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Abstract

The effects of the direction of the convective-cell arrangement on the efficiency of “broken-line for-
mation” of a squall line has been studied through numerical experiments. As fundamental experiments,
small thermals were established along a line at a constant interval, and their evolutions were examined by
changing the line direction relative to the vertical shear vector. The results showed that the broken-line
formation occurred most efficiently when the line had a certain angle with the shear vector. The analysis
suggested that the key factor controlling this efficiency is the vertical shear component normal to the line.
When the component is too large, the downdrafts from pre-existing cells disturb the formation of the band-
shaped updraft of a squall line. When the component is too small, a squall line cannot form easily because
the low-level convergence is too weak. Broken-line formation most efficiently occurs when the component is
in the middle range. Similar results were found when the shear contained veering or when the cell interval
was small.

As a more realistic case, we put initial thermals at random locations. In this case, squall lines formed
frequently in the direction along which broken-line formation occurred efficiently in the fundamental exper-
iment. These results suggest that there is some favorable orientation for an efficient broken-line formation,
and that squall lines have a tendency to appear along that direction.

1. Introduction bulk Richardson number, namely large instability

and a weak vertical shear. Bluestein et al. (1987)
analyzed the formation process of non-severe squall
lines by the same method. They found the same
four formation modes. In their analysis, 36 % of the
non-severe squall lines formed through broken-line
formation. It can be said that broken-line forma-
tion is one of the major modes of squall-line forma-
tion regardless of its severity. In Japan, this mode
was found in the formation process of the convective
band observed by Takeda and Seko (1986) and the

Precipitating convective clouds sometimes orga-
nize a mesoscale band which is called a squall line.
The structure and behavior of squall lines have been
studied by many researchers (e.g., Newton, 1950;
Houze, 1977; Zipser, 1977; Ogura and Liou, 1980;
Weisman et al., 1988; Fovell and Ogura, 1988).

Bluestein and Jain (1985) classified the forma-
tion process of severe squall line observed in Ok-
lahoma with the use of radar-echo patterns. They
found four modes in the formation process. One of

these modes is called the “broken-line formation”, in
which a line of discrete cells transforms into a solid
squall line as new cells develop between the older
cells. In their analysis, 27 % of the severe squall lines
formed through this process. This has frequently oc-
curred when the atmosphere had a relatively large
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snow-band observed by Sakakibara et al. (1988).
The important dynamics of broken-line formation
is the merging of discrete convective cells. Con-
vective clouds have a property of merging together
when they are close to each other. There are
many studies on the merging process of convec-
tive clouds (e.g., Simpson, 1980; Turpeinen, 1982;
Tao and Simpson, 1984; Tao and Simpson, 1989;
Westcott, 1994). According to them, convective
clouds produce a “cloud bridge” just before they
merge. Turpeinen (1982) simulated the merging
process with the use of a three-dimensional nu-
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merical model. He showed that cloud bridges are
produced by the interaction of downdraft outflows.
A more realistic simulation by Tao and Simpson
(1989) supported the results of Turpeinen (1982).
Although their simulation did not refer to squall-
line formation, the formation of a cloud bridge can
explain how discrete cells develop into a solid squall
line.

Bluestein and Jain (1985) pointed out another in-
teresting fact about squall-line formation. They sug-
gested systematic relations between the squall-line
direction and the direction of the vertical shear vec-
tor. As for the average of the broken-line formation,
the squall lines were perpendicular to the shear vec-
tor below the level of 1 km and at an angle of roughly
30°—40° with the shear vector between the level of
3 km and 7 km. This relationship was almost un-
changed when they averaged the hodographs with a
coordinate system whose axis was along the squall
lines. This indicates that there exists a strong re-
lationship between the direction of the shear vector
and broken-line formation. However, it remains un-
known why the broken-line formation has a relation
with vertical shear direction.

A hypothetical explanation which can be consid-
ered is that the efficiency of a broken-line formation
is strongly dependent on the direction relative to the
shear vector. If a broken-line formation efficiently
occurs when the cells are aligned in a certain di-
rection, the squall lines directed to that orientation
must appear most frequently. However, the influ-
ence of the direction of convective-cell arrangement
on the broken-line formation has not been studied.

In this study we investigate the effects of the di-
rection of convective-cell arrangement on the effi-
ciency of broken-line formation with the use of a
three-dimensional numerical model. Several exper-
iments are performed by giving the broken-line of
cells various directions relative to the shear vector.
How the efficiency of broken-line formation changes
is discussed.

2. Design of experiments

The numerical model used in this study is the
same as in Part I (Misumi et al., 1994), and is as-
sumed to be non-hydrostatic and anelastic. The size
of the numerical domain and boundary conditions
are illustrated in Fig. 1. Horizontal sizes of the do-
main are 28 km and 150 km in the z- and y-direction,
respectively. Cyclic boundary conditions are used in
the z-direction, while open boundary conditions as
in Part I are used in the y-direction. The vertical
size of the domain is 15 km, and the upper and lower
boundaries are rigid and air slips freely. Grid sizes
are 2 km in the horizontal direction and 0.5 km in
the vertical direction.

As an initial disturbance, two small thermals are
established along the x-axis at the 0.25 km level at
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Fig. 1. Schematic illustration of the

model domain, lateral boundary condi-
tions and initial disturbance for Cases
A-C.

y = 0. Because the lateral boundary conditions for
the z-direction are cyclic, a broken-line of cells which
has an infinite length along the z-axis appears. Each
thermal is warmer by 1.5 K than the surrounding air
and their horizontal sizes are 2 km. The situation
assumed in our experiment, that only two discrete
thermals exist in the domain, is similar to that of
Droegemeier and Wilhelmson (1985a, b). They dis-
cussed the behavior of storms initiated by the out-
flow interaction, but they did not refer to squall-line
formation. Our main interest is in the formation of
squall lines from the two discrete cells and its de-
pendence on the direction of the cells.

Some attention is needed to determine the inter-
val of the thermals, since this is one of the important
factors which will affect the efficiency of the squall-
line formation. If it is too large, the cells do not
interact and a squall line will not form. If it is too
small, it is equivalent to giving a band-shaped storm
initially. According to the numerical simulation by
Tao and Simpson (1989), discrete convective cells in-
teract when they are approximately 10 km to 20 km
apart in distance. The radar-echo pattern shown
by Bluestein and Jain (1985) indicated that the in-
tervals of the cells were in a range from a few km
to 30 km when broken-line formation occurred. In
the present experiment, the thermals are placed at
14 km intervals in the control case, and the effects
of the thermal intervals are examined by sensitivity
tests.

The initial atmosphere is horizontally homoge-
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neous. The vertical profiles of the temperature
and relative humidity are the same as in Case A
in Part I, except for the relative humidity in the
lower layer. In this study, the relative humidity
is 70 % at the surface and linearly increases up
to 90 % to the LFC (level of free convection) at
the 1.25 km level. CAPE (convective available po-
tential energy) and CIN (convective inhibition) are
3500 m?/s? and 15 m?/s?, respectively. CAPE is
large relative to the observation by Bluestein and
Jain (1985) (2820 m?/s? in average) but the simu-
lated clouds showed realistic behavior, since a part
of the convective energy was diffused due to some
incompleteness of the numerical model, such as the
large diffusion coefficient or the coarse horizontal
grid. The pressure at the surface is 1000 hPa and a
hydrostatic balance is assumed initially.

Five sets of experiments are made: Cases A-E.
Wind hodographs in Cases A, B and C are shown
in Fig. 2. In Case A the atmosphere has a uni-
directional vertical shear, its strength is 1 ms~! /km
from the surface to the 6 km level, and the wind
velocity above the 6 km level is constant. In this
case, five runs (A1-A5) are performed by changing
the direction of the shear vector. The angle between
the shear vectors and z-axis are 0°, 22.5°, 45°, 67.5°
and 90°, respectively. Because no orography is as-
sumed, the environmental conditions for the storms
are identical for all runs; the only difference is the
direction of the line of cells relative to the vertical
shear vector. Effects of the line directions of the
cells are examined in this case.

In Case B the vertical shear below the 6 km level
is stronger than in Case A; 1.5 ms~!/km. The ver-
tical shear vector in B1 and B2 has the same y- and
r-component as A2; only the z- and y-components
of the shear vector are changed from A2. As will
be shown in later, the broken-line formation of A2
occurred most efficiently in Case A. Case B is made
in order to examine which vertical shear component
was more important for the efficient squall-line for-
mation in A2.

In the real atmosphere, vertical shear usually con-
tains some veering. In Case C, the vertical shear
vectors turn their direction at the 3 km level. The
strength of the vertical shear averaged from the sur-
face to the 6 km level is the same as in Case A. Five
runs are performed by changing the vertical shear
direction. In this case, effects of vertical shear veer-
ing are examined.

In Case D the wind fields are the same as in Case
A; wind fields in D1, D2, --- and D5 correspond to
those in Al, A2, --- and A5, respectively. In this
case the intervals of the initial thermals are changed
from Case A. The thermals are given at 8 km in-
tervals instead of 14 km. The horizontal size of the
domain is extended to 32 km in the z-direction in
order to keep a constant interval. Effects of “cell
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Flg. 2. Initial wind hodographs for Cases A-C.

intervals on broken-line formation are examined in
this case.

In Cases A-D, the broken-line of thermals lying at
constant intervals are given as initial disturbances.
In the real atmosphere, however, convective cells are
not always arranged at constant intervals. More-
over, the other cells usually exist near the broken-
line of cells. The influences of these factors should be
examined. As a more realistic case, initial thermals
are arranged at random places in Case E in a similar
way to Part I. The horizontal size of the domain in
extended to 150 km x 150 km. Open boundary con-
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Fig. 3. Time variations of rainfall intensity for Case A, averaged for the domain where y > 0.

ditions are used for lateral boundaries. The thermals
are given near the center of the domain to avoid the
noise from the lateral boundaries. The initial wind
in this case is the same as in A1; the shear vector is
along the z-axis. In case E, a total of ten runs are
performed by changing the initial thermal patterns.
In this case we will see whether the results in Cases
A-D hold true or not under more realistic condition.

The computation is made for 120 minutes in every
run.

3. Results in Case A

a. Precipitation patterns

In every run in Case A, the initial thermals devel-
oped into precipitating convective cells. These cells
produced precipitation after about 30 min. They
decayed near 60 min and secondary cells formed
around 75 min. Figure 3 shows time variations of
rainfall intensity after 60 min. It shows the inten-
sities averaged in positive y-regions, since the sec-
ondary cells developed vigorously on this side. In
every run, the rainfall intensity became large around
75 min with the formation of secondary cells, and
shows small variation after 105 min. The rainfall
intensity after 90 min is largest in A5 and smallest
in Al. This is because the vertical shear vector in
A5 has so large a y-component that a large amount
of warm and moist air enters into the storm.

Figure 4 shows horizontal distributions of a ver-
tically integrated precipitating-water content in Al,
A2 and A5. At 30 min considerable precipitation
is found at the location where the initial thermals
were given. At 102 min, the precipitating water is

distributed in a band in A2, while it remains in
broken-line-like distributions in A1 and A5. The
band-shaped precipitation in A2 persists at 117 min.
On the other hand, precipitating water in A1 and A5
still remains as broken lines at this time.

Secondary cells were also found in the negative y
regions (not shown in Fig. 4), but they were much
weaker than those on the positive side, except for
A1 (this case is symmetric with respect to the z-
axis). Precipitating water was distributed in cellu-
lar patterns in every run and no band-shaped storm
formed.

In the present study a squall line is identified by
the shape of the region enclosed by the 4 kg/m? con-
tours of the vertically integrated precipitating water
content (shaded region in Fig. 4). If the region shows
a band longer than 25 km in length and smaller than
10 km in width, and if it keeps the shape longer than
15 minutes, it is called “a squall line”. The threshold
value of 15 minutes for the duration time of squall
lines is also used by Bluestein and Jain (1985) and
Bluestein et al. (1987). Transient line storms with-
out the subsequent formation of new cells are ex-
cluded by the threshold.

Based on these criteria, a squall line formed in A2,
while no squall line formed in Al and A5. Also in
A3 and A4, squall lines did not form until the end of
the computation. These results do not always mean
that squall lines never form under the conditions in
Al, A3, A4 and A5, since the computations stopped
before the storms reached their steady state. The
results in this case should be regarded as showing
that the squall line formed most efficiently under
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Fig. 4. Horizontal distributions of vertically integrated precipitating-water content at 30 min, 102 min,
and 117 min for Al, A2 and A5. Only positive y regions are shown, because the main storms
propagated in this direction. Contours are drawn every 2 kg/m?. Shaded regions represent a larger

value than 4 kg/m?.

the condition of A2.

b. Storm structure

Figure 5 shows horizontal sections of vertical ve-
locity (w) and wind vectors at the 6.5 km level in
Al, A2 and A5. The wind velocities are averaged
for 15 minutes from 105 min to 120 min to see
their averaged structure. In the averaging process
each numerical domain was moved in the positive
y-direction with the same speed of the storm prop-
agation. Distributions of positive w show similar
patterns to those of precipitation (Fig. 4); A2 shows
a band-shaped updraft, while A1 and A5 show a
broken-line of updrafts.

Vertical cross sections for the squall line in A2 are
shown in Fig. 6. These sections are along the line
PQ in Fig. 5. The downdraft is located on the rear
side (left side in the figure) of the updraft. A storm-
relative horizontal wind shows a strong jet in the
layer around the 4 km level. This middle-level jet is
simulated by Fovell and Ogura (1988). They showed
that it is the response to the pressure gradient in
the middle level. Near the ground a strong right-

ward wind component is found. This corresponds
to the gust at the squall front. 6’ shows the exis-
tence of a cold-air pool near the surface. Large 6’
are at almost the same location as the updraft. Pre-
cipitating water mainly falls on the rear side of the
updraft. This structure is favorable for the persis-
tence of the system since the loading of precipitat-
ing water does not disturb the development of the
updraft. These features were found at all cross sec-
tions parallel to the y-axis, and are common to the
squall lines and long-lived cumulonimbus clouds ob-
served in many places (e.g., Newton, 1950; Houze,
1977; Zipser, 1977; Ogura and Liou, 1980; Cotton
and Anthes, 1989; Houze, 1993).

¢. Fvolution of the storms

As shown in Fig. 4, the broken-line of cells effi-
ciently developed into a squall line in A2, while they
remained as broken-line until the end of the compu-
tation in the remaining four runs. The difference in
the storm evolutions is discussed.

Figure 7 shows horizontal sections of w and wind
vectors at the 0.5 km level at 66 min. In each section
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Fig. 5. Horizontal sections at the 6.5 km level of vertical velocity (w) and wind vectors averaged for 15
minutes from 105 min to 120 min. In the averaging process, the domain is moved in the positive
y-direction at the same speed as the storm propagation. Contours of w are drawn every 2 m/s.
Updrafts stronger than 2 m/s are represented by shaded regions.
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the downdrafts around x = 7 km and 21 km orig-
inate from the initial cells. In every figure strong
updrafts are found between the downdrafts. These
updrafts are caused by the strong low-level conver-
gence due to the interaction of the downdraft out-
flows. In A2 a strong band-shaped updraft is al-
ready organized at this time. On the other hand,
the updrafts are distributed as broken-lines in Al
and A5. The difference in the patterns of w are sim-
ilar to those at the 6.5 km level (Fig. 5) and to the
precipitation patterns (Fig. 4).

Figure 8 shows distributions of horizontal diver-
gence (div), divergence in the y-direction (dv/dy)
and the z-direction (0u/0x) at the 0.5 km level
at 66 min. Large negative divergences (shaded re-
gions), namely, strong horizontal convergences, co-
incide with large w at the 0.5 km level (Fig. 7). In
A1 the degree of convergence is small relative to A2,
especially in the framed region (Area 1). Inside of
Area 1 the absolute value of Jv/8y is much smaller
than that in the corresponding region in A2, while
Ou/0x shows a similar value to A2. This indicates
that the weak convergence in Area 1 results from
the small convergence in the y-direction. Because
the vertical shear vector of Al does not have a y-
component, the storm-relative wind from a positive
y-direction is very weak in this run. This causes the
weak low-level convergence in the y-direction, and
such a weak low-level convergence in the y-direction
is also found in A2.

The degree of the horizontal convergence in A5 is
particularly weak in the framed region, Area 2. The

Fig. 6. Vertical cross sections along the absolute value of Ov/8y in this area is not as small
line PQ in Fig. 5 of (a) vertical ve- as in Area 1. However, Ou/0x shows a positive value
locity (w; contoured every 2 m/s), (b) in Area 2. This indicates the existence of a strong

storm-relative horizontal wind compo-
nent (v; contoured every 2 m/s), (c) po-
tential temperature deviation from ini-
tial state (#'; contoured every 1 K) and
(d) mixing ratio of precipitating water

(Qp; contoured every 0.5 g/kg).

divergence in the z-direction. The divergence offsets
the convergence in the y-direction and makes hori-
zontal convergence significantly weak in Area 2. The
positive Ju/0x in Area 2 is produced by the down-
draft of the convective cell located at £ = 21 km.
Because the shear vector of A5 has a large positive

NII-Electronic Library Service



December 1994 R. Misumi, T. Takeda, M. Divjak and S. Tanahashi 879

y-component, the downdraft of the convective cell is
elongated to a positive y-direction and disturbs the
convergence inside of Area 2. It locally prevented
the updraft formation along the gust front. Also,
in A3 and A4, the downdrafts from initial cells dis-
turbed the formation of band-shaped updrafts.

The y-component of the shear vector in A2 is
large enough to make a strong low-level convergence
and small enough for the downdrafts not to disturb
the band-shaped convergence. In this run a band-
shaped updraft was produced along the gust front
and a squall line formed.

4. Sensitivity tests

a. z- and y-components of the shear vector

In Case A broken-line formation occurred most
efficiently when the initial line of the cells had a cer-
tain angle to the vertical shear vector (A2). The
analysis of the divergence filed suggested that the y-
component of the vertical shear vector, namely, the
normal component of the shear vector to the line,
was the key factor which controlled the efficiency
of the broken-line formation. When the component

Fig. 7. Horizontal cross sections at 0.5 km

of w and wind vectors for Al, A2 and was too small, a squall line did not form because
A5 at 66 min. Contours of w are drawn low-level convergence along the gust front was too
every 0.25 m/s. Dark and light shaded weak (Al). When the component was too large,
regions represent updrafts stronger than the downdrafts from initial cells disturbed the band-
1 m/s and 0.5 m/s, respectively. shaped updraft formation (A3, A4 and A5). Case

div (x10-?) div (x10-?)

2 21
x(km) x(km) x(km)

Fig. 8. Horizontal sections at the 0.5 km level of horizontal divergence (div), divergence in the y-direction
(8v/8y) and in the z-direction (Ou/dz) at 66 min. Contours are drawn every 0.5 x 1072 s~!. Light
and dark shaded regions represent horizontal convergences larger than 1 x 107> s™! and 1.5 x 1073 s7*,
respectively.
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Fig. 9. Same as Fig. 4, except for B1, B2, C1, C2 and C5 at 120 min.

B was set up in order to ascertain that the normal
shear component was the main factor which affected
the difference in the squall-line formation in Case A.
The vertical shear in Bl has the same y-component
as in A2, while B2 has the same z-component as in
A2, In these runs only the z- or y-component of the
shear vector is different from A2.

Horizontal distributions of the vertically inte-
grated precipitating-water content for Bl and B2
at 120 min are shown in the upper part of Fig. 9. In
B1, which has the same y-component as A2, a squall
line efficiently formed, as in A2. On the other hand,
no squall line formed in B2. In B2, which has a
larger y-component in the vertical shear, the down-
drafts prevented the formation of a band-shaped up-
draft as in A3-Ab. These results support the thesis
that the main factor that contributed to the efficient
broken-line formation in A2 was the y-component of
the shear vector.

However, the results suggest that the -
component of the vertical shear also has some ef-
fect on the efficiency of broken-line formation. The
squall line in B1 formed earlier (at 81 min) than that
in A2 (at 96 min), although the y-components were
the same. It is considered that a larger z-component
promotes a more efficient broken-line formation.

b. Wind shear veering

In Cases A and B the wind fields had uni-
directional vertical shears. In the real atmosphere,
however, vertical shear usually contains some veer-
ing. It is necessary to perform the same experiment
under the condition in which the vertical shear is

veering. Vertical shear in Case C changes direction
at the 3 km level (Fig. 2). Five runs were performed
by changing the direction of the shear vectors.

Distributions of the vertically integrated precip-
itating-water content at 120 min for C1, C2 and Cb5
are shown in the lower part of Fig. 9. A squall line
formed in C2, in which the vertical shear direction
below the 3 km level was the same as in A2. On
the other hand, squall lines did not form in the re-
maining runs. The failure of squall-line formation
in these runs was for the same reason as in Case A,
namely, the low-level convergence was too weak in
C1, while downdrafts from initial cells disturbed the
updraft formation in C3-C5.

In Case C, however, the vertical shear direction
most favorable for the efficient broken-line forma-
tion was slightly different from Case A. Although
the averaged vertical shear between the surface to
the 6 km level in C3 was the same as in A2, a squall
line did not form in this run. On the other hand,
in C2, which has the same vertical shear as A2 only
below the 3 km level, a squall line efficiently formed.
This implies that the vertical shear in the lower layer
has a larger influence on broken-line formation than
in the upper layer.

c. Cell intervals

In Case D only the interval of initial thermals is
different from Case A. Distributions of vertically in-
tegrated precipitating-water content at 81 min and
105 min for D1, D2 and D5 are shown in Fig. 10. A
squall line formed earliest in D2. Precipitating water
organized into a band at 81 min and persisted to the
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Fig. 10. Same as Fig. 4, except for D1, D2 and D5 at 81 min and 105 min.

end of the computation. In D1, though it had the
same wind field as Al, a squall line formed at 105
min. In this run the outflow from the cold-air pool
was stronger than Al because the precipitating cells
were closer to each other. It produced a strong hor-
izontal convergence, enough to build a band-shaped
updraft. A squall line also formed in D5 at 105 min.
In the earlier stage of D5, precipitating water was
distributed in a broken line as in A5 (81 min). How-
ever, because the cold-air pool developed strongly,
the gust front propagated so quickly that a band-
shaped updraft formed without being disturbed by
the downdrafts from pre-existing cells. Squall lines
also formed in D3 and DA4.

Squall lines are found in all the runs of this case.
This implies that broken-line formation occurs more
easily when the cell interval is small. However, the
squall line in D2, which was in the same wind field
as in A2, was produced most quickly in Case D. This
indicates that the most favorable shear direction for
an efficient broken-line formation is unchanged be-
tween Cases A and D.

5. Random-thermal experiment

In Cases A-D, a broken-line of cells lying at a
constant interval was initially set up. In the real
atmosphere, however, the cells are not distributed
at a fixed interval. Moreover, other cells usually
exist near the broken-line of cells. Case E examines

the effects of these factors.

A typical result in this case is shown in Fig. 11.
Because the initial thermals are distributed at ran-
dom locations, many broken lines which have var-
ious orientations and various cell intervals exist si-
multaneously. In Fig. 11, a squall line formed at 102
min. This squall line formed from a broken line of
cells labelled f1, £2, f3 and f4. It should be noted
that the direction of the broken line fl1-f4 is ap-
proximately 20°-40° with the vertical shear vector
(along the z-axis). The direction of the line relative
to the shear vector is very similar to that in A2
in which broken-line formation occurred most effi-
ciently. Although various directions of broken lines
exist simultaneously, squall-line formation occurred
only among these cells.

The frequency distribution of the squall-line direc-
tions in the ten runs of this case is shown in Fig. 12.
Because the squall lines were not always a complete
line shape, the direction was defined as the angle be-
tween the z-axis and the line connecting both edges
of the band. Eight squall lines formed in this case.
Most of the squall-line directions are in the range of
15°-30°, which is similar to the angle between the
squall line in A2 and the shear vector (22.5°). This
suggests that the line direction favorable for an ef-
ficient broken-line formation is hardly changed even
when the cells are randomly distributed, and that
squall lines tend to appear along that direction.
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Fig. 11. Same as Fig. 4, except for Case E at
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are drawn every 4 kg/m? where the value
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Fig. 12. Frequency distribution of
squall-line directions relative to the
z-axis for the then runs in Case E.

6. Summary and discussion

The effects of the direction of convective-cell ar-
rangement on the efficiency of broken-line forma-
tion of a squall line was studied by numerical exper-
iments. The results in Case A showed that broken-
line formation occurred most efficiently when the
cells were aligned in a certain direction relative to
the vertical shear vector. The results of the anal-
ysis suggest that the key factor which controls the
efficiency is the vertical shear component normal to
the line; when the component was too large, forma-
tion of a band-shaped updraft was disturbed by the
downdrafts from pre-existing cells. When the com-
ponent was too small, low-level convergence was too
small to produce a band-shaped updraft. Broken-
line formation efficiently occurred when the compo-
nent was in the middle range. Results of Case B
supported this conclusion.

Similar results were found when the vertical shear
turned its direction in the middle level (Case C). The
results of Case C also suggested that the low-level
vertical shear has larger effects on the efficiency of
broken-line formation.

In Case D, the initial thermals were spaced at a
smaller interval than in Case A. In this case squall
lines formed in all the runs. This suggests that
broken-line formation more easily occurs when the
cell interval is small. However, the line direction
most favorable for an efficient broken-line formation
was unchanged from Case A.

In Case E, the thermals were located at random
places in the same wind field as in Case A. Squall

NII-Electronic Library Service



December 1994

lines frequently formed in the direction which was
also the most favorable for the efficient broken-line
formation in Case A. This result suggests that the
favorable direction for an efficient broken-line for-
mation is unchanged when the cells are distributed
randomly, and that squall lines tend to appear along
that direction.

In the present study, we showed that there is a fa-
vorable direction for efficient broken-line formation
and squall lines frequently develop along this direc-
tion. However, this is not a direct explanation for
the systematic relation between the squall-line direc-
tion and shear vectors pointed out by Bluestein and
Jain (1985), because the effects of mesoscale distur-
bances are ignored in this study. Mesoscale distur-
bances, which are usually observed near squall lines,
have a close relationship with both squall-line for-
mation and ambient wind profiles. However, even if
a mesoscale disturbance exists, cloud-scale dynam-
ics are still considered to have large effects on the
broken-line formation. We consider that the char-
acteristic convective-cell interaction shown in the
present study is an important factor which affects
the formation of squall lines.
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