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ABSTRACT 

A steady stage cumulonimbus which developed under a strong vertical wind shear near 

Topeka, Kansas, was investigated with the use of three-level flight data, ground radar 

pictures and a large number of aerial photographs. The preliminary result revealed the 

spontaneous change in the growth of anvil from simple erosion to mushrooming action 

of the top. The anvil growth was thus classified into four stages, (a) Drifting Stage, 

(b) Mushrooming Stage, (c) Mature Stage and (d) Dissipating Stage. The storm was 

typical of isolated steady state ones . The low-level flight measured no sign of such a 

cold outflow as usually seen beneath the storms with pumping cells. It was attempted 

to describe the three-dimensional winds of this particular storm using a coordinate 

system relative to the echo center . 

1. INTRODUCTION 

Since the detection of a tornado-producing hook echo by Huff, Hiser and Bigler (1954), 

on many occasions radar picked up evidences of cyclonic circulation near the right-hand 

end of isolated thunderstorm cells. The articles by Penn, Pierce and McGuire (1955), 

Staats and Turrentine (1955) and numerous others reported the development or existence 

of intense mesoscale circulations in this particular end or sector of the cloud. 

In his recent paper Fulks (1962) attempted to explain the formation of a cyclonic 

vortex near the right-hand end of an isolated thunderstorm. Newton (1960) computed 

the non-hydrostatic pressure which would initiate vigorous vertical motion. In the 

sector in discussion, the vertical gradient of Newton's non-hydrostatic pressure is 

extremely large due to the interaction of low- and high-level wind fields which are dis

turbed by the convective tower. 

During the operational period of the National Severe Storms Project staged at 

Oklahoma City, Newton and the author waited for an opportunity of making three-level 

wind measurements using the Weather &lreau's research aircraft. It was on the after

noon of April 21, 1961, when an isolated thunderstorm was spotted by one of the three 



ah:-craft (B-57, DC-6B and B-26). All aircraft already in the air then converged into the 

area about 10(} miles southeast of Topeka, Kansas. Newton and the author were, re

spectively, on board the B-26 and DC-6B, to assist the pilot and navigator in accom

plishing the necessary measurements. 

2. GROWTH OF ANVIL 
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The early stage of the cumulus towers was photographed successfully at one-second 

intervals with a nose camera (16mm color film with 9mm lens) of the B-57 which ap

proached the towers from the south-southeast. Figure 1 reveals the view of the towers 

at one-minute intervals between 1517 and 1535 CST when the distance to the clouds 

changed from 150 to 10 miles. 

The cumulus towers were about six miles apart, and, as seen in the figure, the 

new ones were forming to the west of the earlier cell as soon as the old ones started 

leaning eastward. The eastern-most cloud Cat 1517, when the first clear picture was 

made, was already characterized by a small anvil top. The eastern end of the anvil 

was drifting away at high speed under the influence of strong westerlies as high as 

100 kts. Such a feature lasted until 1532 CST when the western edge of the anvil 

started pushing out westward rather abruptly. 

Through a precise photogrammetric method the visual edge of the anvil of the cloud 

D was mapped as shown in Fig. 2. All towers, A, B, - - - - except D, somehow disap

peared, and it seems that even an early anvil of cloud C was entirely mixed in with the 

newly developed cloud D. This cloud appeared on the Wichita radar scope as a small 

dot when it was turned on at 1548. The anvil at this time extended already as far as 

35 miles from the echo center. 

The boundaries of the anvil drawn at 20-minute intervals permit us to draw rather 

smooth envelopes of the boundaries to the north and the south of the path of the echo 

center. In fact cloud D moved northeastward until 1630 when it changed the course to 

almost due east. Such a change in course is well known. Byers and Braham (1949) 

introduced such a movement of echoes in their studies of the thunderstorm project data. 
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It is not feasible to determine the material movement at the edge of the anvil except 

at particular spots. The eastern -most tip of the anvil may be followed as a material 

movement. The reason is that the material at the tip is likely to remain at the tip for 

a certain length of time. Other points which would show the material movement for a 

considerable time are the points of the echo boundary on the envelopes E and F. Since 

the material movement at these points is parallel to the envelopes, a material would 

most likely move along the envelopes. The points were thus designated at 20-minute 

intervals in the figure . 

The transcript of the anvil boundaries on the coordinates relative to the echo center 

will give us an idea of the anvil growth. Figure 3 reveals such a chart. The double 

circles along the line E denote the materials located on the envelopes in the previous 

figure. If we assume that the envelope indicates the material movement, line E will 

tell us the trajectory of a material thrown out from the position of the echo center. A 

similar but less accurate line Falso appears in the figure. As stated before, the line 

connecting the eastern tip of the anvil is also likely to be a trajectory. Afte r completing 

these trajectories others were interpolated to visualize the entire field of motion of the 

materials forming an anvil edge at different times. 

Now we consider only the up- and down -wind edges of the anvil which can be plotted 

on an x-t diagram. The two lines in Fig. 4 indicate the displacement and the speed of 

these edges. 

In contrast with the fact that the eastern edge of the anvil moved with slight accel -

eration, the western edge stayed about two miles to the west of the cloud center, until 

it started pushing out toward the upwind side. In a few minutes it formed a mushroom -

like overhang sticking out from the area of lower convective clouds. The western edge 

kept pushing out for over one and a half hours until 1710 CST when it reached the western -

most point. The distance of the edge at this time was about 15 miles from the center of 

the echo, with a diameter of 10 miles. Thereafter, the edge receded eastward. 

In view of such a motion of an anvil, the growth of an anvil may be divided into four 

stages as shown schematically in Fig. 5. 

(a) DRIFTING Sf AGE 
The top of a towering cumulus meets a resistance to its vertical growth and 

starts to flatten out. There is still no sign of extensive horizontal growth, and 
the anvil top simply drifts downwind. So-called erosion of the top takes place 

showing a featur e of rounding off of the windward top. 
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(b) MUSHROOMING STAGE 
The change from the drifting stage to this stage usually ta.lees place in a matter 

of a few minutes. The distance, a, from the cloud center to the edge in the wind
ward side increased with time in this stage. The anvil top sometimes hangs over 
far into the windward side. 

(c) MATURE STAGE 
The distance, a, reaches its maximum value in this stage, and the further 

growth of the anvil in the windward direction from the echo center ceases. 

(d) DISSIPATING STAGE 
The value, a, decreases with time until probably it becomes extremely small 

when the supply from low level becomes incapable of supporting the growing 
anvil. Under the strong shear, the whole anvil could be blown off completely 
from the storm, or in case of wealc or no shear, the anvil would evaporate and 
subside leaving a fuzzy edge all around. 

It is of interest to observe closely the changes talcing place near the cloud top when 

the drifting stage of an anvil changes into the mushrooming stage. The material forming 

the anvil is, in fact, accelerated upwind against the 80-90 kt westerlies relative to the 

radar echo. Although more complete studies of the mechanism will be reported later by 

the author, it is postulated that a high pressure is built up around the cloud top level . 

In view of the extremely rapid transition from the drifting to the mushrooming stages, 

such a high pressure is created by a number of rising cells as they penetrate stable layers 

existing near tropopause or at the tropopause. Such a penetration would easily raise the 

overlaying layers, meanwhile the top of the rising cells will be cooled almost dry-adia-

b atically. It is of course required to have a number of old cells which rose and col

lapsed prior to the mushrooming one simply to modify the environments. We know that 

a group of towering cumuli with pumping cells are in existence for sometime before the 

first anvil in the drifting stage is born. 

3. THREE-DIMENSIONAL WINDS 

The wind distribution beneath the base of the April 21 storm was measured by the 

Weather Bureau's B-26. As shown in Fig. 6, the winds at the flight altitude, 1,000 to 

2,000 ft above the ground, were southerly with a distinct high-speed tongue of isotach 

of 40 kts. This tongue and the orientation of the stream lines are such that they resulted 



in an extremely large vorticity, -indicated by "V" in the figure. The relative vorticity 

of about 100 X 10-5 per sec was computed. A.bout 6 or 7 miles downwind from this area 

of large vorticity, there was an area of 170 X 10-5 per sec convergence. This area, 

indicated by "C", is located in the midst of the strong echo. Evidently, no flight was 

made through this area of intense convergence. If this convergence value extends 

through the layers 10, 000 ft above the ground, the vertical motion would increase to 

17 ft per sec. 

One of the most interesting facts seen .in the low-level winds is the absence of the 

low-level outflow which is usually observed beneath a thunderstorm of this size. Fujita 

and Byers (1962), in their analysis of a Colorado hailstorm, found that a similar storm 

developed in the area of strong vertical wind shear. This case also verifies the signif

icant feature of a steady state cumulonimbus accompanied by ins4Jli:ficant or no down

draft. 
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In case of an eyewall of a hurricane; practically no downdraft is observed beneath 

the cloud base. The inflowing moist air is continuously drawn into the wall simply to 

condense and diverge out from the storm top. There will be little inflow reaching the 

eye surrounded by a large number of convective towers. It is of interest to see a 

"pseudo eye" of relatively calm wind located in the shadow of the echo of this steady 

state storm. The low-level winds which would blow across this shadow area, if there 

were no storm, are forced to move up into the steady updraft before reaching the 

shadow area. The thunderstorms associated with little shear would develop .into Byers

Braham model, and consequently the subcloud layers soon will be filled with cold air 

dome. 

The middle level (20, 000 ft) winds were measured by the Weather Bureau's DC-6. 

The one-minute mean winds plotted in the coordinates relative to the echo center appear 

in Fig. 7. The wind distribution is almost identical in nature to the flow pattern we 

would expect to see around an obstacle in a straight flow. There was a small area to 

the south of the strong echo where the speed increased to 75 kts. The speed of the un -

disturbed flow was about 50 kts. A similar area of maximum in the isotachs was ob

served to the north of the storm,. but it was less pronounced than the one to the south. 

In addition to the accelerations on both sides of the echo, which is the general case of 



obstacle flow, a pronounced wake effect was confirmed by two traverses to exist in the 

downwind side of the storm. 
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The high-level (45,000 ft) flight by the Weather Bureau's B-57 was made above the 

anvil top. We came across some difficulties in interpreting the Doppler winds especially 

when the plane made a gentle left turn after emerging from the echo-top area. Without 

knowing the cause of such odd wind measurements as of this date, one-minute mean 

winds were plotted. As shown in the figure, the winds in question were measured with 

large northerly components. If they are real, there would be an intense outflow even 

beyond the edge of the anvil top. More detailed analysis is now being done with the use 

of the photogrammetric methods in an attempt to compute the ground speed of the air

craft accurately. We also have .to take into consideration the effect of the moving rain

drops beneath the aircraft which undoubtedly give ficticious ground speed to the Doppler 

system. 

4. CONCLUSION 

The isolated thunderstorm of April 21, 1961, near Topeka, Kansas, is one of the 

·best documented storms in recent years. It showed a definite feature of a mesoscale 

circulation (see Fig. 9) to the southwest of the main cell • Over 150 still color pictures, 

one roll of 35mm, black and white, and two series of 16mm time lapse pictures are also 

available for photogrammetric study of the clouds. Three-level flights by the Weather 

Bureau ma.de successful measurements of winds, temperature, etc. , and they are still 

waiting for their better interpretation. 

As a result of the previous discussions, however, it seems reasonable to establish 

a tentative model of the cloud. Figure 10 reveals this model. Here, the winds as in

dicated by slant numbers were changed into the relative winds with respect to the radar 

echo. Namely, the translational speed of the echo, 22 kts from 270°, was subtracted 

from the measured values. The motion of the anvil edge was also expressed by the 

arrows sticking out from the side of the anvil. 

This report is still a preliminary one; however, in a few months, a complete 

description of this particular storm will.be finished. 
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Fig; 1 View of the cumulonimbus of April 21, 1961, photographed by the nose camera of the Weather &lreau's B-57. The distance 
of the clouds from the aircraft at 1517 CST was 150 miles, while the last frame at 1535 was taken from about 10 miles . Three 

clouds A, Band C were about 6 miles apart. Notice that the anvil of cloud D started growing westward (left) suddenly around 1532'. 
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Fig. 2 Plan view of the anvil of April 21, 1961, determined by photogrammetric methods . In fact cloud Din Fig. ·l developed into 
this huge storm. Two envelopes, E and F, are drawn to determine the area covered by the anvil. The main cloud at its early 
development stage moved northeastward; then its direction of motion was shifted eastward upon reaching maturity. 



GROWTH OF ANVIL RELATIVE TO ECHO CENTER 
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Fig. 3 1be boundary of the anvil of April 21, 1961, drawn on the coordinate s with the center of the radar echo at the position of the 
black circle. The trajectories E and F were transcribed envelopes in Fig. 2. The rate of movement of the anvil edges is shown 
by the standard wind symbol. ...... 
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Fig. 4 x-t diagram of the anvil of April 21, 1961. The eastern edge drifted, more or less, with the westerlies at about 40,000 ft. 
The western edge, on the other hand, started pushing out westward (upwind) abruptly at 1532 CST. This edge kept expanding wind
ward with respect to the echo center until 1713. 



DEVELOPMENT OF ANVIL UNDER DIFFERENT WIND SHEAR 

Without Shear With Moderate Shear With Strong Shear 
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Fig. 5 Development of the anvil under different wind shear. Anvil clouds are classified into four stages of development. The 
values a and b in the figure denote the distance of the anvil edges from the echo center measured toward the upwind and downwind 
sides, respectively. The heavy arrows pointing up indicate the steady state updraft. 



COMPOSITE WINDS AT 3000FT (1630- 1810 CST) 

96W 95W 94W 

Fig. 6 Composite winds at 3,000 ft. The winds were plotted on the relative coordinates with respect to the radar-echo center at 
the times of measurement. This low level flight, Dr. Chester Newton on board, was made by the Weather Bureau's B-26 instru
mented aircraft. It flew beneath the thunderstorm of April 21, 1961. 
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Fig. 7 Composite winds at 20,000 ft in the vicinity of the thunderstorm of April 21 , 1961. The winds were plotted on the relative 

coordinates with respect to the radar-echo center at the time of the measurement. This middle level flight, Fujita on board, was 

made by the Weather Bureau's DC-6B instrumented aircraft. 



COMPOSITE WINDS AT 45,000FT {16!8-1700) 
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Fig. 8 Composite winds at 45,000 ft over the vicinity of the thunderstorm of April 21, 1961. The winds were plotted on the 
relative coordinates with respect to the radar-echo center at the time of the measurement. This high level flight was made by 
the Weather Bureau's B-57 instrumented aircraft. 



Fig, 9 A distant view of the isolated thunderstorm of April 21, 196~ photograghed by Fujita on board the Weather 
aireau's OC-68, Time: 1749 C5r, Azimuth of Principal Point: 52 • Tilt: 88 • Camera: Canon with 2S.5 mm Lens. 

SLANT NUMBERS: WIND SPEED IN KTS 

GROUND (1,000
1
) 

Fig. 10 Model of the April 21, 1961, storm as obtafned by tlie three-level wind measurements, photogrammetric and 

radar analyses. The slant numbers denote the wind speed relative to the cloud center which moved almost due east 
at about ~ lets. 
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