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The Life Cycle of a Tornadic Cloud
as Seen from a Geosynchronous Satellite
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The life span of a severe storm is on the order of a few hours. Rapid-scan infrared and visible observations
from geosynchronous satellites can be useful for studying the life cycle of a severe convective storm. By using
artificial colors for pixels representing blackbody temperatures of the cloud top, convective storms can be ob-
served throughout their life cycles. In this paper clouds associated with a tornadic storm, the Ringwood, Okla.
tornado on May 29, 1977, are compared with those without a tornadic storm to illustrate how the infrared and
visible observations from a geosynchronous satellite can be used to study the differences in their life cycles. The
instability of the air mass and the meteorological background are discussed based on balloon observations.

Introduction

GEOSYNCHRONOUS satellite visible and infrared
observations provide a powerful tool for studying severe

convective storms, such as thunderstorms, tornadoes, hail
storms, hurricanes, etc.1'6 The infrared image provides an
indication of the equivalent blackbody temperature of the
observed cloud tops. In the Geosynchronous Operational
Environmental Satellite (GOES) infrared sensor, 256 different
digital count values are assigned to represent specific ranges
of blackbody temperatures. By referencing the tem-
perature/height and humidity profiles from conventional
rawinsonde observations (the background meteorological
data for the instability of the air mass) to the satellite infrared
data sets at different time periods, the development of con-
vective clouds can be studied in detail from the formation of
the cloud and the initiation of the updraft motion to the
development of the tornadic cloud.

In this article the life cycles of two isolated cloud systems in
Oklahoma on May 28-29, 1977, are used to illustrate how the
visible and infrared images observed from a geosynchronous
satellite can be utilized to study severe storm development. A
comparison of the life cycles of these isolated clouds systems,
one of which eventually spawned a tornado at Ringwood,
Okla., shows that it is very difficult to distinguish any
significant differences during the infancy and developing
stages of the cloud system. There are, however, some special
features of the cloud associated with the tornado. These
special features are the very low cloud top temperature of the
overshooting turret, a much higher growth rate of the cloud
top above the tropopause, and a much larger area above the
tropopause.

Satellite Infrared Images
An image data processing system (IDAPS), developed by
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processing requirements of the Skylab experiments, was used
to process the high-resolution satellite photographs, both
visible and infrared. An isolated cloud system in north central
Oklahoma (at Ringwood) which spawned a tornado on May
28-29, 1977, is compared with an isolated thunderstorm
system located in south central Oklahoma at about the same
time.

Cumulative histograms are compiled starting from the cold
end of the temperature distribution. The number of pixels Nt
with blackbody temperature equal to or less than temperature
Tf is obtained. Physically this number is roughly equal to the
area of the cloud top with temperature ^Tt. By referencing
those data to a standard sounding, the horizontal area of the
cloud penetrating above certain altitudes can be determined.

GOES digital infrared (IR) data for the entire United States
during the period 2116 GMT, May 28, to 0203 GMT, May 29,
1977, were analyzed in this study. The period between ob-
servations was 15 min. In this time period, two isolated clouds
systems were identified, one associated with a tornado (cloud
A) located in north central Oklahoma and the other without a
tornado (cloud B) located in south central Oklahoma.

Figures 1-9 are the pseudocolor representations of the cloud
top temperatures in Oklahoma and portions of the
surrounding states during the period 2116 GMT, May 28 to
0203 GMT, May 29, 1977. The color code for Figs. 1-9 is
shown in Table 1.

From visible data, cloud A started to form at 2333 GMT
while cloud B formed at 2201 GMT. The rawinsonde ob-
servation at Oklahoma City at 2300 GMT, May 28, 1977,
showed that the tropopause temperature was -65°C;
therefore the white, red, and yellow false colors were for
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Table 1
Color
Orange
Blue
Green
Purple
White
Red
Yellow

Color code for Figs. 1-9
Temperature range,

>-2.7
-3.2 to -22.7

-23. 7 to -54.2
-55.2 to -66.2
-67.2 to -69.2
-70.2 to -72.2

<-73.2

°C
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Fig. 1 Pseudocolor representation of the
cloud top temperatures in Oklahoma and
surrounding states from GOES infrared
image at 2116 GMT, May 28,1977.

Fig. 2 Pseudocolor representation of the
cloud top temperatures in Oklahoma and
surrounding states from GOES infrared
image at 2131 and 2201 GMT, May 28, 1977.
Cloud B started to form in south central
Oklahoma at 2201 GMT.

Fig. 3 Pseudocolor representation of the
cloud top temperatures in Oklahoma and
surrounding states from GOES infrared
image at 2216 and 2231 GMT, May 28, 1977.
The white spot of cloud B with cloud top
height penetrating above tropopause started
to appear at 2231 GMT.
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Fig. 4 Pseudocolor representation of the
cloud top temperatures in Oklahoma and
surrounding states from GOES infrared
image at 2302 and 2333 GMT, May 28, 1977.
Cloud A started to form in north central
Oklahoma at 2333 GMT.

Fig. 5 Pseudocolor representation of the
cloud top temperatures in Oklahoma and
surrounding states from GOES infrared
image at 2348 and 0003 GMT, May 28-29,
1977. Cloud system A started to penetrate
above tropopause, with white spot in the
figure, at 0003 GMT.

clouds above the tropopause. Based on radar summaries, the
clouds located in southeastern Oklahoma were cirrus clouds
without thunderstorm activity. In approximately half an hour
after becoming identifiable on the visible images both cloud
systems tops had reached the tropopause, system A at 2333-
0003 GMT and system B at 2201-2231 GMT. In this respect,
there was very little or no difference between the two systems.

After penetrating the tropopause, clouds A and B show
somewhat different characteristics. About 1 h after
penetrating the tropopause, 0101 GMT, the top of cloud
system A reached a temperature in the range -70.2 to
-72.2°C. The area of the cloud top with this temperature
continued to expand until 0148 GMT as the cloud top grew

and expanded vertically until it reached a temperature <
- 73.2°C. A tornado spawned by this system touched down at
0205 GMT. The infrared imagery of the bottom picture of
Fig. 9 illustrates the cloud top temperature distribution of
cloud system A, located at north central Oklahoma, 2 min
prior to the touchdown of the tornado. On the other hand, the
cloud top temperature change for system B was small and
within a range of another 3°C decrease after the penetration
of the tropopause. This cloud then started to dissipate at 0033
GMT, as shown in Fig. 6 for the cloud located at south central
Oklahoma, about 2 h after the penetration of the tropopause.
During this time, radar echoes showed enhanced thun-
derstorm activity at the location of cloud system B.
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Figure 10 is a histogram of cloud A after it penetrated the
tropopause. As the cloud grew, the top reached an equivalent
blackbody temperature rBB of <-65.3°C at 0003 GMT,
< -67.2°C at 0033 GMT, < -72.2°C at 0103 GMT, and the
lowest temperature < - 74.2°C at 0148 GMT. The area of the
cloud top with temperature < -72.2°C reached its maximum
value at 0133 GMT, gradually decreased until 0148 GMT, and
then sharply decreased. The tornado finally touched down at
0205 GMT, apparently as the cloud top was rapidly collaps-
ing. This result is in good agreement with the aircraft ob-
servations made by Fujita and his associates.7'8 Based on
Storm Data, issued by the National Climate Center, the
tornado was on the ground 15 km south of Ringwood, Major
County, Okla., at 0205 GMT.

Figure 11 is a similar histogram for cloud B. As the cloud
grew, the top reached a temperature of -67.2°C at 2231
GMT, -68.2°Cat2333GMT, and -68.2°Cat2333 GMT.

A comparison of the rawinsonde observation and the in-
frared observations from the satellite shows that the tem-
perature for cloud A is 9°C colder than the tropopause and
for cloud B 3°C colder. With these temperature differences
the density of the overshooting turret is much higher than the
density of the surrounding air; therefore, the overshooting
turret can exist only as long as it is dynamically supported by
intense vertical convection. Where the internal vertical
convection can no longer support this excess mass, the
overshooting turret collapses. A comparison of Figs. 10 and
11 shows that the maximum area of the overshooting turret

Fig. 6 Pseudocolor representation of the
cloud top temperatures in Oklahoma and
surrounding states from GOES infrared
image at 0018 and 0033 GMT, May 29,1977.

Fig. 7 Pseudocolor representation of the
cloud top temperatures in Oklahoma and
surrounding states from GOES infrared
image at 0048 and 0101 GMT, May 29, 1977.
The top of cloud system A reached a tem-
perature in the range - 70.2 to - 72.2°C (red
spot in the figure) at 0101 GMT.
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Fig. 8 Pseudocolor representation of the
cloud top temperatures in Oklahoma and
surrounding states from GOES infrared
image at 0118 and 0133 GMT, May 29, 1977.
The red spot of cloud system A continued to
expand during this period.

Fig. 9 Pseudocolor representation of the
cloud top temperatures in Oklahoma and
surrounding states from GOES infrared
image at 0148 and 0203 GMT, May 29, 1977.
The cloud system A reached a temperature
<-73.2°C at 0148 GMT and showed
collapse of height at 0203 GMT.

above the tropopause for cloud A was 605 pixels, while for
cloud B it was 255 pixels. The total force required to support
the large, tall cold dome of cloud A above the tropopause is a
few times greater than that of cloud B. This is one of the
major satellite-observable differences between cloud A, which
produced a funnel cloud after the collapse of the overshooting
turret, and cloud B, which dissipated without causing a funnel
cloud.

Figure 12 shows the histories of the cloud top temperatures
for clouds A and B. Cloud A first appeared on the visible
images at 2333 GMT. Prior to that time the cloud top tem-
perature, based on the infrared images in Fig. 12, showed a
series of precursor oscillations of the boundary-layer moisture
field before the upward air mass overcame the temperature
inversion. The precursor oscillations will be discussed in the

next section. Although not included in the figure, a similar
feature was also observed for cloud B. The figure shows that
it took about 30 min for both clouds to penetrate above the
tropopause after the clouds appeared on the visible images.
Subsequently, the temperature of cloud A declined con-
tinuously to the lowest temperature, which occurred about 20
min before touchdown of the tornado. The temperature of
cloud B maintained an almost constant value (the difference
between the cloud top temperature and the tropopause
temperature was within 3°C) and persisted for more than 3.5
h until the cloud dissipated.

Meteorological Background
Meteorological data show that there was no front in this

area of Oklahoma during the time period of the satellite
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observations. Gravity wave trains were detected in these time
periods by the Doppler sounder array located in Huntsville,
Ala.2 Results of ray tracing show that a series of gravity
waves was excited from the area of cloud A.2 The association
between gravity waves and severe convective storms has been
shown extensively in the laboratories and in the field during
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Fig. 10 Histogram of cloud system A after the penetration of
tropopause.

102

the past decade. 3~i2 Recently, gravity waves associated with
tornado activity13"18 and hurricanes19 have been observed.
The observation of gravity waves initiated from cloud A
indicates the existence of strong convection inside the
cloud.2'9'10 If any short period waves (those having periods of
5 min) were excited by cloud B, they were too weak to be
detected in the Huntsville area which is 400 km away from the
wave source; however, the wave trains with periods of 15 min
excited by cloud A were detected.2 This is due to the fact that
the damping rate of a wave is inversely proportional to the
wave period, and only the waves with longer wave periods can
propagate the longer distance without dissipation.20

The stability of an air mass can be determined from
rawinsonde observations. From the synoptic situation, both
locations A and B should have been in the same air mass. On
the 2300 GMT, May 28, 1977, Oklahoma City rawinsonde,
the temperature lapse rate was dry adiabatic below 2.1 km
(790 mb). The relative humidity was around 70% in this lower
layer of the atmosphere. There were temperature inversions
between 2.1 and 2.5 km and also between 4.4 and 4.5 km. The
air mass was fairly unstable between 6.0 and 7.2 km, because
the lapse rate was nearly dry adiabatic. Once this unstable air
mass gained enough energy to penetrate the temperature
inversions at 2.1 and 4.4 km, the updraft motion continued
until the clouds reached the altitude of the tropopause. The
precursor oscillations shown in Fig. 12 occurred at an altitude
of about 4.5 km before the updraft air mass completely
overcame the temperature inversion. Once the moist air mass
penetrated above the temperature inversion at 2318 GMT for
cloud A and 2131 GMT for cloud B, cloud A became large
enough to be seen on the visible image at 2333 GMT and cloud
B at 2201 GMT. The size of the cloud formed is partially
dependent upon the amount of moisture available to provide
the energy source for initiating the updraft motion.

The synoptic situation was such that warm moist air from
the Gulf of Mexico had been moving into the area for several
days prior to May 28, 1977. This led to an unstable layer
below 2.1 km and a surface air temperature of 29°C.
Although the entire area had been subjected to the same
synoptic situation, low-level precursor oscillations followed
by a short period of very rapid growth were observed at cloud
system B approximately 1 h prior to their occurrence at cloud
system A. The information available was not sufficient to
establish either why the precursor oscillations and subsequent
rapid growths occurred at only these two isolated locations
rather than over the area as a whole or why there was ap-
proximately 1 h difference in the times of occurrence.

Ton < -65,2°C

TBB l -67.2°C

Fig. 11 Histogram of cloud system B after
the penetration of tropopause.
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Fig. 12 Histories of the cloud top
temperatures for cloud systems A and B.
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Discussions and Conclusions
Special rapid-scan satellite visible and infrared observations

have enabled observation of two isolated clouds, one
associated with a tornadic storm and one associated with a
thunderstorm only, in the Oklahoma area. The satellite data
have permitted study of the life cycle of the clouds from the
initiation of condensation, through the formation of the
clouds, the development of towering cumulus, the penetration
of the tropopause, the collapsing of an overshooting turret,
and the dissipation of the cloud. During the inception and
developing stages of the clouds before they penetrated the
tropopause, there are very few apparent differences between
the cloud which spawned a tornado and that which ended as a
thunderstorm. After penetration of the tropopause, the
differences between the two cloud systems are more readily
discernible using satellite observations. The basic charac-
teristics of the cloud associated with the Ringwood tornado
were 1) a large volume of cold cloud above the tropopause,
2) a higher growth rate for clouds above the tropopause
(12.2 x 10 ~2 pixels -s"1 for the present case), 3) a cloud top
temperature much lower than the tropopause, and 4) a rapid
collapsing of the cloud top immediately prior to the touch-
down of the funnel cloud. Characteristics of the cloud which
terminated in a thunderstorm based on the present study were
1) a small volume of cold cloud above the tropopause, 2) a
low growth rate for clouds above the tropopause (5.3 x 10 ~2

pixels -s"1 or lower for the present case), 3) a cloud top
temperature not much lower than the tropopause tern--
perature, and 4) a gradually dissipating cloud above the
tropopause.

Since the temperature of the overshooting turret is much
lower than that of the surrounding air, the density of the
turret is much higher than the surrounding air density, and the
overshooting turret can exist only as long as it is dynamically
supported by intense vertical convection. The relation be-
tween the time rate of change of vertical momentum and
energy released by moisture condensation can be shown as

where Ma is the mass of the moist air, Vz the vertical velocity
of the moist air mass, Fz the force in the vertical direction,
and Q the total energy released from moisture condensation.

It is clear that, in order to support a tall, large and heavy
overshooting turret above the tropopause, a large gradient of
thermal energy is necessary. To overcome the temperature

inversions, in the present case at altitudes of 2.1 and 4.4 km,
an updraft motion also had to be initiated which was assisted
by a large gradient of thermal energy.

Severe convective storms are a mesoscale phenomena with a
short life cycle of a few hours duration; therefore, rapid scans
are necessary to insure obtaining effective observations of the
future storm development. If the observations are more than
15 min apart, the collapsing of the cloud top just prior to the
formation of the funnel cloud cannot be observed because the
collapse of the cloud top normally occurs about 15-30 min
before the touchdown of the tornado based on the case studies
of March 24, 1976, April 11, 1976, and May 29, 1977. Neither
the current ground- or satellite-based observations provide the
temporal and spatial data coverage required to establish the
detailed life cycles of clouds in mesoscale systems. Imaging
systems with rapid-scan capabilities (less than 15 min in-
tervals) and sounders with spatial resolutions on the order of
25-50 km would be required to insure adequate data coverage
for these types of severe weather occurrences.

Areas of localized moisture convergence cannot be
determined from the current rawinsonde observation net-
work. In the present case, for example, while the air mass in
general was unstable, there was no way to foresee that strong
local moisture convergence areas would develop in north
central and south central Oklahoma based on the rawinsonde
observation from Oklahoma City. It remains to be seen if the
proposed satellite sounder systems will provide the data to
distinguish such localized areas.

Nevertheless, the present data illustrate the capability of
infrared and visible images (from geosynchronous satellite) to
describe the life cycles of tornadic clouds, such as 2116 GMT,
May 28, to 0203 GMT, May 29, 1977, for cloud A shown in
Fig. 12. There is evidence of differences between the clouds
associated with tornadoes and those that are not after the
clouds have penetrated above the tropopause. Earlier
detection of severe storms might be possible if localized areas
of moisture convergence and instability could be identified.
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