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ABSTRACT 

Since the concept of a rotational thunderstorm was presented by Byers in 1942, little atten_tion has bee? 
paid to this important characteristic. Through direct and indirect observations, as well as a series of nur11;en
cal experiments, the authors, some 24 years later, now postu_late that many _large thunde~storms are r~tatmg. 
The numerical experiments revealed that a thunderstorm m a strong environmental wmd field dev1a~es to 
the left of the mean wind unless it rotates slowly and cyclonically. It was also fo~nd tha~ _the max1m~m 
deviation, either to the right or left, occurs when such a thunderstorm rotates wit? a cntlcal ta_ngential 
speed of only a few meters per second. This striking result contrad!cts t~e c?nvent10nal e~pectat1on that 
the faster the rotation the larger the storm's deviation. Further mvestJgat10n of numer~cally produced 
clouds re~ealed that ~ost of the peculiar motion of thunderstorms can be simulated by computing t~e 
momentum of clouds through step-by-step integration. A thunderstorn; couplet f.orrned _by an echo split 
was successfully simulated numerically. Then the tracks of both cyclonic an~ anticyclonic s~orms, aln_iost 
identical to those observed by radar were obtained by a computer. The experimental results m companson 
with actual storms lead us to concl~de that a cloud cannot be treated as a well-n_iixed ~ntity and th~t it 
does not deviate accidentally. Its motion is a consequence of various parameters, mcludmg slow rotation, 
mostly cyclonic but occasionally anticyclonic. 

I. Introduction 

Aside from its more violent aspects, no feature of the 
severe thunderstorm has received more attention in 
recent years than that of translational motion. 'This 
interest is stimulated by observations which show a 
wide diversity in individual storm paths when upper 
winds are nearly uniform over a broad area. To date~ 
attempts to account for storm motions which deviate 
from expected means have centered mainly around the 
concept of new cloud growth in a preferred storm 
quadrant. Recently, :qmch evidence has been accumulat
ing which suggests that many thunderstorms rotate 
during their mature stages. Acceptance of this rotational 
evidence leads to the conclusion that a revision of pres
ent models of thunderstorms is necessary if we hope to 
achieve noteworthy progress in the application of 
dynamical theory. 

In his Physics of the Air, Humphreys (1928) postu
lated that the velocity of a cloud is usually nearly that 
of the air in which it floats, and except for the case of a 
stationary wave-type cloud, meteorologists accepted 
this simple rule for some time. Early work with weather 
radar led Ligda and Mayhew (1954) to a definition of 
SPA (small precipitation area) winds after their in
vestigations showed that small precipitation echoes 
tend to move with the wind at the echo level. 

i The research reported in this paper has been sponsored by the 
National Severe Storms Laboratory, ESSA, under Grant Cwb 
WBG-70. 

The results of pioneering efforts in the application of 
radar to the study of thunderstorm motion were re
ported in The Thunderstorm by Byers and Braham 
(1949). The small single-cell storms with which they 
dealt were shown to move with the direction of the 
mean wind from the gradient to 20,000-ft level. They 
describe an instance, however, when a small echo, 
originally moving with the direction of the low-level 
winds, gradually changed its direction to that of ~he 
middle-level winds as it increased in height, suggestmg 
that steering forces effected the change in movement. 

Operational meteorologists have long been aware that 
the movement of large radar echoes is sometimes erratic 
and usually quite different from those of more uniform 
size. The relationship between converging echoes and 
the occurrence of severe storms was investigated by 
Stout and Hiser (195S), and they found that the time 
and location of the tornado of 28 May 1954 near 
Peoria, Ill., corresponded to the merger of two echoes 
which had been on converging tracks. 

Using the hourly precipitation record available fr~m 
more than 2000 raingage stations throughout the Mid
west Newton and Katz (1958) were able to track large 
conv'ective rain areas and correlated their motion with 
mean winds between 850 and 500 mb. Their results in
dicated thl!.t the rain~tq_rms moved with a systematic 
deviation of a bout 25°. to the right of the mean wind 
direction. They explained the deviation as a new, suc
cessive. forrnatiow ·on· the · right side of the storms and 
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---·-· - ··· - -·- concurrent-dissipa;tfon-on the opposite-side;·-New-ton a-n,..d----<"8re',.....wnffi~mment-and Fujita's reply (1965) clari
N ewton (1959) further pursued this phenomenon and fied various points which could be raised by severe 
proposed a convective cloud model that includes the storms' researchers. The clear distinction between 
generation of a large vertical hydrodynamic pressure Browning's "vault" and Fujita's "eye," in particular, 
gradient in an area near the edge of cloud where the was one of the focal points brought up in the corre
stagnation point at low level lies beneath the acceler- spondence. It was pointed out that both of these echo
ated flow near the cloud top. Such a gradient would free features may co-exist within the same cloud, but 
favor a new updraft just outside the cylindrical cloud, the dynamical aspects of the areas of the vault and the 
assumed to be a completely mixed body or a solid eye are entirely different from each other. 

~. . 

cylinder. In order to further pursue research regarding the dy-
Based on the premise that the role of a convective namical structure of thunderstorms which may or may 

cloud in abstracting relative low-level moist inflow in- not be rotating, it has become necessary to determine 
creases with storm diameter, Newton and Fankhauser the flow patterns around isolated thunderstorms at 
(1964) investigated the deviation of storm motion as a various levels. Since airborne Doppler-wind systems 
function of the size of PPI radar echoes. The analytical are most suitable at the present time for horizontal 
expression based on moist air continuity which they wind sampling around isolated storms, an estimate of 
developed and the empirical samples against which it their accuracy and the subsequent correction of possible 
was tested both show that there is a tendency for larger errors was undertaken in great detail by Fujita (1966) 
storms to deviate farther to the right of some mean and Fujita et al. (1966). As a result of these investiga
reference angle (in their case, the mean tropospheric tions, controlled flight patterns to minimize wind errors 
wind direction). There remained, however, considerable and an accurate error-correction method have been 
residual scatter in their data which cannot be explained devised, making it possible to utilize airborne Doppler 
in terms ·of water budget considerations and upper winds in the determination of mesoscale wind fields 
winds alone, and which has led to the cooperative effort around isolated clouds .. 
by the present authors. This paper includes the latest results of the Doppler-

It is not entirely clear when the concept of "rotating measured fl.ow patterns around clouds and the dynami
thunderstorms" appeared in the early literature. None- cal evaluation of the interacting forces between the 
theless, the remarks on thunderstorm circulation by clouds and the ambient atmosphere. The clouds are 
Byers (1942) should be credited as the earliest attempt then treated as a drifting entity in the atmosphere, 
to explain the right-veering of thunderstorms, using the leading to numerical experiments of the vertical trans
so-called " rotor" principle. Some 15 years later, Fujita port of momentum under the influence of a vertical 
(1958) found that the parent thunderstorm that pro- wind shear. The implications of these numerical ex
duced the Illinois tornadoes of 9 April 1953 was located periments are drawn on to help explain the phenome
inside a tornado. cyclone which traveled in a direction non of splitting thunderstorms which have been found 
about 25° to the right of the general flow. At that time recently in radar data gathered by the National Severe 
he did not attempt to explain the motion of the rotating Storms Laboratory (NSSL) at Norman, Okla. An 
wind system. initial echo is observed to separate and form two 

Independent studies of the tornadic storms of 26 entities, one on the right which veers markedly to the 
May 1963 by Browning (1965a, 1965b) and Fujita right of the pre-split trajectory and one on the left 
(1965) have helped to clarify various aspects of storms which veers clearly to the left. T_he angle between the 
characterized by so-called hook echoes. Browning at- directions of the two new elements could be as 
tempted to estimate the movement and trajectories of large as 60°. 
hydrometeors within the storms, which veered almost 
40° to the right. The term "vault," introduced earlier 
by Browning and Ludlam (1962), was applied to the 
explanation of echo-free, but supposedly cloud-packed, 
regions of suspected intense updraft. In contrast with 
Browning's emphasis, Fujita extended some earlier 
work on mesocyclones and analyzed the same case 
based upon the assumption that an echo with a hook is 
accompanied by circulation. He then pointed out the 
existence of an eye around the rotation axis which was 
supposed to be both echo- and cloud-free when fully 
developed. The Magnus lift force (see Prandtl and 
Tietjens, 1934) was introduced as a cause of the signifi
cant right-veering of the stoi:ms, and it was pointed out 
that if such a steering mechanism is effective, a left
veering anticyclonic storm could also be predicted; 

2. Evidences of splitting echoes and their peculiar 
motion 

When a series of time-lapse radar pictures is pro
jected on a screen, we usually see that many echoes 
travel, more or less, in the direction of the flow in which 
these echoes are embedded. Depending upon the dy
namical characteristics of each storm, however, echoes 
appearing on a radarscope do not always travel with 
uniform velocity. Thus, these echoes may display either 
a diverging or a converging motion. 

In his detailed analysis of the tracks of the "center of 
gravity" of echoes on 27 July 1956, Hitschfeld (1960) 
found evid~nces of the splitting of echoes into two cells. 
After the split, the counterpart fragments moved in 
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different directions separated by angles as large as 50°. 
His examination of the relevant weather maps failed to 
produce any evidence of such diverging angles, leading 
to the speculation that the divergence was entirely due 
to factors in the storms themselves. 

Although there may have been a number of cases in
volving splitting echoes, little attention was paid to 
such an odd phenomenon until Newton and Fank
hauser (1964) pointed out an inexplainable motion of 
an echo on 24 May 1962 which traveled some 30° to the 
left of the mean wind. Questions have been raised as to 
the predictability of echo motion when such an echo is 
involved. Then, on 3 April 1964, an extremely compli
cated echo motion was observed ol). the WSR-57 radar
scope at NSSL. The whole event started when a small 
echo, about 100 n mi southwest of the station, suddenly 
split into two, the one to the right veering about 20° 
to the right and the other veering over 30° to the left 
from the direction of echo motion before the split. 
After making a time-lapse movie from scope pictures 
taken with identical gain and elevation angles, Wilk 
(1966) studied this phenomenon in relation to the pre
dictability of severe thunderstorms. In fact, the right
hand storm produced damaging tornadoes near Wichita 
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Falls, Tex., and the other left a long swath of 
3-3f inch hail. 

A very similar situation that developed on 27 May 
1965 was studied by Harrold (1966) in order to explain 
the reasons for the veering of the storms 30° to the left 
and also 30° to the right. Harrold applied the Magnus 
force in the manner suggested by Byers (1942) and 
Fujita (1965) in order to estimate the ratio, 

Lift force 7rpUVDH 21f'V 
--, 
u 

where H denotes the height of a cylinder of diameter 
D, U the relative wind speed, and V the rotational 
speed of the cylinder at its edge. After putting U = 50 kt 
and V = 2.5 kt into this formula, he obtained the ratio 
of 0.3, which would deviate the direction of the resul
tant force as much as 15° from that of U. Then he as
sumed that the storm travels toward the direction of 
this force. From this assumption he concluded that the 
computed deviation turned out to be only half that ob
served in his case and that the right-hand storm devi
ated more toward the region of moisture supply. This, 
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MOVEMENT OF ECHOES AFTER SPLIT 
1335-1731 CST, APRIL .3, 1964 

FIG. 1. Hour!y positions and features of a split-echo couplet of 3 April 1964. For further information, 
refer to a paper by Wilk (1966). Similar split echoes were observed on 23 April 1964. 
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FIG. 2. Further splitting of the anticyclonic and cyclonic storms shown in Fig. 1. Open circles indicate 
anticyclonic storms; black circles, cyclonic. Cyclonic storm Ci, product of the second splitting, produced 
violent tornadoes, causing severe damage near Wichita Falls, Tex. Anticyclonic storm A3, also a second
split product, was characterized by 3-4t inch hailstones. A similar splitting of an echo on 27 July 1956 
was reported and discussed by Hitschfeld (1960). 

however, still does not explain in full why the other 
storm veered to the left. 

Three basic difficulties in accepting Harrold's con
clusion are: 1) a cloud cannot be assumed to be a ro
tating cylinder moving under the influence of environ
mental winds while maintaining the cylinder's vertical 
axis all of the time, 2) a cloud does not travel in the di
rection of the lift force, and 3) V = 2.5 kt which was 
used in estimating the lift force is an assumed value 
without firm basis. If it were doubled, for instance, the 
ratio of 0.3 would become 0.6, resulting in a deviation 
of almost 30° from the direction of U. 

In the light of this discussion regarding the phe
nomenon of echo split and the veering of the echo 
couplet, it should be realized that the problems involved 
are rather complicated, thus necessitating a detailed 
study of the phenomenon of "echo splitting." 

In order to further clarify the features and move
ment of a split-echo couplet, hourly positions of echoes 
from the WSR-57 at NSSL are presented in Fig. 1. 
The initial .echo was moving toward the radar at 
Norman (NRO) prior .to its split at about 1335 CST 
3 April 1964. The split cell to the right immediately 
started veering to the right and the other deviated to 
the left. The angle between the direction of motion of 
these diverging echoes, initially about 50°, was m-

creased beyond 60° after 2-3 hr. Winds aloft from 
Oklahoma City give no indication of tropospheric winds 
which would steer one of the storms toward the north. 
In determining the tracks of these echoes, the iso-echo 
contours were dr~wn from successive reduced-gain pic
tures. Then the centers of gravity of the high-intensity 
areas were obtained and connected by smooth curved 
lines. Further studies of PPI-scope pictures revealed 
that the storm in question split "several" times. When 
the tracks of the echoes produced by these "multiple 
splits" were plotted in Fig. 2, they appeared somewhat 
like the tracks of particles photographed by the Wilson 
cloud chamber. The sequence of the split occurred after 
the initial echo No split into A1 and C1 at 1340. Two 
hours and 40 min later, A1 split into Aa and Ca, followed 
by a split of Ca into A4 and c. two hours and SO min 
later. While these splits were going on, the storm C1 
split into C2 and A2, and they traveled, forming a 
couplet, toward the region of a newly-forming cyclonic 
storm C. Shortly after 1600, the speed of C2 accelerated 
considerably toward the southeastern sector of C until 
the former was captured by the latter. The storm A2 
was also captured by C shortly before 1700. 

Hourly analysis of surface winds from the NSSL beta 
network revealed significant features in the fl.ow pattern 
over the area of splitting echoes (see Fig. 3). It is seen 
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Frc. 3. Surface mesoanalysis of beta network wind data. Note that the cyclonic storm C2 and the 
anticyclonic storm A1 are accompanied, respectively, by cyclonic and anticyclonic circulations when 
integrated around closed circuits, including echo areas. Arrows indicate velocities of echoes, ranging 
between 11 and 30 kt in speed and between 10° and 60° in direction. 

in the figure that the surface wind fields beneath storms 
A1 and C2 are characterized, respectively, by definite 
anticyclonic and cyclonic circulations when tangential 
wind speeds are integrated along circles 20-40 mi in 
diameter, including the area of this echo couplet. Storm 
A2, located deep inside the mesohigh, was in its dis
sipating stage, and was being pulled toward a newly 
developing storm C. It should be noted that stonn C 
was located over jet-like surface winds blowing into the 
mesohigh with an open entrance along its northeast 
boundary. Due to the horizontal pressure gradient inside 
the mesohigh, the jet-like wind diverged toward the 
north and also toward the southeast boundary where 
storms Ar and C2 were located. A series of surface 
charts, such as this example, indicated the existence of a 
field of circulation in the surface winds beneath each of 
these split echoes. This evidence suggests that A, the 
left-deviating storm, could be "sucking up" low-level 
air with anticyclonic circulation while C, the right
deviating storm, sucks up the air with cyclonic circula
tion. In this paper, therefore, left-deviating and right
deviating storms formed by splitting are identified as 

anticyclonic and cyclonic storms, respectively, when
ever their rotational characteristics can be obtained by 
some means. 

An anticyclonic stonn of 23 April 1964 traveled over 
the western part of the NSSL beta network, thus pro
viding useful data relating surface flow patterns with 
both PPI and RHI photographs obtained by NSSL. 
This anticyclonic storm formed when an echo, 150 n mi 
south-southwest of NSSL, split shortly before 1430. 
A cyclonic echo with a life of less than 3 hr moved to
ward 50° at about 20 kt, while the anticyclonic storm 
under discussion traveled toward 20° with a speed in 
excess of 40 kt during its mature stage. The WSR-57 
radar at NSSL followed this storm for about 6 hr until 
it disappeared to the north-northeast of the radar 
station. Shown in Fig. 4 are the shapes of anvils ex
tending from both anticyclonic and cyclonic storms. It 
will be found that the anvil from the cyclonic storm 
extends more or less toward the direction of the relative 
velocity between the cloud-top wind and the cloud 
motion. The anvil from the anticyclonic storm, on the 
other hand, extends eastward from near the-south end of 

. ,, . . 
t .. 
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the major -echo; showing-that the-features-of these-split- -- -
echoes are not mirror images of each other. In order to 
clarify the three-dimensional features of this anti
cyclonic storm, the topography of both cloud top and 
base was contoured by using RHI pictures covering the 
azimuths between 192° and 248° from the Norman radar 
(see Fig. 5). The cloud-top topography in the left figure 
is · depicted by the contours drawn for every 10,000 ft 
with the exception of 5000-ft intervals for the anvil 
cloud. 'fhe echo top to the southeast of Ft. Sill was as 
high as 55,000 ft while the anvil top extending east
northeast was no more than 36,000 ft, suggesting that 
the over-shooting top was about 14,000 ft beyond the 
anvil-echo top. Shown in the middle figure is the echo
base topography contoured from successive RHI pic
tures. The areas of precipitation reaching the ground 
are stippled. A CAPPI-type representation of the anvil 
echo at the 20,000- and 35,000-ft levels is presented in 
the right figure. Also included in this figure are the sur
face winds from the NSSL beta network stations, iso
echo contours at 12-db intervals, and the estimated 
source region of the anvil at the 20,000- and 35,000-ft 
levels. When this figure is compared with the anvil from 
the anticyclonic storm in Fig. 4, it will be seen that the 
anvil in the photograph corresponds approximately to 
that at 20,000 ft. At higher levels, however, the. position 
of the anvil shifts northward appreciably. 

Based upon the anvil topography given in Fig. 5, a 
schematic view of the anticyclonic storm was drawn in 
Fig. 6, in which the storm was viewed facing toward the 
west so that the line PQ in Fig. 5 runs beneath the cloud 

FrG. 4. An example of converging anvils from split storms 
of 23 April 1964. Range markers are 50 mi from the WSR-57 
radar at Norman, Okla. 

from the upper right to lower left. One of the most 
interesting features of this anticyclonic storm is the 
shape of the anvil which slopes up toward the north. 
The anvil of a cyclonic storm such as seen in Fig. 4 is 
not characterized by a sloping top but rather extends 
downwind from the parent echo. An aerial picture of a 
cyclonic storm of 21 April 1961 studied by Fujita and 
Arnold (1963) which appeared as the cover photograph 
of the Bulletin of the American Meteorological Society, 
April 1965, is one of the best examples of a cyclonically 
rotating thunderstorm with a rotating cloud base and a 
long anvil cloud. It should again be noted that anti
cyclonic and cyclonic storms are not mirror images of 

FrG. 5. Features of an anticyclonic storm of 23 April 1964 over the NSSL beta network, Oklahoma. Contour lines of 
cloud-top (left) and doud-base (middle) topography determined from RHI sector scan pictures at 4° intervals reveal 
that the western boundary of the echo is almost perpendicular from the surface up to more than 40,000 ft. The contour 
lines of anvil-t<>p and base topography clearly indicate the existence of a 1000-ft thick anvil sloping upward from 15,000 ft 
(southern end) to 32,000 ft (northern end). Surface winds (right) from beta stations give an anticyclonic circulation beneath 
a dotted circle indicating the area of estimated cloud base. Extrapolation of the anvil at 20,000 and 35,000 ft toward the 
main body of' the cloud permits us to determine two circles from which the anvil at these heights drifts away through erosion 
processes. 
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FrG. 6. Schematic vertical cross section and view of the anticyclonic cloud in Fig. 10. The shape of 

the rotating ascending air inside the boundary of full-gain RHI echo was estimated from the size and 
position of the circles in Fig. 5. The schematic view shows that the anvil attached to the storm is some
what like an airplane wing. The anvil sloped upward 17,000 ft, or about 3 mi, within a distance of 
45 mi. The slope, therefore, was 1: 15. The view of the rotating cloud base was drawn with reference to 
the mirror image of a cyclonically rotating cloud of 21 April 1961 (cover picture, Bull. Amer. Meteor. 
Soc., April 1965). 

each other as far as their three-dimensional features 
are concerned. 

3. Proposed mechanism of echo split 

We shall now postulate a mechanism of an echo split. 
A split usually takes place not too long after the appear
ance of the first echo, suggesting that it occurs approxi
mately when the first gust line, as defined by Byers and 
Braham (1949), forms beneath the echo. 

Recent investigation of the mid-tropospheric flow 
around mature thunderstorms shows a marked split in 
the fl.ow of ambient air, creating wake flows trailing be
hind convective towers. Schematic views of a thunder
storm in this stage appear in steps 1 and 2 in Fig. 7. 
The vortices, symmetric or random, left in the wake, 
drift away with a velocity similar to that of the ambient 
flow. There is no significant relative velocity between 
the translational motion of these vortices and the am
bient flow in these steps. 

In step 3, however, the first gust line moving just be
neath a pair of vortices creates forced updrafts which 
transport the momentum of the subcloud air up to the 
level of these vortices. This injection of low-level mo
mentum into the vortex cores results in an immediate 
slowing-down of the drift speed of these vortices, thus 
creating significant relative velocity between vortices 
and ambient flow. 

As shown in step 4, the Magnus lift force, which in~ 

creases with the product of the circulation and the rela
tive speed, begins to pull the vortex centers in such a 
manner that the distance between them increases 
with time. 

Because each storm grows to a large size, producing 
downdraft and precipitation, a mesoscale wind-shift line 
beneath each storm tends to travel with the storms. 
Step 5 shows the stage when two wind-shift lines, con
nected by a dissipating meso-front, are located beneath 
the clouds rotating in opposite directions. The initial 
storm N is dissipating rapidly due to the low-level di
vergence created by the development of a new storm 
couplet. 

After step 5, however, the initial storm N is no longer 
visible. Meanwhile the distance between the anti
cyclonic and cyclonic storms becomes so large that the 
mesofront between these two storms gradually dis
appears, leaving a relatively small mesohigh accom
panying each storm. 

We may now enumerate the characteristics of split 
thunderstorms as follows: 

1. An initial echo very abruptly splits into two parts, 
forming a pair of echoes. 

2. After the split, the echo to the right veers to the 
right as much as 30°, and its speed decreases. Thus, 
a cyclonic storm veers to the right and travels 
slowly. 

""'. 
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·--·3. After-tlie ·splte;-tiree-cho-nrtne-·lefrvetITs-ttr-..... ch-i..=e-.,..a~b""ove-ttre-boundary layer during mid::-day- hours. An 
left as much as 50°, and its speed increases. Thus, isotach chart for 1640 CST, 9 min before the time of the 
an anticyclonic storm veers to the left and radar picture in Fig. 4, shows that an arc-shaped area of 
travels fast. high wind was located to the south of the first-gust line 

4. The surface winds beneath these right- and left- extending from the south of Station J to the east of 
veering · storms are cyclonic and anticyclonic, Station 26 (see Fig. 8). The velocities of the echo and 
respectively. the gust line beneath the echo were found to be identical, 

5. The anvil orientation of the cyclonic storm is very within computational error, both involving motion 
close to the direction of the storm, but the anvil of toward the south-southwest at 40 kt. This fact is very 
the anticyclonic storm extends almost 90° to the important in order to maintain the steady-state circu
right of the storm's direction, thus forming a con- lation of the anticyclonic storm for several hours. If 
verging anvil when both storms in their mature the wind shift line moves much faster than the storm, 
stage are shown in a PPI picture. the cold air behind the line will soon undercut the 

6. These split storms form a counterpart couplet, but inflow to the storm. A much slower movement of the 
they are not mirror images of each other. line will also destroy the flow patterns. The isotherm 

7. The initial echo before a split may be neutral or chart indicates that the echo center was located 
rotating, and a split echo may split again. almost directly above the zone of maximum tem

perature gradient and that the coldest spot is seen near 
As shown in these characteristics of split thunder- th t d f th - h 0 th th h d e wes ern e ge o e ma1or ec o. n e o er an , 

storms, the velocities of anticyclonic and cyclonic the coldest downdraft from a pumping cell thunder-
storms are quite different from each other. In most storm is located directly beneath the parent celL The 
cases, an anticyclonic storm travels at a speed almost vorticity along the wind-shift line was anticyclonic, 
twice as fast as its counterpart cyclonic storm. showing less than - 60X 10-5 sec1 relative vorticity or 

In order to specylate on the causes of such a differ- b . b 1 . 
ence in the clo_ud motion, let us turn to a detailed meso- a out SOX l O-• sec-

1 
a so ute anticyclomc vorticity. 

analysis of the anticyclonic storm of 23 April 1964 de- This area of anticyclonic vorticity was characterized by 
scribed in Figs. 4 and 5_ In performing the meso- a strong convergence of about 100X 10-5 sec-1

• The 
analysis, however, mean wind velocities, as conven- largest values of both anticyclonic vorticity and con
tionally used in synoptic analyses, were replaced by gust vergence are seen beneath the strong echo to the north 
velocities, since they are closer to the wind velocities of Station 26. 
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STEP 3 STEP 4 STEP 5 

DEVELOPMENT OF . CYCLONIC 

Fro. 7. Schematic diagram showing the steps in the process of storm splitting. The vertical cross 
sections of the anticyclonic storm (top) and those of the cyclonic storm (bottom) are drawn so that 
they can be compared at each step with the plan views shown in the middle. 
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F1G. 8. Detailed mesoanalysis of an anticyclonic storm at 1640 CST 23 April 1964 which moved 
over the NSSL beta network. Isotachs were drawn for every 10 kt; isotherms, for every lOF; relative 
vorticity and divergence for every 10x10-s sec-1• Note that the region of significant convergence 
coincides with that of anticyclonic vorticity. . 

From the above evidence, it may be concluded that 
the storm under discussion traveled with the gust line, 
maintaining the field of convergence and vorticity which 
was established shortly after the split. Fujita (1963) 
showed that a traveling mesohigh tends to preserve the 
horizontal momentum of the incloud downdraft at the 
source. This means, for instance, that a stationary echo 
would produce a circular mesohigh which simply 
spreads in all directions from beneath the parent echo. 
A fast-moving echo embedded in a strong westerly 
current is accompanied by an elongated mesohigh with 
its gust line traveling eastward at high speed. From 
these characteristics, we may assume that the incloud 
downdraft inside the anticyclonic storm in question 
was characterized by a horizontal momentum corre
sponding to a 40-kt speed toward NNE. 

Unfortunately, the counterpart cyclonic storm (see 
Fig. 4) traveled outside the surface network, making it 
very difficult to perform a reasonable mesoanalysis. We 
may safely assume, however, that the storm moved 
with a mesohigh accompanied along its leading edge by 
a convergent and cyclonic wind field. The storm's speed 
was only 20 kt, considerably lower than that of the 
counterpart anticyclonic storm. It may, therefore, be 
assumed that the horizontal momentum of the incloud 
downdraft inside the storm was very small, corre
sponding to about a 20-kt speed toward ENE. 

Since it is ve.:y difficult to assume the existence of two 
separate steering winds, SSW (toward NNE) of 40 kt 
and WSW (toward ENE) of 20 kt applicable, respec
tively, to these anticyclonic and cyclonic storms, it 
would be reasonable to hypothesize that each cloud 
produces its own horizontal momentum as the subcloud 
air rises toward the cloud top while interacting with the 
environmental veering and shearing flow. As shown in 
Fig. 7, the lift forces acting upon the anticyclonic and 
cyclonic storms seem to contribute most significantly .to 
the deviation of the storm velocities from those of non
rotating storms. 

We should also realize that a successive developm~t 
of new cells in a preferable quadrant, as in the case of 
Newton and Newton's (1959) model of non-rotating 
storms, does not result in a fast moving.gust-line push
ing toward the direction of the. new cell development, 
because the horizontal momentum of the downdraft is 
related to the movement of the downdraft producing 
new cells rather than to their direction of new develop· 
ment. Moreover, the addition of new cells contributes 
much less to the storm motion, as the rotational charac
teristics of the storm as a whole increase because a 
newly formed cell will rotate .around the center of the 
parent storm. The motion of a hurricane, as an ex
treme example, is affected very little by the new-cell 
development. . · · 
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4. Numerical model of . a rotating cloud. under. 
strong vertical wind shear 

In order to compute the change in the horizontal mo
mentum of the incloud air as it rises from the cloud base 
to the top, we shall establish a simple model of a rotating 
large thundersto1m. The model cloud consists of a 
circular cloud base with its diameter Do, and with a 
uniformly distributed vertical velocity wo. The base ro
tates with a constant angular velocity no, resulting in 

Vo=!Dono, 

r o=7rDoVo= !7rD02no, 
(1) 

(2) 

where V 0 denotes the tangential velocity and ro the 
circulation at the edge of the cloud base. 

The entrainment is included in this model cloud be
cause it cannot be neglected entirely even for a large 
cumulonimbus cloud. Due to the fact that entrainment 
is inversely proportional to the cloud diameter, the en
vironmental air which entrains into a large storm does 
not mix with the entire incloud air, thus modifying only 
the outermost portion of the up-rising air. The vertical 
mass transport M through a constant pressure surface 
or through a constant geopotential surface will change 
with either pressure or altitude. Using the result of 
Fujita's (1963) summary that entrainment is inversely 
proportional to D., the diameter of the cloud including 
entrained air, we write 

(3) 

dM./ -- dz=+k.D.- 1, 

M. 
(4) 

where M. is the vertical mass transport including the 
entrained air, kp a constant when entrainment is defined 
by Eq. (3), and k., another constant when defined by 
Eq. ( 4). It should be noted that kp and k, cannot be 
constants simultaneously, since dp and dz are related 
hydrostatically by dp= - p gdz. In reality, however, 
both kp and k. will vary as a function of either pressure 
or height. For computational purposes when using adia
batic charts, it is convenient to assume that kp is con
stant, so that the thermodynamical properties of the 
mixed air can be computed as a function of pressure. 
To make our computation easier, we define entrain
ment by Eq. (4), then determine the constant from 

D. dM. 
k.=- --. 

M. dz 
(5) 

For large storms which are influenced by strong verti
cal wind shear, it is not practical to assume that the en
trained air stays around the cloud boundary. Because of 
the significant difference in the horizontal momenta of 
the environmental air and the rising air, the entrained 

air .wilLdrif.t away. upon mixing_with tbejncl@.A.'1-ir. In _____ . ___ .:_ 
our model cloud, we assume that the entrained air 
mixes with an equal amount of incloud air near the 
cloud boundary, then the mixed air drifts away down-
wind into the wake flow. In other words, the amounts of 
entrainment and detrainment are assumed equal in our 
model. We also assume that the vertical velocity inside 
the undiluted air having a circular cross section is hori-
zontally uniform, varying as a function of height only. 
Thus, the vertical mass transport of the undiluted in-
cloud air M can be written as 

(6) 

where D denotes the diameter of the undiluted incloud 
air, w the vertical velocity and p the air density. 

We shall now compute the diameter of the undiluted 
incloud air as a function of height, assuming that the 
density of the air p and the vertical velocity of the rising 
air w are known, as functions of height. First, we 
differentiate Eq. (6) after taking the natural logarithm 
and combine the result with 

~ / dz=-k.IJ-\ (7) 

which is obtained by substituting M, D, and the " -" 
sign for M., D., and the"+" sign in Eq. (4), respec
tively. It is evident that M, the mass transport of un
diluted air, decreases upward while M. increases. Thus, 
we obtain 

2dD+Dd(lnpW)= - k,dz. 

By introducing a function, 

F. 
d(lnpw) 

dz 

this equation can be written as 

dD F, 
- + -D=-!k •. 
dz 2 

(8) 

It is evident that this differential equation can be solved 
as long ask, is given as a function of z. The integrating 
factor of this equation is thus given by 

l= expGJ F,dz)=exp(! lnpw) ~ (pw) !. 

The solution of Eq. (8) is now expressed m a 
simple form, 

D= (pw)-{ -~! k,(pw)idz+c J 
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where the integrating constant is determined by putting 
the initial conditions at the cloud base, D= Do, p= po, 
and w=w0• Thus, we write the final solution, 

(
p0w 0) fh D= - D0-j(pw)-t k,(pw)ldz, 
pw ho 

(9) 

where D represents the diameter of the undiluted cloud 
at height h, and ho the height of the cloud base. It should 
be noted that each of these three parameters, p, w and 
k. in Eq. (9), is assumed to vary with height. 

In a special case when k, is constant, the solution is 
reduced to 

v2( pw )i 
I'=I'o- --

Do2 powo ' 
(14) 

D( pw )t V=Va- - . 
Do powo 

(15) 

With a given density distribution and environmental 
winds, a model cloud can be described by varying D o, 
the diameter of the cloud base, Vo, the tangential 
or rotational speed around the cloud base, and w, 
vertical velocity given as a function of height. The en
trainment coefficient may be considered constant so 
that Eq. (10) can be used in computing the diameter of 
undiluted cloud. 

(
p0w0)i f h 

D= - D0- !k,(pw)-! (pw)idz. 
pW ho 

(10) 5. Interaction between the model cloud and 
environmental winds 

The first term on the right side of this solution denotes 
the change in the diameter of the undiluted cloud due to 
continuity, but the second term represents the reduc
tion of the diameter as a result of erosion around the 
edge of the undiluted air. 

Through above mentioned erosion processes, the 
vertical mass transport of the undiluted air decreases as 
the height increases. It follows, therefore, that the 
circulation around the undiluted circular core also de
creases with height, thus initiating a frictional coupling 
between the rotating core and the environmental flow. 
The nature of this coupling is not known at present, but 
we assume that the circulations around the undiluted 
core just inside and outside the circular boundary are 
identical without showing a finite slippage. 

The angular velocity n of the undiluted core can be 
computed under the assumption that the vertical mass 
transport as well as the angular momentum is conserved 
if there is no entrainment or subsequent entrainment. 
Thus, we write 

7r 7r 

M 0 = - D .2pw=-Do2powo, (11) 
4 4 

7r 7r 

A 0=-D 0
3pwn=-Do3powoflo, (12) 

12 12 

where Mc denotes the mass transport of the undiluted 
air, A. the angular momentum of the undiluted air 
passing through a given height when no erosion takes 
place, and De the corresponding diameter. Now we 
shall eliminate De from Eq. (11) and (12) to obtain a 
simple expression, 

pw 
n2=no2--, 

PoWo 
(13) 

from which the circulation and the tangential speed 
around the undiluted core are obtained, i.e., 

We have defined the model cloud as being the un
diluted incloud air with circular cross section at any 
altitude. When the cloud is embedded in a flow of strong 
vertical shear, the periphery of the cloud is continuously 
eroded through entrainment and detrainment processes, 
resulting in a frictional coupling between the cloud and 
the environmental relative flow. 

For the purpose of computing the trajectory of an 
updraft, Bates (1961) devised a numerical method per
formed by slicing the draft into a stack of wafers with 
uniform draft velocity in each wafer. Then he applied 
the aerodynamic drag force caused by the velocity 
difference between the ambient and the indraft air. A 
few years later, Bates and Newton2 made an attempt to 
compute the two-dimensional trajectories of draft 
wafers rising from the base of a cloud moving with a 
translational velocity considered different from the 
horizontal velocity of the wafer at the foot of the draft. 
Thus, they found that the shape of the draft axis varies 
consid~rably according to the translational velocity of 
the parent cloud, the arrival of which above a given 
point triggers a draft wafer to rise from that point. 
Their approach to the solution of the three-dimensional 
·structure of drafts is unique and imaginative. For 
further application, however, it would be necessary to 
define the draft, the cloud, and the ambient fl.ow, be
cause an incloud draft protected by the parent cloud 
and the ambient fl.ow do not interact with each other. 

To make our computation easier, we assume that a 
cloud consists of ascending undiluted air as already de
fined. We probably could, in the future, add incloud 
up-and/ or downdrafts inside which the vertical velocity 
differs considerably from the rest of the parent cloud. 
In any case it is necessary to solve numerically the inter
action between a cloud and its ambient fl.ow. 

In order to apply Bates' wafer method to our model 
cloud, we slice the cloud into a stack of discs with a uni-

• Bates F. C. and C. W. Newton, 1965: The forms of updrafts 
and down'drafts 'in cumulonimbus in a sheared environment. Paper 
presented at American Meteorological Society meeting, Reno, Nev. 
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· form -thickness. The term "disc" is used in this pa:per in 
order to reserve the term "wafer" for drafts as originally 
defined by Bates. Under the assumption that the un
diluted air in each disc is uniformly mixed, thus charac
terized by unique thermal and kinematic properties such 
as temperature, pressure, vertical velocity, vorticity, 
etc., we express the four forces acting upon a unit mass 
of the air inside each disc. These forces as shown in 
Fig. 9 are: 
· 1. Gradient force per unit mass 

1 
Fa= --Vp=- jWXk, (16) 

p 

where W denotes the geostrophic wind velocity, k the 
unit vector toward the zenith, and other symbols repre
sent conventional expressions. 

2. Coriolis force per unit mass 

Fc=fSXk, 

where S is the horizontal velocity of the disc. 
3. Drag force per unit mass 

(17) 

(18) 

where U is the relative wind blowing toward the unit 
vector r, and CD the drag coefficient. 

4. Lift force per unit mass when the disc rotates 

2 
FL=-CLU2iXk, 

1rD 

where CL denotes the lift coefficient. 

(19) 

When these four forces are added vectorially, it is 
seen that the gradient, Coriolis, and lift forces are in the 
direction perpendicular to the relative wind. Thus, 
we write 

F=Fa+Fc+FD+FL 

The absolute values of F and its azimuth measured from 
U = Ui: are, therefore, respectively, 

(22) 

FIG. 9. Forces acting upon circular, rotating, incloud air which 
is assumed to he undiluted: the pressure gradient force, the Coriolis 
force, the drag force, and the lift force. The resultant force, de
signated by an open arrow, accelerates the undiluted air during the 
period when the air rises through a given vertical distance. S 
and U denote, respectively, the translational velocity of the un
diluted air and the ambient flow velocity relative to S. Centrifugal 
forces acting upon the environmental flow and the rising disc were 
neglected in this case. 

In order to apply this resultant force in the computa
tion of the disc trajectory extending from the base to 
the top of the cloud, we divide the entire cloud depth 
into layers of equal thickness Az and identify the layers 
by numbers, 0, 1, 2, · · · n-1, n, n+ 1, · · · (see Fig. 10). 
If we assume that the cloud base remains at the same 
position, the successive discs rising from the same spot 
should follow an identical trajectory as long as the prop
erties of the discs and environment remain unchanged. 
The outer boundary of the discs will form a stationary 
cloud, the axis of which represents the disc trajectory. 
The input data as shown in Fig. 10 are: 

Wo, W1, · · · W ,., · · ·, observed or hypothetical am
bient wind velocity assigned to each layer. 

po, p1, • · · p,., • • · , density of the ambient and incloud 
air which may be assumed identical for computational 
purposes. 

wo, w1, · · ·w,., ···,vertical velocity of the incloud air. 
Either estimated or assigned values may be used. 

Do, the diameter of the ascending air through the 
cloud base. 

ro, the circulation around the disc at the cloud base. 
From these input values, we compute: 

D, the disc diameter for all layers from Eqs. (9) or 
(10) and the proper entrainment' coefficient. 

r, the circulation around the discs at all levels by 
using Eq. (14) and the computed D. The circulation 
can be converted into the tangential velocity from the 
relationship, r=7rDV. 

At this point it becomes necessary to obtain the 
velocities, S and U, through step-by-step calculation 
from the cloud base upward. A vector diagram in Fig. 

. \ 
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n+I 
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2 

U0 =0, F0 =0 

FIG. 10. Schematical diagram of a sliced cloud with circular cross sections at all levels. For computa
tion purposes, the thickness of each disc was selected as 100 m, thus establishing 105 layers between 
the cloud base and the top. The suhcloud air was then brought in from the circular cloud base under 
a steady-state assumption. As the air rises, maintaining its circular cross sections, the diameter shrinks 
to a minimum due to increasing vertical motion and erosion which overcome diameter increase by 
density decrease. 

11 is used in determining the horizontal acceleration, 

1 
ASn=FnAtn=-FnLl.Z, 

Wn 

ROTATING 

UND~~~TED°M~~.;:;.~-.;;::"fZ-~-

a------AZ IMUTH OF - W 
/3······AZ1MUTH OF S 

(23) 

FIG. 11. Vector diagram used for step-by-step computation of 
horizontal velocities of incloud air. The notations are: W, speed of 
ambient flow with azimuth a; S, horizontal speed of the rising air 
with azimuth f3; U, relative wind speed with azimuth -y; o, azi
muth of S measured from W; !!..S, acceleration due to the total 
force F; E, azimuth of tlS measured from S; r, azimuth of W mea
sured from U; 8, direction of the total force measured from the 
relative wind; and t!.{3, the change in the direction of the horizontal 
velocity of the undiluted incloud air while rising through the 
nth layer. 

where the suffix n indicates the quantities in the nth 
layer and A!n, the time required for the rising air to 
travel through that layer. Even though the vectorial 
computations of successive velocities are time-consum
ing, they can be accomplished by expressing the 
azimuths of three basic vectors, W, S and U, by a, (3 
and "/, respectively, and solving the vector triangles. 
Thus, 

.Un
2
=Sn

2+: n~-2SnW n coslln} '
smt ,.=SnUn smll,., 

where ll .. ={3 .. -a .. and t .. =a,.-'Yn· 

(24) 

After computing Un and 'Yn from Eq. (24), the 
direction On and the magnitude F n of the resultant 
forces acting upon the unit mass are obtained from 
Eqs. (21) and (22). Then we solve the smaller vector 
triangle in Fig. 11. Thus, 

e,.=0 .. - o,.- t.. } 
. Sn+12 =S .. 2+ AS,.2+:SnASn COSEn , 

smA{3 .. = (ASn/Sn+1) SlllEn 

(25) 

where the suffix n+ 1 refers to the quantities in the 
(n+ l)st layer. From the relation, 

f3n+1 = f3,.+A{3,., 

we finally determine the cloud velocity S in the layer 
n+ 1. The computations leading to the determination 
of Sn+2 are then repeated until the disc velocity at the 
top layer is determined. 

The time At required for a disc to ascend from the 
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cloud base to the nth layer is expressed by 

f 
tn f 'n dz n-1 Ll.z n- 1 1 

Ll.t= dt= -""'L: -= (zn- Zo) L -, 
to • O W 0 Wn 0 Wn 

(26) 

where to and tn denote, respectively, the time when the 
disc was at the cloud base and at the nth layer, and 
Zn and z0, the height of the layers n and O, respectiv~ly. 

Similarly, the horizontal displacement Li.R during the 
time of the disc's ascent from 0 to the nth layer is given 
by 

f 
In !Zn S n- 1 S 

Li.R= Sdt= -dz~(zn-Zo) L .-:. 
to zo W 0 W n 

(27) 

The horizontal displacement Ll.R is a vector originating 
from the center of the disc at the cloud base at t= to. 
Eqs. (26) and (27) now permit us to compute the disc 
trajectory as a function of X, Y, Zandt with the origin 
at sea level beneath the disc center of the initial cloud 
base. In this paper, we call this trajectory the "three
dimensional disc trajectory." 

6. Drag and lift coefficients for model clouds 

It is desirable to establish both drag and lift coeffi
cients appearing in (18) and (19) as close as possible to 
those of real thunderstorms. A rotating thunderstorm 
embedded in a flow of strong vertical wind shear would 
initiate a frictional coupling between the outer cloud 
boundary and the ambient flow so that the cloud at a 
given level would simultaneously receive the drag 
force and the lift force caused by Magnus effect. 

Prandtl and Tietjens' (1934) experiment simulating 
a two-dimensional flow around a rotating cylinder indi
cated the slight variation of the drag coefficient as a 
function of the V /U ratio (see Fig. 12). The drag 
coefficient, 0.8 for nonrotating cylinders with end discs, 
decreased to 0.6 when V/ U increased to about 1.5. 
Thereafter, the coefficient kept increasing slowly but 
steadily as the rotation increased. The lift coefficient 
determined during the experiment increased almost 
parabolically, reaching 1.0 when V = U. For larger V / U, 
the coefficient increased linearly approximately parallel 
to the Kutta-Joukowsky lift coefficient, 27r V /U, which 
was derived from irrotational two-dimensional flow 
surrounding a rotating cylinder. 

Unfortunately, there are no direct or indirect esti
mates of drag coefficients for large cumulonimbus 
clouds in which we are interested. We have, therefore, 
reanalyzed the Doppler winds around an isolated 
thunderstorm of 21 April 1961 reported in preliminary 
form by Fujita and Arnold (1963). After computing 
500-mb relative winds around the cloud, we applied the 
method of drag coefficient computation by Prandtl and 
Tietjens from the velocity distribution in the wake flow. 

Their method will be briefly discussed here. To make 
computation easier, we assume that the airplane flies at 
a constant pressure surface. Expressing the undisturbed 

~~ ~-----.-"""T"----.----,--.,-----,c .. 1co 
c,11----- ~ ''----+---+--+------11• !J 1 

fi I 
81. 

1----~,+-----t-

!; I 
1--- ;. /_.... _ ___ 'A:__----1---_-_-,_=-:=-~ 10 

/%I 
~I 
g ''- --1---
?t 

/ 

Fi 
~/'---1--

l' 
o'/ 

FIG. 12. Two lift coefficients for Magnus force computation, one 
from the Kutta-Joukowsky force and the ot her obtained by 
Prandtl (1934) through experiment by using a rotating cylinder 
with two end discs. The drag coefficient in the figure represents the 
value obtained through the same experiment. V /U denotes the 
ratio of rotational velocity and relative velocity. 

wind relative to the cloud by U, a constant, and the 
relative wind in the wake flow by U w, we write the 
difference in the momentum flowing into and out from 
the layer of unit thickness per unit time as 

pf U2dy-p f Uw2dy 

(goes in) (goes out) 

={f U2dy-f U2dy+2 f Ull.Udy- f Li.U2dy], 

(28) 

~here Ll.U = U- U w, p is density, and y the length in 
the direction perpendicular to the undisturbed flow. 
This difference in the momentum is equal to the 
resistance of the cloud upon the layer of unit thickness. 
Using the conventional expression of the resistance 
force, we write 

CnD~pU2= 2p f Ull. Udy-p f Ll. U2dy, 

where Cn denotes the drag coefficient and D the diam
eter of the cloud. When the wind inside the wake is 
measured far away from the cloud, Li.U2 can be neg
lected. Thus, 

(29) 

The drag coefficient of the cloud can now be written as 

Cn=~fll.Udy. 
DU 

(30) 
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WINDS 
J620-18 13CST 
APRIL 21, 1961 

FIG. 13. Relative winds around a cumulonimbus of 21 April 1961 near Topeka, Kan. Note that 
the axis of the wake flow is curved due to cyclonic circulation around the storm. Relative winds were 
obtained by subtracting the storm's velocity, 268° at 22 kt, from the Doppler winds measured by 
the DC-6B, Research Flight Facility, ESSA. Two traverses in the wake-flow region revealed that the 
cloud acted as an obstacle to the ambient flow. The eddies in the wake region were drawn schematically 
because they would not appear as eddies unless the mean flow inside the wake region is subtracted 
from the relative winds. 

An attempt was made to apply Eq. (30) in the 
computation of the drag coefficient of the above
mentioned rotating thunderstorm. Fig. 13 shows the 
500-mb relative winds computed by subtracting the 
storm's velocity, 22 kt from 268°, from Doppler
measured winds while flying around the storm. The 
storm diameter obstructing the flow at the 500-mb 
level was about 10 km, and the relative wind, sampled at 
the furthest upwind traverse, about 25 kt. Due to the 
rotational and the obstacle effects of the storm, two 
maxima of relative winds are seen to the left- and 
right-hand sides of the storm. The use of Eq. (30) 
requires a wake-flow traverse located far from the 
cloud. In this regard, the traverse between 1724-1731 
CST made about 70 km downwind (7 times the obstacle 
diameter), seems to be far enough, but the other between 
1600- 1625 CST, only about 30 km downwind (3 times 
the obstacle diameter) was definitely too close to the 
storm for the drag-coefficient computation. Neverthe~ 
less, the two wake-flow cross sections, characterized by 
weak winds, were used to obtain 1.0 for the 1600-1625 
CST and 1.1 for the 1724-1731 CST traverses. 

cloud center, and V 3o the rotational speed at r= 15 km. 
Under the assumption that the flow is irrotational out
side the 10-km diameter core, the rotational speed at 
the rim of the core is estimated to be V = 18 m sec-1. 
Thus, the ratio of the rotational and the translational 
speeds turns out to be 

V /U = 18/ 12= 1.5. 

Experimental results by Prandtl and Tietjens, tran
scribed in Fig. 2, indicat e that the drag coefficient 
reaches a minimum value when V / U is about 1.5. If 
their results were applicable to a rotating thunderstorm, 
the drag coefficient of 1.1 measured from the 1724-1731 
CST traverse would correspond to the smallest drag 
coefficient which varies with the rotational rate. 

In view of the uncertainty in determining both lift 
and drag coefficients of a large rotating thunder
storm, we used the following values in our numerical 
experiments: 

CL(exp)=function(V / U), (31) 

This cumulonimbus was accompanied by a 6 m sec-1 from Fig. 2, or 
rotational wind speed around the 30-km diameter. The 

CL(K-J) = 21r(V / U), circulation was 

rao=21rrVao"'56X 10s cm2 sec-1, the Kutta-Joukowsky lift coefficient, and 

where r 30 denotes the circulation, r the radius from the CD= constant, 
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which is asswned independent of the rotational velocity 
of a storm. CD may be chosen as being a constant 
between 0.6 and 2.0. Following the Hitschfeld (1960) 
and Newton (1963) papers and our estimate mentioned 
above, it would be reasonable to asswne that CD is 
very close to 1.0. 

7. Translational motion and the slope of model 
clouds 

Foregoing discussions leading to the determination 
of the three-dimensional trajectory of the disc center 
are applicable to those clouds with fixed bases which 
are related to local topography or heating. A cloud 
developing over an isolated peak or an extreme hot 
spot would be characterized by an axis identical to the 
trajectory of the disc center. 

When the hot spot or the cloud base moves, however, 
the cloud axis no longer coincides with the disc trajec
tory. Using draft wafers, Bates and Newton (toe. cit.) 
demonstrated the difference between the draft axis and 
the wafer trajectory by moving their draft root with a 
velocity which was chosen as an input variable. 

In our case, however, an effort was made to compute 
the cloud velocity, which is not an input variable, from. 
the horizontal momentwn of a rising cloud disc. Thus, 
by equating the total horizontal momentum of succes
sively rising discs with the momentum of a hypothetical 
cloud, we have 

S -pD2dz= - pD2Sdz, f
•m1r f 'm 1r 

•o 4 •o 4 
(32) 

where z,,. denotes the maximum height for integration 
in computing S, which may be called the inertial 
velocity. Since we obtained the inertial velocity by 
equating the momentum of the cloud with that of 
rising discs located between altitudes zo and zm, the 
inertial velocity increases when the cloud discs gain 
their momentum as they ascend toward the cloud top. 

When a cloud moves with the inertial velocity, the 
cloud base should also move with this velocity. This 
might result in a tilt of the cloud axis because the 
horizontal displacements of the cloud base and that of 
the disc during the time of its ascent .from zo to Zm 

could be different. Obviously the displacement of the 
cloud can be written, by using Eq. (26), as 

f
•mdz 

ARcioud = SAt= S -, 
• . •o W 

(33) 

where AReloud denotes the cloud displacement . The 
displacement of the disc is also known from Eq. (27), 
i.e., 

(34) 

where ARdisc is the displacement of the disc when it 
rises from z0 to Zm. 

The tilt of the cloud between zo and Zm, defined as the 
tangent of the zenith angle of a three-dimensional 
vector connecting the center of the cloud base to that 
of the disc at Zm, can now be written as 

I A~isc-ARc1oud I 1 lf zm S-S I -- --dz 
Zm-Zo zo w ' 

_ 1 If •m (S-S)pD
2 l --- dz 

2 ' z,,.- zo •o pD w 

=-- --pD2(S-S)dz , 
1 If ... 1 

7r I 
z,,.-zo ,0 M 4 

(35) 

where f is called in this paper the base-to-top tilt and 
M = (w/4)pD2w denotes the vertical mass transport of 
undiluted incloud air defined by Eq. (6). For our model 
cloud, M decreases with height due to the entrainment
detrainment processes described in Section 3. If we 
consider a special case of no entrainment, M becomes a 
constant, permitting us to reduce Eq. (35) to 

r=-- - -pD2(S- S)dz = 0, 
1 I 1f ... 7r I 

Zm-Zo M •o 4 
(36) 

because the integral in the right side is obviously zero 
according to the definition of the inertial velocity 
defined by Eq. (32). It should therefore be noted that 
the base-to-top tilt of a special case model cloud of no 
entrainment is zero as long as the cloud moves at the 
inertial velocity. · 

Numerical experiments indicated that model clouds 
tend to tilt toward the direction of the cloud motion 
when entrainment is added in the computation. 

The three-dimensional shape of the axis of a model 
cloud moving with the inertial velocity can easily be 
obtained by computing the cloud tilt from the cloud 
base to any height z by generalizing Eq. (35); thus, 

1 If' S- S I r =-- --dz, 
z-zo zo W 

(37) 

where -r is the cloud tilt between zo and z. 
By forming rectangular coordinates with the origin 

at sea level directly beneath the cloud base moving with 
the inertial velocity, we have 

x=-rsina} 
y =r cosa , 
z=Z 

where a denotes the azimuth of the tilt vector projected 
to the horizontal surface. 

The direction of the erosion at the cloud boundary 
coincides with that of the relative ambient flow with 
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respect to the-honzOllfal velocity of thea1sc at a given 
altitude. The streak line of the eroded material, how
ever, orients toward the direction of the relative velocity 
between ambient fl.ow and the inertial velocity. 

8. Numerical experiments of rotating storms 

For the purpose of obtaining the features and move
ment of rotating clouds under the influence of various 
vertical wind shears, we first selected certain parameters 
which were kept unchanged throughout the experiment. 
Although our cloud model was versatile enough to 
change practically all parameters invol<ved, we used the 
following parameters for all cases in order to simplify the 
evaluation of the results: 

Entrainment coefficient. k,=0.4 was used by estimat
ing the value from Fujita's (1963) summary which 
gives dM ./ M .= 0.06, dz= 1.5 km and D= 10 km. 

Cloud-base height. Zo= 1.5 km was used since it 
represents the mean height of the cloud base over the 
Midwest. 

Air density. p= f(z) was computed from the pressure 
and the mean air temperature. Then it was applied to 
both incloud and ambient air density. 

Drag coefficient. CD = 1.0 was used in all calculations 
although it could vary between 0.6 and 2.0. 

Lift coefficient. CL= 27r V / U was used in this experi
ment. It should be noted that the model may include 
any experimental value available. 

By using the above mentioned values as input data 
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for all cases of our numencal experiment, the following 
parameters were changed in various ways in order to 
evaluate their influences upon cloud shapes and 
motions: 

So, horizontal velocity of the disc at the cloud base, and 
W o, the velocity of the ambient flow at the cloud base, 
were assumed identical; thus, So may be regarded as 
the velocity of the inflow into the cloud base. So is 
therefore regarded as the "inflow velocity." This 
assumption results in U0=Fo=O, because there is no 
horizontal relative motion between the disc and the 
ambient air at the cloud-base level. 

V 0, rotational speed of the disc at the cloud base, was 
varied from negative to positive ranges to determine 
the effects of both cyclonic and anticyclonic rotation of 
clouds upon their features and motion. 

w, vertical velocity inside cloud discs, was assumed, in 
this model, to vary with altitude as 

( 
7rZ 27rZ) 

w=0.91wmax sin-- ! sin-- , 
Z1 Z, 

(38) 

which reaches a maximum when 

aw 7r ( 7rZm 27rZm) 
- =0.91Wmax- COS---j COS-- = 0, 
az Ze Zc Zt 

or when Zm = 0.62Z1, where Zm denotes the height of the 
level o~ the maximum vertical velocity and Z 1 the cloud-
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FIG. 14. Direction (light curved lines) and speed (heavy dashed lines) of rotating storms of varying 
diameters and rotational speeds. The straight lines radiating from the point of zero diameter and zero 
rotation denote the relative vorticitv of the air rising through the circular cloud base . 
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top, where the vertical velocity decreases to zero. The 
maximum vertical velocity Wmax, was used as an input 
parameter instead of w0 in view of the fact that the 
maximum vertical velocity is more closely related to 
the severity of storms. 

D o, cloud-base diameter, was varied between 5 and 
40 km to find its influence upon the cloud characteristics. 

W, environmental wind velocity, was changed in various 
ways in order to determine the cloud behavior in shear
ing and veering environments. Since the thickness of 
cloud discs Az was- selected as 100 m, we are able to use 
any observed winds as the ambient flow. 

In order to learn the effects of V 0, Do and Wmax upon 
the cloud motion, typical environmental winds for split
echo cases were chosen for the first experiment. The 
input winds are 160°- 16 kt (at 1.5 km), 192- 25 (2.0), 
214-39 (3.0), 222-47(4.0), 231-61 (6.0), 237-78 (8.0), 
239- 85 (9.0), 239- 92 (10.0) and 240-96 (11.0). Since 
the cloud base was assumed to be 1.5 km, the inflow 
velocity is given by So= 16 kt from 160°. As the cloud 
disc rises from the base, it will be influenced by strong 
west-southwesterly winds increasing to 96 kt at the 
11-km level. 

In our first numerical analysis of the cloud motion, 
the maximum vertical velocity was kept a constant, 
Wma.x= 15 m sec-1, while the storm diameters and the 
rotational speeds were changed within the ranges 
5<D0 <40km and -lO<Vo<+lO msec-1• The results 
of the inertial velocity computation are presented in 
Fig. 14 which includes isolines of the storm speed 
(dashed lines) and direction (light curved lines). If we 
select two storms with identical diameters and opposite 
rotation, the anticyclonic storm usually travels faster 
and deviates more toward the left compared with its 
counterpart cyclonic storm. This result coincides with 
the observed motion of the cells after split: 

A pair of counterpart storms with Do= 20 km and 
rotational speed of S m sec-1 designated by A and C in 
the figure were characterized respectively by 40 kt 
from 190° and 23 kt from 245°. This means that the 
storm directions formed an angle of 55° while the speed 
of the anticyclonic storm was almost twice that of the 
cyclonic storm. If we take a neutral storm with a 20-km 
base diameter, it would travel at 22 kt froin 195° while 
the vector mean wind between 1.5 and 11 km was 
220° at 50 kt. 

Since we assume that the vertical velocity and the 
angular velocity of the undiluted air are distributed 
uniformly inside the cloud disc at any given moment, 
the relative vorticity of the incloud air at any level and 
that at the cloud base can be expressed, respectively, as 

t=4VD-1 and to=4VoDo-1
• (39) 

The isolines of to drawn in Fig. 14 are straight lines 
radiating from the origin where V0=Do=O. It is of 
interest to find in the figure that the clouds, identified 
by their rotational velocity and the diameter of the 

cloud base, move in the direction of the mean wind only 
if they rotate with a relative vorticity of about SOX 10-5 

sec-1. Thus, non-rotating storms deviate to the left of 
the mean wind. 

Newton a~d Fankhauser's (1964) empirical results 
reveal that large echoes travel definitely to the right of 
the mean tropospheric wind and that the deviat ion 
increases with the storm diameter. Their finding is 
contradictory to this numerical result unless we increase 
the diameter along a line of constant vorticity instead 
of a line of constant rotational speed. 

Let us now assume that the subcloud air converges 
into the cloud base, while conserving its absolute angular 
momentum, and write 

(40) 

where suffixes s and 0 refer to "subcloud layer" and 
"cloud base," respectively. Replacing the radius R by 
the diameter D, we divide both sides by D 0

2 to obtain 
C2t.+C2J=to+J, where t.=4V./D., to=4Vo/Do, and 
C = D./ Do, are, respectively, the relative vort icity of the 
subcloud layer, that of the inflow air at the cloud base, 
and the diameter reduction of the subcloud air before 
reaching the cloud base. The relative vorticity at the 
cloud base is thus expressed by 

to= (CL l )J+C2r.. (41) 

This equation indicates that the vorticity at the cloud 
base is several times larger than that inside the subcloud 
layers. If we assume that the inflow diameter decreases 
to one-half before condensation takes place, Eq. (41) 
is reduced to 

(42) 

showing that the relative vorticity at the cloud base is 
at least four times larger than that of the subcloud 
layer prior to the cloud formation. 

Under the assumption expressed by Eq. (42) , the 
relative vorticity at the cloud base does not vary accord
ing to D0 , the cloud-base diameter. T his would imply 
that the increase in cloud-base diameter in Fig. 14 
takes place along a line of ro= constant. If we assume a 
cloud with to= SOX 10- 5 sec-1, for instance, such a cloud 
moves in the direction of the mean wind no matter bow 
large its diameter grows. By doubling to to lOOX 10-s 
sec-1, we would expect a cloud to deviate far ther to the 
right as its diameter increases. 

In order to further evaluate the effects of the vertical 
velocity, the environmental wind, and cloud-base diam
eter, cloud velocities were computed assuming a 20-kt 
inflow speed from 170°, while keeping the environ
mental winds between the cloud base and the top 
uniform. In this case, the rising disc undergoes signifi
cant drag force from the moment of its ascent from the 
cloud base into strong westerlies. 

Figs. 15 and 16 give the computed directions and 
speeds. The diagram A in both figures reveals the 
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FIG. 15. Diagram showing the change in the direction of storms as a function of their 
rotational speed Vo. The result, representing cases of clouds with southerly inflow and strong 
environmental westerlies, shows the existence of critical rotational speeds at which the 
deviation of storms reaches a maximum. When a cloud rotates faster than the critical speed, 
the deviation, paradoxically, decreases in an oscillatory fashion. 

effects of the maximum vertical velocities, S, 10 and 
15 m sec-1• It is seen that clouds deviate to the left up 
to about 10° if they do not rotate. Cyclonic clouds 
deviate to the right, but the degree of deviation 
decreases in an oscillatory manner as the rotation 
increases. When clouds rotate anticyclonically, they 
deviate to the left. It should be noted, however, that 
the maximum deviation occurs with a rotational speed 
of several meters per second. If clouds rotate too fast, 
their deviation becomes less significant. Diagram A in 
Fig. 16 indicates that the faster the maximum vertical 
velocity, the slower the traveling speed. This tendency 
decreases as the rotational speed increases. It is of 
interest that the increase in the rotation in both cyclonic 

and anticyclonic senses tends to bring the cloud' speed 
closer to the speed of the environmental winds. , 

Diagram B was obtained by keeping Do= 20 km ana 
Wmo.x= 10 m sec-1 while changing W from SO to 100 kt. 
The trend of the change in the t raveling speed for these 
wind speeds is basically the same, but the cloud direc
tion deviates more significantly with decreasing wind 
speed. It should be not_ed that a slowly rotating, cyclonic 
storm deviates to the right while traveling much slower 
than its counterpart anticyclonic storm which deviates 
to the left. 

Effects of cloud-base diameter are presented in dia
gram C in which the diameters wei:e ,changed to S, 10, 
20 and 40 km. As expected, the larger t]l.e diameter, the 
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FIG. 16. Change in the inertial speed as a function of the rotational speed Vo of the same 
clouds used in Fig. 18. Note that all storms move at approximately the speed of the mean 
environmental wind when their rotational speed is extremely high. 

larger the deviation and the slower the cloud speed when 
clouds rotate at the rate of several meters per second. 

9. A numerical model of a split-pair cloud 

In an attempt to compute the trajectories of a pair 
of split clouds we assumed that the rotation of the 
initial cloud was insignificant. As already shown in 
Fig. 7, it is considered that a cloud pair at the moment 
of the split is characterized by equal but opposite circu
lations. The positions of the cloud pair in Fig. 17 are thus 
given by open and painted circles identified with zero 
hour (0 hr). 

After the split we considered that the pair grows in 
diameter as more condensation takes place inside the 
pair of vortices. During this stage of growth, the 

circulation around each cloud was assumed to be 
unchanged, so that the cloud positions in Fig. 17 
follow the lines of constant circulations. In the growth 
stage, therefore, it may be considered that the rising 
air inside the vortices is forced to rotate in opposite 
directions. 

When the cloud pair reaches the dissipating stage 
after moving far away from the initial echo, the rotation 
would be maintained only by the convergence of vortical 
subcloud layers. We may thus assume the reduction of 
the cloud diameter under constant subcloud vorticity 
in order to complete the split cycles shown in Fig. 17. 
During this split-echo cycle, we assumed the maximum 
vertical velocity of 15 m sec-1 regardless of the storm's 
stages. 
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FIG. 17. Development cycle of a split-echo couplet drawn on diameter vs rotational speed coordi
nates. It is assumed that the diameter of the couplet increases in proportion to time, while conserving 
the circulation around each storm, and that this diameter decreases after reaching a maximum, again 
in proportion to time but while conserving the relative vorticity. The hyperbolic curves represent 
the lines of constant circulation. 

In order to determine the paths of the split-echo 
pair, the trajectories of the echoes were computed using 
the input data: Wmax= 15 m sec-1 (constant); initial 

0 50 100 150HM 

INPUT 
WINDS ALOF1' 

I NPUT DATA 

w.u= 15 m/s.c 

r.=tl.01T • 105 m'ls 

o.-=40tim 
O..,.• IS•m 

FiG. 18. Theoretical storm tracks obtained by computer, using 
the input data of Fig. 19 and the assumptions of Fig. 17. When 
this figure is compared with the observed storm tracks in Figs. 1 
and 2, a remarkable coincidence can be seen. 

circulation immediately after the split, ro= 1011" x 105 m2 

sec-1 ; initial cloud base diameter, Doo= 15 km; and the 
maximum cloud-base diameter, Do,. .. = 40 km. By using 
the veering and shearing winds as given in Fig. 18, two 
tracks were obtained by computing the inertial velocities 
of the storm, integrating up to 11 km MSL. The shape 
of the split tracks thus obtained is very similar to the 
observed ones as shown in Fig. 1. The computed speeds, 
however, decreased gradually while the observed speeds 
showed definite increases. This difference in speed 
implies that the split-echo cycle in Fig. 17 must not be 
characterized by kinks. Instead, it follows a smooth 
curve somewhat like a figure nine and its mirror image. 
Further numerical experiments are underway in order 
to obtain exact tracks by changing the shape of the 
cycle and also the maximum vertical velocity as a 
function of time. 

Presented in Fig. 19 is the shape of the cloud pair one 
hour after the split. Storms A and C in Fig. 14 are the 
storms in Fig. 17 indicated by the time, 1 hr. Input 
data are the winds aloft in Fig. 17, i.e., Do= 20 km, 
V 0= ±5 m sec-1 and Wmax = 15 m sec-1. The cloud shape 
is expressed by the cloud discs for every 1 km. The 
overall anvil patterns show a remarkable similarity to 
those of storm pairs developed under the influence of 
similar ambient winds. Moreover, the three-dimensional 
pattern of the computed anvil of the anticyclonic storm 

-·~ 

•4 •. 



437 JOURNAL OF THE ATMOSPHER'I C SC I ENCES VOLUME 25 

Km 

12 

10 

8 

---- 1.5 Km, CLOUO BASE 

SURFACE 20M; ll., ____ ,_p ____ I 

HO.RIZONTAL SCALE 

------. 

STORM 

.---

,. 

INPUT 
Do= 20Km 
Vo= ±5m/sec 

wMAx = 15 m1sec 

~. !/: !;:::;·;·:.= 

CYCLONIC STORM 

FIG. 1 Q. A plan view of a split-echo couplet, drawn entirely from com12uter output, with the following input ?ata: ambi.ent 
winds (shown to the left); 20-km cloud base diameti:r~ ±5 m sec-1 rotational s12eed at 1~e cl?ud ~ase; and maxi.mum vertical 
velocity of 15 m sec-1. The computed iner tial veloc1t1es of these two storms differ 55 m direction and 19 kt m speed. The 
anvil directions seem to converge as in the case of a radar picture in Fig. 4. Such converging anvils are observed frequently 
after an echo splits. 

turned out to be almost identical to that of the one in 
Fig. 5. 

10. Summary and conclusions 

The observational and theoretical background leading 
to the development of the new concept of storm motions 
presented in this paper was accumulated during the 
past few years since the National Severe Storms 
Project was established in Kansas City. First of all, 
the airborne measurements of Doppler winds, that 
underwent complete error analysis in cooperation with 
the Research Flight Facilities, permitted the authors to 
construct reasonable airflow patterns around mature 
thunderstorm cells. During the past two years, espe
cially, the authors made a number of flights . with 
RFF's DC-6Bs over the Oklahoma-Kansas area m an 
attempt to gather wind, photographic, and airborne 
radar data necessary for the establishment of the 
numerical experiments presented herein. The latest 
development of weather radar facilities at NSSL pro
vided the opportunity for studying the three-dimen-

sional features of thunderstorms with peculiar shapes, 
motions, and behavior, stimulating the authors' interest 
in these peculiarities photographically recorded by the 
Laboratory. 

In view of frequent observations of splitting thunder
storms, the authors have attempted to clarify the split 
phenomenon and subsequent storm mot ion. Detailed 
analyses of radar, aircraft. and mesonetwork data 
revealed that: 1) an initial echo abruptly split into two ; 
2) the echo to the right veered to the right while 
decreasing in speed; 3) the echo to the left veered to the 
left, with an increase in speed; 4) the surface winds 
beneath these right- and left-veering storms are cyclonic 
and anticyclonic, respectively; 5) the directions of the 
anvils extending from these storms form a large angle; 
6) these split storms form a counterpart couplet, but 
they are not mirror images of each other; and 7) the 
initial echo, before a split, may be neutral or rotating, 
and a split echo may split again. 

In an attempt to explain this analytical evidence, 
which strongly suggests that split clouds are rotating in 
an opposite sense, a numerical model, including cloud 
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model cloud, using actual environmental conditions of puted inertial velocities were found to be close to i:he 
split storms, resulted in the faster speed and left-veering actual ones. Further results will be reported shortly. 
of anticyclonic storms and the slower speed and right- Acknowledgments. The authors are very grateful to 
veering of cyclonic storms, thus simulating analytical the staff members of NSSL, who obtained radar 
evidence 2) and 3). It was also found that the veering pictures and made them available to the authors and 
reaches a maximum when a storm, cyclonic or anti- who also contributed valuable comments during dis-
cyclonic, rotates at only a few meters per second. If a cussions. Appreciation should also be extended to those 
cloud rotates much faster, the veering decreases, con- who operated the beta network from which valuable 
trary to the expectation that the faster the rotation, information on low-level winds was obtained. The air-
the larger the veering. craft measurements by RFF's DC-6Bs contributed 

It is suggested that the split mechanism involves the significantly to the determination of fl.ow patterns 
development of a new cloud inside each of the cyclonic around convective towers. The programming for the 
and anticyclonic vortices in the wake of a cloud. Such a University of Chicago's 7094 computer was done by 
development takes place when the subcloud air is Gisela Baralt of the Satellite Mesometeorology Research 
forced to move upward into these vortices as the meso- Project, who participated in the improvement of the 
front, produced by the pre-existing cloud, spreads authors' numerical experiments. 
beneath them. When the further growth of this cloud 
couplet takes over the pre-existing cloud, the differential 
motion of anticyclonic and cyclonic clouds :finally 
completes the splitting process revealed in evidence 1). 

Unless a rotating cloud is provided with a continuous 
supply of rising air with vorticity of the same sign, its 
rotation would not last for hours, as observation indi
cates. As a result of strong convergence, combined with 
the field of low pressure at the base of a rotating cloud, 
the warm and cold air on both sides of an underlying 
mesofront are sucked up into the cloud. Observational 
evidence 4) reveals the existence of proper circulation 
beneath each of the anticyclonic and cyclonic storms. 

The shape of numerically produced model clouds 
varies not only according to the input data but also 
according to the velocity of the cloud. As a :first approxi
mation, the inertial velocity was used in this paper for 
the determination of the shape of the clouds and the 
anvil orientation; the numerical results showed very 
good agreement with evidence S) and 6). 

Despite the fact that the split echo phenomenon 
appeared to be very complicated, our numerical model 
experiments, together with radar and rnesonetwork 
data analyses, :finally permitted us to explain most of 
the characteristic features of observed split cases. In the 
light of this study, it is desirable to obtain more infor
mation about similar phenomena in the past as well as 
in the future-particularly, quantitative verification of 
the rotation of clouds by means of all possible tech
niques, using aircraft, balloons, Doppler radars, etc. 

The numerical model of clouds reported in this paper 
was originally designed to solve split storm phenomena. 
It can, however, be applied to the solution of the 
motion and shape of any storm for given input values, 
environmental and inflow winds, vertical velocity and 
diameter of clouds, and entrainment and rotation rate. 
As a part of the preliminary test of this model, inertial 
velocities of clouds were computed by using input data 
for the cases involving storms which moved at a right 
angle from the mean wind and others with peculiar 
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