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Abstract

Cumulus clouds in a shear flow are simulated by a two-dimensional slab-
symmetric model with two different finite-difference schemes.

It is known that the horizontal speed of the top of simulated clouds is less than
the ambient wind speed at that height. This is explained in the developing
stage by the transformation of the circulation pattern arising from vertical
wind shear and in the dissipating stage by the asymmetrical distribution of
liquid water content arising from the transformation of circulation.

1. Introduction

The behavior of cumulus clouds in a shear flow is important for cloud
dynamics. The effect has been studied by many researchers. In two-dimen-
sional numerical experiments, Asai (1964) studied the behavior of cumulus
convection in vertical shear flows. He obtained results in which he showed
that the axis of the convection cell tilted down wind with height and that a
vertical wind shear tended to suppress the development of the convection.
Lipps (1971) and Wilkins et al. (1977) showed that dry thermal convections
were also suppressed by vertical wind shear when convective rolls were
transverse to the mean current. By a three-dimensional numerical experi-
ment, Pastushkov (1975) and Cotton and Tripoli (1978) showed that a
vertical wind shear did not always suppress the cumulus convection based on
the energy transformation and the height of the cloud top, respectively.
However they failed to pay attention to the horizontal movement of cumulus
clouds. Recently, a wind field has been determined by the movement of
clouds observed from Weather Satellites. Thus the difference between cloud
and wind speeds should be known. It was discussed by Fujita and Pearl
(1975) and Hasler et al. (1977).
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Cumulus humilis clouds were observed by a stereophotogrammetric method
and the difference of horizontal speeds between cloud .and environment was
discussed by Chiyu et al. (1973). Aspliden et al. (1978} indicated that
tropical cumulus clouds moved slower than the current in which they were
embedded.

In this paper, cumulus clouds will be simulated in a two-dimensional
slab-symmetrical model with a vertical wind shear. Thus it was noted that
the horizontal speed of cumulus cloud tops is slower than the ambient one.

2. Processes of numerical experiments

The basic equations used in the numerical experiment are the same as
those used by Ogura (1963) except that the equations are converted from
cylindrical to rectangular Cartesian coodinates to represent a general wind
effect in the X-Z plane. The approximate saturation technic used by Ogura
is also adopted as it is considered that the value of liquid water content is not
so important.

Two finite-difference schemes are accepted to determine whether the dif-
ference produces a sharp distinction in the results. One will be called the
A-series and the other will be referred to as B-series hereinafter. In both
series, the reference pressure, the reference temperature and the surface wind
speed are set at 1000 mb, 300 K and zero, respectively. And a positive linear
vertical wind shear is adopted.

2.1 A-series

The domain concerned is confined to the rectangular atmospheric layer
with a depth of 1.7 km and width of 6 km. The domain is divided into 100 m
grid squares and a 10 sec time increment is adopted to calculate a set of finite-
difference equations into which a set of differential equations is transformed.
Advective terms in these equations are transformed into upstream-N difference
scheme (Molenkamp, 1968). The forward time difference is used for the
time derivative. As implicit diffusion is large in this scheme, diffusion terms
are neglected. The centered difference is used for other terms. The initial
perturbation which produces the convective motion is given as follows:

46, = 48-exp{—9x 106X (X —1500)2} -sin {7 (£—100)/600} ,
0=<72<700,.
A boundary condition used by Takeda (1971) was adopted. Six cases are



The Horizontal Movement Speed of Cumulus Clouds in a Shear Flow 49

Table 1. Parameters used in the each case study.

case 49(°C) dujdz (sec1) H (m) I" (°C/100m)
Al 1.0 0 1200 0.64
2 1.2 0. 0025 1200 0.64
3 1.0 0.005 1200 0.64
4 1.2 0.01 1200 . 0.64
5 1.2 0.01 1200 0.98
6 1.0 0. 0025 700 0.64
Bl 1.5 0 1400 0.64
2 1.5 0. 005 1400 0.64

40: the maximum temperature excess of trigger, dufdz: strength
of wind shear, H: inversion height and I': temperature lapse rate.

dealt with in this series. The initial conditions are as listed in Table 1. As
the purpose of this paper is to examine the horizontal speed of cumulus clouds,
the vertical wind shear is varied to four stages and a large relative humidity
is used to readily produce a cloud. The humidity is 959, in the layer lower
than 1200 m in height and above the level it is linearly decreased at a rate of
18% to 100 m. The temperature lapse rate is —0.64 degree/100 m (except for
case A5 which is —0.98 degree/100 m) in the lower layer and there is an inver-
sion of 1.6 degree/100 m above the level. Case A6 is the same as case A2
except that the inversion height is lowered to 700 m and 48 is 1.0 degree.

2.2 B-series

The domain is confined to a 2.5 km depth and 4 km width as shown in Fig.
1. Cyclic boundary conditions are adopted in the lateral boundary. Advective
terms in basic equations are transformed to flux form and a finite-difference
scheme and the staggered grid arrangements showed by Kimura (1975) are

— b km ————
T
H2 [
£
- P cyclic
& //}
. Hy h
heat source
£ A
wind humidity temperature

Fig. 1. Schematic representation of initial condition used in B-series.
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used. The time integration is performed with the centered scheme but the
Euler-Backward scheme is used in every 11 times. The interval of time
increment is changed from 5 sec for Bl and to 2 for B2 to stabilize the solution.
The trigger is given by following formula:

48, = 46 exp{—6X 10-7x (X—1900)2} -sin {z (Z—300)/600} ,
300 < Z < 900, .

The temperature lapse rate is the same with A-series except that the height
of inversion is 1400 m. Relative humidity is 959, in the lower layer and it is
decreased at a rate of 6%, to 100 m above 1400 m. A constant eddy diffusion
coefficient (50 m?/s) is adopted in diffusion terms. Two cases are dealt with
in this series (Table 1).

The finite-difference scheme in B-series is complicated, however the
variables are more conservative than A-series. The scheme in B-series
generates an instability of calculation after a certain time has elapsed. On
the other hand, although the scheme used in A-series has a large implicit
diffusion, it is the simplest one and stabilizes the solutions. Accordingly
six results are obtained by A-series.

3. Results

Simulated clouds in case A2 are shown at 5, 10, 15 and 20 min of elapsed
time in Fig. 2. It is seen in the figure that the cloud is carried downwards,
being inclined by a vertical wind shear and that the height of cloud base is very
low due to the large humidity. The cloud is grown by buoyancy initially
supplied and by the energy of the conditionally unstable layer. At 20 min,
a vertical development is suppressed by a stable layer aloft and reaches the
maximum cloud size. The lowest part of the cloud is beginning to dissipate.
Solid lines and chain lines show the isopleth of liquid water content and
maximum liquid water content, respectively, in Fig. 2. The horizontal speed
of the cloud base and the top is measured by the displacement of the position of
the maximum liquid water content in successive times. That is to say, the
épeed of the position is calculated by means of dividing the distance shown
by arrows in Fig. 2 by the required times. The ratio of the cloud speed to
the ambient wind speed at that height is shown by y. It is noted that the
values are smaller than unity at the cloud top and larger than unity at the
cloud base. In this numerical experiment, the height of the cloud base is
very low because the relative humidity of the lower layer is 95%,. Therefore
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Fig. 2. Cloud development in case A2 at 5, 10, 15 and 20 min. Solid lines and chain
lines indicate the isopleth of liquid water content and maximum liquid water content,
respectively. v is the ratio of cloud speed to ambient wind speed. The elapsed time
is shown in the lower part.

when a comparison with an observation is attempted, application of the cloud
top value is reasonable.

Cloud and stream function deviation from the initial basic state in case A2
are shown in Fig. 3 at 10 min of the elapsed time. It is seen that the
updraft is dominant in the front of the cloud base and to the rear of the cloud
top. This pattern of updraft indicates that the cloud is developed in front of
the cloud base and to the rear of the cloud top. Accordingly, the cloud
base appears to move faster and the cloud top to move slower than the ambient
wind speed at that height. If the updraft completely adopted itself to the
surrounding flows, the axis of the updraft in the cloud would become parallel to
the vertical profile of the ambient wind speed. The discrepancy between the
axes of updraft and vertical profile of ambient wind speed may be explained
by the vertical transport of horizontal momentum.

Fig. 4 shows a cloud and a stream function deviation on case A3 at 10 min.
The cloud becomes smaller because of suppression by a strong shear. The
pattern of stream line is almost the same as in case A2.

In case A6, the inversion layer is lowered to 700 m height. As the
development of the cloud is then suppressed, the process from the initial
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Fig. 3. The stream function deviation (m?/s) from initial basic state in case A2 at 10
min. Cloud region outlined by dashed line.

A3

10 min

30 35
Horizontal distance (km)

Fig. 4. As in Fig. 3 except in case A3.

state to the dissipating stage of the cloud is seen in Fig. 5. In the dissipat-
ing stage, it is noted in the figure that the rear part of the cloud remains
because of the asymmetrical distribution of liquid water content owing to
the transformation of a circulation pattern as shown in Figs. 3 and 4. Ac-
cordingly the horizontal speed of the cloud becomes slower than the ambient
wind speed.

Fig. 6 shows the simulated cloud on case B2. As the inversion layer is
higher than A-series, the cloud can penetrate to higher levels. The cloud
axis shown by the maximum liquid water content inclines to the lee and y
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Fig. 5. As in Fig. 2 except in case A6.
B 2
=075 l—
__ 10t ]
E
£
=
(7]
Tosf
30 Time (min)

A
Horizontal distance ( km)

Fig. 6. As in Fig. 2 except in case B2.

is smaller than unity in the cloud top and larger than unity in the cloud
base as well as A-series.

Fig. 7 shows the distribution of vertical speed (solid lines) and horizontal
speed deviation (dashed lines). Updraft regions are extended in front of
the cloud base and to the rear part of the cloud top. This indicates that
the axes of updraft and cloud are shifted.

Ratio y of the horizontal speed of the cloud top to the ambient wind speed,
the maximum cloud size and the maximum upward speed are summarized in
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Table 2. The value of y is exactly unity in case Bl and is nearly unity in case
Al. The ratio is smaller than unity in cases with a vertical wind shear.
The inhibiting effect of a wind shear on the development of a cumulus
cloud is noted from the fact that case A3 and A4 have a small cloud size
comparing with case Al and A2, respectively. The cloud growth of case A5
is stronger than case A4 because of a large temperature lapse rate in the
lower layer. And it is seen that the cloud size depends on the maximum
upward speed under the same temperature lapse rate (Al, A2, A3 and A4).

Height ( km)

Horizontal distance ( km}

Fig. 7. The distribution of vertical speed and horizontal speed deviation in case B2
at 4.3 min. Cloud region outlined by dotted line.

Table 2. Summary of results obtained by numerical

experiments.
case size (x 103m?) Viop Wmax {m/s)
Al 300 0.97 1.46
2 570 0.67~0.81 2. 32
3 200 0.84~0. 89 0.26
4 90 0.90~0.93 0.13
5 580 0.70 0.92
6 210 0.72~0. 95 *
B1 510** 1.0 2.32
2 610 0. 65~0. 75 1.87

* The datum was not printed out.
**  The calculation was stopped before the cloud reached the
maximum cloud size.
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4. Comparison with an observation

In a previous paper (Kon, 1981), the difference between horizontal speed
of observed cumulus clouds and ambient wind speed was discussed. The
results obtained by the present numerical experiment will be compared with

Table 3. Points for comparison with an observation.

case time (min)  Jdu (m/s) z (m) %, (m/s) R (m) .
A2-1 5-10 0.70 730 1,13 310
2 10-15 0. 60 970 1.83 410
3 15-20 0.87 1160 2.03 530
A3-1 5-10 0.60 580 2.30 300
2 10-15 0.80 680 2. 60 370
3 15-20 0.73 630 2.67 350
A4 5-10 0.93 560 4,67 150
A5 5-10 1.60 680 5.20 400
A6-1 5-10 0. 62 670 1.11 280
2 10-15 0.72 730 1.37 340
3 15-20 0.53 740 1.57 320
4 20-25 0. 38 740 1.173 280
B2-1 3-4.3 1.05 960 3.75 250
2 4.3-6 1.75 1150 4.00 290
3 6-9 1.54 1230 4.61 340

4u: difference between horizontal wind and cloud speeds, z: cloud
top height, %,: horizontal cloud speed and R: radius of cloud.

Fig. 8. Comparison with an observation
(see in Fig. 1 by Kon, 1981). The front
number and the end number of a point
show each case;study and the order of
the time elapsed, respectively.
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the results of the previous paper. The cloud top height: z, the maximum
cloud radius: R and the difference between both speeds: 44 at the cloud top
for each case are shown in Table 3. The average value of successive two clouds
as seen in Fig. 2 is adopted for 2 and R. For comparison with the observation,
1/4u and R[Au?X du,|dz are calculated by formula (7) of the previous paper.
The resuits are plotted in Fig. 8. The front numbers which are entered on
the points in the figure show each case study and the rear numbers show the
order of the clond life. The solid line is the best fit line obtained for the
observation. The results of the numerical experiments are dispersed because 4%
is too small. The points of A-series were widely distributed in the upper part
of the best fit line. First, it was considered that this was caused by the
large implicit diffusion of the finite-difference scheme of A-series. Secondly,
it was considered that the compensating downdraft in the slab-symmetric
model is large and spreads in space widely (Soong and Ogura, 1973) and the
influence largely acts for this two-dimensional model. Further as the cloud
top is low, the effect was promoted. On the other hand, the points of B-series
are found near the line as a reflection of a detailed numerical scheme and a
deep convective layer.

5. Conclusion

An effect of vertical wind shear on a cumulus cloud which is considered
in a two-dimensional slab-symmetric model is studied by numerically
integrating an appropriate set of equations. And the difference between
wind and cloud speeds is discussed.

The horizontal speed of the top of simulated clouds is less than that of
the ambient wind speed at that height. It is explained by a transformation
of a circulation pattern due to the vertical shear field. That is to say, the
upward flow is active to the rear of the cumulus cloud. And the transforma-
tion makes an asymmetrical distribution of liquid water content. That is to
say, the maximum liquid water content is generated in the rear side of the
cloud. Accordingly the movement speed of the cloud appears to be less than
the ambient wind speed in the dissipating stage. It is noted that the dif-
ference between the horizontal speed of the clouds and ambient winds depends
on the vertical speed within the cloud. When the results of the numerical
experiments are compared with an actual observation of cumulus clouds,
it is noted that B-series which has a detail finite-difference scheme and a deep
convective layer is more realistic than A-series. The horizontal speed of
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the cloud base is faster than the ambient wind speed in these numerical
experiments. It is explained by an inflow in front of the cloud base.
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