 1 m/s at the 5.25 km level.
Almost half of the cells vanished in 6 to 12 minutes,
but some cells persisted for several tens of minutes.
Because the initial condition of the atmosphere was
uniform in the horizontal direction, it is suggested
that the different life-times of the cells originated
from their interaction.

All of the cells are classified into three types ac-
cording to their behavior and structure. The first
type (S-type) is short-lived and shows the tilting of
its updraft in the direction of vertical wind shear
(so-called, downshear-tilting). The second type (F-
type) is forced by the other cells and persists for a
long time, although it has similar airflow structure
to S-type. The third type (L-type) is long-lasting
and it has an updraft which tilts against the direc-
tion of the vertical wind shear (so-called, upshear-
tilting).

3.2 Structure of each type of cell

In the S-type cell the accumulation of
precipitating-water and the formation of a down-
draft occurs on the downshear side of the updraft.
Because the downdraft cuts the surface flow which
supplies warm and moist air into the updraft, the
cell’s life-span is short. Most of the cells belong to
this type.

The vertical cross sections of a typical F-type cell
is shown in Fig. 6. This cell is denoted by F in Fig.
4. An updraft tilts in the direction of vertical wind
shear (left to right) while a downdraft exists to the
downshear side of the updraft. The distribution of
the updraft and downdraft are the same arrange-
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Fig. 6. Vertical cross sections of an F-type precipitating convective cell, which is denoted by F in Fig. 4.
(a) Contours of Qp (solid lines; g/kg) and w (dashed lines). The dark and light shaded areas indicate
updraft and downdraft stronger than 2 m/s, respectively. Vectors denote the wind component in the
cross section. (b) Equivalent potential temperature (dashed lines; K) and horizontal wind velocity

relative to the cell (solid lines; m/s).

ment as in S-type cells. But this cell continues to
exist longer than fifty minutes past the end of the
computation. Near the surface, especially around
x = 30km, the air moves very fast in the upshear
direction and causes convergence at the foot of the
updraft. As discussed in a later section, this strong
flow is supplied by the other cells. The cell moves in
the upshear direction very quickly relative to the do-
main, and the wind component relative to the cell is
directed to the downshear side at almost all the lev-
els (Fig. 6b). The distribution of equivalent poten-
tial temperature suggests that warm and moist air
is supplied from the upshear side into the updraft.
Thus the downdraft does not cut surface inflow into
the updraft. Only four convective cells are classified
into this type. All F-type cells were located at the

upshear-side edge of the cell-cluster.

The vertical cross sections of a typical L-type cell
are shown in Fig.7. The common features of the
L-type cells are the upshear tilting of the updraft
and the accumulation of precipitating water to the
upshear side (Fig. 7a). This arrangement of the up-
draft and the downdraft is just opposite to that of
the S- or F-type cells. The air in the downdraft
strongly diverges in the positive z-direction near the
surface with the help of upper-level horizontal mo-
mentum. It collides vigorously with ambient wind
and sustains the upshear-tilting updraft by pushing
warm and moist air coming from the downshear side
(Fig. 7b). Because the downdraft exists to the up-
shear side of the updraft, it does not cut the surface
flow from the downshear side. This airflow structure
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is favorable for the maintenance of a convective cell
(Browning and Ludlam, 1962). In case A, only three
cells are classified as L-type (L1, L2 and L3 in Fig.
4).
3.8 Formation of L-type cells

In this section we will discuss how only three cells
developed into L-type cells among many other types
of cells. Figure 8 shows the horizontal sections of w
and horizontal wind vectors around L-type cells. At
the 0.25 km level, the narrow band-shaped updraft
is found at the right side of the downdraft. The up-
draft and the downdraft in each cell are not always
distributed parallel with the direction of the vertical
wind shear. Strong flow diverging from the down-

x(km)

Fig. 7. Same as in Fig.6, except for an L-type cell denoted by L2 in Fig. 4.

draft collides with the surrounding air at the right
edge of the updraft area. At the 5.25km level the
updraft is divided clearly into the cells. Figures at
the two levels show the updraft in each cell tilts in
the upshear direction.

The time variation of updraft axes in the forma-
tion stage of L3 is shown in Fig.9. Here the root
of the axis is defined as the position of the updraft
at the 1.5 km level. The updraft already tilts in the
upshear direction at 81 min. Its tilting results from
the difference between the horizontal velocity of the
updraft root and the updraft top. The updraft root
has an average rightward velocity of 6.9 m/s, while
the updraft top (rising air parcel) moves at 2.8 m/s.
The fast movement of the updraft root is essential
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Fig. 9. Time variation of the updraft axes at
y = 59 km. Solid lines show the position of
the largest vertical velocity at each level.
@ denotes the position of the largest ver-
tical velocity at 1.5 km level, A is the posi-
tion of maximum vertical velocity and O is
the highest position of the updraft stronger
than 2 m/s.

for the upshear tilting of the updraft. This feature
is common in the formation stage of all the L-type
cells.

It is necessary to make clear how the updraft root
moved fast in the downshear direction in the forma-
tion stage of the L-type cells. Figure 10 shows the
time variations of w and horizontal wind vectors at
the 0.25km level. The updraft area at y = 72km
extends rightward (in the downshear direction) from
54 min to 66 min. Its right edge moved rightward by
5km in this period. This movement corresponds to
the fast shift of the updraft root. It can be seen
from the figures that the successive outflow from
the downdrafts of cells D, E and H caused the right-
ward extension of the updraft. At 54 min the out-
flow from cell D converges with the surrounding air
around z = 80km. From 60 min to 66 min, cells E
and H, which are located to the downshear side of
cell D, extends the updraft area to the right. L2 has
formed at 78 min.
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7w > 1x107* and 7’ > 2 x 107%, respectively). Black spots denote the location of the maximum
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A similar rightward movement of the updraft root
occurred at y = 60km in relation to the outflow
from cells G and H. L3 had already formed at 84
min. On the other hand, in the case of the forma-
tion of I.1, the updraft root moved fast in the down-
shear direction with the help of the strong outflow
supplied continuously from L2 (see from 84 min to
108 min).

In order to keep the upshear-tilting updraft for
a long time, its root must keep on moving in the

downshear direction. Figure 1la shows the hori-
zontal distribution of u-component at the 0.25km
level. It is smaller than 2m/s at any place at 81
min, although L2 and L3 have already formed. A
u~component smaller than 2 m/s is too weak to keep
the updrafts tilted in the upshear direction. At this
time the upshear-tilting updrafts are sustained by
the other cells as shown in Fig.10. At 99 min u-
components are intensified near the L-type cells and
the local maxima exceed 2m/s. At 117 min they
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exceed 5m/s. This value is large enough to keep
the updrafts tilted to the upshear direction because
it is larger than the rightward velocity of rising air
parcels shown in Fig.9. At this time the cells are
self-maintained.

Figure 11b shows the horizontal distribution of ¢’
at the same level. A large pool of cold air is found at
81 min. At 99 min the area of ¢ < —1K form near
the L-type cells. At 117 min the areas of §/ < —2.5
K are found only at the foot of the L-type cells.
The extremely cool air is produced by continuous
precipitation from the L-type cells. The distribution
of ' (Fig. 11c) shows an extremely large value in the
lower layer of L-type cells after 99 min.

The time variations shown in Fig. 11 indicate that
cold outflow near the surface is locally intensified
once an upshear-tilting updraft is built. This is
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caused by intensive evaporative cooling of contin-
uous precipitation from the upshear-tilting updraft.
In the mature stage of L-type cells, the updraft roots
move with the strong outflow. The upshear-tilting
updrafts must be sustained by the other cells until
the cold outflows become strong enough to keep the
updraft tilt to the upshear side.

8.4 Maintenance of F-type cells

F-type cells persisted for a long time although
their airflow structure was similar to S-type cells.
The important point in their maintenance is that
the air moved very fast in the upshear direction
near the surface (Fig.6). The horizontal distribu-
tion of the u-component at the 0.25km level (Fig.
11a) shows the existence of strong leftward winds on
the upshear-side edge of the cell-cluster. The strong
winds are found in a much broader area than the
size of one cell. Figure 11c¢ shows the existence of
a pressure gradient from z = 30km to ¢ = 40km
at 117min. The distribution of cold air is consis-
tent with that of the high pressure. Around the F-
type cells, the dynamic pressure at 0.25 km is much
smaller than the hydrostatic pressure (not shown).
It can be said that the large surface pressure gra-
dient around F-type cells mainly resulted from the
hydrostatic effect of the cold air. The large pool of
cold air is maintained by the evaporation of precip-
itating water from convective cells which developed
successively in the central region of the cell-cluster.

The maintenance process of an F-type cell can
be summarized as follows. In the lower layer of F-
type cells, the air moves very fast in the upshear
direction due to the large pressure gradient which
is maintained by successively-developed cells, and it
collides vigorously with the surrounding warm and
moist air near the root of the updraft. This updraft
moves fast in the upshear direction together with
the leading edge of the cold air. It can be said that
an F-type cell is not self-maintained, but it is forced
by cold outflows from neighboring cells.

4. Results of the other cases

In order to study the effects of various conditions
on the formation process of long-lasting cells, numer-
ical experiments were carried out for several other
cases shown in Table 1. The horizontal distribu-
tions of the vertically-integrated precipitating water
amount at 120 min in each case are shown in Fig.
12.

4.1 Case B

Initial thermals in Case B were more scattered
than in Case A. As a result, precipitating cells
formed at a greater distance from each other than
in case A. In this case, such a process as in Fig.
10 did not occur because the cells were too distant
from each other. No L-type cell was found until
the end of the computation. Figure 13 shows the



246 Journal of the Meteorological Society of Japan

Vol. 72, No. 2

150
B Ci c2
100F _
= —
SOf
ol f
150
i C3 D
100 ®Q - Q
L CD- ©
£ | L &
so: Z@
I i
] |
TR T e 0 0

x (km)

x {km)

Fig. 12. Horizontal distributions of vertically-integrated precipitating water content at 120 min in cases B,

C1, C2, C3 and D. Outermost contours correspond to 1kg/ m?, and the contours are drawn every 5
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horizontal distribution of the u-component at the
0.25 km level at 120 min. Its maximum value is less
than 4m/s, while it exceeded 6 m/s in Case A (see
Fig. 11a). Neither extremely cold air nor high pres-
sure was found in this case. This result indicates
the importance of the interaction patterns shown
in Fig.10 in the product of the strong cold outflow
which maintains an L-type cell. Seven F-type cells
are found in this case.

4.2 Cases C1 and C2

In Case C1 weaker vertical wind shear was given
initially. Four L-type cells formed in this case. But
these cells formed through a rather different process
than Case A. As seen in Fig. 14, the downdraft from
Cell I collides with the surrounding air. As the up-
draft area is shifted in the downshear direction only
in association with the evolution of the S-type Cell
I, the upshear-tilting updraft is built and an L-type
cell forms. In Case Cl1, seven F-type cells formed
on the upshear-side of the cold air pool in the same
way as in Case A.

In Case C2, stronger vertical wind shear was given
initially. As a result, only one L-type cell formed
through almost the same process as L2 in Case A.
However, some cells failed to become L-type cells

because the vertical wind shear was too strong for
their updrafts to tilt to the upshear direction. Three
F-type cells were found in this case.

4.8 Case C3

In Case C3 the direction of the ambient wind
shear turns below the 3 km level (Fig. 2b). This case
was set up in order to examine whether the process
found in the unidirectional wind cases could occur
in a three-dimensional shear field. In Fig. 15 Cell
J is an L-type cell. Its updraft tilts in the nega-
tive z-direction. At the 0.25km level its updraft
and downdraft are distributed almost along the z-
axis with some angles to the direction of the vertical
wind shear below the 3 km level. The formation pro-
cess of Cell J was similar to that of Cells L2 or L3
in Case A. Cells K and M are of the F-type. Both
cells are located at the edge of the cold pool at the
0.25km level, and they showed similar behavior to
the F-type cells in Case A.

4.4 Case D

The initial atmosphere in Case D is more stable
than in Case A. In this case only one L-type cell
formed at the location where Cell L2 was found in
Case A. Its formation process was similar to that of
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Fig. 15. Same as Fig.8, except for case C3.

L2. No F-type cells formed in this case, since the
atmosphere was too stable to produce precipitation
on the upshear-side edge of the cold air pool. This
result suggests that the formation of an F-type cell
is sensitive to the instability of the atmosphere.

5. Discussion

Various types of precipitating convective cells de-
veloped in each case of computation. The types of
cells were classified into three types; S, F and L. Be-
cause the initial conditions were horizontally homo-
geneous in each case, this variability resulted from
interactions of the convective cells. The formation
of long-lasting cells is discussed herein.

The upshear-tilt of an updraft is essential for the
formation of L-type cells. In order to make the up-
draft tilt against the direction of the vertical shear,
the updraft root must move in a downshear direction
faster than the rising air parcels. Roughly speaking,
its critical speed is the averaged horizontal velocity
of the ambient wind in the layer from the surface
to the top. The critical speed is smaller when the
ambient vertical wind shear is weaker.

The fast movement of the updraft root was forced
by the other cells in the formation stage of L-type
cells. Three patterns were found in this process as
is shown schematically in Fig. 16. In Pattern I the
updraft root moved with the outflow diverging from
one short-lived cell. This pattern was found when
the vertical wind shear was weak (Case C1). Be-
cause the critical speed of the updraft root is small
when the vertical wind shear is weak, it is probable
that one short-lived cell supplies enough outflow to
produce an upshear-tilting updraft. In Pattern II it
moved with the outflow boundaries of several short-
lived cells which formed successively. As shown in
Case A, this pattern can be found when the cells
are sufficiently adjacent to each other. In Pattern
IIT the updraft root moved together with the out-
flow diverging from a pre-existing L-type cell. This
pattern was found in the formation of Cell L1 in
Case A. It is considered that this pattern can be
found when the surface convergence zone produced
by a pre-existing L-type cell covers a very wide area.
Once an upshear-tilting updraft is built through the
processes, a strong cold-air pool is produced near



April 1994

Pattern |

Ambient wind Short-lived cell

L-type cell

N Root of updraft
_ V-->

Pattern |l

. . \ Short-lived cells
A mbient wind (older) (newer)

I

L-type
cell

/ Q\ B_o’pt of updraft

Pattern Il

P re-existing cell

Ambient wind \ (L-type)

\Q\:_F_Rgot of updraft

Fig. 16. Three patterns of the réle of the other
cells in the formation of the upshear-tilting
updraft.

the surface by evaporation of continuous precipita-
tion from the updraft. The L-type cell can be self-
maintained after the formation of the strong cold-air
pool.

Most of the observations of convective clouds fo-
cus on the structure of their mature stage, and there
are very few studies on the formation stage of long-
lasting clouds. Takeda and Imai (1976) analyzed the
formation stage of a long-lasting convective echo.
They found differences in the developing stage in
two adjacent convective echoes just before the for-
mation of the long-lasting echo. This implies the
occurrence of Pattern II, but there were no data to
analyze the cloud-scale wind field. Accumulation of
more observational data is needed to support the
results of the present study.

Figure 17 shows schematically the maintenance
process of the F-type cell. Its updraft is sustained
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by a strong convergence caused by cold air which
moves very fast in the upshear direction. The cold
air at the foot of the F-type cell is accelerated in
the upshear direction by the pressure gradient at
the surface. The cold-air pool is produced by evap-
orative cooling of water precipitating from the pre-
existing convective cell ensemble. The existence of
the other cells is indispensable for the maintenance
of F-type cells.

In the real atmosphere, convective clouds which
show a very similar behavior to F-type cells are
often observed. For example, Knupp and Cot-
ton (1987) observed multi-cellular convective echoes
which propagated in the upshear direction. These
echoes were located at the upshear-side edge of a
meso-scale echo-cluster, and successively developed
echoes were observed at the other edge of the cluster.

6. Summary

In order to study the formation process of
long-lasting precipitating convective cells, a three-
dimensional numerical simulation of convective-
cloud ensemble was performed. As the initial condi-
tion, random small thermals were given in the hori-
zontally homogeneous atmosphere.

Three types of cells developed in the numerical
domain. The first type (S-type) had a downshear-
tilting updraft and was short-lived. Most of the
cells belonged to this type. The second type (F-
type) showed a similar airflow structure to the S-
type, but was forced by cold outflows from the other
cells and persisted for a long-time. The third type
(L-type) had an upshear-tilting updraft and it was
self-maintained. Because the initial condition was
horizontally homogeneous, this variability in the be-
havior resulted from the interactions of precipitating
convective cells. The formation patterns of long-
lasting cells were discussed.

In the formation process of an L-type cell, its up-
draft root must move faster than rising air parcels.
The fast movement of the updraft root was initially
forced by the other cells. The results showed there
are three patterns in this process. In Pattern I,
the updraft root moves with outflow diverging from
one short-lived cell. This pattern occurred when
the ambient vertical wind shear was weak. In Pat-
tern II, the updraft root moves with outflow bound-
aries of several short-lived cells which form succes-
sively. This pattern occurred when the cells were
sufficiently adjacent to each other. In Pattern III,
the updraft root moves together with outflow di-
verging from a pre-existing L-type cell. Once an
upshear-tilting updraft is built through these pro-
cesses, an intensive cold-air pool is produced near
the surface and the cells are self-maintained at its
edge.

One of the most interesting results in this paper
is that several short-lived cells contribute to the for-
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Fig. 17. Schematic representation of the maintenance of an F-type precipitating convective cell.

mation of one long-lasting cell. In the numerical
simulation of long-lasting cells, very large isolated
thermals were often given as the initial disturbances.
In a cluster of convective cells, it is considered that
several short-lived cells play the réle of such an ar-
tificial large isolated thermal.

This study showed the formation patterns of long-
lasting cells under the situation in which convective-
cell interactions exist. But the model does not in-
clude mesoscale disturbances or orographic effects.
The formation patterns in a more realistic atmo-
sphere must be studied as the next step.
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Appendix
A. Equations used in the numerical model

All the symbols in the following equations are ex-
plained in Appendix B. Symbols with upper bars
denote a basic state which is dependent only on the
height, and dashed symbols mean a deviation from
the basic state.

The three-dimensional equations of motion are
written as:

ov

—_— = . — o'
o (V-V)V — ¢,

/
+ kg {% +0.61Qv — Qc — Qp}
+ EV2V. (A.1)

The continuity equation is,

V(pV) = 0. (A.2)

The diagnostic equation of pressure can be de-
duced from equations (A.1) and (A.2) as follows:

VIV =
-V {p(V-V)V - prV2V'}
0 0
+-6; {ﬁg (E +0.61Q"v — Qc — Qp)} . (A3)

The prognostic equations of potential tempera-
ture and water substances are given by:

06 L B 21

g1 =~V V)0 Z(P1— P2) 4 k9%, (A
%E = —(V-V)Qu — P1+ P2+ kV3Q'v, (A.5)
% = (V-V)Qc+ Pl — P3+rV°Qc, (A6)
P

+ %% (PVPQp) + KV Qp. (A7)
P1, P2 and P3 represent the transformation rate
from water vapor into cloud water, the evaporation
rate of precipitating water and the formation rate of
precipitating water. All eddy-diffusion coefficients
are constant, both temporarily and spatially. Their
values are 200 m?/s.

Transformation rate from water vapor into cloud
water (P1)

Considering the release of latent heat, P1 is given
by the following equation:

Qu - Qs

Pl = —_—_—
L (%)

(A.8)
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o is the inverse of the transition time to the equi-
librium state. Here its value is the inverse of one
time-step.

Evaporation rate of precipitating water (P2)
The evaporation rate of a spherical water drop of
diameter D and mass M is given by:

oM
ot
Qu L2 R\
—2maD| — — (A.
A (Qs 1) {KaRsz * Dveg Cv.(A9)

Cwv represents a ventilation coefficient. Assuming
that the size distribution of the water drop is given

by the Marshall-Palmer distribution,
NpdD = N,exp(—AD)dD, (A.10)

P2 is given by:
oM 1
P2= ———Np—)dD
/( ot DP>

_2ma (., Qu
p <1 QS)X

L2
No {KaRvT2 +

I" denotes the gamma function and N, is constant.
A is the perameter given by:

A\ = (WprNt))OVQS
pQp ’

RvT
Dveg,

} Col(2)35 (A1)

(A.12)

The ventilation coefficient is approximated to be

Cv=1+0.1Vpi. (A.13)
Formation rate of precipitating water (P3)

In the real atmosphere, the formation rate of pre-
cipitating water is variable with time and space
dependently on temperature, the size distribution
of cloud particles and other factors. In order to
represent, here, only the most essential effects of
precipitation-formation processes on the dynamics
of a convective cloud, the formation rate of precipi-
tating water is given very simply by

B. List of symbols

A, B
precipitating water

a, b parameters on falling speed of
precipitating-drops

Cp specific heat of air
Cv ventilation coefficient
Dv diffusivity of water vapor

€s saturation vapor pressure

parameters in formation process of
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P3 = AQc + BQcQp. (A.14)

The first and second terms in the right represent
the conversion process of cloud droplets or small ice
particles into precipitating particles, and the accre-
tion process of cloud droplets or small ice particles
to precipitating particles, respectively.

In a deep convective cloud, precipitating parti-
cles form often through ice-phase processes. The
formation of precipitating water through ice-phase
processes is represented simply by fixing the values
A and B to be

A=0 (if T > —20°C)
A=1.0x10"3 (if T < —20°C)

B=4.0 (A.15)

Falling velocity of precipitating water (Vp)

By assuming that the falling velocity of a precipi-
tating drop of diameter, D, is denoted by Vp = aD?,
and that the size distribution of precipitating drops
is represented by the Marshall-Palmer distribution,
the mass-mean falling velocity of precipitating water
is given by,

_ JVDE D Noeap(=AD)dD _ I'(4+1)

Vp= = A.16
P = T ZD3N,eap(-AD)dD oo (816)

Here, the parameters a and b are given by the ex-
periment of Gunn and Kinzer (1949) as 842 m!~P/s
and 0.8.

Computational scheme

For the advection of velocity and temperature,
the forward difference scheme in time and upstream
difference scheme in space are used. To prohibit
the growth of an unstable gravity wave, the vertical
advection term of the potential temperature at the
time step n is evaluated using the vertical velocity
at the time step n + 1. For the advection of mixing
ratios, the forward in time and flux-upstream dif-
ference scheme in space are used. For the diffusion
term, the forward difference scheme in time and the
centered difference scheme in space are used. The
time step is fixed as 10 sec.

1.0x103  Jkg 1K1
2.3 x107° m2g7L
Nm~2
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g acceleration of gravity 9.8 ms™—?
Ka thermal conductivity of air 24x1072 Jm~!s'K
L latent heat of condensation 2.5 x 108 Jkg™!
N, constant in parameterization of

precipitating drop size distribution 8.0 x 106 m™*
NpdD number concentration of precipitating

drops of diameter D~D + dD m—3
P pressure Nm~2
Pl transformation rate between water

vapor and cloud water kgkg~ls1
P2 evaporation rate of precipitating water kgkg~ls™!
P3 formation rate of precipitating water kgkg=!s™!
Qc mixing ratio of cloud water kgkg!
Qp mixing ratio of precipitating water kgkg~!
Qs mixing ratio of saturated water vapor kgkg™?!
Qu mixing ratio of water vapor kgkg™!
Rv gas constant of water vapor 461 Jkg 1K1
t time S
T temperature K
u air velocity in z direction ms~!
v air velocity in y direction ms !
Vp mass mean fall speed of precipitating

water ms~!
w air velocity in z direction ms™!
T horizontal coordinate
Y horizontal coordinate
z vertical coordinate
« inverse of transition from super-

saturated state to equilibrium state s~1
r gamma function
K eddy diffusion coefficient 200 m?s!
0 potential temperature K
A parameter in precipitating-drop size

distribution
T non-dimensional pressure

7 = (P/P0)®/» PO = 1000 hPa, R/c, = 0.286
TA geometric constant 3.1416
0 density of air kgm™2
Pw density of liquid water kgm™2
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