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1. INTRODUCTION 

The availability of geostationary satellite 
pictures has provided a new source and added dimen
sion for analyzing motions of weather systems . It 
is interesting to note how we have progressed from 
analyzing large-area to much-smaller mesoscale 
disturbances. hnproved camera resolution has 
paved the way for quality pictures and fOr fine de
tails to show over small areas. Also , it has 
become possible for the camera scan system to 
reduce frame time, say , from 30 minutes for each 
picture to 15 minutes and then to 5 minutes. Lately, 
in the Spring of 1977, 3-minute rapid scan SMS/GOES 
data for severe storm study is being initiated. It is 
the 5-min capability that has made possible the 
study and close surveillance of the smaller and 
shorter life cloud systems simultaneous with the 
longer life ones. 

One of numerous benefits derived from the 
use of geostationary satellite pictures is the deter
mination of cloud motions as a 2-dimensional esti
mate of winds. Various techniques have been de
veloped and upgraded by numerous investigators 
(Serebreny et al., 1967; Fujita et al., 1968; Suomi, 
1973; Chang et al., 1973; Novak and Yoi.mg, 1976). 

The complicated nature of clouds, e.g., 
vertical wind shear, updrafts and downdrafts, char
acteristics of entrainment, should be taken into 
account in approximating cloud velocities as environ
mental winds (Fujita et al. , 1975 ). 

Among unique fean.ires seen in satellite 
pictures is the existence of divergence field at the 
upper troposphere level. It has become more evi
dent by observing the spreading of tile anvil tops. 
Kinematic analysis of anvil growth using satellite 
pictures was attempted by Chang (1973), among 
otilers. Strong divergent supergradient flow patterns 
now commonly observed at the t:ropopause level are 
being modelled and solutions agree roughly with 
observed fearures of atmospheric flow (Paegle and 
Paegle, 1976). 

The thunderstorm situation on May 6, 1975, 
the day of the Omaha Tornado is analyzed for cloud 
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motions. This occurrence was among the first cases 
observed by SMS-2 with pictures taken at 5-minute 
intervals. The primary objective of tilis paper is to 
demonstrate potential usefulness of the 5-minute 
rapid scan pictures in the study of cloud motions of 
mesoscale disturbances. The SMS pictures are also 
compared with {il.otos taken from a Learjet aircraft 
on a University of Chicago/NASA cloud truth mission. 

2. DATA AND ANALYSIS PROCEDURES 

Cloud motion computations from geostationary 
cloud pictures are achieved at the University of 
Chicago through its MEteorologist-TRAcking-COM
puter (METRACOM) Interactive System. It requires 
tile manual tracking of cloud tracers from the pro
jection of a movie loop which consists of a set of 
precisely aligned satellite visible pictures. The 
beginning and end points of each cloud vector thus 
traced are converted into cartesian coordinates 
through a digitizer facility. This set of data , togetiler 
witil satellite orbital parameters and correction 
factors, constitute the input to a computer program. 
The output consists of a listing, among others, of 
geogra{il.ical coordinates of both points of each cloud 
vector together with cloud speed and direction. 
Details of this technique is reported by Chang et al. 
(1973). 

Since the METRACOM system utilizes meteo
rologist-tracked cloud vectors, tracking rules are 
established to ensure that all meteorologists con
sistently follow significant points or locations of 
clouds. These rules vary according to the charac
teristics of individual clouds which continuously 
change their shapes and sizes. 

HIGH-CLOUD TRACKING 

High clouds consisting mostly of ice crystals 
are more stable than low and middle clouds. The 
mean life of high clouds varies with their types. 
Fujita (1970) reported that the half- life of jetstream 
cirrus over Texas increased witil their horizontal 
dimensions : 49 minute half-life for 2 - 3 mile size, 
130 minutes for 4 - 6 mile size, and 40 hours for 
10 - 13 mile size clouds. This means that jetstream 
cirrus can be tracked without using rapid-scan 
pictures discussed in this paper. 



The mean life of anvil clouds is apparently 
much shorter than that of jetstream cirrus. It is 
because an anvil cloud generated by a thunderstorm 
is under the influence of other anvil clouds spreading 
out from nearby storms. 

These high clouds are tracked under five basic 
rules which are explained briefly. 

Tracking Rule No. 1 (HEAD & TAIL TRACKING) 
When a piece of high cloud stretches or shrinks 

with time, both head and tail are tracked to generate 
two vectors for one cloud. If necessary, we track 
geometric center to generate· the third vector as well 
(see Fig. 1). 

Tracking Rule No. 2 (BRIGH'INES.S-CENTER 
TRACKING) 

A small piece of cirrus , often embedded 
inside a patch of high cloud, drifts with winds without 
changing its shape and size. In such a case we track 
the brightness center on either visible or IR pictures 
(see Fig. 1). · 

HEAD S TAIL 
TRACKING 

BRIGHTNESS - CENTER 
TRACKING 

Pig. 1 . ·The first and second rules of high-cloud 
tracking. Head & tail tracking (left) i s used 
to track jetstream cirrus with stretching cloud 
elements . Brightness-center tracking {right) i s 
performed !or cirrocumuli . 

Tracking Rule No. 3 (KINK & BULGE TRACKING) 
An extensive anvil cloud is not always charac

terized by brightness center. It is thus necessary to 
track any identifiable configuration in successive 
pictures. Under this rule, called kink & bulge track
ing, we focus on irregular patterns of the cloud edge 
to track both kinks and bulges on the edge (see Fig. 2). 

KINK S BULGE TRACKING 

0 

B 

Fig. 2. The kink & bulge tracking for anvil clouds. 
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Tracking Rule No. 4 (WAVE-PATTERN TRACKING 
We see quite often wave-like patterns atop an 

extensive high cloud. These patterns appear like 
(a) transverse waves , (b) circular, concentric waves , 
or (c) solitary waves , etc. These targets can be 
tracked on images , but we have to exercise caution 
in explaining computed velocities, which are very 
unlikely to represent winds. 

Tracking Rule No. 5 (OVERSHOOTING-DOME 
TRACKING) 

Overshooting tops are very important in 
determining the location of updrafts. Their tracking 
will permit us to estimate the movement of convective 
areas beneath an anvil cloud. So far the tracking 
of overshooting tops was not successful because their 
mean life is extremely small--say, of an order of 
less than 15 minutes. We have, however, recently 
been tracking these tops in rapid-scan pictures taken 
at 3-minute intervals . (For characteristics of over
shooting tops , see Fujita, 1974. ) 

LOW- CLOUD TRACKING 

.As was discussed by Fujita (1970) the mean 
life of convective clouds is very short, only 23 
minutes for 2 - 3 mile clouds and 60 minutes for 
10-13 mile clouds. Fujita, Pearl and Slenk (1975) 
examined the nature of cumulus clouds as a track
able entity. 

Because of the fact that convective clouds inter
act with their immediate environments, they do not 
move with ambient winds. The difference between 
cloud and wind velocities changes with various fac
tors. We may, nevertheless , assume that the 
larger the cloud size the more significant the velocity 
difference. 

The rule of the game is to track the "smallest 
possible clouds". They are the best targets for 
wind-velocity computations. We should be aware, 
meanwhile, that the mean life of these best targets 
are extremely short. 

Rapid-scan pictures provide us with the only 
solution toward this trade off. Our estimates of the 
picture intervals for these tracking requirements are 

Type of low clouds 

over ocean cumuli 
over land cumuli 
stratus cells 
waves on low clouds 

Rapid-scan intervals 

7.5 minutes 
3 minutes 
5 minutes 
7.5 minutes 

These intervals show that we will have to have 
3-minute pictures to investigate low-level windfield 
over land areas. 

LOW- TO MIDDLE-CLOUD TRACKING 

Convective clouds with vertical growth are 
frequently seen in rapid-scan pictures. Applying 
tracking rule No. 1 of high clouds one could track 
both head and tail (growing end) of a towering cumulus 



cloud. The tracking rule is, therefore, simple, but 
velocity comJXIt.ations are complicated. 

First of all, one could, in principle, treat 
the growing end of such a cloud as being a 11 balloon" 
rising through shearing and veering enviromnent. It 
will rise through low-level winds until it veers off, 
being affected by middle-level winds. 

If one computes cloud-motion vector rising 
the "fixed-height coordinate", being used by most 
canJXIting systems, the final vector would represent 
the 11 apparent vector " (see Fig. 3). 
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Fig. 3. Apparent and true motion vectors applica
ble to towering cumuli. Their tops grow from 
low to middle levels being affected by shearing 
and veering environments . 

3. EXAMPLES OF ANALYSIS 

The time vector should be obtained by tracking 
sub-cloud points rather than cloud point on images. 
Unfortunately, sub-cloud points do not appear in 
satellite pictures. They are invisible but locatable, 
noting that cloud, sub-cloud, and sub-satellite points 
line up on a great circle cm the earth. 

The great-circle distance between the cloud 
image and sub-cloud point on the earth is proportional 
to the cloud height. It can be ex:pressedby 

Great-circle distance = H tan ( 77 + 8) 

where H denotes the cloud height, 77 and 8 are 
nadir and geocentric angles, respectively, of the 
cloud relative to the satellite. 'Th.is equation shows 
that the apparent horizontal motion of the growing 
end is larger than its vertical velocity when 
exceeds 45 °. 

It should be noted that 8 is equal to or greater 
than ¢ , the latitude of cloud. This means that a few 
meters per second difference between apparent motion 
and true motion exists unless the height of the growing 
cloud is taken into consideration. 

We have adopted a computation scheme by 
which the cloud heights at 1000 meter increments 
are used as inputs to compute end points of motion 
vectors. Such increments are by no means precise 
but the error can be reduced from 5 to 10 m/ sec 
down to 1 to 2 m/ sec for growing cumuli. 

An attempt was made to apply tracking rules and computation method discussed in the previous secticn into severe 
storms situation in the Midwest. The Omaha tornado day , May 6, 1975, was chosen for this purpose because a Lear 
jet was flown on a University of Chicago/ NASA mission over eastern Kansas. 

Shown in Fig. 4 are two views of a thunder
s torm; one from SMS and the other from a Lear jet. 
Both were photographed at 2333Z, May 6, 1975. An 
advantage of combining semi-vertical (SMS) views 
and horizontal (Lear jet) views is that SMS pictures 
show two-dimensional patterns while Lear jet pictures 
add the vertical dimension which does not always 
appear in satellite picture. 
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VIEW FROM 

Pig. 4. Simultaneous v iews of a dry-l ine thunder
storm taken at 2333Z , May 6 , 1975 . 

Furthermore, time gaps between pictures 
can be narrowed by taking 30-second to 1-minute 
pictures from a Lear jet. Rapidly chaning over
shooting tops cannot be evaluated unless one attempts 
to obtain continuity between satellite pictures by adding 
time-domain pictures from Lear jet. 



The Omaha tornado was on the ground between 
2130 and 2150Z leaving a 10-mile swath of damage, 
200 to 300 yards wide. 

FIRST EXAMPLE (2058-2108Z) 
The analysis period of this example, covering 

10 minutes, was about 20 minutes before the onset of 
the Omaha tornado. Unfortunately, no picture sequence 
on rapid-scan mode was available during the tornado. 
Examination of sequencies before and after the tornado 
failed to identify cloud-top configurations related to 
the tornado. 

A rectangular area boxed in Fig. 5 was selec
ted for cloud-motion computations. The area includes 
a well-defined dry front extending from South Dakota 
to central Texas. A number of thunderstorms are 
seen to the east of this line. 

A warm front extending from Omaha to the 
southern tip of Illinois is visible as a line of towering 
cumuli across central Missouri. The warm front is 
moving slowly toward the southwest. 

Fig. s. The area of cloud-velocity analysis dra~-n 
on the first picture used for the analyses 
(2058-2108Z}, May 6, 1975. 

Three pictures started at 2058, 2103, and 
2108Z were used for tracking clouds. Each picrure 
was gridded precisely before feeding into the 
METRACOM system. 

Numerous low clouds were tracked in deter
mining the streamlines drawn in Fig. 6. There were 
two lines of positive vorticity. The one is accom -
panied by a well-defined dry line extending from 
just west of Omaha, Nebraska to eastern Oklahoma, 
and the other, along a warm front running from 
Omaha to central Missouri. 

Along these vorticity lines, low cloud velo
cities shifted as much as 45 to 60° within narrow 
bands. Vorticity of low-level.winds estimated from 
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30 kt winds and 20 km radius of curvature along 
these lines is 

where Q denotes relative vorticity, which is 16 times 
larger than O. 96 x 10-4 sec- 1, the Coriolis parameter 
at the Omaha latitude. 

Pig. 6. Velocities of low-clouds (2058-2108Z) 
superimposed upon the 2058Z picture. 

At the National Envirorunental Satellite Ser
vice (NESS) Oliver and Purdom are using intersec
tions of arc clouds as the expected locations of 
severe storms development. Intersection of vorti
city lines (dry line and warm front) in this example 
may as well be the prime location of a tornadic thun
derstorm. Earlier in the day, the Pierce tornado 
(1905Z) touched down 100 miles northwest of Omaha. 
Then the Winside tornado (1950Z) toucheddown at 
the location between Pierce and Omaha. 

Although we cannot establish precise relation
ship between the intersection of vorticity lines and 
tornado touchdowns , it is very likely that cyclonic 
vorticity along the warm front was transported north
west resulting in a vorticity feeder which gave rise 
to the development of tornadoes in the Omaha area. 

Velocities of high clouds shown in Fig. 7 are 
those of anvil clouds obtained by tracking kinks and 
bulges. Most thunderstorms along the dry line are 
characterized by significant divergence fields at the 
jetstream level. Estimated divergence values are: 

3 x 10-4 for the storm in SE Kansas 

5 x 10-4 for the storm in SE Nebraska. 



Pig. 7 . Velocities of high-clouds (2058-2l08Z) 
superimposed upon the 2058Z picture. 

Fig. 8. Velocities of low- to middle-clouds 
(2058-2108Z) s uperimposed upon the 2058Z pic~ure . 
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These values are significantly larger than that of an 
average jetstream. Researchers found in the past 
that tornadoes are likely to occur where a low level 
jet (lower convergence) intersects a jetstream (upper 
divergence). ls this still true? Apparently, a field 
of strong divergence is generated by the storm itself, 
according to our computations. 

Velocities of low- to middle-clouds in Fig. 8 
were obtained by tracking the growing ends of tower
ing cumuli. Most clouds of this category in the warm 
sector east of the dry line rise and veer right. 

Another group of low- to middle-clouds is 
characterized by the slope motion on the warm frontal 
surface across Missouri. 

Finally, all cloud velocities shown in Figs . 6, 
7 , and 8 were combined into one rather complicated 
chart (see Fig. 9). The result, nonetheless, reveal 
an importance of cloud velocities in understanding the 
fast-changing motion fields in and around thunder
storms. 

Pig. 9. Velocities of all clouds (2058-2108Z) 
superimposed upon the 2058Z picture . This 
figure was obtained by combining Figs . 6, 7, 
and a. 

SECOND EXAMPLE (0013-0028Z) 
The analysis of this example covers a 15-min

ute period. Four rapid scan pictures taken every 5 
minutes were used for computing cloud velocities. 

A rectangular area boxed in Fig. 10 includes 
two large anvil clouds, the one on the Texas-Okla
homa border and the other on the Arkansas-Missouri 
border. Smaller storms in Missouri are in their 
dissipating stages. No tornado was in progress at 
this time anywhere in the analysis area. 



Fig. 10. The area of cloud-velocity computation 
ploccd on the first picture used for the analy
'-j s. Pour pictures started at 0013, 0018, 0023, 
and 0028Z, May 7, 1975. 

Due mainly to low elevation angle of the sun, 
distinct shadows were visible on anvil clouds. Low 
clouds, on the other hand, failed to show up as good 
targets because only an insignificant sunlight was 
available at low levels . A limited number of low 
clouds were tracked in the vicinity of the dry line 
identified in Fig. ll as a "dry front". There was a 
10 to 30 degree shift in the direction for cloud veloci -
ties on both sides of the dry line. 

Numerous high clouds were tracked following 
the tracking rules mentioned earlier. Results in Fig. 
12 show a number of vectors inside extensive anvil 
clouds. These trackings were made possible by the 
low angle of the sun which produced shadows of minor 
topography atop these anvil clouds. 

It should be noted that a significant difluence 
field of cloud velocities is generated by each thwider
storm in various stages. A dissipating anvil in north
ern Arkansas is characterized by a difluence as large 
as 20 to 30 degrees. A similar difluence is seen atop 
a small anvil over west central Missouri. An active 
anvil over s outheastern Oklahoma shows a 9()-degree 
difluence of high-cloud velocities. Such a difluence 
should be characterized by both divergence and radar 
echoes. No echoes were placed inside this anvil, be
cause it was too far from the Kansas City radar. 

Another small anvil northeast of Kansas City is 
accompanied by radar echoes and a 60- to 70-degree 
difluence. 

It :B true that difluence denotes a diverging pat
tern of streamlines, which may or may not be charac
terized by divergence. ln the case of an anvil cloud, 
however, we may as well assume that the extent of 
difluence increases with diver,l?ellce. Since difluence 
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Pig. 11. Velocitiea of low-clouds (0013-0028Z} 
superimposed upon the 0013Z picture. 

0013·0028Z MAql975 
~ *"'ClOUO 

Fig. 12. Velocities of high-clouds (00l3-0028Z} 
superim;>osed upon the 0013Z picture. 



can be depicted immediately in a cloud-velocity map, 
we may operationally use difluence patterns as a mea
sure of a storm's severity. 

Low- to middle-cloud vectors were obtained 
over two areas shown in Fig. 13. Late in the after
noon is not the time to compute cloud motions of this 
category because sunlight is not strong enough for 
tracking the growing ends of such clouds. 

TEXAS 
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Fig. i3 . Velocities of low- to middle-clouds 
(0013-0028Z) superimposed upon the 001 3Z picture. 

Composite vectors from Figs. 11, 12, and 13 
are presented in Fig. 14. It is evident that velocity 
vector s are overwhelmingly high-cloud vectors. This 
type of presentation, especially when performed on 
real-time basis , will help operational forecasters in 
understanding of local variations associated with se
vere weather activities . 

4. CONCLUSIONS 

Results of cloud-velocity computations pre
sented in this paper reveal that mesoscale patter ns 
of cloud-motion vectors can be obtained from SMS/ 
GOES pictures taken in the rapid-scan mode. The 
scan frequency should be faster than every 5 minutes 
in order to track overland cumuli with short half
lives. A 3-minute scan period, such as tested dur
ing the 1977 tornado season, is recommended for both 
severe local storms and hurricanes. 

Both automated &Jld man-machine interactive 
systems are required for obtaining best-possible 
cloud-motion vectors. The vectors thus obtained 
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Fig. 14. Velocities of all clouds (0013-0028Z) 
superimposed upon t he 0013Z picture. This 
figure was obtained by combining Figs. 11, 
12, and 13. 

must be evaluated by superimposing their initial or 
end points upon a proper image. 

The vertical growth of clouds can be utilized 
in estimating the vertical shear. Since apparent mo
tions projected on the earth could be significantly 
differ ent from true motions, velocities must be com
puted by placing clouds on estimated heights above the 
international ellipsoid. 

Thus, we have begun computing mesoscale 
cloud motions from rapid-scan SMS/ GOES imagery. 
It i s expected that precise computations of this type 
can be expanded into researches of other mesoscale 
phenomena, such as , land and s ea breezes, gravity 
waves, fronts , jetstreams, mountain convections, etc. 
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